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Biological systems found in nature have inspired the study
and design of engineering systems and modern technology.
For instance, some species of geckos have a unique ability
to quickly adhere to smooth vertical surfaces without the
use of liquids or surface tension. The biomimetic gecko
adhesive mechanism has influenced engineers to design
and build adhesive platforms aimed at achieving robust
and efficiently scaled adhesion for climbing on inverted
surfaces with extreme topographical features. Similarly,
sandcastle worms use a unique complex coacervate to glue
together sand granules on the ocean floor whereas marine
mussel adhesion is less specific and certainly more oppor-
tunistic than typical ligand-receptor interactions in protein
adhesion. Adhesion in such marine organism is notewor-
thy due to its ability to overcome moisture and its ability
to realize strong and reliable adhesion under water that
most fabricated adhesives are lacking. Nature has developed
surprisingly varied and, at times, rather ingenious lubrication
strategies for controlling and regulating the interaction
forces, friction, and wear at sheared interfaces; for example,
the superlubricity and wear protection properties conferred
by the complex synergy between the various proteins,
polysaccharides, and lipids in the synovial fluid between
articular joints in animals are rather startling. In this
special issue, authors have discussed biomimicry techniques
and ideas to engineer materials for imprinting technology,
antibacterial surfaces, drag mitigating interfaces, impact-

resistant materials, and load bearing composites. Mathemat-
ical models have been used to explain the physics of the
superior properties of the biomimetic materials. The practi-
cal use of the published research has been demonstrated by
prototypes that mimic biological organisms.

Saurabh Das
B. Kollbe Ahn

Nadine R. Martinez-Rodriguez

Hindawi
Applied Bionics and Biomechanics
Volume 2018, Article ID 6103537, 1 page
https://doi.org/10.1155/2018/6103537

http://orcid.org/0000-0003-1185-9366
https://doi.org/10.1155/2018/6103537


Research Article
Research on Biomimetic Models and
Nanomechanical Behaviour of Membranous Wings of
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The structures combining the veins and membranes of membranous wings of the Chinese bee Apis cerana cerana Fabricius into a
whole have excellent load-resisting capacity. The membranous wings of Chinese bees were taken as research objects and the
mechanical properties of a biomimetic model of membranous wings as targets. In order to understand and learn from the
biosystem and then make technical innovation, the membranous wings of Chinese bees were simulated and analysed with
reverse engineering and finite element method. The deformations and stress states of the finite element model of membranous
wings were researched under the concentrated force, uniform load, and torque. It was found that the whole model deforms
evenly and there are no unusual deformations arising. The displacements and deformations are small and transform uniformly.
It was indicated that the veins and membranes combine well into a whole to transmit loads effectively, which illustrates the
membranous wings of Chinese bees having excellent integral mechanical behaviour and structure stiffness. The realization of
structure models of the membranous wings of Chinese bees and analysis of the relativity of structures and performances or
functions will provide an inspiration for designing biomimetic thin-film materials with superior load-bearing capacity.

1. Introduction

Insects have developed their flight capacities of individual
character during the long process of nature selection. The
membranous wings of an insect are organs for flight behav-
iour, the weight of which is only 1-2% of its whole weight
[1, 2]. The lifting force produced by insect membranous
wings is about ten times higher than that of airfoil with the
same area. Insects are magnificent in flight, and the flying
behaviours include flapping flight, glide, hover, changing fly-
ing directions rapidly, and flight backward [3].

The research on biological membrane has attracted wide-
spread attention due to insect membranous wings with spe-
cific structures and superior performances. The biological

membrane is a new field formed in the research of interna-
tional high-tech materials in the 1990s. The research on bio-
logical membrane is very active in developed countries such
as America, Japan, and Germany; moreover, it is of great
importance in reforming traditional industries, for example,
agriculture, building material, aviation, spaceflight, military
industry, automobile, and cutting tool [4–6]. The biomimetic
composite membrane has a very broad market prospect and
important strategic significance, can be used on the airfoil
of micro aerial vehicle and the bionic coating of military
equipment, and can also be used as environmental protection
material to replace harmful plastic products, for example,
agricultural film [7]. The research on biological membrane
has important meaning on bionics to biomimetic composite
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membrane and has extensive application prospect on the
fields of information technology, biotechnology, and new
energy technology.

