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Preface
The proceedings contain the papers presented at the Second International Conference of Bionic
Engineering (ICBE’08) held in Changchun, October 10-12, 2008. Following the first successful
conference of bionic engineering in 2006, the second series of the conference attracted participates
from 9 countries and gathered major researchers in the areas of biomimetics, biomechanics,
biomedical science and bionic engineering. The conference which was supported financially by
the National Natural Science Foundation of China, Ministry of Education of China and Jilin
University, was organized by the Key Laboratory for Terrain-Machine Bionics Engineering,
Ministry of Education, China, at Jilin University.

This conference gives opportunities for scientists and researchers active in bionic science and
engineering as well as other relevant subjects to exchange their experiences, ideas, theories and
technologies on all aspects in the area. More than 40 selected papers will be published in Journal
of Bionic Engineering and Chinese Science Bulletin in formal version and special issue. And the
other 54 technical papers are arranged to different sessions in this proceeding. The papers in this
publication have been reproduced essentially as received but edited similar layout. The views,
opinions, and findings expressed in these papers are of the authors alone. These papers are divided
in 5 sessions, namely: Fundamental Understanding of Animals and Plants for Bionic/Biomimetic
Engineering; Characteristics of Biological Surface and Surface Bionic Engineering; Fluid,
Locomotion and Coupling Related to Bionics/Biomimetics; Biomaterials & Bionic Composite
Materials Technology; Applications of Bionic Technology in Engineering.

The editor is particularly grateful to all members of the international academic advisory committee
who helped to review the papers included in this proceedings. The great effort made by the
members of the organizing committee and the financial support by National Natural Science
Foundation of China, Ministry of Education of China and Jilin University are also much
appreciated.
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Water, Surfaces and Bionic Engineering: A Profound Linkage
Gerald H. Pollack
Department of Bioengineering Box 355061, University of Washington, Seattle WA 98195, USA
ghp@u.washington.edu

For most, water is fairly boring. In biology especially,
water is considered merely a background carrier for the
interesting molecules in life — a largely neutral entity that
EXCL
bears responsibility mainly for suspending the molecules of
EXCL
interest. Likewise in the physical sciences, except for the
water immediately adjacent to surfaces, water is considered
gel
to play only a secondary role in most physical or chemical
processes.
Contrastingly, we have found evidence that water plays
200 µm
an unexpectedly profound role, one that may inevitably
impact practically all phenomena in aqueous solution in
biology and beyond.
Solute exclusion (EXCL) in the vicinity of polyacrylic acid
gel.
Gel runs vertically. The blurred vertical white element to
Recent data from this laboratory show that in the vithe right of “gel” is an optical artifact. The gel was placed on
cinity of common hydrophilic materials, water molecules
a coverslip, superfused with a suspension of 1-µm carboxybecome ordered. Properties of this ordered zone — melate-coated microspheres, and observed in an inverted michanical, chemical and optical — all differ from those of the
croscope equipped with a 20x objective. Image obtained 20
bulk. These findings stem from an original core observation:
min. after superfusion. Microspheres (seen on right edge)
colloids and solutes are profoundly excluded from the region
undergo active thermal motion, but do not enter the exclusion
zone.
next to hydrophilic materials. The exclusion zone (EZ)
commonly extends up to hundreds of micrometers from the
surface (see figure to right).
The core findings are detailed in two papers Zheng and Pollack (Phys Rev E.: 68: 031408, 2003) and Zheng et al.
(Adv. Colloid Interface Sci. 127: 19–27, 2006). More easily accessible is the link to a lecture
<http://uwtv.org/programs/displayevent.aspx?rID=22222> given as recipient of the 2007/2008 University of Washington Annual Lectureship Award. This describes the evidence in a manner easily accessible for nonexperts.
The first of the two cited papers deals with the question of whether the finding of long-range exclusion may have
some trivial explanation. Plausible candidates were ruled out by an extensive series of controls. Since then, at least ten
groups worldwide have informally tested and confirmed the basic finding. In fact, a similar result had been published
four decades ago: in addressing the origin of the so-called “unstirred layer” adjacent to biological tissues, a region
where mixing is known to be extremely slow, Green and Otori (J. Physiol. London, 207:93–102 1970) showed in both
corneal tissue and contact lenses that the unstirred layer excludes microspheres; exclusion zones several hundred
micrometers wide were found — essentially the same has we have found. Hence, there is no question of the existence
of unexpectedly large exclusion zones next to hydrophilic surfaces. The question is what such zones might mean.
The second Zheng paper (2006) shows that the physical chemical properties of the EZ differ from those of bulk
water. Four sets of results were presented:
– NMR rotational relaxation time is shorter in the EZ than in bulk water;
– Infrared radiation from the EZ is less than from bulk water;
– Potential gradients exist in the EZ, but not in bulk water;
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– UV-Vis absorption spectra are markedly different in the EZ.
Two additional features have recently been added. They are:
– Polarizing microscopy shows that the EZ is birefringent, confirming molecular ordering;
– Falling-ball viscometry shows that EZ water is considerably more viscous than bulk water.
Hence, six independent approaches show that EZ water differs from the water beyond the EZ. Collectively, they
imply that EZ water may be more ordered and more stable than bulk water. It is understood that this conclusion deviates from theoretical expectations; nevertheless, the results of these studies show this feature consistently.
Two additional features are relevant:
The EZ is charged: typically, the charge is negative (Zheng et al., 2006). The “reason” the EZ is negatively
charged is that as it forms, constituent water molecules lose protons, which then accumulate in the bulk water
beyond. This accumulation is confirmed using two independent methods: pH-sensitive dyes and pH electrodes.
Both show that the pH of the bulk water beyond the EZ is sharply diminished, indicating excess protons. In other
words, the EZ and the complementary region beyond the EZ effectively constitute a battery: negative in the EZ
and positive in the region beyond. Substantial current can be drawn from this battery, confirming genuine charge
separation.
The energy needed to build the EZ comes from radiant sources (Chai et al., submitted). That is, photons from the
environment, including wavelengths in the UV, visible, and particularly infrared, expand the EZ. Even infrared-intensity levels low enough to cause insignificant heating (on the order of 1˚C) expand the EZ by three to four
times within five minutes. Hence, radiant energy is extremely effective in charging this battery.
The results outlined above are critically important for applications involving water. Any particle or solute suspended in water will be richly endowed with the kinds of features outlined above. Examples: (1) With ordered water
surrounding each particle, the effective size of the particle exceeds the estimated size, possibly by an unexpectedly
sizable amount. (2) With protons released by the ordered moiety, the pH of the solution is likely to be lower than
expected. (3) Light, especially infrared, is likely to have an impact on all suspensions.
The same is true of water adjacent to extended surfaces. The region immediately adjacent to hydrophilic surfaces
will be extensively ordered, and the zone beyond is likely to be amply endowed with protons. Hence, it will have a pH
lower than anticipated. The presence of positive charge may have an unexpectedly profound effect on reactions occurring in reasonable proximity of the surface.
The EZ may constitute the long-anticipated “fourth phase” of water. This was suggested almost a century ago by
the eminent physical chemist Sir Wm. Hardy, but largely forgotten over the years. The bottom line, available by visiting <http://uwtv.org/programs/displayevent.aspx?rID=22222> (for review, visit http://www.i-sis.org.uk/liquidCrystallineWater.php), is that the role of water in all aqueous suspensions is far more profound than generally expected.
Indeed, this unexpectedly profound role may open doors to numerous practical applications.
Existence of this fourth phase also confirms the fundamental expectation that ordered water dominates in the
living cell. This feature was advanced in a recent book by the author, Cells, Gels and the Engines of Life
(www.cellsandgels.com). The book suggests that water ordering may be the central protagonist in the saga of life.
Indeed, in the absence of a full and complete understanding of the properties of water, an appreciation of biological
function may be difficult. Such understanding of water is now on the threshold of realization, as outlined above.
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Advances in Modelling of the Biomimetics of Natural Hydrophobic Surfaces
– Is There Any Use for Applications in Engineering
and the Built Environment?
Yu-ying Yan
School of the Built Environment, University of Nottingham, Nottingham NG7 2RD, UK
yuying.yan@nottingham.ac.uk

The talk starts from a brief review of natural functional surfaces with hydrophobic and self cleaning characteristics, and then follows a short overview of its visible or possible applications in engineering and the built environment.
To focus on the biomimetic approaches of such natural hydrophobic surfaces, the physical model for reaching the
physics similarity between the natural surfaces and those for the designs in engineering applications is discussed. The
physical model is basically a problem of two-phase flow interacting with surface. To solve such complex two-phase
flow behaviour involving surface wettability, a numerical modelling based on the micro/meso scope lattice Boltzmann
method (LBM) has been developed and applied to the numerical calculation and simulation. The LBM modelling deals
with surface tension dominated behaviour of water droplets in air spreading on a hydrophilic surface with hydrophobic
strips of different sizes and contact angles under different physical and interfacial conditions, and aims to find quantitative evidence and physical conditions of the biomimetic approaches. The current lattice Boltzmann method (LBM)
can be applied to simulate two-phase fluids with large density ratio (up to 1000), and meanwhile deal with interactions
between a fluid-fluid interface and a partial wetting wall. The modelling and simulation are effective and successful.
In the simulations, the interactions between the fluid-fluid interface and the partial wetting wall of different hydrophobic strips namely the single strip, intersecting stripes, and alternating & parallel stripes, of different sizes and
contact angles are considered and tested numerically; the phenomena of droplets spreading and breaking up, and the
effect of hydrophobic strips on the surface wettability or self-cleaning characteristics are simulated and reported.
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Modelling and Identification of Wheel Interactions with
Complex Environments
Lakmal Seneviratne
King’s College London, Strand, London WC2R 2LS, UK
lakmal.seneviratne@kcl.ac.uk

Unmanned Ground Vehicles (UGV) in outdoor terrain have many potential applications, and increasing their
autonomy poses multi-disciplinary research challenges. A fundamental understanding of the interaction dynamics
between the vehicle wheels and terrain is an essential element in controlling UGVs with increased autonomy. The
presentation will focus on the modelling and identification of vehicle-terrain interactions. The vehicle-terrain interaction dynamic forces are a function of vehicle slip parameters and terrain parameters. Simple sensor feedback from
the vehicle is used with the vehicle model to identify unknown terrain properties. This concept of identifying environmental properties from wheel interactions is then extended to medical applications, similar to tissue identification
from surgeon finger palpation. A novel wheeled mechatronic indentation probe for soft tissue identification during
robotic minimally invasive surgery (MIS) is presented. Most current robotic surgical systems lack force feedback and
the surgeon is guided by enhanced vision; a technique that could differentiate between benign and malignant tissue has
the potential to improve cancer control during surgery while avoiding damage to other structures. The potential use of
rolling indentation for soft-tissue classification, after a few non-invasive rolling indentation explorations, based on
sensor feedback (position and force) and physics based models, is investigated. The research aims to create a generic
approach for in-vivo soft tissue identification based on rolling indentation, similar to tissue identification from surgeon
finger palpation.
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Biomimetics in Agricultural Engineering
Jin Tong
1. The Key Laboratory of Terrain-Machine Bionics Engineering (Ministry of Education, China),
Jilin University, Changchun 130025, P. R. China
2. College of Biological and Agricultural Engineering, Jilin University, Changchun 130025, P. R. China
jtong@jlu.edu.cn

Abstract
Biomimetics was understood as an eternal front edge of science and technology. Biomimetics and its applications
have been researched in agricultural engineering in the past over 20 years. This paper summarized and reviewed the
biomimetics in agricultural engineering, including the geometrical configuration of cutting claws of soil-burrowing
animals and biomimetic designs of subsoiler, drag-reduced and abrasion-resistant composites and biomimetic designs
of furrow opener with low forward resistance, biomimetic fermentor and value-added transformation of maize stalk,
abrasive wear behavior of naturally biological surfaces and biomimetic abrasion-resistant geometrical surfaces,
nanoindentation of biomaterials, biological composites and biomimetic composite boards, animals’ olfaction and
electronic nose for inspecting drinking alcohol, tea and beef quality, quantitative analysis of geometrical configuration
of some beetles, and biomimetic surface designs of snapping rolls with lower damage action on maize cob.
Key words: biomimetics, agricultural engineering, review
This project was supported by the National Natural Science Foundation of China (Grant no. 50675087, 50635030), the
National Science Fund for Distinguished Young Scholars of China (Grant no. 50025516) and the “985 Project” of Jilin
University.
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A Holistic Systems Science Approach to Explore the Possible Links
Between the Anomalous Animal Behaviors and Earthquake
Chu-Shiang Chen1–3, Ou Zhu4, Katherine Chen5, Yulin Hsu6, F. Y. Kao2
1. National Tsing Hua University, Hsinchu 30013, Taiwan
2. National Dong Hwa University, Hualien 97401, Taiwan
3. Industrial Technology Research Institute, Hsinchu 300, Taiwan
4. Shanghai Jiao Tong University, Shanghai 200240, P. R. China
5. Harvard University, MA 02138, USA
6. National Taiwan University, Taipei, Taiwan

Abstract
Like many other earthquakes, some abnormal animal and insect behaviors were observed both before and after recent
major earthquakes, including the Wenchuan earthquake in Wenchuan Sichuan and the 1999 Chi-Chi earthquake in Taiwan.
These observations have renewed discussions about the possible connections between earthquake and “seismic animal
anomalous behaviors (SAAB)”. Animals and insects are known to have keen sensing abilities, but these abilities are not yet well
understood. Even though some organized observations have been conducted on SAAB, particularly in Mainland China, no good
scientific evidence or convincing explanation has substantiated whether SAAB is a reliable phenomenon, or a series of coincidental observations. Both earthquakes and animal behaviors, particularly anomalous behaviors, are poorly understood complex phenomena. If SAAB and earthquakes are linked, then we should be able to establish a more effective earthquake warning
and prediction system. We propose a holistic systems science approach to examine both the global and local phenomenon and
the interactions among them. We search for the necessary and sufficient understanding in our attempt to examine the possible
links between SAAB and earthquake. W apply modeling, both top-down and bottom-up with a hierarchical approach. Collaboration at different levels was explored to achieve needed synergistic effects. A smart system approach was also employed in
providing some local and global optimization. Limited preliminary results were promising, and we hope that further effort will
help us either find evidence for or against possible links between earthquake and SAAB. Such understanding would also advance our science and technology in biomimetics (bionics).
Keywords: biomimetics, abnormal animal behavior, stimuli, sensing, earthquake, complex systems

1 Introduction
Earthquakes and their after-effects can be destructive and deadly. Major earthquakes may result in the
loss of life, spread of disease, and economic disruption
due to property damage, road and bridge damage, landslides, avalanches, tsunami, fires, and floods. Over a
million quakes, including those too small to be felt,
occur each year around the world. Often these earthquakes occur with little or no warning, despite our current effort in studying the earthquakes. No organizations,
governments, or scientists have demonstrated the capacity to successfully predict the occurrence, time, and
location of earthquakes. Even though China successfully
predicted the February 4, 1975 Haicheng earthquake, it
Corresponding author: Chu-Shiang Chen
E-mail: biomimetics2nthu@gmail.com

was the first and the only successful large earthquake
prediction in history. Nevertheless, this prediction indicates that successful earthquake prediction may be possible at least for precursor-based earthquakes.

2 Status of earthquake prediction
A meaningful earthquake prediction should elaborate the specific time window, specific area, specific
magnitude, or magnitude range. In addition, it should
have a sound theoretical basis. Based on our current
understanding, earthquake prediction is still a formidable and almost impossible task.
Since the beginning of recorded history, every
culture in the world has reported observations of unusual
natural phenomena prior to earthquakes. These include
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seismicity patterns, electromagnetic fields, weather
conditions and unusual clouds, radon or hydrogen gas
content of soil or ground water, water level in wells, and
animal behavior. In China and Japan, where earthquakes
are more frequent, recordings of such phenomena have
noted observations of abnormal animal behavior prior to
earthquakes. The Chinese have incorporated such observations of unusual natural phenomena, particularly
distinct patterns in the abnormal animal behavior, into
their earthquake early warning and predictions. However,
most Western geologists are skeptical about whether
these have a scientific basis. Earthquake and some
animal behaviors particularly the anomalous behaviors
are both poorly understood complex phenomena. Most
of our current reductionism based sciences may not be
sufficient to deal with either topic. Other approaches
might help us more fully understand the connections
between these phenomena.

3 Animal’s potential early warning
Many records have indicated abnormal animal behavior prior to earthquakes in China. Some distinct
patterns have included intense fear that appears to make
some animals cry and bark for hours, display signs of
agitation, excitement, nervousness, excessive aggressiveness. Animals have fled sites in panic, often appearing confused and disoriented and even losing their
usual fear of people. Assuming that these animals
sensed and were responding to some stimuli, what did
these animals detect that humans and manmade sensors
could not? Many animals have acute sensory abilities
that are not yet well understood by traditional science.
Some animals, including elephants, hippopotamuses,
rhinoceros, giraffes, okapi, whales and alligators, use
infrasound to communicate. Infrasound is sound with a
frequency of 20 Hz down to 0.001 Hz, a range that is too
low to be detected by the human ear. Infrasound can
cover long distances and traverse obstacles with little
dissipation. Given the seemingly high survival rate of
animals relative to humans during the Indian Ocean
tsunami in 2004, some speculate that the animals may
have heard the quake before the tsunami hit land, as the
underwater rupture from the earthquake could have
generated infrasound or infrasonic sound. Most Western
seismologists are skeptical about whether animals can
sense earthquake activity, as no reproducible connection
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between a specific behavior and the occurrence of an
earthquake has been established. For instance, no abnormal animal behavior was observed in sites such as the
Chengdu Zoo nearby prior to the Wenchuan earthquake
in Wenchuan, Sichuan. Furthermore, some biologists
claim that seemingly abnormal animal behavior may be
the normal activities associated with being hungry, defending their territories, mating, nest building, predator
avoidance, foraging. Thus, the possible link between
abnormal animal behavior and earthquake is cloudy.
What animals can sense and how they perceive environmental cues are currently mysteries.

4 Our approaches and some preliminary
results
As we noted that both earthquake and the anomalous behaviors are poorly understood complex phenomena, we thus approach the topics with a systems
point of view. We have adopted the following routes.
We are exploring and attempting to connect Chinese holistic approach with the Western reductionistic
approach in earthquake early warning or prediction. The
more holistic Chinese approach is good in facts observation and attempts to find some general rules associated
with them. We are digging into the available information
and exploring the possible general patterns. We found
some very rich resources of recording in China. There
are also increasingly more recent reports of SAAB in
Western world. We attempt to isolate out or to postulate
some key stimuli (biological, chemical, or physical),
responsible for the abnormal animal behavior (AAB).
We then collaborate with other experts to perform stimuli-AAB experiment for verification and selection. Once
the results are found promising, we will work with
geo-scientist to examine the validity of such stimuli,
their mechanism of formation and propagation associated with earthquakes. Both carefully controlled experiments and more rational theoretical examination will
be pursued. Reasonable modeling would be used to
guide and to help developing the needed new theories.
With the identified or postulated stimuli as inputs, AAB
will be investigated for detailed sensing mechanism,
biological structures responsible. At the same time, we
will also apply the more reductionistic route of Western
science to examine the physical variables in earthquakes.
Use the current identified variable as inputs to study the

Proceedings of the 2nd International Conference of Bionic Engineering

8

AAB. If positive, we will then examine their mechanism,
responsible biological structures. These results will also
serve as inputs in the top-down approach as outlined
earlier. We plan to link both the top-down more holistic
approach with the bottom-up more reductionistic approach for the complete studies. Progress in each route
will be used to reinforce or to correct the other at all
stages. With the valuable understanding achieved, not
only we will be in a better position to judge the possible
links between SAAB and earthquakes, we can also establish better scientific early warning or prediction of
earthquakes.

“http://en.wikipedia.org/wiki/Earthquake_prediction”
[2]

Animal Behavior.
“http://ksvm.agri.huji.ac.il/students/seminars/shlomo-levy1
1-06.htm”
[3]
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Abstract
As a number of robot families, climbing robots become one of research high-spots in the robotic field recently and Gekko
gecko (G. gecko) has been broadly seen as an ideal model for climbing robot development. But for gecko-mimic robots, one of
the key problems is how to design the robot’s foot. In this paper, (1) high-speed camera recording and electrophysiological
method were used to observe motion patterns of G. gecko’s foot when it climbs on the different oriented surface; (2) nerve
innervations of gecko’s toes to motion and reception were studied. It is found that the five toes of the G. gecko can be divided
into two motion and reception divisions, also its motion and reception were modulated and controlled hierarchically. The results
provided important information and exclusive ideas for the foot design and control algorithm of gecko-mimic robots.
Keywords: Gekko gecko, nerve innervations, motion pattern, reception, robot foot

1 Introduction
The locomotion, sensing, navigation, and adaptation capabilities in animals have long inspired researchers in robotic system design. Recently climbing
robots has become one of hot spots in the robotic field
due to its excellent capability to perform many tasks
inaccessible to other robots or humans such as inspection, repair, cleaning, surveillance, and exploration. In
the natural world, geckos’ climbing ability has attracted
scientists’ attention since they can adhere to most surfaces robustly and climb with very high maneuverability
and agility. But, for the gecko inspired robots, one of the
key problems is how to design the robot foot, in 2006,
the researchers in Carnegie Mellon University developed a gecko inspired robot “Geckobot”, whose footpad
was composed of 8 pieces of Polydimethyl siloxane
(PDMS) elastomer, it can climb up to 85˚ stably on
Plexiglas surfaces[1]. Further, researchers in Stanford
University designed a gecko-mimic robot “Stickybot”,
whose foot was similar to gecko’s, having 4 toes with
sticky material, allowing it to adhere to or peel off the
contacting surface, it can climb on the vertical glass
surface freely[2](Fig. 1). Now we are also engaged in
mechanical design of gecko-robot’s foot and develop its
Corresponding author: Ce Guo
E-mail: guozc@nuaa.edu.cn
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c

Fig. 1 Gecko-mimic robots and their mechanical designs. (a)
Geckobot and its footpad structure; (b) Stickybot and its 4 toed
foot structure; (c) The foot prototype design of gecko robot in
our Lab.

motion control system.
Gekko gecko (G. gecko) belongs to the class reptilia,
family Gekkonidae and is a typical 5 toed animal. Kellar
Autumn and his laboratory provided the first direct experimental evidence for dry adhesion of gecko setae by
van der Waals forces[3].Zaaf and his colleagues studied
gait characteristics and the differences of muscle/
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skeletal systems between the ground-dweller Eublepharis macularius and the specialist climber G. gecko[4,5].
K. Autumn and S.T. Hsieh studied dynamics of geckos
running vertically[6]. Ding Guang and Cheng Zhenkun
dissected and studied the G. gecko’s appendicular muscles[7]. Liu Xiaoyan measured the length and mass of G.
gecko’s appendicular muscles[8]. In our early study, we
managed to modulate and control G. gecko’s foot
movement by stimulating its peripheral nerves, and
concluded that gecko’s foot typically has three motions,
abduction, rotation and adduction correlating to its detachment, forward move and attachment respectively.
When G. gecko began to move, its foot could abduct,
rotate and adduct smoothly in turn [9]. However, according to our latest observation of its movement on the
ceiling, the five toes of G. gecko’s foot do not always
attach to or peel off the surface simultaneously, sometimes they have certain order. Furthermore, the motion
patterns of its forefoot and hindfoot are not always the
same when it moves forward on the ceiling. In this paper,
we gave an in-depth investigation into motion patterns
of G. gecko’s foot and its control mechanism, and provided some new ideas for the motion control of
gecko-robot’s foot.

high-speed camera Mikrotron MC1311 (250 fps).
(2) Observing G. gecko’s toe motions by stimulating nerves
After G. gecko was anesthetized with Nembutal (30
mg/kg), an incision was made into its forelimb and
hindlimb near the spine under the stereo microscope,
and subcutaneous tissues and muscles were dissected
carefully to expose the nerves innervating its toes. A
camera CCD system (Motic Images advanced 3.1) was
used to observe and fix the nerve that will be electrically
stimulated.
To observe the nerve innervations of G. gecko’s
toes to motion, a stimulator (Chengdu Instrument Factory, China) was used to electrically stimulate the
nerves that were exposed. The stimulation parameters
are as follows: trains of unipolar rectangular pulse,
amplitude 0.05 V to 0.8 V, which depends on a threshold value, duration 1 ms, pulse interval 20 ms, the
number of pulses in a train is 20, train interval is 60 s.
The stimulating microelectrode was self-made using 2
pieces of ∅100 Teflon coated stainless steel wire
(Fig. 2). G. gecko’s toe motions are recorded in Tables 1
and 2.

2 Materials and methods
2.1 Materials
Adult G. gecko males (n = 6), snout-to-vent length
from 160 mm to 170 mm, body weight from 72 g to 100 g,
were bought from Nanning, Guangxi Province in China
and were housed in a breeding room for half a year.
2.2 Methods
(1) Recording G. gecko’s motion
We recorded G. gecko’s motion when it climbs on
the ground, the wall and the ceiling respectively using a

Fig. 2 Self-made microelectrode (the conductive area is marked).

Table 1 Motion of toes in G. gecko’s forefoot (n ≥ 3)
Nerve
T1-side Palmar
nerve
Palmar Median
nerve

Stimulation
strength (v)
0.3±0.1
0.65±0.15

Responded muscles
digital flexors of toe
T1~T3
digital flexors of toe
T2~T3
digital flexors of toe
T4~T5

Motion
pattern

Sensitivity
(high to low)

adduction

T1-T2-T3

adduction

T3-T2

adduction

T5-T4

Ulnar nerve

0.25±0.05

Superficial branch
of Radial nerve

0.3±0.1

digital extensors of toe
T1~T3

abduction

T1-T2-T3

Deep branch of
Radial nerve

0.25±0.05

digital extensors of toe
T3~T5

abduction

T5-T4-T3

Demonstrations

Guo et al.: The Divisional and Hierarchical Innervations of G. gecko’s Toes to Motion and Reception
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Table 2 Motion of toes in G. gecko’s hindfoot (n ≥ 3)
Nerve
Sural nerve
Medial Plantar
nerve
Lateral Planter
nerve
Dorsal Lateral
Pedal Cutaneous
deep Peroneal
nerve
superficial Peroneal nerve

Stimulation
strength (v)
0.2±0.1
0.08±0.03
0.17±0.08
0.15±0.05
0.25±0.15
0.15±0.05

Responded muscles
digital flexors of the
toe T4~T5
digital flexors of the
toe T1~T3
digital flexors of the
toe T3~T5
digital extensors of the
toe T5
digital extensors of the
toe T1~T3
digital extensors of the
toe T2~T5

Motion
pattern

Sensitivity
(high to low)

adduction

T5-T4

adduction

T1-T2-T3

adduction

T3-T4-T5

abduction

T5

abduction

T1-T2-T3

abduction

T5-T4-T3-T2

Demonstrations

According to our observations and Reference [8], the digital flexors of G. gecko’s toes refer to the ventral muscles of its foot, such as long flexor
muscle of toes, short flexor muscle of toes and interossei, et al; the digital extensors of G. gecko’s toes refer to the dorsal muscles of its foot, such
as long extensor muscle of toes, short extensor muscle of toes and dorsal interossei, et al.

(3) Recording discharges of nerves innervating G.
gecko’s toes to reception
An RM6240BD multi-channel biological signal
collecting/processing system (abbreviated as RM6240BD system, Chengdu Instrument Factory, China) was
used to record discharges of nerves innervating G.
gecko’s toes to reception. The amplifier parameters
were designated: time constant is 0.01, and cutoff frequency of high frequency filter is 3 kHz.
2.3 Measure configuration parameter before and
after experiment
In order to reflect changes of the gear tooth surface
morphology before and after the experiment, the gear
morphological parameters are measured respectively.
Testing equipment is the M & M Precision Systems
3000-4 QC gear measuring instrument. The tooth trace
error is the main influencing factor, which can reflect the
size of the wear rate. If the error is increasing after the
test, the wear rate is higher. On the contrary, if the error
is decreasing or unchanged, then the wear rate is lower.

without abduction (Fig. 3). Because this motion pattern
only can be found in the G. gecko in case of losing balance, it was named emergency motion pattern. In contrast, the former is named as inherent motion pattern.
52 ms

84 ms

72 ms

148 ms

3 Results
3.1 Two motion patterns of G. gecko’s foot
G. gecko’s foot typically moved in order of abduction, rotation and adduction on the ground, but when it
walked on the ceiling, five out of ten animals showed
different motion patterns between their forefoot and
hindfoot. While the hindfoot still moved as the above
described, their forefoot showed the different pattern as
inward-lift, rotation and adduction, where inward-lift
describes G. gecko’s forefoot peels off the surface from
its palm to the toe tips by lifting forelimb, completely

Fig. 3 Left forefoot motion of the G. gecko walking on the
ceiling (images were extracted from the high-speed camera
recording, the highlights showed the emergency motion pattern of G. gecko’s forefoot).
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3.2 The nerves innervating G. gecko’s toes to motion
Followed the above described anatomic process,
the nerves innervating G. gecko’s toes were exposed
(Fig. 4). Here, G. gecko’s five toes were named T1, T2,
T3, T4 and T5, and the first toe (T1) has no nail visible,
can be easily identified.
There are four nerves in G. gecko’s forelimb. We
borrowed the terminology of the mammalian nerve
system[10] to name these four nerves as Median nerve,
T1-side Palmar nerve, Palmar Median nerve and Ulnar
nerve due to lack of related work and references for
geckos. Median nerve goes down to the terminal part of
G. gecko’s forelimb, and divides into two branches at its
wrist, which respectively go to the dorsal and ventral
part of the foot, the latter branch again divides into two,
T1-side Palmar nerve and Palmar Median nerve. The
former goes along toe T1, mainly innervates the digital
flexors of toe T1 and T2, and the latter goes down in the
central palm area, innervates the digital flexors of toe T2

and T3, Ulnar nerve goes along toe T5, mainly innervates the digital flexors of toe T4 and T5, see Fig. 4Fv.
There are two dorsal nerves in G. gecko’s forefoot, one is
the deep branch of Radial nerve, along toe T5, the other
is the superficial branch of Radial nerve, along toe T1
(Fig. 4Fd). Both nerves innervate the digital extensors of
gecko’s toes.
There is Tibial nerve and Sural nerve in the ventral
part of G. gecko’s hindlimb, Tibial nerve is close to toe
T1 side, branching into two: Medial Plantar nerve and
Lateral Planter nerve, the former goes along toe T1, the
latter goes down in the central palm area, see Fig. 4Hv.
There are deep Peroneal nerve, superficial Peroneal
nerve and Dorsal Lateral Pedal Cutaneous nerve in the
dorsal part of G. gecko’s hindfoot, respectively goes
along toe T1, the dorsal median line of foot and toe T5,
and innervates the digital extensors of toe T1~T3,
T2~T5 and T5, see Fig. 4Hd.

Fd
N.R.s
N.R.p
C6
Fv

C7
C8

N.P.T1
T1

N.P.m
N.u
Hd

D

B

N.P.d
N.D.l
N.P.s
L11
L12
Hv
L13

N.P.m

S1
N.P.l
N.s

E

C

A

Fig. 4 Nerves controlling G. gecko’s forefoot and hindfoot.
A. G. gecko’s brain and spinal cord; B. Cervical enlargement along the spinal cord; C. Lumbar intumescentia along the spinal cord; D. Nerves in G. gecko’s left
forelimb; E. Nerves in G. gecko’s left hindlimb; Fd. Nerves in the dorsum of G. gecko’s left forefoot, where, N.R.s: superficial branch of Radial nerve; N.R.d: deep
branch of Radial nerve; Fv. Nerves in the ventral part of G. gecko’s left forefoot, where, N.P.T1: T1-side Palmar nerve; N.P.m: Palmar Median nerve; N.u: Ulnar
nerve; Hd: Nerves in the dorsum of G. gecko’s left hindfoot, where, N.P.p: deep Peroneal nerve; N.D.l: Dorsal Lateral Pedal Cutaneous nerve; N.P.s: superficial
Peroneal nerve; Hv: Nerves in the ventral part of G. gecko’s left hindfoot, where, N.P.m: Medial Plantar nerve; N.P.l: Lateral Planter nerve; N.s: Sural nerve.
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3.3 G. gecko’s toe motions elicited by stimulating
the nerves
The electrical stimulations were applied to the
exposed nerves using microelectrodes, and motions of
the G. gecko’s toes were recorded in Tables 1 and 2.
The results in Tables 1 and 2 showed that (1) ventral nerves of G. gecko’s foot, combining with the digital
flexors of toes controlled toes’ adduction, leading to
attachment, and dorsal nerves, combining with the
digital extensors of toes controlled toes’ abduction,
leading to detachment. As far as G. gecko foot’s rotation
is concerned, it proved to be the result of stimulating
Median nerve or Tibial nerve and commanding the limb
muscles. (2) adduction and abduction of G. gecko’s toes
were modulated and controlled divisionally, according
to its nerve innervations, G. gecko’s toes were divided
into two divisions, T1~T3 and T4~T5 divisions. (3)
adduction and abduction of G. gecko’s toes also were
modulated and controlled hierarchically, the nerve controlling toe’s adduction has higher excitability than that
controlling toe’s abduction.
3.4 The afferent discharges of the nerves in G.
gecko’s forefoot and hindfoot
To study nerve innervations of G. gecko’s toes to
reception and afference, the setae beneath the anesthe-
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tized gecko’s toes were stimulated by a soft brush, repeated three times for each toe, at the same time the
afferent discharges of the nerves were recorded using
RM6240BD system.
The experiment results showed that nerve innervations of G. gecko’s toes to reception and afference also
were divisional. For example, in gecko’s forefoot, afferent impulses from T1~T3 could be passed on by
T1-side Palmar nerve, and Ulnar nerve passed the afferent impulses from T4 and T5; In gecko’s hindfoot,
Medial Plantar nerve passed information from T1~ T3
and Sural nerve passed information from T3~ T5. It can
be seen that afferent impulses from T3 can be passed on
by both two nerves, but mostly from the sural nerve
(Fig. 5).
Furthermore, the modality of afferent impulses
evoked by brushing setae beneath the toe was demonstrated to be “►” or “◄” when rubbing direction was
from the palm to toe tips or vice versa, suggesting that
brushing the palm evoked stronger nerve discharge than
brushing the toe tips. According to the neurobiological
theory[11], amplitude of action potential in a nerve is
positively correlated to nerve fiber’s diameter. The
higher the amplitude of afferent impulses is, the lower
the excitability the nerve has, and vice versa. Experiment

(a) The afferent discharges of Sural nerve when setae under G. gecko’s each toe were rubbed.

(b) The afferent discharges of Medial Plantar nerve when setae under G. gecko’s each toe were rubbed

Fig. 5 The afferent discharges of nerves in G. gecko’s hindfoot.
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results suggested that for G. geckos, nerve reception and
afference of gecko’s toes were passed on hierarchically,
the diameter of nerve fiber is relatively small at the toe
tips, it is the most sensitive and always keeps tonic discharge; the next sensitive position is in the middle of the
toe; followed by the palm, which has the thickest nerve
fibers and the lowest sensitivity, is activated only when
stimulation strength has built up to a certain level (Fig. 6).

4 Discussion
4.1 Two motion patterns of G. gecko’s foot
The observations of G. gecko’s movement showed
that the motion pattern of G. gecko’s forefoot and hindfoot was different when it climbed on the ceiling. Normally G. gecko moves with inherent motion pattern, it
peels off the contacting surface by foot abduction from
the toe tips through to the palm, but sometimes its
forefoot would take emergency motion pattern characterized by lifting the palm directly without abduction,
then rotating the foot. Compared to the former pattern,
detachment in emergency motion pattern starts from the
palm and ends in the toe tips little by little, which makes
its adhesion decrease gradually, the most adhesive part,
toe tips peel off in the end, thus effectively extends its
attachment duration. This motion pattern is more important for the G. gecko clinging to the ceiling to save
itself from sliding down or losing balance because it
shortens time to the next attachment. But, as above described, adduction and abduction of G. gecko’s foot can
be finished by toe muscles, while foot rotation needs

Stimulating from the palm to the toe tips
St.1

St.2

St.3

St.4

limb muscles involved, it has to consume G. gecko’s
more energy, therefore limits G. gecko to only use this
motion pattern in emergency. Furthermore, according to
our experiment, it is G. gecko’s forefoot that is in charge
of exploring the environment and takes more responsibilities in its movement, its hindfoot only repeats the
trajectory of forefoot, plus, the emergency motion pattern only can be observed in G. gecko’s forefoot, these
suggested that compared to hindfoot, G. gecko’s forefoot
plays a more important role in its movement. We already
know the nerve innervations of gecko’s forefoot and
hindfoot are somewhat different, but their relationship to
these two different motion patterns is not clear, still need
an in-depth study.
4.2 Divisional innervations of G. gecko’s toes to
motion and reception
The motion and reception of G. gecko’s five toes
can be finished divisionally due to divisional innervations. Normally G. gecko’s five toes can be divided into
two divisions, the nerve along toe T1 innervates muscles
of T1~T3, and is responsible for passing on the afferent
impulses from T1~T3, similarly the nerve along toe T5
innervates muscles of T4~T5, and is responsible for
passing on the information from T4~T5. In view of
nerves’ array and function, it is very reasonable for
geckos to have their motor nerve fiber paralleled with
their reception nerve fiber. Our high-speed camera recording showed that divisional motion of gecko’s five
toes usually appears in order, for example, when gecko’s

Stimulating from the toe tips to the palm
St.1

St.2

St.3

Fig. 6 Afferent discharges of Ulnar nerve when rubbing setae beneath toe T4 from the palm to
toe tips and vice versa in G. gecko’s forefoot.
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hindfoot abducts, T4 and T5 abduct firstly, followed by
T1~ T3; when it adducts, T1~ T3 adduct firstly, then T4
and T5 (Fig. 7). This order pattern extends G. gecko’s
attachment duration, and is very useful for it to keep
body balance. It also can be concluded that toes T1~T3
play a main role in providing adhesion, toes T4 and T5
only provide assistance in G. gecko’s adhesion. Sometimes these two motion divisions have some overlap, for
example, the afferent impulse from T3 can be mainly
passed on by Medial Plantar nerve, but also partly by
Sural nerve; sometimes when the stimulation strength
increased, toes T1~T3 and T4 could couple and motion
together, similarly for T3 and T4~T5 due to the finer
nerve fiber connection between two main nerves. Divisional innervations make G. gecko modulate and control
its movement more quickly, more finely and more concordantly, it is the foundation for gecko to adjust its
motion to the environmental change.
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4.3 Hierarchical innervations of G. gecko’s toes to
motion and reception
G. gecko’s toes also were innervated hierarchically
to motion and reception, its foot adduction can be elicited using lower stimulation strength than that to elicit
abduction (Table 3), suggesting G. gecko consumed less
energy to adhere to the surface than peel off the surface,
which is adapted to its habitude. Usually G. gecko rests
on cliffs and trees, it only peels off the surface in case of
searching food or shunning preyer. Compared to detachment, attachment is more important behavior pattern
for G. gecko’s survival.
Table 3 Two motions elicited by stimulating the Median nerve of
gecko’s left forelimb
Stimulation strength

Adduction

Abduction

0.22±0.02

+

−

0.26±0.02

+

−

0.30±0.02

++

−

0.34±0.02

++

−

0.38±0.02

+++

−

0.40±0.02

−

+

0.42±0.02

−

+++

0.40±0.02

−

++

0.36±0.02

−

+

0.30±0.02

−

+

1. The microelectrode was located in the leg of G. gecko’s forelimb; 2. “–”, no
reaction; “+”, slightly reacted, “++”, reacted; “+++”, strongly reacted.

T5

40 ms

T4

116 ms

T4 T5

140 ms

244 ms

Fig. 7 Divisional motion of the left hindfoot in the G. gecko
walking on the ceiling (images were extracted from the
high-speed camera recording，the highlights showed the order
pattern when G. gecko’s leftfoot abducted and adducted).

Table 3 showed that two motions, adduction and
abduction can be elicited by stimulating Median nerve of
G. gecko’s left forelimb, and excitability of the nerve
innervating G. gecko’s toes to adduct is higher than that
of nerve innervating toes to abduct; once stimulation
strength was increased to elicit toes abduction, it can
never happen to them to adduct again, even though
stimulation strength was decreased to be the same magnitude as to be originally used to elicit adduction or
below, unless the experimental animal was given several
minutes, such as 5 minutes, to have a rest. This phenomenon demonstrated that G. gecko needs to consume
more energy to abduct, but it can remain abduction with
less energy. Further, adduction and abduction are antagonistic to each other, which allows G. gecko to
modulate and control its movement very simply, easily
and economically.
Hierarchical innervations of G. gecko’s toes to reception were characterized by the different sensitivity in
different portion of the toe, it can be concluded that G.
gecko’s toe tip is the most sensitive, it has the lowest
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discharge amplitude, leading to inferior modulating and
controlling capability; the next sensitive is the middle
portion of the toe; followed by the palm, which has the
lowest sensitivity, the nerve fiber can only discharge
when stimulation strength has built up to a certain level,
but it has the highest discharge amplitude, leading to its
super power to modulate and control gecko’s motion.
The property that the different portion of G. gecko’s toe
has different reception sensitivity is very helpful for
gecko to finely modulate and control its movement.
At present all the researchers applied the completely same foot structure and control algorithm in
climbing robots, which to some extent limits robots’
compliance and agility, results in their poor reliability. In
this paper, the different motion patterns and special
sensory properties of G. gecko’s foot can serve as an
inspiration and a model for robotic foot design in almost
any kind of surface for the climbing robots. It also can be
expected that stability and reliability of the motor control system in gecko-mimic robots will be improved
dramatically. Fig. 8 is foot prototype of bio-mimic robot
in our lab, according to our study, its toes motion is
designed to be controlled respectively, T1~T3 and
T4~T5 can adhere to or peel off the surface orderly, also
they can move as a whole.

Science Foundation (Grant no.30400086, no.30770285,
no. 30700068 and no. 60535020).
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Abstract
Mole-cricket is a representative animal which survives on food in the soil, its initiating legs have excellent cutting function,
which has a great significance to bionic research on resistance-reduction and energy-saving capability of agricultural tools. The
geometric shape of the initiating legs of the mole-cricket was macroscopically studied and the curves of its initiating legs were
analyzed. It is proposed that the superior resistance-reducing effect is the combination of macroscopic hackle on the initiating
legs and the geometric shape of each leg. The research works provide biologic information for bionic resistance-reducing design
of rotary-tillage and stubble-cleaning components of agricultural tools.
Keywords: mole-cricket, bionic coupling, rotary-tillage, stubble-cleaning

1 Introduction
Due to the notion that resistance-reduction has tight
link to material and energy saving and efficiency improvement, resistance-reducing technologies and their
application research has developed fast in the recent
years[1]. Modern bionic studies show that during longterm exchange of material, energy and information with
nature, many animals have formed excellent body system which is adapted to the environment. In the course
of long-term struggle with soil and crop stubbles, and
through hundreds of millions of years of evolution, the
excellent geometric shape and extremely optimized
biomechanical function of mole-cricket legs was
gradually formed. The legs not only have the ability to
effectively conduct digging and cutting jobs but also
have the function of anti-adhesion and resistancereduction[2.3]. The research provides a basis for optimizing geometric shape and mechanics performance of
cutting tools, and a cut-in point for optimizing design of
high-performance rotary-tillage stubble-cleaning tools
shaped like animal legs.

mole-cricket and the toes which are cut off from animal's
body in 95% alcohol solution. Then take them out from
alcohol solution and wash with 85% acetone solution
while using them. Finally, dry to make them specimens.
In the experiment, a microscope and a Tech computer
image micro-analysis system were used to observe the
specimens.
2.2 Shape analysis of the initiating leg
Gryllotalpa Latreille, 1802, is the subordinate to
Orthoptera Gryllotalpidae Brunner, 1882[4]. The body
of Gryllotalpa Latreille is shown in Fig. 1. It has three
pairs of legs: fore legs, middle legs and hind legs. But
only the fore legs have the ability to dig. The functions
of other pairs are to support the body while digging or
pushing away the dug out soil. The fore leg is named
initiating leg, as shown in Fig. 2. The segments are thick,
short and strong. The tibia is flat, with 4 developed teeth
at the end, and 3 tooth-shaped tarsus at the lateral side of
tibia, with the toes distributed like hackles.

2 Macroscopic morphology analysis of
initiating leg
2.1 Experiment method
First, collect living mole-cricket. The sample was
collected from North-east of China. Second, preserve the
Corresponding author: Jian-qiao Li
E-mail: jqli@jlu.edu.cn

Fig. 1 Body of mole-cricket (×1.5).
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Fig. 2 Initiating leg of mole-cricket (×6).

2.3 Angle analysis of initiating leg
Measure angles between the toes of the molecricket shown in Fig. 3. The angle between toe1 and toe2
is 41˚. And 48˚ between toe 2 and toe 3 and 32˚ between
toe 3 and toe 4. Take toes as sawteeth, then the angles
can be seen as tooth spacing angles. The angles are all
between the range of 30˚~50˚, which fit the common
sawtooth parameter[5]。The cone angle of toe1 is 45˚, toe
2 is 38˚, toe 3 is 33˚ and toe 4 is 35˚. According to the
studies of one scholar[6], with low wedge speed and with
wedge angle more than 50˚,compacted soil nucleus will
come forth before the wedge, and the compacted soil
will be prone to amass at the wedge end and adhere to
wedge surface and move with the wedge as an adherence
part of it, thus, augmenting the resistance. The digging
toe of mole-cricket is rather sharp, which is a beneficial
for soil digging, and happens to fit the least angle of
20˚~45˚ when the wedge angle of cultivating components changes with resistance.

Fig. 3 Toe of initiating leg (×20).

2.4 Surface morphology analysis of initiating leg
As shown in Fig. 4, there are cilia on the surface of

the toe, and the surface has non-smooth structures such
as convex domes and concave dips. These non-smooth
features generate gap between the surface of the leg and
soil, then the real contact area is decreased accordingly.
Meanwhile, the water film between leg surface and soil
becomes noncontinuous, thereby reducing the adhesion
of soil to the leg surface. At the same time, elastic deformation and micro vibration of the bushy cilia will
come under the pressure of the soil during the relative
motion between leg surface and soil，making it hard for
the soil to adhere to leg surface, causing the resistance,
during the digging work, decrease[7].

Fig. 4 Toe of initiating leg (×50).

3 Contour analysis of initiating leg
It is round at the toe of an individual leg and is
convex at both sides. The round tip of the leg has two
functions, on one hand, it can decrease stress concentration，increase mechanical intension of biomaterials to
fit the environment and improve wear resistance against
soil abrasion；on the other hand, in the circumstance of
ensuring the wedge force as large as possible, it has a
relatively big tip round angle, which can improve stress
distribution at the tip, thereby fitting the shape of compacted soil and reducing soil adherence. The convex
curves at both sides can decrease cutting resistance,
which works in favour of cutting soil and crop stubbles.
Scanning Electron Microscope (SEM) was used to
amplify the biggest toe of initiating leg of mole-cricket
(Fig. 5) 60 times for investigating the exact figure of the
tip arc and the curves at both sides.
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5 Conclusion
Through analyzing the shape, form and structure of
initiating leg and its toe, and conducting curve fitting to
the contour of the toe, a conclusion is drawn that through
long-term evolution, the initiating leg forms the
non-smooth feature with zigzag toe and rational toe
contour. Just because of the coupling collaboration of
these factors, the toe has the excellent function to reduce
resistance and save energy while cutting soil and crop
stubbles. This provides a bionics principle for designing
components used for cutting soil and crop stubbles.

Acknowledgement

Fig. 5 The biggest toe in initiating leg.

4 Results
The analysis result shows that down-looking contour curve of the toe of the leg can be described by
quartic polynomial, as shown in Fig. 6. The fitting degree of the quartic polynomial is R2 = 0.9859. It is clear
that the quartic polynomial can accurately approach the
original curve and it is unnecessary to use higher-order
polynomial to describe the above curve. The analysis of
the data in Fig. 6 also shows that the curve is close to
quadratic parabola. The expression of the quadratic parabola and the corresponding trend line are given in
Fig. 6. The fitting degree of the quadratic parabola is
R2 = 0.944, although it is not as accurate as quartic
polynomial, it can also be used to express the original
curve approximately. So, quartic polynomial can accurately express the down-looking contour curve of the
round top of animal toes. When the required accuracy is
not very high, quadratic parabola can also be used.
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Abstract
Cellular mechanics is a hot field of biological mechanics and biological engineering. The development of the
Nano-indentation technique provides a new way for examining the nano-mechanical characteristics of the yeast cells. The
nano-indentation properties and the ultra-structure of yeast cells were examined by using the Tribo Indenter in nano-mechanical
test Instrument. The largest indentation depth was much less than 10 percent of the diameter of yeast cells, which was measured
by the atomic force microscope (AFM). The indentation pit was gradually deepened with the increase of applied loads. The
variation amplitudes of nano-hardness and elastic modulus changed with the applied load. The hardness of M22-2 was greater
than M22-2/h VDAC at first, whereas it was less than the later one with the increased indentation depth. When yeast cells were
on monocrystalline silicon wafer, the elastic modulus of M22-2 was towards an approximate constant of about 0.3854 GPa. The
elastic modulus of M22-2 was less than that of M-3 at the beginning and was larger than that of M-3 when the indentation depth
was larger than 237nm as the elastic modulus of M-3 decreased. The hardness of M22-2 was gradually decreased with the
increased indentation depth. The hardness of M-3 was bigger than that of M22-2 at first, whereas was less than that of the latter
with the increased indentation depth. The results show that VDAC played an important role on cell function and elasticity of the
M22-2 yeast strain supplemented with a human VDAC1 gene better than VDAC1-deficient yeast strain, and also elasticity of
the M22-2 yeast better than M-3 yeast strain. The elasticity of the yeast cells on monocrystalline silicon wafer and was better
than that on cover glass. By repetitive tests and analyses, the mechanical properties of yeast cells and the load they can sustain
were obtained. The experiment proved the feasibility of nano-mechanics property research of yeast cells with the aid of the
Tribo Indenter. Nano-indentation technology not only provides useful information for cell physiology and pathology processes,
but also brings a new method for the precise quantitative analysis of cell function which is helpful in the surface bionic engineering.
Keywords: nano-hardness, elastic modulus, yeast cells, nano-mechanical property

1 Introduction
As it is well known, cell is the structural unit of life
and made up of biomolecular. Research on cellular
mechanics reveals biomechanical properties of organs
and tissues. Furthermore, it is the starting point to study
properties of biomolecular in the cell. Cellular mechanics is the leading field of biological mechanics and the
foundation of any relevant researches. The research
indicates that forces adjust cell function through influence on the gene expression and the protein synthesis in
cells, which plays a vital role in the cell physiology and
pathology process. However, it is difficult to measure
their mechanical property since cells are about a few
Corresponding author: Lin Xu
E-mail: fgmnxl@163.com

microns while the cell membrane is very thin. Therefore
to seek the appropriate way to load cells, observe the cell
distortion and take the relevant measurements will be the
most important problem which we have to face in
studying cellular mechanics[1,2]. The development of the
nano-indentation technique provides a new tool for
examining the nano-mechanical characteristics. The
development of the nano-indentation technique provides
a new tool for examining the nano-mechanical characteristics. Nano-dynamic mechanics properties were carried out on the wild-type, a VDAC1-deficient (Voltage-dependent anion channel, VDAC)and the M22-2
yeast strain supplemented with a human VDAC1
gene[3–7] using the Tribo Indenter in nano-mechanical
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The reduced modulus Er can be derived from the
following Eq. (3) where

test Instruments, are discussed in this study.

2 Materials and methods
2.1 Materials
Wild-type (M-3), a VDAC1-deficient (M22-2), and
the M22-2 yeast strain supplemented with a human
VDAC1 gene on cover glass and monocrystalline silicon
wafer were measured respectively in the experiment.
2.2 Equipment and methods
In this paper, mechanical properties of yeast were
tested using Hysitron’s nanoindentation technique on the
TriboLab. The basic hardware components of the TriboLab system are granite base, TriboScanner piezo
scanner, transducer assembly, optical camera system,
vibration isolation system, computer and data acquisition system, XYZ axes staging system, acoustic enclosure and electronics rack and peripherals[2]. The hardness and modulus of sample can be measured by TriboLab.
A typical cross-sectional area of an indentation
shown in Fig. 1 illustrates the relationship between the
maximum indentation (Pmax), the projected contact area
(A), the depth of penetration (h) and the contact depth
(hc).

Er =

π
S
⋅
,
2β
A(hc )

(3)

β is a constant relative to the tip geometry and S, the
slope of the initial portion of the unloading curve. It is
described as
S=

dp
A
E .
= 2β
dh
π r

(4)

To determine the hardness, the projected contact
area is given from a probe area function,
1

1

A(hc ) = C 0 hc 2 + C1hc + C 2 hc + C 3hc +
1

2

4

1
16

(5)

C 4 hc + C 5hc ,
8

where hc is defined by the relationship in Eq. (6),

hc = h max − ε

Pmax
.
S

3 Results and discussion
Fig. 2 and Fig. 3 is Force–displacement curve of a
VDAC1-deficient (M22-2), and the M22-2 yeast strain
supplemented with a human VDAC1 gene(M22-2/h
VDAC) on cover glass respectively.

Fig. 1 A cross-sectional area of an indentation.

The hardness and modulus of sample are calculated by the following equations[2,8,9],
H=

P max
,
A(hc)

1 − υs 2
1 − υi 2
= Er −
.
Es
Ei

Fig. 2 Force–displacement curve of M22-2 on cover glass.

(1)

(2)

In the equation Er is the reduced modulus. Es and υs
are elastic modulus and Poisson’s ratio of sample respectively. Ei is 1140 GPa and υi is 0.07 for a diamond
indentor probe.

(6)

Fig. 3 Force–displacement curve of M22-2/h VDAC on cover glass.
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The indentation depth was gradually deepened with
the increase of applied loads. The largest indentation
depth was 95 nm, which was much less than 10 percent
of the diameter of yeast cells. Obviously this experimental result is reliable. Elastic modulus and hardness
versus indentation depth curves are shown in Fig. 4 and
Fig. 5. It can be seen from Fig. 4 that the elastic modulus
of M22-2/h VDAC nonlinearly decreased with the increase of indentation depth, however, the elastic
modulus of M22-2 increased before finally decreasing.
The elastic modulus of M22-2 was always larger than
M22-2/h VDAC. Fig. 5 illustrates that the hardness of
M22-2 increased firstly, then decreased as indentation
depth increased. The changing trend of hardness of
M22-2/h VDAC was the same as M22-2.The hardness of
M22-2 was greater than that of M22-2/h VDAC at first,
whereas was less than that of the later with the increased
indentation depth. We presume that VDAC plays a more
important role on cell function and elasticity of the
M22-2 yeast strain supplemented with a human VDAC1
gene than that for VDAC1-deficient yeast strain.

Force-displacement curve of the VDAC1-deficient
(M22-2), and the Wild-type (M-3) yeast strain on
monocrystalline silicon wafer are respectively shown in
Fig. 6 and Fig. 7.

Fig. 6 Force–displacement curve of M22-2 on monocrystalline silicon wafer

M22-2
M2-2/h VDAC
20
18
16

Fig. 7 Force–displacement curve of M-3 on monocrystalline
silicon wafer
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Fig. 4 The elastic modulus versus indentation depth
curve of M22-2 and M22-2/h VDAC on cover glass.
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Fig. 5 The hardness versus indentation depth curve of
M22-2 and M22-2/h VDAC on cover glass.

Fig. 6 shows that the indentation depth of M22-2 on
monocrystalline silicon wafer was gradually deepened
with the increase of applied loads and was deeper than
on cover glass. Elastic modulus and hardness versus
indentation depth curves are shown in Fig. 8 and Fig. 9.
It can be seen from Fig. 8 that M-3 first decreased, then
approached a constant when indentation depth was larger than 97 nm.The elastic modulus of M22-2 changes
towards an approximate constant of about 0.3854GPa.
The elastic modulus of M22-2 was less than that of M-3
at the beginning and was larger than that of M-3 when
the indentation depth was larger than 237 nm as the
elastic modulus of M-3 decreased. Fig. 9 illustrates that
the hardness of M22-2 decreased firstly, then increased
as indentation depth increased. The hardness of M22-2
gradually decreased with the increased indentation depth.
The hardness of M-3 was larger than that of M22-2 at
first, whereas was less than that of the later with the
increased indentation depth. We conclude that elasticity
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of the M22-2 yeast was better than that of the M-3 yeast
strain. The fact that elasticity of the yeast cells on
monocrystalline silicon wafer was better than that on
cover glass indicates the monocrystalline silicon wafer is
the better choice to incubate cells. The mean values of
measurements of each yeast cells are listed in Table 1.
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Fig. 8 The elastic modulus versus indentation depth curve
of M22-2 and M-3 on monocrystalline silicon wafer.
M-3
M22-2

0.16
0.14
0.12

VDAC at first, whereas it was less than that of the later
with the increased indentation depth. When yeast cells
were on monocrystalline silicon wafer, the elastic
modulus of M22-2 was towards an approximate constant
of about 0.3854GPa. The elastic modulus of M22-2 was
less than that of M-3 at the beginning and was larger than
that of M-3 when the indentation depth was larger than
237nm as the elastic modulus of M-3 decreased. The
hardness of M22-2 gradually decreased with the increased indentation depth. The hardness of M-3 is bigger
than M22-2 at first, whereas was less than that of the
later with the increased indentation depth. The results
show that VDAC plays an important role on cell function and elasticity of the M22-2 yeast strain supplemented with a human VDAC1 gene better than
VDAC1-deficient yeast strain and elasticity of the
M22-2 yeast better than M-3 yeast strain. The elasticity
of the yeast cells on monocrystalline silicon wafer was
better than that on cover glass. Nano-indentation technology not only provides useful information for cell
physiology and pathology processes, but also brings a
new method for the precise quantitative analysis of cell
function which is helpful in the surface bionic engineering.

Acknowledgement

0.10

H(GPa)

23

0.08
0.06
0.04
0.02
0.00
50

100

150

200

250

300

350

Displacement (nm)

Fig. 9 The hardness versus indentation curve of M22-2
and M-3 on monocrystalline silicon wafer.
Table 1 Mean values of hardness and elastic modulus of different each yeast cells
Sample

Hardness
(GPa)

Elastic modulus
(GPa)

Wild-type (M-3), a VDAC1-deficient (M22-2), and
the M22-2 yeast strain supplemented with a human
VDAC1 gene on cover glass and monocrystalline silicon
wafer were measured respectively in the experiment
presented by Chen Quan from institute of zoology of
chinese academy of sciences and incubated by Lin Na
from school of pharmaceutical science of Jiangsu university.
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Abstract
Moles, one of the soil burrowing animals, are good at digging. Its great digging ability results from not only the digging
technique and the functional morphology but also its microstructure of nail. The section microstructures of nail of the mole’s
manus were examined by carrying out stereomicroscopy and scanning electron microscopy (SEM). The results showed that the
nail mainly comprises four layers: the dorsal layer, the ventral layer, the intermediate layer and the strengthening layer. The
ventral layer is composed of the tile-like sheets almost parallel to the ventral surface. The dorsal layer is similar to the ventral
layer. The intermediate layer is also composed of the tile-like sheets but basically perpendicular to the ventral layer. The
strengthening layer is mesh structure.
Keywords: section microstructure, nail, mole, SEM, stereomicroscopy

1 Introduction
Moles are good at digging and can dig through a
300-foot long tunnel in just one night[1]. Their manus are
the main tools for digging soils. The wide and
shovel-like manus has five digits and grows outwards[2].
The digging functional morphology and digging technique employed by the mole (talpa europea)[3] have been
detailed, whose conclusion is that the large excavation
force is due to the lever principle. The forelimb anatomy[4] and the humeral axis of rotation in the digging
process[5] have been studied. The digging process has
been described[6]. However, the great digging skills of
moles concern not only the digging technique and the
functional morphology but also the microstructure of
nail. Studies on it can provide useful biological information for the design of soil cutting tools and excavation
tools. In this paper, based on the stereomicroscopy for
geometry and cross-section structure of nails of manus,
the microstructure was observed and analyzed by scanning electron microscopy (SEM).

Changling County, Songyuan City, Jilin Province,
China.
After the mole died, the manus and nails of manus
were immediately cut off from the bodies, followed by
the ultrasonic treatment so as to remove the soils and
other debris from the nails. Then they were sterilized
with 85% alcohol solution, washed with water, and at
last dried in air. After that they were examined under an
OLYMPUS SZX12 stereomicroscope (OLYMPUS,
Japanese), the manus of the mole was shown in Fig. 1,
and the nail 2 of manus was shown in Fig. 2 and Fig. 3.
Nail 2
Nail 1

Nail 3

Nail 4

Nail 5

2 Materials and methods
Moles (Scaptochirus moschatus) used for the experiments were captured from the Yaojingzi pasture in
Corresponding author: Jin Tong
E-mail: jtong@jlu.edu.cn

Fig. 1 Left manus of the mole.
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3 Results

Fig. 2 Dorsal surface of nail 2.

3.1 Stereomicroscopy
The stereomicroscope photographs of specimens
were shown in Fig. 5 to Fig. 8. The conclusions can be
obtained that the nail of mole clearly possesses the layered structure and the structures are significantly different between the section 1, 2 and 3. There are three
layers on the section 1 of the nail: the dorsal layer, the
intermediate layer and the ventral layer. A symmetrical
structure with the deeper color can be seen on the section
2 called as the strengthening layer. The holes in the inner
nail may be the transmission channels of body fluids and
nerves. In Fig.8, how the nail layers and extends longitudinally can be seen, which is consistent with the conclusions observed from the section 1, 2 and 3.

Fig. 3 Ventral surface of nail 2.

The nail of mole is smaller in size so that it is not
easy to be directly broken off. Therefore, a notch at the
edge of each section shown in Fig. 4 was in advance cut
into nail with a sharp blade, and then the nail was broken
off into clippings along the section with tweezers. The
section 1, 2 and 3 are transverse and the section 4 is
longitudinal. The required clippings corresponding to
the four sections respectively were stuck onto the
specimen stock with glues. Coated in gold, the specimens were examined under a JSM-5600 scanning electron microscope (JEOL, Japanese).

Fig. 5 Stereomicroscope photo of section 1.

Fig. 6 Stereomicroscope photo of section 2.

Fig. 4 Schematic diagram of sections.

Fig. 7 Stereomicroscope photo of section 3.
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Fig. 8 Stereomicroscope photo of section 4.

Due to the restriction of stereomicroscopy, in order
to more clearly and more truly obtain the section information of nail, the SEM was used. In Fig. 5 to Fig. 8,
the regions to observe under SEM were marked.
3.2 Scanning electron microscopy
The SEM photographs of section 1 were shown in
Fig. 9 and Fig. 10.
The ventral layer in section 1 is thinner and is
composed of the tile-like sheets. These sheets are almost
parallel to the ventral surface and overlap each other.
The dorsal layer is similar to the ventral layer. The in-

Fig. 9 SEM photo of section 1.

Fig. 11 SEM photo of section 2.
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termediate layer is also composed of the tile-like sheets,
but these sheets have a bigger spacing between each
other than that in the ventral layer and are basically
perpendicular to the ventral layer. The dorsal and ventral
layers get thicker towards the lateral edge gradually and
wrap around the end of the intermediate layer.
The SEM photographs of section 2 were shown in
Fig. 11 to Fig. 14.
In section 2, the nail gets thicker. The ventral layer
in the central area of the nail is thin, but is thick at the
lateral edge. The intermediate layer near the ventral
surface of the nail is thicker than that near the dorsal
surface. The strengthening layer is mainly composed of
the dense layers with mesh structure. The symmetrical
upheavals occur on the ventral surface.
The SEM photographs of section 3 were shown in
Fig. 15 and Fig. 16.
In section 3, the nail becomes more thicker. The
intermediate layer near the ventral surface of the nail is
still thicker than that near the dorsal surface. The mesh
structures in the strengthening layer envelope in a circle
densely.
The SEM photographs of section 4 were shown in
Fig.17 and Fig.18.

Fig. 10 SEM photo of region 1 on section 1.

Fig. 12 SEM photo of region 1 on section 2.
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Fig. 13 SEM photo of region 2 on section 2.

Fig. 15 SEM photo of section 3.

Fig. 17 SEM photo of region 1 on section 4.

Fig.17 the dorsal and ventral layers wrap around the
end of the intermediate layer at the free edge of nail.
From section 4 we can see that the ventral layer has a
longitudinally uniform thickness, but the intermediate
layer is thinner and gets thicker and then gets thinner
from the free edge to the end of nail.

4 Discussion
The nails of manus of the mole can be considered as
the cantilever during digging the new soils. The nail gets
thicker and thicker from the free edge to the end will

Fig. 14 SEM photo of region 3 on section 2.

Fig. 16 SEM photo of region 1 on section 3.

Fig. 18 1 SEM photo of region 2 on section 4.

enhance the buckling strength. The tile-like ventral layer
will be wearable since they overlap each other densely.
The symmetrical upheavals on the ventral surface result
that the soils removed from the walls slide towards two
lateral edges of the nail, which will aggravate the wear.
Therefore, the ventral layer is thin at the central area but
thick at the lateral edges of the nail. The free edge of the
nail wears seriously, where the dorsal and ventral layers
wrap around the intermediate layer, which not only helps
for the protection of the inner organizations of the nail
but also forms a smooth outside edge. The mesh struc-
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ture can enhance the toughness of the nail, and meanwhile reduces its own quality effectively. That the mesh
structures in the strengthening layer envelope in a circle
densely, just as a bundle of chopsticks linked together,
makes the nail break off more difficult. On the premise
that the stiffness of the nail is assured, the holes in the
nail will effectively reduce its own quality.
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Abstract
The dragonfly Pantala flavescens Fabricius has excellent flight capacity and its’ wings are typical 2D composite materials
in micro- or nano-scale. The microstructure of wings of Pantala flavescens Fabricius was examined by stereomicroscopy, laser
confocal scanning microscopy (LCSM) and transmission electron microscopy (TEM). It was found by that there are some
microtrichias on the veins and the wings’ membrane of the dragonfly is smooth. There is a wax layer existing and some scratches
distributing on the surface of the wings’ membrane of the dragonfly. The cross-sectional profile of the wing has an irregular
corrugation and the wing changes flat near the wing tip. The longitudinal veins are situated on the highest points and the lowest
points of the wings’ corrugation and connected by the cross veins and membranes to form a dimensional truss structure. The
veins of Pantala flavescens Fabricius wings are hollow and their cross sections are suborbicular. There are tracheae, nerves and
body fluid in the vein cavity and the wing membranes are combined with double layers of integument. The understanding of
dragonfly wings’ structure characteristics would provide some reference for improving property of 2-dimentional composite
materials through the biomimetic designs.
Keywords: Pantala flavescens Fabricius, membranous wing, surface topography, corrugation, microstructure

1 Introduction
There are more than 1.5 million species of animals
in the world, of which one million are insects. Insects are
important biological resource for developing biomimetic
techniques[1]. Natural biomaterials have many optimized
structures and functions adapted to their living surroundings well through their evolution over millions of
years[2].
Some special structures, forms and functions of
natural biomaterials have attracted many designers of
engineering structures and scientists of materials[3]. The
biomimetic research learning from natural biomaterials
has displayed a great importance and significance and
has acquired a series of research findings since 1980 in
the world. The research of biomimetic materials can be
divided into two aspects: one is the research on natural
biomaterials facing technical problems and the relationships between their structures and their properties or
functions are understood and the structural models of
natural biomaterials are established; the other is the
design and manufacture of the biomimetic materials
Corresponding author: Jin Tong
E-mail: jtong@jlu.edu.cn

learning from the structures of natural biomaterials[4].
The research on the relativity of structures and performances or functions is the basis of the development of
biomimetic materials.
All species of insects with wings are flexible and
mobile aircrafts and their skills and modes in flight are
mainly originated from the smart structures of their
wings. The wings of insects have the optimized structures, functions and materials through the evolution over
millions of years. Dragonfly can hover, flap its wings for
flight and accelerate[5]. The mass of the wings of a
dragonfly is only 1 % to 2 % of its whole body mass, but
the wings can stabilize their body and have a high
load-bearing ability during flight[6]. The understanding
of dragonfly wings’ structure characteristics would
provide some reference for improving properties of 2D
composite materials through the biomimetic designs.

2 Materials and methods
2.1 Collection of biological specimens
The living dragonflies, Pantala flavescens Fabricius (Odonata, Anisoptera, Aeschnidae, Anax) were
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collected in Changchun, China. Fig. 1 shows the
stereoscope photograph of a dragonfly Pantala flavescens Fabricius. The tests were performed within 24
hours after collecting the dragonflies so that the dragonflies were still alive and the in-vivo structures of the
wings can be kept.

Fig. 1 The stereoscopy photograph of a dragonfly Pantala
flavescens Fabricius

2.2 Specimens preparation
Several living dragonflies were anaesthetised and
their wings were cut off their bodies. So, the dragonfly
wing specimens were prepared for analysis of their microstructures.
The membranous wings were adhered on blocks
with double-side adhesive paper without any special
treatments for the stereomicroscopy (OLYMPUS
SZX12) and the laser confocal scanning microscopy
(OLS3000) of surface topography of the membranous
wings.
As for the preparation of the wing specimens for the
analysis of the cross sections, each wing specimen was
cut into three parts at the position of 0.3L, 0.5L and 0.7L
(L is the wing length), respectively, with a sharp blade.
The specimen parts for stereomicroscopy of the cross
sections were clamped with two thin glass sheets. The
length (L) of the wing was measured with a vernier
caliper through the cross section of the wing.
The specimens for transmission electron microscopy were fixed in the water solution with glutaral of 2.5
%wt for 8 hours and then were washed with phosphoric
acid. The fixation was performed again in the water
solution containing osmic acid of 1 %wt for 2 hours and
then were washed by phosphoric acid for several times.
The dehydration treatment was required for the specimens for the transmission electron microscopy. The
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procedure of the dehydration treatment is as follows.
The specimens had been in water solution with alcohol
of 30 %wt, 50 %wt, 70 % wt and 90 %wt for 10 minutes
for each concentration in turn and, then, dehydration
treatment was performed by pure alcohol for three times,
10 minutes for each time. After dehydration by water
solution of alcohol, the dehydration treatment was done
by propylene oxide. The dehydrated specimens were
embedded in epoxy resin (Epon812) and, then, the epoxy resin blocks had been polymerized at a temperature
of 80 ˚C for 24 hours. The epoxy resin blocks with wing
specimens were shaped to pyramid. The top parts of the
epoxy resin blocks were shaped to trapezium, square or
rectangle with an area about 0.5×0.5 mm2. The ultrathin
sections of 40nm to 60nm thickness were prepared by an
ultramicrotome after the orientation and, so as to, the
ultrathin sections can be used for transmission electron
microscopy (JEM-1200EX).

3 Results and discussion
3.1 Characteristics of surface topography of the
wings
The surface topographies of the wings of the
dragonfly Pantala flavescens Fabricius were examined
by stereoscopy, as shown in Fig. 2. It was by stereoscopy
found that at low magnification the membranous cuticle
of the wings of the dragonfly is smooth.

(a) The forewing

(b) The hindwing

Fig. 2 Stereoscopy photographs of the surface topography of the dragonfly wings.
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It was found by LCSM there are some microtrichias
on the veins of the dragonfly, as shown in Fig. 3. In
addition, it was by LCSM found that there exist
scratches on the wing membrane of the dragonfly wings
(both forewings and hindwings) as shown in Fig. 4.

Fig. 3 LCSM photographs showing the microtrichias on the
veins of the dragonfly wing.

from wing epidermal cells. In adult Odonata, epidermal
cells do not secrete the wax-like crystal and the number
of pore canals is strongly reduced, which means that the
wax layer is secreted in the life-time of dragonfly and is
not renewed thereafter. Some scratches formed at random on the surface of the wing membrane is due to the
contact and friction between dragonflies and their living
surroundings (bush, weed). Therefore, the scratch pattern on the wings’ surfaces of a dragonfly reflects its
individual history of the dragonfly, as a rule, the number
of scratches is more in older individuals’ wing surfaces
compared with younger ones’ wing surfaces.
3.2 Corrugation properties of the cross-section of the
wings
The stereoscopy photographs of the positions of
three typical cross sections of the dragonfly Pantala
flavescens Fabricius wings are as shown in Fig. 5.
The three typical cross-sections are at position of
0.3L, 0.5L and 0.7L of the wing, where L is the total
length of the wing. The three typical cross-sections were
selected on the basis of the rising and falling trend of
Costa. Costa and Subcosta are integrated at the position
of nodus and the nodus is on the minimum and middle
point of Costa. Costa tends to a falling trend in front of
the nodus and to a rising trend behind the nodus. The
three typical cross sections are situated on the falling
section, the minimum point and the rising section, respectively.

(a) The forewing

(a) The forewing

(b) The hindwing

Fig. 4 LCSM photographs showing the scratches existing
on the wing membrane of the wings.

There is a wax-like crystal layer on the surface of
the wing membrane. It was by Kreuz et al[7] demonstrated that this wax-like crystal layer may be formed

(b) The hindwing

Fig. 5 Stereoscopy photographs showing the positions of three
typical cross-sections of the dragonfly wings used for tests.
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The stereoscopy photographs of the cross sections
at position of 0.3L, 0.5L and 0.7L of the wings are as
shown in Fig. 6. It was demonstrated that the dragonfly
wings are not smooth or simple cambered surfaces. The
cross-sectional profile of the wing has an irregular corrugation and the wing changes flat near the wing tip. The
longitudinal veins are situated on the highest points and
the lowest points of the wing corrugation and connected
by the cross veins and membranes to form a dimensional
truss structure. The wing corrugation can enhance the
warping rigidity and the flexibility and, so as to, the
wing has certain load-bearing ability during flapping
flight[8,9].

3.3 Micromorphology of the cross-sections of the
wings
Fig. 7a and b show the morphology of the crosssection of a single vein and the magnified nerves in the
vein, respectively. It was from Fig. 7a found that the vein
has a hollow structure and its cross-section displays
suborbicular. The area surrounded by the white strips in
the vein cavity is tracheae and the parts similar to gas
bubbles on the white strips are nerves. That is, there are
tracheae, nerves and body fluid in the vein cavity. The
veins were formed by thickening tracheae and the veins
with ring structure in cross section have better flexibility[10].

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6 Stereoscopy photographs showing the cross-sections of the dragonfly Pantala flavescens Fabricius wings at
cross-section in the position (a, b) 0.3L; (c, d) 0.5L; (e, f) 0.7L of (a, c, e) forewing; (b, d, f) hindwing

(a) The tracheae and nerves in the vein cavity
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(b) The nerves

Fig. 7 TEM photographs showing the cross-section of a wing vein of the dragonfly Pantala flavescens Fabricius.
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The morphology of the cross-section of the wing
membrane is as shown in Fig. 8. It was from Fig. 8 found
that the wing membrane is formed by double layers of
integument and there are nerves distributing in the wing
membrane although it is very thin.
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Abstract
When swimming, a fish interacts with the body tissues, such as skins and muscles, and the surrounding fluid to yield the
observed movement pattern of the body. To quantify the passive behaviour of internal tissues, we measure mechanical properties
of the skin and muscle of Crucian Carp, in vitro, using uniaxial tensile tests. The reduced relaxation function is employed to
model the stress relaxation responses. Results provide adequate evidence of the highly visco-elastic nature of Crucian Carp’s
skin and muscle. These data may facilitate the future fluid-fish coupling simulation and enhance the understanding of the
mechanism of fish deformation during swimming.
Keywords: skin, muscle, Crucian Carp (Carassius carassius), reduced relaxation function, standard solid model,
visco-elasticity

1 Introduction
When a fish swims in water, the muscles contract in
such a way that their interaction with the tissues of the
body and the surrounding fluid, meanwhile produce the
needed force and energy to overcome the water resistance, which results in the observed movement pattern of
the body[1–2]. To understand how muscles’ contraction
interacts with the tissues, and the dynamic processes of
the body and surrounding fluid interaction[3], we must
know passive mechanical properties of tissue elements
within the fish body, most of which, such as septas, skins
and backbones, may transmit force and deformation, and
participate in the bending of the body [4–9] .
Generally speaking, fish’s skin provide forms of
protection from or adjust to the environment, secrete
mucus, sense the surroundings, and even facilitate body
movement, such as act as an “external tendon” during
swimming[7–9]. Muscles contract actively to produce
tension when stimulated by the nervous system[10],
meanwhile, as a kind of bio-material, they endure passive elongation to produce and transmit forces[11]. In this
study, muscle refers to skeleton muscle specifically, only
which participates body movements beyond cardiac
muscle and smooth muscle.
Corresponding author: Xie-zhen Yin
E-mail: xzyin@ustc.edu.cn

So far, many works focused on the quantitative
mechanical properties of bio-materials, such as the skin,
muscle and other soft tissues of various animal species,
were published[12–16]. However, it is still unavailable for
those within a whole body for a specific fish species[3].
In order to understand the highly visco-elastic nature of
fish’s skin and muscle, provide data facilitating the future fluid-fish coupling simulation and enhance the understanding of the mechanism of fish deformation during swimming, a typical visco-elastic property except
for creep and viscous lag, stress relaxation was considered in this study, which means the decrease in load with
time at a constant tissue elongation. The reduced relaxation function modeling the stress relaxation responses is established according to the quasi-linear
visco-elastic (QLV) constitutive model[17–18].

2 Materials and methods
2.1 Experimental samples
We chose to study Crucian Carp (Carassius carassius) because (1) inhabitting lakes, ponds, and slowmoving rivers, they are easily available throughout
China, (2) they are active carangiform swimmers, using
body-caudal fin undulation propulsion[19–20]. Experiment
animals were obtained from a market in Hefei City,
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Anhui Province. Six adult Crucian Carps of nearly the
same size (23.93±0.65 cm, total length ± standard deviation) and weight (412.5±17.1 g, total mass ± standard
deviation) were used.
The animals were decapitated, skin and muscle
samples were excised from the lateral sides of the body.
Specifically, as shown in Fig. 1, the samples were taken
from the ones within two-scale far away from the lateral
line for preparing and testing convenience. As for skin
samples, as much muscle as was possible was removed
from the skins using razor blades and scissors. Skin and
muscle strips of about 10 mm wide were prepared, the
long axis of the test samples was along the same direction with that of the body bending. The width and length
of the skin samples and muscle’s geometry figuration
could be easily measured with a digital vernier caliper, a
key data is the thickness of the skin samples. So far, it is
still unavailable of the skin thickness of Crucian Carp.
Hebrank used polarized light micrograph to determine
the skin thickness of Norfolk spot (Leiostomus xanthurus) and skipjack tuna (Katsuwonus pelamis) [7]. Simply
measurement compared to sheets of plastic material of
known thickness were conducted by Greven[12]. As for
us, stereo micro-scope was used to measure the thickness of the Crucian carp skin, which is 9.5 μm on average, for the taken samples, as shown in Fig. 2.
(a)

(b)

Fig. 1 (a) Lateral view of Crucian Carp, the black frame shows
where the skin and muscle samples are excised, they are within
two-scale far away from lateral line. (b) A typical transection of
Crucian Carp body, where the numbers show the muscle samples
taken into experiments.

2.2 Mechanical testing
Preliminary uniaxial tensile tests were conducted to
identify the best load and loading rate. In Fig. 3, a typical
result is shown of the uniaxial tensile tests on skin samples under 60 MPa/min loading rate. The result demonstrated the linear region of skin tissue under the certain
loading force and rate. The result also illustrated the
linear region of skin tissue stress-strain curve, where the
strain ranged from about 5 % to 10 %, which is represented by the points A and B in the figure, far away from
the strength limit, which is about 160 MPa and 20 %
strain, as point C represents.

Fig. 3 A typical uniaxial tensile test result to identify the
linear region of skin tissue stress-strain relationship, where
from A to B, and the strength limit, which C represents.

To test the visco-elasticity of the skin and muscle of
Crucian Carp, a typical uniaxial stress-strain test, stress
relaxation was performed in order to qualify the
stress-strain relationship in the longitudinal direction of
fish body. Each sample was preconditioned with 20
cycles of loading and unloading before experiments
were performed. All tests were performed on SANS
CMT8501 desktop electromechanical universal testing
machine.

3 Results
The QLV constitutive model and the reduced relaxation function were employed in this study. The reduced relaxation function is defined as
G (t ) =

Fig. 2 A typical slice of transection of Crucian Carp fresh skin
and muscle under stereo microscope, where the upper red part is
muscle, and the underneath dark part is skin, from where the
thickness is measured.

σ (t )
,
σ (0)

(1)

where σ (t ) is the stress at time t, and σ (0) is the initial
stress when the sample was ramped up to the designed
10 % strain. This reduced relaxation function reflects the
visco-elastic constitutive function of the sample. The
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instantaneous stress follows as

σ (t ) = G (t )σ e (ε ) , G (0) = 1 ,

(2)

where σ e (ε ) is the stress at instantaneous strain ε.
According to Botlzmann Superposition Principle,
the convolution integral that describes the stress history
of the sample can be represented as
t

σ (t ) = ∫ G (t − τ )
−∞

∂σ e (ε ) ∂ε
dτ .
∂ε ∂τ

(3)

The reduced relaxation function G (t ) can be expressed as
t
t
G (t ) = y0 + a1 exp( − ) + a2 exp( − ) ,
t1
t2

Fig. 4 The experimental data of the reduced relaxation
function of Crucian Carp skin, and two different curve fitting
lines, where ExpDec2 of G(t) represents function (4) and
ExpDec1 of G(t) represents function (5).

(4)

where y0 , a1 , a2 , t1 , t2 are constants which can be
determined empirically by experimental data. Or another,
when a standard solid model is employed, G (t ) can be
expressed as
t
G (t ) = y0 + a1 exp( − ) .
t1

(5)

The reduced relaxation function can model the
stress relaxation responses. Experimental data from
stress relaxation tests were used to calculate all the coefficients. Curve fitting can be easily finished using the
Origin software to generate model functions for each
skin sample. Fig. 4 illustrates a typical reduced stress
relaxation of a skin sample of Crucian Carp, where the
10% strain is hold, and the relaxation time is 1000 s. A
better fit can be achieved using the function (4) than
(5), which are represented by ExpDec2 and ExpDec1,
respectively. Calculated coefficients from five different
skin samples are all listed in Table 1. Mean value and

standard deviation are gotten to evaluate the viscoelastic constitutive function of the Crucian Carp’s skin.
As for Crucian Carp’s skin under 10 % strain, the reduced relaxation function can be expressed as:
t
t
G (t ) = 0.426 + 0.257 exp(−
) + 0.233exp(−
)
433.3
25.2
t
)
(6)
or G (t ) = 0.463 + 0.312exp(−
225.5
As for the muscle samples, by adjusting experimental parameters, experiment methods follow those for
the skin samples. Fig. 5 compares the reduced relaxation
function between muscle and skin samples, more attenuation as time increases is achieved within Crucian
Carp’s muscle, whose reduced relaxation function is
t
t
G (t ) = 0.274 + 0.287 exp( −
) + 0.340exp( −
)
319.7
22.9
t
(7)
or G (t ) = 0.303 + 0.405exp( −
)
163.3

Table 1 Calculated coefficient values of the reduced relaxation function G(t) of skin samples

using two different curve fitting functions
t
t
G (t ) = y0 + a1 exp(− ) + a2 exp(− )
t1
t2

Fitting function

t
G (t ) = y0 + a1 exp( − )
t1

Sample

y0

a1

t1

a2

t2

y0

a1

t1

No.1

0.417

0.263

415.5

0.232

26.3

0.451

0.323

222.5

No.2

0.419

0.254

398.4

0.240

26.9

0.452

0.324

207.2

No.3

0.438

0.255

470.0

0.227

23.2

0.477

0.297

245.9

No.4

0.426

0.259

430.2

0.236

24.7

0.464

0.303

219.6

No.5

0.430

0.254

452.4

0.230

25.0

0.471

0.312

232.3

Means

0.426

0.257

433.3

0.233

25.2

0.463

0.312

225.5

SD

0.008

0.004

28.5

0.005

1.5

0.011

0.120

14.5

SD, standard deviation
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Fig. 6 A standard solid model. E1, E2 are the Young’s module of two springs, and η2 is the damping of the dashpot.