The research imitating insect membranous wings has
been a hotspot at home and abroad. The model design imitat-
ing insect membranous wings has practical significance. The
insect species is more and the forms of membranous wings
are complicated and varied, which provides abundant natural
sources for the research on biomimetic thin-film materials
and biomimetic 2-dimensional composite materials [8, 9].
There are many factors affecting the model imitating insect
membranous wings, such as the material property of veins
and membranes, distribution and quantity of veins, and
appearance of membranous wings [10–12]. The materials
that are alike to insect membranous wings are less, so the
appearance of membranous wings and distribution of veins
are excellent reference for the biomimetic research before
ideal materials can be found.

2. Materials and Methods

2.1. Sample Preparation and Test Equipment. Living Chinese
bees, Apis cerana cerana Fabricius (Hymenoptera, Aculeata,
Apoidea, Apidae), were gathered. The Chinese bees were
anaesthetized, and then their membranous wings were cut
off their bodies within 12 hours so that the in vivo structures
can be reserved. The membranous wings were cleaned with
distilled water and then were air-dried. The right forewings
of Chinese bees were selected as research objects, because
the right forewings with large areas are the main wings
to bear loads in flight and have representativeness. The
mass and morphological parameters of Chinese bees were
measured by an electronic analytical balance (FA2004), a
stereomicroscope (SZX12), and its image analysis system
(OLYCIA™ M3). Figure 1 shows a stereoscopy photograph
of the right forewing of the Chinese bee Apis cerana cerana
Fabricius. Five Chinese bees were chosen randomly, and their
morphological parameters were surveyed, and then the mean
value was taken as the result. The mass m=94.38mg=
9.438× 10−5 kg. Length of the right forewing a=8.6mm,
and width of the right forewing b=2.8mm. The area of the
right forewing A=13.2mm2.

In order to avoid the influence of reflectivity, color, and
curvature difference of the membranous wings on point
cloud data collection, the dye penetrant imaging agent
DPT-5 was used to deal with the membranous wings. Issues
such as the fixing of the membranous wings, the spraying
distance, and the uniformity of the coating should be paid
attention to in spraying. Make sure that the coating is as
thin and uniform as possible to diminish the effects of the
spray to the results due to the membranous wings forming
freeform surfaces [13–15].

A 3D laser-scanning system (LSV50) developed by 3D
Family Technology Co. Ltd. was adopted. The surfaces of
membranous wings of Chinese bees were scanned many
times. The point cloud data were obtained by adjusting
the scanning step and altering the measuring angle and
position. The point cloud data are the base of the model

reconstruction, processing manufacturing, analog simula-
tion, and feature analysis.

2.2. Setting Up of Structure Models of Membranous Wings of
the Chinese Bee. The membranous wings of the Chinese bees
dealt with DPT-5 were scanned by 3D laser-scanning system
and were kept parallel to the scanning plane throughout the
whole scanning process. The point cloud data were obtained,
which inevitably introduces data error especially near sharp
edges and the boundaries. The defective points of the point
cloud data may cause the surface formed to deviate from
the original surface; thus, the model reconstructed will be
influenced. The jump points would come into being due to
the change of calibration parameters of measuring equip-
ment and the abrupt change of the measurement environ-
ment. The defective points and jump points have a great
influence on the smoothness of curves in surface modeling.
The sample holder and backing plate would also be scanned
unavoidably in scanning, so first of all, the data unrelated to
the research should be deleted during data processing.

The quality of point cloud data would become bad
because of the interference by various noise. The point cloud
data should be smoothed in order to eliminate or reduce the
effects of noise, that is to say, let low-frequency data pass
through and high-frequency noise are intercepted. The
quality of a 3-dimensional model reestablished would be
enhanced by data smoothing [16].

The information supplied by the parameters should
remain constant, adopting a smoothing method. If the
smoothness of data points of infinite nodes is considered,
the offset function Pn smoothed can be computed with
linear superposition of the offset function Pv as follows.

Pv   v =… , − 1, 0, 1,… ,

Pn = 〠
+∞

v=−∞
PvLn−v,

1

where Pv is the offset function, Pn is the offset function
smoothed, and Lv is the weighting factor and pair series,
namely, L−v = Lv.

The data Pn is smoother than Pv ; that is, the fluctu-
ation of new data does not exceed that of the original data.
The data disposed is not only smoother than before but also
the deviation could not be too large.

Using reverse-engineering software, ImageWare, the
point cloud data of the membranous wings of the Chinese

Figure 1: Stereoscopy photograph of the right forewing of a
Chinese bee.
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bees were smoothed with Gaussian filter. The weight in the
specified domain of the Gaussian filter is Gaussian distribu-
tion. The average effect of the Gaussian filter is small, and
the topography of the original data can be maintained well.