Fig. 5 The reduced relaxation function G(t) of skin and muscle
of Crucian Carp.

G (t ) =

4 Discussion and conclusions
Expressed in two different ways, as shown in the
form of function (4) and (5), the reduced relaxation
function seems to elucidate no clear physical meaning of
visco-elasticity. In fact, a structural damping model with
five control parameters with the constitutive equation
expressed as[21]

σ + p1σ + p2σ = q0ε + q1ε + q2ε ,

(8)

has a reduced relaxation function with the form of
equation (4). It can be easily calculated that p1 = t1 + t2 ,
p2 = t1t2 , which reflect stress changing rate in the constitutive equation.
As a standard solid model with a reduced relaxation
function which can be expressed in the form of equation
(5) is established, as shown in Fig. 6, where E1 , E2 are
the Young’s module of two springs, and η2 is the
damping of the dashpot. The constitutive relationship of
this model can be expressed as

σ + p1σ = q0ε + q1ε ,

(9)

where
⎧ p1 = η2 /( E1 + E2 ),
⎪
⎨ q0 = E1 E2 /( E1 + E2 ),
⎪ q = E η /( E + E ).
1 2
1
2
⎩ 1
Among them, q0 reflects the elasticity of the system
without viscosity, and p1 and q1 are both representations of model viscosity. Under a certain strain, the stress
of standard linear model is

σ (t ) = σ (0)[δ + (1 − δ ) exp(−

where δ is the residual stress, and p1 is the relaxation
time. Their physical meanings are the residual stress
when the time goes to infinity, and the cost time of sharp
drop of the stress, respectively. The reduced relaxation
function is then expressed as

t
)] ,
p1

(10)

σ (t )
t
= δ + (1 − δ ) exp(− ) .
σ (0)
p1

(11)

So equation (5) and (11) provide a similar form but
with a little difference. Strictly speaking, previous results (6) and (7) are not those from standard solid models.
For the sake of convenience, here we take 0.463 and
0.303, as (6) and (7) shows, as the residual stress of skin
and muscle, respectively, and the relaxation time are
225.5 s and 163.3 s, which is the index of the rate of
stress attenuating, coincidence with what equation (8)
shows. Further discussion on a five parameters structural
damping model and an adaptive fractional order visco-elasticity are being prepared in a manuscript[22].
As bio-materials such as the skin and muscle of
Crucian Carp, experimental results provide adequate
evidence of the highly visco-elastic nature. Next we
come to a discussion of the possible benefit from
visco-elastic deformation for fish during swimming. For
the sake of simplicity, a dynamic process of standard
solid model is under assumption. For visco-elastic materials, a certain phase difference exists between the
excitation and response. As Crucian Carp swims steadily
or slaloms among the Karman vortex street[23-24], the
fluid force is periodic, an alternating load σ 0 exp(iωt ) is
established, and the strain with a phase difference is:

ε = H σ 0 exp(iωt ) = ( H1 + iH 2 )σ 0 exp(iωt )
= H σ 0 exp(iωt + ϕ ) ,

(12)

where H is defined as complex compliance of viscoelastic material, and H = H12 + H 2 2 , tan ϕ = H 2 / H1 .
H1 represents elastic work during deformation, and is
an index as energy storage. It is usually called as the
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storage compliance. H 2 is the loss compliance, which
represents energy loss of visco-elastic material during a
cycle of deformation.
According to the constitutive relationship of standard solid model, function (9), the storage compliance
and loss compliance can be solved and expressed as
H1 =

δ (δ + ω 2 p12 )
p1ω (δ − δ 2 )
,
H
=
−
(13)
2
q0 (δ 2 + ω 2 p12 )
q0 (δ 2 + ω 2 p12 )

As for Crucian Carp’s skin and muscle, p1 =
t1 ~ 200s , during steady swimming, the swimming
frequency f is about 1 Hz to 2Hz[25], ω = 2π f , and the
residual stress 0 < δ < 1 , so ω p1  δ > δ 2 , then function (13) can be simplified as
H1 =

δ
q0

, H2 = −

δ −δ2
,
q0ω p1

(14)

so H1  H 2 , and H  H1 , then function (12) can
simplified as

ε = H σ0 

σ0

q0 / δ

.

(15)

Therefore, under alternating load, with complex
compliance H, the module of elastic modulus is over that
of pure elastic material whose elastic modulus is q0 . In a
word, the body stiffness will increase under alternating
load, which will favor steady controlling during cyclic
swimming.
On the other hand, as H1  H 2 , loss tangent Z,
which can expressed as Z = 2π tan ϕ  2π(1 − δ ) / ω p1 ,
is also small within Crucian Carp’s routine swimming
frequency. It means energy loss is small compared to the
done work during deformation.
In short, visco-elasticity will increase the equivalent stiffness during cyclic swimming, meanwhile, energy dissipation of viscosity of bio-materials will limit to
a small amount compared to the done work.
Several limitations should be concerned when
considering the results of this study. As an attempt to
understand the nature of bio-materials such as skin and
muscle of Crucian Carp, the first noticeable assumption
is the unbiased distribution of certain parameters within
all the samples, such as the thickness of skin, where the
average mechanical performances are founded on.
Symmetry was assumed between left and right skin and
muscle for the same animal, and non-difference was
expected for samples with similar length and weight.
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Although published work showed no statistical differences for some bio-material within some animal species[14], as for Crucian Carp’s skin and muscle, much
more tests are needed before we come to the certainty of
the conclusion. Secondly, strain reported in this study is
Cauchy strain, which represents average tissue strain
and does not reflect regional variations in it. The zero
strain (reference) is taken to be when the tissue is preloaded. The relationship between this preloaded position
and the in situ reference position requires further elucidation. Stress is nominal stress, which is force divided
by the area before deformation, reflecting the average
mechanical performance, and no emphasis on stress
concentration. Thirdly, samples stress relaxation data
were typically gathered about 1000 s. Although test time
of 1000 s may not describe the entire temporal behavior
of the tissue, this time scale gives a good indication of
initial tissue behavior in the physiological range and
facilitates serial testing on a specimen due to acceptable
recovery time. Finally, as for Crucian Carp’s skins and
muscles, when they are loaded, water content decreases
with static and cyclic loading. Bio-material with higher
water content demonstrated greater relaxation than the
ones with lower water content and it is stated that water
content has a significant effect on visco-elastic behaviour[26–27]. In this regard, similar testes under fluid circumstance are recommended.
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Abstract
Insect elytra cuticle has some excellent mechanical properties, such as tenacity, waterproof and lightweight, which is the
result of its laminate composite structure. The special structure and mechanical properties of insect elytra cuticle may provide
available information to the design of advanced composites. Due to the micro or nano scale (in terms of thickness) of insect
cuticle it was difficult to acquire its mechanical properties until the nanoindentation techniques were developed. The mechanical
properties, reduced modulus and hardness, of the elytra cuticle in laminative structure of dung beetle Copris ochus Motschulsky
were investigated by using a nanoindenter. When tests are performed samples, which are parts cut off from the insect body,
undergo rapid structural changes caused by the loss of water. To understand this effect, the samples were tested in fresh and dry
conditions. Nanoindentation results were found to be strongly influenced by sample aging. Decreasing water content (~20% of
the cuticle mass) led to an increase in reduced modulus (from 3.5 to 4.3 GPa) and hardness (from 0.2 to 0.3 GPa). The results are
discussed in relation to the mechanical function of the elytra cuticle.
Keywords: cuticle, nanoindentation, water loss, laminated

1 Introduction
A wide variety of biological materials are under
investigation for possible technological application for
various reasons, whether biocompatibility, exceptional
properties or processibility at ambient conditions in
aqueous media[1]. Biomimetics, the science of imitating
nature, is a growing multidisciplinary field which is now
leading to the fabrication of novel materials with remarkable mechanical properties[2]. The skeleton of the
cuticle of insects is inflexible, waterproof and lightweight which is an excellent crude composite material.
Based on the structures of natural biomaterials, biomimetic materials have been developed[3]. The insect cuticle serves primarily as an exoskeleton that gives the
body its shape, stability and a barrier against evaporation
of water from the body which can protects the insect
against water loss[4].
Vincent and Wegst[5] demonstrated that since nearly
all adult insects can fly, the cuticle has to provide a very
efficient and lightweight skeleton. A most widely accepted comprehension was that insect cuticle is a composite consisting of chitin fibers and proteinaceous maCorresponding author: Jin Tong
E-mail: jtong@jlu.edu.cn

trix in a layered structure[6,7]. The cuticle normally contains some amount of water. The function of water in the
cuticle is largely unknown, but presumably it is separation of the two main components of the cuticle from each
other[8]. Many biomaterials and tissues are softer than
materials traditionally tested using nanoindentation, and
they must be tested while hydrated to accurately extract
mechanical properties relevant to function in vivo. Despite the fact that most biological materials are naturally
hydrated, much of the early work in bone or dentin indentation was performed on dehydrated samples embedded in epoxy or resin to facilitate sample preparation,
and some studies demonstrate the modulus and hardness
much larger after dehydrate[9]. The solve method include
appropriate hydrating fluid[10], submerged in a fluid
cell[11], or the microfluidic platform was designed for
nanoindentation of continuous hydration of hydrogel
samples[12]. The simple and valid technique is indents
are performed over a short time period before dehydration occur[9].
The mechanical properties of insect cuticle may
provide available information to the design of advanced
composites. Due to the micro or nano scale of insect
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cuticle in thickness direction, only tensile test could be
conducted until the nanoindentation techniques were
developed. Recently some studies of nanoindentation
properties in insects were carried out[13]. Nanoindentation researches were performed on the head-neck joint
and the wing-locking mechanism in a beetle, and the
foot-substrate adhesion in flies and geckos had been
examined from the perspective of theoretical contact
mechanics and combined, these approaches in the investigation of biological attachment systems in insects,
could lead to the design of artificial attachment systems
which are potentially useful in micro-technology[14]. A
quasistatic nanoindentation technique was used to measure cuticle stiffness of live Drosophila melanogaster
during its larval, pupal, and early adult development in
vivo[15]. The Young’s modulus and hardness of the elytra
for four kinds of beetles (Potosia (Liocola)brevitarsis
lewis, Cybister, Allornyrina dichotoma, Holotrichia
trichophora) measured by the nnoidenter were 9.08,
8.21, 4.76, 6.00 GPa and 0.44, 0.48, 0.18, 0.18 GPa,
respectively[16]. While those studies were less considered the dehydrate effect and the method of specimen
preparation can also affect mechanical properties because dehydrate can have a significant impact on the
measurement of modulus using nanoindentation. In this
paper, the valid testing time and the relationship of dehydrate and nanoindentation properties of elytra cuticle
were investigated.

2 Materials and methods
Some alive dung beetles, Copris ochus Motschulsky, were collected in the suburb of Changchun, Jilin
Province, China. Fig. 1.a shows photograph of one female dung beetle, Copris ochus Motschulsky. The arrow
shows the elytra. Elytra is a pair of hard outer wings
which protect the inner wings and the body of the beetle.
Their bodies were 20 mm to 30 mm in length and about
16mm in width. There is longitudinal node grooves in
the surface and accumulations of some substances are
contained in the nodes. The structure model of elytra is
shown in Fig.1b.
A nanoindenter (TriboIndenter, Hysitron Inc.) was
used to investigate nanoindentation properties of cuticle
in this work. This instrument offered accurate staging for
automated testing and sample positioning. A Berkovich
tip was used for the tests.
The theory of nanoindentation of materials has

Elytra
(a)

(b)

Fig. 1 (a) photograph of one female dung beetle Copris
ochus Motschulsky (the arrow shows the elytra ); (b) There
is longitudinal node grooves in the surface and accumulations of some substances are contained in the nodes.

been discussed extensively. Oliver-Pharr method[17] for
determining the nanoindentation modulus and hardness
has been accepted well. The initial unloading contact
stiffness, S, can be obtained from the slope of the
unloading segment of force-displacement curve. Considering that the elastic modulus contained synthesis
effect of tip and specimen, the reduced modulus Er was
used.
The elastic modulus can be derived from the following equation.
⎛1−υ2 ⎞
1 ⎛1−υ2 ⎞
=⎜
+
,
⎟
⎜
⎟
Er ⎝ E ⎠ specimen ⎝ E ⎠indenter

(1)

where, E and υ are elastic modulus and Poisson’s ratio,
respectively. E and υ equal 1114 GPa and 0.07 for diamond tip[17,18].
The hardness H and the reduced modulus Er are

H=

Pmax
,
A ( hC )

(2)

and
Er =

π
2β

S
A ( hC )

,

(3)
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where, A(hC) is the resultant projected contact area between the tip and specimen surface, Pmax is the maximum indentation force and β is a constant related to the
tip geometry. Β equals 1, 1.034 and 1.012 for spherical
tip, Berkovich tip and Vickers tip, respectively[18,19].
The calibrations of the tip area function and the
machine compliance are primarily needed. The thickness of elytra cuticle is about 120~130 µm, on which the
thickness of epicuticle and wax layer is 7.7~18 µm[20].
Thus, a maximum load of 500 μN was used in this investigation to ensure that the indents were less than 10
percent of the specimen thickness[21], in which its
maximum displacement hmax =25.1 nm[21]. Cuticle specimen from live dung beetle Copris ochus Motschulsky
was put onto a cold mounting epoxy resin at room
temperature. The epoxy resin played a role of supporting
the specimen during tests.
Because biomaterials often exhibit viscoelastic
deformation characteristics, holding time and loading
rate during indentation tests must be considered[23,24]. It
was shown that the Er and H value of cuticles of dung
beetles were beyond 49% and 130% of valid value, respectively, when the effect of visco-elastic deformation
was ignored[25]. So, a trapezoidal-type loading function
was utilized for indentation tests, the parameters were;
peak load = 500 μN, loading rate = 53 μN/s, and holding
time = 20 s[21]. Ten repeating indentations were conducted to determine the average values of the Er and H.

comparable with literature data of approximately 18%
for the gula cuticle[5] and12% for hard and tanned types
of cuticle[9]. After 18th, the curve inclines slowly and the
water loss approach about 50%. This will have influenced on the microstructure of elytra cuticle. It can be
supposed that the whole test duration is better controlled
in 1 h ~ 1.5 h.

(a)

3 Results and discussion

(b)

Fig. 2 (a) Nanoindentation in-situ of the dry elytra after the test
(the circle shows one indent ); (b) One nanoindentation image
shows signs of the residual deformation and elastic recovery.

100

Loss of Mass (%)

Fig. 2a illustrates the in-situ imaging of nanoindentation and surface morphology of the dung beetles'
elytron. One indentation imaging is shown in Fig. 2b.
For avoiding the edge effects, the interval between two
experimental points is 10 μm.
One of the most important issues for testing biological system is sample aging, especially when the test
object is detached parts from the insects body, which
undergo rapid structural changes caused by the loss of
water[6]. For experimenting the test duration in original
condition, the mass of the detached parts was measured
as a function of time. Pieces of elytra cuticle were severed. Mass is shown as % of the initial mass of the
specimen vs. time of drying. The initial mass was taken
as 100%. The datas points are mean values of three
measurements. After 100 minutes, the specimens had
lost ~12% of their initial mass (Fig. 3). This value is
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Fig. 3 Loss of mass versus time for a part of the elytra.
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The hardness of biological cuticle is closely related
with its water content[5,6,9]. For investigating the influence of water loss to result of nanoindentation test, the
elytra were continual. Nanoindentation results were
found to be strongly influenced by sample aging (mainly
water loss) (Fig. 4). After drying, it led to an increase in
Er (from 3.5 to 4.3 GPa) and H (from 0.2 to 0.3 GPa).
Fig. 4a and b shows that the augment of Er is only increasing slightly with time, whereas the H is significantly higher in the dry state compared to the conditions
close to in-vivo.
With time, there is water loss in elytra cuticle and
the specimen appeared to be sample aging which led to
an increase in Er and H, and decrease in hC (Fig. 4a
and 4b). While at the same time, the hC decreased
(Fig. 4c). The elytra cuticle belongs to the hard and stiff
cuticle which bears a low proportion of water. Water
content seems to be a crucial factor for the mechanical
properties and it makes cuticle soft. Therefore, the water
loss has critical influence on the nanomechanical behaviours of elytra cuticle. Thus, decreasing water content increases hardness and stiffness for a large number
of biological materials[24–26]. It can be supposed that one
of the reason for this effect is generally explained by
reduce in friction.
The reduction of water content upon reaction with
catechols may occur by a combination of increased hydrophobicity and cross-linking[27]. The important point
is water loss versus potential cross-linking of proteins by
the catechols[1].
Some study showed that hardness of biological cuticle material is closely linked with its moisture content[5,8]. Crosslinking in protein matrix of cuticle led it to
harden. When very strong interactions exist in protein of
cuticle, it will cause higher stiffness and will be
strengthened and stabilized resulting from loss of water[24]. Because of loss of water, protein will form a lot of
β-chains which cause its stability of chemical and mechanical property[28]. Water is important to ossein and
keratin which influence the basic property of matrix of
insect cuticle.
Essence of hardened matrix depends on many factors. If protein has strong hydrophoby, it tends to orbit in
hydrous circumstance. That will lead to a kind of phase
structure, like protein in locust tendon, and strong secondary bond lies in sphere and crosslinking exists in
spheres. But not all cuticles have high hydrophoby.
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Fig. 4 Nanoindentation results.

Some lava cuticle has high moisture content, while they
are hardly interactive among protein chains. In some
cuticle, matrixes are same as protein while forming of
crystalline structure in matrix caused by dehydration.
Mechanism of desiccation and hardening in cuticle is
possibly formed by single environmental factors. It is
supposed that in the end when there are one or two cross
chitin links in cuticle, there are impossibly many ways of
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hardening cuticles.
The output data were generated in the relationship
of Er and H (shown in Fig. 5). It was found that the value
of Er and H increase with the decrease of displacement.
And relationship of Er and H is the following,

H = 0.15086 + 5.59939e

−0.0152 d

.

The micro and nano scale of structural, chemical,
and mechanical properties of natural biomaterials quantities investigated will prove bio-inspired methods for
new component materials.
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fluenced by sample aging. Decreasing water content
(~20% of the cuticle mass) led to an increase in reduced
modulus (from 3.5 to 4.3 GPa) and hardness (from 0.2 to
0.3 GPa). Er and H following the power law relationship.
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Abstract
An application of extenics theory to establish the extenics model of typical plant leaves and evaluation standard of Influencing Factors of Self-cleaning Function of typical plant leaves was carried out. Analyzing the comprehensive influence relation
quantitatively by utilizing Analysis Hierarchy Process(AHP) obtains the key influencing factors of the multi-element coupling
analysis of typical plant leaves. The main result was the determination that the surface morphology of the plant is the Principal
Component of The multi-element coupling analysis of typical plant leaves, and that the key influencing factors of Self-cleaning
Function of typical plant leaves are the unit bodies of pit-type surface, the components of the surface, the distribution of the unit
bodies of pit-type surface.
Keywords: typical plant leaves; bionics; multi-element coupling analysis; extenics theory, Analysis Hierarchy Process (AHP)

1 Introduction
In recent years, Self-cleaning Function of hachisuba has been attractive to scientists, and they are carrying out further research on the phenomenon and the
mechanism of self-cleaning function of typical plant
leaves[1–2]. They found that surface wettability is not
only related to the chemical composition of the matrix,
but also to the structure and morphology of substrate
surfaces[3–6]. The technical study team for terrainmachine bionics of the Jilin University of P.R. China has
established the theory of desorption of non-smooth surface and studied the characteristics of the hydrophobic
interaction and antisticking of the surface of the
plants[7–10]. Through experimental analysis they found
that the main influencing factor of Self- cleaning Function of the plant leaves is the Morphology of Nonsmooth Surface of the plant leaves[11–13] . Several kinds
of plants which possess the Self-cleaning Function have
been chosen to be the typical plants, the research is carried out for the information on characteristics of the
biology, and the Extenics Model of the typical plant
leaves has been established by the authors. The evaluation standard of Influencing Factors of Self-cleaning
Function of typical plant leaves has been built up. AnaCorresponding author: Lu-quan Ren
E-mail: lqren@jlu.edu.cn

lyzing the comprehensive influence relation quantitatively by utilizing Analysis Hierarchy Process (AHP)
obtains the key influencing factors of the multi-element
coupling analysis of typical plant leaves. With the studies, we try to provide the information for the designing
and Manufacturing of the hydrophobic surface of
biomimetic engineering and the theoretical foundation
for the selection and preparation of the hydrophobic
material.

2 Establishment of the extenics model
of typical plant leaves
2.1 Selection and analysis of the plant samples
Because of the vigorous growth of the these plants,
Nelumbo mucifera leaf, the bamboo leaves, pumpkin
leaves, and the like have been chosen to be typical plant
leaves for the research . Under the microscope we can
find the microscopic structure of these typical plant
leaves. In Fig. 1, bamboo leaf frontage presents the
streak-shaped structure and there is bamboo cane in the
middle area of the two bars. In Fig. 2, the superficial cell
of the surface of the Nelumbo mucifera leaf presents like
some kind of structure of mastoid and is covered by the
wax layer. In Fig. 3, there are some kinds of epidermal
hair in the convex surfaces of the Callislephus chinensis
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and this surface is also covered by the wax layer. In
Fig. 4, the surface of the Cannabis sativa leaf is covered
by star-shaped surface hair. In Fig. 5, the surface of the
Cucurbita moschata leaf is covered by wax drop. In
Fig. 6, the surface of the Callislephus chinensis leaf is
covered by Thorn-shaped hair. In Fig. 7, the surface of
the Nelumbu nucifera leaf is covered by Microstructure
of thorn-scab. In Fig. 8, the surface of the Chenopodium
album L is covered by wax layer.
Fig. 5 Cucurbita moschata leaf surface wax drop.

Fig. 1 Bamboo leaf frontage streak-shaped structure.
Fig. 6 Thorn-shaped hair of Callislephus chinensis leaf surface.

Fig. 2 Nelumbo mucifera leaf surface mastoid wax.

Fig. 7 Microstructure of thorn-scab on Nelumbu nucifera leaf

Fig. 3 Callislephus chinensis surface eta.

Fig. 8 The surface of the Chenopodium album L.

Fig. 4 Cannabis sativa star-shaped surface hair.

The analysis of the characteristics of the morphology of surface of the typical plant leaves:
(1) The surface of typical plant leaves presents
non-smooth surface morphology. It is composed of
many unit bodies whose shape, magnitude, quantity, the
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distribution of the unit bodies, and the like are all different. The shape of the unit bodies can be classified
convex type, concave type, ripple type, and comprehensive type. The distribution of the unit bodies can be
classified random and regular distribution including
uniform distribution and distribution computational
relationship .
(2) The structures of the surface of typical plant
leaves are different and are composed of different
components, such as convex or concave structure of
different magnitude and shape.
(3) The materials of the surface of typical plant
leaves is almost wax, but they have different morphologies and structures, such as wax membrane and wax
particles
2.2 Establishment of the extenics model of typical
plant leaves
Reliable and exact information is the foundation of
bionic engineering. There are so many kinds of species
of organism . The same kind of matter possesses different characteristics.
The differences also exist between the different
individuals. So diversity is the important characteristic
of the biological universe. To describe the morphology
of surface of typical plant leaves more exactly and to
provide information for the bionic engineering, there is
need to describe the scientific systematical, and comprehensive structure of the organism.
The basic ideas of the extenics theory is to solve the
contradictory problems utilizing the matter-element[14]
theory, affair element[15] theory, and extension set[16]
theory and combining with theories and methods of
many kinds of application field, such as change the
impossibility to the possibility, change the infeasibility
to the feasibility, and change the opposition to the
coexistence. The conjugate analytical theory of the extenics theory points out that conjugacy is a characteristic
of organism. The conjugacy is to study on the structure
of the matter from the materiality, dynamic characteristics, opposition of different perspectives, to divide the
matter into real parts and imaginary parts, soft parts and
hard parts, potential parts and apparent parts, negative
parts and positive parts. Om is the object of matter, cm is
characteristics of matter, denoted by M the set of ordered
three-dimensional of Om with cm and vm, the function is
as follows: M = (Om , cm , vm ) . Om is the fundamental

element, called the matter-element. The soft parts and
hard parts have been chosen to be a pair of conjugate
parts to study the typical plant leaves. The hard parts are
composed of the unit body of the surface of the plant and
the materials of the surface of the plant. The soft parts
are composed of the relationship between the components of the units, the relationship between unit bodies
and the materials of the surface of the plants, the relationship between the plant leaves and outside environmental factors.
hr (Om) is the hard parts of the matter, sf (Om) is the
soft parts, the function is as follows:
Om = hr(Om) ⊕ sf (Om)

M hr

⎡ hri (Om ) , chr1i , vhr1i ⎤
⎢
⎥
chr 2i , vhr 2i ⎥
,
= ∧⎢
#
#⎥
i =1 ⎢
⎢
⎥
chrni , vhrni ⎥⎦
⎢⎣
s

represent s parts of the all hard parts of matter element

M hr

⎡ sfi (Om ) , cs f 1i , vsf 1i ⎤
⎢
⎥
s
csf 2i , vsf 2i ⎥
⎢
= ∧⎢
,
#
#⎥
i =1
⎢
⎥
csfni , vsfni ⎥⎦
⎢⎣

represent t parts of the all soft parts of matter element[19].
The Extenics Model of typical plant leaves as
shown in Fig. 9.

3 Evaluation standard of influencing factors
of the multi-element coupling analysis of
the typical plant leaves
The various factors that influence or contribute to
the function of the organism are called” coupling element” in the bionic engineering. Through the research
we determine that the coupling elements of Selfcleaning Function of typical plant leaves are the morphology of the unit body of the surface of the plant, the
structure of the surface of the plant and the material of
the surface of the plant which interplay with each others,
which is called multi-factor coupling. Every coupling
element was influenced by the different factors.
Evaluation standard of Influencing Factors of The
multi-factor coupling analysis of the typical plant leaves
has been established to determine the main influence
factor of Self-cleaning Function of typical plant leaves
exactly and to analyze every coupling element ulteriorly.
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3.1 The influence factors of the coupling element of
the morphology of the unit body of the surface
With the conclusions of the analysis and the Ex-

tenics Model of typical plant leaves, the influence factors of the coupling element of the morphology of the
unit body are determined as follows in Fig. 10:

Fig. 9 The extenics model of typical plant leaves.
v1i = {convex, concave, ripple, grid, hairy}; v3i = {more, less}; v4i = {random distribution, uniform distribution, computational relationship distribution}; i = 1, 2,…, n, is the components of the unit bodies of the surface of the plant.
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Fig. 10 The schematics of the influence factors of the coupling element of the morphology of the unit body.
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3.2 The influence factors of the coupling element of
the structure of the unit body of the surface
The unit bodies that are composed of the structure
of the surface of the plant are different, such as there are
some kinds of epidermal hair in the convex surfaces of
the Callislephus chinensis, that is composed of the
convex and burr, and the unit body of the surface of
Nelumbo mucifera leaf is composed of comprehensive
structure with different convex, constructional connection or comprehensive structure. The leaves of plant that
have the different integral shape have the different influence to the structure of the surface of the plant. So the
influence factors of the coupling element of the structure
of the surface of the plant are components, frameworks,
and modeling.

function of the characteristics of the organism, the indexes in the evaluation standard of Influencing Factors
of Self-cleaning Function of typical plant leaves have
the mutual restriction and mutual influence with each
others. It is difficult for us to determine which are primary and subsidiary elements and this goes against obtaining the information of the biology effectively. To
analyze the comprehensive influence relation quantitatively by utilizing Analysis Hierarchy Process (AHP)
obtains the key influencing factors of The multi-element
coupling analysis of typical plant leaves .
Analysis Hierarchy Process (AHP) has the very
strict mathematical foundation and was applied to
analysis and decision-making of complex, multi-level
and multi-angle system.

3.3 The influence factors of the coupling element of
the material of the unit body of the surface
Through the studies we confirm that the primary
material of the surface of the typical plant leaves is wax.
The morphology of the wax layer has the certain degree
of influence to the Self-cleaning Function of the material
of the typical plant leaves. So the influence factors of the
coupling element of the material of the surface of the
plant are chemical components and morphology of the
material.

4.1 Construction of the structural model with
multilevel
According to the evaluation standard of Influencing
Factors of the multi-factor coupling of bionics of typical
plant leaves and the Analysis Hierarchy Process (AHP),
construct the multi-level structural model as follows in
Table 1.

4 The key influencing factors of the multifactor coupling analysis of function bionics
of the typical plant leaves
Because of the complexity of the causes of the

4.2 Construction of the judgment matrix of the
multi-level structural model
According to the program and the principle[20–21] of
the AHP and the results and the analysis[22] of the optimization experiment ,two of them that are multi-level
indexes have been compared and judged with each
others ,judgment matrix of any level of the index is

Table 1 the multi-level structural model of the multi-factor coupling of bionics of typical plant leaves
Target layer

Criterion layer
(Ai)

Project layer (Bi Ci Di)

Weight

Convex C1
The shape of
the elementB1

Hairy C2

0.2450
Single burr D1

0.0102

Star-shaped D2

0.0252

Cotton fiber and its D3 0.0623
The morphology
of the surface A1
Self-cleaning
function of typical
plant leaves

Concave C3
The magnitude of
the element B2
The quantity of
the elementB3
The distribution of
the element B4

The structure of
the surface A2
The material of
the surface A3

0.0292
0.0384
0.0596

Random distribution C4
Regular distribution C5

0.0446
0.1338

Component B5

0.1726

Framework B6

0.0409

Modeling B7

0.0162

Chemical component B8

0.0407

Morphology B9

0.0813
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constructed , the weight has been computed and checked
for consistency, the results of the computation is shown
as follows
(1) Relative total target, the judgment matrix between the indexes of level one is shown in Table 2;
(2) The judgment matrix between the indexes of
level two is shown in Tables 3 to 5;
(3) The judgment matrix between the indexes of
level three is shown in Tables 6 and 7;
(4) The judgment matrix between the indexes of
level four is shown in Table 8.
Table 2 The judgment matrix of the indexes of level one
A1

A2

A3

W

A1

1

3

5

0.6483

A2

1/3

1

2

0.2297

A3

1/5

1/2

1

0.122

λmax = 3.000, CI = 0.018, CR = 0.032 ≤ 0.1

Table 3 The judgment matrix of the indexes of level two
A1

B1

B2

B3

B4

W

B1

1

7

6

3

0.5737

B2

1/7

1

1/2

1/5

0.0592

B3

1/6

2

1

1/4

0.0920

B4

1/3

5

4

1

0.2751

λmax = 4.099, CI = 0.0330, CR = 0.0352 ≤ 0.1

B5

B6

B7

W

B5

1

5

9

0.7514

B6

1/5

1

3

0.1782

B7

1/9

1/3

1

0.0704

λmax = 3.029, CI = 0.0145 CR = 0.0251 ≤ 0.1

Table 5 The judgment matrix of the indexes of level two
A3

B8

B9

W

B8

1

1/2

0.3333

B9

2

1

0.6667

λmax = 2.0001, CI = 0.0001, CR = 0 ≤ 0.1

Table 6 The judgment matrix of the indexes of level three
B1

C1

C2

C3

w

C1

1

3

7

0.6586

C2

1/3

1

4

0.2628

C3

1/7

1/4

1

0.0786

λmax = 3.0324, CI=0.0162, CR = 0.0279 ≤ 0.1

Table 7 The judgment matrix of the indexes of level three
B4

C4

C5

W

C4

1

1/3

0.2500

C5

3

1

0.7500

λmax = 2, CI = 0, CR = 0 ≤ 0.1

C2

D1

D2

D3

W

D1

1

1/3

1/5

0.1047

D2

3

1

1/3

0.2583

D3

5

3

1

0.6370

λmax = 3.0385, CI = 0.0193, CR = 0.0332 ≤ 0.1

4.3 Compute the weight of any level of index in the
total level sequencing
According to the results of the computation that is
shown in Table 2 to Table 8, the weight of any level of
the index is finally obtained. The results of the computation shows that the weight of the morphology of the
surface, the structure of the surface ,the material of the
surface are 0.6483, 0.229, 0.122, in the coupling elements of the multi-factor coupling of the typical plant
leaves, and the morphology of the surface is the main
coupling element. Furthermore, the weight of the morphology of the convex unit body, the component of the
morphology of the surface, the distribution law of the
unit body of the surface are 0.245, 0.1726, 0.1338, and
the morphology of the convex unit body is the main
factor of the multi-factor coupling of the typical plant
leaves.

5 Conclusion

Table 4 The judgment matrix of the indexes of level two
A2

Table 8 The judgment matrix of the indexes of level four

(1) The morphology, the structure, and the material
of the surface of the typical plant leaves are analyzed
utilizing the conjugate theory of the extenics and the
Extenics Model of typical plant leaves is constructed.
(2) Evaluation standard of Influencing Factors of
the multi-factor coupling of the typical plant leaves is
established and the comprehensive influence relations of
the factors are all analyzed quantitatively using Analysis
Hierarchy Process (AHP) of the experimental optimization.
(3)The morphology of the surface of the plant is the
principal component of the multi-factor coupling of the
typical plant leaves. The key influencing factors of
Self-cleaning Function of typical plant leaves are the
unit bodies of concave surface, the components of the
surface and the Distribution of the unit bodies of concave surface.
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Cross-laminated Microstructure of Graceful Fig Shell
Bin Chen, Xiang-he Peng, Shi-tao Sun, Jing-hong Fan
Department of Engineering Mechanics, College of Resource and Environment Science, Chongqing University,
Chongqing 400044, P. R. China

Abstract
The observation of Scanning Electron Microscope (SEM) on a Graceful Fig’s shell showed that the shell is a kind of natural
bioceramic composite consisting of aragonite layers and collagen protein matrix. All aragonite layers are parallel with the surface
of the shell and consist of large numbers of aragonite sheets. The thickness size of these aragonite sheets is very thin, which is
about several dozen to several hundred nanometers. The observation also showed that the aragonite sheets in different aragonite
layers possess different orientations, which compose a kind of cross-laminated microstructure with a considerably larger cross
angle. Based on the observation, the maximum pullout force of the cross-laminated microstructure was theoretically and experimentally investigated and compared with that of parallel-laminated microstructure. It showed that the maximum pullout force
of the cross-laminated microstructure is markedly larger than that of the parallel-laminated microstructure, and that the lesser
sheet thickness as well as larger cross angle can increase the maximum pullout force, which endows the shell with high fracture
toughness.
Keywords: Graceful Fig’s shell, aragonite sheets, cross-laminated microstructure, maximum pullout force, fracture toughness

1 Introduction
Molluscan shells can be regarded as a kind of bioceramic composite because they are composed of 95 %
to 99 % crystalline aragonite or calcite (form of calcium
carbonate (CaCO3)) and protein matter, which is used as
the binder, with the amount varying from 1 % to 5 % by
weight[1,2]. In spite that the biocomposite contains over
95 % CaCO3 in the form of aragonite or calcite, the
molluscan shells possess considerably high fracture
strength and fracture toughness. For example, the fracture work of nacre can be up to 3000 times that of pure
aragonite[3,4]. Such high fracture toughness can be attributed to the particular microstructures of the shells
refined by nature over many centuries. The research on
the microstructures of the shells can provide available
information for the development of high-performance
man-made ceramic composites[5–7].
According as the distinct differences in microstructures and components, generally, the molluscan
shells can be divided into three primary sections: periostracum, prismatic and nacreous layers. The periostracum is the outer layer, consisting mainly of conchiolins. The prismatic layer is the middle layer, conCorresponding author: Bin Chen
E-mail: bchen@cqu.edu.cn

sisting mainly of orientated calcitic crystals. The nacreous layer is the inner layer, consisting mainly of
orientated aragonite crystals[2]. The prismatic and nacreous layers are the main structural parts of the shells,
determining shells’ main mechanical properties.
An important aspect of the study on molluscan
shells has been the efforts directed at learning the microstructures of the shells and applying these microstructures to man-made ceramic composites[5]. Kessler
et al[8] studied the fracture behavior of the shell of
Strombus Gigas, they found that the shell consists of
99.9 % aragonite CaCO3, arranged in a kind of lamellar
structure, and they presented an approximate fracture
mechanics model for the description of the fracture
mechanism of the shell. Nukala and Simunovic[9] investigated the fracture properties of a nacre shell using a
discrete lattice model based on continuous damage
threshold network. Wang et al[10] designed two kinds of
high-toughness ceramic composites of Si3N4/BN based
on the analysis on the structure of nacre. Ji and Gao[11]
researched the mechanical response and fracture
mechanism of the nacre at nanometer scale. Sun and
Tong[12] measured the hardness, reduced modulus of
nacre with a nanoindenter and the micro/nanoscale
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cracks were generated by nanoindentation using a
Berkovich tip, they found that the nacre has higher
hardness, reduced modulus and fracture toughness, the
fracture toughness of which is about 1.56 MPa m .
In this paper, the microstructures of a Graceful
Fig’s shell were observed with a scanning electron microscope. It showed that the shell is composed of aragonite layers and collagen protein matrix. All aragonite
layers are parallel with the surface of the shell and consist of very thin aragonite sheets. The observation also
showed that the aragonite sheets in different layers
possess different orientations, which composes a kind of
cross-laminated microstructure with very larger cross
angle. The maximum pullout force of the
cross-laminated microstructure was investigated and
compared with that of parallel-laminated microstructure
based on their representative models. It showed that the
maximum pullout force of the cross-laminated microstructure is markedly larger than that of the parallel-laminated microstructure and that the lesser
sheet-thickness as well as the larger cross-angle can
increase the maximum pullout force, which was verified
by the comparative experiments in maximum pullout
forces.

2 Materials and methods
Structural characteristics vary between the species
of molluscan shells and even within the same species,
based on the factors such as age and environment where
the mollusks grow. The shell used in this study is from a
Graceful Fig, a kind of mollusk living in southeast China
(Fig. 1). The samples for the observation of the scanning
electron microscope were prepared by separating the
shell from the mollusk, drying it with 99 % alcohol, and
then breaking it down with a small hammer. Many
natural ruptured sections were obtained after the shell
was cracked. The size of the samples is about 5mm. The
samples were then placed on a metal tray using viscid
fabric, a coat of gold-palladium was made using a sputter coater. After these prepared samples were mounted
on a specimen disk and fixed with a metal ferrule, a
TESCAN VEGA Ⅱ LMU SEM was used for the observation on the microstructures of the shell under the
voltage of about 10 kV and with magnifications ranging
from 50 to 13 000. Linear distances were measured directly from the SEM micrographs with a micron marker
bar for calibration.
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Fig. 1 A Graceful Fig shell.

3 Observational results
The SEM observation on the shell under a
magnification of 500 showed that the shell is a kind of
bioceramic composite consisting of aragonite layers and
collagen protein matrix (Fig. 2). All aragonite layers are
orderly arranged and parallel with the surface of the shell.
The thickness of the aragonite layers changes between
10 μm and 30 μm, relating to their locations in the shell.
The observation under a magnification of 1000 showed
that the each aragonite layer consists of many aragonite
sheets (Fig. 3). The thickness size of the sheets is very
small, which is from several dozen to several hundred
nanometer. All aragonite sheets are perpendicular to the
layers where they are located, so that the width of the
sheets is identical to the thickness of the aragonite layers.

Fig. 2 Parallel aragonite layers.
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However, if the sheet is aslant pulled out, namely, the
orientation of the pullout force makes a aslant angle φ
against that of the sheet (Fig. 5), two forces, the frictional force F and the normal force N can be calculated
as follows, respectively,
lφ

F = ∫ bφ hφτ ( x)dx ,

(2)

0

l0

N = F tan φ = ∫ bφ hφτ ( x) tan φdx ,
0

φ

(3)

where lφ , bφ and hφ are the length, width and thickness of
the aslant sheet, respectively. The pullout force of the
sheet can be obtained with
lφ

Pφ = ∫ bφ hφτ ( x)sec φ dx .
0

(4)

A representative model of the cross-laminated microstructure of the aragonite sheets is shown in Fig. 6,
P

Fig. 3 Cross-laminated microstructure of aragonite sheets.

The observation also showed that though the aragonite
sheets in arbitrary aragonite layers have identical
orientation, but the aragonite sheets in different
aragonite layers possess different orientations, which
composes a kind of cross-laminated microstructure and
the the cross angle is considerably larger (close to 90˚)
(Fig. 3). The advantage of the cross-laminated microstructure, in enhancing the fracture toughness of the
shell, will be investigated in next section.

Sheet
Matrix

Fig. 4 Pullout model of a vertically embedded sheet.
P

N

4 Model analysis
It is well known that the fracture toughness of a
composite is closely related to the maximum pullout
force of its reinforcing components[13]. In this section,
the maximum pullout force of the cross-laminated
microstructure of the aragonite sheets is investigated and
compared with that of the parallel-laminated microstructure based on their representative model.
Firstly, the pullout force of a single aragonite sheet,
which is embedded in its matrix and along the orientation of the pullout force (Fig. 4), was investigated.
Suppose the length, width and thickness of the sheet are
l0, b0 and h0, respectively, and the interfacial shearing
stress τ between the sheet and the matrix is related to its
location x in the matrix, the pullout force of the sheet can
be determined with
l0

P0 = ∫ b0 h0τ ( x)dx .
0

(1)

Sheet

φ
F
Matrix

Fig. 5 Pullout model of an aslant embedded sheet.

m

F

φ

φ

Sheets
n
Fig. 6 Model of cross-laminated microstructure.
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which consists of m parallel aragonite layers and each
aragonite layer is composed of n aragonite sheets. In the
model, the aragonite sheets in an arbitrary aragonite
layer make a cross angle 2φ with the aragonite sheets in
their adjacent aragonite layers, which represent the main
structural characteristic of the cross-laminated structure.
Suppose the pullout force applied on the end of each
aragonite sheet makes an angle φ with the aragonite
sheet (Fig. 6), the total pullout force of all of the aragonite sheets in the model can be expressed as
lφ

PCro = ∫ mnbφ hφτ ( x)sec φ dx .
0

(5)

For comparison, the maximum pullout force of a parallel-laminated microstructure was also investigated based
on its representative model (Fig. 7). The model also
consists of m parallel aragonite layers and each aragonite
layer has n aragonite sheets. The difference of the parallel-laminated microstructural model to the crosslaminated microstructural model is that all aragonite
sheets in the parallel-laminated microstructural model
are parallel with each other. Suppose the pullout force
applied to the end of the each aragonite sheet is in the
direction of the sheet, the total pullout force of all aragonite sheets in the model of the parallel-laminated microstructure can be estimated as
l0

PPar = ∫ mnb0 h0 l0τ ( x)dx .
0
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It can be seen from Eqs. (9) and (10) that the larger the
P and P̂ are, the more the maximum pullout force of
the cross-laminated microstructure increases compared
with that of the parallel-laminated microstructure. Fig. 8
shows the relationship between the difference of the
maximum pullout forces P and the sheet number n. It
can be seen that the maximum pullout force of the
cross-laminated microstructure is distinctly larger than
that of the parallel-laminated microstructure and that the
difference of the maximum pullout forces increases with
the increment of the sheet number. It can easy be understood that the smaller the thickness size of the aragonite sheets is, the more the sheet number increase
under a fixed layer width, so it can also be comprehend
why the thickness size of the aragonite sheets is very
small (unto nanometer scale) in the high-toughness shell.

F
m

(6)

Suppose the interfacial shearing stress increases monotonically with the applied load, and the maximum applied load is reached when the interfacial shearing stress
reaches the critical shearing strength τs, the maximum
pullout forces of the cross-laminated and the parallel-laminated microstructures can be given respectively
as
(7)

( PPar )max = mnb0 h0l0τ s .

(8)

In order to describe the increase extent of the maximum
pullout force of the cross-laminated microstructure to
that of the parallel-laminated microstructure, the difference and the ratio of the maximum pullout force of
the cross-laminated microstructure to that of the parallel-laminated microstructure are respectively defined as
P = ( PCro ) max − ( PPar ) max

(9)

Pˆ = ( PCro )max /( PPar )max .

(10)

n

Matrix

Fig. 7 Model of parallel-laminated microstructure.
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Fig. 8 Relationship between the difference of maximum pullout
forces (PCro)max−(PPar)max and sheet number n.
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Fig. 9 shows the relationship between the ratio of the
maximum pullout forces P̂ and the cross angle φ. It can
also be seen from which that the maximum pullout force
of the cross-laminated microstructure is markedly larger
than that of the parallel-laminated microstructure and
that the larger the cross angle φ is, the more the maximum pullout force of the cross-laminated microstructure
increases compared with that of the parallel-laminated
microstructure. It can also be well apprehended why the
cross-laminated microstructure is widely adopted in the
high-toughness shell and the cross angle is considerably
larger (close to 90˚).
2.1
Analyzed

2

Experimental

(P C ro /P Par)max

1.9
1.8
1.7
1.6
1.5
1.4
0

10

20
Angle / o

30

40

Fig. 9 Relationship between the ratio of maximum pullout force
(PCro)max/(PPar)max and cross angle φ.

5 Experimental verification
The comparative experiments of the maximum
pullout forces between the cross- and the parallel-laminated microstructures were conducted in order to
verify above model-analytical results. Firstly, a set of
specimens with different fiber numbers (2, 4 and 6) and
cross angles (10˚, 20˚, 30˚ and 40˚) were fabricated by
embedding steel-sheet fibers in epoxy resin matrix according to the pattern of the cross-laminated structure.
The thickness, width and length of these fibers are 1 mm,
2 mm and 150 mm, respectively. Then the specimens of
the parallel-laminated structures, with the same geometrical sizes and numbers of the fibers as those in the
cross-laminated structures, were also fabricated for
comparison. One ends of these fibers are remained outside the matrix for applying the pullout forces. The tests
for these specimens were performed on an Instron 1342
Material Testing System and the loads were applied to
the ends of these fibers with special clamps.

The results of the experiments are plotted in Figs. 8
and 9. It can also be seen from which that the maximum
pullout force of the cross-laminated structure is larger
than that of the parallel-laminated structure. The more
the sheet number and the larger the cross angle are, the
more the maximum pullout force of the cross-laminated
structures will increase compared with that of the parallel-laminated structures. In Figs. 8 and 9 the experimental results are slightly different with the predicted
values, which can be attributed to the error of the parameters provided, for example, the interfacial shearing
strength, the experimental conditions that are different
from the ideal ones used in the analyses.
In the model analysis and experimental investigation to the maximum pullout force of the cross-laminated structure, it was conclude that the more the sheet
number and the larger the cross angle are, the more the
maximum pullout force will increase compared with that
of the parallel-laminated structure. But such increase
will be limited by the strength of the matrix[14]. It is
suggested that, for effective use of the cross-laminated
microstructure, the fiber, the matrix as well as the interfacial property of the fiber/matrix should be rationally
designed.

6 Conclusions
The SEM observation on a Graceful Fig’s shell
showed that the shell is a kind of natural bioceramic
composite composed of aragonite layers and collagen
protein matrix. All aragonite layers are parallel with the
surface of the shell and consist of very thin aragonite
sheets. The thickness size of the sheets is about several
dozen to several hundred nanometers. The aragonite
sheets in different aragonite layers possess different
orientations, which composes a kind of cross-laminated
microstructure with considerably larger cross angle. The
maximum pullout force of the cross-laminated microstructure was investigated and compared with that of the
parallel-laminated microstructure based on their representative models. It showed that the maximum pullout
force of the cross-laminated microstructure is distinctly
larger than that of the parallel-laminated microstructure.
The lesser sheet thickness as well as larger cross angle
can markedly increase the maximum pullout force and
endow the shell with high fracture toughness. The
analytical results were verified with corresponding
comparative experiments.
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Abstract
Living in the tideland, seashell endure the impact of wave and stream chronically, however, they can perfectly adapt the
environment by preserving themselves perfectly. All these attracted our huge recognitions. We mostly introduce sedentary
mollusk living in the intertidal zone such as Oyster, scallop Chlamys farreri, and attaching mollusk such as Trochus niloticus
and Neverita Didyma. We selected the parts possessing representative structure and incised them from prepared specimens.
Degreased by ether and sprayed by ion sputter jsc1100, then the samples were observed by scanning electronic microscopy. The
observation showed that there is alveolate sunken structure on the shell’s surface. As to sedentary mollusk, the structure is
obvious and dense; but to attaching mollusk, the structure is not obvious. The attaching mollusks almost have macroscopical
ripple form and microcosmic imbricate structure, whereas, sedentary mollusks have not this structure. By the coupling of
morphology, structure and material, the seashell can adapt their surrounding very well. All of the researches have the instructional function on bionics.
Keywords: non-smooth surface, Oyster, scallop Chlamys farreri, Trochus niloticus, Neverita Didyma, SEM, coupling

1 Introduction
All sorts of seashells they are in the intertidal zone.
Their beautiful appearance and particular structure attract its attention at all times. Though they suffer the
impact of wave and stream chronically, the seashells can
adapt the environment perfectly and preserve themselves
intact by the coupling of their own morphology, structure and material.
Several representative mollusks living in the intertidal zone were selected for the research. They include
sedentary mollusks such as Oyster, scallop Chlamys
farreri, and attaching mollusks such as Trochus niloticus
and Neverita Didyma.
The observational results of scanning electronic
microscopy of the samples were compared. Their
structure and function were also discussed. All of the
results can provide significant and biological academic
foundation for the Bionic Engineering.

2 Experimental materials and methods
2.1 Experimental animals
The experimental animals are representative molCorresponding author: Xiu-juan Li
E-mail: xiujuanli@jlu.edu.cn

lusks living in the tideland and are easily collected, such
as Oyster, scallop Chlamys farreri, Trochus niloticus and
Neverita Didyma.
Oyster is one of the famous and familiar seashells
in China. It belongs to the genera Anisomyaria: Anisomyaria. Scallop Chlamys farreri belongs to Anisomyaria: Pectinidae. Trochus niloticus belongs to
Mesogastropoda:Trochidae and Neverita didyma belongs to Mesogastropoda: Naticidae.
2.2 Measurement methods and experimental
equipments
Following the standard procedure of biological
taxology, the middles and edges of Oyster, the middles
and edges of scallop Chlamys farreri, the gyration of
Trochus niloticus and the gyration of Neverita didyma
were collected to observe. At first the samples were
degreased in a 1:1 mixture of pure ethanol alcohol and
ethyl ether for one hour. Then the samples were dehydrated using pure ethanol alcohol and then dried at room
temperature. Finally, the samples were incised from the
seashells’ shell.
During observation, the morphological structures
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of the middles, edges and gyration of the samples were
first observed using a XTL30-CTV pickup stereo microscope. Then the typical parts of the samples were
selected and sprayed with gold powder using an ion
sputter jsc1100. Details of the micro-morphology of
these typical parts were observed using a JSM-5310
scanning electronic microscopy.

3 Results
3.1 Morphology
Oyster is sedentary soft-bodied animal which has
two hard protective shells (a bivalve) which are rough,
irregular-shaped and dissimilar in size. The upper shell
is smaller, flattish and the squama is stratum-shaped.
The lower is bigger, concave, and the squama is thicker
than the upper shell’s. The surfaces of Oyster shells are
hard-textured.
The scallop Chlamys farreri, is also sedentary
soft-bodied animal. The shells high is about 8 cm. The
shells are thin and light, but hard-textured. The surfaces
of the shells have close growth-veins and irregular radiating rib works. The left shell has about 10 radiating
rib works and the right shell has about 20. The surfaces
of the ribworks have irregular spinule.
Trochus niloticus is attaching soft-bodied animal
and has shells that have a conical spire and a flat base.
The surface of the shell is snuff color, hard-textured and
has ferruginous stripe.
Neverita didyma is also attaching soft-bodied animal and has a half-ball, hard-textured shell. The top of
the shell is low and small, and the parts of helix are
shorter. The surface of the shell is smooth and has not
ribwork. The color of the spire of the shell is brown and
the base is white.
3.2 The observation of scanning electronic
microscopy
3.2.1 Oyster and scallop Chlamys farreri
Oyster and scallop Chlamys farreri all belong to
sedentary soft-bodied animals.
The surfaces of the Oyster shells are rough and
calcify. The observation of scanning electronic microscopy showed that the surfaces of the Oyster shells are
non-smooth and have irregular alveolate sunken structure on different parts. The alveolate sunken diameter is
about between 3 μm and 5 μm, and the distance between
the sunkens is different. The largest spaces between
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them not more than 10μm, some of spaces between are
close to each other (Fig. 1 and Fig. 2).
The surface of the edges of scallop Chlamys farreri
shell has the imbricate structure in 100μm units (Fig. 3),
and has irregular alveolate sunken structure in 10μm
units (Fig. 4). There are some strumae or sheet convex
form around the alveolate structure. The surface of the
middles of scallop Chlamys farreri shell also has irregular alveolate sunken structure, but the convex form
around the alveolate structure is relative smooth (Fig. 5
and Fig. 6).

Fig. 1 The edges of Oyster shell ×2000.

Fig. 2 The middles of Oyster shell ×2000.

Fig. 3 The edges of scallop Chlamys farreri shell ×100.
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Fig. 4 The edges of scallop Chlamys farreri shell ×2000.

Fig. 7 The surface of Trochus niloticus shell ×30

Fig. 5 The middles of scallop Chlamys farreri shell ×300.

Fig. 8 The surface of Neverita didyma shell ×2000.

Fig. 6 The middles of scallop Chlamys farreri shell ×2000.

Fig. 9 The surface of Neverita didyma shell ×50.

3.2.2 Trochus niloticus and Neverita didyma
Trochus niloticus and Neverita didyma all belong to
attaching soft-bodied animals which attach to rock or
gravel underwater by their foot excreting grume, and
have the ability of creeping.
The surface of Trochus niloticus shell has nonsmooth ripple morphology in 1mm units (Fig. 7). It also
has imbricate structure and a little alveolate sunken
structure in 10mm units (Fig. 8).
The surface of Neverita didyma shell also has
non-smooth ripple morphology in millimeter units
(Fig. 9) and shallow alveolate sunken with diameter
about 150 μm ~ 300 μm in 100 mm units (Fig. 10).

Fig. 10 The surface of Neverita didyma shell ×300.

4 Discussions
Morphological and structural observation in the

Zhou et al.: The Research of Morphology and Structure on the Surface of Intertidal Zone Shell

present study found that the surfaces of Oyster, scallop
Chlamys farreri, Trochus niloticus and Neverita didyma
all have the alveolate sunken. All of the common character are nearly collected with their habitat[1–3]. The
alveolate sunken structure on sedentary soft-bodied
animals is dense and obvious, but on attaching softbodied animals, the structure is not obvious. The attaching soft-bodied animals almost have macroscopical
ripple form and microcosmic imbricate structure,
whereas, sedentary soft-bodied animals almost have not
this structure. All of the differences were collected with
the depth where mollusk lives. The imbricate structure
on scallop Chlamys farreri shells may be collected with
their underwater location that the low parts of the intertidal zone even deeper seawater[4].
Living in the intertidal zone, seashell endure the
impact of wave and stream chronically, however, they
can perfectly adapt the environment by preserving
themselves intact. All of these are attribute to the results
of hundreds of millions years evolution. Seashell is a
kind of composite material made by mollusk using inorganic mineral (CaCO3) around themselves and organic
matter produced by themselves under the conditions of
temperature and pressure[5]. Nature has attested to us that
the structure of shell is sound and perfect, so we firstly
commenced research on the morphology and structure of
shell in the biology. All of our works establish stable and
academic foundation for our future researches in Bionic
Engineering. We also found that the wearable and
anti-erosion characteristic of shell are nearly collected
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with the coupling of morphology, structure and material[6,7]. As for the mechanism of the coupling, more
researching works is expected.
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Abstract
The structural colors of butterflies were a result of light interference, which was caused by the coupling function of
non-smooth configuration, multilayer microstructure and materials. It was found that the structural colors were blue, green and
purple. It was also found that the structural colors were blue, green and purple. The scanning electron microscope (SEM) and
transmission electron microscopy (TEM) were used to observe the coupling microstructure of scales and it was found that the
surface configurations mainly had concave and ridge-line forms. The cross-section structures had the shape of pagoda tree and
sandwich multilayer films. From the view point of design and process, based on the bionic coupling design principle, two kinds
of three-dimensional optimized structures were designed which were the multilayer structure of concaves and the multilayer
structure of ridge-line.
Keywords: coupling, structural color, multilayer film, bionic design, butterfly scale

1 Introduction
Structural color, also called physical color, is an
optical effect which is caused by the ultrastructure of
living creatures[1].The wing of butterfly has abundant
colors and patterns, and its color change depends on the
scales[2,3]. If the scales are brushed, the wings are almost
achromatic. The scales of many categories of butterflies
are obviously divided into two layers: cover scale and
ground scale. Each scale layer has some functions in
forming color, but the cover scale is the main factor for
the formation of color. On the surface of wing scale
without iridescence, and whether it is the cover scale or
the ground scale, they all justly have some hidden pigment granules which can produce the reflection. But on
the contrary, the scales with iridescence have some ultra-structures which can produce interference, reflection
and diffraction, and then iridescence come into being[4–5].
Concretely saying, the color of butterfly scale belongs to
structural color. When the ray projects light upon scale
surface, both the non-smooth appearance of the ditch,
ridge and the coupling microstructure with scale chitin
Corresponding author: Zhi-wu Han
E-mail: zwhan@jlu.edu.cn

and air layer would make the ray be reflected, refracted,
interfered etc[3–8].
The butterfly wing scales had complicated coupling
microstructure. In this paper, the butterfly scales with
green, blue and sparkling purple structural colors were
selected (see Fig. 1)[8]. The optical coupling microstructure of scales were investigated through Electron
Microscopy and discussed, then the structure models
were set up to imitate the butterfly scale structural color.
The investigation on optical properties of structural
color in butterfly scales is a major part of bionics and has
important academic reference value to bionic design of
non-smooth stealth surface structure.

2 Materials and methods
The typical butterflies in this paper were selected
from Jilin mountain area in northeast of China in summer, Papilio maackii Ménéiriès[7] and Apatura ilia Butler.
The butterfly wings were natural air-dry ones, so they
had to be re-softened firstly. Then they were selected
and cut into some small samples from the pure blue
scales of underwings(see Fig. 1a) and pure green parts of
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(a) blue scales of Papilio maackii ménétriès

(b) green scales of Papilio maackii ménétriès

65

(c) sparking purple scales of Apatura ilia Butler

Fig. 1 The scales with structural color in the butterfly wings.

forewings of Papilio maackii Ménéiriès (see Fig. 1b) and
sparking purple scales of Apatura ilia Butler (see
Fig. 1c). The surface non-smooth morphology of scales
were magnified and observed by JEOL JXA-840 type
Scanning Electron Microscopy (SEM), and its cross
section structures were analyzed by JEM-12000EX type
Transmission Electron Microscopy (TEM).

3 Results and discussion
The configuration and structure of butterfly scales
are very important for structural color, and are the main
factors for the formation mechanism of butterfly
scales[6–10]. As we know that the butterfly wings are
regularly covered with colorful scales like the tiles on
housetop under low-multiple microscope, it was found
that there are periodic order structures like ridge and
ditch in these butterfly scales. Small difference of the
structural form, density, size, space, thickness, layer
number, distribution style will affect the light wave reflection, refraction and interference.
3.1 Non-smooth surface configuration
Through the magnified observation of SEM, it was
found that the butterfly scale has non-smooth surface
appearance. The scale surface distributes some lengthways parallel to ridge vein and many cross-ribs, and

these ridges and ribs divide the surface into concavities
and grid like windows. Based on the results from observation, the non-smooth appearance of scale surface
can be divided into two major types, concave form and
ridge line form.
(1) The surface model of concave form
Concave form means that the whole scale surface
presents many cave forms like window screen. There are
some lengthways parallel ridge veins and cross-ribs
which distribute between near ridges, just like the red
lines described in the picture of SEM (Fig. 2a). The interlaced ridges and ribs become the sides of the cave, and
the scale’s surface layer is the bottom of cave. The most
representative butterfly of this kind of structure is Papilio
maackii ménétriès, and there are quadrate concaves of
blue scales in its underwings and wedge-shaped concave
of green ones in its forewings. Without reference to the
shape or the dimension of the concave, the non-smooth
surface configuration of butterfly scales can be simplified
into the 3D model, such as shown in Fig. 2b.
(2) The model of ridge line form
The ridge line form points that the scale surface is
made from many parallel ridge vein distributing on the
scale surface. As shown in Fig. 3a, the red-line marks of
SEM are all ridge veins and they are almost similar in
dimension, shape and space between. The cross ribs in

Fig. 2 Surface configuration of butterfly scale. (a) SEM picture of concave non-smooth of Papilio
maackii ménétriès, (b) The simple model of concave.
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Fig. 3 Surface configuration of butterfly scale. (a) SEM picture of ridge lines form of Apatura ilia
Butler scale, (b) the simple model of ridge form surface configuration.

this kind of structure are ambiguous or ensconced in the
surface layer or bottom of ridge vein. It can be ignored
when building the simplification model of surface configurations. The typical butterfly scale is the sparkling
purple scales of Apatura ilia Butler. Fig. 3b gives the 3D
simplification model of the ridge line form non-smooth
surface appearance.
3.2 Parallel multilayer film structure
Through the TEM observation it was found that the
cross-section structure of butterfly scales presents
regular distribution. They all have multilayer film
structure with 8 to 9 film layers, and the multilayer
structure consists of chitin-film and air film in alternate
rows. According to the TEM microphotographs of
cross-section of scales, it can be divided into two types,

namely the shape of pagoda tree and sandwich.
(1) Model of pagoda tree structure
The pagoda tree structure means that the cross section of each scale has regular pagoda tree shape or dendritic ridge structure groups, and both sides of the ridge
veins exhibit many parallel multilayer thin-film structures. Ridge vein is an independent unit, as in Fig. 4a
which shows the microstructure of sparkling purple
scales of Apatura ilia Butler, and the red lines describe
the shape of ridge unit. Fig. 4b gives its 3D simple
structure model.
(2) Model of sandwich structure
The type of sandwich structure has proportional
spacing and the films are approximately parallel just as
shown by the red lines in Fig. 5a. In addition, the multilayer structure has different curvature, for example that

Fig. 4 Cross-section structure of scale. (a) TEM photo of Apatura ilia Butler, (b) simple model of pagoda tree structure.

Fig. 5 Cross-section structure of scale. (a) TEM photo of Papilio maackii ménétriès, (b) simple model of sandwich structure.

Qiu et al.: Research on the Structural Color of Butterfly Wings and Bionic Design Based on Its Coupling Microstructure

of blue scale in Papilio maackii Ménéiriès wings is approximately horizontally parallel whereas the multilayer
structure of green one has approximately 45˚ obliquity to
the bottom. Each film group comprises a chitin film and
an air film. The thickness of each film layer is about
150nm. There is a simple 3D model of this type of
structure shown in Fig. 5b.
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film (see Fig. 6a), but the other coupling type is a combined structure of ridge-line form and pagoda tree shape
of multilayer film (see Fig. 6b).

4 Bionic design model of butterfly scale
4.1 The characteristics of coupling microstructure in
butterfly wing scale
It can be known from the above-mentioned structure analysis that the structure of butterfly scales is not
only non-smooth, but also a coupling microstructure of
two elements. These coupling microstructures have such
characteristics as follows: (1) There are two types of
coupling elements. One is the non-smooth configuration
which is concave form and ridge-line form. The other is
the cross-section structure which has the shape of pagoda tree and sandwich. (2) The result of coupling is
diversification. The optical characters can be affected by
not only the variety of coupling element but also the
choice of a series of structural parameters, such as dimension, space between, etc. (3) The way of forming
coupling structure is multiplicity. If the way of coupling
is dissimilarity, such as changing the join curvature of
two pieces of parallel multilayer films, the microstructure and structural color is different.
4.2 Bionic design model of butterfly’s optical reflection microstructure
Through the observation and analysis by use of
microscope, and classification and modeling of surface
configuration and cross section of three typical structural
color scales in butterfly wings, it can be found that the
scales have coupling multilayer film microstructure in
periodic distribution. If one changes the component
elements of microstructure, the optical result is different.
In this paper, the research purpose is to imitate the coupling structure of structural color scales in butterfly
wings and design simplification structure model, which
will provide manufacturing parameters and theoretical
model for bionic design and manufacture. Fig. 6 gives
two types of 3D coupling structures. They are the multilayer structure of concaves and the multilayer structure
of ridge-lines. The fore type consists of the coupling of
concave configuration and wedge-shaped multilayer

(a) Multilayer structure of concaves

(b) Multilayer structure of ridge-lines

Fig. 6 3D model of bionic butterfly scales.

5 Conclusion
The scales of butterfly have different coupling microstructure forming with two elements coupled. The
non-smooth surface configuration and cross section
structure can couple and form two types of 3D bionic
simplification models, which are the model of multilayer
structure of concaves and that of multilayer structure of
ridge-lines. The two bionic design models have strong
periodicity and comparability, which are easy to manufacture and modify, and are the basic models of bionic
design.
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Abstract
The surface morphology and contact angle of the fore part and middle part of the earthworm Eisenia foetida, in the contracting, resting, and relaxing states, were respectively observed and tested in the current study. The results showed that these
three states possessed different non-smooth unit densities and surface roughness as well as contact angles. In general, contracting state showed the largest density and roughness, the contact angle of which was the largest, and its wettability as a result
was the lowest. While, relaxing state displayed the smallest density and roughness, the contact angle of which was the smallest,
and its wettability thus was the highest. As to the resting state, each parameter stayed at a middle level. In this work, the correlationship of the non-smooth unit density and surface roughness with wettability of the earthworm was preliminarily established, and which directly supported the undee non-smooth model that the ratio of the amplitude of the wave to the period of the
wave has an inverse ratio of the wettability.
Keywords: bionics, earthworm, non-smooth, surface roughness, wettability

1 Introduction
Earthworm is widely distributed in various extreme
environments except for glacier, desert or South/North
Pole. Such ecological widespread character just reflects
the excellent ecological adaptation of this animal, which
is originally regarded as a kind of simple and humble
creature[1]. More recent studies showed that earthworm
can greatly improve the soil fertility by biological,
chemical and physical activities, and thus is widely and
universally praised as an ecosystem engineer[2].
As a result, this common but amazing animal has
been attracting a great number of experts in multi-fields
to study its specific characteristics, mainly concentrating
on medicine development, rubbish disposal, soil improvement, sewage purification, environment indication,
ecosystem recovery and food processing etc[3]. In recent
years, some bionic researches have also revealed that
earthworm has a significant ability to reduce soil adhesion. It was indicated that geometrical morphology,
micro-electro-osmotic system, liquid secretion and
complex movement together contribute to its antiadhesion mechanism[4–8]. So far, studies on the antiCorresponding author: Lu-quan Ren
E-mail: lqren@jlu.edu.cn

adhesion mechanism of body surface fluid[9,10] and
electro-osmosis[5,11–15] have been preliminarily carried
out. Due to the complex anti-adhesion mechanism,
studying the anti-adhesion characteristics of the earthworm from a bionic coupling perspective would greatly
contribute to the development of the researches on
anti-adhesion of terrain machines.
It was reported that soil adhesion is closely related to
the surface property of soil-engaging components’ material. That is to say the material with high surface energy and better wettability shows strong soil adhesion,
whereas that with low surface energy and worse wettability performs weak soil adhesion [16]. According to
the tension theory of aqueous film, the formation of
continuous aqueous film, which has a close relationship
with surface wettability, is the most significant factor in
inducing adhesion[17,18]. In the current study, the typical
earthworm Eisenia foetida was selected as an experimental model, and the surface morphology and contact
angle of different states were respectively observed and
measured. And the correlationship of the non-smooth
unit density and surface roughness with the wettability
was preliminarily established. Such theory would
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probably offer reference to bionic coupling researches
on anti-adhesion.

2 Materials and methods
2.1 Experimental animals
The earthworm Eisenia foetida (Opisthopora: Eisenia) is a typical species throughout China[19]. The adult
earthworm is 60 mm to 150mm in length, and 3 mm to
5 mm in width. It weighs 0.4 g to 1.2 g, and possesses
80-150 segments. Prostomium belongs to epilobous type;
first dorsal pore in 4/5 (5/6); clitellum in XXV-XXXIII;
lumbrieine setae. The animals used in present experiment were collected in the suburb of Changchun, Jilin
province of China. All the animals were raised indoor in
moist soil.
2.2 Experimental methods
2.2.1 The observation of earthworm movement
The movements of earthworm in different states
were respectively observed and photographed in order to
compare with the experimental results.
2.2.2 The preparation of samples
The three typical movement states of the earthworm were prepared: (1) Contracting state, 4% paraformaldehyde was used to process the earthworm for 3
min to 5min, the circular muscle relaxed and longitudinal muscle contracted (the body appeared thick and
short); (2) Resting state, low concentration aether was
applied to process the earthworm for 10s, both circular
muscle and longitudinal muscle were in resting state; (3)
Relaxing state, 4% ethanol was used to process the
earthworm for 2h, the circular muscle contracted and
longitudinal muscle relaxed (the body appeared thin and
long).
The whole body of the earthworm is columned, and
the middle part and tail part show similar morphology,
so only the fore part (anterior to clitellum) and middle
part of each state were selected to be tested. Besides the
columned samples, the flat samples were also prepared.
2.2.3 Data acquisition of planar morphology
The planar morphology of fore part and middle part
of columned and flat sample in contracting, resting and
relaxing states were respectively observed and photographed by XTJ-30 stereo microscope (Beijing Tech
Instrument Co., Ltd.).

2.2.4 Data acquisition of three-dimensional morphology
The three-dimensional morphology of the fore part
and middle part of columned sample in these three states
were respectively scanned by 3D laser scanner (3D
Family Technology Co., Ltd.). Scanning speed 1000 to
24 000 points/s; wave length 650 nm; scanning width
50 mm; depth of field 150 mm; precision ±0.05 mm. The
step size used in the current study was 0.01 mm.
2.2.5 The measurement of the contact angle (CA)
The CA of the fore part and middle part of columned sample in these three states were respectively
measured by OCA 20 Optical Contact Angle Measuring
Device (Beijing Eastern-Dataphy Instruments Co., Ltd.).
The samples were firstly dehydrated through ethanol in
ascending concentrations (80 % 2 h, 95 % 1 h, 100 %
0.5 h), then dried in air for 30min before measurement.
The CA of each type sample was respectively measured
for 15 times.
2.3 Statistical analysis
SPSS 15.0 software was used to analyze the data of
CAs, and one-way analysis of variance and multiple
comparisons were made during the statistical analysis.

3 Results
The surface morphology of the three states of the
earthworm after experimental processing was compared
with those of live state (Fig. 1). The parameters were
similar, which means the obtained states by such processing methods could approximately reflect the relationship of earthworm with environment in live state.
3.1 The surface morphology
In resting state, the earthworm was 12.5 cm in
length. The head was not obvious, while the prostomium
was much developed. The whole body showed columned morphology. The fore part (anterior to clitellum)
was 2.5 cm long, which was conical shaped. The surface
of the earthworm belongs to typical undee non-smooth
structure. Macro non-smooth structure consisted of
segments between adjacent intersegmental furrows (Figs.
2a to c). In the middle of the segment, there localized the
ridge, where the setae was perichaetine. The dorsal pores
were distributed at the intersegmental furrows along the
dorsal line. At high magnification, micro non-smooth
structure could be observed, which consisted of a great
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(a) The contracting state

(b) The resting state
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(c) The relaxing state.

Fig. 1 The surface structure of the fore part of the earthworm in live state.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2 The undee non-smooth surface structure of the earthworm. (a) The segments of the contracting state, (b) resting
state, (c) relaxing state, (d) the gridding structure constituted by the tiny veins on the surface of the contracting state, (e)
the longitudinal tiny veins along the surface of the resting state, (f) The transverse tiny veins across the surface of the
relaxing state.

wealth of thin veins. The resting state showed obvious
longitudinal tiny veins along the surface (Fig. 2e). The
relaxing state displayed distinct transverse tiny veins
across the surface (Fig. 2f). While in the contracting
state, the gridding structure constituted by the tiny veins
was visible (Fig. 2d).
On the whole, the surface morphology of these
states appeared similar, and the main difference between
them resided in that the width and height of the segment
was different (Table 1). For the body in same length, the
case that the segment was in different width would directly cause different non-smooth unit density (Table 2).
According to the tables, the segment of contracting state
was the narrowest, and thus the density of which was the
largest. In contrast, the segment of relaxing state was the
widest, and the density of which was the smallest. And
the resting state stayed at a middle level. Besides, in
relaxing state, different parts showed different densities;

the segments of middle part were narrow and dense, and
the non-smooth unit density of which was relatively
larger, whereas the segments of the fore part were wide
and sparse, so the density was relatively smaller. As to
the contracting and resting state, differently, the segment
width of the fort part and middle part was approximately
similar.
Table 1 The characteristic parameters of individual segment (mm)
Contracting state

Resting state

Relaxing state

Fore
part

Middle
part

Fore
part

Middle
part

Fore
part

Middle
part

Width

0.72

0.76

1.06

0.92

2.06

1.34

Height

0.43

0.43

0.32

0.35

0.21

0.27

Table 2 The non-smooth unit density (number of segments/cm)
Contracting state

Resting state

Fore part

13.89

9.43

Relaxing state
4.85

Middle part

13.16

10.87

7.46
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3.2 The surface roughness
The three-dimensional scanning clouds of different
parts of the earthworm were processed by reverse engineering software Surfacer (Figs.3 and 4), in which the
typical individual segment was intercepted, and the
surface roughness of which was calculated referred to
mechanical roughness formulae: arithmetical mean deviation of the profile

similar with that of the middle part, while, when in the
relaxing state, the roughness of the fore part was pretty
smaller than that of the middle part. All of the above data
demonstrated that the roughness characteristic of the
earthworm is consistent with its non-smooth unit density.
Table 3 Surface roughness (mm)
Contracting state

1 n
Ra = ∑ y ,
n i =1
the point height of irregularities,

1 5
1 5
Rz = ∑ ymax + ∑ ymin ,
5 i =1
5 i =1
and maximum height of the profile Ry = ymax − ymin ,
where y is the height of the point.

Fig. 3 The 3D scanning clouds of the fore part of resting state.

Resting state

Relaxing state

Fore
part

Middle
part

Fore
part

Middle
part

Fore
part

Ra

0.1767

0.1640

0.1349

0.1409

0.0927

0.1150

Rz

0.3990

0.4154

0.2880

0.3155

0.1896

0.2748

Ry

0.4290

0.4253

0.3039

0.3473

0.2066

0.2712

Ra, arithmetical mean deviation of the profile; Rz, the point height of irregularities; Ry, maximum height of the profile.

3.3 The apparent CA (θ)
The volume of the water drop applied in this study
was 3 µl, and it could cover at least two undee structures
when dropped on the body surface (Fig. 5), that means
the radius of the water drop was larger than the period of
the wave. As to the contracting state, the CA of the fore
part was 66.90˚ to 85.70˚, and that of the middle part was
63.00˚ to 86.40˚ (Fig. 6). When in resting state, the CA
of the fore part was 49.80˚ to 79.40˚, and that of the
middle part was 51.90˚ to 73.50˚ (Fig. 7). While the CA
of relaxing state was relatively smaller, 29.30˚ to 49.00˚
of fore part and 39.80˚ to 61.40˚ of middle part (Fig. 8).
General statistic parameters of the CAs in different states
were given in Table 4, and One-way analysis of variance
(Table 5) demonstrated that the variance of the CA was
distinct among different states (P<0.01). And shortest
significant ranges testing (SSR testing) (Table 6) was
also adopted for multiple comparisons among these six
groups.

Fig. 4 The cross-cut lines of the scanning clouds.

According to Table 3, the surface roughness of different states varied in that the contracting state showed
the largest roughness, the relaxing state demonstrated
the smallest roughness, while the resting state performed
the middle values. As to the contracting state and the
resting state, the surface roughness of the fore part was

Middle
part

Fig. 5 The water drop on the body surface.
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CA of the contracting state
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Fig. 6 The contact angle of the fore part and middle part of
the contracting state.
CA of the resting state

fort part
1

2

3 4

5

CA of the relaxing state

fort part

middle part

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Specimen

Fig. 8 The contact angle of the fore part and middle part of
the relaxing state.

According to the tables, the CA was distinct among
different groups. The CA of the fore part and middle part
of the contracting state as well as the resting state
showed no significant difference, that means when the
earthworm is in contracting state and resting state, the
CAs of different parts are similar. However, the CA of
the fore part and middle part of the relaxing state showed
significant difference.

CA(˚)

100
90
80
70
60
50
40
30
20
10
0

100
90
80
70
60
50
40
30
20
10
0

middle part

6 7 8 9 10 11 12 13 14 15
Specimen

Fig. 7 The contact angle of the fore part and middle part of
the resting state.

Table 4 The general statistic parameters
fore part of
contracting state

middle part of
contracting state

Mean

78.2467

78.4733

63.9267

61.9867

37.4600

Std. Error

1.45307

1.78378

2.27823

1.96817

1.42604

1.50991

Median

79.4000

79.3000

63.8000

59.2000

36.6000

48.4000

Std. Deviation

5.62772

6.90853

8.82355

7.62270

5.52304

5.84786

Variance

31.671

47.728

77.855

58.106

30.504

34.197

Minimum

66.90

63.00

49.80

51.90

29.30

39.80

Maximum

85.70

86.40

79.40

73.50

49.00

61.40

fore part of
resting state

middle part of
resting state

fore part of
relaxing state

middle part of
relaxing state
47.6800

Table 5 Analysis of the coefficient of variation
Sum of squares

df

Mean square

F

Sig.

20150.005

5

4030.001

86.338

.000

Within groups

3920.853

84

46.677

Total

24070.858

89

Between groups

Table 6 Multiple comparisons (shortest significant ranges testing, SSR testing)
Groups

73

Mean

Significance of difference
α = 0.05

α = 0.01
A

fore part of relaxing state

37.4600

a

middle part of relaxing state

47.6800

b

B

middle part of resting state

61.9867

bc

BC

fore part of resting state

63.9267

bc

BC

fore part of contracting state

78.2467

bcd

BCD

middle part of contracting state

78.4733

bcd

BCD

No same lowercases present in an arrangement means there are significant differences between groups (α <
0.05), while no same uppercases present in an arrangement means there are more significant differences between groups (α < 0.01).
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4 Discussion
The earthworm always lives in clay soil, and moves
fast without adhering soil. Thus there must be a special
structure adapting to this specific function. The observed
results showed that the fore part of the earthworm is
columned shaped, and turns to more slab-sided when in
relaxing state, thus all the segments of the fore part and
prostomium together contribute to its digging behaviour.
Besides, the earthworm possesses typical non-smooth
structure, the convex ridges and deep concave furrows
arrange orderly along the longitudinal direction and
form the macro-undee non-smooth structure. Nonsmooth density is the measure of the macrostructure.
Besides, the widely distributed tiny veins across the
cuticle form the micro-undee non-smooth structure, and
surface roughness is the measure of the microstructure.
Macro- and micro- undee non-smooth structure together
compose the non-smooth surface structure of the
earthworm, and they cooperatively participate in completing its movement.
When the earthworm moves, the longitudinal
muscle layer of some segments contracts, and their circular muscle layer relaxes, such segment thus turn thick
and short and shows a contracting state, and at the same
time the setae inserted on the body project into the surrounding soil. At this time, the former segments show a
relaxing state, their circular muscle layer contracts and
the longitudinal muscle layer relaxes, these segments
turn thin and long, and simultaneously the setae retract
and separate from the soil. In this way, supported by the
setae of the latter segments, the whole body could move
forward [20]. When the segment contracts, its non-smooth
unit density and roughness increase, while when the
segment relaxes, its non-smooth unit density and
roughness decrease. Therefore, the movement procedure
of the earthworm could be recognized as the periodic
change of the non-smooth unit density and surface
roughness of each set of segments, and such change
directly influences the surface wettability of the cuticles.
As the moving state is different along the segments, their
wettability is thus different, and which would not benefit
to form continuous aqueous film and thus is helpful in
reducing soil adhesion and resistance.
The mathematical model of undee non-smooth
structure was built by Xian Jia in 2006, and it preliminarily proposes the relationship between the ratio of the

undee amplitude to the undee period z0 / ρ0 (ρ0 and z0
are the period and amplitude of the wave) and the surface wettability. The larger the apparent CA (φ) of liquid
drop, the stronger their hydrophobicity, the easier the
formation of composite interface between soil and the
non-smooth cuticles, and the better the performance in
reducing soil adhesion[17,18]. And the experimental data
given in this study has further supported this theory.
Relative to the resting state, the non-smooth unit density
of the contracting state increases, which indicates a increasing value of z0 / ρ0 , and the results showed that the
CA increases and the wettability decreases. In contrast,
in relaxing state, the non-smooth unit density decreases,
which implies a decreasing value of z0 / ρ0 , and the
results showed that the CA decreases and the wettability
increases. Therefore, it could preliminarily deduce the
wettability characteristic of the material according to its
calculated value of non-smooth unit density. That is the
larger the non-smooth unit density, the worse the wettability, and contrarily, the smaller the non-smooth unit
density, the better the wettability. Therefore, this theory
could provide important information to the surface
morphology design of hydrophobic or hydrophilic materials.