A large number of point cloud data would come into
being when scanning the membranous wings of Chinese
bees with the 3D laser-scanning system. High-density point
cloud data contain massive redundant data. If the models
are created with the point cloud data directly, a lot of time
is needed to store and dispose the data and the whole process
is uncontrollable. The point cloud data should be simplified
before modeling.

The chord deviation sampling was used to reduce the
point cloud data of the membranous wings of Chinese bees.
The sampling of the scanning data is carried out by two
parameters, the maximum deviation and maximum space
in the chord deviation sampling. The maximum chord
length was set, and points exceeding the extent would be
deleted. The chord length between each point sampled and
its adjacent points is within maximum deviation, and the
space among points reserved is no more than the maximum
space. In the chord deviation sampling, the characteristic
points of surfaces reformed can be held well by identifying
the curvature changes of data points so that the feature
points and boundary points in the high curvature-variation
region are persisted.

In reverse engineering, a common method for model
reconstruction is to fit the point cloud data into spline
curves with interpolation or approximation and the sur-
faces are accomplished with modeling tools such as sweep,
blend, laying off curve, and four-side surface, and then the
whole model can be gained by extension, clipping, and
transition [17].

The models of Bezier, B-Spline, and NURBS have been
used widely in CAD/CAM systems. For complex curves,
Bezier and B-Spline are fit to deal with flat data, but NURBS
can dispose of uneven data well [18–20]. The NURBS model
was adopted to reconstruct the 3-dimensional geometric
models of the membranous wings of Chinese bees.

The equation of NURBS curves can be shown as follows.

C u =
〠n

i=0Ni,p u ωiPi

〠n
i=0Ni,p u ωi

= 〠
n

i=0
Ri,p u Pi, 2

Ri,p u =
Ni,p u ωi

〠n
j=0Ni,p u ωi

, 3

where Pi is the control point; Ni,p(u) is the B-Spline basis
function of p order, ωi is the weighted value, and u is the
parameter value.

The 1-dimensional parameters are extended to 2-
dimensional, and then the NURBS surfaces can be
obtained, namely,

S u, v =
〠m

i=0〠
n
j=0Ni,p u N j,q v ωijPij

〠m
r=0〠

n
k=0Nr,p u Nk,q v ωrk

= 〠
m

i=0
〠
n

j=0
Ri,p;j,q u, v Pij,

4

Ri,p;j,q u, v =
Ni,p u N j,q v ωij

〠m
r=0〠

n
k=0Nr,p u Nk,q v ωrk

, 5

where Pij is the control point of the surface and Ri,p;j,q u, v is
the basis function of the NURBS surface.

According to the appearance characters of membranous
wings of Chinese bees, the boundary curves were extracted
from the point cloud data by the order Circle-Select Points,
and then the 3-dimensional geometry model was rebuilt with
the boundary curves and the rest of the point cloud data. The
control points were added to the smoothed curves. The close
degree to the real curves is good with more control points,
and the curves would be smooth with less control points.
Because the directions of curves are different and the distri-
butions of control points are inhomogeneous, distortion,
deformation, and reductus would come into being if the
curves are used to form the surfaces directly. The boundary
curves extracted should be close to the real boundaries of
membranous wings of Chinese bees by means of adjusting
the directions of curves, controlling the control points, add-
ing or deleting nodes, smoothing curves, and reparametriza-
tion. The complete boundary curves were constructed by
connecting the boundary curves adjusted together with the
order Match 2 Curves. The model of the membranous wings
of Chinese bees was accomplished with the boundary curves
and the mixed point cloud data, as shown in Figure 2.

The morphological characters and main distribution of
veins of membranous wings of Chinese bees were reproduced
accurately by the structure model, which would provide a
base for the setup of an exact finite element model.

2.3. Setup of Finite Element Model. The finite element soft-
ware ANSYS does not specify a system unit for the analyt-
ical results. In structural analysis, any a self-contained unit
system can be used according to the relevant parameters of
different objects. A self-contained unit system is one in which
the unit dimensions can be deduced from each other; that is,
the data unit’s input belongs to the same unit system in use
[21]. All of the units relate to length and force, so other
dimensions can be deduced from length, force, and time.
Taking the smallness of membranous wings of Chinese bees
into account, set length unit mm, force unit kN, mass unit
kg, and time unit ms.