5 Conclusion
The surface morphology and wettability of the
earthworm Eisenia foetida were detailed studied in the
current paper. The results reveled that the contracting,
resting, and relaxing states of the earthworm possessed
different non-smooth unit densities and surface roughness as well as contact angles. Furthermore, the correlationship of the non-smooth unit density and surface
roughness with wettability of the earthworm was preliminarily established. That is the larger the non-smooth
unit density, the worse the wettability, and in contrast,
the smaller the non-smooth unit density, the better the
wettability.
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Abstract
Wood is a kind of typical natural biocomposite. After the evolution of many centuries wood achieves high strength, stiffness and fracture toughness with lower density, which is closely related to its highly optimized microstructures. The research on
the microstructures of wood may provide beneficial guidance for designing man-made high-performance mimetic-wood
composites. In this work, scanning electron microscope (SEM) was used to observe the microstructures of a cork wood. It
showed that the wood is a kind of fiber-reinforced cellular biocomposite consisting of countless wood cells. The wood cells
possess rectangular and honeycomb shapes and all of the cell walls are parallel with the surface of the wood. More careful
observation showed that the wood-cell walls are a kind of fiber-reinforced biocomposite consisting of crystalline fibers and
hydrocarbonated-polymer matrix. The crystalline fibers are distributed in the walls with a helicoidal structure. The high fracture
toughness of the wood was investigated based on the comparative analysis on the maximum pullout forces of the helicoidal and
parallel structures. It showed that the helicoidal structure could markedly increase the maximum pullout force and therefore
enhance the fracture toughness of the wood.
Keywords: cork wood, cellular biocomposite, cell wall, helicoidal structure, maximum pullout force

1 Introduction
Many natural biocomposites possess fiberreinforced cellular microstructural characteristics[1–3]
and can be called as fiber-reinforced cellular biocomposites. The biocomposites are of excellent mechanical
properties and light weight, which are owed to their
highly optimized microstructures attained from natural
evolution over a long period. The researches on the relationship between the favorable mechanical properties
and the optimized microstructures of the biocomposites
can provide profitable guidance for developing
man-made high-performance fiber-reinforced composites, especially porous composites[4,5].
Wood is a typical example of the natural fiber-reinforced cellular biocomposites[6–9], which possesses high strength, stiffness, fracture toughness and
light weight[10–14]. The test showed that the strength of
the cell-wall composite of wood exceeds most metals
and alloys, including many steels[10]. Whereas wood’s
toughness, or facture work, reaches a value in excess of
1.0×104 J/m2, which, mass for mass, is roughly equal to
the toughness of steel and higher than that of artificial
Corresponding author: Bin Chen
E-mail: bchen@cqu.edu.cn

composites[14]. The source of these unexpectedly high
strength and toughness lies in the micro and
nano-structural features as well as the hierarchical architecture within the wood biocomposite[10].
Generally, in macro scale, wood possesses cylindrical orthotropy (Fig. 1)[11], its axial direction (Longitudinal Direction (LD)) is the primary growth of the
wood stem, the Radial Direction (RD) is its secondary
growth, and the Tangential Direction (TD) orthogonal to
both. In micro scale, it can be found that wood consists
of countless wood cells and that the walls of these wood

Fig. 1 Schematic diagram of wood and its three directions.
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cells are composed of successive cell-wall layers which
are reinforced by wound crystalline micro-fibers[11]. The
micro-fibers make different angle against the axial direction of the cells (Fig. 2). In nano scale, it was further
found that the micro-fibers consist of lesser highly
crystalline cellulose nano-fibers, the diameter of which
is about 10 nm to 30nm[6].
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coidal structure was investigated and compared with that
of parallel structure based on their representative models.
It showed that the maximum pullout force of the helicoidal structure is markedly larger than that of the parallel structure and that the larger the helicoidal angles are,
the more the maximum pullout force will increase
compared with that of the parallel structure, which were
experimentally validated lastly.

2 SEM observation

Fig. 2 Wood-cell wall and its layered microstructure.

The relationship between the mechanical properties
and the microstructures of wood has been studies by
many researchers[6–14]. Jeronimidis[14] researched the
fracture behavior of a wood, he found that the high
work of fracture of the wood is closely related to the
distribution or arrangement of the cellulose microfibers
in the secondary cell wall (S2). Vural and Ravichandran
investigated the mechanical responses of balsa wood, as
a potential sandwich core composite, under quasistatic[12] and dynamic loading conditions[13]. The microstructural aspects of the compressive inelastic deformation in balsa wood were also investigated with
emphasis on the failure mode transition and its effects on
energy dissipation characteristics[10]. Dinwoodie[15] reviewed the relationship between the crystalline-fiber
structures and the mechanical properties of timbers. In
this work, SEM was used for the observation of the
microstructures of a cork wood. It showed that the wood
is a kind of fiber-reinforced cellular biomaterial, in
which the wood cells possess rectangular and honeycomb shapes. More careful observation showed that the
wood-cell walls are a kind of biocomposite with helicoidal fiber-reinforced structure. Based on the SEM
observation, the maximum pullout force of the heli-

Different kinds of wood possess different microstructural characteristics. The wood adopted in the research is a cork wood which is familiar in the south of
China. A SEM was used to observe the main microstructures of the wood. The SEM samples were prepared
by separating the wood along its lognitudinal and radial
directions (L and R directions, Fig. 1), cleaning them
with little brush and alcohol, having them dried in a drier.
Before SEM observation, the samples were fixed on a
little metal pedestal with an adhesive fabric. An about
10nm coat of gold-powder was spurted on the surface of
the samples. The observation was conducted on an
Amray KYKY-1000B SEM, of which the maximum
voltage is 25kV and the magnification ranges from 20×
to 11000×.
The SEM observation showed that the wood is a
kind of cellular biocomposite (or honeycomb biocomposite) consisting of countless layered wood cells
(Fig. 3). The wood cells possess rectangular or honeycomb shapes and connect with each other (Fig. 3), which
are familiar in some other natural biocomposites and can
availably transfer and distribute the loads between the
cells. The observation also showed that though the
thickness of the cell walls is relative thin, but all of them
are parallel with the surface of the wood, which makes

B

A

Fig. 3 Wood cells of rectangle (A) and honeycomb (B) shapes.
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the direction of the cell walls be consistent with that of
the maximum main stress of the wood and favorable to
enhance the strength and stiffness of the wood. The
shapes, sizes and the arrangements of the cell walls
make the wood be of best mechanical performances with
least materials, which will be detailedly discussed
elsewhere. More careful observations on the cell walls
revealed that the walls are a kind of fiber-reinforced
biocomposite which consists of many crystalline-fiber
layers and hydrocarbonated-polymer matrix (Fig. 4). It
was also seen that the fiber layers make different angle φ
(helicoidal angle) against the axial direction of the cell
(also the LD of the wood), which composes a kind of
helicoidal structure of the fibers or fiber layers. In the
helicoidal structure, the helicoidal angle is considerably
larger. The helicoidal structure with larger helicoidal
angle may markedly increases the maximum pullout
force of the fibers in the wall and therefore enhances the
fracture toughness of the wood, which will be analyzed
in next section.

single fiber embedded in a matrix was firstly analyzed
(Fig. 5). Assume the radius and the length of the fiber are
r and l, respectively, and the interfacial shearing stress τ
between the fiber and the matrix is uniform, when a
pullout force P is applied to the end of the fiber in the
fiber direction (axial direction of the fiber) (Fig. 5), the
pullout force of the fiber can be expressed as

P = 2π rlτ .

(1)

P

Fiber
Matrix

Fig. 5 Pullout model of fiber without aslant angle.

Suppose the interfacial shearing stress τ increases
continuously with the applied pullout force, and the
maximum pullout force is reached when the interfacial
shearing stress reaches the critical shearing strength τs,
the maximum pullout force of the fiber can be expressed
as
(2)
Pmax = 2πrlτ s .

Fig. 4 Cell walls consisting of many crystalline-fiber layers.

3 Model analysis
It is well known that the fracture toughness of a
fiber-reinforced composite is closely related to the
maximum pullout force of the reinforced fibers in the
composite[16]. In this section, the maximum pullout force
of the helicoidal structure of the fibers embedded in the
wood-cell walls was investigated and compared with
that of the parallel structure of the fibers based on the
representative models of the two kinds of the structures
in order to learn the merit of the helicoidal structure of
the fibers in enhancing the fracture toughness of the
wood.
Before investigating the maximum pullout force of
the helicoidal structure, the maximum pullout force of a

However, if the fiber is aslant pulled out, namely,
the orientation of the pullout force of the fiber makes an
aslant angle φ against that of the fiber (Fig. 6), the
pullout force of the fiber can be determined with the
model for a string passing over a small frictional pulley,
and expressed as[17]
Pφ = 2π rlτ exp(φ f ) ,

(3)

where f is a snubbing friction coefficient between the
fiber and the matrix. In the same way, suppose the interfacial shearing stress τ increases continuously with
the applied pullout force, and the maximum applied
pullout force is reached when the interfacial shearing
stress reaches the critical shearing strength τs, the
maximum pullout force of the aslant fiber can be expressed as
( Pmax )φ = 2π rlτ s exp(φ f ) .

(4)

The representative model of the helicoidal structure
of the fibers in a rectangular-cell wall is shown in Fig. 7.
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angle φ against the fibers in their adjacent fiber layers. It
is easily known from Fig. 8 that the fibers in i-th fiber
layer can be regarded as aslant fibers embedded in the
matrix with inclined angle φi (helicoidal angle), and have

P

φi = φ0 + iφ (i = 0, 1, 2, ...m) ,

Fiber

φ
Matrix

Fig. 6 Pullout model of fiber with aslant angle φ.

where m is the number of the fiber layers. It is also easy
known that the fibers in different fiber layers make different orientations against their pullout directions and
contribute different forces to resist them be pulled out.
The total pullout force of the fibers in the helicoidal
structure is the summation of the contribution from all
the fibers in the structure, so the pullout force of the
helicoidal structure with m fiber layers, which consists
of n fibers, can be expressed as
m

Phel = ∑ 2π rlτ n exp( f φi )

Fibers

A

i =1

θi

A

(5)

(φi < 90D ) ,

(6)

Corresponding maximum pullout force can be obtained as
m

( Phel ) max = ∑ 2π rlτ s n exp( f φi ) (φi < 90D ) ,

(7)

i =1

Fig. 7 Model of helicoidal structure.

The helicoidal structure consists of m fiber layers and
each fiber layer is composed of n fibers. In which, the
representative fibers in different fiber layers make different helicoidal angles φi against the axial direction of
the cell. Suppose further a crack appears along the cross
section A-A of the cell, then the fibers in the cell wall
will be pulled out along the axial direction of the cell.
Cutting off the cell along the cross section A-A and unwrapping the cell wall, a pullout model of the fibers with
helicoidal structure can be obtained as shown in Fig. 8.
In which, It is supposed that the fibers in first fiber layer
make an initial helicoidal angle φ0 against the axes of the
cell, and that the fibers in each fiber layers make a fixed

For comparison, the maximum pullout force of a
parallel structure was also investigated. The parallel
structure consists also of m fiber layers and each fiber
layer has n fibers. The fibers are of same diameter,
length and number as the helicoidal structure, but the
direction of all of the fibers in the structure are parallel
with the axes of the cell (Figs. 9 and 10). Let the helicoidal angle φi in Eq. 7 equals 0, the pullout force of the
parallel structure can be given as
Ppar = 2mnπ rlτ .

(8)

Corresponding maximum pullout force is
( Ppar )max = 2mnπ rlτ s .

(9)

P
A

A

φ

φ0

A

A

φi

Fibers
Matrix

Fig. 8 Pullout model of fibers with helicoidal structure.

Fibers

Fig. 9 Model of parallel structure.
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Fig. 10 Pullout model of fibers with parallel structure.
1.05

In order to identify the gain extent of the maximum
pullout force of the helicoidal structure relative to that of
the parallel structure. Defining a gain ratio of the
maximum pullout force of the helicoidal structure to that
of the parallel structure as follows:
PR = ( Phel ) max /( Ppar ) max ,

(10)

⎡m
⎤
PR = ⎢ ∑ exp( f φi )]⎥ / m .
⎣ i =1
⎦

(11)

one obtains

It can be known from the definition of the gain ratio
that the larger the gain ratio PR is, the more the maximum pullout force of the helicoidal structure increases
compared with that of the parallel structure. Fig. 11
shows the relationship between the gain ratio PR and the
helicoidal angle φ. It can be seen from which that the
larger the helicoidal angle φ, the more the maximum
pullout force of the helicoidal structure increases compared to that of the parallel structure. Fig. 12 shows the
variation of the gain ratio PR against the fiber-layer
number m, it can be known from which that the more the
number of fiber layers is, the more the maximum pullout
3
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Fig. 11 Ratio of maximum pullout force vs. helicoidal angle.
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Fig. 11 Ratio of maximum pullout force vs. helicoidal angle.

force of the helicoidal structure also increases compared
with that of the parallel structure. The helicoidal structure with larger helicoidal angles and more fiber layers
increase the maximum pullout force of the fibers in the
wall and endows the wood with high fracture toughness.

4 Experimental verification
Comparative experiments in the maximum pullout
forces between the helicoidal and parallel structures
were also performed for validating former analytical
results. Firstly, a set of specimens of the helicoidal
structure were fabricated by embedding steel-thread
fibers in epoxy resin matrix according to the pattern of
the helicoidal structure. The diameter and the length of
these fibers are 2mm and 50mm. The helicoidal angle is
10 degree. Another set of specimens of the parallel
structure were also fabricated by embedding same
steel-thread fibers in epoxy resin matrix according to the
pattern of the parallel structure. One end of these fibers
remains outside the matrix for applying the pullout
forces. The tests of the maximum pullout forces of the
two kinds of specimens were conducted on an Instron
1342 Material Testing System. The loads were applied to
the ends of these fibers with a special clamp. The experimental results were plotted in Fig. 11. It can be seen
from which that the experimental data is well consistent
with the analytical results, which also proved that the
maximum pullout force of the helicoidal structure is
markedly larger than that of the parallel structure, and
that the larger the helicoidal angles are, the more the
maximum pullout force of the helicoidal structure will
increase compared with that of the parallel structure.

Sun et al.: Fiber-Reinforced Cellular Microstructure of Cork Wood

5 Conclusions
The SEM observation on a cork wood revealed that
the wood is a kind of fiber-reinforced cellular biocomposite consisting of numberless wood cells. These cells
are of rectangular and honeycomb shapes and all of the
cell walls are parallel with the surface of the wood. More
careful observation showed that the cell wall is a kind of
fiber-reinforced composite consisting of cellulose fiber
layers and hydrocarbonated-polymer matrix. There is a
kind of particular helicoidal structure of the fibers in the
cell wall. The maximum pullout force of the helicoidal
structure was investigated and compared with that of the
parallel structure based on their representative models.
The results showed that the maximum pullout force of
the helicoidal structure is distinctly larger than that of the
parallel structure, and that the larger the helicoidal angle
is, the more the maximum pullout force of the helicoidal
structure will increase compared with that of the parallel
structure, which was experimentally verified.
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Abstract
The behavior of soil sliding resistance reduction of flexible non-smooth body surface of Microtus manderinns (a kind of
field mouse) living body was researched based on the virtual instrument system. The quadratic regression crosscut combination
method was adopted to design the experiment scheme. The soil sliding resistances of a living body and dead body were measured. It was found that the resistance of living body was lower than that of the dead body for the same field mouse. The reduction
ratio ranges between 16%~27% under the same test conditions. The living body of a mouse can adjust the actual soil contact area
by the reflection of the mouse’s muscles to the external pressure to disperse the stress and reduce the resistance. The repeated
tests showed that the living body of a mouse had a remarkable function of self-cleaning.
Keywords: living body, Microtus manderinns, flexible non-smooth, soil sliding resistance

1 Introduction
The resistance between the soil and soil-engaging
components can be reduced by means of bionic engineering[1]. There has been a remarkable progress in development of this method. Researchers have made some
discoveries on some typical animals which live in the
sloppy soil, found that the surface of the organism had
the ability to reduce resistance, and this function was
closely related to the geometrical configuration on the
surface of the organism[2]. Flexible non-smooth is the
biology body surface, which has certain shape and size,
can appear flexible deformation under the force, when it
has relative motion to the soil, the non-smooth effect will
occur[3]. The soil animals almost have the flexible
non-smooth; the flexible non-smooth has the function of
reducing resistance and adhesion. The fur of field mouse
can decrease the soil adhesive force 65%, and decrease
the sliding resistance 20% compared to the 45 steel[4].
Steel chain was used to simulate the field mouse fur. In
the tests compared to the 45 steel, it was found that partial structure of the bionic flexible non-smooth surface
has rotating flexibility and moving flexibility, which can
relax the soil pressure, decrease the contact time, and
reduce the intensity of adhesion[5]. The researches of
Corresponding author: Jian-qiao Li
E-mail: jqli@jlu.edu.cn

flexible non-smooth before were based on the dead
mouse fur, the living body has never been researched. In
this paper, the behavior of soil sliding resistance reduction of a flexible non-smooth body surface of Microtus
manderinns living body was researched based on the
virtual instrument system.

2 Materials and methods
2.1 Sample preparation
The Microtus manderinns is a kind of sciurid which
live under the soil. The sample was gotten from Nong’an
City, Jilin Province. The sample is shown in Fig. 1.

Fig. 1 Sample of field mouse.
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Special clamp was designed based on the field
mouse’s figure character, the back of field mouse
touched the soil, and there is a platform on the clamp to
place the weight. The deformation that the field mouse
slides the soil surface is 30 mm to 40 mm in width, and
0.2 mm to 0.8 mm in the depth. For the error between
calculate the section in arch and calculate the section in
line is 0.05 % to 0.007 %, so consider the field mouse
touching soil surface is plane. The soil for the test was
taken from Changchun area and it was the yellow sticky
soil and its moisture content was 29%.
2.2 Test scheme
The main factors which affect the sliding resistance
are load and speed to the test of sliding resistance except
the test sample and the medium. The quadratic regression crosscut combination method was adopted to design
the experiment scheme[6],which is shown as Table 1.
Table 1 Test scheme.
Factor test
number

X0

X1(Z1)
(g)

X2(Z2)
(mm/min)

X1X2

X12

X22

1
2

1
1

1
1

1
−1

1
−1

1
1

1
1

3

1

−1

1

−1

1

1

4

1

-1

−1

1

1

1

5

1

r

0

0

r2

0

6

1

−r

0

0

r2

0

7

1

0

r

0

0

r2

8

1

0

−r

0

0

r2

9

1

0

0

0

0

0

10

1

0

0

0

0

0

11

1

0

0

0

0

0

12

1

0

0

0

0

0

2.3 Test equipments
Soil resistance experiments were conducted in a
laboratory little soil bin, the sample was operated at
average forward speeds of 100 to 500mm/min which
was controlled by the testing machine, and to change the
vertical load of sample weight was added. The strain
signals were measured by the BLR tension-compression
sensor, and managed byWBK16h virtual instrument, and
acquired by the WAVEBOOK 512 to the computer, the
soil sliding test system is shown as Fig. 2. Every test was
repeated three times in order to decrease the random
error.

3 Results and discussions
3.1 Living and dead body soil touching area
In order to study the difference of the soil resistance
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Fig. 2 Soil sliding test system.
1: Test-bed, 2: Soil bin, 3: Sample, 4: Weight, 5: Fixed pulley, 6: Sensor,
7: Testing machine, 8: WBK16h, 9: WAVEBOOK 512, 10: Computer.

between the living mouse and the dead mouse, the soil
touching area of the mouse body was measured under
different load. It was found that the touching area got
bigger with the increasing the vertical load, while the
touching area of living body was larger than that of dead
body under the same vertical load. Therefore the sliding
resistance was decreased. The actual contact areas under
vertical pressure are shown in Fig. 3.

Fig. 3 Touching area under load.

The equation of living mouse touching area and the
load is

y = 146.5217 − 0.33892 x + 3.83615 × 10−4 x 2 −
1.27692 × 10−7 x3 .
The equation of dead mouse touching area and the
load is
y = 139.77924 − 0.33627 x + 4.053 × 10−4 x 2 −
1.332 × 10−7 x3 .
3.2 Living and dead body sliding resistance
The effect of vertical load on the sliding resistance
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between the living mouse or the dead mouse surface and
the soil were measured at the speed of 300 mm/min. The
result showed that the sliding resistance between the
living mouse and the soil was lower than that of the dead
mouse and the soil, as shown in Fig. 4. The reduction
ratio of the living body ranges between 16%~27%.
The living body of a mouse can adjust the actual
soil contact area by the reflection of the mouse’s muscles
to the external pressure to disperse the stress and reduce
the resistance.

Sliding resistance (N)

30
25
20
15
Living body

10

Dead body

5
0
6

8

10

12

14

16

Vertical load (N)

Fig. 4 Sliding resistance under load.

3.3 Sliding resistance with the test times
The repeated tests of living body and dead body
were conducted under the same conditions, the speed
was at 300 mm/min, and the vertical load was 6 N. The
repeated times was 10 times for the living body and the
dead body. The results showed that the resistance of
living body was lower than that of the dead living; it was
found that the living body of a mouse had a remarkable
function of self-cleaning (Fig. 5).

14

Resistance (N)

13

11
10
9
8

Living body

7

Dead body

6
1

3

5

7

9

11

Times

Fig. 5 Sliding resistance versus test times.

The sliding resistance of the living body was lower
than that of the dead body under the same vertical load,
the reduction ratio of the living body ranges between
16%~27%.
The repeated tests shown that the living body of a
mouse had a remarkable function of self-cleaning. This
provides the bionic basis for designing a new type of
agricultural soil-engaging components.
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Abstract
In this paper, the bamboo Phyllostachys Edulis was selected as a typical model species, and the mechanical properties of
which were studied and analyzed. Concentrated on the anti-bending property of the bamboo, the coupling analysis was carried
out to clarify its biological function realization. Usually, the realization of an excellent biological function does not merely arise
from a single element, but it is always from the cooperating functional effects of multi-elements. In the current study, morphology, structure, and material were respectively considered as individual element, and the related multi-elements functional
mechanism of the anti-bending property of bamboo was analyzed and discussed referred to biological coupling theory. Furthermore, extension theory was applied here to establish the matter-element model as well as the coupling relation-set comprising the function of single element, two elements and three elements, in which qualitative and quantitative approaches were
combined. And it is believed that the current paper would highlight the further study on multi-elements functional mechanism of
the anti-bending property of the bamboo.
Keywords: bamboo, biological function, biomimetic coupling

1 Introduction
Biomaterials are always provided with optimized
structure and excellent property, and thus have a strong
adaptability to their environment during million years’
of evolution. Such well-defined structure and distinguished features have provided perfect natural source for
material preparation and surface modification in material field. In general, most biomaterials possess complex
hierarchical
architecture
based
on
molecule
self-assembly. As to the formation of a living creature, at
first, the biological molecules self-assembly to form cell
organelles and they further compose cells, then the cells
aggregate into different tissues by virtue of mutual recognition, and which are further organically combined to
form organs and finally make up of an individual living
creature. Even the individual creature also depends on
certain recognition, self-organization and cooperation
within the group to live better. In this way, the nature
tells us that the realization of a complex function always
needs to experience a bottom-up hierarchical ordered
self-organization and cooperation process [1-4]. Therefore,
the hierarchical structure and micro-assembly of bioCorresponding author: Lu-quan Ren
E-mail: lqren@jlu.edu.cn

logical composite materials and the related researches
would provide biomimetic basis for studies on new
composite materials.

2 The mechanical properties of the bamboo
Phyllostachys Edulis
The bamboo is a well known constructional material throughout all the tropical countries, and it is also an
excellent model species in the biomimetic field. In the
longitudinal direction, the bamboo appears hollow
conical structure with the diameter decreasing along
longitude direction from bottom to top. Every several
centimeters there would be a node, and the different
parts of bamboo are joined to form a whole by the
transverse dissepiments of the node both in longitudinal
and transverse direction. Though various cells can be
observed in bamboo from the view of transverse section,
these cells can, in mechanics, be classified into two types:
matrix tissue cells and sclerenchyma cells. Matrix tissue
cells are leptodermous and act as the matrix of general
composites. Sclerenchyma cells mainly consist of vascular bundles enveloped in the matrix tissue, and the
vascular bundles show a grads distribution and act as
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reinforcement in bamboo. On the whole, matrix tissue
and vascular bundles respectively account for 50 percent
of the total tissue. The vascular bundles act as reinforcing phase, and belong to long fiber reinforcement. While,
the matrix tissue distributed between the vascular bundles produces a cushioning effect, and thus enhances the
elasticity and toughness of bamboo[5]. The vascular
bundles along the surface are dense, but gradually become sparse along radial direction from outer surface to
inner part. Such grads distribution of vascular bundles
endows the surface of the bamboo with an excellent
anti-bending property and the longitudinal direction with
a good elasticity characteristic, and the whole bamboo,
thus, possesses a strong elasticity feature.
The researches on the structure, fiber volume fraction, density and mechanical property showed that the
fiber volume fraction decreases along radial direction
from outside to inside, and the distribution law of the
fibers could be expressed as follows[6]:

bundle which also leaves a markedly destructive surface.

Fig. 1 Single vascular bundle which was pulled out in
bending failure of bamboo[8].

D = 1.70 × 10−5 V f 5 − 4.16 × 10−5 V f 2 + 0.37V f − 3.97 , (1)
where D is the distance away from the surface (mm) and
Vf the fiber volume fraction (%).
The changes of the density curve, Young's modulus,
bending strength and compression curve are similar to
that of tensile strength. And all these parameters show a
largest value on the outer surface of bamboo, and decreases gradually along radial direction. The further
researches of bamboo revealed that the fine structure of
the fiber includes more layers with different thickness.
In each layer, the microfibrils distributed with different
orientation angles. The microfibrillar angles in the broad
layer are in the range 3˚ to 10˚ with respect to the fiber
axis, and those in thin layer are in the range 30˚ to 90˚,
but mostly 30˚ to 45˚[7].
The experimental results of mechanical property of
bamboo demonstrated that[8] bamboo possesses an evident characteristic of fiber reinforcement. The differences in longitudinal mechanical properties mainly
come from the number differences of vascular bundles
on per unit area, but not relate to the maturity, while the
differences in radical mechanical properties arise from
the distribution of vascular bundles and different conformations. The bending failure mainly appears in intercellular layer characterized by the pulling out of a
single vascular bundle, while the shear failure mainly
occurs in secondary wall and further cross the cell wall,
characterized by the pulling out of a cluster of vascular

Fig. 2 A cluster of vascular bundles which were pulled
out in shear failure of bamboo[8].

3 The coupling analysis of the realization of
biological function of bamboo
Currently, researches in the area of biomimetic
material mainly concentrate on composite material, and
gradually extend to other fields. As to the research
process of biomimetic materials, first is the biomimetic
analysis, and then is the biomimetic design and preparation[9,10]. From the perspectives of morphology and
mechanics, the structure and function of the creatures are
much complex. Therefore, in current situation, the design and preparation of biomimetic composite materials
are still in a difficult stage in both theory and practical
applications. So, this requires us to do two fundamental
works. First, the coupling relationship of the structure,
material, and function of the model species needs to be
analyzed in order to understand the biomimetic theory
better, and thus provide the basis for biomimetic design
and preparation. Second, it is useful to establish the
biological coupling model of the creature with known
structure, and to describe the structure, material, and
function from qualitative to quantitative, and this would
facilitate the researches on biomimetic engineering.
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Biomimetic coupling is a novel biomimetic theory.
The researches showed that the creature usually possess
a great wealth of excellent biological functions through
the cooperation of morphology, structure, and material,
and thus achieve a best adaptability to the environment.
We called such cooperation as biomimetic coupling. The
basic characteristics of biomimetic coupling could be
concluded as follows: (1) Universality, according to the
specific biological characteristics of their own, the
creatures live in a cooperative and rational way based on
the integration of multi-elements. (2) Complexity, the
creatures always perform a coupling mode with
multi-scales, multi-layers, and multi-patterns. The case
is that the more evolutive of the creature, the more
complex of the coupling mode. (3) Functionality, in
order to adapt to different environments and exert specific biological behaviour, they always possess special
functions or different coupling purposes. (4) Integration,
according to the features of external environment and
internal structure and also based on the minimum energy
criterion, it tends to achieve multi-elements coupling
of morphology, structure, gradient, behaviour, process,
etc.
As known to all, bamboo is a typical model species.
In the present work, the morphology, structure, and
material were considered as matter-elements, and the
coupling correlation between biological function and
these three elements was preliminarily established. In
this way, the multi-element functional mechanism of the
biological function of bamboo could be further analyzed,
and this would be benefit to the biomimetic design and
preparation of bamboo-like materials.

4 The establishment of a biological coupling
model of bamboo based on Extenics
Extenics is a new discipline which solves contradiction problems in the real world. It studies the exten-
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sibility of things and the laws and methods of exploitation and innovation. To deal with all kinds of contradiction problems with formalized method, the case that only
considers the quantitative change is insufficient, and we
should treat the affair, the characteristic of the affair and
the corresponding quantity value as a whole to carry out
the related researches, and combine the qualitative and
quantitative methodology to solve contradiction problems. Thus, the matter-element was introduced, which
have organically combined the quality and quantity. The
matter-element is a tri-element group consisting of affair,
characteristic, and the quantity value, which is denoted
by R = (affair, characteristic, quantity value) = (N, c,
c(N))[11]. Extension Engineering is the applied technology of extension theory and extension methods, which
means applying extension theory and methods to such
fields as decision-making, new product-conceiving,
search, control, diagnosis, judgment, recognition, etc. It
combines theories with methods in each field. Its basic
idea is to solve contradictory problems in every field in
formalized methods, and turn the infeasible into the
feasible, and the incompatible into the compatible. Both
Extension methodology and Extension Engineering
methodology possess three characteristics, which are
matter-element modeling, the combination of qualitative
and quantitative, and opening-closing[11].
According to Extension Engineering methodology,
the anti-bending property of bamboo was selected here
as a characteristic biological function, and the morphology, structure and material of bamboo are regarded
as matter-elements, and based on which the relation set
of single element and coupling relation-set of two elements and three elements were preliminarily established.
This would provide quantitative indication and model
for exploring the multi-elements functional mechanism
of the anti-bending property of bamboo.
The matter-element model is described as follows:
L (%) C (%) H (%)

S1 10.5%
⎛ morphology layered vascular bundle S1 ⎞ ⎛ material ingredient
⎜
⎟ ⎜
S2
9.1%
S2 ⎟ ⎜
Y = U ×V ×W = ⎜
×
⎜
⎜
⎟
S3
little
S3
⎜⎜
⎟⎟ ⎜⎜
P + ML 8.4%
P + ML ⎠ ⎝
⎝
⎛ structure
⎜
⎜
⎜
⎜
⎜
⎝

grads distribution
of vascular bundle

6.1% 3.7% ⎞
⎟
32.1% 18.4% ⎟
×
0.8% 5.2% ⎟
⎟
0.7% 1.4% ⎟⎠

D = 1.70 × 10−5 V f5 − 4.16 × 10−5 V f2 +0.37V f − 3.97 ⎞
⎟
⎟
⎟
⎟
⎟
⎠

(1)
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where U is the domain consisting of morphology matter-element, V the domain comprising material matter-element, W the domain including structure matter-element, and Y biological function, which specially
designates the anti-bending property of bamboo here. L
is lignin; C is cellulose; H is hemicellulose.
Single element: the single element is denoted by x,
and X is the domain consisting of this single element.
rt = {( xi , yt ) xi ∈ X , yt = Kt ( xi ) ∈ I }

(2)

Coupling relation-set of two elements, morphology
and material can be written as:
r=

{( ( u, v ) , y ) ( u, v ) ∈U × V , y = K ( u, v ) ∈ I }

(3)

Acknowledgement
This work was supported by the National Natural
Science Foundation of China (Grant no. 50635030), the
New Century Excellent Talents in University (2005),
and the National Basic Research of China (Grant no.
2007CB616913).

References
[1]

Chen B, Peng X H, Fan J H. Microstructure of natural biocomposites and research of biomimetic composites. Acta
Materiae Compositae Sinica, 2000, 17, 59–62.

[2]

Yuan J J, Zhai J, Jiang L. Hierarchical self-assembly of
inorganic nanoparticles mediated by organic macromole-

Coupling relation-set of three elements, morphology, material and structure is as follows:
r=

anti-bending property of bamboo.

cules. Progress in Chemistry, 2004, 16, 500–507.
[3]

scaling of mechanical behavior of thin films, coatings, and

{( ( u, v, w) , y ) ( u, v, w) ∈U × V × W , y =K ( u, v, w) ∈ I }

surface by laser interference metallurgy. Advanced Engi-

(4)

neering Materials, 2005, 7, 823–826.

where u is the morphology matter-element, v the material matter-element, and w the structure matter-element.

[4]

5 Conclusion

[5]

In the current study, bamboo was selected as a
model species, and the anti-bending property of which
was considered as a typical biological function. Referred
to biological coupling theory, the multi-elements functional mechanism of the anti-bending property of bamboo was analyzed and discussed, and during the research
process of which morphology, structure, and material
were considered as individual element. Furthermore,
extension theory was applied to establish the matter-element model, and the coupling relation-set was
further proposed comprising the function of single element, two elements and three elements, in which qualitative and quantitative approaches were combined. And
the present work would provide the basis for the further
study on multi-elements function mechanism of the

Daniel C, Balk T J, Wübben T, Mückllich F. Bio-mimetic

Mann S. Molecular tectonics in biomineralization and
biomimetic materials chemistry. Nature, 1993, 365, 499–
505.
Hu Q L, Li X D, Shen J C. Progress in structure biomimetic
materials. Chinese Journal of Materials Research, 2003, 17,
337–344.

[6]

Lin D Y, Zhao Y T, Shi Q P. Research status of structure

[7]

Zhang K. Biomimetic study on helical fiber composites.

[8]

Yu W J, Yu Y L, Jiang Z H. Characteristics of bamboo fiber

biomimetic materials. Materials Review, 2005, 19, 28–31.
Journal of Material Science and Technology, 1997, 13, 1–4.
reinforced materials. Journal of Northeast Forestry University, 2006, 34, 3–6.
[9]

Zhou B L. Some progress in the biomimetic study of composite materials. Materials Chemistry and Physics, 1996, 45,
114–119.

[10] Zhou B L. Bio-inspired study of structural materials. Materials science & engineering C, 2000, 11, 13–18.
[11] Cai W, Yang C Y, Lin W C. Extension Engineering Method,
Science Press, Beijing, 1997.

ICBE, 2008, 89–93.

Proceedings of the 2nd International Conference of
Bionic Engineering – ICBE’08

Finite Element Analysis on Layer Structure–Covered Concave
Sucker Driving Drum
Xiu-hua Sui1, Lin-jing Xiao1, De-jun Miao2
1. College of Mechanical and Electronic Engineering, Shandong University of Science and Technology,
Qingdao 266510, P. R. China
2. College of Resource and Environment Engineering, Shandong University of Science and Technology,
Qingdao 266510, P. R. China

Abstract
The driving drum is the key component of belt conveyor and friction is its driving force. Based on bionics principle, a new
concave sucker mine conveyor belt driving drum with a covering-layer is designed by imitating the mushroom funnel-shaped
umbrella structure. Mechanics of the driving drum with covering-layer is analyzed by the finite element method. At the same
time, comparative analysis of driving force between the driving drum with bionic covering layer and the common driving drum
has been made. It is pointed that this kind of concave sucker bionic surface driving drum does not only enlarge the driving force
and improve the transport power, but also increases the service life. The results indicate that the surface design is a new type of
design, and a promising application prospect appears in the belt conveyer.
Keywords: belt conveyor; friction; bionics design; finite element analysis

1 Introduction
Belt conveyor is the main device of modern transportation for scattered material. It is widely used in
electric power, metallurgy, chemical industry, coal mine
and port, etc. Its safety status and transport efficiency
have great effect on the national economy.
Conveyor belt realizes its transmission mechanism
by friction, so friction is the driving force. In order to
ensure that the conveyor belt runs safely and its transport
efficiency improves, the driving force of the driving
drum needs to be increased.
At present, many researches have been done in the
field of increasing traction force of drums. In overseas,
the typical product is ceramic drum, which can improve
traction force effectively. But it has some shortcomings
in using, especially this technique is more advanced in
foreign countries, and defects of the key technology
exist in China. So there is need to find a new way to
increase the traction force of the drum[1–3].
Bionics is a new and practical science, it provides a
new thinking for the question. The paper focuses on
bionics design and force analysis of the drum to find a
better design to satisfy the needs of transport.
Corresponding author: De-jun Miao
E-mail: sdmiaodj@sina.com

2 Friction transmission principle of belt
conveyor
The traction force of conveyor belt is transferred by
friction between the driving drum and conveyor belt.
Fig.1 is the sketch map of the conveyor belt friction
drive principle. When the driving drum runs through the
reducer powered by the electromotor, the belt that is
driven by the friction moves along the arrowhead, which
makes the strain Sy at the point where belt and driving
drum meets is greater than the tension Sl at the separation
point, and Sy increases with the load increase. The difference value between Sy and Sl is the traction force
transferred from the driving drum, which is shown in
Fig. 1.
The maximum value of Sy is as follows

S y max = S1 ⋅ e μ ⋅α

(1)

3

4

2

1

P

Fig. 1 Principle illustration of friction transmission of
belt conveyor.
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Smax

where μ is friction coefficient between conveyor belt and
driving drum, Symax is the maximal tension between the
active drum and the belt under the limit equilibrium state,
α is the surrounding angle formed by the conveyor belt
and the active drum.
Practice and theory prove that the conveyor belt
surrounding the drum can be divided into two parts,
section AC and section BC, which is shown in Fig. 2.
The variation of the conveyor belt tension on the section
BC accords with the Euler formula, the arc corresponding to the section BC is gliding arc, the corresponding center angle λ is gliding angle, and the conveyor belt tension has no variation in the section AC, the
corresponding arc is static arc, the corresponding center
angle γ is static angle.

c
A

C
α

γ
λ

B
S1

b

3 Bionics design of layer structure covering
driving drum surface
The structure bionics method is chosen for designing the covering layer structure for driving drum
surface. By studying, imitating, copying and changing
the biology system structure, the mechanism similar to
the whole organism or part of organism is built[4].
By observation and data accumulation, it is found
that the shape of a sort of mushroom is similar to the
sucker in appearance. The diameter of the deep concave
cup edible mushroom pileus is 5 cm to 8cm, from flat
half ball shape to flat, the back middle part down concave has the appearance of funnel, the stipe is slight,
cylindrical, 4 cm to 8cm long, 0.4 cm to 1cm wide,
which is shown in Fig. 3.
Based on the appearance of this kind of mushroom,
the approximate structure is designed, which is shown in
the Fig.4a.
The body C can be got by part simplification, and
the surface morphology needs to be further modified
based on the practical function. Considering the question
of resisting fatigue and service life of the drum layer, the
structure whose section is trapeziform truncated cone
concave is achieved finally, which is shown in Fig.4d.
The chosen material is common rubber. The friction
coefficient contrasts that of rubber, ceramic and the

W0 S

B

λ
α

S ymax
W0
Wmax

S1

S y =S 1eμλ

C γA

θ
Fig. 3 Deep cup mushroom.

Fig. 2 Tension change curve of conveyor belt.

It is can be seen from the conveyor belt friction
transmission work principle that the conveyor runs by
the traction force formed by the friction between the
driving drum and belt. With the bionics principle, the
new drive belt covering-layer surface structure is designed. The driving drum can increase the traction force,
improve the conveyor belt transport capacity and prolong the life of the driving drum.

Fig. 4 Derivation of structure.
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polyurethane material under the different working condition is shown in Table 1.
Table 1 Friction coefficient of materials.
Material
Rubber

Dry

Damp

Wet sludge

0.4~0.45

0.3~0.4

0.25~0.3

Ceramic

0.6~0.8

0.5~0.6

0.4~0.5

Polyurethane

0.48~0.6

0.35~0.48

0.25~0.35

Based on the actual size of the conveyor belt drum,
the geometry size of the concave structure is chosen
preliminarily, the corresponding covering-layer structure size for the conveyor drum is shown in Table 2. The
geometry structure view is shown in Fig. 5. By the
structure bionics design, the driving drum covering-layer structure is shown in Fig. 6 and Fig. 7.
Table 2 Feature parameters of surface structure
Shape

Size

truncated
cone concave

R = 4.5 mm,
r = 2.5 mm
h = 3 mm

Center to center
distance

Distribution

14 mm

uniform

4 Finite element analysis of concave sucker
driving drum covering-layer
With ABAQUS, the friction process between the
belt and the drum is simulated. In order to make it easy
to analyze, only one of the concave sucker contact friction is analyzed. Contact friction assembling model is
built in Fig. 8. To this structure, mesh generation is to be
done, the concave sucker after generation is shown in
Fig. 9. Node A and B on the interface formed by covering- layer unit body on the concavity edge and the belt
are chosen, normal and tangential displacement of the
section A and B is shown in Fig. 10 and Fig. 11[5,6].
For small load phase 0-0.05s, belt and covering-layer unit contact sufficiently, and set up a stable
contact relationship. For stress load phase 0.0s to 0.2s,
covering-layer produces elastic deformation, and the
displacement along direction 1 and 2 appears, but the

Fig. 8 Assembly of belt and concave covering-layer.

Fig. 5 Bionics concave structure of covering-layer.

Fig. 9 Sucker after mesh generation.

Fig. 6 Diamond design base.

Fig. 7 Truncated cone concave structure.
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Fig. 10 Displacement of node A on covering-layer.
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Fig. 11 Displacement of node B on the belt.

displacement variation along the pressure action direction 2 is very rapid. It is during 0.2s to 0.4s that decreases the pressure load and apply the traction force
along the tangential direction on the belt unit right section. Because of the decrease of the pressure load in the
phase, the covering-laying elastic deformation begins
recovery, so the deformation along the direction 2 begins
to decrease.
At the beginning stage, the load of traction force is
applied, because of the friction adhesive action, the
relative displacement between the traction covering-layer and the belt unit takes place, which is micro-displacement along the common direction. When the
traction force acts to some degree, the belt unit breaks
away the covering-layer, the relative slippage starts to
take place, at this moment, the displacement of the belt
unit along the direction 1 increases rapidly, but the displacement variation of the top covering-layer unit along
this direction tends to constant value.

5 Traction force comparison between common
covering-layer structure driving drum and
bionics driving drum
In order to analyze if the driving drum with bionics
structure can increase the traction force, the common
covering-layer structure driving drum and bionics driving drum are chosen. With ABAQUS, the contact friction process between the belt and the common driving
drum is simulated. Choosing node C and D on the interface formed by covering-layer unit and belt unit, the
displacement of node C and D along the normal direction (2) and the tangent direction (2) is shown in Fig. 12
and Fig. 13.
The displacement of node A and C on the cover-

ing-layer friction surface under two conditions along the
direction 1 can be seen from the above figures. The
displacement of the node A with the concave surface
structure is a little more than that of the node C on the
smooth surface, and the variation time of node A is
longer than that of the node C, which shows that the
contact time between the covering-layer with concave
structure and belt is longer. The displacement of the
node on the smooth covering-layer is almost invariant
after about 0.3s, it can be concluded that it is when the
belt breaks away the static friction constraint of the
covering-layer elastomer and it starts to slip. Along the
direction 2, during 0 to 0.2s, the displacement of node C
on the smooth covering-layer surface is about −1.35m, A
is about −1.65m, the elastic deformation of the latter is
larger.
To the displacement of nodes B and D on the belt
friction surface under two kinds condition, along the
direction 1, when the load of traction force is applied for
0.2s, the displacement of node D increases to 0.73 mm or
so rapidly, while that of node B almost keeps constant
value. After about 0.3s, there is a significant displacement variation, the displacement is about 0.39 mm,
which is less than that of node D obviously. It shows that
the time when the node B starts to slide lags node D, and
the slippage displacement is less than that of node D. It
can be concluded that the degree of relative slippage
between the covering-layer with concave structure and
belt is small.
It can be drawn from the comparison that the traction force of the drum with bionics structure is larger
than that of the common driving drum, and the relative
slippage between the bionics driving drum and belt is
small, so the bionics driving drum can satisfy the needs
of transport better than the common drum.

6 Conclusions
Through the above research, the conclusions are
drawn as follows
(1) Quantitative elastic deformation is produced on
the surface of covering-layer under the pressure of belt,
the contact state between the belt and the covering layer
is changed from surface contact to concave contact.
(2) The effect of sliding resistance for covering
layer with bionic concave structure is much better than
that of the common covering layer.
(3) Under loading and except adhesion force and
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deformation force, the adsorption force is produced
because of extrusion deformation between belt and bionic covering layer.
(4) The traction force of the drum with bionics
covering layer is larger than that of the common drum.
(5) The driving drum with bionics covering layer
can satisfy the needs of transport better than the common
drum.
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Abstract
The surface shape and structure of typical moth wing (33 species,9 families in China’s northeast region) are qualitatively
and quantitatively studied by stereoscopic microscope and scanning electronic microscopy. The observations show that there are
scales arranged like overlapping tiles on the surface of the moth wings.The scales’ arrangement is close and in order.The arrangement direction is consistent with the wing veins. The scales overlap horizontally in the direction of the wing veins and
there is a certain space vertically. There is a certain angle between scale and elytron of moth wing. The shapes, sizes and distances of scales are different between species. The scales are in two shapes, namely angustifoliate shape and latifoliate shape.
Scale length is 121~454 μm, width is 44~182 μm, and distance is 18~145 μm. The whole surface of scale is structured by
submicron-class grooves and nanometer-class vertical gibbosities. The contigeous contiguous gibbosities are connected by
nanometer-class parabola-shaped ribwork.The top extent of trapezoidal gibbosity is 171~457 nm and height is 257~1971 nm.
The top extent of groove is 971~2946 nm and bottom extent is 529~2064 nm. The surfaces of the wings are superhydrophobic.
The shape and structure on the surface of moth wings provide reference for synthesis of self-cleaning bionic surface.
Keywords: moth, scale, shape, structure, superhydrophobic

1 Introduction
Coleoptera (Beetles) is the largest and most diverse
order in the class insecta. Lepidoptera (moths and butterflies) is the second largest order, with over 112 000
recorded species in the world. Butterflies occupy 10
percent of Lepidoptera and the rest are moths. There are
about 100 000 moth species in the world and 4000 recorded moth species in China[1]. Adults are distinctive
for their large wings (relative to body size) which are
covered with minute overlapping scales. Most entomologists believe that these scales are structurally related to the hair (setae) covering adult caddisflies.
Lepidopteran wing scales often produce distinctive color
patterns that play an important role in courtship and
intraspecific recognition[2].
In 1998, Hong Jian et al. studied wing coloration
and scale ultrastructure of four Luehdorfia species. They
pointed out that wing scale could be divided into four
types according to the appearance and structure. There
were not remarkable differences in scale structures
Corresponding author: Qian Cong
E-mail: congqian@jlu.edu.cn

among these four butterflies[3]. In 2007, Cong Qian et al.
observed ultrastructures of wing scales of Nymphalidae,
typically common in northeast China. The results
showed that the wing scales of Nymphalidae butterflies
were in three shapes, namely angustifoliate shape, latifoliate shape and round-leaved shape. The wing scale
ultrastructures of Nymphalidae butterflies observed can
be divided into three types, namely arch bridge shape,
chessboard shape and sieve pore shape. The scales are
similar in shape, structure and arrangement[4].
Many research results demonstrated that nature accomplishes hydrophobicity on organism surface (famous lotus effect as an example). Several papers reported superhydrophobic surfaces by means of
biomimicing the structures of some natural superhydrophobic plant leaves[5–8]. The author studied the surface wettability of the moth wings of 10 NOCTUIDAE
moth species qualitatively and quantitatively. It indicated that the surfaces of the wings with scales were
more hydrophobic. The wettability of the surface of the
wings were contributed to the co-effects of the mi-
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cron-class and nanometer-class structures of the scales .
In this paper, to explore thoroughly the hydrophobic and
self-cleaning mechanism on non-smooth surface of moth
wing, the surface shape and structure of the moth wings
of 33 species (belonging to 9 families in China’s northeast region) were qualitatively and quantitatively studied
by stereoscopic microscope and scanning electronic
microscopy. And the significance of the ultrastructure
characteristic of moth wing scale in taxonomy was discussed. It provided the theoretical basis for the research
on moth behavior, taxonomy and evolution and the design of nanostructured materials with superhydrophobic
surface.

2 Experimental materials and methods
2.1 Experimental materials
182 Moth specimens, belonging to 9 families, 33
species, were collected from June to August 2007 in
Changchun City (Nanhu Park and Zoo & Plants Park) in
Jilin province. The specimens were identified by insect
taxonomist with through systematic taxonomy[1,10].
2.2 Experimental equipments and measurement
methods
A stereoscopic microscope (SteREO Discovery.
V12, ZEISS,Germany) was used to observe and measure
the shape and structure of moth wing scales. A scanning
electron microscope (JSM-5600LV, JEOL, Japan) was
used to observe the ultrastructure of moth wing scales.
An ion splash instrument (SBC-12, Beijing Instrument
Research and Manufacture Center of CAS, China) was
used for sample treatment of gold powder spray. The
thickness of gold powder was about 20 nm.
The specimens of the moth wings with intact scales

(a) Antheraea pernyi Guerin-Meneville scales on wing
surface (angustifoliate shape)
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were selected. Their wings were cut into 5 mm × 10 mm
in size and stuck on the microslides with double-sided
adhesive tape. They were observed by a stereoscopic
microscope. In addition, the wing materials were made
into tiled, straight-cut and cross-cut samples in appropriate sizes and stuck on the sample platform of scanning
electron microscope. They were observed by scanning
electron microscope. For every species, 5 reduplicate
samples were measured, and the average value was
adopted.

3 Results and analysis
3.1 Scale arrangement and shape
When the samples are magnified by stereoscopic
microscope, it is observed that a lot of micron-class
scales like overlapped tiles are arranged on the wing
surfaces. The scales’ arrangement is close and in order.
And the arrangement direction is consistent with the
wing veins. The scales are overlapped horizontally in the
direction of the wing veins and there is a certain space
vertically (Fig. 1).
The shapes, sizes and distances of scales are different between species. The scales are in two shapes,
namely angustifoliate shape (Length:Width > 2) and
latifoliate shape (Length:Width < 2) (Fig. 1). The scales
of most moth species are in one shape, but a few are in
two or three shapes. The ends of most scales are in
sawtooth shape, but a few are in beeline or arc shape
(Fig. 2). The parameters of scale sizes and distances are
shown in Table 1. The part of scale exposed to air is
121~454 μm in length, occupying 50% of all the length.
The width of scale is 44~182 μm and the distance between scales is 18~145 μm. The shape parameters of
scales between different species have no obvious law.

(b) Smerinthus planus Walker scales on wing surface
(latifoliate shape)

Fig. 1 Scale arrangement and shape on wing surface.
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(a) Alcis angulifera Butler scales (sawtooth shape)

(b) Creatonotus gangis scales (beeline shape)

(c) Nyctemera varians Walker scales (arc shape)

Fig. 2 Shape of scale’s end.
Table 1 Scale shape and ultrastructure characteristics on wing surface
Species of moth
Nyctemera plagifera Walker
Alcis angulifera Butle

Scale Scale Scale Gibbosity Gibbosity
Flute
length width distance top extent height top extent
(μm) (μm)
(μm)
(nm)
(nm)
(nm)
280
246

92
134

54
84

229
429

1971
1198

2200
1829

Flute bottom
extent
(nm)
1326
1343

Shape
Shape of
of scale scale’s end
AF
LF

ARC
ARC

Shape of
through
hole
NE
PE

Prodenia litura

237

95

71

271

1376

1500

971

AF

ST

PE

Creatonotus gangis

284

54

41

386

1770

1757

1114

AF

ST

NE
NE

Sidemia depravata

158

97

93

257

1358

1529

1120

LF

ST

Spodoptera mauritia

201

104

72

314

971

1029

857

LF

BL

PE

Nyctemera varians Walker

174

94

49

271

1071

2014

1429

LF

ARC

NE

Heliothis dipsacea

331

164

145

300

571

1629

939

AF

ST

PE

Barathra brassicae

184

99

45

321

975

1339

1035

LF

ST

SP

Chrysodeixis chalcytes

152

130

61

243

700

986

643

LF

ST

PE

Polydesma otiose Guenee

166

81

68

229

586

1200

830

LF

ST

NE

Calospilos suspecta Warren

290

90

75

214

714

1414

986

AF

BL

NE

185

80

42

321

786

2035

661

AF

ST

NE

Callambulyx tartarinovii
Bremer et Gray
Clanis deucalion Walker

163

72

37

339

571

1571

893

AF

ST

NE

Marumba Gaschkewistschii
Bremer et Grey

156

71

21

339

911

2482

1214

AF

ST

PE

Oxyambulyx japonica Rothschild

141

60

33

268

750

1553

913

AF

ST

PE

Oxyambulyx ochracea

121

44

18

321

875

2125

1532

AF

ST

PE

Smerinthus planus Walker

149

100

29

304

1225

2946

2064

LF

ST

NE

Leucania inspecuta Walker

142

94

61

243

614

1329

957

LF

ST

NE

Amata ganssuensis

164

59

44

200

886

2543

1400

AF

ARC

NE

241

137

94

257

486

971

529

LF

ST

NE

Macroglossum
Variegatum Rothschild et Jordan
Anua indiscriminate Moore

176

112

71

429

800

1286

957

LF

ST

PE

Loxostege sticticalis linnaeus

391

109

83

329

510

1600

1152

AF

ST

NE

Amphipyra corvine Motschulsky

411

158

88

286

657

1641

1371

AF

ST

SP

Ocneria dispar Linnaeus(male)

220

113

59

286

900

2057

1671

LF

ARC

PE

Athetis furvula hubner

362

135

80

171

571

1471

1171

AF

ST

SP

Catocala electa(Linnaeus)

454

154

91

343

314

1800

1571

AF

ST

PE

293

182

72

457

414

2014

1486

LF

ARC

NE

389

91

45

300

300

1000

886

AF

ST

PE

333

112

82

171

257

971

701

AF

ST

NE

348

99

57

200

686

1057

771

AF

ST

SP

369

124

91

314

571

1157

986

AF

ST

PE

308

61

28

357

450

1518

1276

AF

ST

PE

Ocneria dispar Linnaeus
(female)
Leguminivora glycinivorella
Matsumura
Spilarctia flavens (Moore)
Melicleptriascutosa(Schiffermuller)
Alcis angulifera Butler
Antheraea pernyi
Guerin-Meneville

(1) AF Angustifoliate shape, LF Latifoliate shape; (2) ST Sawtooth shape, BL Beeline shape, ARC Arc shape; (3) NE Nest eye shape, PE Pane
shape, SP sieve pore shape.
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3.2 Scale ultrastructure
The specimens of 33 moth species were observed
by scanning electron microscope. The whole surface of
scale is structured by submicron-class grooves and
nanometer-class vertical gibbosities. The cross section
diagram of the moth wing specimen is shown in Fig. 3.
When the samples are magnified to 10 000 times, it is
observed that the cross section of vertical gibbosities is
trapeziform. The contiguous gibbosities are connected
by nanometer-class ribworks in parabola shape. Trapeziform gibbosities and parabola-shape ribworks form
through holes. The through holes are in three shapes,
namely nest eye shape, pane shape and sieve pore shape
(Figs. 4 to 6).
Groove

Vertical gibbosity

Scale
elytron

Fig. 3 Cross section diagram of the moth wing specimen.
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Fig. 6 Scale ultrastructure on Amphipyra corvine Motschulsky wing surface (sieve pore shape).

The ultrastructure parameters of scales are measured by E-ruler software (Table 1). The top extent of
trapezoidal gibbosity is 171~457 nm and height is
257~1971 nm. The top extent of groove is 971~2946 nm
and bottom extent is 529~2064 nm. The ultrastructure
parameters of scales between different species have no
obvious law.
3.3 The connecting mode between scales and elytron
of moth wing
To find out the connecting mode between scales
and elytron, the tiled samples are observed after removing partial scales. It shows that there are a lot of
scale follicles on the elytron of moth wings and protuberant petioles on scale root. The scales are rooted in the
follicles by the petioles (Fig. 7). The cross-cut samples
are observed. It shows that there is a certain angle between scale and elytron of moth wing (Fig. 8).

Fig. 4 Scale ultrastructure on Nyctemera plagifera Walker
wing surface (nest eye shape)

Fig. 7 Nyctemera varians Walker SEM photograph.

4 Discussion
Fig. 5 Scale ultrastructure on Alcis angulifera Butler wing
surface (pane shape)

In insecta taxonomy, moths are usually divided into
Macroslepidoptera and Microslepidoptera. ARCTIIDAE,
NOCTUIDAE, GEOMETRIDAE, SPHINGIDAE,
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Fig. 8 Nyctemera plagifera Walker SEM photograph.

SATURNIDAE, LYMANTRIIDAE and PYRALIDAE
et al. belong to Macroslepidoptera. TORTRICIDAE and
AMATIDAE belong to Microslepidoptera[1]. According
to research on the scale arrangement and shape of moth
wings, the results show that individual sizes of
SPHINGIDAE moth are larger and the scales on their
wing surface are comparatively larger. However, the
overlapped part of scale occupy over 60% in length so
that the exposed part is instead shorter compared with
other moth species. NOCTUIDAE moth species are the
most order and the individual sizes are varied. Moreover,
their scale shapes and sizes are also varied and independent of the individual sizes.
According to the research results of the ultrastructure of scales on moth wing, it shows that the through
holes of scales are mostly in nest eye shape (15 moth
species) and pane shape (14 moth species), the rest are in
sieve pore shape. The structure characteristics of nest
eye shape are as follows: the size of through holes is
comparatively smaller, the shape is generally circular or
elliptic and the density of the ribworks between contiguous gibbosities is comparatively larger. The structure
characteristics of pane shape are as follows: the size of
through holes is comparatively large, the shape is
quadrate and the density of the ribworks between contiguous gibbosities is comparatively smaller. The structure of sieve pore shape is more complex. There are 2~5
sieve pores to form one group arranged regularly between contiguous gibbosities. There is no clear evidence
between the shapes of through holes and the size parameters of the grooves and vertical gibbosities. Moreover, the ultrastructure parameters of scales have no
obvious law between different moth species.
In addition, the observations show that there is a
certain angle between scale and elytron. The angle’s

effect to the surface hydrophobicity of moth wing should
be further studied. The author studied the shape and
structure of the moth wings of 10 NOCTUIDAE moth
species and found that they have major impact on the
surface hydrophobicity of the wings. It provided reference for synthesis of self-cleaning bionic surface[11].
The shapes and ultrastructures of the wing scales
provide important bases for taxonomy and identification
of moth species. The scale characteristics shown in
Table 1 are basically steady in samples from different
areas and are with reference value for differentiating
moth species. However, on account of geographical
differences of species distribution, there are some geographical and individual variations to consider.
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Abstract
Generating high fidelity computational models based on X-ray microtomography (XMT) provides a valuable new and
alternative approach for the analysis of insect structures. An important advantage of this method is the possibility of
non-destructive investigation of specimens and a better understanding of internal stresses and load paths through the structure
providing potentially better insight on the relationship between form and function.
Priacma serrata belongs to one of the oldest groups of beetles in existence. Although male Priacma serrata are easily
collected, available data on internal morphology and especially biology are restricted to very few representatives. Specimens
were scanned using high resolution XMT and resultant image data was imported into ScanIP (Simpleware Ltd) and the head and
mandible were segmented and then meshed within +ScanFE (Simpleware Ltd). Structural finite element analyses were carried
out on the resultant volume meshes using Abaqus (Dassault Systems) to explore stress fields within the complex architecture of
the mandible when loaded. The results show that the mandible is curved to distribute stress, and it acts as a scoop mechanism.
The paper also serves to illustrate the possibility of simulating complex biological structures with a high degree of accuracy and
automation by combining XMT and image-based meshing techniques.
Keywords: functional Morphology, Image based meshing, finite element, stress analysis

1 Introduction
Priacma serrata (LeConte, 1861) is a representative
of Archostemata (see Fig. 1). This is the group of beetles
with the longest documented history, with fossils as old
as approx. 200 million years[1]. At present there are 44
known living species in this morphologically very ancient group[2]. A good knowledge of the biology, morphology and functional morphology of these beetles is
very important for our understanding of the evolution of
beetles and of the endopterygote insects in general.
Unfortunately all species of Archostemata are very rare
and even though male Priacma serrata are comparatively easily collected[3], available data especially on its
biology and functional morphology are scarce. Here,
X-ray microtomography (XMT) allows for a detailed
investigation of the external as well as internal structures
(skeletal elements, muscles, etc.) even when only very
few specimens are available[4].
Combining XMT with finite element analysis allows
Corresponding author: L. Yang
E-mail: service@gaitech.net

Fig. 1 Priacma serrata – Bleach beetle.
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for investigating properties of functional morphology
that otherwise would only be accessible through experiments with living specimens.

2 Methods
2.1 X-ray microtomography of Priacma serrata
The specimens for XMT were dehydrated via
ethanol and dried in a Balzer CPD 030 Critical Point
Dryer. The dry specimens were mounted with soft wax
to the sample stage of the X-ray machine. All measurements were made with a Skyscan 1072 high-resolution Micro-CT system. The resulting data represent the
head and prothorax of the specimen with a spatial resolution of 5.4 µm × 5.4 µm × 10.8 µm per voxel. Subsequent investigation and manipulation of the dataset
and production of images (Fig. 2) was done with ScanIP
(Simpleware Ltd.).

proximately 0.6 mm × 1.3 mm.
The segmented structure was then meshed within
+
ScanFE (Simpleware Ltd.) which took only 5 minutes
on a standard PC. From within +ScanFE, a volume mesh
was exported to Abaqus (Dassault Systems) for further
analysis. In addition, a scaled up surface mesh (.stl) was
exported to produce an RP model of the head and mandible.
2.3 Finite Element analysis
The mesh of the head and mandible consisting of
70 000 nodes and 250 000 elements (the mandible on its
own has 30 000 nodes and 106 000 elements) was imported into Abaqus where material properties and loads
were applied. The material for the head and mandible
structures were assumed to be homogeneous and were
modeled as insect tibia head (internal cuticle) structure.
Applied loads were estimated for three cases: one for the
beetle hanging from a leaf (which it has been observed to
do in the field) of 1 x bodyweight (0.000 586 N); one for
a distributed load along the length of the mandible of
0.01 N (20 × bodyweight); and one for a tip loaded
mandible (0.001 N). The maximum stress observed
under any of these loading conditions was less than 10 %
of the ultimate tensile strength of chitin reported in the
literature (Stress field shown in Fig. 3).

(a) oblique fronto-dorsal view

(b) oblique fronto-doral view with parts of the left have of head capsule
removed to show the muscles associated wit the left mandible.

Fig. 2 Head of Priacma serrata, reconstructed from XMT data.

2.2 Mesh generation
The 356 2D slices from the XMT data were imported
into ScanIP and a simple floodfill algorithm applied to
segment the head structure. The segmented beetle head
is about 2.1 mm wide and the mandible measures ap-

Fig. 3 Stress field within the mandible under loading form
ABAQUS analysis.
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3 Conclusions
The paper illustrates the ability to simulate complex
problems with a high degree of accuracy by combining
XMT and image-based meshing techniques.
The results of the FEA simulations on a model
based on XMT data can be very helpful to understand
the functional morphology of, in our case, certain parts
of the body of insects, especially where observations of
the living specimen are not possible. In the case of Priacma serrata we have no observations of the kind of
food the adult beetles take up or if they feed at all. Indeed, the mandibles look quite strong at first sight but in
insects this does not necessarily mean that they are used
for feeding. They could also be used as a kind of weapon
when males compete for resources like females or territories as e.g. in some stag beetles (Lucanidae). Nevertheless, our analysis shows that the mandibles are well
build to withstand comparatively strong forces. Additional scanning electron microscopic examination of the
teeth on the cutting edges show that there is abrasion,
which indicates that the mandibles are used for cutting
rather than just to show off. The only problem now is to
find out what the beetles are chewing. Since the mandibles are built so large and strong and also the associated
musculature is very strong, one can suspect that the
beetle uses its mandibles to cut comparatively tough
material. Priacma serrata occurs throughout the Rocky
Mountains (western North America) and usually in the
vicinity of Douglas Fir (Pseudotsuga menziesii (Mirbel,

1825)) forests. If the beetle feeds on this plant, it might
be able to open the fir cones to feed on the seeds. Nevertheless, this is only one possibility, which certainly
needs corroboration through observation.
Even though the combination of FEA and XMT can
already produce very valuable results, their application
in entomology could be further improved. At present
precise data for the material properties of the chitin cuticle in different areas of the body of an insect are not
readily available. Measurements of the cuticle parameters of different body parts and for representatives of
various groups of insects could produce the base for
more complex and still more precise finite element
analyses of mechanical properties of the insect body.
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Abstract
Using the method of experimenting optimum design to scheme, the experimental method of the laser texturing process was
adopted to study wear-resistant capability of the smooth gears and the biomimetic morphology. It was found from the experiments that the tooth trace error of laser processing gear after the experiments were decreasing mostly, but the same type errors of
the smooth couple gears were increasing and the value was appearing negative, which proved that the smooth couple gears were
worn away more seriously, and the couple gears with laser texturing process biomimetic surface were wear-resistant relatively,
increasing the abradability by 16 %.
Keywords: wear-resistant, biomimetic morphology, laser texturing process, tooth trace error

1 Introduction

2 Materials and methods

Wearing of tooth surface is one of the main form of
gear failure and improving the wear resistance and the
service life of the gear has become urgent problems in
the industry at present.
Traditionally, there are many methods for improving
the wear resistance of gear, such as changing the materials, heat treatment[1–3], the processing method of gear[4],
spraying wear-resistant coating/material[5-8], but the
problem is still very serious. The problem of gear wear
has aroused the concerns of bionics scholars. It is found
from bionics researches that many of the living creature’s surface, with a particular shape, has better wearresistant properties. Soil animals (such as dung beetle,
mole cricket, earthworms, pangolins, etc.) living in the
soil has the body surface with concave, convex, scaly,
wave/riblets shape, which not only is good for reducing
adhesion and reducing resistance, but also for wear resistance. Biological surface characteristics of this
structure, which is formed after a long time of the evolution of surface morphology is well optimized, is that it
can easily shuttle in the soil and will not wear its surface[9]. In this paper, the laser texturing process adopted
to form the biomimetic morphology in gear pair, study
the effect of biomimetic morphology for wear resistance
of gear[10,11].

2.1 The gear material
The gear material is 20CrMnTiHs. The gear teeth
are 44, 19, respectively. One was processed to biomimetic shape, and the other was kept in its original shape.
Each tooth was marked well, which was good for the
measurement and the contrast of the gear morphological
parameters in before and after experiment. According to
the need of experiment, the concave shape was chosen as
surface morphology of gear. Using the experimental
optimization theory, the processing parameters were
selected: Laser current intensity is 150 A, frequency is 5
Hz and pulse width is 0.5 ms, X-axis movement speed is
0.5 mm/s and Z-axis movement speed is 1 mm/s, processing concave diameter and spacing were 98 μm and
300 μm. Fig. 1 is the experiment gear and the surface
concave shape of gear.

Corresponding author: Zhi-wu Han
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2.2 Practical mesh test
Wear test of gear simulated automobile normal
working to carry on in the mechanical transmission
test-bed, by changing the revolution and load to check
wear of two gears. In order to ensure accurate simulation
of the situation, the half-load test was adopted in two
hour, the whole test cycle was 72 hours. Test parameter:
Revolution: 2000 r/min, Load: 182.2 N·m, Time: 72h.
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Fig. 1 Experimental gear and microstructure of the gear surface.

The laser texturing process was used to make
biomimetic microcosmic concave shape on the gear
surface, the actual experiment, exact measurement and
wear comparison were carried on before and after experiment one by one to reflect its wear-resistance degree.
The main testing parameter can explain the wear-resistance degree. The change of tooth trace error will be
analyzed as an important factor.
Fig. 2 showed that the tooth trace relative error of
pinion gear changes law before and after experiments.
Left/non-smooth morphology relative errors were
−0.0025, 0.0023, −0.0019, left/smooth ones were 0.0012,
0.0024, −0.001, the smooth value was apparently bigger
than that of biomimetic morphology. From the trend of
changes in the curve, the curve of smooth morphology
were also higher than biomimetic one. Right/ nonsmooth relative error appeared in contrast, the biomimetic relative errors were −0.0047, 0.0007, −0.0008,
smooth ones were 0.0005 −0.001, −0.0012, the total
relative error was lower than the smooth shape, But the

0.002

Relative error

3 Results and discussion

angle, form relative error were higher than the smooth
shape. Therefore, analyzing from the pinion gear tooth
trace relative error, the gear with biomimetic shape
surface exhibited good wear resistance.
Fig. 3 showed that the tooth trace relative error
of large gear changes law before and after experiments.

0.000

-0.002
Left/non-smooth
Left/smooth
Right/non-smooth
Right/smooth

-0.004

Total

error

Angle error

Form error

Total /angle /form error

Fig. 2 Relative error of the pinion gear.

0.0005

Relative error

2.3 Measure configuration parameter before and
after experiment
In order to reflect changes of the gear tooth surface
morphology before and after the experiment, the gear
morphological parameters are measured respectively.
Testing equipment is the M & M Precision Systems
3000-4 QC gear measuring instrument. The tooth trace
error is the main influencing factor, which can reflect the
size of the wear rate. If the error is increasing after the
test, the wear rate is higher. On the contrary, if the error
is decreasing or unchanged, then the wear rate is lower.

0.0000
-0.0005
-0.0010

Left/non-smooth
Left/smooth
Right/non-smooth
Right/smooth

-0.0015
Total

error

Angle error

Form error

Total /angle /form error

Fig. 3 Relative error of the large gears.
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Left/non-smooth morphology relative errors were
−0.0016, −0.0003, −0.0008, left/smooth ones were
0.0002, 0.0003, 0.0005, the smooth value was apparently bigger than that of biomimetic morphology. From
the trend of changes in the curve, the curve of smooth
morphology were also higher than biomimetic one.
Right/non-smooth relative error appeared in contrast, the
biomimetic relative errors were −0.0003, 0.0008, 0, the
smooth morphology ones were 0.0001, 0.0004, −0.0001.
Therefore, analyzing from the large gear tooth trace
relative error, the gear with biomimetic form surface still
exhibited good wear resistance.
The total error, angle error, form error and average
error of tooth trace error were analyzed and the corresponding changes curve was obtained (Fig. 4). The errors of pinion gear with biomimetic morphology were
−0.0036, 0.0015, −0.00135, −0.00115, the smooth errors
were 0.00085, 0.0007, −0.0011, 0.00015, apparently, the
biomimetic shape errors were lower than the smooth
ones, but the angle error appeared exceptional. The errors of large gear with biomimetic morphology were
−0.00095, 0.00025, −0.0004, −0.00037, the smooth
errors were 0.00015, 0.00035, 0.0002, 0.00023, the
smooth ones were higher obviously than that of the
biomimetic shape. So analyzing from the tooth trace
error, the wear rate of the smooth gears is higher. The
wear resistance of gear with biomimetic morphology
was better than the smooth ones.
0.002

Error

0.000

-0.002

-0.004

Non-smooth and pinion gear
Smooth and pinion gear
Non-smooth and large gear
Smooth and large gear
Total error Angle error Form errorAverage error
Total / angle / form / average error

certain extent. Furthermore, the gear laser texturing
forms microcosmic concave morphology on gear surface,
the lubricants will be stored in the concave surface in the
process of gear running, the concave morphology can
form a film gap between the two meshing tooth surface,
the film can ease the impact on the heavy load gear, the
actual adhesive wear plays a certain lubricating role.
Biomimetic concave morphology can also collect the
abrasion debris in the process of gear running and prevent particle abrasion of tooth surface, make the transmission gears always in the state of complete lubrication.
Therefore, a certain form distribution of biomimetic
morphology on gear surface is better than the same kind
of untreated gear in the aspect of wear resistance.

4 Conclusions
(a) Through practical wear test in the biomimetic
morphology gear, its the total error, angle error, form
error were found to be mostly lower.
(b) For unprocessed and smooth gear, its relative
error was evidently increased, wearing off of smooth
shaped gear was more serious during the actual testing
process.
(c) Through data calculated contrast, the wear resistance of gear with biomimetic morphology was increased nearly by 16%.
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Abstract
The frictional resistances of all kinds of samples with bionic concave-unsmooth surfaces and smooth surfaces were tested
on a self developed soil bin test system. The experiment was done in moist soil at 34.6 % moisture content in the laboratory and
samples were made of 45# steel. Study focused on the effects of load and speed on the frictional resistance. In addition, interface
varieties of the bionics concave-unsmooth surfaces and soil were analyzed. Finally the bionics concave-unsmooth surface was
optimized by genetic algorithm. The calculated results show that the rates of resistance reduction of the bionics concave-unsmooth surface can be up to 37.23 %.
Keywords: bionic, non-smooth surface, concave, soil, genetic algorithm

1 Introduction
When terrain machines are moving or working in
wet adhesive soil, soil adhesion has lots of effects on
their work. It requires an additional effort to overcome
the adhesive forces, and terrain machines can not work
or move if there is serious conglutination. The research
shows that the energy consumed for overcoming the
adhesion and friction between soil and tillage tools
ranges from 30 % to 50 % of the gross energy consumed
in agricultural production[1–3]. In order to solve the
problem, people turn to nature for help.
Nature provides a lot of examples to show that nature
bionics can solve this problem, for example soilborrowing animals including dung beetles can adapt to
environment under adhesive soil. Tribology and related
researches into bionics show that their non-smooth body
surface can reduce adhesion and resistance[4–7]. Their
structure is observed through a microscope. There are
many pits around their bodies (Figs. 1 and 2). These pits
can break continuity during the crawling process and
lower resistance. So it greatly decreases harm to the
body surface.
In this study, the effect of bionic factors on frictional
resistance was analysed by conducting soil frictional
resistance tests on biomimetic non-smooth surface
Corresponding author: Jian-qiao Li
E-mail: jqli@jlu.edu.cn

Fig. 1 Concaves on the head of dung beetle.

Fig. 2 Concaves on the back of dung beetle.
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test-bed. Then a mathematical model of concave unit
body based on analyzing geometric unsmoothed structure on dung beetle cuticle was established. Taking
coulomb equation as a basic mechanical model, frictional force model of concave non-smooth surface was
established. Average reducing ratio is regarded as an
evaluation standard and it is optimized through genetic
algorithm method. The bionic surface design of soil
engaging components is one of the important techniques
for reducing soil adhesion and frictional resistance. By
studying and doing test, optimal bionic surface design
may be applied to the development of biomimetic
processed equipment.

adjustment modules, DAQ-12 catches it and saves it in
the computer. The test results are sampled during the
running test sample ahead. And the ratio is 30 samples
per second. The results are timely analyzed and treated
by graphic software DASY. It is displayed, saved and
outputted (Fig. 4).

2 Materials and methods
2.1 Sample preparation
Nature creates various biomimetic non-smooth
Surfaces. According to research on lots of soil animals
which are in different fields and soil, it is observed that
soil animals which are in the damp area have normally
different Non-smooth shapes[8–10]. The test samples are
made of 45# steel, and the length is 160 mm, the width is
120 mm and the depth is 8 mm (Fig. 3).

Fig. 4 Experimental apparatus of soil frictional resistance.

3 Results and discussion
The experimental soil is yellow clay from Changchun City in China. After drying, it is made into powder
by grinding and screening. The water content of artificial
material is 34.6%.The experimental soil is compacted
and scraped before every experiment for mantaining the
experimental consistency. The test soil is renewed after
every test cycle for reducing the inconsistency effect of
soil on errors of experimental results. Every experimental point is repeated three times.
From Figs. 5 and 6 it can be seen that the friction
force of two surfaces is increasing with the increase of
velocity. When the load is 40N, the friction force of
smooth surface increases rapidly. Non-smooth surfaces
have good effect on reduction of adhesion and resistance
under the same velocity.
load=40/N
load=60/N
load=80/N

Fig. 3 Plate with concave surface.

2.2 Experimental methods
Soil Frictional Resistance tests are conducted on
the Biomimetic Non-smooth Surface test-bed of Key
Laboratory of Terrain-machine Bionics Engineering,
Ministry of Education, Jilin University. The working
speed of test-bed is 400 mm/min. One end of a sensor is
fixed on a slip-bed, another end is flexible and connected
to the test sample. Sensors create signals by drawing.
According to the signals in the QTC-300 strain signal

Friction force /N

400
300
200
100
0
0.00

0.03

0.06

0.09

Velocity m/s

Fig. 5 Effect of different loads on the friction force of
smooth surface.
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4 Genetic algorithm optimization
load=40/N
load=60/N
load=80/N

Friction force /N

400

4.1 Mechanical model of soil friction force
In recent soil adhesion theories, soil-areas of contact surface are an important index which can affect soil
adhesion status[11]. According to Coulomb formula, the
friction force on the surface of bulldozing plate when it
works in the soil is

300
200
100
0
0.00

F = CA + N tan ϕ ,
0.03

0.06

0.09

Velocity m/s
Fig. 6 Effect of different loads on the friction force of
non-smooth surface.

From Figs 7 and 8 it can be seen that the friction
force of two surfaces is increasing with the increase of
the load. When velocity is 0.02 m/s, the friction force of
smooth surface increase rapidly. That means that
non-smooth surfaces have good effect on reduction of
adhesion and resistance. But when the load is increased,
pits space is filled with soil and non-smooth surface have
no effect on reduction of adhesion and resistance.
velocity=0.02m/s
velocity=0.04m/s
velocity=0.06m/s

Friction force /N

400
300
200

F = CA + N tan ϕ + cv v + d v v 2 ,

(2)

where cv and dv are constants.
In order to analyze the soil friction force of the
biomimetic non-smooth surface, total friction force
between soil and Non-smooth Surface is divided into
three parts, that is friction force caused by parts that can
contact with soil, friction force that is caused by air
inside pits and also friction force that is caused by soil
and soil inside pits which are sheared. So the soil frictional resistance of the biomimetic non-smooth surface
can be described as follows.
(3)

The equation for the friction force between soil and
Non-smooth surface is

0
0

50

100

Load /N

Fig. 7 Effect of different velocities on the friction force
of smooth surface.

Friction force /N

where F is total friction force, A is contact area, N is
normal load, C is adhesion and φ is external friction
angle.
The high speed plow’s friction force of mechanics
equation adds speed terms in equations[12]. This is different from coulomb formula as follows

F = Fp + Fs + Fa + cv v + d v v 2

100

(1)

velocity=0.02m/s
velocity=0.04m/s
velocity=0.06m/s

400

Fp = C p Ap + N p tan ϕ p + cv v + d v v 2 ,

where Cp is adhesion of soil and φp is external friction
angle.
The equation for the friction force between soil and
soil is
Fs = Cs As + N s tan ϕ s ,

300

(4)

(5)

where Cs is cohesion φs is internal friction angle.
The equation for the friction force between soil and
air is

200
100
0
0

50

100

Load /N

Fig. 8 Effect of different velocities on the friction force
of non-smooth surface.

Fa = Ca Aa + N a tan ϕ a

(6)

Because the parameters Ca and tanφa in the equations are approximately zero, Fa can be ignored for the
friction force equations to become.
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Fn = C p Ap + N p tan ϕ p + Cs As + N s tan ϕs + cv v + d v v 2 (7)
4.2 Undetermined coefficients in mechanical model
of soil friction force
Biomimetic non-smooth surface is an important
factor that enables dung beetle to move in moist soil
without adhesion. This has been proved by many experiments and researches. Firstly pits of dung beetles are
reasonably simplified, and the mathematical model of
concave unit body is then established before optimization. Fig. 9 shows the concave unsmooth structure on
dung beetle surface

In the meantime parameters dpφ dpc cv dv Ap ρ and As
are determined.
⎧
⎪
⎪
⎪⎪
⎨
⎪
⎪
⎪
⎪⎩

d pϕ = 0.9593, d pc = 5.7812
cv = 4697.67, d v = −42368.6
Ap = 0.0192 × (1 − ρ )
Ntπ r 2
A
As = π N t r 2

ρ=

,

(17)

where, dw is water content, As is contact area, Ap is total
area, ρ is area ratio and r is radius of pit.
4.3 Evaluation standard of reduction ability
The purpose of optimization design in the biomimetic non-smooth surface is to get structural parameters[13,14]. A biomimetic non-smooth surface is designed based on these parameters and it can reduce adhesion and resistance maximally. After considering
several aspects, average resistance-reducing ratio was
set as an index to evaluate the ability of reducing adhesion and resistance with biomimetic non-smooth surface.

Fig. 9 Concave unsmooth structure on dung beetle surface.

ϖ=
⎡ a − 2l − 2r1 ⎤
nx1 = 2 ⎢
⎥ +1 ,
2lx
⎣
⎦

(8)

⎡ b − 2l − 2r1 ⎤
n y1 = 2 ⎢
⎥ +1 ,
2l y
⎣⎢
⎦⎥

(9)

⎛ ⎡ b − 2l − 2r2 − lx ⎤ ⎞
nx 2 = 2 ⎜ ⎢
⎥ + 1⎟⎟ ,
⎜
2lx
⎦ ⎠
⎝⎣

(10)

⎛ ⎡ b − 2l − 2r2 − l y ⎤ ⎞
ny 2 = 2 ⎜ ⎢
⎥ + 1⎟⎟ ,
⎜⎢
2l y
⎦⎥ ⎠
⎝⎣

(11)

Nt = nx1n y1 + nx 2 n y 2 ,

(12)

where Nt is number of pits.
After conducting various experiments, regression
equations are derived between soil parameters and water
content.
tan ϕs = −2.342d w + 0.7937

(13)

tan ϕ p = −2.9224d w + 0.9365 + d pϕ

(14)

Cs = −487.13d w + 139.5

(15)

C p = −63.473d w + 17.128 + d pc

(16)

Fs − Fn
,
Fs

(18)

where, Fs is soil friction force of smooth surface and Fn
is soil friction force of non-smooth surface
4.4 Determined objective function and constraint
function
An optimal non-smooth surface had to be obtained
under a certain condition and it has the function of reducing adhesion and resistance. Design parameters of
concave non-smooth surface are obtained through getting maximal value of objective function

⎧max ϖ ( N , v, d w , ρ , Nt )
⎨
⎩ s.t. g ( N , v, d w , ρ , Nt ) ≤ 0

(19)

There are many factors influencing the reduction of
adhesion and resistance of non-smooth surface. In trying
to make further optimization, the model is simplified and
only considers some main factors which have effect on
average reducing ratio. After analyzing the above conditions, the mathematical model of friction force between non-smooth surface and soil is determined under a
certain soil condition. Constraint functions of equation
18 are as follows:
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⎧ 30 ≤ N ≤ 90
⎪ 0.01 ≤ v ≤ 0.09
⎪
⎪ 0.20 ≤ d w ≤ 0.28
⎪
⎪ 5% ≤ ρ ≤ 50%
(20)
⎨
⎪ 8 ≤ N ≤ min ⎧ ⎢ 0.16 × 0.12 × ρ ⎥ ,3500 ⎫
⎨⎢
⎬
t
2
⎥
⎪
⎩ ⎣ π × 0.001 ⎦
⎭
⎪
⎪ N ∈ Z + , r = 0.16 × 0.12 × ρ
t
⎪
π × Nt
⎩

maximum.
It can be seen from Table 1, resistance-reducing
ratio of bionics concave-unsmooth surface can make
objective function reach the maximum. Through optimizing parameters (such as: press, velocity, water content, area ratio and numbers of pits), the resistancereducing ratio of bionics concave-unsmooth surface is
over 33.17 %. The resistance lowering capability of
bionics concave-unsmooth surface is higher two times
more than that of original non-smooth surface.
Resistance reducing effect is obvious. When press is
60.96 N, velocity is 0.08 m/s, water content is 20.93 %,
area ratio is 48.38 % and numbers of pits are 78, average
resistance-reducing ratio is over 37 %, it increases by
18.92 % compared to original non-smooth surface.
Under the special conditions, resistance-reducing ratio
of optimal surface significantly increased.

4.5 Analyses on genetic algorithm
An algorithm has advantages in solving complicated problems hence this method is used to solve the
problem in this paper. The task consists of the following
steps:
Coding scheme: real coding

Fitness function: F ( x) = Cmin + f ( x) ,
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(21)

where Cmin is input parameter f (x)is absolute value of
minimum in current generation.
Selection strategy: using rotary selection and linear
ranking selection
Reconfiguration policy: arithmetic crossover and
non uniform mutation
Control parameters: group size Popsize = 50; probability of crossover C = 0.5; mutation probability C =
0.05.
Stop criterion: numbers of maximal generation
maxgen = 300

5 Conclusions
It was found that press and velocity have a lot of
effect on reduction ability for two surfaces which are
non-smooth and smooth. With the press increases, the
concave non-smooth surface lowers reduction ability. It
is because the spaces of pits are filled with soil and the
non-smooth surface has less effect on reduction.
A new approach for optimizing concave nonsmooth surface was investigated using dung beetles for
demonstration. Design parameters, such as velocity,
press, water content, area ratio and numbers of pits are
optimized in a reasonable range by using genetic algorithm method. Optimal surface has a better reasonable
design, thus resulting in better efficiency in reducing
adhesion and resistance. The calculated results show that
the rates of resistance reduction of optimal surface can
be up to 37.23 %, compared to original surface. This
study has provided valuable information in optimizing
bionic concave non-smooth surface and this method can
be used for large area optimization method of bionic
non-smooth surface.

4.6 Results and discussion of optimization
During optimization process, all the parameters
related to friction force such as press, velocity, water
content, area ratio and numbers of pits were used. The
object of optimization is to find the maximum of objective function in the range of constraint function.
Optimal parameters and resistance-reducing ratio
of smooth surface and non-smooth surface are listed in
Table 1. Values of press velocity, water content area ratio
and numbers of pits can make objective function get the

Table 1 Optimal results
Velocity
(m/s)

Press
(N)

Water content
(%)

Area ratio
(%)

Numbers
of pit

Average reducing ratio
of optimal surface (%)

Average reducing ratio of
original surface (%)

0.080

49.86

25.51

47.82

70

34.60

16.50

0.080

60.96

20.93

48.38

78

37.23

18.23

0.072

86.64

22.27

49.63

111

35.15

16.21

0.080

77.34

27.12

47.66

98

33.17

11.93

0.077

36.24

23.09

47.14

112

36.85

17.09
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Abstract
The earthworm (Eisenia foetida) was used as research object, and prepared for three surface specimens namely stretch,
motionlessness and contraction. The surface features of the earthworm were analyzed using a stereo microscope and its image
analysis. The results showed that the earthworm surface is a typical wavy non-smooth structure, the texture of its body segment
has small and dense units, while the forehead texture has big and thin units, and hence the non-smooth unit density of the body
segment is higher than that of the forehead. The soil adhesion force and sliding resistance experiment of earthworm’s
non-smooth surface specimens and steel specimen was conducted by means of a tiny adhesion testing system. The test results
showed that the contraction specimen had the best adhesion and resistance reduction ability, followed by the motionlessness and
then the stretch specimens respectively. The forehead sample had better adhesion and resistance reduction ability than the body
sample. Comparing with the steel specimen, the rate of soil adhesion reduction of the forehead and the shrinking body were 75%
and56% respectively, and the rate of sliding resistance reduction of the forehead and the shrinking body were 39% and 29%
respectively. This study will afford basic data for bionic research of biologic non-smooth surface and exposing biomimetic
coupling mechanisms.
Keywords: earthworm, non-smooth, surface feature, adhesion and resistance reduction, biomimetic coupling

1 Introduction
Soil-burrowing animals, such as the dung beetle,
mole cricket and ant, have developed excellent antiadhesion ability through evolution over millions of
years[1]. The earthworm is one kind of typical
soil-burrowing animals[2], which can also move in soil
without soil sticking to its body, especially in clay. The
principles of the earthworm in soil scouring are a result
of the effects of geometrical morphologies and shapes,
chemical composition of body surfaces, liquid secretion
and bioelectricity[3].
Many domestic and international scholars have conducted massive research on earthworms, but mainly
focused on earthworm’s ecology, structure and physiology[3]. In recent years the scholars launched gradually
the bionic research of adhesion and resistance reduction
of earthworms[1–6], which was mainly about effects of
liquid secretion and bioelectricity.
Corresponding author: Jian-qiao Li
E-mail: jqli@jlu.edu.cn

The body surface shape of the earthworm is an inevitable outcome of the adaptation to the soil surroundings and their evolution over millions of years. The chief
characteristics of their body surfaces are that the body is
composed of many body segments, and the build is approximately tall and slender column shape. When the
earthworm is moving in clay, its non-smooth body surface is advantageous in achieving anti-adhesion[7,8].
According to the movement of the earthworm, three
kinds of body surface specimens were prepared, which
are stretch, motionlessness and contraction. The surface
features of the earthworm were analyzed by using a
stereo microscope and its image analysis, the soil adhesion force and sliding resistance experiment of earthworm’s non-smooth surface specimens and steel
specimen were conducted by means of a tiny adhesion
testing system. The results will afford basic data for
bionic research of biologic non-smooth surface and
exposing biomimetic coupling mechanisms.
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2 Materials and methods
2.1 Experiment samples
Experiment earthworm is Eisenia foetida, Annelida,
Oligochaeta, Opisthopora, Lumbricidae, Eisenia, being
collected from outskirts of Changchun city, Jilin province, P.R.China. As shown in Fig. 1, the body length is
60 mm to 150 mm, the body width is 3 mm to 5 mm, the
body weight is 0.4 g to 1.2 g, and the whole body is
approximately 80 to 150 taches. This experiment takes
the taches before procreation taches as the forehead, the
tail side’s rear 20 taches as the rear part, and the rest as
the body segment. Because the body segment and the
rear part have the same shape characteristic, only the
earthworm’s forehead and body segment are conducted
in this research.

Fig. 1 Diagram of earthworm.

Earthworm’s movement is owed to the loop muscle
and vertical muscle alternately stretching and shrinking.
When the loop muscle shrinks and the vertical muscle
stretches, the earthworm becomes thinner and longer.

When the loop muscle stretches, and the vertical muscle
shrinks, the earthworm becomes wider and shorter.
According to the earthworm’s state of motion, three test
specimens were prepared namely stretch, motionlessness and contraction. As shown in Fig. 2, Fig. 2a and d
are the stretch in which the loop muscle is shrinking and
the vertical muscle is stretching, Fig.2b and e are the
motionlessness in which the loop and vertical muscles
are all relaxing, Fig.2c and f are the contraction in which
the loop muscle is stretching and the vertical muscle is
shrinking. Every state specimen was prepared into cylindrical specimen and corresponding stretch specimen,
and then is put into 4% formaldehyde.
2.2 Feature analysis method for the earthworm’s
non-smooth surface
The surface features of the earthworm were analyzed by using an OLYMPUS stereo microscope
(SZX12) and its image analysis OLYCIATM M3.
Firstly, the specimen’s pictures were taken using
stereoscope microscope. Secondly, the pictures were put
into OLYCIATM M3, then the geometry survey icon
was clicked and a geometry survey window opened.
After that, using the scale in the picture, the staffs were
demarcated and loaded, and then in the geometry quantity type window, the random-direction linear measure
was used to measure the width of earthworm’s arthromeres and the channel between the arthromeres,
Y-direction linear measure was used to measure the
depth of the channel between the arthromeres. At last the
metrical data was demonstrated in the geometry quantity
type window, as shown in Fig. 3.

(a) Forehead stretch

(b) Forehead motionlessness

(d) Body stretch

(e) Body motionlessness

Fig. 2 Surface specimen (×50).

(c) Forehead contraction

(f) Body contraction
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Fig. 3 Geometrical configuration parameters measure of the
earthworm surface.

2.3 Soil adhesion testing methods for the earthworm’s non-smooth surface
In order to study the soil adhesion characteristics of
the earthworm’s body surface, a tiny adhesion testing
system based on biologic signal was independently developed[9], as shown in Fig. 4. According to the stretch
width and the experimental need, the earthworm’s body
surface samples of 25 mm length and 10 mm width were
prepared, sticking on a bamboo strip with similar size
and 5 mm thickness. For comparative trial, a steel
specimen of the same size and material 45 steel was also
prepared.

placed placidly in the test platform, and the test specimen was stuck to the nose of the weights, which were
suspended in the magnetmeter place, and fixed in the
upper extreme of the testing machine. After the specimen surface was pressed equably at a certain pressure
for 10 seconds, the test platform’s vertical motion was
controlled by the state control systems, realized the adhesion and deviation between the specimen and the soil,
and the adhesion was recorded by the RM6240
multi-channel biologic signal collecting and disposing
system. The measuring method of the soil resistance is
same with that of adhesion, but only that the specimen’s
vertical motion is transformed into a horizontal motion
between the specimen and the soil surface through a
fixed pulley on the edge of the earth box.
A single test specimen is unable to load because of
the contacted area is too small, After trying the experiment many times in advance, two same test specimens
were fixed symmetrically in a log with length and
breadth of 25 mm, thickness 10 mm, and then could load
and its slipping resistance determined.
The soil sample is yellow clay soil in Changchun
city, its particle distribution is shown in Table 1, is
prepared to have a water content of 30%. In order to
guarantee that the soil characteristics are approximately
invariable and reduce the experimental error, the soil
must be updated, impacted and slicked before every
experiment, and each test point was repeated 10 times.
Table 1 Particle size distribution of the yellow clay soil
Liquid
limit
(%)

Plastic
limit
(%)

35.4

19.5

Grain content (%)
0.5 mm to 0.25 mm to 0.1 mm to
0.25mm
0.1mm
0.075mm
26.7
20.3
23

<0.075 mm
30

3 Experiment results

Fig. 4 Tiny adhesion testing system.
1. WDW electron omnipotence test machine controlled by computer; 2.
sensor; 3. poise; 4. soil box; 5. RM6240 multi-channel biologic signal
collecting and disposing system; 6. computer; 7. EDC controller.

When measuring the adhesion, the soil was stirred
equably and put into the box first, then the soil box was

3.1 Feature analysis results for the earthworm’s
non-smooth surface
The earthworm forehead assumes a conical shape,
the body assumes a cylindrical shape, its body surface
appearance is the model ripple shape non-smooth
structure: The link structure which is composed of the
arthromere and the fossa between the arthromeres forms
the first-level macroscopic wavy non-smooth structure
as in Fig. 5a; Under high power microscope, the massive
staggered lines distributed on the skin surface is discovered, which form the second-level microscopic ripple shape non-smooth structure, as shown in Fig. 5b.
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Unit Height (um)

200
150
100
50
0

(a) First-level macroscopic wavy non-smooth surface (×20)

F-1

F-2

F-3
B-1
Sample

B-2

B-3

(b) Height

Fig. 6 Characteristic parameters of the earthworm’s nonsmooth surface units
(F-Forehead, B-body, 1-stretch, 2-motionlessness, 3-contraction)

(b) Second-level microcosmic wavy non-smooth surface (×90)

Fig. 5 Wavy non-smooth surface of the earthworm.

The earthworm surface appearance for different
condition is roughly similar, and the non-smooth degree
of different spots varies. The body texture has small and
dense units so the non-smooth unit density is high. In
contrast, the forehead texture has big and sparse units
and consequently the non-smooth unit density is low.
The geometry shape parameter results of earthworm
non-smooth surface are as shown in Fig. 6. Fig. 6 shows
that the results for width and height of the earthworms’
non-smooth units from large to small are stretch, motionlessness, contraction and contraction, motionlessness, stretch respectively. And the forehead size must be
bigger than the body size. The density of the earthworms’ non-smooth unit reduces when it is stretching, it

Unit Width (um)

1600
1200
800
400
0

F-1

F-2

F-3
B-1
sample

B-2

B-3

(a) Width

increases when it is contracting, and it is normal when it
is motionless. Therefore, the movement of the earthworm can be regard as the cyclic change process of the
non-smooth unit density from large to small.
3.2 Soil adhesion testing results for the earthworm’s
non-smooth surface
The different specimens were carried out on the
adhesion test system separately, and the steel specimen
was performed as a comparative trial. The experiment
uses soils with water content of 30%, pressure of 200 g,
load speed 1 mm/s, unload speed 1 mm/s, guarantees
pressing time of 10 s. Test results are shown in Table 2.
The different specimens and the steel specimen
were all carried on the resistance test. The testing condition is pressure 100 g, slip velocity 1 mm/s, and water
content 30%. Test results are shown in Table 3.
From Table 2 and Table 3, it is clear that the forehead reduces the adhesion force and resistance more
significantly than the body, and the adhesion and resistance reduction of the contraction specimen is most
pronounced, followed by the motionlessness, and finally
the stretch. Under the test conditions, the adhesion and
resistance reduction rate of the body contraction are 56%
and 29% respectively; and those of the forehead contraction are 75% and 39% respectively.

Table 2 Soil adhesion force of surface specimens
Sample
Forehead

Body

Min (Pa)

Max (Pa)

Ave (Pa)

Stdev

Var

Adhesion reduction rate (%)

Stretch

781.06

1151.50

998.28

117.94

15455.67

35

Motionlessness

722.26

1011.36

844.12

85.54

8130.75

45

Contraction

301.35

456.93

387.16

45.49

2299.41

75

Stretch

961.87

1412.18

1207.21

255.64

72615.53

21

Motionlessness

812.91

1174.91

961.29

117.44

15325.85

37
56

Contraction
Steel sample

439.04

824.67

673.80

118.97

15726.36

1152.48

1804.18

1530.17

205.98

47140.16
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Table 3 Soil sliding resistance of surface specimens
Sample
Forehead

Body

Min (Pa)

Max (Pa)

Ave (Pa)

Stdev

Var

Resistance reduction rate (%)

Stretch

2979.45

3413.10

3186.64

128.77

16581.41

28

Motionlessness

2828.04

3113.71

2991.03

72.95

5322.08

32

Contraction

2477.20

2942.45

2677.605

167.11

27925.15

39

Stretch

3405.01

3912.41

3670.54

181.73

33026.99

17

Motionlessness

3048.54

3364.10

3168.49

96.01

9217.91

28

Contraction

3005.17

3233.27

3103.98

77.24

5966.30

29

4217.43

4697.39

4396.57

140.35

19699.33

Steel sample

4 Analysis and discussion
The test result indicated that the earthworm’s
non-smooth surface has the characteristics of adhesion
and resistance reduction, and the reduction on the forehead is more obvious than that of the body, this is owed
to the earthworm surface appearance and the functions
of different spots. The earthworm’s forehead assumes
the conical shape, and the body assumes the cylindrical
shape. The tache of the forehead is more obvious and
wider than that of the body, and the texture of the forehead has bigger and thinner units than that of the body.
When earthworm is moving, the forehead is buried first,
and the soil adhesion first focuses on the forehead,
therefore the forehead needs bigger adhesion and resistance reduction function, but the body is mainly used in
eliminating the residual soil, so the need for the adhesion
and resistance reduction is on the small side.
The earthworm body surface shape affects its adhesion obviously, as shown in Table 2 and Table 3, the
adhesion and resistance reduction effect of the earthworm specimen from large to small in turn is the contraction, motionlessness, stretch respectively. This is
mainly because their non-smooth unit width and ridge
flatness and smoothness degree increase, and their unit
volume density decrease in turn. The reason why the
contraction reduces adhesion and resistance in a big way,
lies in that its non-smooth surface can easily cause
interspaces between the body surface and the soil, forms
the non-earth area, and collects the air easily, which
causes an air film between the body surface and the soil
surface, thus reducing the actual contacted area. The
deep scoop channels serve the body surface fluid easily.
These biomimetic coupling factor reduced the friction
coefficient and the atmospheric negative pressure to the
soil, improved the soil anti adhesiveness, also resulted in
higher non-smooth degree, easier formation of com-

pound contact surface, thus reducing the adhesion.

5 Conclusions
(1)The earthworm body surface appearance belongs to the model ripple shape non-smooth structure:
The link structure which is composed of the arthromere
and the fossa between the arthromeres forms the
first-level macroscopic wavy non-smooth structure, and
the staggered lines which are distributed on the skin
surface form the second-level microscopic ripple shape
non-smooth structure.
(2) The earthworm surface appearances for different conditions are roughly similar, and the non-smooth
degree of different spots varies. The body texture has
small and dense units, and therefore the non-smooth unit
density is high. The forehead texture has big and thin
units, and the non-smooth unit density is low. The density of the earthworms’ non-smooth unit decreases when
it is stretching, increases when it is contracting, and
normal when it is motionless.
(3) The earthworm non-smooth surface has the
adhesion and resistance reduction characteristic, the
adhesion and resistance reduction effect of the earthworm specimen from large to small in turn is the contraction, motionlessness, stretch. The forehead reduces
the adhesion force and resistance more significantly than
the body. Comparing with the steel specimen, the adhesion and resistance reduction rate of the forehead contraction are 75% and 39% respectively, and those of the
body contraction are 56% and 29% respectively.
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Abstract
A non-smooth surface with convex domes was fabricated on a chemical polished 2024 aluminum alloy substrate using the
method of pressing with a symmetrically distributed concave hole module. Anode oxidation technique was used to prepare
alumina films on a non-smooth surface of aluminum substrate with convex domes. The tested result showed the adhesion force
of non-smooth alumina films was about 0.54 kpa. The modified alumina films with octadecanethiol had a maximum water
contact angle of about 150˚, which is larger than that of the unmodified films (133˚). The geometric microstructure of the
non-smooth alumina films were investigated by laser scanning confocal microscopy. The forming course of the alumina films
with pores was analyzed. Such an alumina films that combine super-hydrophobicity with other properties may have many
potential applications.
Keywords: super-hydrophobic, non-smooth alumina layers, anode oxidation, convex domes, laser scanning confocal
microscopy

1 Introduction
It is well known that wettability of solid surface
depends on both the geometric microstructure and the
chemical composition[1–3]. The super-hydrophobic surfaces (water contact angle (WCA) larger than 150˚)
attract much attention for practical application in various
industrial and our daily life fields such as self-cleaning
characteristic[4-6]. Many surfaces including the wings of
butterflies and the leaves of plants such as lotus and rice
and some India cannas etc in nature are highly hydrophobic and self-cleaning[7]. For instance, the surface of
lotus leaves shows protruding nubs about 20 µm to
40 µm apart each covered with a smaller scale rough
surface of epicuticular wax crystalloids. Super-hydrophobic surfaces have been produced using a
range of chemical and physical methods. Techniques to
make super-hydrophobic surfaces can be divided into
two categories: making a rough surface from a low surface energy material and modifying a rough surface with
a material of low surface energy[8].
Alumina films are an extensive material, which
have good transparence property, good electrical insulating ability, high mechanical intensity, anti-corrosion
Corresponding author: Lu-quan Ren
E-mail: lqren@jlu.edu.cn

and anti- abrasion etc characteristics[9–10]. Alumina films
are naturally covered on aluminum surfaces in air, which
are only several tens of nanometers thick. And the anodic films are as thick as several microns. Aluminum
anode oxidation technology was developed in the early
1930’s. At present, anode oxidation has been widely
applied in industry to protect aluminum metal.
In this paper, alumina films on non-smooth aluminum substrates with convex domes were prepared by
anode oxidation technology. The relation between hydrophobicity and surface structure was examined by
using laser scanning confocal microscopy (LSCM) and
water contact angle (WCA) measurement. The surface
adhesion force of alumina films surface was measured.
The influence of surface micro-structure (unmodified
and modified with octadecanethiol) on wettability was
discussed. The forming process of alumina films with
pores was analyzed. The influence of surface morphology on wettability was discussed. The results presented
here show that the as-anodized aluminium films exhibited an interesting super-hydrophobic and non-stick
property. It is believed that these super-hydrophobic
alumina films may have important practical applications.
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2 Experimental
2.1 Materials and convex domes type’s non-smooth
sample preparation
Aluminum alloy (2024Al) (aluminum is about 92.8
wt%, copper is about 5.5 wt%, and the remaining about
1.7 wt% Mg, Fe, and Mn etc) was used as substrate material. The diameter and the thickness of sample
are 30 mm and 1 mm, respectively. Octadecanethiol
(C18H38S) was purchased from Sigma-Aldrich (USA),
and all the reagents used in this experiment are analytical
grade. Deionized water was used to clean the aluminum
alloy substrates and for contact angle measurements. TG
1090-Z type numerical control machine tool (Tianjin
Tiangong weiye) was used to fabricate module with
symmetrically distributed concave holes. The material of
modules is 45# medium carbon steel. The diameter and
the thickness of module are 30 mm and 50 mm. The
diameter, the deepness and the space distance of Concave
holes units are 1.2 mm, 0.1 mm and 0.4 mm, respectively.
The bionic convex domes type’s non-smooth samples
were made by the method of pressing using the YKT type
hydraulic factory (Wuxi Pengda) and 25T pressure.
2.2 Preparation of alumina films
The aluminum alloy non-smooth samples were
degreased in 50 g/L sodium hydroxide solution for 3 min
at 90˚ to remove grease on the surface, immerse into
200 g/L nitric acid solution for another 3min and rinsed
in deionized water. After the above procedures, the
samples were electropolished in a 1:4 volume mixture of
HClO4 and C2H5OH to achieve a bright surface, then
rinsed in deionized water.
Anode oxidation was conducted under constant cell
potential in 200 g/L sulfuric acid (H2SO4), 15 g/L glycerol (C3H8O3) and 20 g/L oxalic acid (C2H2O4) solution
that was used as electrolytes. The samples were mounted
on a titanium plate serving as the anode and exposed to
the acid in a thermally isolated electrochemical cell. The
plumbum plate was used as the cathode. During anode
oxidation, the electrolyte was rigorously stirred or recycled using a pump system to keep a stable temperature
(20 ˚C) in the electrolyte. The values of the anodizing
voltage and anodizing time were 17 v and 2 min, 5 min,
25 min, respectively.
2.3 Characterization of non-smooth alumina films
with convex domes
The surface micro-structure and morphologies of

non-smooth anodic films was observed by the laser
scanning confocal microscopy and digital camera. Wettability was evaluated by water contact angle measurement using an optical contact angle meter (CA-DT,
Kyowa Interface Science, Japan), and distilled water
droplets (about 3.0 μL) were carefully dropped onto
these surfaces from a hydrophobized needle on a microsyringe using the sessile drop method. The average
values of the water contact angle were obtained by
measuring at five different positions for the same sample.
Adhesion force was estimated using a versatile test
machine (WDW-20) controlled by computer, and a 9:8
weight mixture of rhubarb rice and water was used as
emplastic medium. The displacement velocity is 2 mm/s,
the load velocity is 200 N/s, the uninstall velocity is
8 min/s, the maintained press force and time are 15 N
and 40 s, respectively.

3 Results and discussion
Fig. 1 shows the photics photo of non-smooth
sample surface polished with symmetrical distributed
convex domes. The water contact angle of that surface,
with an average value of about 81.6˚, shows a hydrophilic property (θ < 90˚). The water contact angle of the
as-anodized sample is plotted as a function of the anodizing time in Fig. 2. With the time of the convex domes
non-smooth sample anodized increasing, the water
contact angle continuously enhances result in the hydrophilic surface transformation to the hydrophobic
surface. Fig. 2 also shows the picture of water droplet on
the surface anodized at different anodizing time. It is
known that geometric structure plays a significant role in
determining the wettability of a solid surface[11]. So, the
change of water contact angle with as-anodizing time
can be explained by the morphology on surface of the
as-anodized sample.

Fig. 1 Photics photo of the non-smooth sample surface
polished with convex domes.
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Fig. 2 The influence of anodizing time on water contact angle.

Fig. 3a shows the typical large-scale laser scanning
confocal microscopy (LSCM) images (scan area is
2560×1920 µm2) of the as-anodized non-smooth aluminium substrate at different anodizing time. Fig. 3b
shows that the laser scanning confocal microscopy images (scan area is 640×480 µm2) of the surface of
as-anodized convex dome unit at anodizing 10min,

(a)

(c)
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which displays a “chain of mountains”. The “chain of
mountains” is composed of many “hill and canyon”, and
the “hill” and the “canyon” are made up of tiny grains,
forming the micro- and micro-scale hierarchical structure. But, this kind of surface morphology of alumina
films don't has hydrophobicity because the sizes of “hill
and canyon” are biggish resulting in the low water contact angle (under 90˚). With the anodizing time increasing, the number of “hill” increases and number of
the “canyon” decreases (in Fig. 3b). The change of surface morphology is in favor of improving the wettability.
The surface of alumina films has hydrophobicity at
anodizing 15 min, and the average value of water contact
angle is about 94˚. With the anodizing time farther increasing, the highness of the “canyon” gradually elevates and the “canyon” totally transforms to a “hill”.
According to Fig. 3c image, the surface of as-anodized
alumina films at anodizing 25 min is composed of tiny
“columns”, which are nearly flat. The average size of the
column is about 3.2 µm, and there are fine “pores”
around the tiny columns. So, air could be easily trapped

(b)

(d)

Fig. 3 LSCM scans of the as- anodized non-smooth sample surface (a), and the corresponding magnified
convex dome unit parts at different anodizing time (b) 10min, (c) 15min and 25min.
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the anode oxidation, with the surrounding alumina left as
channel walls. During the anode oxidation, H+ can migrate to the cathode and be reduced to H2 to complete the
circuit[13−15].
In this study, we also pay attention to the variation
of the surface roughness values of as-anodized convex
dome unit with the anodizing time. The surface roughness (SRa), obtained from laser scanning confocal microscopy images, is 3.127 µm and 3.268 µm and
1.552 µm at the 10 min and 15 min and 25 min, respectively. It is obvious that the relation between water
contact angle and surface roughness is not consistent.
Fig. 4 shows the water contact angle changes on the
as-anodized aluminum layers modified with C18H38S at
different anodizing time. It is obviously seen that,
compared to the mentioned water contact angle in Fig. 1,
the water contact angle of the modified alumina layers
increases. It is indicated that the surface energy will
further decrease after modification with C18H38S and the
low surface energy is in favor of increasing the water
contact angle. The maximal value of as-anodized aluminum layers is about 150±2˚.
160

150

140

o

into the pores. The surfaces, constituting the entrapped
air and tiny column, are regarded as a “composite surface”. In the Cassie-Baxter model, the liquid drop suspends itself across surface protrusions and an average of
the cosines of the angle on the solid and on the air below
the drop is used. f is the fraction of the solid surface upon
which the drop sits and 1 – f is the fraction below the
drop that is air[12]. If the value of 1– f increases, the water
contact angle gets bigger and bigger. So, according to
the Cassie state, such “composite surface” is beneficial
to enhancing the hydrophobicity of solid surface. The
average value of water contact angle on the non-smooth
surface of as-anodized aluminum films with convex
dome unit at anodizing 25 min is about 133˚ and the
adhesion force of alumina films is about 0.54 kpa.
It is well known that aluminum anode oxidation is
completed by applying an electrical current to aluminum
submersed in an electrolyte. The formation of pores
during anode oxidation depends on the oxidation rate of
aluminum at the interface of metal and oxide, and on the
electric-field enhanced dissolution rate at the interface of
oxide and electrolyte. A thin layer of alumina may form
on the surface (in Fig. 1) of aluminum polished in perchloric acid alcohol solution when the polished aluminum is in contact with air. During the anode oxidation,
Al3+ forms at the interface of aluminum and alumina,
and the water-splitting reaction happens at the interface
of alumina and electrolyte resulting in formation of H+
and O2−. The formed O2− migrates through the oxide
layer under the electric field and reacts with the produced Al3+. The aluminum oxide at the interface of
alumina and electrolyte reacts with acid and dissolves in
the electrolyte under the assistance of the electric field.
At spots where the alumina layer is thinner, the electric
field density is much stronger and the dissolution rate is
much faster than in the surrounding area. Small pores are
formed and the electric potential can penetrate into the
pores and the electric field at the pore bottoms will be
stronger. Therefore, once small pores have formed, the
growth becomes self-catalyzing. If the dissolution rate is
faster than the formation rate, this leads to a larger anodic current and a faster alumina formation rate.
Therefore, the formation rate of alumina and the electric-field-assisted dissolution of alumina would equilibrate. As the surrounding alumina layer becomes thicker;
the dissolution rate would become even slower than that
at the bottom of pores. Pores grow continuously during
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Fig. 4 Water contact angle changes on the alumina layers
modified with C18H38S.

4 Conclusions
In this paper, alumina layers were fabricated on
convex domes type’s non-smooth aluminum samples by
anode oxidation technology. It was discussed that the
relation between surface morphology of as-anodized
alumina layers at different anodizing time and wettability by using the images of the typical large-scale laser
scanning confocal microscopy and water contact angle
measurement. The result shows that the as-anodized
aluminum layers unmodified and modified with C18H38S
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at about anodizing 25 min have higher- and super-hydrophobicity with a water contact angle of about
133˚ and 150± 2˚, respectively. The hydrophobicity
generated is as a result of the composite surface structure
consisting of the micro-scale alumina columns and pores.
The alumina layers modified with C18H38S have super-hydrophobicity because the C18H38S can further
decrease the surface energy and enhance the hydrophobicity of the alumina layers. The adhesion force of the
alumina layers with convex domes at anodizing 25 min
is about 0.54 kpa. As the method is very simple and
effective, it might expand the application areas of alumina layers as anti-adhesion, self-cleaning, anti-friction
and anti-wear surface.
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Abstract
Based on the back pore distribution and wear-resistant characteristics of the earthworm, a friction test for through-hole
structure samples was performed. The model test results show that a reasonable distribution of the through-hole can effectively
improve the friction and wear characteristics. According to the model test results, a bench test was designed to detect the
anti-wear ability of the engine pistons with through-hole structure by the engine works in 300 h. The bench test results show that
the engine pistons with through-hole structure have no negative influence on the engine reliability. The skirt wear of the engine
pistons with through-hole structure decreased compared with that of common engine pistons.
Keywords: bionic; through-hole structure; friction and wear characteristic; piston; bench test

1 Introduction
Friction and wear are inevitable in machinery and
equipment, and they are closely related to efficiency,
reliability and other issues. As human beings require
improving energy efficiency and energy reliability, the
past machinery and equipment are also required to improve. Internal combustion engine is the major energy
conversion device and a typical product representative
of mechanical friction pairs. Piston-cylinder system is
the main friction pair in the internal combustion engine,
and its wear-resistant characteristic seriously affects the
efficiency and reliability of the internal combustion
engine. At present, the studies about the wear-resistant
characteristic of the internal combustion engine mainly
include developing wear-resistant materials used in
piston-cylinder system[1], wear-resistant coating technology[2], and superficial strengthening technology[3]
etc.
The compatibility to nature is the survival basis of
biology. Through hundreds of millions of years of
revolution, biology has gradually formed body structure
characteristics in order to adapt to the surroundings. For
example, the shark may patrol with high speed in water,
the pangolin can sneak in a hard rock, and the lotus leaf
leaves sludge not to dye etc. These characteristics of
Corresponding author: Qian Cong
E-mail: congqian@jlu.edu.cn

biology originate from their own body surface material,
appearance and structure etc[4].
The earthworm moves forward in the soil through
its body’s orderly contraction and stretching. The foramen on its back can eject body surface fluid making the
body lubricative, and reducing the friction harm and
resistance[5]. This paper is based on the wear-resistant
mechanism of the body surface of the earthworm, a
sample model with through-hole structure was designed,
and its friction and wear characteristics were tested.
According to the test results the piston of the internal
combustion engine was designed, and its friction and
wear characteristics were tested by bench test. The results of this paper may provide help for the
wear-resistant technology development of friction pairs
of the internal combustion engine and other mechanics.

2 Model test and results
2.1 Condition and plan of the test
JF150 frictional testing machine is used in the test.
The material of the friction disc is the HT250 gray iron.
The model samples are machine-finished by LY12
aluminum alloy with dimension of 25 mm × 25 mm ×
12 mm. The through-hole distributes evenly in the
sample surface, and its diameter is 2mm. As contrast
sample, flat surface sample has no through-hole on it.

Jin et al.: Test for Wear-Resistant Characteristics of Through-Hole Structure and Its Application in
Internal Combustion Engine Piston

The test parameter is as follows: the friction line speed is
7.5 m/s, the experimental temperature is (100±5) ˚C, the
normal load is 0.98 MPa.
The test target is to observe the friction coefficient,
the wear depth and the wear appearance. The friction
coefficient is automatically given by the instrument;
because the friction interfacial area is different before
and after the test, the wear depth is expressed by the
average thickness difference of the sample. Macroscopic
observation on wear appearance is done and forms a
basis to analyze the wear mechanism.
2.2 Test results
2.2.1Friction coefficient
The friction coefficient is the important target to
reflect the friction drag. Fig. 1 shows the comparison
between the friction coefficient curves of through-hole
surface samples and flat surface samples. Under the
lubrication condition the friction coefficient difference
of the two kinds of test samples is obvious. The friction
coefficient of the flat surface sample has obvious vibration with friction coefficient of 0.3 after initial period of
200m, while the friction coefficient of through-hole
surface sample has no vibration with friction coefficient
of 0.1 in the entire friction process. Thus it can be seen
that under lubrication condition the drag reduction effect
of the through-hole surface sample is obvious.

Fig. 1 The comparison of the friction coefficient curves.

Because under the lubrication condition, the main
effect of the friction coefficient difference is the different
lubrication state which appeared on the contact surface.
In order to analyze the effect of the through-hole structure on lubrication, the through-hole sample is rapidly
taken from the friction disc, and its surface is pressed on
the paper to gain the lubricating oil distribution of the
friction contact surface on the sample. Fig. 2 is the lubricating oil trace on the two kinds of the samples surface. It can be seen that in static condition the surface
lubricating effect of the two kinds of test samples is
basically similar. After movement, a large portion of the
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surface region on the flat surface samples appears with
non-lubricating oil trace distribution, while the whole
surface on the through-hole structure samples appears
with lubricating oil trace distribution except for the hole
regions (see Fig. 2b). It is concluded that under the lubricating condition the through-hole may effectively
collect the full lubricating oil on the contact surface, and
when the surrounding friction lacks lubrication, the lubricating oil of the through-hole is supplied to make the
contact surface lubricate well and evenly. So the probability of producing dry friction on the friction contact
surface is reduced.

Fig. 2 The lubrication oil trace on the samples surface.

2.2.2 Wear depth
The wearing depth is an important parameter attributable to wear-resistant performance, and if the
wearing depth is less, wear-resistant performance is
better. The test results show that after similar lubricating
friction in 350 m, the wear depth of the flat surface is
0.138 mm, while the wear depth of the through-hole
surface is only 0.015 mm, which is above 90% reduction
compared with that of the flat surface.
2.2.3 Wear appearance
The wear appearance is the basis to judge the wear
type and analyze the wear mechanism. Fig. 3 is the wear
appearance of the sample surfaces after the friction test.
It can be seen that under lubrication condition the
through-hole sample surface has no obvious wear trace,
and maintains original appearance. The surface of the
flat surface sample has obvious wear groove, and there is
massive adhesive wearing-grain on its rear part.
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To further analyze the wear behavior, the friction
contact surface photograph is partly enlarged (see Fig. 4).

Fig. 3 The photograph of the wear appearance of the samples.

Fig. 4 The partial enlarged photograph of wear apperance.

Comparing Fig. 4a with Fig. 4b, it can be seen that the
through-hole structure reduces and disperses the adhesive wearing-grain appearing on the flat surface sample,
indicating that the through-hole structure has effectively
suppressed the wear occurrence and the wear accumulation. Fig. 4c is the enlarged drawing of one throughhole. It shows that the front part of the through-hole has
a part with wear abscission. Compared with the adhesive
wearing-grain on the flat surface sample, it can be concluded that the front wear abscission of the through-hole
is possibly caused by wear accumulation. This kind of
wear breakage is small and disperses around all throughhole, and the whole wear accumulation breakage is
slighter than that of the flat surface sample.
From the above analysis it can be known that the
direct contribution to the wear-resistant characteristic of
the through-hole structure is to disperse the wear,
meaning avoiding the occurrence and the accumulation
of the partial wear.
The model test results show that under lubricating
condition the through-hole structure samples are characterized by obvious effect of drag reduction and
wear-resistance. Its effect mainly originates from the
improvement of lubricating state at the contact interface
and the dispersion function of the wear, thus the friction
and wear characteristic of the friction pairs (through-

hole structure sample and friction disc) is improved.

3 Bench test of the bionic piston
3.1 Condition and plan of the test
Combining the bionic theory and the model test
results, an application test of the bionic piston is designed and performed aiming at addressing the problem
of the piston wear of the internal combustion engine.
The test is performed at the internal combustion engine
examination room of the mechanical industry automobile product quality examination center in Jilin university. The test was based on the engine performance
testing method of GB/T18297-2001 and the engine reliability testing method of GB/T19055-2003. The main
testing instruments include cw260 power measurement
machine produced by Luoyang Nanfeng machine shop,
SLY-A air leakage quantity monitor meter in Jilin university, and oil consumption detector FX-100 made in
Japan etc.
The testing engine is the NJ8140.43C diesel engine
with rated power of 86KW/3600 r/min and maximum
torque of 260 N·m/1900 r/min. A through-hole with
diameter of 2.5mm is made onto the piston skirt part, and
it becomes the bionic piston. The dimension and the
distribution rule was obtained according to the model
testing and the finite element simulation of the mechanical stress of the piston [6]. In order to simplify the
bench test, only the piston 3# is replaced by bionic piston,
and other pistons 1#, 2#, 4# are non-bionic pistons. Thus
the characteristic of the bionic piston was confirmed by
piston 3# comparing with other pistons. Fig. 5 is the
comparison photographs of bionic piston 3# and nonbionic piston 2# after wearing for 20h. Fig. 6 is the
photograph of the testing platform.

Fig. 5 Comparative photographs of bionic piston 3# (left)
and non-bionic piston 2# (right) after wearing 20h.
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Fig. 6 The photograph of the testing platform.

The target of the bench test is to examine the effect
of the bionic piston on the reliability and the external
characteristics of the engine, as well as the wear-resistance effect and economic efficiency of the bionic piston.
The specific testing steps are as follows
(1) installing the bionic piston and make it wear for
20 hours;
(2) Precisely measuring the wear depth of the piston skirt part(2# and 3#); measuring the air leakage
quantity of the cylinder (2# and 3#);
(3) testing the performance of the prototype with
bionic piston (before durability test);
(4) testing the durability for 300 h;
(5) testing the performance of the prototype with
bionic piston (after durability test);
(6) Precisely measuring the wear depth of the piston skirt part(2# and 3#); measuring the air leakage
quantity of the cylinder (2# and 3#).
The reliability of the bionic piston is evaluated by
the performance change of the engine before and after
the durability test. Wear-resistance effect and economic
efficiency of the bionic piston are evaluated by wear
depth of the piston (2# and 3#) and air leakage quantity
of the cylinder (2# and 3#) before and after the durability
test.
3.2 Bench test results
3.2.1 Change of the engine performance
The external characteristics of the engine include
the dynamic performance, the fuel consumption etc. In
this bench test, the maximum power, the minimum fuel
consumption, and the ratio of lubricating oil consumption to fuel consumption are detected. Table 1 is the
performance parameters of the engine before and after
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the durability test. Obviously, after the durability test
which lasted for 300 hours, the maximum power of the
engine dropped by 1.53%, the minimum fuel consumption rose by 0.50%, the ratio of lubricating oil consumption to fuel consumption rose by 1.17%. Compared
to the data with which the maximum power of the engine
dropped by 2.25%, the minimum fuel consumption rose
by 0.98%, the ratio of lubricating oil consumption to fuel
consumption rose by 1.87%[7], which comes from the
same period and the same engine with conventional
piston, it can be seen that the external characteristics of
the engine with one bionic piston does well.
Table 1 The performance parameters of the engine
before and after the durability test
rotational maximum minimum fuel
Parameters speed
power
consumption
(r/min) (kW)
(g/kWh)

the ratio of lubricating
oil consumption to fuel
consumption (%)

initial performance

3600

84.8

202

0.214

performance
after 300h

3600

83.5

203

0.239

change

0

−1.3

+1

0.025

Since in this test the engine has only one bionic
piston installed, and other pistons are conventional pistons, the change tendency of the external characteristics
of the engine can not show the direct effect of bionic
piston on the external characteristics of the engine. But
the test confirms that the bionic piston has no negative
effect on the reliability of the engine, indicating the
security and feasibility of the bionic piston.
3.2.2 Performance change of the piston-cylinder system
According to the durability test which lasted for
300h, the data before and after the test for the wear depth
of the piston skirt part(piston 2# and 3#) and the air
leakage quantity of the cylinder (piston 2# and 3#) can
be obtained(see Table 2).
Table 2 The performance of the piston-cylinder system
before and after the durability test
Parameters

Air leakage quantity
(L/min)
2#
3#

The diameters of the
piston (avg.) (mm)
2#
3#

Before the test

24.39

23.50

94.360

94.360

After the test

25.39

23.95

94.334

94.350

change

1.00

0.45

0.016

0.010

From the table, it is concluded that after the test the
air leakage quantity of piston 3# and piston 2# respec-

128

Proceedings of the 2nd International Conference of Bionic Engineering

tively rises by 1.91% and 4.10% , and the diameter of the
piston 3# skirt part and piston 2# skirt part respectively
reduce by 1.06% and 1.70%. Obviously, the sealing and
wear-resistance of 3# piston-cylinder system is better
than that of 2# piston-cylinder system.
3.2.3 Wear appearance of the piston skirt part
Fig. 7 is the photograph of piston 2# and 3# after
the durability test which lasted for 300h. After the test,
there are some coatings abscissions and vertical wearing
trace on the surface of the piston 2#. The surface of the
piston 3# has no obvious coating abscissions, and the
wearing trace on it is significantly smaller than that on
the surface of piston 2#.

4 Conclusions
The model test results show that under the lubricating condition the bionic sample with through-hole
structure is characterized by obvious effect of drag reduction and wear-resistant. Its effect mainly originates
from the improvement of lubricating state at the contact
interface and the dispersion function of the wear. The
bench test results show that after the 300h durability
testing the application of the bionic piston with
through-hole structure in the engine is reliable, and the
bionic piston has better effects of reducing the
wear-resistance, the air leakage quantity of the cylinder
and the fuel consumption than conventional piston.
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Abstract
The body surface of some organisms has non-smooth structures, such as skin of shark, which can change the fluid state and
reduce the drag in moving fluid. Imitation and utilization of these non-smooth structures could bring some wonderful results in
engineering. It was confirmed that in certain conditions, the centrifugal water pumps which possess the non-smooth structures
could increase the efficiency obviously. In this paper, the type of 200QJ50-26 centrifugal water pump which on the back of
impeller blade possesses some dimple concave structures was selected as simulative model. From the results of the simulation, it
was found that the shear stress, surface frictional coefficient and turbulent viscidity around the dimple concaves became lower.
The lower tangential velocity on dimple concave means the total tangential force becomes lower, so the yawing rotation would
decrease, and the increased efficiency would be achieved. On the other hand, this lower speed of flow like revolving shaft, avoid
upper flow contact on the impeller blade surface directly, this would avoid an abrupt change of velocity gradient. This prevents
the small eddy from producing overfull thereby reducing energy dissipation, save energy and increase efficiency.
Keywords: centrifugal water pump, bionic non-smooth surface, computer simulation, dimple concave

1 Introduction
Living creatures, through evolution over millions of
years, have formed a suit of biologic mechanism which
can self-adapt to the environment[1]. It can help them
survive better in rugged environment. And energy and
materials economy, drag reduction, efficiency improvement are the goals which human being all the while
pursued. The surface with regular non-smooth structures
imitating animal’s skin is called bionic non-smooth
surface (BNSS). Researches have shown that BNSS has
the ability of drag reduction, anti-adhesion and antiadhesive[2–6]. Changed morphology and dimension,
BNSS has been applied in agricultural machine[7],
aquatic implement[8], costume, and cooker, and has
proved to be of a great effect. Through experiment, it
was shown that under certain conditions, the efficiency
of centrifugal water pump could improve when applied
in this kind of BNSS[9]. As for the characteristics of
BNSS, using testing method has the limitations such as
higher cost, longer testing cycle and more difficulty in
Corresponding author: Li-mei Tian
E-mail: lmtian@jlu.edu.cn

controlling testing conditions and so on. However, employing CFD software can make up for these deficiencies. This paper combined the former testing result[9],
chose the bionic centrifugal water pump which had a
good effect of saving energy and raising efficiency as the
simulative model, and further analyzed the characteristics of increased efficiency of BNSS.

2 Internal simulation of bionic centrifugal
water pump
2.1 The physical model
The physical model was based on the type of
200QJ50-26 centrifugal water pump shown as Fig. 1. In
the former orthogonal test, four factors likely to influence efficiency were considered and each factor was
tested at three levels. The four factors were the configuration, diameter, spacing and arrangement of
non-smooth structures on the model. According to the
experiment result, three of the four factors mentioned
above were fixed; the configuration of non-smooth
structure was dimple concave, diameter was set to
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0.5 mm, the space between two dimple concaves was
1mm. On the basis of the working characteristic of impeller, the non-smooth structures are arranged on the
involute part of impeller and disposed on the back of it.
The arrangement of non-smooth structures on impeller is
shown in Fig. 2. In this paper, CATIA was utilized to
build boundary of entrance, impeller and pump bowl,
and imported them to GAMBIT to construct surface and
body of physical model.
(a) The mesh of one non-smooth impeller channel

Fig. 1 Both sides of impeller about 200QJ50-26 centrifugal
water pump.
(b) The mesh of one dimple concave

Fig. 3 The mesh of non-smooth impeller and one dimple
concave.

Fig. 2 Dimple concaves disposed on the back of the impeller.

2.2 Discretization of computational domain
The procedure of turning differential equation into
equivalent algebraic equation is called discretization.
The density of grids should fit with the change of
physical quantity. In this paper, the water is assumed as
incompressible fluid. Considering the great distortion of
impeller channel, tetrahedral mesh and hybrid mesh
were used. As the bionic non-smooth structures were
very small, so the Meshing Size should be correspondingly smaller, the numbers of grid on one non-smooth
structure were 13. Meshing density of transitional part
between non-smooth structure and smooth surface
should disperse gradually. The spacing of other part of
smooth surface was 2mm. The mesh of one non-smooth
impeller channel and one dimple concave are shown in
Fig. 3.

2.3 The turbulence model
The turbulence model of renormalization-group
(RNG) is used in this paper. Compared to standard k-ε,
RNG model had improved measures, such as increased
an additional item on ε equation. So a highly accurate
result would be obtained even when biggish velocity
gradient of flow field was encountered. The rotation
effect was considered in this model, and the accuracy of
strong rotating fluid flow computation was improved.
The equation of (RNG) k-ε expressed as below

ρ

μ ∂K
∂K
∂K
∂
[( μ + i )
]+
+ ρu j
=
σ K ∂xi
∂τ
∂x j ∂x j
∂u ∂u ∂u
μi i ( i + i ) − ρε
∂x j ∂x j ∂xi

ρ

μ ∂ε
∂ε
∂ε
∂
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=
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∂τ
∂x j ∂x j
σ ε ∂x j

c1ε ∂ui ∂ui ∂uk
c ρε 2
+
μi
(
)− 2
∂xk ∂xk ∂xi
K
k

μi = cμ ρ

K2

ε

,

,

,

(1)

(2)

(3)

where ε is dissipation rate of kinetic energy per unit of
mass in turbulence, that is the velocity rate of isotropic
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small-scale eddy from mechanical energy translated into
heat energy. It is expressed as Eq. (4), ρ is the density of
liquid, t is the time, xi is the coordinate on x direction, ui
is the velocity component in i direction, μt is viscous
coefficient of kinetic turbulence.

ε = v(

∂u i ′ ∂u i ′
)(
)
∂x k ∂x k

(4)

The values of empirical constant of RNG k-ε model
are shown Table 1.
Table 1 Empirical constant about RNG k-ε model
cμ
0.09

c1
1.44

c2
1.92

ck
1.0

cε
1.3

2.4 The boundary conditions
2.4.1 Several parameters of boundary conditions
In this paper, the applied initial conditions include
velocity, turbulent intensity, turbulent kinetic energy and
turbulent dissipation rate and so on. The average velocity of inlet and outlet were set to 4.79 m/s and 4.20 m/s
respectively when discharge was 50 m3/h. The hydraulic
diameter of inlet and outlet were set to 3.6×10−2 m and
2.6238×10−2 m respectively. When the water temperature was 15 ˚C and the kinematic viscosity was 1.139×
10−6, the turbulent intensity of inlet is 0.036, and the
outlet turbulent intensity was 0.038. The turbulent kinetic energy of inlet was 0.0446, the turbulent dissipation rate was 0.6145, and outlet turbulent kinetic energy
was 0.0385, turbulent dissipation rate was 0.6750.

2.4.2 Applied constraints
When applying constraints, the flow field was assumed and refined as below:
The water is incompressible, no involving heat
transfer problems and assumed constant temperature of
15 ˚C. The flow field is stabilized and every parameter
does not change alone with the time. The turbulent flow
is fully developed. Three computed fields that are entrance, impeller and pump bowl were defined. The
computed region of impeller applied rotary coordinate
system, turned to X axis, had rotational speed is
2850 r/min. The velocity of inlet and outlet was defined
as velocity component; the turbulent intensity and hydraulic diameter of inlet, and turbulent kinetic energy
and the turbulent dissipation rate of outlet were imported.
Except the entrance of the impeller, all the surface of the
model were defined as immobile walls where no slip-

page occurred, that was relevant to the computed domain,
the speed of X, Y, Z direction was zero. The bonding
surfaces such as entrance and impeller, impeller and
pump bowl were defined as regional feature, so the fluid
could flow freely in these three segments.

3 Results and discussion
The back of impeller blade which possesses bionic
non-smooth structures was called working faces, and the
opposite face was non-working face.
3.1 The effect of BNSS on velocity characteristic
From Fig. 4 and Fig. 5, it can be seen that on the
effect of the centrifugal force, the velocities of working
face and non-working face increased as the radius of
gyration of impeller increased. The trend of velocity
changes is basically the same, the maximal value was
18.4 m/s, the minimum value was 8.30 m/s. Under the
restriction of the pump bowl, the water discharged with
it, the radial velocity at the middle of outlet of the
working face was the biggest, and it was about 16.8 m /s.
However, it was diminished at the both sides, and it was
about 1.65 m/s. The tangential velocity on outlet of
working face falls into three parts, the middle part was
−1.64 m/s, and both sides were 16.6 m/s and −3.69 m/s
respectively. The sketch map of radial velocity and
tangential velocity are shown in Fig. 6 and Fig. 7.

Fig. 4 The velocity of non-working face about impeller blade.

Fig. 5 The velocity of working face about impeller blade.
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hj = ε

Fig. 6 Radial velocity of non-working face about impeller blade.

Fig. 7 Tangential velocity of non-working face about
impeller blade.

From Fig. 8 and Fig. 9, it can be seen, the radial
velocity on working face of bionic non smooth impeller
blade was fall into three parts. The radial velocity on the
part with dimple concave non-smooth structures was
lower, and under the effect of it, the velocity keeps
lowering. Far away from non-smooth structures, the
effect of it was finished, and the velocity was increased.
On the dimple concave, radial velocity was the lowest, it
was about 5.81 m/s, and for parts connected to it, the
velocity was about 14.4 m/s. The velocity of the water is
lower in the dimple concave. In contrast, radial shearing
force is little in smooth model. As to the tangential velocity, it is 5.82×10−3 m/s in the dimple concave, and
between two dimple concaves, it is about 1.63 m/s. Because of the lower tangential velocity in the dimple
concave, the total tangential force was little. There were
two reasons to explain the mechanism of saving energy
and increased efficiency. Firstly, the local energy loss
became lower. The curvature of impeller changed
sharply, and the drag focuses on it mostly. Conquering
this drag would bring the energy loss. These energy
losses were called local energy losses, it was expressed as

v2
,
2g

where, hj is the local energy loss, ε is local drag coefficient, v is the average velocity and g is gravitational
acceleration. At the effect of dimple concave, the total
velocity of bionic non-smooth impeller was lower than
that of smooth impeller. So the local energy loss became
lower, and energy saving occurred. Secondly, because of
lower tangential velocity on dimple concave, the total
tangential force became lower, so the yawing rotation
would decrease, and the increased efficiency would be
achieved.

Fig. 8 Vectogram about radial velocity of working face
on bionic non-smooth model.

Fig. 9 Vectogram about tangential velocity of working
face on bionic non-smooth model.

Fig. 10 to Fig. 12 are the streamline of working face
on smooth and non-smooth model respectively. From
Fig. 10 it can be seen that on the entrance section of
impeller working face, there was a great vortex. Under
the restriction of the impeller channel, the streamline
was discharged alone with involute on the impeller
outlet. However, when non-smooth structures were
disposed on the impeller blade, the streamline spread out
beforehand, the vortex come into being, and the vortex
direction alone with the streamline.
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Fig. 10 The streamline of working face on smooth model.

velocity gradient changed abruptly. Under the effect of
the velocity gradient, the eddy was disturbed. The more
the eddy was produced, the higher the velocity was induced. As the vortex filament was elongated, so the
small-scale eddy was produced. Many experimental and
simulation results have confirmed that energy dissipation is achieved by small-scale vortices, which implies
that the smooth impeller leads to more energy dissipation than bionic non-smooth impeller. As the small
dimple concave could prevent the higher induced velocity, the vorticity was weaker, and the turbulent viscosity also weaker. So bionic non-smooth impeller could
reduce the energy dissipation, and then save energy and
increased effect would be achieved.

Fig. 11 The streamline of working face on non-smooth model.

Fig. 13 The shearing strength about non-smooth model.

Fig. 12 Streamline on one dimple concave.

3.2 The effect of BNSS on viscosity characteristic
Fig. 13 shows that the shearing stress on dimple
concave was very low, it was about 26.5pa. However, on
the conjoint between two dimple concave, the shearing
strength was higher, it was about 185pa. From Fig. 14
and Fig. 15, it is shown that the frictional coefficient and
turbulent viscosity of non-smooth structure were less
than those for other places. Because of the effect of small
dimple concaves on the impeller blade, most small vortex alone with the direction of streamline comes into
being. And the upper water did not get in contact with
the impeller blade. So the velocity gradient did not
change sharply, and shearing stress would be lower.
However, for the place with no dimple concave, the

Fig. 14 The frictional coefficient about non-smooth model.

Fig. 15 Turbulent viscosity about non-smooth model.
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4 Conclusions
(1) Dimple concaves disposed on the back of impeller blade could reduce both radial and tangential velocity
The curvature of impeller changed sharply, and the
drag focused on it mostly. It would lead to the local
energy loss. The local energy loss can be expressed as

2005DFA00850), the International Cooperation of Jilin
Province (Grant no. 20040703-1), the Scientific Research program of Jilin Province (Grant no. 20070546),
and the Specialized Research Fund for the Doctoral
Program of Higher Education (Grant no. 20050183064).

References
[1]

v2
,
hj = ε
2g
showing relationship with the velocity and the lower the
velocity, the less the local energy loss. At the effect of
dimple concave, the total velocity of bionic non-smooth
impeller was lower than that of smooth impeller. So the
local energy loss became lower, and energy saving occurred. On the other hand, because of lower tangential
velocity on dimple concave, the total tangential force
became lower, so the yawing rotation would decrease,
and the increased efficiency would be achieved.
(2) Dimple concaves disposed on the back of impeller blade could reduce the shearing stress and turbulent viscosity
At the effect of small dimple concaves on the impeller, most small vortex alone with the direction of
streamline were produced, and avoided upper water
contact with the impeller blade, the velocity gradient did
not change abruptly. So the shear stress would be lower.
Similarly, the dimple concaves also could prevent the
small eddy from overfull. Thereby reducing the energy
dissipation, and saving energy and increased effect
would be achieved.

Acknowledgement
This project was supported by the National Natural
Science Foundation of China (Grant no.50635030),
the International Cooperation Key Project of Ministry
of Science and Technology of China (Grant no.

Ren Lu-quan, Chen De-xing, Hu Jian-guo. Initial analysis
on the law of reducing adhesion of soil animals. Transactions of the Chinese Society of Agricultural Engineering, 1990, 6, 15–20.

[2]

Sun Jiu-rong, Li Jian-qoao, Cheng Hong, Dai Zhen-Dong,
Ren lu-Quan. Restudies on Body Surface of Dung Beetle
and Aplication of its Bionics Flexible Technique. Journal
of Bionics Engineering. 2004, 1, 53–60.

[3]

Yang Xiao-dong, Ren Lu-quan. Types and mechanisms of
shape drag reduction. Transactions of the Chinese Society
of Agricultural Machinery, 2003, 31, 130–133.

[4]

Ren L Q, Tong J, Li J Q, Chen B C. Soil adhesion and
biomimetics of soil-engaging component: A review.
Journal of Agricultural Engineering Research, 2001, 79,
239–263.

[5]

Kramer M O. Boundary layer stabilization by distributed

[6]

Wons Y, Zhang Q, Ligrani P M. Comparisons of flow

damping. Jamer Soc Naval Engrs, 1960, 72, 25–30.
structure above dimpled surfaces with different dimple
depths in a channel. Physics of Fluids, 2005, 17, 045105.
[7]

Lee S J, Lee S H. Flow field analysis of a turbulent
boundary layer over a riblet surface. Experiment in Fluid,
2001, 30, 153–166.

[8]

Zhou Rui-Sing, Shang Guan Yun-Xin, Hao Zhong-Xiang,
Yu Xin-Zhi, et al. A Preliminary bionical exploration on
the fluid dynamic shape of aircraft components. Journal
of Experimental Mechanics, 1998, 13, 52–57.

[9]

Ren Lu-Quan, Peng Zong-Yao, Chen Qing-Hai, Zhao
Guo-Ru, Wang Tao-Jie. Experimental study on efficiency
enhancement of centrifugal water pump by bionic
non-smooth technique. Journal of Jilin University (Engineering and Technology Edition), 2007, 37, 575–580.

ICBE, 2008, 135–138.

Proceedings of the 2nd International Conference of
Bionic Engineering – ICBE’08

Three Dimension Numerical Simulation of Gas-solid Erosive
Abrasion on a Bionic Surface
Jun-qiu Zhang, Zhi-wu Han, Li-chun Dong, Chao-fei Wang, Lu-quan Ren
Key Laboratory for Terrain-Machine Bionics Engineering (Ministry of Education, China), Jilin University,
Changchun 130022, P. R. China

Abstract
The study of bionics has found that the skin of many animals which live in desert and ocean conditions has an anti-erosion
wear function, which is related to their body surface morphologies. In the current study, bionic surface morphologies are used in
anti-erosion surface design, and erosion worn models with bionic configured surfaces are developed. The erosion worn models
with bionic configured samples are simulated by the FEM software-ANSYS/LS-DYNA. The equivalent stress between the solid
particle and the bionic configured sample are calculated; and the anti-erosion wear mechanism is analyzed.
Keywords: bionics, configuration, erosion abrasion, ANSYS/LS-DYNA, finite element, equivalent stress.

1 Introduction
Erosive abrasion occurs when the liquid or solid in
form of small and loose particles impact on a material
surface at certain speed or angle causing a phenomenon
or process of material loss[1,2]. It is very common and
intense in machinery, metallurgy, energy, building materials, aviation, space flight, and many other industrial
sectors. It has become one of the main reasons for material damage or equipment failure[3]. Erosive abrasion is
also defined as the impact of multiphase flow media on
the material surface, it holds 8% of total destruction by
abrasion[4]. So erosive abrasion is drawing more and
more extensive academic attention in many scientific
fields. But the very important task faced is to find a
solution to improve anti-erosion properties on the surface of metallic material leading to a decrease in erosion
wear. The conventional methods of improving antierosion wear, such as anti-wear material and anti-wear
coating were employed, but the influence of bionic surface configuration on erosion wear resistance of the
object was usually neglected. Computer simulation of
abrasion has been considered as an efficient and economical research method[5–8], but most of the past researches were direct abrasion simulations. A bionic solution was never studied. Abrasion of an object with
bionic configured surface is simulated in this paper.
Corresponding author: Zhi-wu Han
E-mail: zwhan@jlu.edu.cn

2 Bionic configured surfaces and its antierosion wear ability
Recently, researchers found that the surface of living creatures have bionics modality, which evolved and
optimized in billions of years in order to adapt to the
existing conditions[9,10]. This is illustrated in Fig. 1a
which shows the back surface of Phrynocephalus versicolor and Fig. 1b which shows the surface of a Shell.
The living creatures with surface morphology such as
Phrynocephalus versicolor and shell were eroded by
wind-sand and water-sand for a long time, but their
surfaces were not damaged. The morphology on their

(a) The back surface of Phrynocephalus versicolor

Fig. 1 Several typical configuration surfaces of living creatures.
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lished. The dynamic boundary treatment was developed,
and the velocity load was added.

3 Development of a finite element model and
analysis in erosion abrasion

(b) The surface of a Shell

Fig. 1 Continued.

surfaces has very good anti-erosion wear properties. The
anti-erosion wear properties of a bionic configured surface provided a new idea in bionics for anti-erosion wear
research. The shape, size, and distribution pattern of the
bionic configured unit, and anti-erosion wear mechanism had to be studied.
In this paper, FEM software ANSYS/LS-DYNA
was adopted to analyze the erosion abrasion properties
of erosion models with ring, concave, flute bionic configured surface, and a finite element model was estab-

3.1 Calculation conditions
(1) Material properties. Numerical simulation utilizing ANSYS/LS_DYNA was carried out to analyze the
above process. The Lagrangian approach was used for
simulation[11–13]. The solid particles adopted the rigid
material model. The target adopted the elastic and
plastic kinematic material model *MAT_PLASTIC_
KINEMATIC in ANSYS/ LS_DYNA, as it was applicable to the low-velocity erosion. Material properties of
the model materials are shown in Table 1 and 2.
(2) Geometrical parameters. Target dimension was
60mm cylindrical radius and 6 mm thick. Because of the
structural symmetry, only one quarter of the geometry
was modeled to reduce the computational time.
(3) Kinematical parameters. The speed of the solid
particle was 50 cm/ms.
Table 1 Material properties of the solid particles.
Material

Dens

E

NUXY

CON 1

CON 2

Quartz sand

8.93g/cm

1.17 Mbar

0.35

4

7

Table 2 Material properties of the target
Material

Dens

E

NUXY

45 steel

7.83 g/cm

2 Mbar

0.32

Yield
strength

Shear
modulus

3.1×10−3 Mbar 7.60×10−3 Mbar

Strain rate
coefficient C

Strain rate
coefficient P

Critical
strain

40

5

0.75

3.2 Contact type
In the simulation, eroding contact is used between
the solid particle and the target, which is a kind of surface-to-surface contact type.

element and CONTA174 element were used to simulate
the target area and contact area respectively, and created
area-area contact pairs in Fig 2.

3.3 Boundary conditions
The constraints were applied at the bottom of the
target. All the directions of rotation and moving displacements were completely restrained.

4.1 The equivalent stress
The equivalent stress of three different bionic configurations (ring, concave, flute) and smooth configuration in the course of dynamic erosion wear are shown in
Fig. 3.
The broken lines B, C, E and G represent the peak
equivalent stress of smooth configuration surface changing with time, the peak equivalent stress of flute configuration surface with respect to time, the peak
equivalent stress of ring configuration surface changing
with time and the peak equivalent stress of concave

3.4 Solution of the dynamic boundary problem
In the course of erosive abrasion between the solid
particle and the target, erosive abrasion is a dynamic and
complicated nonlinear problem. For example, if the solid
particle is rigid material and the target is inelastic, the
contact has highly nonlinear behavior. Here, TARGE170

4 Result and discussion
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Fig. 2 FEM model of particle and target.

Fig. 3 Equivalent stress of the erosion abrasion process.
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configuration surface with respect to time, respectively.
From the line graph, each equivalent stress point of
smoothly configured surface is bigger than the other
three bionic configured surface corresponding points.
Among the three bionic configured surfaces, each
equivalent stress point of flute configured surface is
bigger than the other two bionic configured surface
corresponding points. There is no significant difference
between ring and concave, except in the second, third
and fourth point.

mechanism of erosion-wear and erosion forecasting by
using the finite element software ANSYS/LS-DYNA.

4.2 Analysis of the anti-erosion wear mechanism
According to the theory of gas-solid two-phase
flow, change to the condition of wall flow field by
changing the shape of wall, influences the speed and
trajectory of solid particle, thus ultimately reducing the
wear of wall. Because the configuration of the surface is
different, changing the condition of wall flow field is
different as well. As a result, different configurations of
surface improve erosion wear resistance of the surface
differently. At the same time, material loss is induced by
transverse crack when the solid impacts on the wall.
Bionic configured surfaces prevent the extension of
transverse crack to different degrees, thus reducing the
loss of material.

particle erosion of materials. Materials Science and Engi-

5 Conclusion
Dynamic erosive abrasion of the target with configuration surface is complicated and nonlinear. The
FEM software ANSYS/LS-DYNA was adopted to analyze the course of erosive abrasion, which was feasible.
The equivalent stresses of solid particle and the target
were calculated.
The high anti-erosion wear resistance of the bionic
configured surface of living creatures was formed
through evolution and optimization over hundreds of
millions of years as an adaption for survival.
Some conclusions were obtained by using the finite
element software ANSYS/LS-DYNA simulation of
erosive abrasion.
(a) It was shown in the simulation results that different bionic configurations increased the anti-erosion
ability of material surfaces, and in this experiment condition, the best anti-erosion configuration is concave,
followed by ring and the poorest anti-erosion configuration is groove.
(b) It was very useful to probe the process and the
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Abstract
In this paper, the application of three-dimensional finite element modelling using Ansys 10.0 software in the biomimetic
design of a disc plough is carried out. The main objective is to find out the effect of different biomimetic designs on the horizontal force acting on the disc plough during soil deformation. The biomimetic design is based on the cuticle surface of ants
which has some convex domes. These domes form the basis for the design of non smooth surfaces of the disc plough. Soil
deformation is based on the Drucker - Prager elastic-perfectly plastic model. The material non-linearity of soil is dealt with using
an incremental technique and inside each step, the Newton-Raphson iteration method was utilized. The model results are
analysed and soil forces acting on surfaces of different biomimetic designs of the disc are compared. Summation of horizontal
force results at the soil-disc interface nodes show that the model with the highest convex dome density has the least horizontal
force. The maximum horizontal force reduction of 24 % occurred at 60 % convex dome density. The relationship between the
horizontal force and the convex dome density is inverse and linear, and this confirms that non smooth surfaces can reduce soil
resistance. The results of the model generally agree with results from past experiments.
Keywords: disc plough, soil forces, finite element method, biomimetics, tillage, non-smooth surface

1 Introduction
Tillage, a process of applying energy to the soil to
change its soil physical condition or to disturb soil for
some purpose, is one component in any system of soil
management for crop production[1] . Tillage energy is a
function of the operating speed, working depth, tool
characteristics, and soil properties[2]. Almost all of the
soil cutting tools used in agriculture were developed by
field experiment and, trial and error method[1]. The disc
plough is a very important farm implement used for
primary tillage and it has many advantages compared to
a mouldboard plough, which can also be used for the
same purpose. For example, it works better in hard soils
and heavy trash conditions especially if the discs are
scalloped, and can also ride over stumps or obstacles in
the soil easily. In addition, its power requirements are
generally low. In order to further improve the performance of the disc plough, biomimetic designing can play a
pivotal role in reducing soil resistance. According to
Vincent, biomimetics is the study of structures, characCorresponding author: Jian-qiao Li
E-mail: jqli@jlu.edu.cn

ters, elements, behavior, and interaction of the biologic
system, in order to provide a new design idea, working
principle, and system structure for engineering[3]. Finite
Element Method (FEM) is used to optimize the implement design, and is very effective when done properly
with results verified experimentally[1]. This results in not
only reducing material costs but also problems associated with overdesign or underdesign.
Past researches on modeling soil deformation using
the FEM have considered soil material as non-linear
elastic, while others considered it as nonlinear elastic-perfectly plastic thus applying the Drucker-Prager
elastic-perfectly plastic model. For the latter, which is
considered in this paper, stresses are directly proportional to strain until the yield point is reached. Beyond
the yield point, the stress-strain curve is perfectly horizontal. This model was constructed originally to investigate and solve structural problems and was subsequently used to solve those in solid mechanics [4]. The
yield function of the Drucker- Prager elastic-perfectly
plastic material model (F) can be expressed as follows[5]
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F = 3βσm + [1/2 ST M S]1/2 ,

(1)

where σm is the mean or hydrostatic stress, S denotes the
deviatoric stress equation, β is material constant and M is
material yield parameter.
Several researchers have used the Drucker-Prager
material model to build up FEM models of soil cutting
with simple tillage tools. However, only a few have
reported a Finite Element analysis of soil tillage coupled
with biomimetic design of disc plough. Modeling of
biomimetic designs of furrow opener using FEM was
done by Ballel Zaid Moayad[6], who after verifying the
results of the modeling process concluded that indeed,
FEM was very effective and there was a soil resistance
reduction of up to 20 % as a result of biomimetic designing. Three-dimensional FEM analysis of disc plough
forces was conducted by H.A. Nidal[1] using FORTRAN
FEM software based on the hyperbolic model developed
by Duncan and Chang. However, the work had nothing
to do with biomimetics.

2 Biomimetic design
This paper focuses on improving tool characteristics through biomimetic design and the main thrust is the
design and reduction of soil-tool contact area based on
the cuticle texture of ants (see Fig. 1). In order to carry
out the biomimetic design, the following analyses are
crucial[7]:
(1) Functional analysis: the study of the natural
systems physiology, including the functional mechanisms of the natural element, and the principles that
trigger its biomechanics. Among the relevant questions
are: what is the function? What is it for? How does its
functional system work?
(2) Morphological analysis. The goal is to understand why the sample has a specific form, study the
existence of geometric relationships, and to observe and

comprehend the texture of the sample.
(3) Structural analysis: aims at studying the organization of the natural element, its constituent parts
and its capacity of undergoing stress, verifying its architecture, its natural growth. As an example, one could
ask: how does this element resist nature’s weathering?
(4) Analysis of viability: aims at studying the possibility of applying the observed characteristics into the
project, and carefully evaluating all the observed aspects.
For the ants, the anti-adhesion and anti-friction
function of their bodies’ surfaces against soil is an inevitable outcome of their evolution and adaptation over
millions of years. All the information required for
biomimetic design was obtained through observing the
sample using a microscope and then parameterization
leading to simplified details of the sample. The body
surface morphologies of most burrowing animals have
non-smooth structures such as convex domes, concave
dips, steps and ridges which play important roles in their
anti- soil adhesion and anti-friction characteristics[8]. A
lot of work on biomimetic design of implements like
bulldozers and mouldboard ploughs has been done by
Luquan Ren[9] , and furrow openers by Ballel Zaid
Moayad[6] of Jilin University, China. It was found that
biomimetic non smooth surface can reduce sliding resistance substantially by up to 23 % and the convex
domes were more superior to the concave dips in resistance reduction. Actually, extensive research has been
done at the aforementioned university on non smooth
surfaces. However, there remains a challenge to come up
with a fast reliable method for estimating the degree of
resistance reduction on different implements without
having to carry out the experiment. This paper considers
combining biomimetics and FEM as the answer to the
challenge.
According to the Coulomb equation, the cutting
resistance of soil engaging implement is given by[10]
F = Pc A + FN tan β

(a) Ants

(b) Ant head with non smooth surface

Fig. 1 Non-smooth surfaces.

(2)

where, Pc is the adhesion force between tool and soil
(N/cm2), A is the actual contact area (cm2), FN is the
Normal force on the interface, and β is the friction angle
between the tool and the soil. From Eq. (2), it is seen that
the main factor affecting the cutting resistance is the
contact area between the tool and soil, and this will be
key in determining the success of this modeling process.
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3 Materials and methods
3.1 Determination of parameters for FEM modelling
Soil cohesion, angle of internal friction and the
angle of soil dilation help in determining the behavior of
soil under Drucker-Prager material model. In this study,
all these parameters were measured using triaxial compression and direct shear tests (Fig. 2). Soil sample with
moisture content already measured is used for the tests.
To determine the adhesion, a disc is pressed on the soil
surface under a pressure of 25 kPa for 15 sec, and then
pulled out, and then normal adhesion forces are recorded (Fig. 3)[6]. The adhesion force is very critical in
the accuracy of the model especially at the soil-disc
interface.
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and Poisson’s ratio (assumed constant throughout this
analysis) are measured using the triaxial compression
test (see Fig. 2). Young’s modulus is to be estimated at
0 % and 50 % stress level using the following equation
E0,50 = (σ1 – σ3) / ε1 ,

(4)

where σ1 is major principal stress and σ3 is minor principal stress.
Poisson’s ratio is given by the following equation
ν = (Δε1 − Δεν) / 2 Δε1

(5)

where Δε1 is incremental axial strain and Δεν is volumetric strain.
Parameters used in the soil model are shown in
Table 1 while a modulus of elasticity and the Poisson’s
ratio for steel of 2.1×1011 and 0.27 were used respectively.
Table 1 Soil mechanical properties

Fig. 2 Triaxial equipment for measuring soil properties.

Fig. 3 Adhesion measurement apparatus[7].
For the schematic diagram of the normal adhesion measurement
apparatus : 1- soil, 2- solid sample, 3- strain transducer, 4- hydraulic, 5strain amplifier, 6- data recorder.

According to Hook’s law of elasticity the incremental elastic strain is related to the incremental stress as
follows[4]
dσ = De dεe = De (dε − dεp) ,
e

(3)

where dσ is the incremental stress, D is the elastic material matrix, and these can be simplified as function of
Young’s modulus and Poisson’s ratio. Young’s modulus

Soil type

Bulk density
(kg/m3)

Cohesion
(kpa)

Internal
friction (˚)

Black
loamy soil

1620

10

34

Soil metal
friction (˚)

Angle of
dilation (˚)

Modulus of
elasticity (Pa)

Poisson’s
ratio

23

4

8.067×106

0.35

3.2 Finite element method (FEM)
The main objective is to model different kinds of
plough discs, and then carry out an analysis of forces
acting on different biomimetic disc designs. FEM
simulation is carried out using ANSYS software
(ANSYS 10.0) to analyze both the conventional and the
biomimetic plough discs.
The 3D models are established in a CAD system
(Autocad 2008) and then transferred to ANSYS in Sat
format. The density of the convex domes on the disc
models is varied (see Figs. 4a to d). It has to be noted that
the convex domes are arranged in concentric circles in
order to suit the disc rotation path. In the model, only a
quarter of the disc surface which is in contact with the
soil is covered with convex domes since there is no rotational degree of freedom considered (see Figs. 4b to d).
According to Ren[9], the general factors considered in
distributing the convex domes are distribution of normal
stresses, choice of non-smooth convex types, soil motion
tracks and choice of non smooth convex types. In addition, the enveloping surface of the non smooth structures
should just be continuous and smooth. The CAD draw-
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ing models are then modified to meet FEM requirements.
To ensure compatibility between the two kinds of
software, the defeaturing option has to be selected.
Solid element with 8 nodes, 185 element type and
Drucker-Prager material model are used for element
formulation and soil meshing (see Fig. 5a) For the
plough disc, solid element with 8 nodes (45 element type)

and elastic isotropic material model is used (see Fig. 5a).
The analysis is conducted by adopting the surface-surface contact (TARG 170 and CONTA 174). It is
important to have nodes established on the concave
domes and these nodes should be used in modeling the
soil disc interface (see Fig. 5b). The analysis option was
selected as large displacement static.

(a) Plain disc (0 %convex dome density)

(b) Biomimetic disc (20 % convex dome density)

(c) Biomimetic disc (40% convex dome density)

(d) Biomimetic disc (60 % convex dome density)

Fig. 4 Disc models.

(1) Soil and plough disc model (half symmetry)

(b) Disc with convex domes

Fig. 5 Meshing.
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For the boundary conditions, three sides of the soil
model are constrained in x, y and z directions respectively. The top face is left unconstrained. Finally, the
plough disc concave surface is then displaced in the z
direction by 20 mm. This is achieved through 4 small
increments of 5 mm in order to improve accuracy of the
results since the model is nonlinear elastic-perfectly
plastic model. A nonlinear solution will differ from a
linear solution in that it often requires multiple load
increments, and always needs equilibrium iterations.
The smaller the load increments the better. To get the
horizontal force on each node, the following path is used:
ANSYS Main Menu – General Postproc – Nodal Calcs –
Sum @ Each Node. Only the nodes on the soil disc in-

terface were considered for summation of horizontal
force.

4 Results and discussion
4.1 Von Mises stress
Fig. 6 show the distribution of von Mises stress in
the soil after disc displacement of 20 mm. For a plain
disc, the distribution is more even with more stress
concentration at the centre compared to the bionic discs
(see Fig. 7a).The concave geometrical nature of the disc
largely influences the passive force acting on the soil.
The resultant force tends to concentrate on the center of
the disc. The effect of concave domes on the stress distribution is more pronounced in Fig. 7b, where there are

(a) Biomimetic disc (0 % convex dome density)

(b) Biomimetic disc (20 % convex dome density)

(c) Biomimetic disc (40 % convex dome density)

(d) Biomimetic disc (60% convex dome density)

Fig. 6 Von Mises Stress.

(a) Effect of displacement on horizontal force
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(b) Effect of density on horizontal force

Fig. 7 Resultant horizontal force at soil-disc interface.
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isolated spots of stress concentration, and these spots are
on locations with concave domes. The spots are a sign of
reduced contact area between plough disc and soil, thus
reducing the overall soil resistance through anti friction
and anti adhesion. This is the basis for achieving the
objective of biomimetic design.
4.2 Draught force
Fig. 7 shows the effect of displacement and bionic
convex dome density on horizontal force for the four
samples. The results are obtained from the summation of
all node horizontal forces on the soil–disc interface. The
horizontal force component is very critical during
ploughing because it determines the draught force hence
the size of the tractor.
From Fig. 7a, all the 4 samples show that the
horizontal force increases with displacement and in
general, the higher the density of convex density the
lower the horizontal force. This is as expected because
the loading done during the finite element analysis is
displacement with increments of 5 mm. Therefore
higher displacement represents higher loading. Except
for 0 % and 2 0% convex dome densities at 5 mm and 10
mm displacements, the horizontal force has shown to
decrease with density increase at every displacement
level. The main factor influencing such results was the
geometry of the disc model as well as the contact interface. In that exceptional case, the nodes on the convex
domes were adjusted in order for them to agree with
those of the plain disc plough and soil model, and this
could have resulted in the anomaly in the results.
However, as shown in Fig. 7b, there is generally an inverse linear relationship between the convex density and
the horizontal force. The effect of these convex domes is
most pronounced at maximum displacement (20 mm)
reaching a 24 % horizontal force reduction at 60 %
convex dome density.
This Finite Element analysis confirm results from
past experiments on non smooth surfaces that indeed
non smooth surfaces (convex domes) generally reduce
draught power. This Finite Element Method used largely
depends on the contact friction (adhesion), geometry and
the treatment of the soil-disc interface to get the best
results. This model does not readily account for the
effect of air trapped between the non smooth structures
and this may also affect the accuracy of the model. In
addition, the effect of speed has not been considered in

the model but this is very significant if the model is to be
further applied in real ploughing.

5 Conclusion
Finite element method can be a very powerful tool
in estimating the effect of different biomimetic designs
on forces acting on a disc plough. This can help save
time, resources and improve design efficiency and effectiveness. The main factor affecting horizontal force
considered in this model is bionic convex dome density,
however other factors like bionic non-smooth unit size,
shape and distribution are equally important. The scope
of this model can be expanded to include these other
factors.
After summing the horizontal forces at the soil-disc
interface, the model with the highest density gave the
least horizontal force. The maximum horizontal force
reduction of 24% occurred at 60 % convex dome density.
The relationship between the horizontal force and the
disc density was inverse and linear.
The accuracy of the model depends on the assumption of soil material behavior, soil-metal interaction
and soil failure criterion. With sufficient equipment to
determine the required parameters, the curve fitting
technique which uses non linear hyperbolic behaviour
with a varying tangential modulus can give a more accurate model. However, this model should provide good
reference for application of Finite Element analysis in
non smooth technology particularly for disc ploughs.
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Abstract
A virtual prototyping & bionic method is described for design and analysis of a rice reaping-binder. The binding parts are
very important of a reaping-binder, with complicated structure. It has been verified through experiment that the binding parts
play a most critical role to the performance of binding crops, and the mechanical and force data has been obtained, which is the
basement of constructing 3-D models of the binding device. Enlightened by the process of human hands’ binding, utilizing the
bionic principle, an emphasized research on binding parts is carried on. By using the virtual prototyping method of combining
simulation of Pro/E & ADAMS, the dynamic property of the binding parts of a rice reaping-binder has been analyzed, and an
optimized binding needle parts have been obtained. The work in this paper provides a ground for optimizing the binding parts,
which is of strong reference to other similar agricultural equipment.
Keywords: bionics, reaping-binder, virtual prototyping, optimization, binding-device, binding-needle

1 Introduction
1.1 General situation of Rice
Rice, which is the traditional staple food for half the
world’s population, is one of the most important food
crops around the globe. Noticeably the total planting
area and production of rice takes about a proportion of
34% and 44% respectively of all corns in China, which
means rice is the most dominant foodstuff for Chinese as
well.
Currently the mechanization of rice in China is in
its rapid developing period, but, as a whole, the relative
level is still in a lower position. It is because of the huge
difficulty of rice mechanization, and lack of advanced
technologies and apparatuses, that this condition has
happened. If the problems caused were resolved, there
will be a great blossom for Chinese agricultural mechanization. As the rural economy develops, mechanization
for rice is on urgent demanding[1].
1.2 Rice harvesting
Generally, there are 2 kinds of ways to harvesting
rice, that is, direct harvest and segment harvest[2]. Because of climate (rainwater), planting scales (small
Corresponding author: Jian-qiao Li
E-mail: jqli@jlu.edu.cn

paddy field), and geometry conditions (low-lying land),
segment harvest is still utilized largely. Also, using
segment harvest offers a number of advantages, such as
advancing reaping, increasing production and quality of
rice, as well as the productivity of apparatuses, and so on,
comparing with direct harvest[3–4]. After visits to the
eastern uplands at Jilin Province, where plenty of rice is
planted, it is confirmed by authors that mid-small-scaled
rice harvest apparatuses should play an important role in
these and similar areas. To this condition, many domestic agricultural machinery manufacturers began to produce segment harvesters, like Cutter-Rowers, both
walking and hitched typed, small-scaled combine harvesters, both full feeding and half feeding typed, and
reaping-binders.
Namely, rice reaping-binders are one typical and
important harvest machines.
1.3 Rice Reaping-binders
Large-scaled reaping-binders were invented in US.
Japan developed and popularized small-scaled reaping-binders, which laid the designing foundation for
reaping-binders used in Asia and other areas[5–6]. We
could see the model prototype in Fig. 1. However, as the
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economy in US and Japan developed, combine harvesters, for their strong power, have already replaced reaping-binders. Also, imported reaping-binders are not
suitable to China because of the economic and farming
situation. Currently, reaping-binders made in China have
just passable qualities[7–8]. There still exist many problems with indigenous reaping-binders, like poor traffic
ability, bad reliability, low harvest quality, huge energy
consumption, and unstable working. Since 1990s, a
number of Chinese scholars and manufacturers began
their research in reaping-binders. A few small-scaled
reaping-binders have been designed. Those researches
were just groping a better way to developing reaping-binders, and more effort needs to be put on the
forthcoming research[9–11].
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Fig. 2 Constitutes of MSVP.