The veins of Chinese bees are hollow and their cross sec-
tions are approximately circular which were surveyed with a
transmission electron microscopy (JEM-1200EX) made in
Japan. The veins are formed of tracheas thickening, acting
as the frame to sustain membranous wings, and the annular
veins have better flexibility. The parameters of veins and

Figure 2: Structure model of the right forewing of a Chinese bee.

3Applied Bionics and Biomechanics



membranes were gained. The parameters of veins applied in
finite element models were divided into two classes approxi-
mately: the external diameter of the first class veins is
R1 = 130μm=0.13mm and the wall thickness h1 =
30μm=0.03mm; the second class is R2 = 60μm=0.06mm
and the wall thickness h2 = 15μm=0.015mm. The thickness
of membranes is h=1.5μm=0.0015mm.

The material properties were obtained by a nanomechan-
ical testing system, alias the nanoindenter (TriboIndenter)
produced by Hysitron company, USA [22–25]. The maxi-
mum and minimum indenting forces used for tests were
30mN and 100 nN, respectively; the load resolution is less
than 1nN and the step size of lengthway displacement is
13 nm. A Berkovich tip was used for determining the nano-
mechanical parameters of the wings. This kind of tip is often
applied as a standard tip for nanoindentation tests.

A force–displacement curve can be obtained in real time
and is shown in Figure 3 during the course of examining
the nanomechanical parameters of the material with the
nanoindenter. The nanohardness, the elastic modulus, the
friction coefficient, the fracture stiffness, and the wear can
be determined according to the force–displacement curve.
The material properties include the elastic modulus of
veins E1 = 1.12GPa = 1.12× 103MPa= 1.12× 103N/mm2=
1.12 kN/mm2, the elastic modulus of membranes E2 =
1.5GPa= 1.5 kN/mm2, and Poisson’s ratio υ=0.25.

It is difficult to set up accurate 3-dimensional finite
element models, because the cross-section corrugation is
very small relative to the area of membranous wings of
Chinese bees and the measuring accuracy of experimental
instruments is very limited. The distributions and structure
features of the veins and membranes of membranous wings
of Chinese bees are researched emphatically, so establishing
2-dimensional finite element models are enough.

The structure model of membranous wings of Chinese
bees made with ImageWare was imported into AutoCAD.
The veins were drawn according to the geometric character-
istics and distributions of veins of membranous wings of
Chinese bees, as shown in Figure 4.

The veins of membranous wings of Chinese bees were
turned into surfaces and then imported into ANSYS. The
membranes were added on the model. Due to characteris-
tic parameters of membranous wings of Chinese bees, the
element type, material property, real constant, and ele-
ment attribute of membranous wings were defined and
the complete finite element model was produced, as shown
in Figure 5.

The finite element model of membranous wings of
Chinese bees was meshed. The finite element model can be
divided into quadrilateral meshes or triangular meshes, and
computational accuracy of quadrilateral meshes is higher
than triangular meshes, so the quadrilateral meshes were
adopted. The dimensions of meshes were set and local
meshes refined. Figure 6 shows the finite element model
meshed, and different colors show different element normals.

3. Results and Discussion

The flight mode of Chinese bees is flapping wing flight. The
membranous wings of Chinese bees bear various loads in
flight but fit well and fly steadily, and the damage or deforma-
tion is slight. Aiming at the flight characteristics of membra-
nous wings of Chinese bees, several essential stress states
were simplified. The deformations and stress states of the
finite element model were researched under the concentrated
force, uniform load, and torque.

3.1. Nanomechanical Behaviour under Concentrated Force.
The concentrated force was imposed on the finite element
model of membranous wings of Chinese bees. The base of
the finite element model was fixed, and the concentrated
force was exerted on the rightmost node. The concentrated

115

110
90
80
70
60
50
40Fo

rc
e (

�휇
N

)

30
20
10

−10
−1 20 40 60 80 100

Displacement (nm)
120 140 160 180 200 214

0

Figure 3: The force–displacement curve.

Figure 4: Vein distribution of the right forewing of a Chinese bee.

Figure 6: Finite element model meshed, and different colors show
different element normals.

Figure 5: Finite element model of the right forewing of a
Chinese bee.
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force is the ratio of gravity of the Chinese bee to areas of
its all-membranous wings. The areas of forewings of the Chi-
nese bee are larger than those of hindwings, and the ratio is
about 3 to 2. The average mass of Chinese bees is about
94.38mg measured by the electronic analytical balance
above. The concentrated force born by the right forewing
should be three tenths of the gravity of the Chinese bee,
namely, 2.83× 10−7 kN.