1.4 Bionics in Agricultural Engineering
Bionics, also referred as Biomimetics, is an enabling
discipline which looks towards nature for ideas that may
be adapted and adopted for solving problems. It has been
applied into Agricultural Engineering since 1990s. Bionics in reducing soil adhesion, and non-smooth was
some typical example for improving engineering qualities in Agriculture[13–14]. These achievement gained by
researchers demonstrates that bionics could be used well
in Agriculture if the bionic principle is well selected and
applied. Upon this understanding, we carried out the
research, involved with bionics, in rice reaping-binders.

2 Methods and materials

Fig. 1 A small-scaled rice reaping-binder.

A Mechanical System Virtual Prototype (MSVP)
technology is an advanced approach to computer-aided
design, which allows one to assess performance of a
mechanical system off-line. The kernel of MSVP is
dynamic and kinetic simulation of a mechanical system.
It includes 3-D CAD modelling technologies, Finite
Element Analysis, Electromechanical & Hydraulic
Control, and Optimization technologies, as shown in
Fig. 2[12]. The typical MSVP virtual technology as is
combine use of Pro/Engineer and ADAMS.
Pro/Engineer and MSC. ADAMS are famous for 3-D
model construction and dynamic & kinetic analysis
respectively. Constructing 3-D model by in Pro/Engineer environment, and this will lay the foundation for
analyzing mechanical characteristics of system. Then,
the constructed model should be format-converted, and
input into ADAMS environment. Afterwards, we could
do dynamic and kinetic analysis of the 3-D model.

2.1 Design a reaping-binder
A reaping-binder, just as its name implies, is always
used in reaping and binding crops, especially rice. The
mechanism characteristics of a reaping-binder could be
seen in Fig. 1. Reaping-binders, comparing with other
mid-small-scaled agricultural machineries, are to some
degree complicated, from the view of structure and
working characteristics. It consists of walking device,
pre-processing device, reaping device, stalk-transportation device, and binding device. Referring to the Japan-typed reaping-binder, a virtual CAD reaping-binder
model is drawn, of which the binding device and its
composing parts diagram can be seen respectively in
Fig. 3.

Fig. 3 The binding-needle parts (left) and the binding-nib
parts (right).
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2.2 Experiment on Binding Productivity
An experiment for obtaining the binding productivity of a reaping-binder, which was KB602L made in
Korea, and force data on the binding device was conducted. Fig. 4 shows process of the experiment regarding binding productivity, in which the arrow indicated
the transporting direction of rice for binding. In this
Figure, the number of 1 means cord, 2 means binding-needle, 3 means rice, 4 means baffle, 5 means
binding nib, 6 means cord-pressing shutter, 7 means
clutch crank, and 8 means crank axis. The rice was
pushed onto the clutch crank along the transporting direction, after reaped by the cutters fixed in the front of
the reaping-binder. When the force goes up to some
degree, the binding device will rotate and bind the rice.
In this experiment, we introduced 3 factors, which
were stalks’ conditions, the reaping-binder’s gear position, and cords’ sorts. Fig. 5 shows the test-bed of the
experiment, a binding device, which were stripped from
the reaping-binder.

Fig. 4 Experiment process of binding productivity.

were suitably matched, which confirmed that a reaping-binder’s qualification was determined by the binding
device for it is mostly involved with stalks’ conditions
when working. Research in the binding device should be
pushed. Fig. 6 shows a bindle of rice obtained from the
experiment regarding binding productivity.

Fig. 6 Bindle of rice obtained from the experiment.

2.3 Experiment on Binding Force
Also, we tested force data acted on both the binding
device and rice. Fig. 7 shows the disposal of a sensor on
the binding device. A sensor was fixed onto the clutch
crank, with one end screwed on. Stalks were feed into
the binding device, pushing the clutch crank as well. The
forces which stalks needed for being pushed and pushing
the clutch crank respectively had been measured, which
offered reference data for constructing 3-D model of
binding device forthcoming. Meanwhile, we tested force
on binding cord.

Fig. 5 Test bed in the experiment – binding device stripped
from a reaping-binder.
Fig. 7 Disposal of a sensor on clutch crank of binding device.

According to this experiment, stalks’ conditions
affected the binding productivity mostly, and the productivity could be up to 96% whilst the three factors

2.4 Model Construction
Based on designing dimension of the binding
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device and experiment data obtained in the foregoing
work, we constructed 3-D models of the binding device,
which can be seen respectively in Fig. 8 and Fig. 9, by
using Pro/Engineer Software. According to the dimensional and spatial relationship of the binding-needle
parts and the binding nib parts regarding, we combined
them as the integrated binding device. Therefore, this
model of device could be converted into ADAMS.
Fig. 10 shows an ADAMS model of binding device after
converted and input.
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2.5 Parametric Research
As for the binding-needle parts, the combine of
binding-needle, crank and rod could be simplified as a
“crank-rocker” mechanism shown in Fig. 11, which
would be discussed forthcoming in Section 3. The
“Ground” in ADAMS environment is the base-plate for
the whole mechanism[15]. We connected individual part
to others, or the base-plate, by imposing constraints of
rotation and fixity, movement of rotation, and force.
Therefore, it had been ready to commence dynamic and
kinetic analysis of the system.
According to vector-closed relationship of the
crank-rocker mechanism shown in Fig. 12, following
equation was drawn[16]
l1 + l2 = l4 + l3 .

(1)

Fig. 8 The binding-needle parts.
Fig. 11 Binding-needle parts (left) simplified to be “crankrocker” mechanism (right)

Fig. 9 The binding nib parts.
Fig. 12 Angular location of crank-rocker mechanism.

A new equation regarding displacement of structural parameters, l1, l2, l3, l4, and kinetic parameters, φ, ψ,
was drawn after simplified from Eq. (1) using trigonometric function:

K1 cos ϕ + K 2 cosψ + K3 = cos(φ − ψ ) ,

(2)

where
K1 = –
Fig. 10 ADAMS model of binding device-converted from
Pro/Engineer format and then input.

l2 − l2 + l2 + l2
l4
l
, K2 = 4 , K3= 1 2 3 4
l3
2l1l3
l1

Taking 3 accurate points, that is, 3 groups of
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position angle, φ1, ψ1, φ2, ψ2, φ3, and ψ3, into above
equation, and a linear equation would be obtained, of
which K1, K2, and K3 are X factors, as follows
⎧ K1 cos ϕ1 + K 2 cosψ 1 + K 3 = cos(φ1 − ψ 1 )
⎪
⎨ K1 cos ϕ2 + K 2 cosψ 2 + K3 = cos(φ2 − ψ 2 ) ,
⎪ K cos ϕ + K cosψ + K = cos(φ − ψ )
3
2
3
3
3
3
⎩ 1

(3)

K1, K2, and K3 could be calculated by using Cramer’s
Rule,
Δ
Δ
Δ
K1 = 1 , K 2 = 2 , K3 = 3 ,
(4)
Δ
Δ
Δ
where
cos ϕ1
Δ = cos ϕ 2
cos ϕ3

cosψ 1 1
cosψ 2 1
cosψ 3 1

cos(ϕ1 − ψ 1 ) cosψ 1 1
Δ1 = cos(ϕ2 − ψ 2 ) cosψ 2 1
cos(ϕ3 − ψ 3 ) cosψ 3 1

cos ϕ1

cos(ϕ1 − ψ 1 ) 1

Δ 2 = cos ϕ 2
cos ϕ3

cos(ϕ2 − ψ 2 ) 1
cos(ϕ3 − ψ 3 ) 1

cos ϕ1
Δ3 = cos ϕ2
cos ϕ3

cosψ 1
cosψ 2
cosψ 3

cos(ϕ1 − ψ 1 )
cos(ϕ2 − ψ 2 )
cos(ϕ3 − ψ 3 )

According to the above equations, other rods’
length could be determined if we know one of the four
rods’. Because the angel displacement of input and
output rods is only involved with relative length of each
rod, the length of one, for example of l1, of the four rods
could be arbitrarily selected. Subsequently, there are
only 3 parameters which could be used for designing and
calculating among the 4 structural parameters, which are
called design parameters.
2.6 Virtual Simulation
After checking the virtual prototyping model, the
simulation can be carried on, to observe running situation of the model under multi-operation[17]. In this paper
work, upon the simulation of binding device, the characteristic curves, which were along movement of time,
regarding kinetic velocity, acceleration and moment of
binding device were drawn shown in Fig. 13 to Fig. 15,
as follows.

Fig. 13 Acceleration curve of binding-needle finial.

Fig. 14 Angular acceleration curve of binding-needle.
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Fig. 15 Torque curve of binding-needle axis.

From those curves, we could find that binding device on reaping-binders were not stable working. Linear
acceleration and angular acceleration changed much
around some inflexions. Also, referring to torque curve,
the binding device were badly shocked when working,
and consumed lot energy. A further research in the
characteristics of binding device would be drawn
forthcoming, to solve the above problems.
2.7 Bionic research in binding device
A bionic thought, conjunct with human fingers’
binding characteristic, could complete the process of
binding rice effectively. Since human fingers are very
agile, if we could follow the characteristic of human
fingers when binding rice, the theory of binding rice
would also be simplified for analyzing the binding device. After comparing, we could carry on a further research in the characteristics of binding device. Fig. 16
and Fig. 17 shows the process of binding device’s imitating human fingers’ binding[5].

Fig. 16 Sketch of binding: comparing with human fingers’.

Fig. 17 Human fingers’ binding.

Since human fingers could be flexible when binding, and changes of joint positions are of great help.
Upon this, we could make a parametric research in the
binding-needle parts. Further to the foregoing discussion,
the binding-needle parts were simplified as a crankrocker mechanism, shown in Fig. 18. Four joints which
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Table 1 Total illustration of design research
Variables

Points

Coordinate

Initial value

DV_1

POINT_1

X

0

Sensitivity
/

DV_2

POINT_2

Y

0

757.38

DV_3

POINT_3

X

−58.00

/

DV_4

POINT_4

Y

0.0

−65.722

DV_5

POINT_5

X

−164.95

/

DV_6

POINT_6

Y

54.41

121.39

DV_7

POINT_7

X

−122.93

/

DV_8

POINT_8

Y

38.31

106.51

Table 2 Detailed value range

Fig. 18 Illustration of variables: POINTS.

are the hinge joints of the binding-needle parts pointed in
the figure were abstracted to be parameters. These points
influenced the binding-needle parts’ performance very
much. To analyze and improve the parts’ quality, a further research regarding simulation and optimization was
drawn[18–19]. X coordinate value and Y coordinate value
of those points were taken as variables, as follows
DV_1—X Coordinate Value of POINT_1,
DV_2—Y Coordinate Value of POINT_1,
DV_3—X Coordinate Value of POINT_2,
DV_4—Y Coordinate Value of POINT_2,
DV_5—X Coordinate Value of POINT_3,
DV_6—Y Coordinate Value of POINT_3,
DV_7—X Coordinate Value of POINT_4,
DV_8—Y Coordinate Value of POINT_4,
where, DV means Design Variable.
By using the function of “SIMULATE”, we conducted “DESIGN STUDY”, “DESIGN OF EXPERIMENT”, and “OPTIMIZE” in ADAMS, studying the
changes of DVs of the parts. Aiming at minimizing the
torque on the binding-needle parts, we carried out an
elementary study, to distinguish the sensitivities of individual DV. The ADAMS system would give a research report for each DV, and we trimmed them together, shown in Table 1. According to the table, we
know that DV_2, DV_4, DV_6, and DV_8, with high
sensitivities, had much to do with the parts’ quality, and
we could carry on another detailed optimization. Optimization at other DVs led to the parts’ locked, which
means the initial value of those DVs were, at least very
close to, optimum, that is to say, we don’t have to optimize them again. A detailed value range is given in
Table 2, for DV2, DV4, DV6, and DV8.

Variables

Ranges
Max. Value

Min. Value

DV_2

7.5

-7.5

DV_4

7.5

-7.5

DV_6

59.85

48.97

DV_8

39.46

37.16

3 Results and discussion
By utilizing the “SIMULATE” function in
ADAMS, another series of “DESIGN STUDY”,
“DESIGN OF EXPERIMENT”, and “OPTIMIZE” was
carried out, and the final optimization report was given
by system, shown in Fig. 19.
According to Fig. 12, the maximum value of
Torque M was found an optimum value (at DV_2 =
−1.8486, DV_4 = 3.5634, DV_6 = 48.350, DV_8 =
39.201), after 4 times optimization iteration. The
maximum value of Torque M was reduced to 5824.9
N·mm from 7984.1 N·mm, falling 27%, which made the
parts and device work stably and lowed down the energy
consumption. Meanwhile, a measurement of Driving-Angle Minimum, γmin, of the parts was completed,
and we found there was no obvious reduce towards γmin,
which means the driving performance of the parts was
not influenced by this optimization. When the Torque M
Optimization came to a value at 5824.9 N·mm, the γmin
was 41˚.
The joints location in binding-needle parts had
changed after the optimization. DV_2, DV_4, DV_6 and
DV_8, that is, Y of POINT_1, Y of POINT_2, Y of
POINT_3, and Y of POINT_4 were influenced mostly
by driving condition on crank of binding device. New
coordinates of the POINTs are shown in Table 3. This
also confirmed that Y coordinates of POINTs influenced
the parts very much. Through this optimization, a
scheme to make the driving torque M minimum, also
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Fig. 19 Final optimization report for binding-needle-parts.
Table 3 Optimization: coordinate table

4 Conclusions

POINT_1 Y

POINT_2 Y

POINT_3 Y

POINT_4 Y

-1.8486

3.5634

48.350

39.201

Absolute value of torque
(M/N·mm)

keeping the compact and driving quality, had been
educed. We could see clearly from the Fig. 20 the
Torque M’s changing, dropping about 27% after optimization.
Torque changes

10000
800
600
400
200
0

0

1

2
Iteration times

Fig. 20 Changes of torque M’.

3

4

This paper work, based on Virtual Prototyping
Technologies, carried out a research in binding device
which is the most important of a reaping-binder. According to human fingers agile binding characteristic,
which promoted the bionic thoughts on the binding device, an optimization was drawn after analyzing the
device. Pro/Engineer and ADAMS were crucial tools in
this study, for their modeling and analyzing quality respectively. Through the experiment data regarding
binding productivity and binding force in the device, and
constraint condition, we made dynamic and kinetic
analyze, towards the device, consequently, and optimization.
We simplified the binding-needle parts into a
crank-rod mechanism and its characteristics were
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analyzed. Design relation of the crank-rod mechanism
was confirmed and its motion was simulated in ADAMS
environment. We introduced Design Variables regarding
locations of mechanism joints, and carried out an elementary optimization for the binding-needle parts under
the optimum aim that minimum driving torque was undertaken. The most sensitive DVs for the parts were
confirmed and the optimum combine of DVs was assured. As a result, an optimized location of joints led to
an optimized mechanism. Subsequently, the optimization had be educed, and a 27% reduce towards Torque M
was gained, which led to less shocks and lower energy
waste. It will improve binding quality of the reaping-binder from the view of working stable and oil
consumption.
This modern digital detection and design method,
regarding virtual assembling, motion simulating, and
optimizing in mechanical characteristics of mid-smallscaled rice reaping-binder, is applications of computer
technologies in agricultural & mechanical design, which
lays the foundation for ulterior research in the binding
parts of reaping-binders and similar mechanisms of
other agricultural machines. This paper work has novel
reference to the agricultural & mechanical design.

[5]

Jiangqi Chunxiong. Reaping-binders and Combine Har-

[6]

General Situation of Rice Mechanization of Korea. Agri-

[7]

Li Ji, et al. General Situation of Domestic Rice Harvesters.
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Abstract
The point cloud data of the abrasive wear resistant structure with ridges on the external surface of pangolin squama and
scallop chlamys farreri was obtained by using 3D Laser Scanner and then, the local point cloud was distilled by smoothing
processing and rightsizing processing with the error points. The mathematical fitting was carried out to build the mathematical
equation using Matlab software with the feature points based on the least square method and then, the fitting degree of curve was
judged. The structural parameters were optimized according to the structural biomimetic theory and the geometrical structure
models with ridges were built, finally, the optimal design of the biomimetic anti-abrasion geometrical structure surfaces with
ridges was implemented. Research showed that the reverse engineering technology possess many characteristics such as accurate information extraction, convenient and rapid, saves resources and shortens the period of design. It also provides new
ideas and methods for the biomimetic structure designs.
Keywords: structural biomimetic, anti-abrasion surface, reverse engineering technology, optimal design

1 Introduction
Bionics is a science on simulation of a biologic
system or make an artificial technological system similar
to the function of biological system, that is the technological creation is performed by studying biologic system[1]. It is an interdisciplinary frontier science that intersects with life science and engineering technology
science, it has been developed since 1970s[2]. More and
more new methods and technologies were used in bionics and the studies were further deepened. Bionics
revealed the structures and properties of biologic surface
for the 3D surface measurement technology and digital
model technology of the reverse engineering[3]
The reverse engineering (RE) is also called inverse
engineering or inverse seeking engineering, it is the
general name of transforming real objects into digital
technology that correlated with CAD model , reconstruction of geometrical model and manufacturing
technology for production. The RE`s idea was initially
rooted in the design process from the clay model to real
production. Subsequently, the reverse engineering was
developed into a new technology, which can develop
Corresponding author: Jin Tong
E-mail: jtong@jlu.edu.cn

more advanced similar productions based on the real
object, sample, software (including the drawing, program and technological document ) or video (image and
picture ) of the advanced production using the special
knowledge of the modern design methodology, production engineering and material theory. Specially with the
development of computer technology and testing technology, the realization of objects has become a main
application of reverse engineering technology using the
CAD/CAM technology and advanced manufacture
technology.
The application of the RE on the biomimetic research mainly involves the 3D scanning technology by
which excellent geometrical structure characteristics of
the biologic surface were obtained, then the 3D model of
surface or the outline curve was constructed and the
transformation from the geometrical structure information of the biologic surface to the practical production
was finally realized. The biomimetics research offered
more vast development space for the development of
reverse engineering and the latter also provided technological support for the former.
The steps and the key technologies of getting the
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biologic surface geometrical structure characteristics
based on the RE include the manufacture of the samples,
data obtaining, reconstruction of the prototype and the
error analysis. Many softwares such as Surfacer,CATIA
and DigiSurf can be used to process the measured data.
The optimal design of the biomimetic anti-abrasion
geometrical structure surfaces was implemented in this
paper based on the reverse engineering by taking the
pangolin squama and Chlamys Farreri as the study object which possess the geometrical structure with ridges.

2 Materials and methods
2.1 Data collection
The pangolin squama was collected from a dead
pangolin from natural death in Yanjin county, Yunnan
and Chlamys Farreri shell was collected from Weihai,
Shandong. Both the two specimens have radial ridges on
their surface as shown in Fig. 1 and Fig. 2.

the two specimens surface were sprayed with the photographic developer (DPT-5) before scanning, the
coating layer should be uniform, not too thick lest it
causes effect to the practical veins scanning precision.
The painted specimens were measured by 3D scanning
after natural air-dry.
The specimens’ surfaces were scanned using LSV
50 type 3D laser scanning system whose measuring
mode is non-contact laser scanning, taking the images by
CCD then transform them into space coordinates. The
laser scanning is such a method which uses the laser
beam irradiate onto the surface of the measuring object.
The laser beam was produced by the emission device,
and then the reflected light of the object surface was
received by photosensitive equipment, according to the
reflected time, distance and the angle between the
lamp-house and the photosensitive equipment, the coordinates of the object surface were worked out finally.
Even through the vast complex contour of the specimen’s surfaces, coordinates can still be measured by the
non-contact 3D laser scanning system. This system has
such properties as high collection precision and rapid
collection speed, and furthermore the probe radius
compensation is not necessary. The measuring precision
of the system is 0.05mm at the 100mm depth of field.
After adjusting parameters of the system to have the best
scanning effect, the 3D scanning point clouds of the two
specimens were obtained as shown in Fig. 3 and Fig. 4.

Fig. 1 Pangolin squama picture.

Fig. 3 Pangolin squama scanning point cloud.

Fig. 2 Chlamys Farreri shell picture.

First, the pangolin squama and Chlamys Farreri
shell were washed clean with 50% medical alcohol. In
order to avoid affecting the surface point cloud, which
comes from the surface reflection, color and curvature
difference, the scanning definition of point cloud has to
be improved and point cloud intact ensured. In addition,

Fig. 4 Chlamys Farreri shell scanning point cloud.
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The distortion can be caused by various reasons
such as error points and points loss in the course of data
collection of points cloud. Therefore, it is required for
points cloud to be processed in the software of CATIA
(point cloud processing module) as following steps:
(1) Error points Processing
The error points and obviously distorted singular
points need to be removed after magnifying, rotating and
multi-angle observing in contrast with specimens.
(2) Points cloud smoothing
The smooth processing was performed by the filter
of Gaussian mode, average mode and median mode in
the paper in order to eliminate the error points effects[4–11].
(3) Points cloud reduction
The chord deviation method was used to reduce the
points cloud. The purpose of the points cloud reduction
is to heighten speed of the data processing and save the
data storage space under the condition of keeping the
original geometrical properties intact[12].
The characteristic points cloud was intercepted
with the Imageware software after the processing above.
The cutting plane should be as much as possibly vertical
to the middle ridges of the specimens along the coordinate axis in the course of cutting, and the points cloud on
the intersection lines between the cutting plane and
several middle ridges of was got to be processed.
2.2 Mathematical model establishment
The intercepted feature points were fitted based on
the least square method. The fundamental principle of
the method is to minimize the squares sum of difference
between the original points yi and the fitting points
yˆi .The aim of curve fitting based on the least square
method is to look for a function in a function class to suit
the following formula:
m

∑ [ϕ
i =1

*

( xi ) − yi ]2 = min

ϕ ( x )∈Φ

m

∑ [ϕ
i =1

( xi ) − yi ]2 .

The degrees of the curve fitting were judged by R2 and
SSE.
R2 = 1 −
m

S SE
S ST

S SE = ∑ ( yi − yˆi ) 2
i =1
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m

S ST = ∑ ( yi − y ) 2
i =1

2

The more SSE and R respectively close to 0 and 1,
the better the degrees of curve fitting[13,14].
According to the feature points, distribution is approximative at a sinusoid, so the f ( x) = a sin(bx + c) was
selected to fitting. Finally, the fitting curves and the
mathematical models were obtained as showed in Fig. 5,
Fig. 6 and Table 1, Table 2.

Fig. 5 Fitting curve for the feature points cloud on the pangolin squama

Fig. 6 Fitting curve for feature points cloud on the Chlamys
Farreri shell
Table 1 Mathematical model of the fitting feature points
on the pangolin squama
Fitting function

a

b

c

R2

SSE

f ( x) = a sin(bx + c)

0.03888

13.12

3.472

0.9426

0.0009438

Table 2 Mathematical model for the fitting feature points
on the Chlamys Farreri shell
Fitting function

a

b

c

R2

SSE

f ( x) = a sin(bx + c)

0.3254

2.916

−0.08243

0.9509

0.1466

As seen from Table 1 and Table 2, both R2 of the
two specimens are close to 1, it was demonstrated that
the degrees of the equation fitting the two specimens are
very high; the SSE of the pangolin squama was very close
to 0, showed that the degree of the curve fitting is very
well. The SSE of the Chlamys Farreri shell approached 0,
but the value of it is smaller than that of the pangolin
squama.

3 Results
The biomimetic geometrical structure surface with
the ridges was designed based on the mathematical
models and the points cloud using Pro/E as shown in
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Fig. 7. The size of the ridges were magnified appropriately considering the technological requirement and the
abrasive wear test (the wear loss can be measured easily),
finally, the f ( x) = 3sin(0.4 x) was determined as the
final mathematical model of the biomimetic geometrical
structure with ridges.

Fig. 7 Biomimetic anti-abrasion geometrical structure
surface with ridges.

4 Results
The settings of the scanning system parameters can
cause significant effects on the precision of the scanned
points cloud in the course of data collection of the biologic specimens. The main parameters affecting the
precision include the scanning step, the brightness and
the strength of the laser beam. If the setting value of the
step is relatively small, then the scanning time would be
lengthened and the work efficiency would be low, consequently, the phenomenon of the feature points loss
may be caused. The brightness and the strength of laser
beam should be set rightly in order to ensure the quality
of the points cloud.
The error points and the singular points were
caused by many reasons in the course of scanning. So it
is necessary to remove the error points, which effect
directly the precision and smoothness of the surface
building. Furthermore, the points cloud must be reduced
in order to save the system memory and improve the
work efficiency. The reduction of the points cloud
should be determined according to the practical situation.
The selection of the fitting function is the key of
curve fitting according to the distribution shape of feature points in the course of curve fitting, it is also the
determinant whether the errors between the fitting curve
and the biologic specimens transect outline can be
minimized.

5 Conclusions
The application of the reverse engineering in the
study field of biomimetics provides a new way for the
description of the biologic surface characters, in addition,
there are a lot of technological problems which need to
be thrashed out[15]. The concrete processes were introduced including the data collection, data processing and
the 3D model reconstruction of the biological specimens
surface geometrical structure information in the paper.
The mathematical fittings were performed using the 3D
scanning points cloud of the pangolin squama and
Chlamys Farreri shell, then the fitting curves were obtained. The fitting degrees of the curve were judged with
R2 and SSE, the result showed that both the curve fitting
degrees of the two biologic surfaces geometrical structure are better and the two curves can be used in the
design of the biomimetic anti-abrasion geometrical
structure surfaces. Finally, the optimal design of the
biomimetic anti-abrasion geometrical structure surfaces
with ridges was achieved. Research showed that the
reverse engineering technology possess many characteristics such as accurate information extraction, convenient and rapid, saves resources and shortens the period of design. It also provides new ideas and methods
for the biomimetic structure designs.
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Aerodynamic Characteristics, Power Requirements and Camber Effects
of a New Bionic Flapping Style Based on Hovering of a Fruit Fly
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Abstract
Firstly, the new bionic flapping style proposed by authors, based on previous researches and the authors’ studies of the high
unsteady lift mechanisms of a fruit fly hovering, was introduced. The high lift mechanisms and the aerodynamic force characteristics of the new flapping style were explained briefly. After that, three main tasks were done in this paper: 1. The power
requirements of the new flapping style at hovering flight in the three modes (advanced, symmetrical, delayed) were studied
carefully, and were compared with those of a fruit fly flapping. The benefits were analyzed; 2. The effects of the flapping parameters to the aerodynamic characteristics of the new flapping style in the symmetrical mode were simulated and studied, such
as Δτt: the time of flapping acceleration at the ends of the stroke, Δτr: the time of rotating acceleration at the ends of the stroke, α:
the angle of attack in the middle of the stroke; 3. In order to improve the aerodynamic characteristics of the new flapping style
further, the effects of the airfoil camber to the new flapping style were studied. From the researches above, the conclusions could
be drawn that: 1. Comparing with the flapping of fruit fly, the new flapping style can effectively decrease the time-averaged
power requirement coefficients CP, when τc = 8.42, Δτt = 0.1τc, Δτr = 0.32τc, Φ = 160˚, α =40˚, for the advanced mode, it decreased by about 41.4%, for the symmetrical mode, it decreased by about 23.8% and for the delayed mode, it decreased by about
42.9%, meanwhile maintaining the high unsteady lift; 2. Δτt increasing and Δτr decreasing make the time-averaged lift and drag
coefficient increase, but the time-averaged ratio of lift to drag changes a little. α significantly affects the aerodynamic characteristics; 3. For the new flapping style, the wing camber can effectively increase the lift coefficient and ratio of lift to drag, and
improves the aerodynamic characteristics. In future, the forward flight aerodynamic characteristics and the stabilization of this
new flapping style need to be studied further.
Keywords: flapping wing, power requirements, camber, low reynolds number, unsteady, numerical simulation

1 Introduction
The rapid development of the MAVs made the
flapping bionic aerodynamics at Low Reynolds Number
become one of the focuses of scientists. These questions
widely exist not only in the flying animals, but also in
the MAVs engineering projects. Past researches indicated that for the MAVs less than 15cm, the flapping
flight could be the only method to obtain enough lift,
stability and manipulability.
The earliest information about the study of the
flapping wing was from Leonardo da Vinci in 1500[1].
And in the middle of the 19th century, Etienne-Jules
Marey began studying the details of the flapping flight[1].
He took photos of the bird’s flapping flight at 11 frames
per second, through a camera designed by himself. The
research papers about the flapping wings appeared in
Corresponding author: Peng Bai
E-mail: baipeng73@yahoo.com.cn

NACA report[2] and J. Exp. Biol periodical[3]. But real
systematic and effective studies on the flapping aerodynamic were carried out recently by Dickinson[4,5],
Ellington[6], Sun Mao[7], Ramamurti[8] etc, through experimental and numerical methods.
The ultimate purpose of the studies about the fruit
fly flapping is to discover the aerodynamic mechanisms
of generating the high lift at low Reynolds numbers. And
make use of them to design and manufacture the flapping MAVs. Therefore it is very important and significant to design and study new flapping style, by which
MAVs can maintain the high unsteady lift, meanwhile
decreasing the unsteady drag and the energy dissipation,
then increasing the ratio of lift to drag.
From the works of former researchers[4–8] and authors[9], the conclusion could be drawn that the fruit fly
flapping and hovering benefit from the four unsteady
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aerodynamic mechanisms: 1 Delayed stall mechanism,
which is the most important mechanism to generate high
unsteady force; 2 Decelerating mechanism at the end of
the stroke; 3 Accelerating at the beginning of the stroke;
4 Pitching-up mechanism at the ends of strokes, which
generates the lift peak and the drag peak, and the drag
peak is much bigger than the lift peak.
Based on these analyses, a new bionic flapping
style was proposed by the authors[10], which effectively
makes use of the delayed stall, accelerating and decelerating mechanisms to generate high unsteady lift.
Meanwhile, comparing with the fruit fly flapping, the
new flapping style effectively decreases the unsteady
drag and improves the ratio of lift to drag, through alternating the pitching-up with pitching-down at the ends
of strokes.
In this paper, the numerical method[11] was used to
further study this new bionic flapping style in details.
The power requirements of the new flapping style at
hovering flight were studied, and the benefits comparing
to the power requirements of the fruit fly hovering were
analysed; The effects of the flapping parameters to the
new flapping style were studied, including the time of
accelerating: Δτt, the time of acceleration while rotating:
Δτr at the end of the stroke and the angle of attack at the
middle of the stroke: α. Finally, the effects of the airfoil
camber to the new flapping style aerodynamic characteristics were also studied carefully.
From the above research, the conclusions could be
drawn in this paper that comparing with the fruit fly
hovering, the new flapping style can effectively decrease
the time-averaged power requirement coefficients CP,
meanwhile maintaining the high unsteady lift; Δτt increasing and Δτr decreasing make the time-averaged lift
and drag coefficient increase, but the time-averaged ratio
of lift to drag changes a little. α significantly affects the
aerodynamic characteristics; For the new flapping style,
the wing camber can effectively increase the lift coefficient and ratio of lift to drag, and improve the aerodynamic characteristics. And in future, the forward flight
aerodynamic characteristics and the stabilization of this
new flapping style need to be studied further.
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The controlling equations were unsteady incompressible
Navier-Stokes equations with pseudo-compressibility.
The numerical flux was dealt with the 3rd order Roe
schemes. In the temporal direction, the 2nd order three
points backward difference scheme with two-step was
adopted. The LGS implicit method was used in the
subiteration. The details of this numerical method are in
reference paper[11]. Because at the Low Reynolds
Number, the viscous effect is very important, then the
viscous flux was computed through the 2nd-order center
differences scheme in this paper.
Boundary conditions:
(1) The outer boundary condition:
The velocity was given and the pressure was interpolated at the entry boundary; the pressure was given
and the velocity was interpolated at the exit boundary.
(2) Wall boundary condition:
G G
G G G
G
U = U B , ∂p ∂n = − ρ aB ⋅ n . U B and aB were the
G
velocity and the acceleration of the wall, respectively. n
was the normal vector pointing out the wall.
The correctness of this numerical method and the
program were proved in papers[9,10].
2.2 Flapping wing model and computational grid
Dickinson’s experimental wing model of Drosophila is shown in Fig. 1a. The shadow area is the wing,
and the blank area is left for installing force sensors. The
average chord c = 8.79 cm, the ratio of length to chord
λ = 2.84, the thickness of the wing is 0.05c. The leading
and trailing edge is arc. The new bionic flapping wing is
obtained through symmetrically averaging the shapes of
leading and trailing edge as shown in Fig. 1b, and the
rotational axis was located at 50% chord from the leading edge. Fig. 1c shows the cross sectional grid of the
plane wing without flex.

2 Numerical method and grid
2.1 Numerical method
The numerical method used in this paper was the
artificial compressibility method developed by Rogers[11].

(a) The fruit fly wing model of Dickinson’s experiment and the present
numerical simulation.

Fig. 1 Diagram of the fruit fly wing model, the new flapping wing
and the computational grid.
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(b) Computational grid for the study of the new flapping method

required to support the weight were calculated as follows: U = 2φnr2 = 218.7 cm/s, Re = cU/ν =147, τc =
(1/n)/(c/U) ≈ 8.42, CLw = 1.15.
From Dickinson’s experiment[5], the density of the
mineral oil: ρ = 0.88×103 kg/m3, length of the flapping
wing: R = 0.25 m, area of the wing: S = 0.0167 m2, average chord: c = 8.79 cm, inertial radius: r2 =0.58R,
frequency of flapping: n = 0.145Hz, amplitude of flapping: Φ = 160˚, reference velocity: U = 2φnr2 = 0.117
m/s, then 0.5ρU2S ≈ 0.101 kg·m/s2.
So the dimensionless parameters in this paper were
determined: τc = 8.42, Δτt = 0.1τc, Δτr = 0.32τc, amplitude of flapping: Φ =160˚, α = 40˚.
The dimensionless physical time step for this
question was determined through numerical experiment,
Δτ = 0.02, and the subiteration time step: Δτsub = 1014.

3 The new flapping style kinematics

(c) Plane wing section grid

Fig. 2 illustrates the motion of the fruit fly flapping.
There are three coordinate systems. The (X, Y, Z) is the
inertial coordinates fixed on fruit fly’s body; The (x, y, z)
coordinates are fixed on the flapping wing; The (x′, y′, z′)
coordinates are rotating around the Y axis with the z′ axis
fixed along the span of the flapping wing.

Fig. 1 Continued.

The point of the grid is, circlewise direction×
normal direction×spanwise direction: 81×65×70. The
distance between the outer boundary and the wall is 15c.
The minimal grid distance in the normal direction is
0.002c. And the numerical simulation experiments have
shown that the calculation results of this grid were independent of the density of grid, the distance between
the outer boundary and the wing, the minimal distance
near the wall.
2.3 Dimensionless parameters
The dimensionless computational parameters were
determined according to Weis-Fogh’s experiment[12] and
Vogel’s bundling fruit fly flapping experiment[13]. The
density of air: ρ = 1.226 kg/m3, the weight of the insect:
1.96×10−5N, the mass of the wing: 2.4×10−6 g, the length
of the wing: 0.3 cm, the average chord: 0.108 cm, inertial radius: 0.58c, amplitude of flapping: 2.62 rad = 150˚,
flapping frequency: 240/s. Then the average flapping
velocity U, Reynolds Number Re, the dimensionless
flapping period τc and the average lift coefficient CLw

Fig. 2 Illustration of the movement of the flapping wing.

The rotation around the Y axis is called ‘flapping’ or
‘translation’, and the azimuth angle is defined by φ; The
rotation around the z axis is called ‘rotation’, and the
angle is denoted by α, the angle of attack. And r0 is the
inertial radius of the flapping wing around the Y axis,
r0 =

∫Sr

2

dS / S .
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The velocity at r0 position is called the flapping velocity,
denoted by ut. The angular velocity at the azimuth angle
is given by: φt = ut / r0 . And dimensionless φ t+ is determined by u t+ .
The motions of the fruit fly flapping during strokes
have been carefully described in Dickinson and Sun’s
papers, so only the obvious characteristics of the fruit fly
flapping are presented here: 1 The order of the leading
and trailing edges do not change during strokes; 2 The
upwind surface and the leeward surface alternate in every
cycle; 3 The rotation at the end of strokes pitches up.
Comparing with the fruit fly flapping, the new
flapping style changes the rotational direction at the ends
of strokes from pitching up to pitching down, and the
translational movement is unchanged. The characteristics of the new flapping style are: 1 The leading and
trailing edges alternate in each stroke; 2 The upwind and
leeward surfaces do not change; 3 Pitching up is replaced by pitching down.
The sketch of the symmetrical mode of the fruit fly
flapping is shown in Fig. 3. The end with solid circle
denotes the leading edge and the other is the trailing
edge. The sketch of the new flapping style is shown in
Fig. 4. The solid circle appears at both edges of the wing,
which means that both sides can become the leading
edge. The angle of attack: α, the azimuth angle: φ and αt,
φ t are all listed in Fig. 3 and Fig. 4.
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Sketch of flapping in the symmetrical mode

Fig. 3 The distribution of the flapping angle φ, the rotational
angle α, and their angle velocity φt+ , α t+ of three modes in
fruit fly flapping method

Translation angle and the angle of attack

Flapping velocity and rotational velocity

Translation angle and the angle of attack
Sketch of flapping in the symmetrical mode

Fig. 4 The distribution of the flapping angle φ, the rotational
angle α, and their angle velocity φt+ , α t+ of three modes in
new flapping method.

Flapping velocity and rotational velocity

The hovering flapping plane is horizontal. In the
middle of the stroke, α and ut keep unchanging and at the
end of the strokes, the flapping wing accelerates and
decelerates quickly. The formulas of the flapping velocity are shown as follows:
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⎧
ut+ = U t+ sin(π (τ − τ 1 ) Δτ t )
τ 1 ≤ τ ≤ τ 1 + Δτ t / 2
⎪
+
+
ut = U t
τ 1 + Δτ t / 2 ≤ τ ≤ τ 2
⎨
⎪u + = U + sin(π (τ − τ + Δτ / 2) Δτ ) τ ≤ τ ≤ τ + Δτ / 2
t
2
t
t
2
2
t
⎩ t
(1)
+
t

where, u = u t / U , U: the reference velocity, which
equals the average flapping velocity u t in one cycle;
U t+ = U t / U ; τ = tU / c ; τ 1 : the beginning of the acceleration, τ 1 + Δτ t / 2 : the end of acceleration. τ 2 and
τ 2 + Δτ t / 2 : the beginning and the end of the deceleration. Then the regularity of the flapping velocity is determined by τ1, τ2, Δτ t , U and τc.
The rotational directions between the two flapping
styles contrast, and the formulas are the same. The rotational velocity at the ends of each stroke is formulated as
follows:

α t+ = 0.5α t+0 [1 − cos(2 π (τ − τ r ) Δτ r )] τ r ≤ τ ≤ τ r + Δτ r ,
(2)
+
+
where, α t = α t c / U , α t 0 is constant; τ r : the beginning
of the rotation, Δτ r : the rotational time. When the angles of attack in the middle of upstroke and downstroke
αup and αdown and Δτ r are given, α t+0 can be determined.
In this paper, for the fruit fly flapping, αup = 40˚, αdown =
140˚, and for the new flapping style, αup = 220˚, αdown =
140˚.
The other details about the new flapping style
kinematics can be found in Ref. [10].

4 Results and discussion
4.1 Lift and drag characteristics of the new bionic
flapping style
The delayed stall effect is the most important
mechanism to generate high unsteady lift for the fruit fly
hovering. The acceleration and deceleration at the ends
of strokes also generate high lift, but there must be a
right angle of attack to meet them. The pitching up
mechanism is another important factor influencing high
lift, but the high drag peak and low ratio of lift to drag
are also generated at the same time.
The characteristics of the lift coefficient CL, drag
coefficient CD and ratio of lift to drag CL/CD between the
new flapping style and the fruit fly flapping were compared[10], where the angle of attack α=40˚, in the three
flapping modes (advanced, symmetrical and delayed).
The time-averaged CL, CD and CL/CD of the fruit fly
flapping and the new flapping style are listed in Table 1.

Table 1 The time-averaged lift and drag coefficient and the ratio
of the lift to drag of the fruit fly flapping and the new flapping
styles in three modes (α=40˚, Δτt=0.1τc, Δτr=0.32τc)
Flapping mode

Advanced

Symmetrical

Delayed

CL of the fruit fly flapping

1.960

1.787

0.774

CL of the new flapping style

1.551

1.882

1.125

CD of the fruit fly flapping

2.997

2.745

2.923

CD of the new flapping style

1.757

1.740

1.697

CL/CD of the fruit fly flapping

0.6538

0.6511

0.2648

CL/CD of the new flapping style

0.8828

1.0816

0.6628

The new flapping style had the following characteristics[10]:
For the lift coefficient: The lift flat region generated
by the delayed stall mechanism is maintained and becomes more stable and smooth. Because of the rotational
direction which changes at the end of strokes. And the
second lift peak disappears. Comparing with the fruit fly
flapping, the time-averaged lift coefficient decreases by
20.8% for the advanced mode; increases by 5.3% for the
symmetrical mode; increases by 45.3% for the delayed
mode. And the differences among the threes modes are
weakened significantly.
For the drag coefficient: Comparing with the fruit
fly flapping, the drag peak decreases significantly and
drops to about half that of the fruit fly flapping. The
second drag peak also disappears at the change of the
rotational direction. The drag flat region shortens for the
advanced and delayed modes. The most important effect
of the new flapping style is that the time-averaged drag
coefficient decreases greatly. For the advanced mode, it
decreases by 41.37%, for the symmetrical mode, it decreases by 36.6%, and for the delayed mode, it decreases
by 41.9%.
Then comparing with the fruit fly flapping, the
time-averaged CL/CD of the new flapping style increases
effectively. For the advanced mode, it increases by 35%,
for the symmetrical mode, it increases by 66.1%, and for
the delayed mode, it increases by 150 %.
The details of the above conclusion can be found in
Ref. [10]. In the following, the moment coefficients and
the power requirement coefficients between the two
flapping styles were analyzed carefully.
4.2 Moment coefficient and power requirement
coefficient of the new flapping style
The calculation methods of the moment coefficient
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and power requirement coefficient were derived from
Sun and Tang’s paper[14]. Further more the effects of the
lateral force, fz, and the wall skin friction were considered. And because the new flapping wing was symmetrical to the rotational axis, then the formulas to calculate
the inertia moment were derived again.
The moment coefficients are defined as follows:
The flapping aerodynamic moment coefficient:
CQ , a ,t =

Qa ,t
0.5ρU 2 Sc

,

The rotational aerodynamic moment coefficient:
CQ , a , r =

Qa , r
0.5ρU 2 Sc

,
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power requirement of the new flapping style can be
calculated.
Fig. 5 shows the coordinates of the wing-fixed
G
frame oxyz. ds is the area element of the wing, r is the
vector from the point o to the ds. The aerodynamic
power requirement, acting on the wing rotating around
the fixed point o, can be calculated:
Pa = − M a ⋅ Ω ,

(3)

where, Ma, the aerodynamic moment; Ω, the rotational
angle velocity.
G G
M a = ∫ r × Fds .
(4)

The flapping inertia moment coefficient:
CQ ,i ,t =

Qi ,t
0.5 ρU 2 Sc

,

The rotational inertia moment coefficient:
CQ ,i , r =

Qi , r
0.5ρU 2 Sc

,

where, Qa ,t , Qa , r , Qi ,t , Qi ,r means flapping aerodynamic
moment, rotational aerodynamic moment, flapping inertia moment and rotational inertia moment respectively.
The power requirement coefficients can be obtained through moment coefficients and dimensionless
angle velocity.
Aerodynamic power requirement coefficient CP,a,
means the aerodynamic work:
Pa
= C Q , a ,t φ t+ + C Q ,a ,r α t+ .
C P,a =
3
0.5ρU S
Inertia power requirement coefficient CP,i, means
the work of inertia force:
Pi
= C Q ,i ,t φ t+ + C Q ,i ,r α t+ .
C P ,i =
3
0.5ρU S
Flapping power requirement coefficient CP,t, means
the work of the flapping motion:
C P ,t = (C Q ,a ,t + C Q ,i ,t )φ t+ .
Rotational power requirement coefficient CP,r,
means the work of the rotational motion:
C P , r = (C Q , a , r + C Q ,i ,r )α t+ ,
where the aerodynamic force and moment of the flapping wing can be calculated through the Navier-Stokes
equations, the inertia moment coefficient can be analyzed through the formulas below. Then the whole

Fig. 5 Diagram showing the wing-fixed coordinates oxyz, the
area element of the wing and the vector from point o to the ds.

Assuming the wing is thin, then y≈0.
M a ≈ ∫ (− zf y i + ( zf x − xf z ) j + xf y k )ds ,

(5)

(
= ( −φ sin (α ) , −φ cos (α ) , α )

(6)

G G
where, (x,y,z) are the three factors of the vector r . F is
the force acted on ds. And ( fx , fy , fz ) are the three factors
G
of F in the oxyz frames. Ω can be taken through:

Ω = −φ sin (π − α ) , φ cos (π − α ) , α

)

.

Then
Pa = − M a ⋅ Ω

(

)

= − ∫ zf y sin αφ + ( xf z − zf x ) cos αφ + xf yα ds
S

(

)

= − ∫ ⎡⎣ zf y sin α + ( xf z − zf x ) cos α ⎤⎦ φ + xf yα ds
S

= Qatφ + Qarα

(7)

(

)

Qat = − ∫ zf y sin α + (xf z − zf x ) cos α ds

(8)

S

Qar = − ∫ xf y ds ,

(9)

S

where, S, the surface area of the wing; Qat , the aerodynamic moment around the y axis, called the flapping
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moment; Qar , the aerodynamic moment around the z
axis, called the rotational moment. Then the aerodynamic power requirement coefficient and the aerodynamic moment coefficient are calculated as follows:

Pa
= CQatφ+ + CQarα +
0.5ρU 3 S

(10)

Qat
Qar
, CQar =
2
0.5 ρU Sc
0.5 ρU 2 Sc

(11)

CPa =
CQat =

In the oxyz frame, the products of the inertia of the
mass of the wing are defined as:
⎧ I xx = ( y 2 + z 2 ) dm ≈ z 2 dm
∫
∫
⎪
2
2
⎪ I = ( x + y ) dm ≈ x 2 dm
∫
⎪ zz ∫
, (12)
⎨
2
2
⎪ I yy = ∫ ( x + z ) dm ≈I xx + I zz
⎪
⎪⎩ I xy = ∫ xydm, I xz = ∫ xzdm, I yz = ∫ yzdm
where, dm is the mass element of the ds. According to
Refs. [12] and [13], the following data can be calculated:
Ixx ≈ 0.721 × 10−7 gcm2, Iyy ≈ 0.79 × 10−7 gcm2, Izz ≈
0.069×10−7 gcm2, Ixy ≈ 0.0 gcm2, Ixz ≈ 0.148×10−7 gcm2,
Iyz ≈ 0.0 gcm2
The angular momentum of the wing, H, can be
written as:

⎡ I xx
⎢
H = ⎢ − I yx
⎢ − I zx
⎣

(

− I xy
I yy
− I zy

− I xz ⎤
⎥
− I yz ⎥ ⋅ Ω
I zz ⎥⎦

where, Qit , the inertial moment around the Y axis, called
flapping inertial moment; Qir , the inertial moment
around the z axis, called rotational inertial moment.
They can be calculated through the following formulas:

Qit = φ( I xx sin 2 α + I yy cos 2 α )
  sin α cos α , (16)
+ I xz (α sin α + α 2 cos α ) − 2 I zzφα
Qir = I zzα + I xzφsin α + I zzφ2 sin α cos α ,

(17)

where α and φ are angular acceleration of rotating and
flapping.
The inertial moment coefficient and the inertial
moment power coefficient are defined as:
CPi =
CQit =

Pi
= CQitφ+ + CQirα +
0.5ρU 3 S

(18)

⎡⎛ 2
⎞
I
⎢⎜⎜ cos α + xx sin 2 α ⎟⎟ φ+ +
I yy
0.5ρ Sc ⎢⎣⎝
⎠
I yy

3

⎤
I xz +
I
α sin α + α + 2 cos α ) − 2 zz φ+α + sin α cos α ⎥
(
I yy
I yy
⎥⎦
(19)
CQir =

I zz
0.5ρ Sc3

⎡ + I xz +
⎤
+ 2
⎢α + φ sin α +φ sin α cos α ⎥ (20)
I
zz
⎣
⎦

Because that the leading and trailing edges of the
wing are symmetrical to the z axis, then
I xz = ∫ xzdm = 0.0 gcm2.

)

(

)

= − i I xxφ sin α +I xzα − jI yyφ cos α +k I zxφ sin α +I zzα ,
(13)
where i, j, k are the unit vectors of the x, y and z directions, respectively. The inertial moment of the wing, Mi,
is:
⎡ dH ⎤
Mi = ⎢
⎥ + Ω× H
⎣ dt ⎦ xyz

The other inertial products are obtained from the above
data. Then the flapping inertial moment coefficient and
the rotational inertial moment coefficient of the new
flapping wing can be calculated through the following
formulas:
CQit = 4.6 ⎣⎡( cos 2 α + 0.91sin 2 α ) φ+ −
0.17φ+α + sin α cos α ⎤⎦

(

)

= −i ⎡⎣ I xxφsin α +I xz α + φ2 cos α sin α ⎤⎦ +
  sin α +I φ2 sin 2 α − α 2 ⎤ +
j ⎡ − I yyφ cos α +2 I zzφα
xz
⎣
⎦
2


k ⎡⎣ I zzα+I xzφ sin α +I zzφ sin α cos α ⎤⎦

(

)

(14)
The work of inertial force, Pi is:
Pi = M i ⋅ Ω = Qitφ + Qirα ,

(15)

CQir = 0.4 ⎡⎣α+ + φ+ 2 sin α cos α ⎤⎦

(21)

(22)

The moment coefficients between two flapping
styles are compared in Fig. 6 and Fig. 7, in which the
unsteady curves of CQ,a,t, CQ,a,r and CQ,i,t, CQ,i,r coefficients during one cycle are shown. From Fig. 6, for the
fruit fly flapping style: 1 The rotational aerodynamic
moment coefficient CQ,a,r is much less than flapping
aerodynamic moment coefficient CQ,a,t, and the tendency
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CQ,a,t and CQ,a,r curve in one cycle

CQ,i,t and CQ,i,r curve in one cycle

Fig. 6 Moment coefficient of fruit fly flapping in three modes
with the new flapping wing.
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inertial moment coefficient equals approximately 0. But
at the ends of the strokes, CQ,i,t is much greater than CQ,i,r.
Comparing Fig. 6 and Fig. 7, conclusions can be drawn
that: 1 The flapping aerodynamic moment coefficient of
the new flapping style decreases much more than that of
the fruit fly flapping, because the rotational direction
changes and the drag coefficient decreases very much; 2
The effect of the alternation of the rotational direction to
the flapping inertial moment CQ,i,t is small, and the effect
to the rotational inertial moment CQ,i,r is big, but because
CQ,i,r has small value, the effect can be considered insignificant.
The power requirement coefficients in one cycle,
CP,a,, CP,i, CP,t, CP,r, of the fruit fly flapping and the new
flapping are shown in Fig. 8 and Fig. 9. Analyzing these
figures, it can be easily found that: 1. The peak of CP,a of
the new flapping is much less than that of the fruit fly
flapping. For the delayed mode, the peak equals 11.5
approximately in the fruit fly flapping, and equals only
about 4.8 in the new flapping; For the symmetrical mode,
the peak equals about 6.8 in the fruit fly flapping, and
equals about 3.4 in the new flapping; For the advanced
mode, the peak equals about 7.6 in the fruit fly flapping,
and equals about 4.8 in the new flapping style. 2.
Comparing with the fruit fly flapping, the second peaks

CQ,a,t and CQ,a,r curve in one cycle

CP,a and CP,i curve in one cycle

CQ,i,t and CQ,i,r curve in one cycle

Fig. 7 Moment coefficient of new flapping in three modes
with the new flapping wing.

of CQ,a,t is identical with aerodynamic drag coefficient
CD. This is because that CQ,a,t is mainly generated from
CD; 2 Because in the middle of the strokes the wing flaps
with the same angle of attack and angle velocity, the

CP,t and CP,r curve in one cycle

Fig. 8 Power requirement coefficients, CP,a, CP,i, CP,t, CP,r, of the
fruit fly flapping in three modes with the new flapping wing.
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ble unsteady high aerodynamic lift. This can significantly improve the ratio of lift to power requirement,
CL/CP. This implies that MAVs with the new flapping
style may be more effective than those with fruit fly
flapping style.
Table 2 Time-averaged power requirement coefficient Cp and
the ratio of time-averaged CL/CP of the two flapping styles in
three flapping modes (α = 40º, Δτt = 0.1τc, Δτr = 0.32τc)
Flapping mode
CP,a and CP,i curve in one cycle

CP,t, and CP,r curve in one cycle

Fig. 9 Power requirement coefficient, CP,a, CP,i, CP,t, CP,r, of the
new flapping style in three modes with the new flapping wing.

of CP,a in symmetrical and advanced modes of the new
flapping style disappear; 3 For the two flapping styles,
the inertial force power requirement coefficient CP,i,
equals each other approximately; 4. For both styles, CP,t
is much greater than CP,r; 5. CP,t of the new flapping style
is much less than that of the fruit fly flapping. For the
delayed mode, the CP,t peak equals about 14 in the fruit
fly flapping, but equals about 6 in the new flapping. For
the symmetrical mode, the peak equals about 11.5 approximately in the fruit fly flapping, but about 6 in the
new flapping style; 6. Just like the CP,a, the second peaks
of CP,t in symmetrical and advanced modes of the new
flapping style also disappear.
The power requirement coefficient CP = CP,a+CP,I =
CP,t+CP,r. Then from the analyses above, the conclusion
can be drawn that the power requirement coefficient CP
of the new flapping style is far less than that of fruit fly
flapping. This conclusion is proved by the time-averaged results of CP of the two flapping styles in one cycle,
which are listed in Table 2. And the ratio of time-averaged CL/CP is also shown in Table 2.
From Table 2, comparing with the fruit fly flapping,
it can be found that the new flapping style decreases the
power requirement greatly, while obtaining a more sta-

Advanced Symmetrical

Delayed

CP of the fruit fly flapping, CPf

3.594

2.979

3.401

CP of the new flapping style, CPn

2.106

2.269

1.939

(CPn − CPf) / CPf

−41.4%

−23.8%

−42.9%

CL/CP of the fruit fly flapping

0.5452

0.5999

0.2276

CL/CP of the new flapping style

0.7365

0.8294

0.58

CP of the fruit fly flapping, CPf

3.594

2.979

3.401

4.3 Effects of different flapping parameters on the
new flapping style
The symmetrical mode was chosen to study the
effects of the different flapping parameters, the time of
flapping acceleration Δτt, the time of rotating acceleration Δτr and the angle of attack α in the middle of stroke,
to the aerodynamic characteristics of the new flapping
style.
(1) The effects of Δτt
Firstly, Δτt = 0.1, 0.18, 0.24, while the other flapping parameters, Δτr and α, remain unchanged, are
simulated to study the effects of Δτt on aerodynamic
characteristics of the new flapping style. The flapping
and rotating angle velocities are shown in Fig. 10. It is
clear that while Δτt decreases, the flapping acceleration
at the ends of strokes increases. Meanwhile the flapping
angle velocity in the middle of stroke decreases. The
unsteady lift and drag coefficients of different Δτt in one
cycle are shown in Fig. 11. Analyzing Fig. 10 and Fig. 11,
it can be found that: 1. The flapping angle velocity in the

Fig. 10 Rotating and flapping angle velocity in one cycle with
different flapping acceleration time Δτt in the symmetrical mode.
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middle of stroke determines the flat region of the lift and
the drag coefficient. As Δτt decreases, the flat region of
lift and drag coefficients decreases; 2. The different Δτt
makes the position of the peak of lift and drag at the
beginning of the stroke different. As Δτt decreases, the
position of the peak moves forward and the flat region
length becomes longer. The time-averaged lift and drag
coefficients are in Table 3. It is shown that as Δτt increases from 0.1 to 0.24, the time-averaged lift coefficient increases by 12.5%. Meanwhile the time-averaged
drag coefficient also increases. And the ratio of lift to
drag, CL/CD, almost does not change.
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coefficients at different Δτr are shown in Fig. 13. It can
be found that: 1. Because different Δτr do not change the
flapping angle velocity and the angle of attack in the
middle of stroke, the flat region value of the lift and drag
coefficients in the middle of stroke almost do not change.
And as Δτr affects the flapping time with angle velocity
and angle of attack, the length of the flat regions decreases while Δτr increases. 2. The rotational angle velocity significantly effects the peak value of the lift and
drag coefficients. As Δτr decreases, the increase of the
rotational angle velocity makes the peak values of the lift
and drag coefficients at the beginning of the strokes
increase. Integrating the above two factors, as Δτr decreases from 0.32 to 0.16, the flat regions of lift and drag
become longer, and the peaks at the beginning of the
strokes become greater. As a result, the time-averaged
lift and drag coefficients increase by 13.6% and 15.7%
respectively, as shown in Table 4. But because both lift
and drag coefficients increase, the time-averaged ratio of
lift to drag only decreases slightly.

Unsteady lift coefficient

Fig. 12 Rotating and flapping angle velocity at different
rotating acceleration time in the symmetrical mode.

Unsteady drag coefficient

Fig. 11 Unsteady lift and drag coefficients with different
flapping acceleration time in the symmetrical mode
Table 3 The time-averaged lift and drag coefficients and the
ratio of lift to drag with different Δτt in the symmetrical mode.
(Δτr = 0.32τc, α=40˚)
Δτt
CL of the new flapping style
CD of the new flapping style

0.1
1.882
1.740

0.18
2.028
1.872

0.24
2.118
1.959

CL/CD

1.082

1.083

1.081

(2) The effects of Δτr
Secondly, the effects of the time of rotating acceleration Δτr to aerodynamic coefficient were studied.
Here, Δτr = 0.16, 0.24, 0.32, while the other flapping
parameters, Δτt and α, do not change. The flapping and
rotating angle velocities at different Δτr are shown in
Fig. 12. While Δτr increases, the maximum rotating
angle velocity decreases. The unsteady lift and drag

Unsteady lift coefficient

Unsteady drag coefficient

Fig. 13 Lift and drag coefficients at different rotating acceleration time in the symmetrical mode.
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Table 4 Time-averaged lift and drag coefficients and the
ratio of lift to drag at different rotating acceleration time in
the symmetrical mode (Δτt = 0.1τc, α = 40˚)
Δτr
CL of new flapping style

0.16
2.138

0.24
2.019

0.32
1.882

CD of new flapping style

2.013

1.880

1.740

CL/CD

1.062

1.074

1.082

(3) The effects of α
Thirdly, the effects of the angle of attack, α, in the
middle of stroke to aerodynamic characteristics of the
new flapping style were studied, where α=30˚,40˚,50˚
with the other flapping parameters, Δτt and Δτr, unchanging. Fig. 14 shows the rotating and flapping angle
velocities at different angles of attack in one cycle. As α
increases, because the bigger angle of attack makes the
amplitude of the rotation bigger, the peak of the rotating
angle velocity increases. This tendency is in contrast to
that of the fruit fly flapping. The lift and drag coefficients with different α are shown in Fig. 15. The analyses made are that: 1. While α increases, the value of the
flat region of the lift and drag coefficients also increase.
But this tendency is nonlinear, especially for the lift
coefficient. This makes the ratio of the lift to drag
nonlinear; 2. As α increases, the rotating angle velocity
increases. Then the peaks of the lift and drag at the beginning of the strokes increase. In a word, during the α
scope of this paper, the increase of α makes the lift and
drag coefficients increase nonlinearly. This tendency is
similar to that of the general rigid wing. The above
conclusion is proved well by the time-averaged computational results listed in Table 5. In order to systematically study the alternation of the lift and drag coefficients and the ratio of lift to drag at different α more
deeply, much more computational examples should be
carried out.

Fig. 14 Rotating and flapping angle velocity with different flapping angle of attack in the symmetrical mode.

Unsteady lift coefficient

Unsteady drag coefficient

Fig. 15 Lift and drag coefficients with different flapping
angle of attack in the symmetrical mode.
Table 5 Time-averaged lift and drag coefficients and ratio
of lift to drag at different flapping angles of attack in the
symmetrical mode (Δτt = 0.1τc, Δτr = 0.32τ)
α
CL of new flapping style

30˚

40˚

50˚

1.326

1.882

2.252

CD of new flapping style

1.143

1.740

2.490

CL/CD

1.161

1.082

0.905

4.4 The effects of wing camber to the aerodynamic
characteristics of the new flapping style
It is well known that for the fruit fly flapping, the
order of the leading and trailing edge does not alternate,
while the leeward and upward surfaces change in each
stroke. So it would not be useful to have a camber on the
flat wing for fruit fly flapping, because the curvature of
the camber is counteracting in upstroke and downstroke.
But for this new flapping style, the camber of the wing is
beneficial in improving the aerodynamic characteristics.
This is because the leeward and upward surfaces do not
change, while the order of leading and trailing edge
alternates in each stroke. In this chapter, the effects of
camber to the aerodynamic characteristics of the new
flapping style in three modes (advanced, symmetrical,
delayed) are studied.
Because the leading and trailing edges alternate in
each cycle, the 4-figure NACA airfoil is adopted to determine the camber of the flapping wing. The maximum
camber point locates in the middle of the chord. The
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4-figure NACA airfoil consists of two parabolas, which
are tangential on the maximum camber point [15]. The
camber equations are listed as follows:

x = 0 ~ x f : ywan = f

x = x f ~1.0: ywan = f

1
(2 x f x − x 2 )
x f2

(23)

1
[(1 − 2 x f ) + 2 x f x − x 2 ] ,
(1 − x f )2

(24)

x = x / c , the relative coordinate chordwise; x f =50%,
the point of the maximum camber; The relative camber,
f = 0, ±10%, ±20%, are chosen to study the effect of the

camber on the aerodynamic characteristics. The thickness is still 0.05c. ywan is the relative y coordinate of the
mid chord. The flapping wings and the computational
grids with different cambers are shown in Fig. 16. And
the computational conditions are: Δτt = 0.1τc, Δτr =
0.32τc, α = 40˚. The camber effects in the three modes
were all simulated.
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time-averaged lift and drag coefficients, and the ratio of
lift to drag in different cambers are shown in Fig. 18. The
time-averaged CL, CD, CL/CD are shown in Table 6. From
Fig. 17, it can be easily seen that the camber affects the
lift and drag coefficients, but their tendencies do not
change. From Fig. 18, comparing the aerodynamic coefficients when f = 0 and when f = −20%, the lift
coefficient becomes smaller, and the drag coefficient
becomes bigger. As the camber increases from −20% to
0, lift coefficient increases, and drag coefficient decreases. Contrary, as the camber increases from 0 to 10%,
the lift coefficient continues to increase, and the drag
coefficient decreases slightly. When the camber continues to increase from 10% to 20%, the lift coefficient
still increases, and the drag coefficient begins increasing.
From Table 5, we can deduce that comparing with the

Unsteady drag coefficient

(a) Computational grid with airfoil camber = 10%

Unsteady lift coefficient

Fig. 17 Lift and drag coefficients with different cambers
in the advanced mode.

(b) Computational grid with airfoil camber = 20%

Fig. 16 The Flapping wing and the computational grid
with different camber.

The advanced mode
Firstly, the effect of the camber in the advanced
mode was studied. Fig. 17 shows the lift and drag coefficients in one cycle with different camber. The

Fig. 18 The time-averaged lift and drag coefficients and the
ratio of lift to drag with different camber in the advanced mode.
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Table 6 The time-averaged lift and drag coefficients and ratio of
lift to drag for different cambers in the advanced mode. (Δτt =
0.1τc, Δτr = 0.32τc, α = 40˚)
Camber (%)

−20

−10

0

10

20

CL

1.083

1.346

1.551

1.703

1.809

CD

2.261

1.961

1.757

1.703

1.800

CL/CD

0.479

0.687

0.883

0.999

1.005

flat wing, f =0, when the airfoil camber is 10% and
20%, the time-averaged lift coefficient increases 9.8%
greater and 16.6% greater respectively, while the
time-averaged ratio of lift to drag increases 13.3%
greater.
Then in the advanced mode, as the airfoil camber
increases from −20% to 20%, the lift coefficient increases nonlinearly, meanwhile the time-averaged drag
coefficient initially decreases and subsequently rises.
The drag coefficient reaches minimum when the camber
alters from 0 to 10%. When the camber is between 10%
and 20%, the time-averaged ratio of the lift to drag,
CL/CD, becomes bigger. The negative airfoil camber is a
disadvantage on the aerodynamic characteristics, since it
makes CD increase, CL and CL/CD decrease.

cycle. The time-averaged CL, CD and CL/CD for different
cambers are shown in Fig. 20, and the values are listed in
Table 7. While the camber increases from −20% to 0, the
drag coefficient decreases. Contrary, as the camber increases from 0 to 20%, the drag coefficient increases. Of
note, the peak of the drag coefficient at the beginning of
the strokes increases. From Fig. 20, the tendency of the
time-averaged aerodynamic coefficients alternation in
the symmetrical mode is similar to that in the advanced
mode. As the camber increases from −20% to 20%, the
time-averaged lift coefficient increases nonlinearly.
Meanwhile, the time-averaged drag coefficient firstly
drops and increases subsequently, and the minimum
value appears when the flex is 0. When the camber is
approximately 10%, the time-averaged CL/CD reaches
the maximum value. From Table 7, comparing with the
flat wing, when the camber is 10% and 20%, the
time-averaged lift coefficients are 9.5% greater and
14.7% greater respectively, the time-averaged CL/CD are
9.1% greater and 6.3% greater respectively. The negative camber also plays disadvantages to the aerodynamic
characteristics in the symmetrical mode, which makes
CD increase and CL, CL/CD decrease.

The symmetrical mode
Secondly, the effects of the camber in the symmetrical mode were studied. Fig. 19 shows the unsteady
lift and drag coefficients for the different cambers in one

Fig. 20 The time-averaged lift, drag coefficients and the ratio
of lift to drag for different cambers in the symmetrical mode.
Unsteady lift coefficient

Unsteady drag coefficient

Fig. 19 Lift and drag coefficients for different airfoil
cambers in the symmetrical mode.

Table 6 The time-averaged lift and drag coefficients and
ratio of lift to drag for different cambers in the advanced
mode. (Δτt = 0.1τc, Δτr = 0.32τc, α = 40˚)
Camber (%)

−20

−10

0

10

20

CL

1.309

1.616

1.882

2.059

2.159

CD

2.065

1.848

1.740

1.745

1.877

CL/CD

0.634

0.875

1.082

1.180

1.150

The delayed mode
Finally, the effects of the camber on the aerodynamic characteristics in the delayed mode were analyzed.
The unsteady lift and drag coefficients for different
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cambers are shown in Fig. 21. The time-averaged lift and
drag coefficients and the ratio of the lift to drag are
shown in Fig. 22 and Table 8. From the above figures
and values, the tendencies of the camber effects on the
aerodynamic characteristics in the delayed mode are
same as those in the advanced and symmetrical modes.
Comparing with the flat wing, when the flex equals 10%
and 20%, the time-averaged lift coefficients are 14.8%
greater and 23.7% greater respectively, and the timeaveraged ratio of lift to drag increases 8.4% greater and
3.8% greater respectively. The negative flex plays disadvantages to the aerodynamic characteristics in the
delayed mode.
From the above simulations of the effects of airfoil
camber on the aerodynamic characteristics of the new
symmetrical, the delayed), the conclusion can be made
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Table 8 The time-averaged lift and drag coefficients and ratio
of lift to drag for different airfoil cambers in the delayed mode
(Δτt = 0.1τc, Δτr = 0.32τc, α = 40˚)
Camber (%)

−20

−10

0

10

20

CL

0.643

0.895

1.125

1.292

1.392

CD

1.879

1.727

1.697

1.796

2.025

CL/CD

0.342

0.518

0.663

0.719

0.688

flapping style in three modes (the advanced, the that for
the new flapping style, the right positive airfoil camber
can effectively benefit the aerodynamic characteristics,
which can improve the lift coefficient and the ratio of lift
to drag. During the present computational scope, as the
camber increases from −20% to 20%, CL and CL/CD
increases nonlinearly. CL continues to increase, and
CL/CD reaches maximum when the flex equals approximately 10%. The negative flex makes CD increase,
CL and CL/CD drop, and is disadvantageous to the aerodynamic characteristics.

5 Conclusion

Unsteady lift coefficient

Unsteady drag coefficient

Fig. 21 The unsteady lift and drag coefficients for different
cambers in the delayed mode.

Fig. 22 The time-averaged lift and drag coefficients and ratio
of lift to drag for different cambers in the delayed mode.

The numerical method was adopted to carefully
study the new bionics flapping style, which was proposed by author based on previous researches and the
author’s research on fruit fly hovering flight. The most
important difference or the only difference between the
fruit fly flapping and the new flapping style is the rotational direction at the ends of a stroke. For the fruit fly
flapping, it was pitching-up, but for the new flapping
style, it was pitching-down.
Comparing with the fruit fly flapping, the new
flapping style reasonably makes use of the mechanism
of the delayed stall and the mechanism of the acceleration and deceleration at ends of a stroke to generate high
unsteady lift. Meanwhile, because it gets rid of the
pitching-up mechanism, the new flapping style decreases the unsteady drag greatly, and improves the ratio
of lift to drag effectively: for the advanced mode, the
time-averaged CL/CD is 35.% greater, for the symmetrical mode, is 66.1% greater, and for the delayed mode,
is 150 % greater. At the same time the new flapping style
effectively smoothes the great difference of the aerodynamic characteristics in the three modes.
Three tasks were carried out in this paper: 1. The
power requirement of the new flapping style was studied
in comparison to the fruit fly flapping; 2. The effects of
the flapping parameters, Δτt, Δτr, α, to the aerodynamic
characteristics of the new flapping style in the symmet-
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rical mode were simulated; 3 The effects of the airfoil
camber to the aerodynamic characteristics of the new
flapping style in three modes(the advanced, the symmetrical, the delayed) were studied in detail. Then the
following conclusions can be drawn:
(1) Comparing with the fruit fly flapping, the new
flapping style decreases the aerodynamic power requirement coefficient CP,a and the flapping power requirement coefficient CP,t, while keeping the high unsteady lift to realize hovering. Then the time-averaged
power requirement coefficient CP drops significantly:
For the advanced mode, CP decreases by about 41.4%;
For the symmetrical mode, CP decreases by about 23.8%;
And for the delayed mode, CP decreases by about 42.9%.
These means that while obtaining a high enough unsteady lift, the new flapping style drops the power requirement, improves the mechanical effects greatly. The
reason is decrease of the unsteady drag coefficient for
the new flapping style;
(2) For the symmetrical mode, the effects of the
time of flapping acceleration Δτt, the time of rotating
accelerating Δτr and the angle of attack in the middle of
stoke α, to the aerodynamic characteristics are: Δτt increasing and Δτr decreasing make the time-averaged lift
and drag coefficient increase, but the time-averaged ratio
of lift to drag changes a little; α significantly affects the
aerodynamic characteristics. For the scope of calculation
in this paper, α increasing from 30˚ to 50˚, makes CL and
CD increase, CL/CD decreases nonlinearly. This tendency
was similar with the rigid wing.
(3) For the new flapping style, the plus airfoil
camber on the flapping wing can effectively increase CL
and CL/CD, and improve the aerodynamic characteristics.
It is well known that this technology is not useful to the
fruit fly flapping. In the scope of this paper, as the
camber increases from −20% to 20%, CL, CD and CL/CD
changes nonlinearly. For Δτt = 0.1τc, Δτr = 0.32τc, α =
40˚, CL/CD reaches maximum when the camber is approximately 10%. Comparing with the flat wing, when
f =10%, for the advanced mode, CL/CD increases by
about 13%, for the symmetrical mode, by about 9%, for
the delayed mode, by about 8.4%. The negative flex
makes CD increase, CL and CL/CD drop, and is disadvantageous to the aerodynamic characteristics.
Since there are so many advantages for the new
flapping style, people would ask why insects or birds do
not adopt this flapping style. This presents complex

problems, which need to be studied from a wide range of
subjects, such as biology, biological mechanics, anatomy and evolution of animals. A possible explanation
may be that the flapping wing structures, such as membrane, feather, muscle, venation and skeleton, of the
insects and birds which adopt the fruit fly flapping style
are not compatible with the new flapping style. However,
they are not limitations for the manmade MAVs. Maybe,
from the point view of the mechanical structure, the new
flapping style can be easier to realize.
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Abstract
The bionic unsmooth airfoils with leading edge protuberances were designed according to principles of bionic coupling.
The amplitude (w) of leading edge sinusoidal protuberances ranged from 2 % to 10 % of the mean chord length, with spanwise
wavelengths (l) of 20 % and 100 % the mean chord length, which correspond to the morphology based on the leading edge of
humpback whale flipper. The effect of leading edge protuberances on airfoil performance was investigated by computational
fluid dynamics (CFD). The application of coupling bionic morphology with wavelength and amplitude increases the lift and
delays stall angle when compared with similar wings with straight leading edges. At w = 0.075c and l = 0.33c the maximum lift
of unsmooth airfoil increased by 19.8 % and stall angle of unsmooth airfoil delayed by approximately 30.3 % than those of the
baseline NACA 0015 airfoil.
Keywords: leading edge protuberance, amplitude and wavelength, bionic coupling, computational fluid dynamics, baseline
NACA 0015 airfoil

1 Introduction
Wind turbines have become a common sight in our
landscape and an increasingly important source of clean
energy during the last decades[1]. Economical performance of a wind turbine is determined by the efficiency of
the blade; thus, flow control applied to airfoils has been
an active topic of research for many years[2]. The flow
control devices may range from passive methods such as
mechanical roughness elements (strips, bumps), to active methods such as acoustic excitation, surface vibration etc. However, the traditional passive control devices
increase additional drag, while active control devices
require the auxiliary power[3–5].
In recent researches, the various non-smooth control surfaces based on some swimming animals exhibit
features which could confer distinct hydrodynamic advantages[6]. In particular, the remarkable hydrodynamic
design of the flipper of a humpback whale has been
examined in detail by Fish and Battle[7]. Wind tunnel
experiments using humpback whale flipper models with
large aspect ratios (~ 6) provided evidence that the
leading edge tubercles serve to delay stall angle by apCorresponding author: Lu-quan Ren
E-mail: lqren@jlu.edu.cn

proximately 40 % and increase total lift without increasing drag[8]. The occurrence of “morphological
complexities” on a lifting body could reduce, or use,
pressure variation at the tip to decrease drag and improve
lift to prevent tip stall[6]. However, most engineering
applications need simplicity, regulation and reliability,
which lead designers to favor passive control measures
[9-10]. The object of the research of bionic coupling
design is to elucidate the passive control characteristics
(i.e., structure, morphological components) and active
control functions (electroosmosis, self-lubricate, selfrepair, etc.) of the organism and to reconstruct a part of it
according to practical engineering requirements, and in
this field it is only natural that we take organism as our
model in developing new concepts and ideas[11]. Thus,
bionic coupling method and a numerical optimization
tool (CFD)[12–18] were used to design bionic unsmooth
airfoils for leading edge protuberances.
In the present contribution, the primary objective of
numerical simulation of flow control is to investigate
relations between the parameters of a bionic non-smooth
leading edge and their respective influence on the lift,
drag and corresponding L/D ratio. It is expected that the
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preliminary results can be significant in promoting the
development of design of a wing.

2 Flow solver
2.1 Conservation equations
The particular form of the general transport equation which governs the system under study is presented
in Eqs. (1) and (2). It is composed of continuity and two
momentum equations. It is assumed that no heat transfer
takes place in the system so that energy equation is not
required. Furthermore, the flow Mach number considered is low enough to assume flow as incompressible. As
a result, no equation of state is required.
Mass conservation

∂
( ρ ui ) = 0 .
∂xi

(1)

Momentum conservation
∂
∂p
∂ ⎛ ∂u j ⎞
ρ ui u j ) = −
+
(
⎜u
⎟ .
∂xi
∂xi ∂xi ⎝ ∂xi ⎠

(2)

where ui is the velocity component in the coordinate
directions xi, p is the local pressure, and ρ is the fluid
density.
2.2 Turbulence modeling
Several turbulence closures are included in the flow
solver, ranging from linear eddy-viscosity based models
to full second order closures[19]. For these studies, the
low-Reynolds RNG k–ε model of Yakhot and Orzag[20]
is chosen, since it has proved to behave satisfactorily for
separated flows over airfoils.
2.3 Numerical method and boundary condition
The governing Navier-Stokes equations are integrated by finite volume method (FVM) for a collocated,
hybrid grid system. A major advantage of this method is
that it intrinsically preserves mass and material fluxes
both on local and global scales. The numerical integration starts with the assumption of an integration profile
for the state variable. The QUICK scheme[21] was applied to the non-orthogonal grid system in this research.
The inlet boundary is placed five times chord length (c)
upstream of the leading edge of the blade while the
outlet boundary is placed 10c downstream of the trailing
edge of the blade. The grid system and boundary conditions are schematically shown in Fig. 1.

Fig. 1 Grid assessment.

Computations for the baseline NACA 0015 airfoil
are first performed on different grids, for a Reynolds
number Re = 1.6×105 and incidence angles from 0 to 24˚,
in order to assess the numerical accuracy of the calculations. Four grids are tested, respectively composed of
802136, 853562, 945128 and 119914 cells. Turbulence
modeling is achieved by the RNG k–ε model. The
comparison of the lift coefficients computed is shown in
Fig. 2. As seen, the results are very similar before stall,
but differ significantly for the poststall regime. When
these results are compared to the experiments of
Sheldahl[22] for the baseline NACA 0015 airfoil, differences appear, since stall occurs experimentally at an
incidence of about 10˚ and the maximum lift coefficient
is 0.85. However, the purpose of the present study is to
understand the relations between the parameters of a
bionic non-smooth leading edge and their respective
influence on the airfoil performance. Since the experimental data are only considered as starting parameters
for the design optimization, the difficulty of reproducing
the experimental conditions and facilities does not seem
critical. This difficulty to accurately simulate stall was
pointed out by several authors[23–24] who studied stall

Fig. 2 Boundary conditions.
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control numerically. One may notice that for all grids,
even the coarsest, the stall angle is about 13˚. The result
obtained for the grids 3 is close enough to establish that
the grid independency is almost reached. Thus, the grid 3
is chosen for the next calculations.

3 Results and discussion
The airfoils based on the NACA 0015 profile with
and without the leading edge protuberances are shown in
Fig. 3, which the mean chord length c was 100 mm and
the span s was 200 mm. One of the airfoils had a smooth
leading edge and was used as the baseline airfoil for
comparisons. The leading edge of the other airfoils was
sinusoidal in the spanwise direction, and the geometry
was defined by a wavelength and amplitude. Four amplitudes of 0.025, 0.05, 0.075 and 0.1c were chosen with
four wavelengths of 1c, 0.5c, 0.33c and 0.25c. The
planform area for all airfoils in this set was equal to the
smooth leading edge baseline airfoil. The chosen relative amplitudes and the two wavelengths of the protuberances on the models in the present study fall within
the range of values associated with the humpback whale
flippers. The number of leading edge protuberances N
was determined as follow:
N =s l ,

which amplitude w = 0.05c. The lift coefficients for the
smooth and the unsmooth foils with different protuberance wavelengths are compared in Fig. 4 as a function of
angle of attack. It can be seen that the lift coefficient
increases linearly with α for all airfoils up to about 12˚.
When α is larger than 12˚, the unsmooth airfoils CL
values increase with wavelength shortened. At α = 16˚,
the CL value reaches 1.26 for the unsmooth foil with
0.33c wavelength, which increases by 13.5 % than
baseline foil CLmax value; a further shortening wavelength leads to a drop of the lift coefficient. The CL
values for the longest wavelengths follow the baseline
up to α = 12˚, and then the lift coefficient breaks from its
linear rise, which the CL remains constant at 0.92 for the
range of 18˚ < α < 24˚. Furthermore, the unsmooth airfoil does not stall in the traditional sense of a rapid decrease of lift coefficient from the maximum value.

(3)

where s and l are the span of the airfoil and the leading
edge protuberance wavelength of unsmooth airfoil, respectively.

Fig. 4 Dependence of lift coefficient on the different protuberance wavelengths, with amplitudes of 0.05c.

(a)

(b)

(c)

Fig. 3 Photographs of the NACA 0015 and modified airfoils
with leading edge protuberances. (a) NACA 0015 airfoil, (b)
The bionic leading edge protuberances on NACA0015 airfoil,
(c) Sketch of the bionic leading edge protuberances model with
a span cross-section.

3.1 Effect of wavelength
As a tentative evaluation, the average leading edge
amplitude of humpback whale flipper was chosen firstly,

The drag curves for the smooth and the unsmooth
foils with different protuberance wavelengths are contrasted in Fig. 5. The baseline foil has equal or smaller
CD values than the unsmooth foils at 0˚< α <16˚. Beyond
this range, however, the unsmooth foils produce consistently lower drag than the baseline by varying degrees.
Note that the unsmooth foils with shorter wavelength
generate slightly less drag than the longer wavelength
foils over the majority of angles of attack examined. The
corresponding L/D ratios or aerodynamic efficiency
shown in Fig. 6, support the above observation. The L/D
ratios for the unsmooth foils are lower than the baseline
foil at incidence angles ranging from 0˚ to 16˚, but the
L/D ratios are greater at other incidence angles. The

Xu et al.: Numerical Analysis of the Influence of Bionic Coupled Foils with Leading Edge Protuberance
and Baseline NACA 0015 Airfoil on Aerodynamic Performance

results could be explained by that the protuberances bear
an analogy to leading edge vortex generators that can
prevent/delay stall and thereby maintain a large lift-todrag ratio at high angles of attack[7–8]. In unsmooth airfoils, when the number of the leading edge protuberances N reaches six, the peak L/D ratio is 20.8; a further
increase of N leads to a drop of the L/D ratios. Note that
when N equals to 2, the L/D ratio values are significantly
smaller than others,which shows it is difficult to control
the separation of boundary layer for two vortex generators[25].
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value is the highest at α = 17˚ and CL = 1.33. The results
indicate that the value of CLmax increases by 19.8 % from
1.11 to 1.33 and the αstall increases by 30.3 % from 13˚ to
17˚ than the baseline. However, it is interesting to note
that further increase of amplitudes up to 0.1c leads to
slight drop of lift coefficient.
The corresponding drag coefficient curves for the
foils are shown in Fig. 8. Similar to Fig. 5 trend, only
when α is larger than 16˚, the drag coefficients are
smaller than the baseline foil results. The L/D values for
the smooth and the unsmooth foils with different amplitudes are contrasted in Fig. 9. The aerodynamic efficiency of the unsmooth foils increases with the amplitude decreasing. When the amplitude is 0.075c, the
maximum L/D ratio value for the unsmooth foils occurs
around the same point as the baseline foil case at α = 6˚
with a value of (L/D)max = 21.56 but is 6.67 % less than
the (L/D)max for the baseline foil. However, for angle of
attack above 16˚, the L/D ratio values of unsmooth foils
are higher than baseline foil.

Fig. 5 Dependence of drag coefficient on the different protuberance wavelengths, with amplitudes of 0.05c.

Fig. 7 Effect of different protuberance amplitudes on lift
coefficient, with wavelength 0.33c.

Fig. 6 Dependence of L/D on the different protuberance wavelengths, with amplitudes of 0.05c.

3.2 Effect of Amplitude
The wavelength l = 0.33c was chosen, since the L/D
ratio was higher than other unsmooth foils according to
the above results and principle of optimization design.
Fig. 7 shows the effect of different protuberance amplitudes on lift coefficient. The unsmooth foils CL increases
with the amplitude increasing at a broad range of incidence angle: α = 13˚ – 24˚. When w = 0.075 c , the CL

Fig. 8 Effect of different protuberance amplitudes on drag
coefficient, with wavelength 0.33c.
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whale flipper. J Morphology, 1995, 225, 51–60.
[8]

Miklosovic DS, Murray M M, Howle L E, Fish F E. Leading
edge tubercles delay stall on humpback whale (Megaptera
novaeangliae) flippers. Phys Fluids, 2004, 16, 39–42.

[9]

Ren L Q, Li J Q, Chen B C. Unsmoothed surface on reducing
resistance by bionics. Chin Sci Bull, 1995, 40. 1077–1080.

[10] Ren L Q, Tong J, Zhang S J, Chen B C. Reducing sliding
Resistance of soil against bulldozing plates by unsmoothed
bionics surface. J Terramech, 1995, 32, 303–309.
[11] Ren L Q, Tong J, Li J Q, Chen B C. Soil adhesion and
biomimetics of oil-engaging components: A review. J Agric
Eng Res, 2001, 79, 239–263.
Fig. 9 Effect of different protuberance amplitudes on L/D,
with wavelength 0.33c.

4 Summary
A simulation of the flow field is performed, solving
steady Reynolds-averaged Navier–Stokes equations, for
a NACA 0015 baseline foil with and without leading
edge protuberances at Reynolds number Re = 1.6 ×105.
The L/D ratios for the unsmooth foils are lower than the
baseline foil at incidence angles ranging from 0˚ to 16˚,
but the L D ratios is greater at other incidence angles.
It is found that the efficiency of the control is significantly improved when appropriate amplitude and
wavelength parameters are chosen. At w = 0.075c and l =
0.33c, the maximum lift increased by +19.8 % and the
stall delayed from 13˚ to 17˚, with respect to the baseline
NACA 0015 airfoil.
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Development and Experiment of a Kind of Pectoral Oscillation
Propulsion Robot Fish
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Abstract
A pectoral oscillation propulsion robotic fish named as “Cownose Ray-I” is designed as the dorsoventrally flattened shape
without tail, including the main body and the two pectoral fins. The chord of the robotic fish is 300 mm, and the maximum of the
span 500 mm. The results of the experiment in the water tank show that the speed of robotic fish is obviously dependent on the
largest amplitude and the phase difference between the adjacent fin rays, but independent on the flapping frequency, which is in
accord with the results from Heine in 1992. And the results of the preliminary maneuverability show that the phase difference
has more effect on the swerving. Besides, as the propulsion waves along the pectoral fins pass from the trailing edge to the
leading edge, the robotic fish attains to the backward speed.
Keywords: robotic fish, pectoral oscillation propulsion, phase difference, propulsion wave

1 Introduction
Swimmers with pectoral-fin-based locomotion, one
kind of MPF (Media and/or Paired Fin) mode, propel
themselves by their pectoral. Pectoral-fin-based locomotion has been divided traditionally into two categories:
undulation and oscillation. Undulation of the pectoral
fins, termed ‘rajiform’ locomotion[1], is defined by having more than one wave present on the fins at a time[2].
Oscillation of the pectoral fins, termed ‘mobuliform’
locomotion[2], is more similar to flapping in birds, and
the fins move up and down with less than half a wave on
the fins.
In the oscillation of the pectoral fins, Blake identified two main oscillatory movement types[3]: a rowing
action (drag-based mode) and a flapping action
(lift-based mode). According to Vogel[4], drag-based
methods are more efficient at low speeds while lift-based
methods are more efficient at higher speeds. The main
difference between the types lies in the direction of
pectoral oscillation. In the drag-based mode, the direction of pectoral oscillation is almost parallel to the direction of swimming of the fish, and in the lift-based
mode, both direction is perpendicular.
Using the lift-based mode, the fish presents the
excellent maneuverability, as well as high performance
and low effort during the cruising, such as Manta Ray.
Corresponding author: Shao-bo Yang
E-mail: shb.yang@yahoo.com.cn

Similar to Manta Ray, Cownose ray ( Rhinoptera
bonasus) (see Fig. 1) attributes to Myliobatiformes,
which is a type of cartilaginous fish characterized by
dorsoventrally compressed rhombic profile and elongated tail. Its pectoral fins with the wingtips ending in
distinct are greatly enlarged and fused to the cranium,
forming large, highly modified, wing-like structure. In
order to gracefully propel itself, Cownose ray moves its
fins up and down in a plane that is roughly perpendicular
to the main axis of the body (see Fig. 2). This is so called
“lift-based” mode.
Previous studies on Cownose ray have focused on
the kinematics of the specimen. Heine[5] documented the
kinematics of Cownose ray, and concluded that the only
variable strongly correlated with swimming speed was

Fig. 1 Cownose ray (from Heine,1992[2]).
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y
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x
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dorsoventrally flattened shape without tail, including the
main body and the two pectoral fins. The material of the
main body is rigid while that of the triangular pectoral
fins elastic. The chord of the robotic fish is 300mm, and
the maximum of the span 500 mm. After the weight of
the robotic fish adjusted by the foam to keep hovering,
the total weight is about up to 1 kg.
z

Fin rays

Sevo-motor

x

Fig. 2 Image of Cownose Ray during steady swimming.

the maximum speed of the wing tip on the upstroke.
Rosenberger[6] explored the dichotomy between undulatory and oscillatory locomotion by comparing the
kinematics of pectoral fin locomotion in eight species of
botoids that differed in their swimming behavior, phylogenetic position and lifestyle, and kinematic data
showed that Rhinoptera bonasus increases wavespeed,
fin-tip velocity to increase swimming velocity.
Natural selection has ensured that the mechanical
systems evolved in Cownose ray are highly efficient
with regard to the habitat and mode of life. The ability of
maneuvering and the advantages of noiseless propulsion
could be of additional significance. Over the last several
years, biologists have shown a much renewed interest in
the area and have shed new light on the pectoral oscillation propulsion[7–9]. In the present study, after an introduction to the robotic fish named “Cownose Ray-I”,
the latter are presented in more detail exploring the
kinematics of the model in the phase difference between
the adjacent fin rays, the flapping frequency and the
largest amplitude of fin rays, and the results are accord
with that of the specimen.

2 Material and method
Based on the principle of “likeness in shape” and
the several hypotheses as follows, “Cownose Ray - I”
robotic fish is developed[10]
(1) Supposing that the thickness of the pectoral fin
is ignored;
(2) Supposing that the fin rays is perpendicular to
the direction of the main axis of the body;
(3) Supposing that the model has no tail.
2.1 Structure of “Cownose Ray - I”robotic fish
The robotic fish (see Fig. 3) is designed as the

y

Fins

Body

Clamp

(a) Design of robotic fish

(b) Model of robotic fish

Fig. 3 “Cownose ray-I” robotic fish.

In the study, the design of the modularization is
introduced, such as the modularization of the work units
and the jointing means between the motors and the fin
rays. The work units are eight eudipleural Futaba 3003
servo-motors, and the junctures are directly jointed.
Each motor on the pectoral fins is in single control according to the given rule to form the propulsion wave
along the chord, therefore, the model is propelled by the
water. Besides, the location of servo-motors may be
adjusted along the chord of the body, as is benefit to
softly adjust the center of gravity of the body and location of the pectoral fins.
2.2 Kinematics model
During the swimming of the robotic fish, the plane
formed by the oscillation of the fin rays is only perpendicular to the main axis of the body. Therefore, the local
reference frame in the fin rays is set up as follow (see
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Fig. 3a): the original is the juncture of fin rays and
servo-motors, and the forward direction is x-axis only
around which the fin rays wheel.
It is assumed that the oscillation rule of the fin rays
is sine wave, and the angle between the fin rays and the
y-axis is θ(t) , therefore, the kinematics formula of the
single fin rays may be

θi ( t ) = θi 0 + θ max sin(2π ft + (i − 1)ϕ ) ,

(1)

where, θi(t)is the amplitude of the i fin rays, θi0 the
original angle of the i fin rays, θmax the largest amplitude
of the fin rays, f the flapping frequency of the fin rays
and φ the phase difference between the adjacent fin rays.
The rotating speed of the fin rays is

ω =2πf θ max cos(2π ft + (i − 1)ϕ ) .

(2)

Otherwise, the largest tangent speed is

Vmax = 2πfbθ max ,

(3)

where b is the length of the fin rays.
It is just that the rotating of the fin rays along the
same pectoral fin must obey a certain of order of the
phase, the sine propulsion wave whose wave numbers is
less than 0.5 is exhibited along the pectoral fins during
the swimming of the robotic fish. Therefore, the dynamic response of the fin rays becomes the key of the
formation of the propulsion wave. For the above sine
input, the restriction to the rotating speed of fin rays
is[11]

ω ≤

nr Tm
,
D + nr2 K m2 / Ra
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a certain phase delay among the fin rays, the sine wave
along the pectoral fins transmits from the leading edge to
the trailing edge. As the propulsive wave transmits
backward, the fluid around the pectoral fins react the
robotic fish to surge forward. The forward speed of the
robotic fish is dependent on the hydrodynamic force that
has relation with the shape of the pectoral fins and the
propulsive wave. Otherwise, the largest amplitude of the
fin rays and the flapping frequency affect the rotating of
the fin rays as well as the speed of the propulsive wave,
and the phase difference between the adjacent fin rays
changes the size of the propulsive wave. Therefore, the
forward speed of the robotic fish may be different from
the above three parameters. Moreover, the swimming of
the robotic fish may be in the control.
In the experiment, DCR-TRV60E type Sony video
camera is used to shoot the swimming of robotic fish and
the frames of which dealt with is get back to describe the
kinematic action.

(4)

where nr is the ratio of rotating speed of the servo-motor,
Tm the torque output of the motor, D the total friction
damp, Km the restored torque of the motor and Ra the
resistance of the armature.
If the rotating speed is accord with the Eq. (4), the
fin rays should follow the sine input. Otherwise, with the
increasing of the flapping frequency, the rotating speed
will overstep the restriction, which will greatly attenuate
the largest amplitude of the fin rays. It is obvious that the
dynamic response of the fin rays becomes bad.

3 Results and discussion
In the tank (4 m × 1.8 mm × 1.5 mm ), the depth of
the water is 0.6 m and the water still. When the robotic
fish is swimming (see Fig. 4), the fin rays along the
pectoral fins periodically move up and down. Because of

Fig.4 Robotic fish swimming in the tank.

3.1 Surging
How does either parameter among the phase difference between the adjacent fin rays , the flapping
frequency and the largest amplitude of fin rays influence
the forward speed of the robotic fish while the other keep
constant? The relation of forward speed and these parameters is explored in the study (see Fig. 5). From the
results of the experiment, it is concluded that the correlation between the forward speed and the phase difference and between the forward speed and the largest
amplitude is up to 1, otherwise that between the forward
speed and the flapping frequency is next to −1, which
shows that the flapping frequency hardly has effect on
the forward speed and agrees with the test of the forward
speed of Cownose Ray by Heine[5] in 1992.

184

Proceedings of the 2nd International Conference of Bionic Engineering
2.5

70
60

Wave numbers N
Flapping frequency f (Hz)

50
1.5

40
30

1.0

20
0.5

0.0

10

0.0

0.1

0.2
0.3
0.4
Forward velocity U (BL/s)

Largest amplitude theda (dgree)

2.0

0
0.5

Relation with the wave numbers (correlation 0.7303)
Relation with the flapping frequency (correlation−0.9749)
Relation with the largest amplitude (correlation 0.8660)

Fig.5 Relation between the forward velocity and either parameter
among the wave numbers, the flapping frequency and the largest
amplitude.

3.1.1 Relation with the wave numbers
It is defined that N is the wave numbers on the
pectoral fins in a period.
N = L / λ, where L is the largest chord of the pectoral
fins and λ the wave length of the propulsive wave.
In some case the definition of the wave numbers is
k = 2π / λ.
In fact, both the definition is identical in nature. In
the study, the wave numbers may be transformed into the
phase difference between the adjacent fin rays by the
formula α = 360˚ × N / 3. Specially，as the wave numbers
of the robotic fish is 0.4, the phase difference is 48˚.
In that the wave numbers of Cownose Ray in the
cruising is less than 0.5, the top restriction of the wave
numbers in the experiment doesn’t exceeded 0.5. With
the increasing of the wave numbers, the forward speed
of the robotic fish is correspondingly increasing. Otherwise, in the case of the wave numbers in 0.5, the forward speed becomes small because of the restriction of
the elasticity of the pectoral fins. As the wave numbers is
increasing, the pectoral fins are easy to tightened leading
to the decreasing of the largest amplitude of the fin rays.
3.1.2 Relation with the flapping frequency
In the case of the flapping frequency 0.8 Hz to 1 Hz,
the speed of the robotic fish may be faster than that in the

case of the other frequency. Otherwise, in the case of the
lower frequency, the robotic fish may produce the more
lift force to heave up and down, which will cut off the
forward speed of the robotic fish. Moreover, with the
increasing of the flapping frequency, the forward speed
dramatically decrease because of the restriction of the
frequency of the motors as shown in the Eq. (4).
3.1.3 Relation with the largest amplitude
With the increasing of the largest amplitude of the
fin rays, the forward speed of the robotic fish may be
increasing. From the Eq. (3), Vmax ∝ θ max , which shows
that the tangent speed of the fin rays will increase with
the largest amplitude. Otherwise, the largest tangent
speed happens on the location of the horizontal plane. It
is obvious that the increasing of the largest tangent speed
of the fin rays leads to the increasing of forward speed,
which meets with the results of the experiment of
Cownose Ray by Heine in 1992. Moreover, as the largest
amplitude is less than 30 degree, the forward speed becomes smaller, which may illustrate the phenomenon in
the case of the flapping frequency 2 Hz shown in the
above. In the case of the largest amplitude 45˚ to 60˚, the
forward speed may be constant because the elasticity of
the pectoral fins restricts the amplitude of the fin rays.
3.2 Maneuverability
The dissymmetric oscillation of the two pectoral
fins may control the swerve of the robotic fish. The
experiment shows that the difference of phase difference
between the adjacent fin rays and that of the largest
amplitude of the two pectoral fins will swerve the robotic fish.
Firstly, the difference of the largest amplitude of the
two pectoral fins is explored. In the case of the flapping
frequency 1 Hz and the wave numbers 0.4, the largest
amplitude of the left pectoral fin 45˚ and the right 9˚, the
robotic fish turns right with the rotating speed 22.5˚ per
second and the gyration radius one body length. Secondly, the difference of phase difference between the
adjacent fin rays is also explored. In the case of the
flapping frequency 1 Hz and the largest amplitude 45˚,
as the propulsion waves along the left and the right
pectoral fins transmit in reverse, the robotic fish finishes
the gyration of 360˚ with the rotating speed 45˚ per
second without the gyration radius, revealing the excellent maneuverability.
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Besides, as the propulsion waves along the pectoral
fins pass from the trailing edge to the leading edge, in the
case of the flapping frequency 1 Hz, the largest amplitude 45˚ and the wave numbers 0.4, the robotic fish
attains to the backward speed 0.15 in m/s larger than the
forward speed 0.13 in m/s in the same case, which
maybe the result from the extra restriction of the weight
of the wires controlled the swimming of the robotic fish
and the different shape between the leading edge and the
trailing edge.
The above maneuverability of the robotic fish is
summarized in the Table 1 as follow.

48˚

48˚

45˚

9˚

48

48˚

9˚

45˚

48˚

−48˚

45˚

45˚

−48˚

48˚

45˚

45˚

−48˚

−48˚

45˚

45˚

Swimming action
Turn right and
forward surging
Turn left and
forward surging
Turn right without
gyration radius
Turn left without
gyration radius
Backward surging

study than Cownose Ray suggests that the model should
be improved. Especially, the hydrodynamic force of the
model swimming in the fluid is worth discussing in the
next study.
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Abstract
Drag reduction investigations of gyroidal objects with upright hemicycle riblets on the surfaces were carried on in rotating
arm basin. The gyroidal objects were made by 3D printer. The gyroidal objects are 60mm in diameter and 90mm in length. The
hemicycle riblets are from 0.5 mm to 3.0 mm in diameter, and the riblets offsets are from 1.0 mm to 6.0 mm in length. In the
experiments, the linear velocities of gyroidal object are from 1.0 m/s to 12.0 m/s. The experimental results showed that the drag
reduction effect occurred when the linear velocity exceeded 6m/s. The ranges of drag reduction velocity changed with the sizes
of upright riblets surface and linear velocity changing, and the maximum drag reduction quantity exceeds 10.6 %.
Keywords: upright riblets surface, drag reduction, rotating arm basin, gyroidal objects

1 Introduction
It is well known that in fluid the frictional resistance of navigational body account for 50 % to 80 % of
the total resistance. So, frictional drag reduction of
navigational body has great significance.
Since the 1960’s, the researchers noted that the
surface of the body and the boundary layer which contacted the fluid were key to deciding frictional resistance.
In the natural world, some underwater animals such
as dolphins and swordfish have low-resistance when
they swim, which enlighten researchers to imitate their
surface structure and materials.
The low-resistance scarfskins of these underwater
animals have provided profuse configuration resources
for the investigation of the biomimetic drag-reducing
surfaces, which make researchers expect a similar
low-resistance characteristics.
At present, the biomimetic surfaces have been
extensively studied. Consequently some representative
methods like setting riblet film in the surface of the body,
making use of flexible material surface, placing water-soluble polymer solution around the surface, setting
ultra-cavity generator and traveling wave surface structure are being considered.
Researchers conduct plenty of investigations that
Corresponding author: Lu-quan Ren
E-mail: lqren@jlu.edu.cn

make downstream riblet surface study sufficient. The
frictional resistance can be reduced by as much as 4 %
to 25 % following different riblet configurations. The
mechanism of drag reduction in downstream riblet surface is mainly that this type surface changes the status of
the boundary layer, so the turbulent boundary layer
changes into a laminar flow.
Drag reduction on upright riblets surface has also
been considered in the study. Krame find that in early
1960’s, by means of dolphins' research, traveling wave
which was generated by the periodical non-smooth surface on the body can reduce frictional resistance and
pressure drag.
Supercavity technology is currently a hot area of
study, and has application to engineering. The rate of
torpedo for this technology has reached 200 km/h. Appropriate riblet structure in navigational body generates
supercavity effect with certain movement parameters.
In the experiment, we studied the drag reduction
investigation of gyroidal object with upright riblets
surfaces. The experimental equipment is a rotating arm
basin. The linear velocity ranges from 0 m/s to 13 m/s
which is adjustable and continuous. The surface of gyroidal object has semi-circular groove which is perpendicular to vertical axis. The diameter of the semi-circular
groove is between 0.5 mm to 3.0mm.The groove distance is between 1.0 mm to 6.0mm.The experiment

Liu et al.: Drag Reduction Investigation of Gyroidal Objects with Upright Riblets Surface in Rotating Arm Basin

studied the relationship among drag reduction, size,
distance of groove surface and the rate of gyroidal object,
then analyzed the mechanism of the result. This study
will be a foundation for further drag reduction work
which emphasizes on relationship between upright riblet
and fluid rolling boundary layer.
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differences in radius and distance for the groove, all
models have same external profile dimensions.

2 Model experiment in basin
2.1 Experimental facility and environment
The experiments were conducted in rotating arm
basin. Figs. 1 and 2 shows schematic diagram of a rotating arm basin. The diameter of basin is 2000 mm and
the depth is 1200 mm. Drive motor power is 380 W
which can change frequency and rate. The linear velocity of model is 0 to 13 m/s. We used counterforce style
lever structure to measure the resistance of model in the
water. The density of water is 1002 kg/m3, the temperature is 22.5 ˚C,the kinetic viscosity is 6×10−6 m2/s.
2.2 Experimental model
Fig. 3 shows the size of experimental model. The
material of the model which was manufactured by 3D
fast shaping system is engineering plastic. Slotting a
semicircular groove in the cylindrical surface of the
model was also done. The distance of groove is L and
radius is R. In total, we have seven models in the experiment, of which six models’ cylindrical surfaces have
semicircular grooves. The other one has no semicircular
groove. Table 1 shows the data of L and R. Except for
rotation

L

φ 60

R

90
150

I

Fig. 3 Size of experimental mode.

2.3 Experiment method
Every model’s movement resistance was measured
with relevant rate in the basin respectively. Three tests
were conducted on every model, and the average result
was calculated. The rate of experiment ranges from
1 m/s to 12 m/s and a total of 12 points were measured.
Table 2 shows the results. At the rate, the resistance of
model was measured. Sampling time is 0.5 s and sampling rate is 200 Hz.

Table 3 shows the experimental data of model 1 to
model 7 at a certain rotational speed. According to the
data from Table 3, we draw a speed-drag reduction efficiency curve in Fig. 4. Drag reduction efficiency is
calculated by the following formula: η = (Di / D0)×100%.
In this formula, Di is resistance of groove surface sample,
D0 is resistance of non-groove surface.

arm
motor

model

I

3 Results and discussion

sensor
arm

Fig. 2 Model photograph.

Fig. 1 Schematic diagram of rotating arm basin.

Table 1 The data of L and R
Sample 3

Sample 4

Sample 5

Sample 6

Sample7

L

Sample 1
0

1.0 mm

Sample 2

1.4 mm

2.0 mm

3.0 mm

4.0 mm

6.0 mm

R

0

0.25 mm

0.4 mm

0.6 mm

0.8 mm

1.0 mm

1.5 mm

Table 2 The resistance of model
Velocity (m/s)

1

2

3

4

5

6

7

8

9

10

11

12
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Table 3 Resistance and drag reduction efficiency data.
Velocity
(m/s)

Model 1

Model 2

R/N

R/N

Model 3

D/%

R/N

Model 4

D/%

R/N

Model 5

D/%

R/N

Model 6

D/%

R/N

D/%

Model 7
R/N

D/%

1

2.52

2.53

−0.39

2.52

0.00

2.53

−0.39

2.52

0.00

2.53

−0.39

2.53

−0.39

2

11.07

11.08

−0.09

11.02

0.45

11.01

0.54

11.08

-0.09

11.09

−0.18

11.09

−0.18

3

25.18

25.15

0.11

25.01

0.67

24.58

2.38

24.88

1.19

25.13

0.19

25.20

−0.08

4

39.27

39.10

0.43

38.87

1.01

38.00

3.23

38.57

1.78

38.78

1.24

39.24

0.07

5

59.12

58.86

0.43

58.15

1.64

56.81

3.70

57.06

3.48

57.94

1.99

59.06

0.10

6

80.76

80.35

0.50

79.36

1.73

77.60

3.91

76.72

5.00

78.44

2.88

80.58

0.22

7

108.36

107.67

0.63

106.35

1.85

103.67

4.32

101.86

5.99

105.02

3.03

108.11

0.23

8

138.61

137.63

0.70

135.66

2.12

131.67

5.00

129.43

6.62

134.06

3.28

138.28

0.24

9

175.24

173.74

0.85

171.33

2.23

165.6

5.50

162.97

7.01

168.47

3.86

174.82

0.24

10

209.68

207.88

0.86

204.79

2.33

197.09

6.01

192.82

8.02

200.24

4.02

208.87

0.38

11

247.7

245.45

0.91

241.84

2.36

230.36

7.00

225.41

8.99

236.97

4.33

246.53

0.47

12

286.03

283.33

0.94

279.36

2.33

263.33

7.80

255.71

10.6

272.81

4.62

284.38

0.57

R-resistance, D-Drag reduction rate
12

Drag reduction (%)

10

Sample 2

Sample 3

Sample 4

Sample 6

Sample 7

Sample 5

8
6
4
2
0
1

2

3

4

5

−2

6

7

8

9

10

11

12

Velocity (m/s)

Fig. 4 Speed - drag reduction efficiency curve.

Fig. 4 shows that sample 4, 5 and 6 can reduce resistance by more than 2 % when their rate is more than
6 m/s. Sample 5 has a 10.6 % drag reduction efficiency
at the rate of 12 m/s.

4 Conclusions
In this paper, the relationship between surface parameter and resistance of gyroidal objects with upright
riblets surface was studied. In the condition of the experiment, the model of upright riblets surface can reduce
the resistance compared to the model of smooth surface
at a certain rate. The models which have groove surface
can reduce resistance when their rate is more than 6 m/s.
Sample 5 has 10.6 % drag reduction efficiency at the rate
of 12 m/s.
A basic study of the drag reduction of semicircle
upright riblet surface in this paper was completed. The

future work should put emphasis on drag reduction study
in other shapes of groove surface and more extensive
speed range.
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Aquatic Bionics: A Numerical Study on Viscous Flow Around a
Pectoral Fin Propulsor
Zhao-li Wang, Yu-min Su, Liang Yang, Yan-li Li
College of Shipbuilding Engineering, Harbin Engineering University, Harbin 150001, P. R. China

Abstract
In this paper twoDOF and three- degree-of-freedom motion models were established for a rigid pectoral fin. Furthermore,
the secondary development of FLUENT (CFD code) software, which is based on Reynolds-Averaged Navier-Stokes equations,
was crucial in modeling. The methods of dynamic mesh and post-processing system of the FLUENT software were also fully
used. Thrust characteristics were calculated according to the motion model. In this paper, numerical results were compared with
the latest experiment results in detail. In addition, the flow condition around the fin was investigated by the flow visualization
and computation results. The study reveals that the unique surface pressure distribution and the change mode of the tail vortex
are the main factors influencing the pectoral fin’s high thrust efficiency.
Keywords: pectoral fin; hydrodynamics performance; FLUENT; dynamic mesh; RNG k-ε model

1 Introduction
Several exiting underwater robots are controlled by
thrusters and wings. These robots display poor performance not only in hovering and turning in both the
vertical and horizontal planes over intricate seabed terrain in strong currents, but also in dexterous manipulation under floating conditions. It is known that the
characteristics of a swimming fish are fast, efficient,
flexible and quiet, so it is important to apply fish
swimming mode to the underwater vehicle propelling
and manipulating system instead of the traditional propeller and rudder system.
At present, the underwater bionic studies focus
mainly on Body and/or Caudal Fin (BCF) mode. However, many fishes perform well for both power location
and maneuverability using paired pectoral fins at a low
swimming speed. The pectoral fin oscillatory motion
was divided into two categories by R. W. Blake[1]:
drag-based rowing action and lift-based flapping action
similar to bird flapping. The kinetic and dynamic
analysis was also performed for drag-based mode. R.W.
Blake[2] calculated the propulsion efficiency using the
blade element theory. Webb [3–4]studied the bass motion
and then considered it as “Labriform model”. Bandyopadhyay [5] was the first to put forward the idea that the
motion of underwater robots could be controlled by fish
Corresponding author: Yu-min Su
E-mail: suyumin@herb.edu.cn

fins at a low speed. N. Kato[6] calculated and analyzed
the hydrodynamic performances of the bass paired
pectoral fins in two Degree of Freedom (DOF) motion
and manufactured the first fish robot which was driven
by mechanical pectoral fins.
In this paper, the complex motion of pectoral fins
was decomposed into four basic motions according to
the decomposing method for bird wings by Azuma:
lead-lag motion, flapping motion, feathering motion and
flexing in span. In this paper pectoral fins are rigid disregarding the flexing in span. The 2-DOF and 3-DOF
motion models were presented. At last, the unsteady
hydrodynamic performances of pectoral fins in viscous
flows were calculated numerically for the motion models by the method of solving moving boundary and dynamic mesh problems.

2 Calculating model for rigid fins
Similar to the bird flapping[7], the motion of pectoral fins relative to the body is decomposed into
lead-lag motion, flapping motion and feathering motion
shown in the Fig. 1.
We assume that the fin is a rigid paddle. The coordinate system is shown in Fig. 2 and the inertial frame
O-XYZ and the moving frame G-XGYGZG were defined.
The origin of the inertial frame O is the joint of the fish
body and the fin. OX points to the fish head against the

Wang et al.: Aquatic Bionics: A Numerical Study on Viscous Flow Around a Pectoral Fin Propulsor

flow. OY points to the outside of the body and OZ points
downwards vertically. The origin of the moving frame G
is the joint of the feathering rotation axis and the outside
of the fin. GXG is perpendicular to the fin. GYG is the
rotation axis when feathering and GZG is perpendicular
to both GXG and GYG . OYG is the projection of GYG on
the XOY plane. The inertial frame and the moving frame
comply with the right hand principle.
Lead-lag motion

Feathering motion
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Where φ FEC, φ FEC and φ FLC are the average values of
lead-lag angle, feathering angle and flapping angle, φ FLA,
φ FEA, φ LA are amplitudes of flapping angle, feathering
angle and lead-lag angle, while Δφ FE is the phase difference between feathering motion and lead-lag motion,
Δφ FL is the phase difference between flapping motion
and lead-lag motion and ωfin is the angular frequency of
the fin motion.

3 Numerical calculation method
The main work in this paper is to apply the
FLUENT software to calculating the unsteady hydrodynamic performances of rigid fins. The kernel method
of this work is the overlapping grid method for the discretization of the Reynolds-Averaged Navier-Stokes
equations and its complementary and amending equations based on the finite volume method.

Flapping motion

Fig. 1 The motion of pectoral fins.

3.1 Basic idea of the SIMPLE arithmetic
Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) means the semi-implicit method to
solve the pressure coupling equation group. Its core is
calculating the pressure distribution based on the grid by
adopting the “guess and amend” progress and aim at
solving the Reynolds-Averaged Navier-Stokes equations.
The equations and their discretization forms are as follows

⎛ ∂u
⎞
⎜⎜ μ i − ρ u 'i u ' j ⎟⎟ + Si ,
⎝ ∂x j
⎠
(3)
(4)
aI uI = ∑ aJ u J − ∑ pe Ae + bI ,

∂
∂
∂p
∂
( ρ ui ) + ( ρ ui u j ) = − +
∂t
∂x j
∂x j ∂x j
Fig. 2 Reference frame.

I≠J

According to the reference frame and outboard fin
moving in 3-DOF relative to the body, the lead-lag angle
φ L, the feathering angle φ FE and the flapping angle φ FL
are defined. We get the 3-DOF and 2-DOF motion model
by composing the three independent motions.
(a) 2-DOF motion model equation

⎧ φL = φLC − φLA ⋅ cos(ωfin ⋅ t )
⎪
⎨φFE = −φFEC − φFEA ⋅ cos(ωfin ⋅ t + ΔφFE )
⎪φ = 0
⎩ FL

(1)

⎡
⎛A ⎞ ⎤
ui I = ui*I + ∑ ⎢ − p 'e ⎜ e ⎟ ⎥ .
e ⎢
⎝ aI ⎠e ⎥⎦
⎣

(b) 3-DOF motion model equation
⎧ φL = φLC − φLA ⋅ cos(ωfin ⋅ t )
⎪
⎨φFE = −φFEC − φFEA ⋅ cos(ωfin ⋅ t + ΔφFE )
⎪φ = φ − φ ⋅ cos(ω ⋅ t + Δφ )
FLC
FLA
fin
FL
⎩ FL

where ρ u 'i u ' j is the Reynolds shearing strength tensor,
Si is the source item, a is the discretization equation
coefficient, Ae and pe are the governing body volume and
pressure on the governing surface and bI is the source
item.
For a given pressure distribution, the velocity
amending equation on the governing body nodes is established

(2)

(5)

The pressure amending equations are established as
follows

aI p′I = ∑ aJ p ' J +bI ,

(6)
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pI = p*I + p 'I ,

(7)

where pI, uiI are the velocity and pressure on the governing body nodes after amending.
3.2 Turbulent flow model
The model for the two equations adopted in the
paper is RNG k-ε model. In RNG k-ε model, the influence of small scale is shown in the amended viscosity
item through large scale motion. So the small scale motion can be eliminated systematically from the governing
equations. k equation and ε equation are as follow

∂ ( ρk )
∂t
∂ ( ρε )
∂t

+

+

∂ ( ρ kui )
∂xi
∂ ( ρε ui )
∂xi

∂
=
∂x j
∂
∂x j

=

⎡
∂k ⎤
⎢α k μeff
⎥ + Gk + ρε ,
∂x j ⎥⎦
⎢⎣

(8)

⎡
∂ε ⎤
⎢α ε μeff
⎥+
∂x j ⎥⎦
⎢⎣

C1∗ε ε
ε2
Gk − C2ε ρ ,
k
k

(9)

where k is the turbulent kinetic energy, ε is the turbulent
dissipation rate.
k2
μeff = μ + μt , μt = ρ Cμ

ε

special method. Here, a wall function is adopted to deal
with the flow near the wall domain. Its basic idea is to
adopt k-ε model in the central domain of turbulent flow
and relate the physical variables on the wall and the
variables to be solved using semi-experience formula.
So there is no need to solve the flow in the wall domain
and the variables on the nodes of the governing volume
which is adjacent with the wall can be obtained directly.

4 Results of numerical computation and
analysis
4.1 Results of 2-DOF motion model
To validate the calculation method, the sea bass
pectoral fin by N. Kato is selected as the calculation
model. The shape of the rigid fin is shown in Fig. 3. The
maximal chord length is 1.55 m and the span is 1.88 m.
The thickness is 1 % of the chord length.
The pectoral fin is meshed by employing triangular
unstructured grid system. To describe the vortex shedding and its varying characteristics, the surface grid
system was amended by imitating the computation of the
foil hydrodynamic performances. The surface grid system is shown in Fig. 4.

Cμ = 0.0845 , α k = α ε = 1.39

η ⎛⎜1 − η η ⎞⎟

0⎠
, C1ε = 1.42 , C2ε = 1.68
C = C1ε − ⎝
1 + βη 3
∗
1ε

1 ⎛ ∂u ∂u j ⎞
, Eij = ⎜ i +
⎟
ε
2 ⎜⎝ ∂x j ∂xi ⎟⎠
η0 = 4.377 , β = 0.012

η = ( 2 Eij ⋅ Eij )

1

2

k

Compared with the standard k-ε model, the main
difference of the RNG k-ε model was that it considered
the condition of rotation and rotational flow through
modifying the turbulent viscosity and reflecting the main
flow’s time average strain ratio Eij by adding an item in
the ε equation. So the generation item in the RNG k-ε
mode is not only related to the flow condition but also
was the function of spatial coordinates. Therefore this
model can deal better with the flow problem with high
strain ratio and high curving streamlines. The RNG k-ε
mode is available for full developed turbulence flow. But
the Reynolds number is small in the domain near wall
and the turbulence flow develops insufficiently, and the
influence of turbulence vibration is smaller than that of
viscosity. So this model is not suitable for the calculation
in this domain and we must solve the problem using a

Fig. 3 Pectoral fin.

Fig. 4 Grid system of the pectoral fin.

The dimensionless frequency k is defined
k = C ⋅ ωfin / U

(10)
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Cz

In this study, the value of the parameter L (the distance from the origin of fixed coordinate system to the
moving coordinate system) is taken as 1.88 m; the value
of k is taken as 4; the values of φ LC, φ FEC, φ LA, φ FEA are
all taken as 35˚. The values of Δφ FE, U are taken as 60˚
and 1.0 m/s respectively. 2-DOF motion model was used
as Eq. (1). The undulating rules of φ L and φ FE in a period
are shown in Fig. 5.
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ΦL
ΦFE

1.4

Fig. 6 Hydrodynamic coefficients of 2-DOF motion model.

1.2
1.0
0.8

After the computation converged, the variations of
Cx, Cy and Cz were compared with the results by vortex
lattice method and the computational and experiment
results by professor N. Kato as shown in Fig. 7.

0.6

angle

0.4
0.2
0.0
-0.2
-0.4
-0.6

vortex method

-0.8
-1.0
-1.2
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

tu/c

Cx

-1.4
-0.2

Fig. 5 The curves of φ L and φ FE during one period.

There are 400 steps in a period of the computation.
To get stably developed flow and to validate the program,
the computation was carried out in 20 periods. In
computation, the computation converged after 3 periods.
Fig. 6 shows the hydrodynamic coefficients Cx, Cy and
Cz by flow time.
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Fig. 7 Comparison of hydrodynamic coefficients during
one period.
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From the plot, it is found that the hydrodynamic
coefficients in this paper show similar varying tendency
with the experiment results by N. Kato and have a good
agreement with the results by vortex method and the
computational results by N. Kato. The computational
results are stable and there is no leaping point. But there
is relatively large value gap, especially at the maximum
value and the minimum value. The method adopted in
this paper has considered the influence of viscosity and
the thickness of the pectoral fin compared with the vortex method, so the method can simulate the pectoral fin
in real conditions well.
Pressure distributions are shown in Fig. 8 and Fig.
9. From the pressure distribution plots, viewing from
upstream and downstream, the pressure generating position plots were obtained. So the cause of pressure
difference was found. And based on the analysis of the
pressure difference, the generation of thrust, side force
and lift was shown. The pressure distribution on the fin
surface offered some theoretical basis for the analysis of
the flow field. The disturbing velocity distribution
around the pectoral fin can be analyzed through the
pressure cloud plots according to the gas state equation.
And then the disturbing conditions can be studied
then.
The cause of thrust needs to be studied to figure out
the pectoral fin propulsion mechanism, especially the
formation and evolvement of the vortex which provides
the propulsion and the maneuvering force. To display
and capture the tail vortex is difficult in 3D space, and
the vortex was actually a kind of rotation caused by
velocity difference. Therefore, the path lines around the
pectoral fin propulsion were chosen to describe the flow
field disturbance after the coupled motion. The vortex
yielding and shedding were reflected by the discretion
and rotation of the path lines.
The motion of pectoral fin got to be stable after
three periods, as concluded from the calculation. It could
be assumed that the flow field was stable from that
moment. After three periods computation the distribution of the path lines around the fin was shown in a period every other quarter of the period in Fig. 10 (from
two views for convenient display) the colors of the path
lines show the values of the velocity. The color from
blue to red represented the increasing of the velocity, and
the curving of the path lines reflected the disturbance
condition.

(a) t

(b) t+T/4

(c) t+T/2

(d) t+3T/4

(e) t+T

Fig. 8 Pressure distribution on face side of the pectoral fin (view
from upstream).

(a) t

(b) t+T/4

(c) t+T/2

(d) t+3T/4

(e) t+T

Fig. 9 Pressure distribution on back side of the pectoral fin ( view
from downstream).

From the above pictures, the flow field around the
pectoral fin of four typical points in a period was viewed.
The attached vortex was produced at the leading edge to
arouse the flow field to change. The increased vorticity
was balanced by the vortex generated at the trailing edge
point. With the trailing vortex forming, the previous
leading edge vortex vanished in the trail flow. According
to the Kelvin’s theorem, with the trailing vortex increasing, new leading edge vortex was yielded. The
process went on to generate a series of Karman vortex.
The path line disturbance proved the rationality of the
computational domain.
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(a) 3T+0.25T

(b) 3T+0.5T

(c) 3T+0.75T

(d) 4T

Fig. 10 The flow field around the pectoral fin in a period.

4.2 Computational results of 3-DOF motion model

In the study, the variables k , φ LC, φ FEC, φ FLC, φ LA,
φ FEA, φ FLA, Δφ FE and Δφ FL were assumed as 4, 35˚, 35˚,
35˚, 35˚, 35˚, 35˚, 60˚and 60˚ respectively. The incoming
flow velocity was 1.0 m/s. The computational model
was the same as that of 2-DOF. The variation of φ L, φ FE,
φ FL in a period was shown in Fig. 11.
It was indicated that the computational model and
the computational domain of 2-DOF model could satisfy
the hydrodynamic computation of 3-DOF model
through lots of computations and analyses. But the time

step needed diminishing because the flapping motion
was added in. It was found that dividing a period into
800 time steps was reasonable in this state. Fig. 12
showed the variation curves of hydrodynamic coefficients.
The pressure distribution on the surface of the fin
was shown in Fig. 13 and Fig. 14. Comparing the pressure distribution of 3-DOF model with that of 2-DOF
model, it was found that the pressure on the surface was
larger when the flapping motion was added. And it was
also observed that the flow field was much more complex.
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Fig. 11 The curve of movement during one period.
(e) t+T

Cx

Fig. 13 Pressure distribution on face side of the pectoral fin (view
from upstream).

(a) t

(b) t+T/4

(d) t+3T/4

Cy

(c) t+T/2

(e) t+T

Cz

Fig. 14 Pressure distribution on back side of the pectoral fin (view
from downstream).

Fig. 12 Hydrodynamic coefficients of 3DOF motion model.

The rules of rigid pectoral fins’ flapping motion and
feathering motion were the same. The hydrodynamic
performance variation of 3-DOF model was more complex than that of 2-DOF model because of the flapping
motion. By comparison, the influence of flapping
motion could be observed.
From Fig. 15, when the flapping motion was considered, it was found that the maximum of the thrust of
3-DOF model was larger than that of 2-DOF model.
From Fig. 16, the side force amplitude of 3-DOF model
was larger than that of 2-DOF model. But the average
value of the side force in a period was negative, which
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was a force to make it close to the body. And from
Fig. 17, it was known that the lift coefficient amplitude
increased because of the flapping motion.
9

two-degree-of -freedom motion

three-degree-of -freedom motion
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influence of the viscous flow. So the results were closer
to the experiment result. The hydrodynamic performances of the pectoral fin in real environment could be
simulated very well using the method in this paper.
(2) The hydrodynamic coefficients were influenced
much by the motion model of the pectoral fin. The
three-degree-freedom motion model was more complex
than the two degree motion model. And the hydrodynamic performances of the 3-DOF motion model were
improved.

-5
0

1

2

2.5

time/s

This work is financially supported by the National
Nature Science Foundation of China (Grant no.
50579007) and the Harbin Engineering University
Foundation (Grant no. HEUF040114).

Fig. 15 Trust coefficient comparison.
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Abstract
The key point for kinematics analysis of German Shepherd dog is to establish the motion model and describe the motion
using mathematical model. VICON MX 3D motion capture system was utilized to capture the kinematic data and the movement
of hind limb was simplified as a four-hinged-rigid-body-system horizontal movement. According to the Kane method, this paper
established dynamic calculation model, and derived the calculation equations of the velocities and accelerations. The deduced
formulas were used for calculation and verified that the method is correct. This method offered a model foundation for the
design of walking mechanism.
Keywords: kane equation, kinematic data, VICON MX, motion model

1 Introduction
Sport biomechanics has been an important branch
of biomechanics, and it is quite a new frontier subject.
The research purpose of sport biomechanics is to study
the motion law of organisms, providing theoretical basis
for production and life practice[1]. Sport biomechanics
research includes experimental and theoretical study[2].
Experimentation is the method which analyzes the motion law of organisms based on the kinematic and kinetic
data collected by various experimental means. Instruments such as high-speed photography, video tape
camera and electromyography were used to measure the
kinematic data and external force parameters, and electromyography tester was used to obtain the internal force
parameters[3–4] .Theoretical study is based on the theory
of classical mechanics, exploring the motion law of
organisms, and describing the motion process using
mathematical language. Organisms consist of muscular
system, skeletal system and nervous system in the view
of the motor function. Nowadays, there are two methods
to describe the motion process by mathematical language, first is to establish the comprehensive models of
organisms, including skeletons, muscles and nerves.
This method simulates the skeleton, muscular and mechanical elements such as nervous elastic elements and
damping elements, and applies mathematics to describe
the contraction and relaxation of the muscles and the
Corresponding author: Qian Cong
E-mail: congqian@jlu.edu.cn

motion of the skeletal system[1]. Hill (U.K.) established
the Hill equations to describe the relations between
muscular tension and velocity[5]. Hazte (South Africa)
simulated the motion of the nervous system and muscular system by mechanical elements such as elastic
muscular elements and damper, and also simulated the
biological systems by the multi-rigid-body system. This
method is strict in theory, but too tedious and difficult to
apply in practice[2]. The other method is to establish the
mechanics model applying the theory of multi-rigidbody system dynamics to avoid simulating the complicated internal motion of the organisms. A typical method
is the Kane equation.
The premise of gait analysis is to establish a motion
model for analysis, the segments of the German Shepherd dog are connected by joints structurally, therefore
the structure should be simplified as segment chains.
This paper established gait analysis model of the German Shepherd dog based on the experimental study.

2 Materials and methods
German Shepherd Dog weighing approximately
42.5 kg was chosen as the research object because of its
propulsion and brake capability (Fig. 1). German
Shepherd dog is sturdy, its gait has resilience and celerity,
and can inexhaustibly run up and down the mountains,
therefore the research on it has more practical benefits,
and this research provided a theoretical basis for design
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of walking mechanism.

Fig. 1 Trial object: German shepherd dog.

The facilities and equipment-VICON MX (Fig. 2)
were set up in a closed laboratory which had been matted
with rugs. VICON MX 3D motion capture system (Vicon Motion Systems Co. U.K.) was utilized to obtain the
kinematic data of German Shepherd dog in real time.
In the capture area, there were eight infrared cameras, which were used to incept the data from the optical
markers on the body surface, the markers had been attached to the body of the German Shepherd dog before
trial. The location of the optical markers was based on
the Anatomy Principles. The system can calculate the
motion trail of the optical markers on the body surface in
the prearranged vacuum so that the trajectories of the
joints can be obtained.

Fig. 2 VICON MX system basic frame.

3 Kinematics analysis
3.1 Establishment of the motion model of the
hind limb
The whole body structure of the German Shepherd
dog was divided into four parts: head, forequarter, trunk
and hindquarter, its anatomical structure is shown in
Fig. 3[6].
Research shows that the driving forces of the
German Shepherd dog are mostly provided by the hind
limb, therefore kinematics analysis of the hind limb has

more practical benefits. The hind limb was selected as
the research object, and was simplified as a
four-hinged-rigid-body-system. The segments were
simplified as link, the joints were simplified as revolute
joints, the muscles and tendons of the hind limb were
considered as the forces and moments between the rigid
bodies, and Kane equation was used for kinematics
analysis of the hind limb. The simplified motion model
of the hind limb is shown in Fig. 4, link I is the hip bone,
and its motion amplitude is relatively smaller. Link II is
the femur, link III is the tibia, link IV is the anticulatior
pes. Point A is the sacrum joint, point B is the trochanter,
point C is the knee joint and point D is the ankle joint.

Fig. 3 Anatomical structure of the German Shepherd dog[6].

Fig. 4 The simplified motion model of the hind limb.

Kinematics analysis is an important research field
of the gait analysis, the main research is the motion
characteristics of walking in the time domain and space
domain, including the displacement, velocity, acceleration, angular velocity and angular acceleration of the
joint part.
Selecting the ground coordinate system o0 x0 y0 z0 as
the fixed coordinates system A, x0 is the vertical direction, and y0 is the horizontal direction, z0 is perpendicular
to the paper, and the outward direction is positive. o1
coincided with o0, o1 x1 y1 z1 was fixed in the sacrum joint,
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o2 x2 y2 z2 was fixed in the trochanter, o3 x3 y3 z3 was fixed
in the knee joint and o4 x4 y4 z4 was fixed in the ankle
joint. xi axes (i = 1, 2, 3, 4) are along the lines between
two joints, the angles θi (i = 1, 2, 3, 4) between xi axes
and x0 axis were generalized coordinates. For instance,
the generalized coordinate system of the femur is shown
in Fig. 5 (i = 2).

.
i −1
JJG
JJG
JJG
aoi = A01 vo1 + A01 vo1 + ∑ A0 j 0 l jθj

(

j =1

i −1

(

∑ A0 j 0 l jθj
j =1

0

)
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)

T

+

, (3)
T

( i = 2,3, 4 )

JJG
where li is lengths of the segments, voi is velocities of
JJG
the joints, aoi is accelerations of the joints.

θ2

Fig. 6 Velocity relations.

4 Calculation example and result analysis
θi

Fig. 5 Coordinate system and generalized coordinate system.

A0i was defined as the coordinate transmitting matrix of the oi xi yi zi relative to o0 x0 y0 z0, its format is

⎛ cosθ i
A0i = ⎜⎜ sin θ i
⎜ 0
⎝

− sin θ i
cosθ i
0

0⎞
0 ⎟⎟ ( i = 1,2,3,4 ) .
1 ⎟⎠

(1)

Velocity relations between segments are shown in
Fig.6.
Velocities of the joints were
JJG
JJG i −1
voi = A01 vo1 + ∑ A0j 0 l jθj
j =1

(

0

)

T

(i = 2,3,4 )

Accelerations of the joints were

(a) horizontal velocity

. (2)

The lengths of the segments: l1 = 129 mm, l2 = 158
mm, l3 = 236 mm, l4 = 146 mm, and the kinematic data of
the hind limb were put into the kinematic calculation
formulae deduced above, the velocities and accelerations of the joints were calculated and fitting curves were
produced. The fitting curves and the experimental
curves of the velocities of the ankle joint are shown in
Fig.7 and Fig.8, it was observed that the laws of velocity
change between fitting curves and the experimental
curves were consistent; the correctness of the kinematics
analysis method was verified.
Fig.9 and Fig.10 show the accelerations of the
joints, it was observed that the accelerations of the trochanter, knee joint and ankle joint almost achieve
maximum at the same time, and the maximal acceleration of the ankle joint is the greatest.

(b) vertical velocity

Fig. 7 The experimental curves of the velocities of the ankle joint of the hind limb.
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(a) horizontal velocity

(b) vertical velocity

Fig. 8 The fitting curves of the velocities of the ankle joint of the hind limb.

the hind limb and their linkages.
(2) Kane’s method was used to calculate and analyze the multi-rigid-body model of the hind limb, and the
physical model used to describe the motion of the hind
limb was established. It can be concluded that Kane’s
method can describe calculate normatively and efficiently the motion of the hind limb and kinematics. The
deduced formulas were used for calculation and its validity was verified. It was concluded that the kinematics
analysis was correct.
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Abstract
Many biological materials are highly optimised for mechanical performance especially where multiple objectives are involved for instance density or absolute mass. Hard materials such as deer antlers, some vertebrate bones and invertebrate shells
are hard, stiff and tough. These are desirable qualities in synthetic materials and are not always successfully combined. There
have been several routes suggested through which biological materials are thought to achieve such good mechanical properties,
notably via multiple hierarchical structuring. However, biological materials also often show marked heterogeneity in their
microstructure, such as in the macroscopic foam like trabecullar bone in the core of antlers and bones. The question is how can
this disorder be understood and its effects on the resulting mechanical properties quantified?
Understanding only the elastic properties in such strongly disordered structures is difficult, since the standard ‘engineering’
approaches of homogenisation from discrete structures to continua, for instance representative volume elements (RVEs), often
blur out significant effects that may arise from volumetrically small features or from higher order effects which cannot be taken
into account. It is well known in the field of granular mechanics that in disordered media under load structures emerge, notably
so called ‘force chains’, which indicate that the effective structure being deformed is many times the size of the individual grains
seen in the media.
The Poisson’s ratio of materials is known to strongly affect the deformation, and in some cases the apparent stiffness or
toughness, of materials and structural elements. Recent work by the authors has shown how disordered structures like those
found in antler and bone can exhibit large negative Poisson’s ratios. The understanding within engineering of such effects has in
the past relied strongly upon assumptions of homogeneity in materials’ microstructures, yet we now know this may not only be
incorrect but unhelpful. Evidence for negative Poisson’s ratios in natural materials is scant but it is not often measured.
This paper presents a method for modelling of elastic properties of biological materials such as antler and shows some
preliminary results of disordered structures optimised for negative Poisson’s ratio.
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Abstract
Short SiC fiber and Ti3SiC2 dual-phase strengthened Al-based composites with bionic non-smooth surface were fabricated
by spark plasma sintering technique. Their microstructure and tribological properties were investigated. Our results show that
the relative density of the Al-based composites synthesized at 550 ˚C is more than 99 %. The strengthening phases are uniformly
distributed throughout the matrix. These composites showed excellent tribological properties. The friction coefficient of the
Al-based composites with bionic non-smooth surface is significantly lower than that with smooth surface. The non-smooth
surface also shows better wear resistance. When the load is 49N, for the Al-based composites with 1.0 vol%SiC fiber and 5.0
vol%Ti3SiC2, the friction coefficient of composites with bionic non-smooth surface is 15 % less than that of smooth surface. The
wear loss is 60% less. For the Al-based composites with 5.0 vol% SiC fiber and 5.0 vol%Ti3SiC2, the wear loss of bionic
non-smooth surface is 75% less than that of the smooth surface. These results show that the contents of strengthening phases
and the morphology of friction surface both have significant impact on the friction coefficient and the wear loss.
Keywords: Al-based, biomimetic composites, Ti3SiC2, SiC fiber

1 Introduction
Non-smooth surfaces of different sizes ranging
from nanometers to microns exist in various types of
organisms. This is a result of long term interaction between the growth of the organisms and the impact from
the surrounding environment[1–3]. Numerous studies
have shown that these non-smooth surfaces have different kinds of functions, such as visbreaking, desorption, resistance reduction, self cleansing and so on.
Biological surfaces are often made of organic matter,
inorganic matter and colloid which have different functions. New types of intensified multiphase metal-based
composites with non-smooth surface can be designed
and fabricated based on the principles of bionics. Ceramics intensified Al-based composites have shown
great potentials in aeronautics, auto and machine
manufacturing. There have been a lot of studies on the
methodology of synthesis and the tribology of these
composites, but most of these studies were focused on
single phase ceramics[4–6]. Intensified composites with
Corresponding author: Song-zhe Jin
E-mail: szjin@126.com

multiphase ceramics have not been very well studied. In
the current study, SiC fiber and Ti3SiC2 were selected to
form the strengthening phases in the Al-based composites. The three-element Ti3SiC2 with layered structure
has excellent metal and ceramic properties. It has good
thermal and electric conductivity, low Vickers-hardness
and good plasticity. It also has high melting point, relatively high Young’s Modulus (320 GPa) and good oxidation resistance[7–8]. More importantly, it has lower
friction coefficient than graphite and MoS2. Having
Ti3SiC2 in the composites may help reduce the friction
coefficient. SiC fiber is inexpensive and easy to obtain.
SiCf/Al strengthened Al-based composites have high
thermal conductivity, low heat expansion coefficient,
low density, high Young's Modulus, high specific
strength and high wear resistance[9]. Using SiC as one of
the strengthening phases can not only increase the
strength of the composites but also improve the wearing
properties. We synthesized Al-based composites containing SiC fiber and Ti3SiC2 double strengthening
phases with non-smooth surface by Spark Plasma
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Sintering (SPS) technology, and investigated their
structural and tribological properties.

2 Experimental method
The materials used in this study are Al powder
(purity > 99.6 %, average granularity 30μm), SiC fibre
(purity > 99.9%, diameter 1μm to 2 μm, average length
10 μm) and Ti3SiC2 powder (purity > 98 %, average
granularity 20 μm). The compositions of materials are
listed in Table 1. The powders were thoroughly mixed
by ball milling, then sintered by SPS at 550 ˚C. The SPS
sintering techniques used are described below. The
temperature climbed at 100 ˚C/min and stayed at 550 ˚C
for 5 min under 30 Mpa. The reaction happened in a
graphite mold with inner diameter of 10 mm. A graphite
mat with small round pits (0.9 mm diameter , 0.3 mm
depth) was put between the pressure head and the surface of the powder mixture to make the non-smooth
surface. Al-based composites with non-smooth surface
(surface A) on one side and smooth surface (surface B)
on the other side were sintered and then machined into
wafer samples (Φ10 mm × 3 mm). Tribological properties of these samples were examined using a friction
wear testing machine (Model MM-200). The abrasive
wheel used in the experiment was made of quenched
GCr15 with a hardness of 60 HRC. The tests were done
at a rotation speed of 200 r/min for 10min with load of
49 N. The wear loss was measured by weight. The friction coefficient was calculated from the friction moment
measured during the experiment. Phase analysis was
done by X-ray diffraction (Model D/Max2500PC, Cu
target, Kα). We also studied the microstructure and
surface pattern of the samples using scanning electronic
microscopy (Model JSM-5600LV).
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surface on the other. The sintered block is 10 mm in
diameter and 3 mm thick. Surface A is the non-smooth
surface and surface B is the smooth surface. There are
tiny column-shaped prominences regularly distributed
on surface A. They are 0.8 mm in diameter, 0.15 mm
high, and the 1.75 mm apart. Fig. 2 shows the results of
phase composition and structure analysis. Fig.2a is the
result of XRD phase analysis. There are apparent
Ti3SiC2 and SiC diffraction peaks without shift of Al
peaks, indicating that Ti3SiC2 and SiC strengthened
phases are stable in the Al-based composites, still possessing their own crystal structures.
Fig.2b shows the microstructure of the Al-based

Fig. 1 Al-based composites bodies with non-smooth surface
(A) and smooth surface (B).

(a) XRD of Al-based composites

Table 1 Compose of Al-based composites
Serial
number

Ti3SiC2
wt%

SiC fibre
wt%

Al
wt%

1
2

5
5

0
1

Rest
Rest

3

5

2

rest

4

5

3

rest

5

5

4

rest

6

5

5

rest

3 Results and discussion
3.1 Structure of Al-based biomimetic composites
Fig.1 shows the photos of Al-based composite
blocks with non-smooth surface on one side and smooth

(b) The system pattern of Al-base composites

Fig. 2 The microstructure of the Al-based composites.
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composites. SiC fibers are located at the grain boundaries while Ti3SiC2 solid lubricating phases are evenly
distributed in the composites. The size of Al grain is
around 50 μm in diameter. The Al-based composites
body is dense with relative density greater than 99 %
measured by Archimedes drainage method.
3.2 Tribological properties of Al-based composites
Fig.3 shows the results of the friction coefficient
test of the Al-based composites. The friction coefficient
of surface A (non-smooth surface) is significantly lower
than that of surface B (smooth surface) at all different
SiC fiber contents tested. For example, when the composites contain 1% SiC fiber, the friction coefficient of
surface A is 15% less than that of surface B. For Both
smooth and non-smooth surfaces, the increase in the SiC
fiber content leads to a decrease in the friction coefficient. The friction coefficient of the non-smooth surface
(surface A) of sample 6, which has 5 % SiC fiber, is
13.11 % less than that of surface A of sample 1, which
has no SiC fiber.
Fig.4 shows the wear loss test results of the
Al-based composites. The wear loss of surface A
(non-smooth surface) is significantly lower than that of
surface B (smooth surface) at all different SiC fiber
contents tested. For example, when the composites
contain 1 % SiC fiber, the wear loss of surface A is 60 %
less than that of surface B. The wear loss of the
non-smooth surface (surface A) of sample 6, which has 5
% SiC fiber, is 75 % less than that of surface A of sample
1, which has no SiC fiber.
Fig.5 shows the morphology of the non-smooth
surface with 5 % SiC fiber after 10 min wearing test. In
the early stages of attrition, wearing first happened between the columned prominences and the abrasive wheel.
There were furrows and plastic deformation on the surface. Furrows were often discontinuous and terminated
within one column.
During grain abrasion, the contact force from a
single abrasive grain can be broken up into the normal
force which is perpendicular to the surface and the tangential force which is parallel to the surface. For a
smooth surface, abrasive grains with sharp edges would
first rip into the surface under the normal force, and then
cut the surface under the tangential force. Round-edged
abrasive grains can press into surface by normal force,
and make furrows and deformed material accumulation

by tangential force. Under repeated action of a large
number of abrasive grains, fatigue-induced cracking will

Fig. 3 Change of the friction coefficient of Al-based composites in relation to SiC content.

Fig. 4 Change of the wear loss of Al-based composites in relation to SiC content.

Fig. 5 Morphology of non-smooth surface with 5 % SiC fiber
after 10 min wearing test.
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happen at distorted sections . For a non-smooth surface, because the wearing surface is not continuous, it
reduces the probabilities of abrasive grains ripping into
the surface. Even if the non-smooth surface is ripped by
grains, the furrows will terminate within convex
prominences and can not form long furrows running
through the whole surface, which helps reduce both the
friction resistance and wear loss. In addition, when
non-smooth surfaces are under wearing, the contact area
is less than that of smooth surfaces. Thus the plastic
deformation induced by the same load will be larger,
which in turn can cause larger work-hardening effect,
making the abrasive grains difficult to rip into the surface. Some blunt abrasive grains may even start rolling
on the contact surface, further reducing the friction coefficient and the wear loss. The mechanisms that
strengthening phases can help reducing the friction coefficient and wear loss are quite similar, that is, lowering
the chances of abrasive grains ripping into the contact
surface and destroying the continuity of furrows. Furthermore, when composites containing strengthening
phases are under abrasion, the strengthening phases can
protrude out and form regenerative non-smooth surface,
which can also block the adherence between friction
pairs, alleviating or stopping the abrasive grains from
micro-cutting and damaging the surface. Taken together,
these mechanisms may well explain our results in the
current study: the content of the strengthening phase and
the morphology of friction surface both have significant
impact on the friction coefficient and the wear loss.

fiber and 5.0 vol%Ti3SiC2, the friction coefficient and
wear loss of non-smooth surface are 15 % and 60 % less
than that of smooth surface, respectively. For the
Al-based composites with 5.0 vol%SiC fiber and 5.0
vol%Ti3SiC2, the wear loss of bionic non-smooth surface decreases by 75% compared to smooth surface.

4 Conclusions

[8]

Short SiC fiber and Ti3SiC2 dual-phase-reinforced
Al-based composites with bionic non-smooth surface
were fabricated by spark plasma sintering technique.
Dense bionic composites were synthesized at 550 ˚C.
The friction coefficient of Al-based composites with
bionic non-smooth surface is significantly lower than
composites with smooth surface. The wear resistance is
also better than that of smooth surface. When the load is
49 N, for the Al-based composites with 1.0 vol%SiC
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Potentials of Fibre Based Materials for Bionic Developments
T. Stegmaier, H. Planck
Institute of Textile Technology and Process Engineering Denkendorf (ITV), Germany

Summary
Fibre based materials and technologies offer a great potential for successful bionic developments, because there are different similarities to living nature:
– Starting from small and smallest construction units bigger systems are build up
– Hairy structures by plants and animals are responsible for specific functions and mechanisms
– The use of fibre reinforcement is an essential tool in nature constructions for strong and in the same time lightweight
materials and material extensive composites.
Since 9 years at ITV Denkendorf in close cooperation to biologists an intensive bionic research and development is used.
Based on selected examples the technical transfer into industrial products will be shown:
– Chemical auxiliaries for the generation of self cleaning surfaces like the lotus leaf could be launched to market in different applications
– New ideas for self adapting filter materials were transferred with industrial partners into innovative filtration tubes
– In the field of renewable energies new solar thermal materials based on the solar functions of the polar bear could be
developed.
– Fibre reinforced composites could be investigated for lightweight materials regarding stress correlated fibre incorporation and special micro and macro graduation. The transfer of functions from plant axes into innovative pultruted products was
successful.
More developments are in progress.
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Simulation of Friction Materials based on Honeycomb Structure
Yun-hai Ma, Jin Tong, Wei Ye, Xi-long Sun, M. Mgzoub, Zhi-yong Chang
Key Laboratory for Terrain-Machine Bionics Engineering (Ministry of Education, China), Jilin University,
Changchun 130022, P. R. China

Abstract
Friction materials were simulated and designed learning from honeycomb structure and prepared using prefabricated
granular and layered materials with sizes of less than 2.5 mm and a second adhesive on the basis of the principle of the structural
bionics. It was demonstrated that the bionic structure simulating the honeycomb of the frictional material can provide a stable
tribological property, reduce wear rate and, especially, the content of bakelite resin of the friction materials can be reduced to
9.4%wt, which would decrease the cost of the frictional materials. The structural and active mechanism of the second adhesive
in the friction material was analyzed. The sulfuration reaction played a part of adhesive in the bionic frictional materials during
their sliding friction. The second adhesive could adhere into worn debris into such places as pits and micro cracks on the worn
surfaces of the bionic materials. This may be the main mechanism of the bionic friction materials being of better tribological
properties.
Keywords: frictional material, structural bionics, friction and wear, honeycomb

1 Introduction
Frictional materials are widely used in various
means of transport (such as cars, trains, aircraft, ships,
etc.) and various machines and equipments of the brake,
clutch and friction transmission devices. In the braking
system, the friction of frictional materials, change of
kinetic energy into heat energy and other forms of energy make its brakes. Automotive frictional materials are
a kind of frictional materials with the main feature and
structural performance requirements of the composite
material. At work, major changes under repeated mechanical stress and thermal stress, and the power and
heat sources are unlimited form a new face of friction
interface. Low noise and non-asbestos frictional materials research and development is a multi-disciplinary
involving the high-tech[1–4]. Frictional materials not only
depend on the performance of all groups in the rational
choice of materials, but also on the design and formulation of the corresponding molding technology. Also
frictional materials and components of the distribution
structure of the frictional materials have an important
impact on performance. Resin is one of the important
factors in the frictional materials impacting significantly
on the performance[5–10].
Through the use of foreign researches and develCorresponding author: Yun-hai Ma
E-mail: myh@jlu.edu.cn

opment of frictional materials, phenolic resin content
has reached 3% wt as minimum. Resin in the frictional
material can be other particles or fibers bonded components into one, its principle is softened after the resin
infiltrate into the other component materials, and this is
its inclusiveness. When the temperature reached curing
point, resin curing occurs in the structure network. In the
frictional materials industry granulation technology is
more popular, not only due to easy transport of raw
material particles, but also reduces the environmental
pollution[11-12]. In particular particle molding technology
can improve the frictional material products, porosity
and reduce brake noise. This study mainly used phenolic
resin binder as the first and second choice, at the same
time as a binder of frictional materials bonded matrix.
Mixed-use powder granulation equipment can be made
of particles, the particles clad in heat Press on the suppression of molding, cellular structure of the proposed
frictional materials. Cellular structure of frictional materials for friction and wear properties and mechanism
were investigated and analyzed.

2 Experiment
2.1 Test formula
Frictional Materials basic Formulation (wt %):
NBR modified phenolic resin (Jinan-quan Haiwo Si
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Chemical production Co., Ltd.) 10, composite mineral
fiber (Beijing companies Constant, Jimao) 27, 5 vermiculite, iron bubble Powder (0.2-0.4) 11, barium sulfate precipitation (0.04-0.07) 20, oil Coke (0.3-0.8) 6,
artificial graphite (0.3-0.8) 8, 4 alumina, antimony sulfide (0.1 to 0.2) 3. Cellular structure of the friction materials joined by the 6 wt% of sulphur and 6 wt% of the
tin powder.
2.2 Preparation of particles
JF805R propeller-type granulator, which was
manufactured at Institute of Mechanical and Electrical
Equipment Jilin University, mixture was used. Powder
formula in the ratio of mixer content was mixed evenly
into the granulator. Starter motor was used to regulate
and roll reamer into low-speed, according to the amount
of powder into feed mouth join the appropriate amount
of water. Water adding was stopped when the powder in
the drum was slightly moist. The continuous drum speed
adjusts the reamer. The experiments show that intermittent roller speed adjusts the reamer, especially in
low-speed, a better particle effects, and shorten time.
The size of particle monomer diameter is 1 mm to
2.5 mm, while there are single particles in the same size
of the outer surface of roller phenolic resin. Before and
after weighing samples, resin content was calculated.
Sample was suppressed for processing. Friction and
wear on a sample were tested. Comparative analysis was
used to know the effect of particle size on the performance of frictional materials. Fig. 1 shows the prepared
powder particles.

Mixture

Burden

Particle system

Pressing molding

Dry

Heat treatment

Machining

Particles cladding

Specimens

Fig. 2 Process.

2.4 Test methods
JF150D-Ⅱ was used for fixed speed friction and
wear test. Experiment conditions were as follows:
specimen’s size: 25 mm × 25mm, and 6 mm thick;
test-bearing pressure 10 kg, speed of sliding line 75 m/s;
dual-material: GB976-67 provided for the gray iron
HT20-40, the Department of pearlite, Hardness HB170
~ 210. Impact strength test was conducted according to
GB5765-86 standards of friction material impact
strength law. The XJ-40A plastic impact was tested on
the test machine. Sample size is 55 mm × 10 mm × 6 mm.
Impact strength was calculated as the average value of
the values of impact strength of five samples from test
results

3 Results and discussion
3.1 Cellular structure of friction materials to be
modeled
Fig. 3 is single hierarchical particles structure
model. Particles form within the reinforced fiber, a small
amount of resin cement, friction performance conditioning agents and the second binder composition and
particles coated with an outside layer of resin. The particles have a certain ratio of ingredients, the mixture of
mixed ingredients was evenly distributed. The second
binder was also evenly dispersed in the internal particles.

2.3 Preparation of the sample
Suppression of the temperature: 200 ˚C; suppression of time: 10 min; suppression of pressure: 40MPa.
Heat treatment system: 120 ˚C (2 h) + 160 ˚C (2 h) + 200
˚C (6 h) (Fig. 2).

Fibre and filler

Fig. 1 Powder particles.

Phenolic resin

Structure of the particles

The second binder

Fig. 3 The single hierarchical particles structure model.
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Fig. 4 gives the cellular structure of frictional materials to be an ideal model of the profiles. This is because of particle sizes of the same diameter are evenly
distributed in the mold-shaped cavity. In the mold particles at all the pressures to balance the role of compression deformation, formed in the polyhedron structure as shown in Fig. 4. On black binder resin materials
due to the role of pressure and temperature and con-

of the friction coefficient
of the friction coefficient
wear rate
wear rate

1.2

0.7

100

150

200

250

300

350

-7

3

1.7

wear rate,10 cm /N.m

friction coefficient ，μ

Fig. 5 Cellular structure.

F3
F4
F3
F4

densation reaction, particles were bonded into one. Particles and of fibers strengthen the internal friction of
conditioning agent filling materials, red particles within
the second binder the represent this phenomenon. Profiles of plastic resin in the structure and cellular structure
are similar (Fig. 5), so the structure of friction materials
such as cellular structure could be frictional material.
3.2 Suppress of cellular structure and the direct
comparison of frictional materials
Fig. 6 is the friction coefficient of friction and wear
rate curves at various temperatures. F1 for the direct
repression of frictional materials and F2 for the cellular
structure of the frictional materials. The particles resin
content and particle surface resin contents are 4 % wt
and 5.4 %wt, respectively. Friction coefficients of a
cellular structure of the frictional material F2 at different
temperatures were higher than those of direct repression
of the frictional materials F1. The wear rate of cellular
structure of the friction materials at different temperatures were lower than the wear rate of frictional material
which directly suppress. The friction and wear properties superior to directly suppress the friction material F1.
The friction coefficients were changed in a smooth curve
and the wear rate was small. While a cellular structure of
the friction coefficients of frictional material were
changed in stability and wear rate was small. This may
be due to the following two reasons:

Fig. 4 Tiered model of ideal pressing particle.

0.7
0.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
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0.2
℃

Fig. 6 Friction materials F1and F2 friction coefficients and wear rates at different temperatures.

Formulation of the second binder of materials helps
in reducing the process of increased friction and wear
friction coefficient. Second binder is effective when the
high temperature reach molten state, will lead to shedding of friction materials and fill again the holes of the

friction surface of the sample. While the second binder
material helps in curing reaction, sulfide can play a role
on the friction factor stability. Second binder when in the
process of friction, the physical and chemical changes
make up the decomposition of phenolic resin adhesive
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force after the fall of the shortcomings.
To cellular structure of the frictional materials and
general suppression of the frictional materials, the particles within the resin content are the same. The general
suppression of frictional materials when in the process
of friction and wear, the components of the surface are
loss. The cellular structure of the friction material in the
course of friction and wear, in addition to plowing
groove surface there are slippery track and the tank less.
The performance of the low-pressure powder resin
content of the frictional materials is not ideal. This
problem can be solved by granulate the package surface
layer of resin particles with better perform. In the plastic
resin softening, granulate of surface of the resin by the
hot press, inclusive of materials and particles is integrated. While softening the resin particles by the internal
infiltration lead to increase of the internal components of
particles between the cohesive forces, thereby enhancing
the frictional material wear resistance.
Fig. 7 shows the surface wear morphology for the
generally suppressed of frictional materials. It can be
found the material on the surface distributed evenly, a
small number of surface materials such as foam iron
particles, vermiculite and other materials. And the
overall bonded well, loosely attached in the material
surface. Low resins directly affect the amount of frictional materials friction and wear properties.

Fig. 8 shows the surface morphology of cellular
structure of the frictional material after loss. In the friction surface particles shape is clear and there are some
cracks around the particles this may be due to external
than internal volume of resin. The temperature in the
friction under the resin is caused by thermal decomposition. While friction surface cracks and surface porosity
of the particles within the acoustic damping function,
can be greatly reduced brake noise. The internal structure of the particles in cellular structure of the friction
materials is closer than popularizing suppression of the
friction materials (Fig. 7 and Fig. 8). This because of the
surface resin particles found in the hot press, also the
particles flow during infiltration and increased particles
help in the bonding material effect.

(a)

(a)

(b)

Fig. 8 Cellular structure of the friction material worn
surface of the F2.

(b)

Fig. 7 General suppression of the frictional materials
worn surface of the F1.

3.3 Coated surface properties of frictional materials
The amount of resin increased to 10% wt. The particle size was prepared from the random particles in the
immediate admission of the expected particle size range.
Particles on the surface rolling on the resin was divided
into parts, the rolling of particles before and after
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F3
F4
F3
F4

0.7
0.65
friction coefficient，μ

0.6

tion, slightly higher than the level of bond test - F4.
None of resin achieved the desired value; the large
amount of resin sample friction coefficient was high.
The wear rate of two samples had average margin of
0.06, the difference was not obvious, mainly because the
structural characteristics of two materials are similar.
Figs. 10 and 11 are sample F3 and F4 frictional
materials friction and wear surface, respectively. It can
be found in the frictional materials sample F3 and sample F4 by comparing their frictional surfaces, pore size
and small size, Friction over a smooth surface, the
phenomenon of relative falling was not obvious. In
Fig. 11 it can be seen from the sample F4 on the friction
surface there is a larger size of holes. These results indicate that friction and wear properties of a cellular
structure of the frictional materials sample F3 do not
have to be better than cellular structure of the friction
material sample F4.

of the friction coefficient
of the friction coefficient
wear rate
wear rate

1.7

0.55
0.5

1.2

0.45
0.4
0.35

0.7

wear rate,10-7cm3/N.m

weighing, and drying after weighing. In terms of
resin-coated, pressing on the hot press molding machine,
recorded as the sample F3; Another part of particles,
were also expected from the surface are not coated with
drying, hot pressing on the hot press molding machine,
recorded as the sample F4.
Fig. 9 shows a sample of the F3 and F4 friction and
wear test results. It was found that the friction coefficient
of the sample F3 cellular structure of frictional materials
is greater than that of the sample F4 non-cellular structure of frictional materials, but at 250 ˚C temperature
there is an exception. Friction coefficient of the F3
sample in the overall curve is greater than the average
friction coefficient of sample F4. This is because the
sample F3 particles within the resin did not achieve the
best value, also the particles within the material were not
fully bonded, and because the sample F3 particles outside of the resin in the hot press on the internal infiltra-
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Fig. 9 Friction materials F3 and F4 friction coefficients and the wear rates at different temperatures.

(a)

(b)

Fig. 10 Frictional material friction surface of the F3.
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(a)

(b)

Fig. 11 Friction materials F4 friction surface.
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0.7
0.65
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seen that the F3 frictional material is superior in the
friction and wear properties. It can be a preliminary
identification of cellular structure of friction material
particles, internal and external phenolic resin content are
4% wt and 6% wt, which are respectively better.
Sample F3 cellular structure of the frictional material had a better friction and wear performance, its
overall value of the resin content 9.4% wt. Cellular
structure of frictional materials ensure stability in the
friction coefficient and a lower wear rate at the same
time. Through structural bionic design, the use of phenolic resin can effectively reduce the frictional materials.

4 Conclusions
(a) With the same proportion of the friction materials, the cellular structure of frictional materials has a
better performance of friction, friction coefficient and
wear rate is small.

of the friction coefficient
of the friction coefficient
wear rate
wear rate
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wear rate，μ
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0.4
0.35
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0.3

wear rate,10-7cm3/N.m

3.4 Resin structure on the performance of friction
materials
F2 and F3 sample of frictional materials have to be
cellular structure; the difference between them is that the
sample F2 frictional materials for internal and external
particles of resin used is smaller than at the sample F3.
Sample F2 of frictional material particles contained in
internal and external resin are 4 % wt and 6 % wt, respectively. While sample F3 of friction material particles
by internal and external resin contained are 10% wt and
10% wt, respectively. Friction and wear properties of
these two samples of friction materials friction and wear
properties can be compared basing on the on resin
amount in frictional materials (Fig. 11).
From Fig. 12 sample F2 friction coefficient of
friction materials in various temperature changes more
stably, better than the sample F3 friction materials, but
the wear rate occurs at the same value. Also it can be

0.25
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100

150

200

250

300

350

0.2
℃

Fig. 12 F2 and F3 Friction materials Friction coefficients and the wear rates under different temperatures.
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(b) Structural design of bionic cellular structure of
frictional materials can ensure a better friction and wear
properties, and effectively reduce the use of the resin,
that is, to 9.4% wt, reduce the thermal decomposition of
the resin adverse effects, and also can lower friction
material production costs.
(c) Cellular structure of frictional materials in the
process of friction and wear, due to decomposition of
resin and, the friction surface cracks, and the surface
particles within the larger pores, with acoustic damping
function, can greatly reduce friction noise.
(d) Second binder when friction and wear in the
process of curing reaction and the role of Bond, added
the binder of high-temperature thermal decomposition of
the lack of stability of the friction materials friction and
wear properties.
(e) when the second binder in high-temperature
melting and curing some of the reaction, friction in the
process of absorbing some of the wear debris in the
frictional surface to fill the pit, crack, can help in improve wear resistance of the frictional materials.
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Biomimetically Synthesized Hap-Gel Nanocomposites for
Artificial Bone Grafting
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Abstract
Treating long bone gaps effectively and economically still remains a challenge in the pursuit of which principles of
biomimetics may prove extremely useful. We investigated biomimetically developed of Hydroxyapatite (Hap) – Gelatin
(Gel) nanocomposites for orthopedic applications. Efforts were made to understand the biomineralization of Hap in several
media containing varying types and amounts of macromolecules. From these studies the proportion of the Hap-Gel nanocomposite was optimized and was found to be 80 weight percent Hap and 20 weight percent Gel. The resultant composition
closely resembles natural bone. This particular composition was then worked upon to impart a unique alignment to Hap
crystals such that they mimic the microscopic morphology of natural bone. The in-vitro characterization confirmed the
presence of Hap phase and its alignment parallel to the axis of the rod shaped implants. The mechanical properties of the
implants were further improved by reinforcing multi-walled carbon nanotubes (MWCNT) in them. It was observed that the
strength of the implants improved by more than 150% with mere 3 weight percent of MWCNT reinforcement and there
were no signs of toxicity in animals either. Further research is in progress to develop a cheap graft material capable of
regenerating bone.
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Abstract
Using Langmuir-Blodgett (LB) films of stearic acid as templates, we were succeed in preparing a large size of true single
CuSO4·5H2O crystal or its oligocrystalline at different temperature ranges. Several typical temperature ranges were carefully
chosen to understand the relationship between the temperature and the inorganic crystallization process induced by the Langmuir technique. X-ray diffraction (XRD) patterns and optical microscopy images of the products showed that their oriented
growth and morphology could be controlled by changing the temperature range. When the temperature was in the range of 53 ˚C
~ 20 ˚C, only one large size of single crystal was nucleated on the organic template, while there was no crystal formed in the bulk
solution.
Keywords: biomineralization, Langmui-Blodgett films, liquid state, temperature, oriented growth, CuSO4·5H2O crystal

1 Introduction
Single crystals have lattice structure and are often
anisotropic. Some special functions of the crystals are
useful in various applications. Therefore it is important
to develop a new route to grow perfect single crystals. In
fact, some natural phenomena can give us a perfect
answer. In biological systems, there are various forms of
laminated composites such as hydroxyapatite, CaCO3,
SiO2, etc., and their nucleation and growth are specifically oriented. The minerals are of ultrathin (on a micron
scale) structure, formed through an organized organic
surface as a template. Since the organized organic surfaces, unlike inorganic ones, can be extensively tailored
by specific chemical modifications, the potential scope
for controlled and oriented inorganic crystallization is
possible.
Inspired by the investigations of this interesting
natural biomineralization phenomena, the studies of
crystallization under organic ultra-thin films have become one of the most active fields in inorganic chemistry and surface science[1,2]. Compressed monolayer surfactant films formed at air-water interfaces[3,4] or
Langmuir-Blodgett (LB) films[5,6] are usually used as
templates for crystal growth.
Corresponding author: Zhi-wu Han
E-mail: zwhan@jlu.edu.cn

In the past decades, the influences of some factors
such as chemical binding, lattice matching and structural
complementarity between crystals and Langmuir templates have been discussed extensively[7,8]. However, the
role of temperature in crystallization process induced by
the Langmuir technique has not received great attention.
It is well to known that a minor change in temperature
can result in significant variations in the structure of LB
films. Temperature-dependent structures of LB films
have extensively studied[9,10]. According to them, at the
premelting stage, there is no substantial change in a head
group area, while there are considerable changes in the
conformation and orientation of an alkyl chain. At the
second stage above melting, though melting occurs in
the alkyl-chain, the ordered liquid phase retains and the
plane lattice of the LB film extends. Undoubtly, the
structure change in the LB film would affect that factors
that play a great role in the biomineralization process.
Usually, crystallization induced by the Langmuir technique is carried out at room temperature. The present
study attempted to investigate the effect of temperature
on the crystallization process induced by the Langmuir
technique.
Copper (II) sulfate pentahydrate (CuSO4·5H2O),
which is produced by crystallization, is used in agricul-
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2 Experimental section
Stearic acid (SA) (Fluka Chemical Co.) was used
without any further purification. CuSO4·5H2O, A.R.
grade, was purchased from Shanghai Chemical Reagents
Co. Water that was used in the experiments was double
distilled. All interfacial experiments were performed in a
Teflon Langmuir trough equiptment with movable Delrin barriers (KSV5000). To form the Langmuir films,
SA was dissolved in chloroform (2.0×10−3 M), and this
solution was gently added to the interface using a glass
micro syringe. After a monolayer had self-organized for
ca. 30 min, ten layers of LB films were fabricated at a
surface pressure of ca. 20 mNm−1 by lifting–dipping and
cycling of the substrate. The speed of the slide for the
first layer was 1 mm min−1, and then rose to 5 mm min−1
for other layers. The transfer ratios are nearly unity
(TR = 1.0±0.1) for ten layers and the COOH group of the
last SA layer was directed to the air.
Batchwise cooling crystallization of CuSO4·5H2O
was conducted in a glass vessel with a volume of 60 ml,
providing an unsaturated solution at M ˚C (saturation at
N ˚C). The solution was held at M°C in a water bath for
an hour to ensure complete dissolution. After that, a SA
LB film was vertically dipped into the CuSO4 solution at
M ˚C. When the temperature was reduced to P°C (P ˚C <
N ˚C) at a rate of approximately 16 ˚C per hour, the
solution would become a supersaturated solution. In this
process, CuSO4·5H2O crystal would nucleate on the LB
films. For comparison, the same conditions were used to
obtained crystals by the classical cooling crystallization
method. The experimental conditions are shown in
Table 1.
Table 1 Experiment Conditions.
Temperature
range
(M ˚C ~ P ˚C)

The temperature
of saturated state
of solutions (N ˚C)

The concentration of
solutions (g of dehydrated
CuSO4 per 100 g of water)

73 – 67

70

47

67 – 53

60

40

53 – 20

40

25

3 Results and discussions
Umerura et al.[10] pointed that the molecular and
crystal structure of multilayer LB SA film approach the
bulk form. In our experiment, the results of DSC melting
curves for a 5 mg SA sample (Fig. 1) showed two essential features: exothermic signal that corresponds to
temperature interval between 53 ˚C and 67 ˚C and the
endothermic melting peak at 67 ˚C < T <73 ˚C. Therefore, three typical temperature ranges (73 ˚C to 67 ˚C,
67 ˚C to 53 ˚C, 53 ˚C to 20 ˚C) were adopted in the
present study.
70
65
Heat flow (mN)

ture as a mineral additive to animal food, and as an intermediate in the electronics industries[11]. It has more
than 100 peaks appearance in its XRD pattern over the
2θ range 10˚ to 50˚. Therefore, any minor changes in the
crystal structure of CuSO4·5H2O could be observed from
its XRD spectra. Thus, in the present study, we choose
CuSO4·5H2O as a model.

60
55
50
45
20

40

60
80
Temperature

100

120

Fig. 1 DSC melting curves for a 5 mg SA sample.

All the CuSO4·5H2O crystals made in the present
study were triclinic. When the temperature range was
between 73 ˚C and 67 ˚C, bluestone crystals grown in the
absence of a LB film showed some of disordered shapes.
Many of which were broken and discrete each other
(Fig. 2a). In the X-ray diffraction pattern (Fig. 2c); there
are several sets of diffraction peaks. It can be concluded
that in the absence of the LB film, the crystallization is
uncontrolled. The crystals attached on the SA LB film
appear placoids, and its agglomerates and twins were
closely contact together (Fig. 2b). There is a very strong
peak appearance in the (−1 −2 2) in XRD pattern.
In the case without a LB film, when the temperature
changed from 67 ˚C to 53 ˚C, many agglomerates of
placoids spontaneously crystallized in the solutions.
From Fig. 3b, it can be seen that only placoids twins are
attached on the SA LB films, while there are several
crystals crystallized at the bottom of the vessel. Fig. 3c
shows there are many peaks appearance both in the XRD
pattern of crystals induced with and without LB film.
The result indicates that crystalline growth under LB
films at this temperature range was not oriented. However, the crystallization process was affected by the LB
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Fig. 2 When the temperature range is 73˚C – 67 ˚C, the optical microscopy images of (a) crystals grown in the absence of the LB
film; (b) crystals nucleated on the SA film (c) bottom: X-ray powder-diffraction pattern for (a); top: X-ray powder-diffraction
pattern for (b).

Fig. 3 When the temperature range is 67 ˚C – 53 ˚C, the optical microscopy images of (a) crystals grown in the absence of the LB
film; (b) crystals nucleated on the SA LB film; (c) bottom: X-ray powder-diffraction pattern for (a); top: X-ray powder-diffraction
pattern for (b).

films. The peaks appearance in the XRD patterns of
crystals induced with and without LB film belong to
different crystal face of CuSO4·5H2O
An interesting result seen in Fig. 4; when the temperature was cooled down from 53 ˚C to 20 ˚C, one large
size (4 × 2 × 1 cm3) of single crystal nucleated on the SA
LB film, and no crystal was formed in the solution. At
the same time, the growth rates of some faces were also
varied, and the shape of the crystal was changed from the
normal shape, a parallelogram was grown in bulk solutions without the LB film, into a prism. From the XRD
diffraction, it is obvious that there is development in the
(−1 −3 2) pinacoids.
Based on the above results, we can draw a conclusion that temperature factor can greatly influences the
process of crystallization induced by the LB films. How
does the temperature affect the process of crystallization
controlled by the Langmuir technique? Firstly, the factor
of chemical binding does not changed greatly when the
temperature changed. According to a previous study[10]
on the thermal stability of a SA LB films, it melts above
68 ˚C, and above the melt point, the structure of the SA

d

Fig. 4 When the temperature range is 53 ˚C to 20 ˚C, the optical
microscopy images of (a) crystals grown in the absence of the LB
film; (b) crystal nucleated on the SA LB film; (c) b in the solution;
(d) bottom: X-ray powder-diffraction pattern for (a); top: X-ray
powder-diffraction pattern for (b).
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LB film becomes an uniform liquid, and the COOH
group of the outer SA layer is still direct to the air like
the model proposed by Tippmann-Krayer[11]. Therefore,
even if temperature reaches the melt point of the SA film,
the organic template can still provide suitable sites for
heterogeneous nucleation.
Secondly, the change of the structure in the LB film
affects the process of crystallization induced by the LB
films greatly. As mentioned above, when the temperature reaches 68 ˚C, the outlayer of the LB film is in the
ordered liquid phase. Therefore, this ordered structure
caused the orientation growth of crystals nucleated on
the LB films at the temperature above 68 ˚C. When the
temperature is between 53 ˚C and 68 ˚C, no matter in LB
films or surface of LB films and the structure changed
greatly as described in the Tippmann-Krayer model.
This is in agreement with our result of the disordered
XRD pattern of crystal induced by the Langmuir technique.
It is interesting to note from the maximum peak in
the XRD patterns of crystals induced by the Langmuir
technique, it can be obtain that the lattice of crystal face
is increased with the incensement of temperature. When
the temperature was lowered from 53 ˚C to 20 ˚C, the
(−1 −3 2) face lattice area was 18.29 Å2; while if the
temperature range is 67 ˚C to 53 ˚C, the (−3 0 3) face
lattice area will be 24.69 Å2, and if the temperature is
73 ˚C to 67 ˚C, lattice of crystal face (−1 −2 2) will be
28.93 Å2. As is known, there is existence of lattice
matching and structural complementarily between
crystals and the organic templates. The increase in the
lattice of crystal face may be due to the increment of
plane lattice of LB films. This may supply a new proof
for the fact the plane lattice of LB films extends after
melting.
Though the structure of LB films above the melting
is ordered but as a liquid phase, the activation energy for
heterogeneous nucleation on the films is higher. The
optical microscopy images clearly show the probability
of appearance of twins and agglomerates is decreased
with temperature decreasing. The phenomenon that
crystals nucleate on LB films while there is no crystal
formed in the solutions only occurs in the temperature
range of 53 ˚C to 20 ˚C. The result indicates that under

this condition, activation energy for heterogeneous nucleation on LB films is lower. Therefore, the crystallization becomes easier than that in the bulk solution
which causes crystals to nucleate only on the organic
template.
The reason why one crystal nucleates on the LB
template can be described as follows. There may be one
or several formed nuclei interactions with the template,
and then the crystal development occurs on it during the
growth process. Another possible explanation for this
phenomenon, the initially formed small crystals which is
resulted from heterogeneous nucleation, is glued to each
other to form a larger one in the crystal growth process.

4 Conclusions
In conclusion, the present study has revealed that
the temperature has profound effects on the process of
crystallization in the presence of LB films.

Acknowledgement
The authors are grateful for the financial support
provided by the Natural Science Foundation of China
(Grant no. 30570235, 50635030), the National Basic
Research of China (Grant no. 2007CB616913), the Fok
Ying Tong Education Foundation (Grant no.101020).

References
[1]

Angew M Epple. Chem Int Edit, 2001, 40, 3481.

[2]

Boskey A L. Chem Bio Chem, 2001, 2, 291.

[3]

Mueller H, Zentel R, Janshoff A, Janke M. Langmuir, 2006,
22, 11034.

[4]

Kewalramani S, Dommett G, Kim K, Evmenenko G, Mo H,
Stripe B, Dutta P, J Chem Phys, 2006, 125, 224713/1.

[5]

Pechkova E, Nicolini C, Crystal J. Growth, 2001, 231, 599.

[6]

Pechkova E, Fiordoro S, Fontani D, Nicolini C. Acta

[7]

Lu L H, Cui H N, Li W, Zhang H J, Xi S Q. Chem Mater,

[8]

Li B, Liu Y, Lu N, Yu J H, Bai Y B, Pang W Q, Xu R R.

[9]

Junzo U, Satoshi T, Takeshi H, Tohru T. J Mol Struct, 1993,

Crystallogr D, 2005, 61, 809.
2001, 13, 325.
Langmuir, 1991, 15, 4837.
297, 57.
[10] Tippmann-Krayer P, Mohwald H. Langmuir, 1991, 7, 2298.
[11] Giulietti M, Seckler M M, Derenzo S, Valarelli J V. J
Crystal Growth, 1996, 166,1089.

ICBE, 2008, 221–227.

Proceedings of the 2nd International Conference of
Bionic Engineering – ICBE’08

Study on New Bionic Self-healing Cementitious Composite with
Microcapsules
Fen Xing1, Zhan Huang1, Zhuo Ni2, Xue-xiao Du2, Ming Zhang1
1. The Key Lab on Durability of Civil Engineering in Shenzhen, College of Civil Engineering,
Shenzhen University, Shenzhen 518060, P. R. China
2. College of Chemistry and Chemical Engineering, Shenzhen University, Shenzhen 518060, P. R. China

Abstract
A new type of bionic self-healing cementitious composite with microcapsules was developed. After a typical concrete
process, microcapsules were evenly distributed in the cementitious composite. Adhesion in the course of micro-cracks producing was released by microcapsules. So a large number of micro-cracks in concrete structures can be effectively and timely
repaired, thereby the durability of concrete structures increased. In addition, microcapsules are tiny spherical substances, so the
liquidity of fresh concrete was increased after the accession of microcapsules, and conducive to construction. Experiment results
show that the technology has good technology operability and industrial feasibility.
Keywords: microcapsules; cementitious composite; bionic self-healing; durability

1 Introduction
Concrete is the most important and widely used
building materials; it is a composite material consisting
basically of aggregate and cements paste. For concrete
structures, there are many cracks in service due to stress
caused by changes with temperature and humidity, inhomogeneous sinking, external loading, which deteriorate durability and safety in application of the concrete
structures. Control and self-healing of the cracks is an
important issue in the application of concrete materials.
There are several methods developed to solve this
problem. The approach of using AR-glass fibres can
control the cracks production at early age of setting. The
inclusion of low volumetric fractions of AR-glass fibres
controls the cracks generation when the shrinkage occurs, leading to less total cracked area and cracked surface. Another method is that the concrete materials
themselves provide a positive function in the
self-healing process. This by the reaction of the hydration of unhydrated clinker available in the microstructure of hardened concrete which are exposed at the
cracked surface in the presence of water, resulting in the
precipitation of calcium carbonate CaCO3 crystals which
diffuse and deposit the debris on the cracked positions.
Thus, eventually, establish the continuity of concrete
Corresponding author: Zhan Huang
E-mail: hzhan168@163.com

materials. The recovery of concrete structure is dependent on the chemical reactions of the compounds
within concrete materials and on the fact whether cracks
are fully filled with newly formed crystals. In addition,
some works focus on a method of applying hollow glass
fibres/tubes carrying adhesives into the concrete structure. The self-healing of cracks in cementitious material
is realized by the release of the adhesive which is sealed
in hollow glass fibres/tubes, followed by chemically
curing course at cracked surfaces, resulting in a recovery
of mechanical properties of the concrete materials subjected to damage. This technology exhibits no requirement for external monitoring because the cementitious
matrix acts as a sensor. An overloading is detected virtually by brittle concretes. The stress generated by
cracking under the overloading breaks glass fibres,
which stimulates an actuating mechanism for the
self-healing concretes. Once glass fibres are broken and
adhesion is released into cracks of the cementitious matrix due to capillarity effect, cracks can be repaired and
concretes can be healed. In this method, control of
cracking width and the size of glass fibre are used as
critical factors to achieve self-healing effectiveness for
concrete materials. One of obvious using limitations of
glass fibre capsules is hardly feasible in concrete engineering application. This because of the brittle glass
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fibre can be easily broken in the processing of stirring,
vibration, curing and setting, etc. This also brings out a
related problem, i.e. glass fibre carrying adhesive is
difficult to be uniformly distributed throughout the
concrete matrix in application of self-healing concrete
composite. Practical requirements of self-healing concrete material are low cost, passive smart and well distribution. A development of smart concrete materials
should be directed towards engineering feasibility,
high-performance and small-volume applications for
engineering practice. Therefore, an effort in this work is
to initiate an engineering approach for self-healing cementitious composite with microcapsules. The microcapsules with wall materials of UF and a core material of
epoxy synthesized in the laboratory are applied to prepare a novel structural self-healing concrete material for
engineering feasibility study. Epoxy E-51 is modified by
1-butyl glycidyl ether (BGE) to improve flowability due
to a consideration of capillary mechanism. The durability of the UF/epoxy microcapsules on a condition of
typical concrete engineering processing and a distribution of the microcapsules in cementitious composites
were investigated by SEM technique using the specimens subjected to chemical etching. The interface between the concrete matrix and the microcapsules and
failure mechanisms of the self-healing concrete composite were analyzed by fractographic techniques.
Compressive strength and bending strength were measured for several concrete samples and the self-healing
composite samples to identify self-healing effectiveness
of the designed concrete composites.

2 Materials and methods
2.1 Synthesis of UF/Epoxy microcapsule
Urea was dissolved in 37 wt% formaldehyde
aqueous solution at 1:1.5 molar ratio. After pH was adjusted to a value of 7-8 using triethnoleamine, the mixture was reacted at 60 ˚C to 80 ˚C for 1 hr under stirring,
diluted with distilled water and cooled rapidly to ambient temperature. 20 wt%1-butyl glycidyl ether (BGE)
was added into epoxy adhesive E-51, and stirred well.
80g of the diluted epoxy was added into 100g of UF
prepolymer. After that pH was adjusted to a value of 2 to
3 using 1 wt% sulfuric acid. The reaction was kept at
60 ˚C for 2 hrs. The slurry was filtered, washed and dried
to obtain microcapsules. An encapsulated curing agent
of MC-120D, chemically 2-heptadecylimidazole, was

used together with the epoxy for the composite design.
According to their chemistry, 2-heptadecylimidazole can
react with the epoxy at room temperature, desired
crossing structures and properties can be obtained by a
thermal process of 120 ˚C and 1 hr.
2.2 Preparation of microcapsule/concrete composite
The weight ratio of the epoxy capsules over the
curing agent capsules was 100:20. The proportion of
cement: microcapsules: water was 100:5:38. The
microcapsules were added into water, and the mixture
was added into cement. The materials were mixed for 5
minutes to obtain a slurry solution. A uniform mixture
was casted into mold while degassing was operated by
severe vibration. These specimens were demolded after
12 hrs and cured at 20oC temperature and 95% relative
humidity environment for 28 days.
2.3 Mechanical property
Compressive strength and bending strength were
measured in order to evaluate self-healing of the cementitious composite. Specimen dimensions for bending
testing were 4 cm × 4 cm × 16 cm. A compressive preload of 8 MPa was made on side surface of specimen
middle area in a three-point bending fixture. Specimen 1,
the reference specimen, was a normal cement specimen.
Specimen 2 was the cement specimen subjected to the
compressive damage and curing at room temperature for
24 hrs prior the testing. Specimen 3 was the filled
microcapsules cementitious composite subjected to the
compressive damage and curing at room temperature for
24 hrs prior to final testing. Specimen 4 was the filled
microcapsules cementitious composite subjected to a
compressive damage and a thermal curing process of
120 ˚C and 1 hr.
2.4 SEM observation
Pieces of the samples were selectively cut off from
the tested specimens in order to investigate distribution
of the microcapsules in the cementitious composite,
durability of the microcapsules for the typical concrete
processing, failure processes and self-healing mechanisms. The sample 3 and 4 were immersed in a stirred
solution of 20% sulfuric acid and 5% sulfuric acid for 1
minute respectively. Then was carefully washed in distilled water and was dried. Etched samples and fractured
specimens were gold coated and then were scanned by
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3 Results and discussion
Using adhesives to bond cracked surface in cementations materials is an important technique. An adhesive for self-healing purpose is expected for a low
viscosity and a high bonding strength. These properties
would lead to easily flowing into cracking position due
to capillary effect when stress fractures microcapsules
and reasonable recovery property afterwards the curing
of chemicals released. Such adhesives currently used in
self-healing concrete materials as epoxy, ethyl
cyanoacrylate and dicyclopentadiene, etc. After examination of the adhesives reported, epoxy adhesive E51
was selected because not only it has a good processing
ability in engineering practice, but also exhibits reasonable repair cost. Criterions in this selection are that
the adhesives should have enough flowing and good
mechanical properties afterwards curing. 1-butyl glycidyl ether was added into epoxy adhesive to decrease
viscosity. When 20 wt% BGE was added into the epoxy,
the viscosity was dropped from 8200MPa·s to 200MPa·s,
while its liquidity was improved significantly. Additionally, BGE diluents can improve the mechanical
performance effectively, and tensile strength was increased to 17.6 MPa from 14.0 MPa of a virgin specimen,
modulus to 334.0 MPa from 223.3MPa of the reference.
FTIR spectra (Fig. 1) show that 772.49 cm−1 for the
epoxy group of the epoxy and 913.36 cm−1, 843.92 cm−1

and 760.60 cm for the epoxy group of BGE disappear
after curing process, indicating that BGE was also contributed to the polymeric reaction and generate a crossing structure formed by adhesive epoxy and the imidazole and 1-butyl glycidyl ether together (Fig. 2).
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Fig. 1 FTIR spectra of E-51/BGE/MC120D thermosetting resin.
(a. BGE; b. epoxy E-51; c. E-51/15%BGE/20%MC120D)

It has been reported that microcapsules are used in
self-healing polymer composites. Micro-cracks are
formed within the matrix under stress. To repair cracks,
an adhesive is encapsulated, which can be released upon
the crack front and polymerization of adhesive with an
embedded curing agent is then triggered. Microencapsulation involves a physical or chemical process to
encapsulate small solid or liquid particles of 1 μm to
1000 μm in diameter with a solid shell, formulated by a
variety of materials including natural and synthetic
polymers, such as UF, MUF, polyurea, polyurethane
and polyamide, etc. This technology has received little

Fig. 2 Chemical reactions of E-51/BGE/MC120D materials.
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attention for cementitious composites. In this study, a
shell material of urea-formaldehyde resin (UF) was
formed through interfacial polymerization of monomers
with urea and formaldehyde. During preparation droplets were first prepared by emulsifying an organic phase
consisting of the core materials of modified epoxy and
an aqueous phase of prepolymer of UF chemicals.
Formed by the monomers reacted with each other at the
interface of a micelle of the epoxy to become a shell. The
synthesis conditions, storage capacity, mechanical durability and thermal stability of as-synthesized microcapsules were reported. As seen in Figs. 3 and 4, synthesized microcapsules have a relatively smooth shell
surface with an average diameter of 120 um and a shell
thickness of 4 um in a form of sphere.

Fig. 3 Epoxy encapsulated with UF resin.

terial. Although concrete in application is typically reinforced with steel bars or fibres to carry the tensile
forces in the matrix, concrete is still subjected to cracking. To lengthen the life span of structures, delay repairs,
and lower material costs, an inherent system of passive
self-healing concrete composites has been studied using
glass fibre filled adhesive to repair cracks and micro-cracks. Brittleness of the glass fibre used in the
previous studies is easily broken in concrete processing;
make it difficult to be applied in engineering application.
In contract, the microcapsules using organic materials
have a better toughness than glass fibre capsule. This
supposes that the method using microcapsules may be
more effective for self-healing concrete composite material design unless these microcapsules have a good
durability afterwards a series of concrete processing. UF
microcapsules shown in Fig. 3 were applied into cement
and a cementitous composite with self-healing function
was prepared. Taking a section of specimen 3 and perform the described chemical etching, the sample showed
that the microcapsules remain unbroken although it were
subjected to blending, vibration, setting and curing
processes, etc. (Fig. 5). As discussed later on, a good
distribution of the microcapsules in the concrete composite was also achieved on the observation of fractured
surfaces. These microcapsules have a smaller size than
the glass fibre capsules, more matched with a cracking
width of 80 um, which was reported in glass filled of
reinforced concrete composite, likely resulting in an
efficient repairing for small cracks. There are several
advantages for the technology initiated in this study. (1)
There are some voids and defects in concrete materials
during processing and in concrete structures in application, typically capillary voids of 0.1um and air bubbles

Fig. 4 Shell thickness measurement based on fractured epoxy
capsules.

Concrete is a brittle in nature and produces a large
number of small cracks under stress, which may continue to grow under environmental forces over time to
deteriorate and threaten its integrity as a structural ma-

Fig. 5 UF capsules subjected to typical concrete processing.
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of 500um. These defects probably become initiations for
micro-cracks in the concrete structures. These small
defects are difficult to be healed using glass capsules.
However, small size, sphere shape and a variety of shell
materials for microcapsule may provide a more opportunity not only to form a good interface but also to repair
micro-cracks in the concrete structures. Additionally, a
large size of glass fibres filled with adhesives introduces
more defects into self-healing concrete composite while
providing passive self-healing function. Microcapsules
can stay within concrete voids more safely than glass
fibre capsules and without an introduction of extra defects for self-healing concrete composites designed. (2)
Microcapsules are sphere which can aids flowability of
cementitious paste, as a consequence of good distribution of concrete ingredients in the concrete composite.
This is important for microcapsules since micro-cracks
are randomly appeared for concrete structures.
A considerable number of cracks were visible on
the specimen surfaces in the specimens subjected to the
preloading. Cementitious materials are known to fail via
tensile cracking when overloaded. Under overall compressive load, ultimate failure in cementitious material
was preceded by local tensile cracking emanating from
microdefects. Cementitious materials were extremely
brittle with tensile strain of about 0.01%, approximately
one-tenth that of compressive strain, and with fracture
toughness about 0.01 kJ/m2. If the crack width is small,
the structure may suffer from durability problems due to
increased permeability of the concrete cover. The cracks
provide enhanced pathways for aggressive agents to
enter through the concrete cover and cause corrosion for
concrete structure. If the crack width is large, tensile
fracture and spalling may be generated, leading to a
compromise in structural integrity. Although cracking
width was not monitored in the experiments, a feasibility
of the microcapsules technology for self-healing concrete composite can be demonstrated from mechanical
measurement. Four specimens were designed to compare changes in bending strength. Specimen 1 involves
normal cementitious materials with bending strength.
Specimen 2 is the cementitious materials subjected to
the preloading, deducting to a bending strength of 5.8
MPa. Specimen 3 is cementitious composite subjected
to the preloading and room temperature curing, exhibiting a bending strength of 10.0MPa. Specimen 4 is the
concrete composite subjected to the preloading and a

225

thermal curing, showing a bending strength of 11.2 MPa,
as illustrated in Fig. 6. These data indicate that the usage
of microcapsules in the concrete composites leads to a
little change in the bending strength in the condition that
these were subjected to a compressive damage and regain to a level of the reference specimen. Specimen 3
contain epoxy microcapsule, the stress provided by
preloading process release chemicals to seal the tensile
cracks, followed by air curing of the released chemicals
in the cracking, leading to recovery of mechanical
property of the composite materials. When specimen 4
was subjected to a thermal curing, cracks were repaired
by a strong adhesion due to a fully crossing structure,
resulting in a high bending strength. The bending
strength was much affected by healing processing in the
usage of organic microcapsules. These clearly show that
the microcapsules can be effectively applied in the design of self-healing concrete composites.
12
10
8
6
4
2
0
1

2
3
Specimen number

4

Fig. 6 Bending strength recovery in the use of microcapsules.
Specimen 1: bending strength directly; Specimen 2: preloading 8 Mpa,
then place 24 hrs after moving loading, bending strength; Specimen 3:
preloading 8Mpa, then place 24hrs after moving loading, bending strength;
Specimen 4: loading 8Mpa, moving loading; curing at 120OC for 1hr, then
place 23hrs, bending strength.

Fig. 7 shows fracture surface subjected to bending
damage for specimen 4. There is a typical brittleness for
composite matrix in similar to cementitious materials
because overloading was sensed by the brittle cementitious matrix by its innate brittleness. A large number of
microcapsules were broken straightly and a small
number of microcapsules were simply pulled out. As
seen in Fig. 8, a good interface between the microcapsule shell material and the cementitious material was
formed. Cracks were initiated from towards microcapsules and fracture them on the propagation pathway.
In general, small microcapsules were tending to break in
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releasing of chemical into the matrix cracks is dependent
on the capillarity of the thin channels created by the
crack surfaces against capillary force inside the microcapsules resisting chemical release. Thus, the crack
width of the matrix should be limited to less than the
inner diameter of the microcapsules for effective release
and healing. It is critical that cracking width should be
controlled and limited within tens of micrometers for
effective self –healing material design.

Fig. 7 Fracture surface subjected to bending damage.

Fig. 8 Interface between the microcapsule and the matrix.

tensile mode due to small inclined angles whereas large
microcapsules appear to debond the interface in a mode
of flexural failure because of large inclined angles. The
broken microcapsules likely involve a tensile stress and
pulled out microcapsules due to a flexural stress. These
cracks may join together and the matrix crack bridged by
the capsules can induce local debonding along the interface between the microcapsules and matrix. The
cracking of the matrix and failure of the microcapsules
visually reveals self-healing mechanisms in the designed
material. During the testing, a modified epoxy was
served as the sealing/healing chemical contained in UF
microcapsules. When the microcapsules were broken,
the chemical was released into the cracks of the cementitious matrix. So that the cracks can be sealed and the
composite rehealed as shown in Fig. 9. In fact, the width
of the tensile cracks in concrete materials cannot be
easily controlled. Localized fracture leads to continued
increases in crack width under decreasing load and
rapidly exhausts the amount of chemical available for
crack sealing and composite rehealing. As a result, some
cracks were filled with the epoxy, others were not. The

Fig. 9 The adhesive is released into cracks.

4 Conclusions
A self-healing cementitious composite was developed using microcapsules. UF encapsulated epoxy was
synthesized and applied for self-healing cementitious
composite, which exhibit a good interface, a good durability and a good distribution in cement material. A
self-healing performance of the composites was analyzed based on mechanical property measurements. A
change in bending strength indicates an effective
self-healing property. The data showed that the microcapsules used for the cementitious composites can,
considerably, introduce a self-healing function into the
designed materials.
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Abstract
The Russian Theory of Inventive Problem Solving provides a rigorous technique and set of methods for defining and
comparing the delivery of functions. In engineering this Theory can efficiently provide novel solutions to technical problems.
We have been using it to compare the ways in which biology and engineering provide an interface between living matter and the
physical world. We find that a few of the techniques are similar (e.g. protection against damaging radiation), but many are very
different (e.g. the design of durable materials). The similarity of solutions to the same set of problems between technology and
biology is between 10 and 20%. But biology is much more complex than engineering, and is based on sustainable technologies.
We are currently developing a rational system that can provide a pathway for sustainable engineering that combines traditional
and current technologies, and in doing so are highlighting the differences and problems that lay in wait.
Keywords: TRIZ, bionics, biomimetics, biomimicry, bioTRIZ

1 Introduction
TRIZ (a Russian acronym of Theoriya Resheniya
Izobreatatelskikh Zadatch, which translates as the Theory of Inventive Problem Solving) was conceived as a
system of interlocking techniques which, used properly,
could solve any technical problem. The basic tenet was
that all the major functions which contribute to the survival and success of mankind have been discovered and
recorded, since they rely on physical principles, and the
advancement of engineering could be summarised as the
development of more advanced ways of delivering those
functions. A simple example might be in transport,
where we have ‘advanced’ from walking or running, to
riding an animal, to harnessing one or more animals to a
chariot or a stage coach, to using fuel in an external
combustion engine such as a steam engine or a Sterling
engine, to using oil-based fuel in an internal combustion
engine, to electrical engines. TRIZ was formulated
essentially by one man, Genrich Altshuller, whose insight was that the manipulations required to deliver these
functions could be summarised and reduced to a manageable number (about 40), and that these manipulations
were relevant across a wide field of applications[1]. Most
people when faced with a problem will proceed to
‘solve’ it with the most obvious object to hand, but a real
Corresponding author: Julian F. V. Vincent
E-mail: j.f.v.vincent@bath.ac.uk

problem requires a much more innovative approach than
that. Altshuller developed a much more rigorous set of
methods (eventually captured as an algorithm in ARIZ),
which concentrates on defining the function to be delivered (hence independent of the hardware and capable
of much more basic generalisation), the working environment in which it is to be delivered, and the resources
available within that environment. Frequently he found
that the solution is best delivered by altering the environment rather than by altering the immediate mechanism of delivery. This enabled him to draw on the experience (through patents) of a vast number of inventive
minds, since by this technique he showed that any
branch of technology could provide a solution to a specific problem. The specific application depended only
on the means of delivery of a generalised manipulation.
The detailed implications of this statement will become
apparent later.
Altshuller derived his basic information and inspiration from the examination of patents, representing the
solutions to a variety of problems. He was thus able to
define the problem as a dialectic exchange, where the
Ideal Result (another of his innovations) was opposed by
a technical difficulty (the likely reduction in convenience if a conventional solution is adopted), forming a
thesis-antithesis pair, defined as a conflict or contradic-
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tion. The solution – the synthesis – resolves the differences by using a manipulation (which Altshuller called
an “Inventive Principle”) common to a wide range of
solutions. In one of the most familiar of his techniques,
the thesis-antithesis pair (selected from a defined list of
possibilities or Features), form the two dimensions of a
matrix. The intersection of the pair immediately points
to a range of manipulations, which have proved effective
in a variety of contexts. To this extent, these relationships constitute a statement of best practice in engineering, and TRIZ can therefore be a source of comparison with other ways of providing adaptations to
survival, including those developed by living organisms.
Hence TRIZ can provide a means of comparing biological and technical solutions to problems that are
similar or the same, and provide both a way of describing and cataloguing the ‘technology’ of life and of prescribing relevant bionic solutions to engineering problems. This general approach could be encapsulated in
the idea that engineering presents problems and we have
to find a solution, whereas biology presents a solution
and we have to find out what the problem was. In biology this has led to internal comparisons of physiology
and morphology and the recognition that functions in
different organisms are similar but solved in different
ways. For instance, there are several types of organ for
maintaining the ionic milieu of animals. But there has
been little or no objective recognition that these organs
are meeting apparently conflicting requirements, such as
retaining liquid within a permeable tube. The answers to
these problems are well known within biology, but their
applicability often remains to be illustrated. Thus biology is somewhat similar to a patent database, except
that the patent states clearly what the problem is,
whereas we have to infer the biological problem using
our knowledge and skills in biology. Hence bionics (one
name for this interfacial area of biology and engineering)
cannot be effective without the knowledge and skills of a
biologist – at least at present. Our starting premise was
that if we can make TRIZ work as a problem solver,
requiring only a careful definition of the problem, then
bionics can be deskilled and the biological knowledge
captured by TRIZ in the same way that TRIZ has captured engineering and design. However, Altshuller
pointed out that TRIZ can assist the imagination, but not
provide a substitute. Since biology is one of the most
complex of sciences, biologists will always be needed
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for effective information transfer.
The application of TRIZ to problems in biology is
not new[2], but has commonly been performed at a trivial
level that purports to show how biology follows the lead
of technology. If this were the true state of comparison,
there would not be the current interest in bionics,
nanotechnology, self-assembly, smart materials, etc., all
of which have useful input from biology.

2 Techniques and methods of TRIZ
TRIZ has a number of techniques for defining and
analysing problems and their solution. They are divided
into the definition of the problem, its solution, and some
additional techniques, which can broaden the imagination and provide an escape from well-worn pathways.
There are some other techniques that we have not yet
used in this context, but are included here with some
notes on their possible use.
2.1 Definition of the problem
Ideal Result – the result that we would like to have,
currently available only in our wildest dreams! But if we
do not grasp for a vision, we shall never be able to formulate a path for technical or social advancement. The
problem is that different people involved in the delivery
of a function may have different Ideal Results depending
on the benefit that they can gain from the solution of the
problem. There is rarely a single Ideal Result to any
problem!
Function – this has to be very carefully defined.
It is probably best thought of as the change that I wish to
see. For example, the object “anchor” is cartoon-like in
its simplicity. But what function or functions does an
anchor deliver? Stability, immobility, predictability . . .
The function delivered for a boat by an anchor can be
provided anything from a stake driven into the river bed
to a bucket thrown over the stern of the boat on the end
of a rope. Ask a person to draw “an anchor” and you will
very probably get the cartoon. This narrow mental image stifles creativity, as does the use of jargon and specialist terms. The Function should be stated in the simplest and most direct language possible.
Resources – resources are all around us and within
us! They can usefully be catalogued as substance,
structure, energy, space, time and information. We also
have our emotive responses and knowledge. An important resource, often overlooked in real problems, is
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the factor that appears to be ‘causing’ the current problems. So a resource is anything or anybody in the right
place, in the right time, in the right amount, in the right
mode for the right consumer is the resource. If any of
these conditions is not fulfilled, the resource immediately turns into loss, waste, pollution, hazard (real or
potential) and causes problem.
System Operator – all things and functions are
part of a hierarchy: the central system is composed of
components or sub-systems and is itself a component of
larger super-systems. The system, sub-systems and
super-systems have a past and, supposedly, a future.
Every part of the System Operator other than the central
System can have a number of alternative components
depending on the definition of the ideal result, each
generating a different context for the system.
Functional analysis – any system has a number of
interacting components. Their interaction can be
mapped, and the nature of their interaction classified as
useful, harmful, insufficient and excessive. A diagram
showing these interrelationships can form a very useful
basis for the dissection of a technical problem. Similar
examples occur in mapping ecological relationships, or
physiological pathways, but on the whole these have
already been optimised and so this technique is probably
of less use in bionics.
2.2 Solution to the problem
Conflict Matrix – its use has been outlined above,
to suggest a suitable Inventive Principle. Several Principles are suggested and each one should be explored in
order to reach a novel conclusion.
Su-Field analysis – A Su(bject)-Field diagram
consists primitively of starting and finishing conditions
and the process which is required to get from the one to
the other. It is used when a conflict has not been identified. Not all problems involve a conflict; some require
an improvement or the improvement of an established
outcome. Su-fields then make a recommendation as to
the point in the process, which needs to be changed, and
how to effect that change. A functional analysis diagram
can conveniently be broken down into a number of
Su-fields and is considered by many to be the best
starting point to analyse a problem.
Sabotage analysis – or how to destroy your best
idea or the existing system, device, machine, object, etc.!
In fact you can never be objective about your work if you

do not use sabotage analysis, which will show you the
weaknesses in your system. It can also show you where
the solution to a problem is, since it shows you how the
system as currently formulated can fail, and therefore the
point at which it has to be changed and reinforced.
2.3 Other techniques
Evolutionary trends – depict the direction which
technology typically takes. The tendencies are to go
from uniform to heterogeneous materials and structures,
from direct mechanical effects (levers) to field effects
(electromagnetism) and from stiff structures to compliant ones. Technological evolution is probably more like
the evolution societies than the evolution of species.

3 TRIZ in bionics
3.1 An exoskeleton
In the first, we used the 39 Features of the Conflict
Matrix to define the problems being solved by the cuticle
of arthropods, then compared the Inventive Principles
suggested by TRIZ with those, which seemed to be used
by the animal (Fig. 1). In this way we were able to make
a direct comparison of biological and engineering ‘design’ and to provide a measure of the similarity between
technology and biology. Thus we could test (a) whether
the emerging study of bionics is likely to provide novel

Fig. 1 Varieties of insect cuticle. (a) highly extensible intersegmental cuticle of a locust stretching 15-fold as the insect digs a
hole in which to lay its eggs; (b) desert beetle with very hard
cuticle covering which can resist the teeth of rodents such as the
gerbil; (c) corrugated lightweight structure from a dragonfly wing;
(d) section through cuticle showing shapes and muscle insertions
derived from folding and in-tucking.
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practical solutions to technical problems, and (b) how
those solutions can be derived. The cuticle of arthropods
is a relatively simple natural composite material produced by a single layer of epithelial cells. It provides a
large number of functions such as shape, structure,
hinges, barrier, filter, etc.[3]. Some of these functions are
intrinsically conflicting, although obviously since they
coexist some form of compromise must have been
evolved so that the cuticle can be multifunctional.
A list of functions and associated characteristics of
cuticle was generated partly by reference to literature
and partly from experience with insects and insect cuticle over the years. The functions were then arranged
such that each was placed in apposition to those functions or characteristics that might be expected to compromise it. Thus a table of conflicting functions was
generated. Against each pair of conflicting functions
was listed the method by which the conflict is resolved
in cuticle, and this was expressed as a standard TRIZ
inventive principle. Three functions are considered in
detail to illustrate this process.
3.1.1 Stiff skeleton
A major function of the cuticle is to provide a stiff
foundation for the animal. Amongst other things, this
provides:
● Attachment for muscles
● Mechanical protection
● Control of shape
However,
● A uniformly stiff skeleton does not permit movement, so soft hinged areas are needed (I.P. 3).
● Stiffness requires complete cross-linking of the
cuticle protein, which militates against the use of the
cuticle as a labile, resorbable chemical energy store
(important for insects which feed only intermittently)
(I.P. 2).
● An external skeleton is a barrier to transmission of
sensory information about the external environment, a
function provided by sensory hairs and holes[4]. Note
that translucent cuticle, needed for photoreceptors, can
be cross-linked and stiff (I.P. 31).
● The animal will wish to recycle as much of the old
cuticle as possible when synthesising the new one at the
moult, which stiffness will compromise since it requires
extensive cross-linking. Larval and nymphal cuticles
tend to be less cross-linked than adult cuticles, probably
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for this reason. (I.P. 9).
These four resolutions can be categorised in TRIZ
terms by the inventive principles whose reference
numbers are placed in brackets in the list above. Thus
I.P. 3 – Control of local quality is characterised by the
following statements:
● Change an object’s structure, or its environment,
from homo- to heterogeneous Use gradients instead of
uniformity.
● Make each part of an object more adapted to its
own purpose Compartmentalise.
● Make each part of an object fulfill a different
function e.g. Pencil with eraser; hammer with nailpuller; Swiss army knife.
The other principles mentioned above are as follows. I.P. 2 is Extraction: extract, isolate or remove an
interfering or necessary part or property from an object;
I.P. 31 is Porous materials: make an object porous; use
the pores to introduce a useful substance or function; I.P.
9 is Prior counteraction: prestress the material in tension
to allow the structure to take compressive forces, or
provide protection before the challenge.
3.1.2 Waterproofing
In the majority of insects the cuticle has to provide
a waterproof coating since this is the main barrier to
desiccation.
However,
● The cuticle has to allow water in at various places,
notably the hindgut but also in other areas such as the
frontal organs of the Desert Cockroach, Arenivaga investigata[5]. It does this by providing small areas where
permeability can be controlled (I.P. 3).
● Chemosensory information needs to pass through
the cuticle, implying the presence of small holes or areas
of increased permeability. Again this is achieved by
having small specialised zones (I.P. 3).
● Extensible cuticles, such as are found in ticks,
locusts and blood-suckers, can become sufficiently soft
only by being hydrated[6–8], and therefore liable to
lose water. So these areas are provided with a highly
folded thin waterproof surface layer, the epicuticle
(I.P. 11).
The additional principle introduced here (I.P. 11) is
known as Prior cushioning - prepare means beforehand
to compensate for the expected poor performance of an
object.
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3.1.3 Protection from heat/radiation
Insulation can be achieved by absorption, reflection
or re-radiation.
Absorption can be achieved by a combination of
thickness and spectral absorption, implying the presence
of a chemical (usually a phenolic derivative such as
melanin which absorbs in the ultraviolet). However:
● Protection by thickening the cuticle is expensive
in terms of material and energy required to move it
around, so it has to be controlled geometrically (I.P. 14:
Spheroidality - use curves instead of straight lines)
● Insulation can be achieved by introduction of
many small air spaces, thus reducing conductivity and
allowing reflection and re-radiation, so the cuticle can be
made porous (I.P. 31: Porous materials) which will also
reduce its weight
● Absorption of UV by melanin will obscure the
dermal light sense (important for controlling the way the
cuticle is laid down) and obscure the eyes, so spectral
control is needed (I.P. 32: Colour changes - change the
colour or transparency of an object or its external environment).
In order to compare these biological resolutions of
a design conflict with those which technology would use,
it is necessary to convert the functions identified in the
cuticle into the conflict topics that TRIZ recognises. For
instance the functions “change stiffness”, “protection”,
“soft cuticle” and “stiff skeleton” are all reduced to
Feature number 11, which is defined as stress or pressure (compression, tension or bending). Similarly “keep
poison out”, “self cleaning”, “surface properties” and
“waterproof” all become feature number 30, which is
external harm affects the object. When the comparisons
are made between the biological and technological
Principles, the nature of the similarities suggests that at
the molecular level (the spectral transmission properties
of the material) there is little or no difference between
the biological and technical worlds. This suggests that
the resolution has been arrived at in the same way in the
two technologies – presumably through a chemical
pathway that provides specific spectral absorption of the
potentially damaging wavelengths. But in terms of
structures, and more importantly the versatility of
structures, the solutions of biology are very different
from those of technology. In 54 pairs of conflict there
were only 10 where there was there any similarity between technology and biology. Thus the percentage

overlap or similarity can be calculated as (10/54)*100,
i.e. 18.5%. In detail, while biology controls material
properties over a very short distance at a chemical and
morphological level (I.P. 3 is used for 25% of resolutions
in cuticle), technology tends to use a rather blunter, more
global approach (10% of resolutions in technology) that
involves changing a parameter such as temperature.
The level of detail in the analysis presented here is
typical of the sort of case study that we are developing,
allowing us to deconvolve biological functions and
compare design solutions. This general approach can be
applied to any biological entity, from cell to ecosystem.
It also has applications within biology since it allows a
far more objective approach to functional deconvolution
at all levels of complexity and hierarchy and the quantification of the relative importance of structure, chemistry,
information, etc. at these various levels: the example
given here concerns only one level of hierarchy and thus
is illustrative of the method. The analysis of biological
design at these different levels is the subject of further
papers.
3.2 General solutions
3.2.1 A database and its features
One of the main components of TRIZ, not often
mentioned, is a database showing how certain effects are
achieved. Thus there are about 150 ways of moving
water (evaporation, spraying, wicking and capillarity,
etc. plus different techniques involved with such
mechanisms). We decided therefore to initiate a database of biological effects which could be used both to
help populate a conflict matrix similar to the matrix of
classic TRIZ, and to provide a database of techniques
available in biology. Our goal was to make this biological information available to engineers by cataloguing and classifying the effects of any given action,
mechanism or function, in all biological systems. In
order to do this we looked at how information is presented in engineering and biology. There are two issues:
(1) Information in scientific documents is mostly
descriptive while engineers require a prescriptive context.
(2) Biological texts that could be useful are difficult
to interpret since we need to know the entire context of
the system.
From TRIZ we stole the idea that each engineering
product or biological prototype can be described as a
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system that functions in a particular context and is the
result of the resolution of conflicting requirements. We
defined three major zones for the conflict to occur: between sub-systems, between a subsystem and the system,
and between the system and its super-system. We also
simplified the 39 Features into 6 Operation Fields: substance, structure, space, time, energy and information
(Table 1)[9].
Table 1 Definition of the operational fields
Field of
operation

The essence of the problem or its solution

Substance

Add, remove or change the properties of the material

Structure

Add, remove or regroup the structural parts

Space
Time
Energy
Information

Change the spatial position or geometrical form of the
system or the shape of its parts
Retard or accelerate the process, or change the order of
actions.
Change the energy level or source or type of acting
field (magnetic, electric, acoustic, etc)
Change the interaction or regulation (information
exchange) of a system or system elements

However, biological functions need to be
co-ordinated simultaneously at many levels of organization – from cell organelle to population to ecosystem.
Each function has links with other functions on different
organizational levels (it’s this connectedness which
makes living organisms so adaptable). To account for
this, we devised an auxiliary 3D reference frame, where
each cell contains the conflict matrix for biological
structures that perform a environments, and for causes
and limits of actions. These allowed us to resolve data
about organisms into engineering-like chunks of information and cover the primary TRIZ constituents of
‘function’, ‘effect’ and ‘conflict’[10]. Further complexities are needed and being developed, emphasising that
this is not a simple problem.
The matrix we built had three dimensions that take
account of:
● An object and its parts, giving the structural hierarchy and inherent complexity of the system.
● The ultimate purpose of action, which is the main
function;
● The environment in which the object operates;
● The limits and causes of action (which are accounted for in the TRIZ conflict matrix)
● The resources and auxiliary systems involved.
Thus it incorporated the ideas of several TRIZ tools
within a single context, and is not only a database of
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physical effects, but also a database of intention and
motivation. In biology the hierarchy described by the
System Operator covers the range from molecule, organelle, cell, tissue, organ, organism, species, etc, with
the organisational level of the object under scrutiny
referred to as the system. The super-system to which the
entity “cell” belongs is a tissue; for an organism it is a
population. The sub-system for the entity “cell” is an
organelle; for an organism it is an organ. Increasingly we
found that this classification – which in TRIZ is usually
regarded simply as a way of expanding the conceptual
approach to a problem – is an integral part not only of
understanding the problem but of divining where the
solution to the problem might lie.
Definition of function and effect
Biological systems are teleological. Their goal is a
condition that is in some way useful or desirable, enhancing survival of the individual. We can thus define
the function of the biological system to be ‘the action
needed to achieve a useful or desired condition’. In
technical systems, the achievement of this goal is delegated to a technical device. The goal still remains the
future condition of the system. Therefore, the function of
a technical system is ‘the action needed to achieve a
useful or desired condition with the help of a technical
device ’.
This apparently pedantic reframing allows us to say
that the result of the function of a technical system in a
particular environment is a technical effect, and the
result of a function of a biological system in a particular
environment is a biological effect. The technical effect is
equivalent to the use of tools, a phenomenon observed in
many mammals, birds and insects. Technology is not a
uniquely human product. Note in passing that the definition of effect includes the observer.
From the engineer’s point of view, a biological effect is usually defined as a resource that could be used in
a technical system. We have a different point of view –
an effect is not a resource although information about the
effect can be. The biological effect should be a description of the system, as we always need to know the
hierarchical level of functioning and its past, resources
used, and future (goal)[11]. Any given effect could cause
many other effects at many levels of biological organization. For example, running can be said to be an effect
of legs moving fast (we see this at the organismal level).
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But running has other effects at the sub-system level:
increases in pulse rate and breathing, etc. These subsequent effects of ‘running’ are consequent upon ‘movement’ but are non-specific for a particular function –
they occur while swimming too.
Cause and effect
An effect, as defined in TRIZ, is the result of an
obvious cause under particular conditions. In biology on
the other hand, we may see an effect, but must search for
causes, and can only guess about goals. This is because
biological systems have as their goal a useful or desirable future condition. In the database, therefore, some
differentiation is necessary.
We consider that:
● Causes and effects can be static or dynamic;
● Effects can be reciprocal or non-reciprocal;
● Some effects can be result of several subsystems
acting together in (inner or outer) contact, or without
contact.
The medium
We now define in which of eight types of medium
an entity lives and functions – air, earth, water, or their
combinations, or in the biotic environment (i.e. living on
or in, another organism – such as a parasite or
tree-dweller).
Interactions between entity and medium
In defining the system, we want to describe how the
entity or system of interest interacts with the medium in
which it functions and how it interacts with other objects.
Sub-systems, super-systems
The relationship of the sub-system and super-system to a given system. The characteristics of
biological systems we take into account are:
● The hierarchy, which regulates most of the resources, among which are energy, force, information and
the capacity of the system in space and time.
● The inertia, which affects the likelihood of an
effect being expressed on a different level of the hierarchy.
An effect can be seenonly in the nearest super-systems and sub-systems, all of which try to compensate for the actions/effects. But the only system that
‘wants’ to change is the one that has a goal. The general
inertia in biological systems opposes change. That is

why an active effect is always violent at the levels of the
super-system and environment. The further the super- or
sub-system is from the effector in terms of hierarchy, the
less likelihood there is that the effect will be expressed
immediately – its expression is diluted. This causes
cumulative properties of biological effects.
Table of parameters
We must know what prevents, or makes difficult,
the achievement of the effect and so define how an action or function starts and is stopped. One first selects an
Operational Field (from the list substance, structure,
energy, space, time and information), which ‘causes’
action and whether this happens by its being decreased
or increased. Then one selects an Operational Field that
‘prevents or limits’ action in the same way (example: for
shivering, the event which ‘causes action’ would be
‘energy change’ going down, and the event that ‘prevents or limits action’ would be ‘energy change’ going
up). One can select as many sets of cause and limit as
one likes for a given system (e.g. shivering can also be
decreased for objects of high mass).
Using the database
To use the database one needs to formulate a request – what function is needed and under what conditions (environment and complexity, size, scale). This
will lead to the cell in the database where the actual
problem should be formulated in terms of conflict. The
antithesis can be from super-system and sub-system, so
at least 3 planes of conflict matrices should be analysed.
Each Inventive Principle so derived should lead to the
relevant biological prototypes, which may occur in very
different contexts. To enter information into the database
we needed to dissect a biological phenomenon into all
possible conflicting parameters that could produce an
outcome that could be consonant with an Inventive
Principle. Initially the database had about 2500 entries.
The ideas generated by working with database led to a
new biological version of the Conflict Matrix using the
six Operational Fields to categorise both the 39 Features
and the Inventive Principles.

4 PRIZM and bioTRIZ
4.1 The BioTRIZ matrix
We categorised the Inventive Principles into our six
Operational Fields: those where the problem is resolved
by changing the energy input, the material, the structure,
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the space, the time, or the information . These six
Fields re-organize and condense the TRIZ classification
both of the features used to generate the Conflict
Statements and the Inventive Principles[12]. Although
this generalization blunts the Conflict tool of TRIZ, it is
considerably more logical and easier to use than the 39
Features system in the Conflict Matrix (Fig. 2a, b).
Moreover, it is more complete, in that the conflict matrix
that is constructed from these fields has all the cells
occupied. This more general TRIZ matrix (which we
name PRIZM—Pravila Reshenija Izobretatel’skih
Zadach Modernizirovannye—translated as ‘The Rules
of Inventive Problem Solving, Modernised’) is now used
to place the inventive principles of TRIZ into a new
order that more closely reflects the biological route to
the resolution of conflicts. We call this new matrix
BioTRIZ[13]. We can now compare the types of solution
to particular pairs of conflicts which are arrived at in
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technology via classical TRIZ, and in biology. Although
the problems commonly are very similar, the inventive
principles that nature and technologies use to solve
problems can be very different. In fact, the similarity
between the TRIZ and BioTRIZ matrices is only 0.12,
where identity is represented by 1. Only the principles of
spatial composition are significantly similar (0.73) in
biology and technology. The differences are in large part
to do with the pervasive presence of hierarchy in biological structures and systems. But they are also to do
with the degree of detail it is possible to incorporate into
a structure which, like an organism, is self-assembled
and even designed by the forces of molecular interaction[14,15]. This matrix has not been available long enough
for its use to be extensively reported, but we have one
record of its successful use, where it helped solve the
classic problem of heating and cooling buildings in a hot

(a)

(b)

Fig. 2 (a) PRIZM Conflict Matrix, derived from Altshuller’s Conflict (or Contradiction) Matrix; (b) BioTRIZ
Conflict Matrix. These matrices can be used to extract Inventive Principles (referred to by the numbers in the
body of the matrix) which will give inventive solutions as outlined in the first part of this review.

236

Proceedings of the 2nd International Conference of Bionic Engineering

dry environment. The conflict is that the building needs
to be insulated so that it does not heat up significantly
during the day, but does not need to be insulated during
the night so that the heat can be radiated back into the
night sky. This conflict was resolved by using a honeycomb insulator, insulating the building from sunlight
at most angles to the roof of the building, but radiating
the heat straight upwards at night along the axes of the
individual cells of the honeycomb structure[16].

4.2 Bionic materials processing
Using the six Operational Fields as the template for
classifying the information, TRIZ databases (technology)
and our own research (biology) were scoured to classify
and quantify which field had to be manipulated in order
to solve a problem (Fig. 3a, b). Effectively, therefore,
we were replacing the Inventive Principles by the Operational Fields, but justify that as part of a systems
approach to bionics. We arranged the effects from which
these solutions were derived, in technology according to
the size at which they occur (from nm to km) and in
biology at their hierarchical level of structural complexity. Unfortunately at present we have to lose the
information about hierarchy in order to make the two
distributions more closely comparable. Ideally we will
find a way of re-introducing hierarchy by normalising
for the size of the organism. We found that in technology most problems (up to 70% at the nm-mm level) are
solved by the manipulation of energy. In biology, similar
problems are solved by manipulating space and, at larger
sizes (which implies much greater complexity), information. In biology the manipulation of energy as a parameter is constant and very low (about 5%) across the
entire size range[13].
Thus, faced with a design problem, our tendency is
to achieve a solution by changing the amount or type of
the material or changing (usually increasing) the energy
requirement. But in biology energy appears only about
5% of the time; the most important variables for the
solution of problems are information and space. This
can be illustrated by comparing the functionality of
biological and man-made polymers – proteins and
polysaccharides. Man has produced over 300 polymers,
but none of them is as versatile or responsive as the two
main biological polymers. For example, at the primary
level proteins are remarkably similar in the energy required for their synthesis since the peptide bond is the

pervasive motif. However, there is a wide range varying
from inert fibrous (e.g. collagen, silk) to responsive
fibrous (e.g. muscle) and from inert globular (e.g.
skeletal proteins in insects) to responsive globular (e.g.
enzymes). The difference between these proteins is less
to do with the energy required for their synthesis than the
complement and order of the amino acids – which is a
derivation of information stored in the DNA of the nucleus or elsewhere. Space is also relevant, since the
shape of the protein is an essential part of its function.
The same story pertains when considering biological
hard tissues. Calcium — and less commonly silicon —
derivatives are commonest, and carbonates and phosphates are predominant. This limited range of chemicals
(with the occasional addition of iron, zinc or manganese)
suffices for nearly all biological hard materials.
This comparison between the few materials of biology and the many materials of technology has been
made commonly, but never explained functionally. We
can now do this. It appears that biological systems have
developed relatively few synthetic processes at low size
at which the contribution of energy is significant; but the
main variety of function is achieved by manipulations at
larger sizes achieved by high levels of hierarchy, where
energy is not an issue. This is a very subtle lesson in
bionics. Instead of developing new materials each time
we want new functionality, we should be adapting the
materials we already have. Obviously we are doing this
to an extent, but it is unclear whether we recognise this
as a significant route rather than a route of convenience.
In order to approach this, we note that engineering
materials can be mapped with property dimensions such
as mechanical, thermal, electrical, optical and cost.
These maps show significant gaps in property space,
which can sometimes be filled with hybrids of two or
more materials (A, B) or of material and space (that is “A
+ B + shape + scale”) 2. Particulate and fibrous composites are examples of one type of hybrid, but there are
also sandwich structures, foams, lattice structures and so
on. The structural variables expand the design space of
homogeneous materials, allowing the creation of new
“materials” with specific property profiles. Although it
can be difficult and expensive to make a successful hybrid, so is the alternative of developing a new material.
Both routes involve exploration of property space; the
hybrid will be more likely to deliver the required properties, but the quality may be compromised by factors
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such as chemical incompatibility of the components. On
the other hand properties such as their toxicity may be
much better understood than for a novel material. We
already have some tools to short-circuit this process: for
instance a database of composites, of reinforcing fibres,
chemistries and choice of structure; these methods allow
promising hybrids to be identified. One implication of
this argument is that we should have a database of the
engineering properties and hybridisation potential of
both technical and biological materials. The database of
technical materials is comparatively well known; that of
biological materials is due almost entirely to the efforts
of Wegst[17] and is as yet unavailable generally.

5 Hierarchy
Fig. 3b should really have levels of hierarchy as the
horizontal axis rather than size. Hierarchy is readily
modelled in TRIZ as part of the System Operator approach of sub-system, system and super-system. The
Inventive Principles which point to the importance of
hierarchy are all grouped within the Operating Field of
Structure[12]. TRIZ is not very specific about the major
advantages of hierarchical structuring since it is not
considered to be a major concept within technology. The
value seems to be that a material can more readily be
made multifunctional so that a specific material property,

Fig. 3 How problems in processing are solved in technology (top)
and in biology (bottom). While 70% of the technical solutions
involve manipulation of energy (amount, source, type . . . ), the
use and manipulation of information, from DNA to pheromones,
is most important in biology.
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such as fracture toughness, can be improved by optimization at different size levels. For instance, stiffness is a
property controlled at nm levels, whereas toughness
(resistance to fracture) is controlled at µm to cm levels.
Thus the two properties can be controlled independently
such that biological ceramics can be as stiff as technical
ceramics but much more durable.
A direct consequence is increased adaptability of
natural materials. Indeed, functions can be modified or
enriched by structuring on an additional level of hierarchy. Adaptability increases, therefore, as a function of
the number of levels of hierarchy. The fabrication of
artificial hierarchical structures by top-down fabrication
is not generally possible. Bottom-up synthesis remains a
challenge if self-assembly is the only technique used.
Materials with three structural levels have been obtained
by chemical synthesis and self-assembly, up to a
size-range of hundreds of nm. However, assembly is
possible at greater sizes using appropriate engineering
techniques, retaining the hierarchical arrangements.
Further work in this direction is strongly needed and
likely to yield a range of new materials with wideranging properties.

6 Discussion
TRIZ was conceived in and derived from the environment of things artificial, non-living, technical and
engineering. But bionics operates across the border
between living and non-living systems. And since the
reason for looking to nature for solutions is to enhance
technical functions, it is necessarily true that TRIZ does
not contain many of these functions, and probably does
not have the means of deriving them. Despite the fact
that TRIZ is the most promising system for bionics, we
still have a mismatch. This is conflated by a number of
factors that are currently not normally observed in a
technical system. For instance, the more closely an artificial system is modelled on a living prototype, which is
typically complex and hierarchical, the more frequently
we have emergent effects, which are unpredictable,
therefore mostly unexpected and often harmful. Furthermore, one of the basic features of living systems is
the appearance of autonomy or independence of action,
with a degree of unexpectedness directly related to the
complexity and intentional (goal-seeking) behaviour
of living systems. This gives living systems great
adaptability and versatility, but at the expense of the
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predictability of the system’s behaviour by an external
observer. In general, we do not accept unpredictability
in technical systems; indeed, we avoid it. But we need to
consider this even in our current technology, since nearly
every technical system is actually a combination of a
technical system in the narrow sense, and a living (usually human) system which is the operator of this technical system. This immediately suggests a broader and
more general definition of the term technical system—a
biological system, part of the functions of which is
delegated to a device that is mostly artificial and/or
non-living. This definition includes agriculture. This
consideration is commonly omitted; technical systems
are often considered in isolation, neglecting any broader
context despite the fact that engineering is really a subset
of human behaviour.
Ultimately TRIZ could be regarded as a semianalytical statement about how we ‘do’ engineering; it is
a compendium of statements about best practise although it tries to be a guide to ultimate practise. Since
TRIZ has allowed us to bring biology and engineering to
the same level, biology can challenge engineering on its
home ground. Indeed, although engineers would not
readily admit it, bionics is the first challenge to engineering, and in many respects it finds engineering
wanting. This challenge has some urgency about it since
worldwide our consumption of energy far exceeds the
instantaneous supply. Therefore we can't, at present, be
'sustainable', but could bionics help us? In addressing
this problem we make a single assumption – that the
biological system that we inherited on this planet is the
paradigm for sustainability. This is disputable, but there
is no evidence that any other system would provide us
with the resources we need for survival, at least on
Planet Earth. Can bionics point us towards a more sustainable future?
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Analysis of electronic nose technology in the detection of Liquor
Zhi-Yong Chang, Dong-hui Chen, Jin Tong, Yue-Ming Wang, Xiao Yang, Zhong-Jing Wu
College of Biological and Agriculture Engineering, Jilin University, Changchun 130022, P. R. China

Abstract
Electronic nose is a novel biomimetic detection analysis technology that can sense and smell to form the odor detection
intelligent system. This test uses array making of six TGS Series gas sensors in the MOS gas sensor to measure seven different
brands of liquor and fake wine. Basing on the data processing of the experimental results, analysis established this sensor has
some capacity to identify different brands and fake wine. For the identification of wine, the wine brand will be divided into eight
categories and use RBF artificial neural network to identify these eight categories of liquor. Experimental data can be obtained
by fitting rate of 96 %. Analysis shows that electronic nose technology in the identification and analysis of liquor has a good
development prospects.
Keywords: electronic nose; sensor; wine; RBF artificial neural network

1 Introduction
Because of the complexity of the composition of
liquor, on such a complex system of classification and
identification, the difficulty is much higher than the
single component of the material’s. Bionic electronic
nose system’s superiority is just in the classification and
identification capability of the gas mixture. Because of
the more real-time and more rapid analysis than traditional methods, it aroused widespread interest. Qin and
Huang[1] developed an alcohol identifying electronic
olfactory system in 2000. Shi[2] used the eight TGS series of gas sensor array and the neural network learning
algorithm application to test three different brands of
liquor. In this paper, we used six TGS Series gas sensors
in the MOS gas sensor array and RBF neural networks
and simulated human sense of smell theory to develop a
bionic nose of the olfactory system based on the Principle of smell to test seven types of liquor and fake wine.

the nose road. In the exit of the air and behind the humanoid nose, we have settled down six gas sensors to
imitate signal conditioning circuits of the olfactory receptor cell and the data acquisition to imitate the humanoid nervous system. The signal conditioning circuit
can produce voltage signal, and data acquisition will be
converted voltage analog signal into numerical signals.
After the signals pre-treatment, the ideal relative numerical signal is entered into the computer via USB
ports. Computer with software support to imitate the
human brain can identify the different brands of liquor.

2 An experimental device
2.1 Experiment system components
The hardware of electronic nose is made from gas
chamber, the sensor array, signal conditioning circuits,
data collection and computer. As shown in the
Fig. 1[3].The sample rooms and the gas recovery channel
have imitated the flow of nasal road. Use fans to imitate
the biological lung as driving force and inhale the gas to
Corresponding author: Dong-hui Chen
E-mail: dhchen@jlu.edu.cn

Fig. 1 Electronic nose hardware system diagram.

Fan’s specifications are a size of 49 mm × 49 mm,
Speeding 3200 r/min, supplying voltage DC +5 V and
the flowing of 9.763 cm3. We used pressure-regulating
circuit to achieve the sense of smell signal converter.
Regulators switching power is used to provide heating
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power. Heating power is for 5 V and 6 sensors parallel
3 Experiment methods
after the heating coil connected. Measuring voltage of
3.1 Experiment materials
5 V, is also provided by the regulators switching power.
The experiment used the seven types of liquor in
Measuring Circuit is the role that responds to the sensicommercial and alcohol by 95 percent of medical and
tive gas from the conductivity change into the voltage
water blending into the alcoholic content of 50 percent
change. By regulating resistance the output voltage is
of the fake wine as the study. Table 3 lists the alcohol
stable in the 5 V. Modulus conversion (AD) sampling
and origin of the seven kinds of liquor in experiment.
using the Pope’s Beijing Technology Co., Ltd. producTable 3 the alcohol and origin of the seven kinds of liquor
tion of WS-U60116-c [B]-, 16-channel 12-bit data acquisition system.
Name
Alcohol
Origin

2.2 Choices of sensor array
Basing on the principle of smell, identification of
the gas has the corresponding stimulus according to
olfactory cells. The first is selecting the appropriate
sensor instead of corresponding cells in the sense of
smell. Gas sensor array is “olfactory cells” of the electronic nose, and whether the sensor array is reasonable
or not for combination of the performance of electronic
nose.
In addition to a large number of alcohol and water,
the wine also contains a small amount of the wide variety of aromatic ingredients, such as alcohol, fat, acid,
carboxyl compounds, acetal, phenols and so on[4]. Based
on the type and the nature of the gas in liquor volatiling
and the researching of the various models of gas sensor,
it was decided to launch experimental research by the
initial array of TGS2600, TGS2602, TGS2610,
TGS2611, TGS2620 and TGS2442 made by the feijialuo
company Japanese TGS series. Characteristics associated with the indicators were listin Table 1 in Table 2.
Table 1 The properties of the sensors
Product

Voltage

TGS2600

DC 5V

Power Consumption
210 mW

Heating resistance

TGS2602

DC 5V

280 mW

59 Ω

TGS2610

DC 5V

280 mW

~59 Ω

TGS2611

DC 5V

280 mW

~59 Ω

TGS2620

DC 5V

210 mW

TGS2442

DC 5V

14 mW(ave.)

83 Ω

83±8 Ω
17±2.5 Ω

longquanchun

50 %

Liaoyuan City of Jilin Province

luzhoulaojiao

45 %

Luzhou in sichuan

taoerhejiu

48 %

Baicheng city in jilin province

beidacang

45 %

Qiqihaer city in heilongjiang province

erguotou

56 %

Mentougou in beijing city

taonanxiang

42 %

Taonan city in jilin province

daoxiangchun

42 %

Helongtoudao in jilin province

3.2 Experiment steps
In the testing process for the electronic nose systems testing laboratory, the electronic nose systems is
placed in the clean indoor air environment with the
temperature (21 ± 1) ˚C and the humidity (60 ± 1) %.
Preheating and the system cleaning (import clean indoor
air) time is 0.5 hours that guarantee the gas sensors accessing to the stable state. After sensors preheating, the
samples are taken to sample room. Data is collected and
recorded. Detection of time is set for five minutes.
Sensor cleaning time is set to five minutes, and then the
next test is carried out.
10 ml of liquor will be removed into kits by liquid
measuring tool in experiment as a sample and make air
mixed evenly by fans. Then fans are closed after the gas
static and resistance values to achieve a steady-state
value during measurement. The second test has to be
carried out before the access to fresh air. Test of the seven
kinds of brands of liquor and alcohol solution has to be
repeated five times, making a total of 40 samples group.

Table 2 The characteristics of the sensors

4 Data Analysis

Product
TGS2600
TGS2602

Main targets
Cigarettes alcohol
Alcohol ammonia VOC

TGS2610

Propane isobutane

500~10 000 ppm

0.56±0.06

TGS2611

Methane gas

500~10 000 ppm

0.6±0.06

TGS2620

Alcohol organic solvents

50~5 000 ppm

0.35±1

30~1 000 ppm

0.23~0.49
(co middle)

4.1 Normal distribution verification
We got forty groups of data to form five experiments and take an average of each group data. The averages are the training data of the BP ANN.
According to the formulas of kurtosis and deflection, we can get the Table 4 of the kurtosis and

TGS2442

Carbon monoxide

Detection range
1~10 ppm
1~10 ppm

Sensitivity
0.3~0.6
0.15~0.5
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Table 4 The kurtosis and deflections of each sensor
Sensors

Deflection

Kurtosis

TGS2610

0.516972

1.26931

TGS2611

−0.5164

1.26667

TGS2600

−0.39093

1.25334

TGS2620

−0.42468

1.25641

TGS2602

−0.07271

1.38365

TGS2442

0.534546

1.29134

According to the table of kurtosis and deflections
from the literature of “the statistical analysis of test data
approach”[5], we can find the result is approximation to
the normal distribution. So, sensors that are used to detect the wine are feasible.
4.2 The analysis based on the neural network of RBF
It is hard to establish the mathematical modeling by
the method of traditional means because the composition
of liquor is complex. So we take use of the artificial
neural network that has solved many problems which
can not be solved by the traditional methods. Because
the artificial neural network which can deal with a large
number of simple processing units consisting of a large
amount of information can carry out Non-linear video
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parallel processing and conversion of complex network
systems. And it can make ca classification of various
uncertain factors.
We take the data of seven kinds of wine and adulterated wine as the data of RBF artificial neural network.
The following data is not for the whole. Each sensor has
12 000 data and takes one in every 20 (Table 5).
The input layer nodes of RBF neural network is 6,
instead of TGS2600, TGS2602, TGS2610, TGS2611,
TGS2620 and TGS2442. And the output layer node is 3.
Taking into account the single-hidden network of
feed-forward with a better nonlinear mapping ability, the
hide layer is 1.
The relationship between the output and wine is
shown in the Table 6.
Through this simple neural network structure, with
different sensors to measure the values of various types
of liquor and memory capacity, that is, for a particular
wine to produce enough to stimulate response, as reflected in the algorithm, through the importation of
certain types of data in the binding under the conditions
of training, then adjust the weights, so that the network
structure, hidden layer neurons and the importation of
neurons are in the right connections, hidden layer neurons in the threshold and the output of the hidden layer
neurons and neuronal connections The right of the vector, with the different types of data fitting capability for
off-line in the circumstances, the classification of various types of data.
Experimental data can be obtained by fitting rate of
96%. Analysis shows that electronic nose technology
has some capacity to identify and analyze liquor.

Table 5 The output data of the sensors
Serial
numbers

Brand

TGS2600

TGS2602

TGS2610

TGS2611

TGS2620

TGS2442

−0.0004…

1.2500…

1.2500…

1.1069…

0.4151…

−0.0001…

0.0010…

1.2500…

1.2500…

1.2500…

0.5707…

−0.0002…

1

Long Jing Chun

2

Lu Zhou Liao Jiao

3

Tao Er He

−0.0005…

1.2500…

1.0119…

1.1217…

0.4257…

−0.0002…

4

Bei Da Cang

−0.0004

1.2500…

1.0673…

1.1934…

0.4387…

−0.0001…

5

Er Guo Tou

−0.0046…

9.9997…

5.5052…

5.6024…

1.5898…

−0.0015…

6

Tao Nan Xiang

−0.0085…

9.9997…

9.9997…

9.9997…

4.9656…

−0.0017…

7

Dao Xiang Chun

−0.0024…

9.9997…

9.9997…

9.9997…

3.9192…

−0.0008…

8

Jia JIu

−0.0098…

9.9997…

9.9997…

8.7257…

4.7373…

0.0034…

Table 6 The relationship between the output and wine
longquanchun

luzhoulaojiao

taoerhejiu

beidacang

erguotou

taonanxiangjiu

daoxiangchun

Jiajiu

1, 1, 0

0, 0, 1

0, 1, 0

0, 1, 1

1, 0, 0

1, 0, 1

1, 1, 1

0, 0, 0
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5 Conclusions and prospects

University.

By analyzing the sensors of TGS series, the research can be considered feasible in the test of the wine.
The correct rate is 96 % through RBF neural network
evaluation of the integrated network performance. It is
said that the electronic nose in the detection of liquor is
with high value and potential, but there are also large
gaps in this area. It is expected that the gradual improvement of the electronic nose technology will
contribute in the field of the food industry including
its liquor-making industry, and it will play a growing
role.
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Abstract
According to the strong correlation between automobile cabin noise and the vibrations of engine and body, a noise prediction method using artificial neural network is proposed, which has the vibrating accelerations of engine, roof panel and floor
as input, the acoustic pressure at the location of the driver’s right ear as output. The sample data for BP neural network’s training
is acquired by experimental test. The convergence accuracy and generalization capacity were analyzed comprehensively and the
optimal topology was determined. Compared to the actual signals, the amplitude, phase and frequency characteristics are well
reflected in the predicted signals. The identification ability for low-frequency is better than high-frequency.
Keywords: noise, vibrating acceleration, acoustic pressure, neural network, generalization

1 Introduction
Since the request of vehicle comfort quality is getting higher, noise in the automobile car cabins has been
paid more and more attention as an important indicator.
At present the widely used methods for cabin noise
control, like vibration isolation, noise isolation, noise
canceling and noise absorbing, etc, which can contribute
to the attenuation of intermediate and high frequencies’
noise, are facing a challenging problem when dealing
with the low frequency noise caused by the engine.
Regarding to the poor efficiency of traditional noise
control methods in low frequency region, application of
active noise control (ANC) is increasingly under consideration for low frequency noise control[1].
In previous ANC research, the noise of primary
source used for reference signal of the control system
was collected by microphones, it was easily mixed by
acoustic feedback in the implementation progress of
control thus affecting the stability of the control system.
In order to eliminate acoustic feedback, it is better to use
an independent signal, not containing secondary
source’s acoustic feedback, as the reference signal of
ANC system. The automobile body’s vibration caused
by engine, and the combustion noise and mechanical
noise transmitted through the body’s metal sheets,
composed the main part of cabin noise. So the vibration
signals of the engine and body can be used for cabin
Corresponding author: Xiao-xiong Jin
E-mail: jinxx@mail.tongji.edu.cn

interior noise forecast.
Artificial Neural Network (ANN) is a kind of abstract, simplification and simulation of human brain
neural network[2]. As a black-box modeling tool, ANN
has excellent advantages in non-linear system identification. Based on MATLAB BP neural network (BP NN)
toolbox, an ANN model is established to forecast the
noise of driver’s right ear location according to the engine and body vibration acceleration. The simulation
results are analyzed.

2 Theory of BP NN
BP NN is a kind of multi-layer and feed forward
neural network, its net weights and biases are adjusted
according to Back Propagation (BP) algorithm[3]. The
transfer functions are usually log-sigmod functions:
logsid, tansig and pure linear function: purelin. The
network output can be expressed as
A = f (W×p+b) ,

(1)

where a is the output vector, W is the weight matrix, b is
the bias vector, p is the input vector, f is the transfer
function. Fig. 1 is a typical 2-layer BP NN structure.
BP NN’s performance function is usually Mean
Square Error (MSE).

E=

1 N
1
∑ (ei )2 = N
N i =1

N

∑ (T − A )
i =1

i

i

2

,
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Fig. 1 A typical 2-layer BP NN structure.

where N is the number of sample data, ei is the first
i-error, Ti is the sample’s first i-real value, Ai is the first
i-predictive value.
The guiding principle of BP NN’s learning rule is:
the weights and biases’ amending must go along the
fastest decline direction, or the direction of the negative
gradient of the performance function.
xk+1 = xk − ak gk ,

(3)

where xk is the present weights and biases matrix, gk is
the present gradient of the performance function, ak is
the learning rate.
BP NN, which is the most widely used and
maturely developed neural network, has a good ability in
identification and forecast of time-domain signal[4,9]. It
adopts off-line learning under supervision, so in order to
accurately reflect relationship between the engine and
body vibration acceleration signals and the car driver ear
noise, a comprehensive input-output data is needed for
BP NN’s training.

3 Sample data collection
In the field of engineering, the key to impact the BP
NN’s performance is the choice of input features and the
preparation of the training sample set[5]. The Automobile
noise transmission has 2 forms: solid fluctuation and air
fluctuation. Customarily the low-frequency noise below
500 Hz transmits in the form of solid fluctuation, just as
the vibration caused by engine and chassis’ work and
road excitation transmits to automobile body through
structural pieces and stimulates the body metal sheets’
vibration, giving noise radiation into the cabin [6]. Large
numbers of experiments show there is a close relationship between cabin noise and engine and body metal
sheets’ vibrating accelerations. Thus, for a BP NN cabin
interior noise forecasting model, the vibrating accelerations of engine, cabin roof and floor can be used as input
signals, the noise of the driver’s right ear location can be

used as output.
A light car is chosen as the experimental object
being tested, whose engine is 1.4 L, transversely laid
inline, four-cylinder gasoline engine. On the engine, the
car roof and the floor under the feet of the driver, acceleration sensors are placed to get vibration signals; a
microphone is fixed at the location of the driver’s right
ear to get the cabin noise. The experiment instruments
are shown in Table 1. In order to guarantee the precision
of test data, all of the sensors’ sensitivities must be
calibrated before test.
Table 1 The experimental instruments for sample data collection of BP NN modal
Instrument Name
Acceleration sensor
(engine)
Acceleration sensor
(roof)
Acceleration sensor
(floor)
Microphone
Data acquisition system

Model

Sensitivity

B&K

10.14 pc/g

PCB ICP 25644

104.5 mv/g

PCB ICP 25770

101.8 mv/g

G.R.A.S TEDS

100 mv/pa

LMS SCADAS Ⅲ 316W

/

The main exciting force of the engine approaches to
a cyclical function having the crank tacho as independent variable, so its vibration has obviously cyclical
characteristics[7].
The spectrum of cabin noise with narrow-band
random signal characteristic has visible peaks. There is a
determinate mathematical relation between the peak
frequencies and engine speeds, expressed as:

f =i

Nn
,
60τ

(4)

where i is the order of the harmonic; N is the number of
cylinders; n is the engine speed (r/min); τ is the engine
stroke coefficient, for two-stroke engines τ = 1, for
four-stroke τ = 2. Taking engine speed at 2400 r/min as
an example, shown in Fig .2 and Fig. 3, the Power
Spectrum Density (PSD) of engine vibrating acceleration and the PSD of the acoustic pressure at the location
of driver’s right ear in car cabin, both show a peak at the
frequency of 80 Hz.

4 Pre-processing for the sample data
The acoustic pressure signal using Pa as metric unit,
whose values are thus relatively small, can be easily
interfered by the surrounding environment when measuring, so the original raw signals in some time have big
fluctuation.

Hua et al.: Research on Automobile Cabin Noise Prediction Based on Artificial Neural Network

Fig. 2 The PSD of engine vibrating acceleration at 2400 r/min
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reduced, while the condition of acoustic pressure’s RMS
changed a little. Moreover, the RMS of acoustic pressures in different conditions do not change a lot as
imagined along with the engine speed increase and decrease. It is reasonable because of human ear’s subjective feeling to sound – Loudness is not only determined
by the acoustic pressure, but also the frequency[7].
For the valid sample data, the first 1/4 of each stationary condition, the data will be used as the BP NN’s
training samples, and the other 3/4 as the test data used
to verify the generalization of the BP NN.
Then, the training sample needs normalization
processing, so that some extraordinary input data can
also be located on the maximum gradients of transfer
functions of every neuron[3]. The training and convergence speed of the neural network will increase suddenly and the training accuracy can be guaranteed. The
training sample data therefore is transformed into
“MSE=1” and “MEAN=0”, then be used as the input and
output data for BP NN. In Table 2, the output acoustic
pressure of each stationary condition is distributed in
(−3, 3), whose RMS values are all close to 1.
When using a network trained by normalized sample data, it is necessary to have the input data normalized
by the sample data’s MEAN and MSE, and also the
output of the network needs to resume from normalization.

5 Determination of the topology of the BP NN

Fig. 3 The PSD of acoustic pressure at 2400 r/min.

A preliminary data processing is needed to remove
the obviously disturbed part and obtain the smoothly
changing part of the acoustic pressure and its corresponding vibration acceleration signals of those 3 locations as valid sample data for the training of the BB NN
modal. Indicated in Table 2, after the intercepting process, the acoustic pressure’s numerical span significantly

In 1989, Robert Hecht-Nielson proved that any
continuous function in a close interval can be approached
by a single-hidden layer BP NN, so a three-layer (or
called double-hidden layer) BP NN can achieve any
n-m-dimensional mapping[4]. A double- hidden layer BP
NN can perfectly reflect the corresponding non-linear
relationship between cabin noise and engine and body’s
vibration.

Table 2 Comparison among the raw, intercepted and normalized signal
Raw (Pa)

Intercepted (Pa)

Normalized (Pa)

MAX

MIN

RMS

MAX

MIN

RMS

MAX

MIN

RMS

800

0.1569

-0.1760

0.0515

0.0909

-0.1088

0.0413

2.4176

-2.4607

0.9998

1200

0.1086

-0.1041

0.0343

0.0696

-0.0957

0.0301

2.3476

-3.0313

0.9998

1500

0.1775

-0.1830

0.0562

0.0840

-0.0948

0.0349

2.3631

-2.7725

0.9997

1900

0.2885

-0.2754

0.0753

0.1015

-0.1166

0.0477

2.2862

-2.3267

0.9999

2400

0.1233

-0.1462

0.0435

0.1072

-0.1247

0.0421

2.5862

-2.9264

0.9999

3000

0.1344

-0.1708

0.0469

0.1343

-0.1276

0.0443

2.7825

-2.8817

0.9999

3750

0.1378

-0.1489

0.0459

0.1344

-0.1270

0.0484

2.7977

-2.6570

0.9999
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The transfer functions of neural networks, which
can determine the output of a processing Element, work
to restrict the dynamic range of the network’s operation
making the output distinguishing easier[3]. Hidden layer
transfer functions normally choose the non-linear S-type
functions. Here S-type function “tansig” is used in the
input layer and middle layer, which can compress the
input data of hidden layers into (−1, 1). As shown in
Table 2, the output of the network distribute in (−3, 3), so
the pure linear function “purelin” is selected to be the
output layer’s transfer function.
Generalization capacity is an important indicator to
judge the performance of a neural network. An
“over-trained” neural network may reach a higher match
with the train samples, but for a new input data may give
great error with the exceptive output vector, this neural
network is said to have poor generalization capacity.
MATLAB Neural Network Toolbox provides two
methods used to improve the generalization capacity of
neural networks, Regularization and Early Stopping.
Because Early Stopping needs to compartmentalize the
sample data, which is difficult to reach a reasonable
management, here Bayesian Regularization is adopted to
apply batch training. In MATLAB toolbox, Bayesian
Regularization is realized by the function “trainbr”, in
which the BP algorithm is optimized by Levenberg-Marquardt[8]. Illustrated in Fig. 4, with the same
network structure, compared to the Generalization capacities (evaluated through the test data) of the network
strained by “trainbr” and the basic maximum gradient
method “traingd”, the Generalization MSE of “trainbr”
for test data are all smaller than “traingd”. So Bayesian
Regularization Method has advantage in improving

Generalization capacity of neural network.
For a BP NN, there is a very complicated problem,
how to determine the number of hidden layer neurons
(HLN). Because there does not exist a rational formula
for this, at present people usually use trial way and
making changes according to the designers’ experience.
With less HLN, the network will not be able to achieve
good convergence accuracy; too many HLN, could lead
to learning for too long, generalized decline, the convergence accuracy is not necessarily better and the
network will have longer training time but poor Generalization capacity. To improve work efficiency, nested
programming method is used to search the optimal
number of HLN through comprehensively analyzing the
convergence accuracy and generalization effect of the
BP NN for input layer and middle layer with different
number of HLN[9].
With certain same initial weights and biases, the
input layer and middle layer’s HLN number changes
from 1 to 20, the networks having different numbers of
HLN are all trained 50 epochs, then compare their convergence accuracies for training sample and generalization capacities for test data. As shown in Fig. 5 and
Fig. 6, when the numbers of the two hidden-layers’ HLN
are very small, the convergence accuracy and generalization capacity are both poor, especially the number of
the middle HLN is less than 5, and there are also dense
error peaks; With the numbers of HLNs increasing, the
convergence accuracy and generalization capacity improve gradually, the error surf becomes smooth and
showing slight fluctuations; When the numbers of HLNs
continue to increase, the performance does not show
notable improvement, but the generalization error takes
on the trend of increasing and even peaks appear near

Fig. 4 Comparison of the generalization capacity of BP NN
with different train functions.

Fig. 5 Convergence accuracy MSE of BP NN with different
numbers of HLN.
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bers for hidden-layers are obtained: 3 neurons in input
layer and 15 neurons in middle layer.

6 Analysis for Simulation Results of BP NN

Fig. 6 Generalization MSE of BP NN with different numbers
of HLN.

20-20, that indicates that with larger and larger size of
networks ,the over-fitting problem becomes more and
more serious.
After comparison and analysis, the optimal num-

(a)

After the topology of the BP NN is determined,
there are training parameters which need to be set
through trial train, like train epochs, performance goal,
initial Marquardt Parameter’s value and Mem_reduct
value for “trainbr” to balance the training speed and the
occupation of computer memory. After that, the training
can start as well as acquisition of a good performance BP
NN used for predicting the driver’s right ear noise with
the engine, roof and floor’s vibrating accelerations.
Fig. 7 to Fig. 9 show the comparison in time and
frequency domains between actual acoustic pressure
signals by experimental test and the signal predicted by
BP NN when the engine speed at 800 r/min, 1300 r/min
and 2400 r/min are at stationary conditions.

(b)

Fig. 7 Comparing curves between actual and predicted signal at 800 r/min stationary condition.

(a)

(b)

Fig. 8 Comparing curves between actual and predicted signal at 1300 r/min stationary condition.
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(a)

(b)

Fig. 9 Comparing curves between actual and predicted signal at 2400 r/min stationary condition.

According to the time-domain figures, the actual
signals and the predicted signals have the same changing
trends in both amplitude and phase, showing good corresponding relationship. In addition, some singular data
points in actual signals have been corrected in the predicted signals by the BP NN, which make the predicted
signals more stationary than actual signals. All of those
proved that the BP NN has a good capacity of generalization.
According to the frequency-domain figures, this
car’s cabin noise in stationary conditions have peaks
occurring in basic frequencies of relevant engine speeds.
In other words, the noise energy mainly comes from the
two-stage reciprocating inertia force produced by the
engine. In frequency-domain figures, the predicted signals have the same peak frequencies as the actual signals,
so the frequency features are well reflected by BP NN.
In the condition of 800 r/min, the time-domain
signal has a little oscillation because of the second order
harmonic wave and accordingly a small peak emerges at
the second order harmonic frequency in frequencydomain figure. The BP NN succeeds in giving a good fit
to this characteristic, which further supports that the BP
NN has a good ability in identifying and predicting the
car’s cabin noise.
A running car on the road needs to speed up and
down frequently which requires the engine changes its
working states, therefore a successful BP NN must
concern the non-stationary conditions. By the non-linear
identification ability of BP NN, it is possible to find out
the relationship between the cabin acoustic pressure
signal and the vibrations of engine and automobile body.
As long as the training sample contains the whole

characteristics of the system, BP NN can reach a reasonable result of predicted signal for non-stationary
conditions.
Fig.10 and Fig.11 show that, the acoustic pressure
at the location of the driver’s right ear changes along
with the increase and decrease of the engine speed.

Fig. 10 Comparison between actual and predicted signals
with decreasing engine speed

Fig. 11 Comparison between actual and predicted signals
with increasing engine speed.
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Because there is randomness to some degree in
cabin noise testing under non-stationary conditions, with
which some data points are confused, the simulation
output signal curves have glitches at certain moments.
But overall the BP NN has basically reflected the dynamic changes in trend: under intermediate and low
engine speed, the predicted signals have corresponding
amplitude and phases compared to actual signals; under
high engine speed, there are also correct phase counterparts, but for the amplitudes, there are more errors
than for lower engine speed. It indicated that this BP NN
has better identification accuracy for low-frequency than
high-frequency. This is precisely consistent with Active
Noise Control which is going to reduce the low-frequency noise inside the cabin.
Consequently, the BP NN’s simulation results for
non-stationary conditions are acceptable and it is valuable in the following study.

training sample of BP NN must include the entire characteristics of car vibration and noise system, and needs
pre-processing; the determination of the topology of BP
NN must be considered comprehensively for the convergence accuracy and generalization capacity.
The BP NN has good identification and predicting
ability for the low-frequency noise in car cabin, which
accords with the Active Noise Control.
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Abstract
Enumerating recently international typical structure of sophisticate piezoelectric actuator and analyzing their working
principle and character, based on it, a novel inchworm-type sophisticate piezoelectric linear actuator of symmetric structure on
base of piezoelectric stack as drive element was proposed. The symmetric structure applies unique structures and technical
methods such as double extrusion, sophisticated slant-block, entire processing and so on. A number of experiments on stepping
model linear piezoelectric actuator have proved it to be of practical significance to entire symmetric structure inchworm-type
piezoelectric linear actuator.
Keywords: linear actuator, inchworm motion, sophisticate drive, PZT stack, flexible hinge

1 Introduction
With the development of bio-engineering, micromedicine, microelectronics processing, micro- machinery Processing, precision measurement technology and
the applications in aviation, aerospace and other fields,
precision actuator is greatly concerned (has been one of
the great concern). At present, a lot of precision actuators based on a variety of structure and a variety of
theories have been developed in domestic and foreign
countries. According to the principle of actuating the
precision actuators can be divided into the machinery
precision actuator, thermo-deformation precision actuator, magnetostrictive precision actuator, shape memory alloys precision actuator, and so on[1−4]. With the
advantages of small size, heavy-loaded, high-frequency
response and high resolution[5], the piezoelectric ceramic
has became (an) the ideal driving unit (for) of the precision actuator.

The principle of IDM is shown in Fig. 1. The rapid
extension of piezoelectric unit actuates body-A to move
a small step to the right. Then piezoelectric unit slowly
contracts, while body-A remains fixed due to static friction. The driving repetitions like this lead the displacement of actuator. Fig. 1 shows the wave of applied
electrical signal, which is generally RAMP[6].
A
B

Starting position

Piezo stack B elongating rapidly

Piezo stack B contract slowly

2 Classification and structure of the
Piezoelectric precision actuator
2.1 Piezoelectric inertia driving actuator
The driving unit of the inertia driving actuator includes piezoelectric bimorph and piezoelectric stack.
Piezoelectric inertia driving actuator can be divided into
IDM and SIDM by driving principle.
Corresponding author: Zhi-wu Han
E-mail: zwhan@jlu.edu.cn
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Stopping moving
U

U
t
Fig. 1 The principle of IDM.
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Fig. 2 shows the principle of SIDM. When the piezoelectric unit extends rapidly, Body-A is still in the
beginning. But when the piezoelectric unit slowly contracts, the fraction force leads body-A to move to the left.
The driving receptions like this generate the displacement of the actuator. The driving wave is similar to the
IDM driving wave.
The inertia actuator has the advantages of simple
structure, high frequency response, high step resolution,
long displace range.

Piezo stack elongating rapidly

Piezo stack contract slowly

Fig. 2 The principle of SIDM.

2.2 Piezoelectric micro-displacement actuator
The piezoelectric stack is always used to driving
piezoelectric stepping actuator. Compared with IDM, the
structure of the piezoelectric stepping actuator is more
complex, and which is generally based on the flexible
hinge.
Domestic precision actuator has reached a considerable level. Harbin Institute of Technology Boshi Ltd.
has developed a positioning accuracy l nm in displacement range of 20 μm and six-dimensional integrated
actuator table. The single degree of freedom precision
actuator developed by Robotics Research Institute of
Guangdong University of Technology has the biggest
displacement range of 400 μm, a maximum output of
50 N, controlled precision of less than 0.5 μm and action
frequency of 50 Hz[7]. With the precise measurement, the
key national laboratories of Tsinghua University has
developed nano-resolution, single degree of freedom
ultra-precision positioning table, which can achieve
0.2 nm / V high-resolution.
Japan’s Hitachi Seiki Institute of Technology has
developed a six degrees of freedom micro-actuator, the
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location and rotation of which are axisymmetric . The
performance of the actuator: displacement resolution
is less than 0.02 μm; rotation resolution is less than
0.5 μrad.
Micro-displacement Precision actuator's characteristics are compact, continuous feed, heavy-loaded, but
with small displacement range, with requirements to the
drive circuit to eliminate / reduce the lag, creep, nonlinear, etc. Micro- displacement Precision actuator is
often a combination of micro actuating and macro actuating, macro actuating to complete the rough positioning,
and micro- actuating to complete fine positioning.
2.3 Piezoelectric stepping actuator
The piezoelectric stack is always used to driving
piezoelectric stepping actuator. The driving principle is
as follows: front and rear clamping — the front loose
and rear clamping — piezoelectric unit elongation —
both front and rear clamping — the front clamp and rear
loose — the piezoelectric unit contract — both front and
rear clamping, a step of actuation is completed. The
driving cycles like this generate the displacement of
actuator.
Fig. 3 shows, the single degree of freedoms
step-by-step linear actuator developed by the Connecticut University of United States. The characteristic
of actuator is the flexible hinge, which increases the
actuation stiffness and the heavy-loading ability. The
stiffness of the actuator is 90 N/μm, the output thrust is
200 N, poning accuracy of 5 nm and the feed rate of
100 μm/s.
Stepping precision actuator resolves the contradiction between macro and micro movement, which can
maintain high-resolution in long movement range and
can output more driving force. So, stepping precision
actuator has wide prospect in nano-level microoperation technology, and become the focus of precision
actuator research. For the stated above, a new type of
symmetric structured stepping model and sophisticated
linear piezoelectric actuator is put forward.

Fig. 3 Piezoelectric stepping actuator.
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3 The structure and principle of new type
piezoelectric precision linear actuator
In order to ensure high precision positioning of
mechanical systems of the actuator and less error
transmission link, the flexible structure is adopted. The
flexible structure moves through the elastic deformation
of the flexible hinge. As the flexible hinge structure used
in mechanical transmission link is free assembly, without gaps and without friction, it has micron or even nano
positioning accuracy of the movement. To ensure the
flexible hinge both major deformation time and good
elasticity, which ensures the reliability and accuracy of
the mechanical system, the permitted stress σ and the
elastic modulus E of the material is said to be the bigger
the better. Therefore, the spring steel is 65 Mn.
Stepping precision piezoelectric linear actuator is
composed mainly of the body, the piezoelectric stack
and the fine-tuning ramp block. The structure of main
body is symmetric. The front and rear active parts of the
main body are connected to the other parts of the main
body by flexible hinge. In the corresponding positions of
the front and rear active parts, the ramp blocks and
piezoelectric stacks were assembled, while between the
two activate parts, the piezoelectric stacks were assembled under the moving-body. As a result of the symmetry
clamp structure, the adjustment screws are used to adjust
the preload of the piezoelectric stacks and the space
between the clamping plane with a pair of fine-tuning
ramp blocks. By fine adjustments, the center line can be
superposition and parallel with the direction of movement when the front or rear clamps works separately.
As the gap, of the clamp face and the moving body,
is less than 0.003 mm, the processing techniques of the
main body and the moving body is highly demanded.
The main processing programs are as follows: Forging
of gross embryo — Milling, grinding six faces, Processing hole for wearing wire — Heat Treatment — Line
cutting, grinding, grinding groove. The process program
of the moving body is as follows: Forging of gross embryo — milling, grinding six faces — heat treatment —
grinding, polishing of moving body. Then the groove of
the main body and the moving body conjugate grind.
The principle of piezoelectric stepping actuator is
as follows: the front clamping and rear loose — piezoelectric unit elongation — both front and rear clamping
— the front loose and rear clamping — the piezoelectric
unit contract — both front and rear clamping. In the

process of actuating, the step of moving body is half of
the elongation of piezoelectric stack during the process
of elongation and contraction of piezoelectric stack,
respectively. Due to the same principle, backward
movement is similar to the forward process.
As actuators rely on actual elastic force of plate
flexible hinges, the forward and backward driving force
of moving body is the same, which increase the stability
of the driving force and the displacement. At the same
time, enough elastic force of the plate flexible hinges is
demanded, the formula of which is as follows
F = K p2 x ,
where Kp2 = 4Eb(1 − μ2)e3 is the stiffness of the plate
flexible hinges, e = t/a, E = 206 GPa, μ = 0.3, b =
13 mm, t = 0.5 mm, a = 5 mm, x ≈ 3×10−5 m. F ≈ 291 N,
the demand is satisfied

4 Testing and analysis of linear precision
actuator
The actuator is fixed on the flotation stage, which is
drove by special stepping actuator electric signal generator that provides the necessary voltage signal.
AKEYENCE LC 2400 laser measuring instrument is
used for non-contact measurement to the moving body,
which has the resolution of 20nm in the measurement
range of ± 500 μm. The signal of the laser measuring
instrument will be transmitted to the CF5220-Fourier
analysis instrument for more observation and analysis.
The data and images can be saved in three-inch computer diskette by the analyzer disk memory storage.
Experimental studies of piezoelectric stepping linear
actuator prototype were carried at 25 ˚C.
Fig. 4 shows the testing time-displacement curve
from the CF5220-Fourier analysis instrument. Curve
shows the linear displacement of moving body in
10-cycle timing when drive voltage is 100 V. From

Fig. 4 Testing curve.
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Fig. 4 the 20 ladder waves can be clearly observed,
which proved it is right that the step of the moving body
is half of the elongation of the piezoelectric stack during
process of elongation and the contraction of the piezoelectric stack, respectively. However, it is not obvious in
a small voltage. The steady output displacement is less
than 0.8 m in 20 timing cycle under the 5 V drive voltage.
When driving by lower voltage, the actuator can not be
stable.
As AC0505DI6 piezoelectric stack recommended
the applied voltage is under 100 V, the speed of actuator
can be increased through increasing frequency of the
driving signal. When the frequency is 1 Hz, displacement of actuator in 10 timing cycle is about 22 μm, the
corresponding 5 Hz about 110 μm, 10 Hz about 220 μm.
Therefore, by the timing control signals of 10 Hz, the
actuator can obtain the rate of 6 mm/min.
The displacement range of the moving body of
actuator is 18 mm. As the structure of non-wire, the
actuator can start moving anywhere within the displacement range. The testing results of movement step
are basically the same at every point per 3 mm in 18 mm.
The measured displacement is about 17.6 mm drove by
the 100 V voltage in 1500 timing cycle, which converted
to the displacement 11.7 mm in each timing cycle. It is
basically the same with the results measured by the laser-measuring instrument. Therefore, the drive has well
stability of displacement.

preload force of piezoelectric stack and the fitting plate
of clamping surface and moving body can be precisely
adjusted. The flexible hinges ensure the stability and
accuracy of driving force and displacement of the actuator. The corresponding tests have confirmed that the
actuator has the ability of multi-dimensional precision
positioning through overlapping with other precision-driven platform.
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The 3D Reconstruction Technology of the Bone SCT Image for
Fast Biological Manufacture
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Abstract
With the development of medical image clinical application, fast biological modeling manufacture of the bone manufacturing technology has become a new hot topic to combine modern medical equipment CT and fast formation technology in the
biological modeling manufacture of artificial bone research area. Key technology about the 3D reconstruction technology of the
bone SCT image for fast biological manufacture will be discussed in this paper. Based on above researches, methods for three
dimensional bone restructuring are studied, plane restructuring and body restructuring are introduced and compared separately.
Finally, an appropriate method based on bone screw SCT image is gained. This method can achieve following aims: processing
outline data collection, reversing bone 3D surface and restructuring bone three dimensional model. With an example, it shows
that a three dimensional model of a bone is obtained through plane restructuring. SCT image is preprocessed, binary treated, and
contour abstracted by SCT image abstraction system. Image processing algorithm is concluded, thereby providing necessary
information for 3D rebuilding of bone SCT image.
Keywords: imagery processing, dual treatment, 3D reconstruction, fast formation

1 Introduction
Reverse engineering is the CAD model for the
physical changes related to digital technology, geometric
model reconstruction and manufacturing technologies
collectively. At present, this kind of access from the
physical product and create mathematical models for
new products related technologies, has become a “CAD /
CAM” System of a research and application hot topic.
Take the reconstruction of the numerical model based on
“CT(Computer Tomography)”and more fault image as
an example, owing to its non-contact, depending on the
nature ,characteristics of non-destructive and so on; it is
widely used in the copy of the human bone and joint,
copy and archaeological heritage of the sophisticated
equipment of the shape, structure and function of such
areas. The Fast Biological Modeling Formation Technology (FBMFT) used in the medical application is one
of the hot topics at home and abroad. The FBMFT has
high precision in bone manufacture which is more
suitable for patients in the actual situation.
3D model self examination of the bone is the basis
of the fast biological modeling formation technique
manufacturing the artificial bone. For some reason, there
Corresponding author: Zheng-hao Ge
E-mail: gezh@sust.edu.cn

is not enough study in this area. The study is still insufficient, which can not meet the actual need. So in this
paper, the reverse-engineering and fast biological modeling formation of the artificial bone based on SCT image will be studied.

2 Imagery processing and outline extraction
of the screw CT
2.1 Filter and binary the bone screw CT image
According to the characteristic that the bone
brightness is bigger than other organization in the bone
screw CT image, the process flow that filtering noise →
binary processing → outline extraction is adopted. The
purpose of filter processing is eliminating the noise,
enhancing the image characteristic the signal-to-noise
ratio. The method of filter mainly is the Neighborhood
Area Average Method[1], the Average Value Method[1],
the Maintain Edge Filtering Method[1].
The key of dual processing is to select the appropriate value. The methods of determining threshold are
Gradation Histogram Trough Method[2], Maximum Entropy Method[2], Minimum Overlapping Entropy
Method[2], Greatest Variance Ratio Value Determination
Method[2] and so on. These methods have their own
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characteristics and field of application. Comparing all
the methods above, the screw CT image is processed by
SCT image outline extraction system with dual. Below
are the results of SCT image dual processed by variety of
methods. Just like Fig. 1 (Foot anklebone CT image)
shows.
2.2 Outline extraction of the screw CT image
This paper proposes a method based on the binary
contour extraction. First, it adopts segmenting the image
which makes the measured shape outline clear and position more accurately. Then it is easy to process the
outline extraction to the binary image and simplify the
algorithm.
After the image segmentation, the bone and background are already clearly separated while there are
many burrs on the outline boundary for the Noise spot
and other factors’ influence. Considering that the real
human bone outline is smooth, no sharp edge, no cusp
and so on, so before the outline extraction, it is necessary
to make the outline boundary smoothly. The corrosion
inflation algorithm can be adopted to smooth the outline

(a) Original image

boundary. In addition to ensure that there is t duplication
between the two outline of Vertex, it need to extract the
appropriate image editing, overlapping set as part of the
background color.
In the paper, the CT binary image is processed dual
treatment in morphology. In recent years, basing on
mathematical morphology of the image analysis and
constantly developed processing methods at home and
abroad, in many subjects, many researchers have applied
the mathematical methods to form image patterns feature extraction. Mathematical morphology is becoming a
major research area of image processing technology.
Mathematical morphology obtains its first success in
binary image application. It dues to binary image
mathematical morphology[3] which is designed completely basing on the set operation. The principle is to
use the morphology corrosion to reduce the original
image, obtaining the result – the edge image.
The SCT image outline extraction system process
the SCT image forming the image boundary outline
extraction by applying binary morphology, the SCT
image boundary outline obtained shown as Fig. 2.

(b) Greatest variance ratio value determination method

(c) Gradation histogram trough method
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,

(d) Maximum entropy method

Fig. 1 Binary processing result.
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(a) Original image

(b) Outline

Fig. 2 Extracting boundary contour.

3 Reverse Reconstruction of the 3D human
bone based on SCT images
3.1 Construct curve set of skeleton outline
The paper applies plane triangulation algorithm to
deal with bone outline generating bone outline sets. The
method decomposing a flat polygons into a series of
triangular cross each other exists in computer graphics,
pattern recognition, computer vision and application of
CAD and other areas widely .Due to decomposition of
the triangular convex polygon is very easy, so most of
current method is that: first to decompose a concave
polygon into a series of convex polygon combination,
then to divide all convex polygon into a series of triangles. In the study of dividing a concave polygon into a
number of convex polygon combinations, Gerard Hegron[4] found a very good way to solve the problem of
dividing concave polygon into convex at least number
by Boolean algebra in theory, but because of the complexity of calculating, it remains difficult in the application of practical problems. Prior to this, Ekoul used triangulation algorithm to decompose the polygon into
mutual non-overlapping convex polygon series, however this method fails to achieve the smallest division.
There are many scholars in-depth study Delaunay triangulation, this triangulation method makes the summation of all the smallest interior angles of the triangles
to be the largest, and avoids morbidity such as a narrow
triangle, the interior angle of the sharp, to the extent
possible. But it is a complex approach, and the stability
is also unsatisfactory.
Here, a fast-tomography triangulation method is

introduced, the algorithm is based on the following three
lemmas:
(1) If the arbitrary polygon having n top points is
decomposed into m triangular composition , each triangle vertices land on the top of Polygon, and they were
adjacent, mutual non-duplication. Then the number for
decomposition triangles shall be m = n − 2;
(2) The two lines L1 and L2 intersect in the point P,
they form the interior angle of α, if α <180˚, then this is
convex; contrary, if the α ≥ 180˚, that is non-convex
point.
(3) If two adjacent edges of polygons form a triangle which includes a convex polygon peak, that the triangle includes a non-convex top at least.
Based on the above three Lemmas, a triangulation
method is as follows:
(1) Find out all the top points of Polygon, deposit an
array
(2) To set for initialized polygon as the current
polygon, arbitrarily choose L1 as the initial one-side
(3) Along side the direction of the current polygon
to find L2 that is neighboring edge L1 for the next initial
side. If only remain two edges, to form a goal triangle by
them, that all. Otherwise enter (4);
(4) If the angle between the L1 and L2 is less than
180˚, and the triangle does not include the concave peaks
of polygon, L1 and L2 will be a target triangle, in the
current polygon deleted L1 and L2, and another goal
triangle edge access the current Polygon as a new initial
edge; if the triangular peaks of goal include the concave
polygon peak, stored in the array of concave top and
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delete the corresponding peak in the array;
(5) If the angle between L1 and L2 greater than
180˚, then L2 will be a new initial edge and turn to the
(3).
From the above steps, it can be see that each time a
target triangle can be separated out by the border of
Polygon applying the algorithm, and the remainder
polygon is set as the current polygon, following by recursive calculation until the completion of decomposition. At the beginning, because of the number of top
points for concave polygon is more, that the algorithm
need for more repeatedly judging.
But with the precipitation of the goal triangle, the
current polygon edge and concave apex of the array have
been reduced, the algorithm would be efficiency substantially increased, and this is the advantages of chromatography-triangulation method.
In theory it can be proved that chromatography-triangulation method is convergence, and examples
of subdivision prove that the number of decomposition
goal triangle which apply the algorithm according with
Lemma (1). The above method does not involve any the
Polygon containing holes, which means this polygon is
the single connectivity, but in practice, often encounter
more connected polygon triangulation, where the solution is building “bridge” which can make more connectivity to be single-connected, and then use the abovechromatography triangulation algorithms
The bone image contour set is generated by the
above method and software, as shown in Fig. 3.

has been made since the 1970s, many people have been
raised a variety of algorithms from different perspectives,
such as the largest volume law, the smallest surface area
law, the shortest diagonal law. In this paper, according to
the characteristics of CT tomography outline, the simple,feasible and more effective minimum diagonal law is
selected.
On the assumption that S1, S2, …, Sk is a group for
the closure of the cross-sectional profile high level, it
only considers two adjacent sections: the cross-section
profile Ck−1 of Sk−1 high degree and the cross-section
profile Ck of Sk high degree in the outline. Pi, Qi, (1 ≤ i ≤
M, 1 ≤ j ≤ N) are the outline points of cross-section Sk−1
and cross section Sk respectively, that the number of the
outline of them is M and N respectively, and are the
anti-clockwise order.
Step 1: Choose starting point: take Sk cross-section
of two adjacent sections as the base section, select the
point of this section as the starting point. In another
section Sk−1 find the nearest point Qi to the starting point
as starting point of the section.
Step 2: select Qj as starting point of the contour of
the plane, re-order.
Step 3: connections. First connect starting point (P1,
Q1) of the two sections as the starting line. P1, Q1 was
two peaks of first triangle. Comparing the length size of
two diagonal lines, select the smaller one as one side of
Triangle, and choose the diagonal triangle as start line of
the second triangle, and so on.
Use the smallest diagonal law to reconstruct the 3D
of the human bone, 3D surface diagram of the bones are
shown in Fig. 4.

Fig. 3 Bone image contour set.

3.2 The surface construction of bone outline
Contour lines connecting surface reconstruction
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Fig. 4 Bone 3D surface model.
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3.3 construct 3D model of bone
The 3D model of bone is re-modeled by
Pro/ENGINEER . Import Reconstruction of the generating 3D surface of the bone model into Pro/ENGINEER,
then deal with the closed surface, generate envelope face,
and use the envelope function of Pro / ENGINEER to
generate 3D model of the bone.
Generated 3-D model of bone is shown in Fig. 5.

technology and the solution which involved are analyzed
and compared ,by all of these obtaining the better
scheme. This method is better for human bone screw CT
image study.
There are two mainly aspects in the medicine domain of the artificial bone research: one is 3D model self
examination of the bone; the other is the artificial bone
manufacture. However, the study of the fast biological
modeling man-made bone which unifies by modern
medicine equipment SCT and the modern rapid prototyping is still a new hot topic in the study of the
man-made bone area.
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Abstract
In order to solve the problems of the subsoiler in the rototilling-tillage combine such as failure to conduct subsoiling at the
seedling stage (subsoiling before hot summer days) and excessive tillage resistance for the traditional inter-row subsoiling
machine, a subsoiling machine equipped with the bionic anti-resistance subsoiler shank and a bionic flexible press roller was
developed. Comparison tests were conducted to investigate the tillage resistance and effect on water storage and moisture
conservation of the machine in Jilin Province between 2006 and 2007. The test results showed that the bionic anti-resistance
subsoiler can reduce tillage resistance by 5% to 8%, increases the soil temperature by 5% to 8% after subsoiling, increases the
soil moisture content by 4% to 9% and slightly decreases the bulk density of soil. The operation quality of the machine can meet
the agrotechnical requirements.
Keywords: subsoiling machine, bionic anti-resistance subsoiler, bionic flexible press roller

1 Introduction
Subsoiling is a key technology in conservation tillage and many research works have been carried out on
the subsoiling technology[1–10]. In China, dry farming is
concentrated in the vast semiarid region and semihumid,
partially arid regions with an annual rainfall of 250-600
mm and a total cultivated area of 33 million hm2, mainly
north of the Kunlun Mountains-Qinling Mountains-Huaihe River line[11,12]. Subsoiling has become an
important means to improve soil, control water logging
and drought, reduce sand and alkalinity, increase soil
temperature and promote the growth of the root system
of crops in those regions. The 1DGZL series multifunctional rototilling-tillage combine developed by authors
was equipped with a subsoiler, which can do the subsoiling operation while breaking stubbles (or rototilling).
But this subsoiler was not suitable for field operation at
the seedling stage (the crop growth period), which made
it difficult to conduct the subsoiling operation before hot
summer days (best period for water storage and moisture
conservation), so the inter-row subsoiling machine has
to be used. However, the commercially available traditional subsoiling machines have high resistance and
power consumption, which have become the main reCorresponding author: Hong-lei Jia
E-mail: jiahl@vip.163.com

stricting factors in their application. Therefore, it is
necessary and urgent to develop a high-efficiency and
low power consumption subsoiling-tillage combine to
meet the modern agrotechnical requirements.

2 Study of the structure of the bionic antiresistance subsoiling machine
2.1 Structure of the machine
The 1FS－260(4)bionic anti-resistance subsoiling
machine is a rototilling-tillage combine mainly aiming at
subsoiling operation, which is mounted on the Dongfanghong-75 (802) tractor and other big power tractors
with a three-point hitch, suitable for row spacing of 500
mm to 700 mm (adjustable). The machine uses a double-beam framework structure, which is convenient for
installation and adjustment of the subsoiler, ridger, press
roller and other working parts. As shown in Fig. 1, the
machine is composed of rubber support wheel (1), right
and left markers (2), bionic anti-resistance subsoiler (3),
double square steel tube frame (4), right and left fertilizer boxes (5), parallelogram linkage (6), ridger (7) and
press roller mechanism (8).
The machine can simultaneously do subsoiling,
deep fertilizing, ridging, rolling and other operations,
and it can also conduct inter-row subsoiling (including
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Fig. 1 1FS–260 (4) bionic anti-resistance subsoiling machine.
1. Rubber support wheel; 2. Marker; 3. Bionic anti-resistance subsoiler; 4. Frame; 5. Fertilizer box; 6. Parallelogram linkage;
7. Ridger; 8. Press roller mechanism

deep fertilizing), intertilling and hilling, and other single
operations, forming the following different combinations of operations:
(1) Subsoiling (in furrow or ridge)
(2) Subsoiling + fertilizing (in furrow or ridge)
(3) Subsoiling + fertilizing + ridging (or subsoiling
+ ridging)
(4) Subsoiling + fertilizing + ridging + rolling (or
subsoiling + ridging + rolling)
(5) Intertilling + fertilizing +hilling

working depth of the sweep, Q is shearing and sliding
angle of the soil, generally about 50˚, φ is angle between
the soil shearing and sliding rupture surface and its
normal direction (about 25˚), α is load angle of the
sweep.

2.2 Study of the subsoiler
The subsoiler is the key working part of the machine, the structural design of the subsoiler affects the
performance of the machine.
2.2.1 The traditional subsoiler–the sweep
Generally, the load angleαof the sweep is about
23˚, if α is too large, the resistance will increase. Experiments showed that the traction resistance decreased
as the load angle α decreased from 45˚ to 23˚. When
α>50˚, the fixed cone (soil wedge) of compacted soils
adhered to the sweep, so α = 23˚was selected (Fig. 2).
The soil is ruptured when a narrow working part
squeezes through the soil, and the rupture surface in the
soil on both sides of the working part in the horizontal
plane of projection is a sector shape, which can be calculated by the following formula
b≤d +

2a tan Q
,
cos(φ + α )

(1)

where d is maximum horizontal width of the sweep, a is

Fig. 2 The sweep.

When subsoiling with the sweep, the soil mass is
wide and loose in the upper part, and narrow and compacted in the lower part, with the same compactness on
the right and left sides of the sweep. A narrow channel is
formed in the deep soil layer, which will help store water
or drain flooded fields, and greatly reduce the soil
penetration resistance. To ensure the penetrability and
reduce the soil penetration resistance, high-strength
alloy steel with excellent wear-resistance is welded on
the front part of the sweep. The sweep is fixed on the
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head of the bionic-resistance subsoiler shank with two
rivets and can be changed after being worn out. The
sweep forms a channel in the tillage layer when working,
which can help store water and drain flooded field.
2.2.2 The shank of the bionic anti-resistance subsoiler
The design of bionic anti-resistance subsoiler shank
is based on a patent[13]. Practices show that most of the
energy is mainly consumed to overcome the soil resistance during the operation of the tillage implement. The
subsoiling implement is the field machine that consumes
the most energy per unit tilling width. Improvement of
its anti-resistance performance has an important significance in saving energy, reducing required power and
expanding application of the subsoiling technology. In
addition to being affected by the action of the tine point,
the working resistance, subsoiling scope and soil
breaking performance of the subsoiler are also significantly affected by the structure form of its shank. Reasonable structural design of the shank, especially its
geometry design of the curved surface contacting soil,
can reduce the working resistance and improve the energy saving performance during the subsoiling operation.
The traditional shank generally uses a straight-line, polygonal line or circular arc to connect the tine point and
the frame, this results in high tillage resistance. It was
found that some soil cave animals such as the small
house mouse, field mouse, mole crickets, dung beetles
and pangolins have strong digging feet with specific
curvatures which are an evolution result through thousands or even million years, and showing excellent
anti-resistance performance. Bionic studies provide
basic ideas for design to improve the geometry of the
soil contacting surface of the shank and even optimize its
mechanical property during the cutting process.
The Spermophilus dauricus (a field mouse) with
excellent digging ability was selected as the studied
object. The morphological characteristics of the toe and
claw of the animal, especially the geometric characteristics of the outline of the longitudinal section of the toe
and claw, were observed and analyzed. The basic regularity of their curvature change was also studied. The
results showed that the inner outline (the directrix of the
soil contact plane) of the toe and claw can be approximately considered as a coupling of two parabolas.
Based on the results of bionic study, a bionic
anti-resistance subsoiler shank[14] as shown in Fig. 3 was

Fig. 3 The bionic anti-resistance subsoiler shank.

designed and manufactured, which was composed of the
connecting section H of the frame, the working section
PQ and MN of the shank and the connecting section R of
the tine point. An edge with an angle of throat of 60˚ was
set at the front end of the inner directrix PQ. The frontal
outline of the edge was parallel to the inner directrix PQ
of the working section of the shank. The included angle
w between the installing plane of the tine point connecting section R and the horizontal plane was 20˚. Its
characteristics are: the ratio of frontal protrusion L of the
shank to the tillage depth D, L/D = 0.68 to 0.95; the inner
directrix PQ and outer directrix MN of the working
section of the shank are the curves obtained from the
following two equations respectively:
y1 = 5.3074 x14 / D13 − 14.4421x13 / D12 +
13.8507 x12 / D1 − 5.8984 x1

y2 = −4.136212 x23 / D12 + 5.538781x22 / D1 −
2.519441x2 − 0.701217 D1 ,

(2)

where D1 isvertical height of the inner directrix; taking
the upper endpoint P of the inner directrix as the origin
of coordinate, the concave of the curve PQ in the positive direction along the x-axis is horizontally forward
and the positive direction along the y-axis vertically
upward. The x-numerical range: 0 ≤ x1 ≤ 0.647831D1
and −0.188855D1 ≤ x2 ≤ 0.606158D1.
The bionic anti-resistance subsoiler shank can reduce the soil tillage resistance and stabilize tillage quality through the control of above structural parameters.
In design of the subsoiler shank, it should be considered that the tine point must have adequate bending
strength and torsional strength when an unbalanced
force is applied in it. Therefore, the upper section of the
vertical part of the subsoiler shank was 25 mm × 60 mm
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1. Roller body; 2. Rib; 3. Flexible jacket

3 Test method

2 ridges

3.1 Tillage resistance determination test
On October 9-11, 2006, the tillage resistance
comparison tests for the traditional subsoiler and bionic
anti-resistance subsoiler were conducted in the stubble
field on the farm of Jilin Agriculture University Test
Station. The rhombic diagonal equal-distance point setting method was used in the tests (5 soil sampling points
were selected in the test, as shown in Fig. 5). The average soil moisture content in the test plot was measured in
such a way: the soil samples in the 0 to 10 cm, 10 cm to
20 cm and 20 cm to 30 cm tillage layers were taken from

2 ridges

2.4 Bionic flexible press roller
The bionic flexible press roller[15], was mounted on
the 1FS-260 (4) bionic anti-resistance subsoiling machine, it can crush soil and smooth the soil surface, in
which direct no-tillage seeding can be conducted. In
addition, rolling can also reduce soil moisture evaporation and help store rainwater and preserve soil moisture,
raising the utilization rate of rainwater and improving
the resistance of crops to drought. It has been found that
some animals that crawl in soil or on the ground has
strong ability to remove matter, especially soil, adhering
to their body surface, hence the bionic flexible press
roller was designed[16]. It consists of the roller body 1,
rib 2 and flexible jacket 3 (Fig. 4), which form a flexible
structure. When the press roller moves, the flexible
jacket contacts the soil, buffering the acting force from
the soil. The deformation and vibration of the flexible
jacket remove the soil adhering to the press roller. The
application of the bionic flexible press roller solves the
problem of soil adherence in existing press rollers,
making the soil smooth with uniform hardness after

Fig. 4 The bionic flexible press roller

5 ridges

2.3 Design of the fertilizing unit
The 1FS-260(4) bionic anti-resistance subsoiling
machine can complete deep fertilization, separated layer
fertilization, seed fertilizer applied at the depth of 5 cm
to 6 cm below the seed and base fertilization at the depth
of 10 cm to 15 cm below the seed. The main technical
requirements of layered fertilizing are that the fertilizer
should be applied deeply and distributed at different
depths of soil. The subsoiling depth of 20 cm to 35 cm
can satisfy the depth required in whole layer fertilization.
The machine equipped with the whole layer fertilizing
unit can reduce the number of field operations and the
operating cost. It can simultaneously complete the subsoiling and fertilizing operations. The power for fertilizer feed comes from the land wheel, transferred to the
fertilizer shaft via a drive chain to drive the big fluted
roller for fertilizer distribution. The fertilizer is fed into
the fertilizer hopper and then transferred to the fertilizer
channel on the back of the side blade through the fertilizer tube and finally applied deeply into the soil layer by
layer from the fertilizer distribution apparatus.

rolling, which can help increase the germination rate and
seedling emergence rate. The press roller can continuously operate without needing to remove the soil adhering to its surface, therefore, improving the working
quality and efficiency and reducing the energy consumption.

5 ridges 5 ridges

and the front end of the PQ section was a 60˚ edge angle,
which can help reduce its working resistance when it
operates.

5 ridges

262

Fig. 5 Schematic diagram of rhombic diagonal equal-distance
point setting.
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each sampling point and put into the soil boxes respectively, then the wet weights of the moist samples were
measured and the samples were dried in a drying case
and the weights of the dried samples were measured. On
that basis, the soil moisture content in each tillage layer
at each point, the average soil moisture content in each
layer and the average soil moisture content of the test
plot can be calculated. The soil moisture content in the
0-30 cm tillage layer in the test plot was 17.67%, the soil
compactness 15.61 kg/cm2, and the tillage resistances at
the subsoiling depth of 25 cm and 30 cm were measured.
The motor vehicle traction method was used to make
measurements.
3.2 Performance test and water storage and soil
moisture conservation test
(1) In the last ten days of October 2006, the subsoiling, fertilizing and ridging tests on the bionic
anti-resistance subsoilng machine were conducted at
Xinglongshan Town in the suburb of Changchun City.
Corn stubble field: the soil moisture content in the 0 to
30 cm tillage layer in the test plot was 16.2%, the soil
compactness 12.4 kgf/cm2 and the measured subsoiling
depth 25 cm and 35 cm. The matching power was tractor
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Fendt 611LS.
(2) On April 28, 2007, the water storage and sol
moisture conservation test was conducted at Sijiazi village, Xinglongshan Town in the suburb of Changchun
City. The test plots were a subsoiled and ridged field in
previous year and an adjacent unsubsoiled field that had
been ridged in previous autumn. The soil temperature,
soil moisture content in tillage layer (0 to 30 cm) and
bulk density of soil were measured in both plots. The soil
temperature measurement was conducted at the same
points for measuring the soil moisture contents. A geothermometer was used to measure the soil temperature at
each point and the 5-point average value was regarded as
the soil temperature of the test plot. On May 21, 2007,
the above items were measured in the same plots.

4 Results and discussions
4.1 Results of tillage resistance measurement
The results of tillage resistance measurement are
listed in Table 1.
4.2 Results of the performance test
The results of the performance test are listed in
Table 2.

Table 1 Results of tillage resistance measurement
Tilling depth (cm)

Speed of machine (km/h)

25.75

2.6

3770

29.5

2.08

4300

25.85

2.59

3470

29.75

2.11

3960

Traditional subsoiler
Bionic anti-resistance subsoiler

Tillage resistance per subsoiler (N)

Table 2 Results of the bionic anti-resistance subsoiler performance test
Condition 1
Subsoiling depth (cm)
Condition 2
Soil looseness (%)

Average
Stability coefficient (%)

27.0
96.9

Average

34.35

Stability coefficient (%)

Condition 1
Condition 2
Condition 1

Fertilizing
Condition 2

96.2
26.35
25.75

Seed fertilizer depth (cm)
Base fertilizer depth (cm)

10.45
15.5

Amount of applied fertilizer (kg/ha)

342

Seed fertilizer depth (cm)
Base fertilizer depth (cm)

11.2
16.75

Amount of applied fertilizer (kg/ha)

375

Ridge height (cm)

Condition 1
Condition 2

17.0
19.25

Speed of machine (km/h))

Condition 1
Condition 2

2.6
2.065

Slipage (%)

Condition 1
Condition 2

3.14
4.56

Site: Xinglongshan Town, Changchun City; Date: 2006-10-23; Tractor: Fendt 611LS
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fertilizing, ridging and rolling, these meet the agrotechnical requirements. The subsoiling depth was 27 cm to
35 cm and the ridge height 17 cm to 19 cm. Both the
fertilizing depth and the amount of fertilizing meet the
requirements. The bionic flexible press roller has good
antisticking performance.
(3) It can be seen from Tables 3 and 4 that compared with the unsubsoiled plot, subsoiling after autumn
harvest had different effects on the tillage layer soil in
the next year. In the subsoiled plot, the soil temperature
before sowing (at the end of April) increased by 0.88 ˚C,
up 5.4%, the soil moisture content in the 0 to 30 cm
tillage layer increased by 1.42 percentage points, up
9.2%, the bulk density of soil decreased by 0.0074 g/cm3,
down 0.51%; after sowing (May 21) the soil temperature
increased by 1.50 ˚C, up 8.75%, the soil moisture content in the 0-30 cm tillage layer increased by 0.67 percentage point, up to 4.2%, the bulk density of soil decreased by 0.0054 g/cm3, down 0.37%.
The loose soil after subsoiling is favorable to the
absorption of heat from the sun, thawing water and rain
water in early spring, which can help increase the soil
temperature and soil moisture content.

4.3 Results of the effect of subsoiling on water storage and soil moisture conservation
The results of the effect of subsoiling on water
storage and soil moisture conservation are listed in
Table 3 and Table 4, respectively.
4.4 Discussions
(1) It can be seen from Table 1 that, compared with
the traditional subsoiler, the bionic anti-resistance subsoiler can reduce the tillage resistance by:
R1 − R 2 H 2 4300 − 3960 29.75
⋅
=
×
R1
H1
4300
29.5
= 7.907% × 1.0085 = 7.904%,

or

R1 − R 2 H 2 3770 − 3470 25.85
⋅
=
×
R1
H1
3700
25.75
= 7.958 × 1.0039 = 7.989%,

where R1 is the measured tillage resistance of the traditional subsoiler; R2 is the measured tillage resistance of
the bionic anti-resistance subsoiler; H1 is the measured
tilling depth of the traditional subsoiler; H2 is the measured tilling depth of the bionic anti-resistance subsoiler
If the subsoiling resistance is approximately considered proportional to the tilling depth, the tillage resistance per subsoiler at the maximum design tilling
depth can be calculated and the results are: 5102 N for
the traditional subsoiler and 4659 N for the bionic
anti-resistance subsoiler. The bionic anti-resistance
subsoiler can significantly reduce the tillage resistance
by up to 5% to 8%, mainly because the working curve of
the subsoiler shank is designed based on the geometric
shape of the digging feet of some cave animals.
(2) It can be seen from Table 2 that the machine had
good results in the combined operation of subsoiling,

4.5 Conclusions
(1) The bionic anti-resistance subsoiling machine
can generally complete several kinds of soil tillage operations (subsoiling, fertilizing, ridging, rolling and so
on) after harvest and before sowing and can also be used
for inter-row subsoiling and inter-row cultivation in the
dry farming area of northern China (especially in the
ridge cultivation area of northeastern China), achieving
the goal of multifunction, combined operation and
less tillage. Field tests show that all operational qualities

Table 3 Water storage and soil moisture conservation measurement (before sowing)
Soil moisture content (%)

Soil temperature
(˚C)

0 cm – 10 cm

10 cm – 20 cm

20 cm – 30 cm

Subsoiled plot

17.12

13.54

17.86

19.18

16.86

1.449

Unsubsoiled plot

16.24

11.22

16.74

18.36

15.44

1.4564

0 cm – 30 cm Avg.

Bulk density
of soil (g/cm3)

Site: Xinglongshan Town, Changchun City; Date: 11:30 A.M. 2007-4-28; Air temperature: 24.6 ˚C, 10 cm deep in the ridge

Table 4 Water storage and soil moisture conservation measurement (after sowing)
Soil moisture content (%)

Soil temperature
(˚C)

0 cm – 10 cm

10 cm – 20 cm

Subsoiled plot

18.64

14.94

17.1

18.1

16.71

1.449

Unsubsoiled plot

17.14

13.3

16.9

17.92

16.04

1.4544

20 cm – 30 cm

0 cm – 30 cm Avg.

Site: Xinglongshan Town, Changchun City; Date: 11:00 A.M. 2007-5-21; Air temperature: 25.2 ˚C, 10 cm deep in the ridge

Bulk density
of soil (g/cm3)
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meet the agrotechnical requirements.
(2) Several innovative technologies have been used
to design the key working parts, which have advanced
performance and good working quality. Comparison
tests show that the bionic anti-resistance subsoiler can
reduce the tillage resistance by 5% to 8%. The bionic
flexible press roller has good soil removing performance,
providing smooth soil with uniform soil hardness after
rolling.
(3) Water storage and soil moisture conservation
tests show that subsoiling can increase the ability of soil
to absorb natural rainfall, raising the soil moisture content, reducing the bulk density of soil and increasing the
soil temperature of the tillage layer before and after
sowing, which will create good conditions for the
growth and development of crops.
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Abstract
With increasing application of plastics, the environmental pollution from waste plastics has become a serious problem.
Biodegradable materials which have developed for several decades aim to reduce pollution of plastic wastes. Maize stalk
tegument separated from the maize pith was smashed to obtain the fibers. The cross-linking maize starch adhesives considering
four main factors (water content, gelatinization temperature, NaOH as gelatinization agent and Na2B4O7·10H2O as cross-linking
agent) with three levels were prepared based on an orthogonal test scheme L9(34) in order to increase the water resisting property
and the bonding strength of the common maize starch adhesives. The bonding properties of maize starch adhesives were
characterized using shearing strength under compression loading. Physical models of fibers reinforced composites were established according to the microstructure analysis of the four species of insects’ elytra included Protaetia orentalis, Copris ochus
Motschulsky, Anoplophora chinensis and Cytister bengalensis Aube, which will provide the biomimetic models for the
biomimetic laminated boards. The maize straw fibers biomimetic laminated boards were prepared learning from the structural
models of the elytra material. The flexural strength and flexural elastic modulus of the biomimetic boards were examined. The
results showed that the flexural strengths of the single layer jute fibers reinforced maize straw fibers boards and the dual layer
jute fibers reinforced maize straw fibers boards are higher than the common maize straw fibers boards and three groups of jute
fibers hybrid reinforced straw fibers boards because of the biomimetic laminated design.
Keywords: maize stalk, biomimetic, elytra, starch, laminated board, flexural property

1 Introduction
With increasing application of plastics, the environmental pollution from waste plastics has become a
serious problem. Biodegradable materials which have
developed for several decades aim to reducing pollution
of plastic wastes. The plant fibers as natural polymers
are abundant in source and have many special properties,
such as high ratio of length to diameter, high specific
strength, high specific surface area, low density and
bio-degradation. Straw fiber is one of important plant
fibers. Compared with other fiber reinforced composite
materials, the straw fiber reinforced composite materials
have unique advantages, such as lighter weight, lower
price, good machinability and biodegradation[1–4].
However, in addition to the possible environmental
Corresponding author: Jin Tong
E-mail: jtong@jlu.edu.cn

problem resulting from the toxic formaldehyde emissions of UF (Urea-formaldehyde Resin), MF (Melamineformaldehyde Resin) and PF (Phenol-formaldehyde
Resin) particleboard, these resins have poor bondability
with straw. The reason is that the inherent nonpolar and
hydrophobic characteristics of straw surface due to silica
and wax component, which was not compatible with the
polar and hydrophilic nature of the UF, MF and PF
resins. Starch adhesives have been used to replace UF,
MF or PF and to reduce the emission and bonding
problems of the particleboard. Starch adhesive is related
to the dispersion of the starch molecules and their unfolding in solution. Starch denaturation using heat,
acid/alkaline and organic solvents would increase
bonding strength[5].
In order to obtain a suitable method for the struc-
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tural design of boards, a new design technique is needed.
Many examples of composite materials exist in nature
which is considered to possess the optimal structures for
their environments through their natural evolution. For
this reason, the structures of the beetle elytra were applied in order to simulate and develop biomimetic
composite materials in the current research[6]. It is believed that the bionics is a technological science to study
the structures, characters, elements, behavior, and interaction of the biologic system, in order to provide the
new design idea, working principle, and system structure
for the engineering[7,8]. Within the elytra of insects, researchers have found laminated structures in which the
forewing proteins act as the soft matrix, while the chitin
fibers act as the reinforcing fibers. Both the laminated
arrangement of the chitin fibers and the mechanical
characteristics of these equiangular laminating layers of
the biomimetics composites have been reported previously[9,10].
The objective of this research was to characterize the
flexural properties of maize straw/ maize starch biomimetic laminated boards as affected by starch modification/denaturation, the increasing of the reinforced jute
fibers and the biomimetic design methods.

2 Experimental materials and methods
2.1 Experimental materials and equipment
The maize starch (GB/T8885-88, Edible corn
starch) was obtained from the Qishen food company
of Jilin province. The NaOH, Na2B4O7·10H2O and
C2H5OH were analytical reagent. The weight of the raw
materials was determined by model DT-100 electronic
balance and model FA2004 electronic balance. The
starch-water suspension was equably mixed and gelatinized by model JB-3 timing and constant-temperature
control magnetic whisk.
The macroscopical characteristics and the microstructure characteristics of the experimental insects were
investigated by OLYMPUS SZX12 stereo microscope
and JSM-5310 SEM respectively. Corn stalk tegument
separated from the corn pith was smashed to obtain
the fibers by JWF-250 home universal disintegrator
(made in P. R. China) and SZS three-dimensional vibrator (made in P. R. China). The biomimetic boards
were prepared by JF805R mixer (Equipment Engineering Research Institute, Jilin university, China) and
JFY50 hot-press machine (Equipment Engineering Re-
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search Institute, Jilin university, China), and the flexural
properties of biomimetic laminated boards was measured with WDW-20 computer-control electron universal
tester (Shanghai hualong test instruments Co., LTD).
2.2 The biomimetic models
The experimental object was male Protaetia orentalis as shown in Fig. 1, which was caught from the
suburb of Changchun city, Jilin province. The macroscopical characteristics of Protaetia orentalis were observed by OLYMPUS SZX12 stereo microscope. The
width of body was 18 mm ~ 24 mm and the length was
8 mm ~ 14 mm. The linear and punctuate particles can
be seen clearly from the elytra surface.

Fig. 1 Experimental photograph of Protaetia orentalis.

The experimental sample was the elytra of Protaetia orentalis. The microstructure characteristics of the
elytra sample were investigated by SEM. The elytra
were peeled from the body of Protaetia orentalis, which
was dried at 80 ˚C by an oven. The elytra samples were
fixed on a circular metal sheet with glue, and then were
coated by ion sputtering equipment. A JSM-5310 SEM
was used to observe the section microstructures of the
elytra.
The orthogonal laminated structure in the elytra of
Protaetia orentalis were shown in Fig. 2A, Fig. 2B and
Fig. 2C. The fibers of each layer arrange in parallel and
also show the anisotropy character between the fibers of
each layer. The fasciculus of helicoidal structure was
found inside the elytra as shown in Fig. 2D. The elytra of
Protaetia orentalis is the laminated composite materials,
which is mainly composed of chitin fibers and protein.
Many layers at certain arrangement direction formed
with the chitin fibers and protein matrix, and the helicoidal laminated structure were found from the microstructure of the elytra. The elytra can possess the high
toughness and strength owing to the existence of the
laminated structure. The laminated composite materials
were linked with the interface of the layer. The interface
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Fig. 2 The SEM micrograph of Protaetia orentalis elytra section.

can transfer loadings to the adjacent layers when an
external force is applied on the laminated composite, it
also can generate the connection between the layers to
assure that the elytra has enough strength and toughness.
The existence of helicoidal laminated structure can assure that the elytra has preferable flexural strength and
the elytra will not be easily broken in flight[11,12].
In addition, the microstructure of the elytra materials of three other species of insects, Copris ochus
Motschulsky, Anoplophora chinensis and Cytister bengalensis Aube, were examined by SEM. The results
showed that the elytra were composed of laminated
composite materials and the structures of their fibers or
fiber bundles have varied types, including T type structure, the branch fiber structure, the orthogonal laminated
structure, the helicoidal structure, the hole structure and
the reticular structure. The structural feature of the insect
elytra material would provide some biomimetic models
for the structural design of the biomimetic composite
materials with light weight and high strength[13].
There are many types of fiber reinforced composite
boards based on the different structures of biological
composite materials, such as continuous fiber and the
short fiber reinforced composites, unidirectional continuous fiber reinforced composites[0], two-directional

continuous fiber reinforced composites [0/90], twodimensional continuous fiber reinforced composites
[0/90/0], two-directional continuous fiber reinforced
composites [0/90/90/0], multidirectional continuous
fiber reinforced composite [0/45/90/-45/0], multidirectional continuous fiber reinforced composite [0/45/90],
unidirectional chopped fiber reinforced composites, flat
random distribution short fiber reinforced composites
and space random distribution short fiber reinforced
composites. The physical models of monolayer random
distribution short fiber reinforced composites, bi-layer
random distribution short fiber reinforced composites
and space random distribution short fiber reinforced
composites were shown as Fig. 3[13]. The physical
models will provide original models for the structure
design of biomimetic straw fibers boards including
laminated composites and fiber reinforced composites.
2.3 The maize straw fibers preparation
Maize stalk tegument separated from the maize pith
was smashed to obtain the fibers. The figures of the
maize stalk tegument separated from the maize pith were
shown as Fig. 4. The figures of the maize straw fibers
and the size figures of maize straw fibers were shown as
Fig. 5 and Fig. 6 respectively. The distribution of the
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(a) Monolayer random

(b)Bi-layer random
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(c) Space random

Fig. 3 Three kinds physical models of distribution short fiber reinforced composites.

%wt of less than 0.5 mm in diameter. The moisture
content of the maize straw fibers is 8.05 %wt.

(a) inside

(b) outside

Fig. 4 The figures of the maize stalk tegument separated from the maize pith figures.

2.4 The preparation of maize starch adhesives
The cross-linking maize starch adhesives considering four main factors (water content, gelatinization
temperature, NaOH as gelatinization agent and
Na2B4O7·10H2O as cross-linking agent) with three levels
were prepared based on an orthogonal test scheme L9(34)
in order to increase the water resisting property and the
bonding strength of the common maize starch adhesives.
The levels table of the experimental factors was shown
as Table 1.
Table 1 The levels of the experimental factors
2
Gelatinization
temperature
(˚C)
70
75

3
NaOH
(g)

4
Na2B4O7·10H2O
(g)

1
2

1
Water
content
(g)
167
125

0.08
0.10

0.01
0.03

3

100

80

0.12

0.05

Level

Quality content（ %）

Fig. 5 The maize straw fibers.
40
30
20
10
0
<0.5

1～0.5

1～2

2～5

Maize straw fiber size（mm）
Fig. 6 The size figures of maize straw fibers.

fiber dimensions were measured and it was found that
the fibers used for tests have 28.35 %wt of 2mm ~ 5mm
in diameter, 9.29 %wt of 1 mm ~ 2 mm in diameter,
34.99 %wt of 0.5 mm ~ 1 mm in diameter and 27.36

The bonding properties of maize starch adhesives
were characterized using shearing strength under compression loading (GB/T17517-1998, Adhesives-wood to
wood adhesive bonds-determination of shear strength by
compression loading). The experimental results were
analyzed by range analysis method. The optimal level of
factors, the primary and secondary factors, the best
combination of factors and their levels were obtained.
Range analysis and variance analysis of experimental
results were shown in Table 2 and Table 3. The best
combination of factors based on starch of 10 g, i.e. 125 g
of water content, 80 ˚C of gelatinization temperature,
0.10 g of gelatinization agent and 0.03 g of cross-linking
agent, were tested and verified, the shearing strength by
compression loading was 1.425 MPa. It was found from

270

Proceedings of the 2nd International Conference of Bionic Engineering
Table 2 Range analysis of testing results.
Experimental no.

A
Water content
(g)

B
Gelatinization
temperature (˚C)

C
NaOH (g)

D
Na2B4O7·10H2O (g)

yi
Shearing strength under
compression loading (MPa)

1

(1)167

(1)75

(1)0.08

(1)0.01

0.181

2

(1)167

(2)80

(2)0.10

(2)0.03

0.943

3

(1)167

(3)85

(3)0.12

(3)0.05

0.344

4

(2)125

(1)75

(2)0.10

(3)0.05

0.834

5

(2)125

(2)80

(3)0.12

(1)0.01

1.403

6

(2)125

(3)85

(1)0.08

(2)0.03

1.214

7

(3)100

(1)75

(3)0.12

(2)0.03

0.869

8

(3)100

(2)80

(1)0.08

(3)0.05

1.338

9

(3)100

(3)85

(2)0.10

(1)0.01

1.001

y

j1

1.468

1.884

2.733

2.584

y

j2

3.451

3.684

2.777

3.026

y

j3

3.208

2.559

2.616

2.515

y

j1

0.489

0.628

0.911

0.861

y

j2

1.150

1.228

0.926

1.009

y

j3

1.069

0.853

0.872

0.838

0.661

0.600

0.054

0.170

A2

B2

C2

D2

Rj

The optimal level of factors
The primary and secondary
factors
The best combination of
factors and their levels

A B D C
A2 B2 D2 C2

Table 3 Variance analysis of experimental results
Source

Deviation sum
of squares

Degree of freedom

Mean square

F

α

Water content

3.90

2

1.95

25.02

0.01

Gelatinization temperature

2.76

2

1.38

17.70

0.01

NaOH

0.02

2

0.01

0.15

-

Na2B4O7·10H2O

0.26

2

0.13

1.64

-

variance analysis that the effect extent of each factor on
shearing strength by compression loading was examined.
The results show that the water content and gelatinization temperature have an evident effect on the bonding
properties of maize starch adhesives, but the gelatinization agent and cross-linking agent have no significant
influence on the bonding properties of maize starch
adhesives. The maize starch adhesives (The best combination of factors based on starch of 10g, i.e. 125 g
of water content, 80 ˚C of gelatinization temperature,
0.10 g of gelatinization agent and 0.03 g of cross-linking
agent) will provide adhesive for the preparation of the
biomimetic boards[14].
2.5 The preparation of the biomimetic laminated
boards
2.5.1 The modification of jute fibers
The jute fibers must modify in order to resolve

compatibility with the adhesive, and alkaline and oxidizing agents which are the commonly used reagents. In
this study, chemical treatments were applied to remove
the wax and ash from the straw surface. The long jute
fibers become short jute fibers with the length of 1 cm ~
2 cm with shears. Solution with 17 % NaOH was prepared. The jute fibers was added at a ratio of 1:10, and
the solutions were stirred for 2 h at room temperature,
and the treated jute fibers then was washed five times
using distilled water and dried to constant weight in
drying instrument at 120 ˚C. The unmodified shape
figure of the jute fibers was shown as Fig. 7. The modified shape figure of the short jute fibers was shown as
Fig. 8. The diameter of the modified short jute fibers was
measured by microscope, the test results showed that the
average diameter of the modified short jute fibers was
400 μm, and the diameter ranged from 300 μm to
850 μm.
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Fig. 9 The preparation parameters figures of biomimetic
laminated boards.

Fig. 7 The unmodified shape figure of the jute fibers.
Fig. 10 The sketch of the single layer jute fiber reinforced
maize straw fibers boards.

Fig. 8 The modified shape figure of the short jute fibers.

2.5.2 The set of the preparation parameters of boards
and the preparation of the three biomimetic structures
The best combination of factors of maize starch
adhesives based on starch of 10 g, i.e. 125 g of water
content, 80 ˚C of gelatinization temperature, 0.10 g of
gelatinization agent (NaOH) and 0.03 g of cross-linking
agent (Na2B4O7·10H2O) will provide adhesive for the
preparation of the biomimetic boards. 100g straw fibers
were mixed with the adhesive solution at a ratio of 1:1
for 10 min by JF805R remiform mixer, and then the
mixture should take 5 minutes to dry at room temperature, then pressed into particleboard using a 150 mm ×
150 mm steel mold and JFY50 hot-press machine. The
biomimetic boards were pressed at 7 MPa and 150 ˚C
based on the preparation parameter figures of biomimetic laminated boards showed as Fig. 9. Blowing may
be occurred due to the large amount of moisture vapor
accumulated in the biomimetic boards.
The maize straw fibers biomimetic laminated
boards were prepared learning from the structural models of the elytra material. Biomimetic laminated boards
have three kinds including the single layer jute fibers
reinforced maize straw fibers boards (Fig. 10), the dual
layer jute fibers reinforced maize straw fibers boards

(Fig. 11), three groups of jute fibers hybrid reinforced
maize straw fibers boards (Fig. 12). The preparation
phases of the single layer jute fibers reinforced maize
straw fibers boards were concluded, namely, the raw
materials of maize straw fibers boards was divided into
two equal parts, and one parts of the raw materials of
maize straw fibers boards was loaded in the female die
(under layer) equably, then, 2.5 g modified jute fibers
loaded the mold (middle layer), finally, another parts of
the raw materials of straw fibers boards loaded the mold
(upper layer) equably. The preparation steps of the dual
layer jute fibers reinforced maize straw fibers boards
included: firstly, the raw materials of maize straw fibers
boards was divided into three equal parts, the first parts

Fig. 11 The sketch of the dual layer jute fiber reinforced
maize straw fibers boards.

Fig. 12 The sketch of the jute fiber hybrid reinforced maize
straw fibers boards.
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of the raw materials of maize straw fibers boards will
load the female die (first layer)equably, then, 2.5 g
modified jute fibers loaded the mold (second layer),
secondly, the second parts of the raw materials of maize
straw fibers boards loaded the mold (third layer) equably,
another 2.5 g modified jute fibers loaded the mold
(fourth layer), lastly, the five parts of the raw materials
of maize straw fibers boards loaded the mold (five
layer)equably. The preparation step of three groups of
jute fibers hybrid reinforced maize straw fibers boards is
that the raw materials of maize straw fibers boards will
mix equably with 3 g, 5 g and 7 g modified jute fibers
respectively which will prepare three groups of jute fiber
hybrid reinforced maize straw fibers boards.

l

b
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L
L: the sample length, l: the sample span, h: the sample thickness,
b: the sample width, (mm).

Fig. 13 The sample figure of the biomimetic laminated boards.
L
l
Pressure
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3 Results and discussion
Biomimetic maize straw fibers boards were cut into
rectangular strips for three-point flex measurement.
Samples were conditioned at 60% relative humidity (RH)
at 20 ˚C for 240 h before testing. Mechanical properties
were determined by following GB standard method
(GB3356-1999, Test methods for flexural properties of
unidirectional fiber reinforced plastics) with WDW-20
computer-control electron universal tester. The radius of
the pressure head is 5mm (R), and the radius of the
abutment is 2mm (r). The ratio of the span to the thickness is 16. The pressure head speeds were 2 mm/min for
three-point flex. Reported values are the average of five
specimens. The sample figure of the biomimetic laminated boards and the test method sketch of the flexural
property of the biomimetic laminated boards were
shown as Fig. 13 and Fig. 14.
The maize straw fibers biomimetic laminated
boards were prepared learning from the structural models of the elytra material. The flexural strength and
flexural elastic modulus of the biomimetic composites
were examined. The flexural strength and the flexural
elastic modulus of the biomimetic boards were shown in
Table 4. As can be seen from the Table 4, the results
showed that the flexural strength of the single layer jute
fibers reinforced maize straw fibers boards and the dual
layer jute fiber reinforced maize straw fibers boards are
higher than the common maize straw fibers boards and
three groups of the jute fiber hybrid reinforced maize
straw fibers boards, and the flexural strength of the dual
layer jute fibers reinforced maize straw fibers boards are
higher than the single layer jute fibers reinforced maize

h

r

The boards
sample

Fig. 14 The test method sketch of the flexural property of the
biomimetic laminated boards.
Table 4 The flexural properties of the biomimetic boards
The type of biomimetic boards

Flexural
strength (MPa)

Flexural elastic
modulus (MPa)

The cross-linking starch/ maize
straw fibers boards

17.21

1917.81

The single layer jute fibers reinforced maize straw fibers boards

20.26

1706.29

The dual layer jute fibers reinforced maize stalk fibers boards

23.17

2398.94

The first group of jute fibers
hybrid reinforced maize straw
fibers boards (3 g jute fibers)

17.36

939.06

The second group of jute fiber
hybrid reinforced maize straw
fibers boards (5 g jute fibers)

16.36

1768.11

The third group of jute fibers
hybrid reinforced maize straw
fibers boards (7 g jute fibers)

16.21

1038.36

straw fibers boards. Improvement on the flexural
strength of the biomimetic boards was ascribed to the
biomimetic design, the jute fibers as the biomimetic
layer added to the maize straw fibers boards had improved the strength of the maize straw fibers, so the
flexural strengths of the biomimetic boards were improved obviously. Whereas, the flexural strength of the
jute fibers hybrid reinforced maize straw fibers boards
improved apparently relative to the cross-linking starch/
maize straw fibers boards, on the contrary, the flexural
strengths of the second group of jute fibers hybrid rein-
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forced maize straw fibers boards (5 g jute fibers) and the
third group of jute fibers hybrid reinforced maize straw
fibers boards (7 g jute fibers) were under the
cross-linking starch/maize straw fibers boards, which
can indicate that the laminated biomimetic structures
showed superiority than the hybrid biomimetic structures of the experimental results. The flexural elastic
modulus of the dual layer jute fibers reinforced maize
straw fibers boards are higher than the cross-linking
starch/maize straw fibers boards, the flexural elastic
modulus of other biomimetic boards had not improved
relative to the cross-linking starch/ maize straw fibers
boards, the possible reason was that the optimization of
the flexural strength was more important consideration
than the optimization of the flexural elastic modulus on
the flexural properties optimization of the cross-linking
starch/ maize straw fibers boards.

4 Conclusions
The following can be concluded from the summary
of the research.
The cross-linking maize starch adhesives considering four main factors (water content, gelatinization
temperature, gelatinization agent and cross-linking agent)
with three levels were prepared based on an orthogonal
test scheme L9(34), the bonding properties of maize
starch adhesives combination of factors based on starch
of 10 g, i.e. 125 g of water content, 80 ˚C of gelatinization temperature, 0.10 g of gelatinization agent and
0.03 g of cross-linking agent, were tested and verified
based on the measurement method of the shearing
strength under compression loading .
Physical models of fiber reinforced composites
were established according to the microstructure analysis of the four species of insects’ elytra included Protaetia orentalis, Copris ochus Motschulsky, Anoplophora chinensis and Cytister bengalensis Aube.
The flexural strength of the single layer jute fibers
reinforced maize straw fibers boards and the dual layer
jute fibers reinforced maize straw fibers boards are
higher than the common maize straw fibers boards and
three groups of the jute fibers hybrid reinforced maize
straw fibers boards. Improvement on The flexural
strength of the biomimetic boards were ascribed to the
biomimetic design. The results indicated that the laminated biomimetic structures showed superiority than the

273

hybrid biomimetic structures.
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Modeling of a Bionic Nose Chamber
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Abstract
Choosing a well established gas chamber will benefit to improve the accuracy of the measurement of results for the electronic nose system. This paper is based on the principle of human sense of smell. This was done according to the measurements
of the lateral view of human nose, using AUTOCAD to establish the solid model of human nose and use ANSYS to analyze the
model by the method of finite element to confirm the condition of the airflow in the model. According to the distribution of the
gas velocity vector, the optimal location of the gas sensor array and the structure of the model which is the ideal model of the
electronic nose gas chamber are determined.
Keywords: bionic nose, lateral view, portray, velocity vector

1 Introduction
After several decades of development, electronic
nose research has achieved fruitful results since Persaud
and Dodd from the University of Warwick proposed the
concept of electronic nose[1]. Research and application
have covered the areas of fine chemicals, environmental
monitoring, medical diagnosis, the Public Security Department, the food industry. Various species are being
actively researched and tested especially in the food
industry[2–11].
The hardware of electronic nose is composed of gas
chamber, the sensor array, signal conditioning circuits,
data collection and five computer components. The
geometric structure, volume, the gas flow condition and
the sensor array position of the gas chamber will directly affect the acquisition of the signal. This paper is
based on the principle of the human sense of smell.
According to the process of smell, the first step is to
inhale the air into the nose to form a certain airflow in
the nasal cavity, then the gas can make full contact with
the respiratory mucosa which can make the olfactory
cells excited. So people have access to the scent information capacity. According to this process, we establish the model of the gas chamber following the
structure of human nose by using CAD software at first,
then analyze the model that we have established to
confirm the condition of airflow by the method of finite
element analysis. Then we can determine the optimal
Corresponding author: Dong-hui Chen
E-mail: dhchen@jlu.edu.cn

gas chamber position according to the airflow in the
model. At last, use of the bionic gas chamber can increase accuracy of signal acquisition.

2 Method
2.1 The structure of nose
Nose is mainly composed of the external nose and
nasal cavity:
(1) The external nose includes the nose tip, the
bridge of the nose,dorsum nasi, nosewing.
(2) Nasal cavity includes nasal vestibule and inherent nasal cavity. And the inherent nasal can be divided into four parts.
The inherent nasal cavity include:
(a) The nasal cavity internal wall is composed of
nasal septum.
(b) The structure of nasal cavity external wall is
relatively much more complex. There are three steps
which look like a ladder. The shape of each step is
slightly shell-shaped and they are covered with mucosa.
The three steps are called turbinate. The space between
each steps is called common meatus. There are superior
meatus, middle meatus and inferior meatus.
(c) Top wall of the nasal cavity is very narrow, a
dome-shaped, with the cranial bone before Waterloo
only screen between vertical boards.
(d) The bottom of nasal cavity is called hard palate.
It is separate from oral cavity.
The concrete structures are shown in the Fig. 1.
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in Table 1. From these points we can determine the
concrete size of each part in the profile.
When determining the basic size of every structure,
we use the spline curve control module in the
AUTOCAD software to generate the smooth contours of
the nasal cavity shape, and stretching into entity to establish the model of the electrical nose gas chamber.
Table 1 The coordinates of different parts in the
nasal cavity(mm)

Fig. 1 The lateral view of nose[12].

2.2 Portray the outlines of different structures
We can find that the internal structure of the human
nose is very complex and extremely irregular. So we
selected a general profile, a representative of the vertical
section which contains most of the internal structures
mentioned above. Then we took a photo of this section.
As the structure of human nose is extremely complex and without rules, it is difficult to build an accurate
model. Even if the establishment of the gas chamber is
made, it may not be needed. Therefore, in order to obtain
a relatively accurate size of the structure, we select the
profile of human nose, to imitate the nose, and put the
coordinate paper with 1 mm2 small grid evenly distributed on the photo of the profile of human nose. Then put
the two together on the lamp so that we can clearly see
the curves of the vertical section of the nose on the coordinate paper through the projection, and then portray
the outlines of the different parts of the nose on coordinate paper, so we can obtain the size of internal structure
of the nose. The outlines are shown in Fig. 2.

Fig. 2 The outlines of vertical profile of nose.

According to all the curves of different parts on the
coordinate paper, we can get the key points of every part.
The numerical value of every point coordinate is shown

External
nose

Superior
turbinate

Middle
turbinate

Inferior
turbinate

Bottom
nose

Throat

24,20

46.68

50,45

44,30

24,20

104,45

17,30

58,66

54,52

46,35

36,18

116,42

28,50

56,62

63,55

50,37

50,24

123,30

……

……

……

……

……

46,68

104,45

54,42

45,24

111,13

3 Analysis of the flow of air in the model
3.1 Distinction of the airflow
Import the 2D model that has been drawn in the
AUTOCAD software into Ansys 11.0. Then analyze the
condition of the airflow in the bionic nose model.
Here, we only consider the gas that is in laminar
flow. Only the gas in laminar flow can contact with the
respiratory mucosa. So only that part of gas can make
olfactory cells produce the sense of smell. While the
effect of the gas in the form of turbulence is to make dust
land. They have no effect on producing the sense of
smell.
3.2 Analysis of the airflow
Firstly, we have to determine the finite element unit
in ansys sofware: the shape definition of unit, determine
the boundary conditions, mesh and then imposed
boundary conditions, determine the air velocity and
pressure at the export part. Then make 60 iterations to
solve identified nasal gas distribution of the velocity
vector. The result is shown in Fig. 3.
Through the analysis of the airflow, we get the
distribution of the gas velocity vector. It is shown in
Fig. 4. This distribution verified that the airflow in the
bionic nose is similar as in the human nose. The state is:
when people are breathing in air smoothly, through the
bottom of the nose; through suction force, the air curved
upward, and the district that the air contact with the
olfactory mucosa increased which is conducive to make
the sense of smell[13]. This is because people’s sense
cells are mainly distributed at the superior turbinate[13].
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Abstract
Whereas conservative therapies aim to stall the advance of disease, regenerative medicine strives to reverse it. The capacity
of most tissues to regenerate derives from stem cells, but there are a number of barriers which have to be circumvented before it
will be possible to use stem-cell-based therapies. Such therapies, however, are expected to improve human health enormously,
and knowledge gained from studying stem cells in culture and in model organisms is now laying the groundwork for a new era
of regenerative medicine. One of the most prominent methods to study stem cell differentiation is to let them to form embryoid
bodies. Under favourable conditions any stem cell line will form embryoid bodies. However, the mechanism of the formation of
embryoid bodies is not very well understood, and to produce them in the laboratory is in no way trivial – an important technical
barrier in stem cell research. Recently, the embryoid body cultivation step has been successfully circumvented for the derivation
of osteogenic cultures of embryonic stem cells. Here we report on a simple and reusable system to cultivate embryoid bodies in
extremely short times. The method was inspired by the principles that led to the establishment of the biomimetic triangle.
Keywords: biomimetic triangle, stem cells, embryoid bodies, nanobionics, diamond
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Abstract
This paper reports the adsorption of Bovine Serum Albumin (BSA) onto Dielectric Barrier Discharge (DBD) processed
Poly(methyl methacrylate) (PMMA) surfaces by a Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) technique. The purpose is to study the influence of DBD processing on the nature and scale of BSA adsorption on PMMA surface in
vitro. It was observed that DBD processing improves the surface wettability of PMMA film, a fact attributable to the changes in
surface chemistry and topography. Exposure of the PMMA to Phosphate Buffed Saline (PBS) solution in the QCM-D system
resulted in surface adsorption which reaches an equilibrium after about 30 minutes for pristine PMMA, and 90 minutes for
processed PMMA surface. Subsequent injection of BSA in PBS indicated that the protein is immediately adsorbed onto the
PMMA surface. It was revealed that adsorption behaviour of BSA on pristine PMMA differs from that on processed PMMA
surface. A slower adsorption kinetics was observed for pristine PMMA surface, whilst a quick adsorption kinetics for processed
PMMA. Moreover, the dissipation shift of protein adsorption suggested that BSA forms a more rigid structure on pristine
PMMA surface that on processed surface. These data suggest that changes in wettability and attendant chemical properties and
surface texture of the PMMA surface may play a significant role in BSA adsorption process.
Keywords: in vitro test, protein adsorption, surface modification, polymethylmethacrylate, QCM-D
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Abstract
A review of MEMS technology for biomimetic cilia is presented. In the context of biology, cilia are ubiquitous structures
with dimensions of about 250 nm diameter and lengths from 7 to 50 μm length. There are two types of cilia: motile cilia, which
constantly beat in a single direction, and non-motile cilia, which typically serve as sensory organelles. Biomimetic cilia, enabled
by the advancement in the Micro Electromechanical Systems (MEMS) technology, have been under dynamic development for
the past decades. After a brief description of the background of cilia and MEMS technology, different biomimetic cilia application areas are reviewed. Micromachined polyimide bimorph biomimetic cilia micro-actuator arrays are presented followed by
electro-statically actuated polymer biomimetic cilia micro-actuator and magnetically actuated nanorod arrays biomimetic cilia
micro-actuator. Subsequently micromachined underwater flow sensor is considered. Finally acoustic flow sensor is reviewed.
We describe the fabrication and characterization of these MEMS biomimetic cilia structure's physical properties, and discuss the
results of experiments. The large amount of very recent publications treated in this review indicates the rapidly growing interest
in this exciting application area of MEMS biomimetic cilia.
Keywords: biomimetic cilia, MEMS, micro-actuator, micro-sensor
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Abstract
The human foot is a very complex structure comprising numerous bones, muscles, ligaments and synovial joints. As the
only component in contact with the ground, the foot complex delivers a variety of biomechanical functions during human
locomotion, e.g. body support and propulsion, stability maintenance and impact absorption. These need the human foot to be
rigid and damped to transmit ground reaction forces to the upper body and maintain body stability, and also to be compliant and
resilient to moderate risky impacts and save energy. How does the human foot achieve these apparent conflicting functions? In
this study, we propose a phase-dependent hypothesis for the overall locomotor functions of the human foot complex based on
in-vivo measurements of human natural gait and simulation results of a mathematical foot model. We propse that foot functions
are highly dependent on gait phase, which is a major characteristics of human locomotion. In early stance just after heel strike,
the foot mainly works as a shock absorber by moderating high impacts using the viscouselastic heel pad in both vertical and
horizontal directions. In mid-stance phase (~80% of stance phase), the foot complex can be considered as a springy rocker,
reserving external mechanical work using the foot arch whilst moving ground contact point forward along a curved path to
maintain body stability. In late stance after heel off, the foot complex mainly serves as a force modulator like a gear box,
modulating effective mechanical advantages of ankle plantiflexor muscles using metatarsal-phalangeal joints. A sound understanding of how diverse functions are implemented in a simple foot segment during human locomotion might be useful to gain
insight into the overall foot locomotor functions and hence to facilitate clinical diagnosis, rehabilitation product design and
humanoid robot development.
Keywords: biomechanics, human foot, locomotion, rollover model, shock absorber, spring, phase-dependent
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Blackboard Mechanism Based Ant Colony Theory for Dynamic
Deployment of Mobile Sensor Networks
Guang-ping Qi, Ping Song, Ke-jie Li
School of Aerospace Science and Engineering, Beijing Institute of Technology, Beijing 100081, P. R. China

Abstract
A novel bionic swarm intelligence algorithm, called ant colony algorithm based on a blackboard mechanism, is proposed to
solve the autonomy and dynamic deployment of mobiles sensor networks effectively. A blackboard mechanism is introduced
into the system for making pheromone and completing the algorithm. Every node, which can be looked as an ant, makes one
information zone in its memory for communicating with other nodes and leaves pheromone, which is created by ant itself in
nature. Then ant colony theory is used to find the optimization scheme for path planning and deployment of mobile Wireless
Sensor Network (WSN). We test the algorithm in a dynamic and unconfigurable environment. The results indicate that the
algorithm can reduce the power consumption by 13% averagely, enhance the efficiency of path planning and deployment of
mobile WSN by 15% averagely.
Keywords: ant colony algorithm, wireless sensor network, blackboard mechanism, bionic swarm intelligence algorithm
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Multi-Scale Compliant Foot Designs and Fabrication for Use with
a Spider-Inspired Climbing Robot
Dan Sameoto, Yasong Li, Carlo Menon
MENRVA Group, School of Engineering Science, Simon Fraser University,
Burnaby BC V5A 1S6, Canada

Abstract
Climbing robots are of potential use for surveillance, inspection and exploration in different environments. In particular,
the use of climbing robots for space exploration can allow scientists to explore environments too challenging for traditional
wheeled designs. To adhere to surfaces, biomimetic dry adhesives based on gecko feet have been proposed. These biomimetic
dry adhesives work by using multi-scale compliant mechanisms to make intimate contact with different surfaces and adhere by
using Van der Waals forces. Fabrication of these adhesives has frequently been challenging however, due to the difficulty in
combining macro, micro and nanoscale compliance. We present an all polymer foot design for use with a hexapod climbing
robot and a fabrication method to improve reliability and yield. A high strength, low-modulus silicone, TC-5005, is used to form
the foot base and microscale fibres in one piece by using a two part mold. A macroscale foot design is produced using a 3D
printer to produce a base mold, while lithographic definition of microscale fibres in a thick photoresist forms the ‘hairs’ of the
polymer foot. The adhesion of the silicone fibres by themselves or attached to the macro foot is examined to determine best
strategies for placement and removal of feet to maximize adhesion. Results demonstrate the successful integration of micro and
macro compliant feet for use in climbing on a variety of surfaces.
Keywords: biomimetics, dry adhesive, gecko, climbing robot, MEMS, silicone
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Encircled Fibers in Dorbeetle Cuticle and Biomimetic Fabrication
Bin Chen, Xiang-he Peng, Jing-hong Fan, Shi-tao Sun
Department of Engineering Mechanics, College of Resource and Environment Science,
Chongqing University, Chongqing 400044, P. R. China

Abstract
Insect cuticle possesses excellent mechanical properties, such as high strength, stiffness and fracture toughness, which are
closely related to its elaborate microstructures optimized through millions of years’ evolution. Scanning electron microscope
(SEM) observation on a Dorbeetle cuticle showed that the cuticle is a kind of fiber-reinforced biocomposite composed of chitin-fiber layers and sclerotized protein matrix. The chitin-fiber layers are parallel with the surface of the cuticle and compose a
kind of interlaced microstructures. The observation also showed that there is a kind of the encircled-foramen distribution of the
fibers in the cuticle, which is quite different from that in man-made holed composites. Based on the SEM observation, a kind of
biomimetic molded-hole composite specimens was fabricated, the ultimate strength of which was experimentally investigated
and compared with that of conventional drilled-hole composite specimens. It showed that the ultimate strength of the
molded-hole composite specimens is distinctly larger than that of the drilled-hole composite specimens, and that the difference
increases as the diameter of the hole increases. The advantage of the molded-hole composite specimens compared to drilled-hole
ones was comparatively analyzed based on their representative models lastly.
Keywords: dorbeetle cuticle; microstructures; encircled-hole distribution; biomimetics; ultimate strength
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Segmental Kinematic Coupling of the Human Spinal Column
During Locomotion
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1. Key Laboratory for Terrain-machine Bionics Engineering (Ministry of Education, China), Jilin University,
Changchun, 130022, P. R. China
2. School of Physical Science and Engineering, King's College of London, University of London, Strand,
London WC2R 2LS, UK
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Abstract
As one of the most important daily motor activities, human locomotion has been investigated intensively in recent decades.
The locomotor functions and mechanics of human lower limbs have become relatively well understood. However, so far, our
understanding of the motions and functional contributions of the human spine during locomotion is still very poor. Simultaneous
in-vivo limb and spinal column motion data are scarce. The objective of this study is to investigate the delicate in-vivo kinematic
coupling between different functional regions of the human spinal column during locomotion as a stepping stone to explore the
locomotor function of the human spine complex. A novel infrared reflective marker cluster system has been constructed using
stereophotogrammetry techniques to record the 3D in-vivo geometric shape of the spinal column and the segmental position and
orientation of each functional spinal region simultaneously. Gait measurements of normal walking have been conducted. Some
preliminary results show that the spinal column shape changes periodically in the frontal plane during locomotion. The segmental motions of different spinal functional regions appear to be strongly coupled, indicating some synergistic strategy may be
employed by the human spinal column to facilitate locomotion. In contrast to traditional medical imaging-based methods, the
proposed technique can be used to investigate the dynamic characteristics of the spinal column, and hence provide more insight
into the functional biomechanics of the human spine..
Keywords: biomechanics, spinal column, human locomotion, in-vivo segmental kinematics, motion analysis, stereophotogrammetry, kinematic coupling
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