In order to observe clearly, the displacements of finite
element models were magnified 200 times, and the rotation
angles and stresses distributions remained unchanged.
Figure 7 shows the nanomechanical behaviours of finite ele-
ment models of membranous wings of Chinese bees under
concentrated force. The deformations of finite element
models increase from the basal part to the end gradually.
The maximum structural deformations appear on the end

MN

0 27.722 55.445 83.167 110.89 138.612 166.334 194.057 221.779 249.502
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(a)
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MN
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(c)

Figure 7: Nanomechanical behaviours of the finite element model of the right forewing of a Chinese bee under concentrated force: (a)
displacements; (b) rotation angles; (c) stresses.
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of the models. The maximal displacement is 1.25mm and
maximal rotation angle 0.226 rad, which illustrates the defor-
mations of membranous wings of Chinese bees being large in
flight. The large deformations are mainly because there are
less veins and more membranes on the membranous wings
of Chinese bees and the stiffness of membranes is far less than
that of the veins. It is shown that the whole model deforms
evenly, and the parts deforming abnormally do not appear.

It is indicated that the veins and membranes combine well
into a whole to transmit loads effectively and the capacity
of bearing load and resisting deformation of the membra-
nous wings is increased. The stresses of finite element
models decrease uniformly similar to displacements and
rotation angles. The maximal stress appears on the top
of the basal part and the minimal stress on the upper edge
of the middle part.

MN

0 36.382 54.573 72.765 90.956 109.147 127.338 145.529 163.7218.191
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Figure 8: Nanomechanical behaviours of the finite element model of the right forewing of a Chinese bee under uniform load exerted on the
anterior longitudinal vein: (a) displacements; (b) rotation angles; (c) stresses.
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3.2. Nanomechanical Behaviour under Uniform Load. The
uniform load is one of the most important loads borne by
insect membranous wings in flight. The uniform loads were
exerted on the main veins and the whole membranous wings
of Chinese bees, and the deformations and stress states of the
finite element model were investigated.

The concentrated force borne by the right forewings
of Chinese bees was scattered on the principal anterior
longitudinal vein homogeneously. The uniform load is the
ratio of concentrated force to the length of right forewing
and is imposed on the finite element model vertically.

The concentrated force borne by the right forewing is
2.83× 10−7 kN calculated above and the mean length of the
right forewing is about 8.6mm surveyed with the image anal-
ysis system above, so the uniform load is 3.3× 10−8GPa.
Figure 8 shows the nanomechanical behaviours of finite ele-
ment models of membranous wings of Chinese bees under
uniform load exerted on the anterior longitudinal vein. It is
illustrated that the changing trends of displacements and
rotation angles under uniform load are similar to those under
concentrated force but stress distributions are different
obviously. The displacements are smaller than those under

0 10.841 21.681 32.522 43.362 54.203 65.043 75.884 86.724 97.565

MX

MN

(a)

0.0765270.0680240.0585210.0510180.0425150.0340120.0255090.0170060.0085030
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Figure 9: Nanomechanical behaviours of the finite element model of the right forewing of a Chinese bee under uniform load exerted on the
whole membranous wings: (a) displacements; (b) rotation angles; (c) stresses.
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concentrated force. Due to the uniform load exerted on
the principal anterior longitudinal vein, the rotation angles
on the upper edge of the finite element model are greater
than those on the lower edge and the maximal rotation
angle is smaller than that under concentrated force. The
stresses are mainly focused on the basal part of the finite
element model and small on the rest.

The uniform loads were imposed on the whole membra-
nous wings of Chinese bees perpendicularly, and the magni-
tude is the ratio of concentrated force borne by the right
forewing to its area. The average area of the right forewing
is about 13.2mm2 tested with the image analysis system
above, so the uniform load computed is 2.14× 10−8GPa.
The restraint was exerted on the basal part of the finite

element model. Figure 9 shows the nanomechanical behav-
iours of finite element models of membranous wings of
Chinese bees under uniform load exerted on the whole
membranous wings. It is shown that the changing trends
are alike to those under uniform load exerted on the ante-
rior longitudinal vein, but the displacements and stresses
are both reduced. The stresses are still mainly focused on
the basal part of the finite element model and distribute
on the whole membranous wings uniformly.

3.3. Nanomechanical Behaviour under Torque. A pair of
loads whose magnitudes are equal and directions contrary
was exerted on the leading edge and trailing edge of finite
element models of membranous wings of Chinese bees

0 7.656 15.313 22.969 30.626 38.282 45.938 53.595 61.251 68.907

MN

MX

(a)

0 0.012066 0.024131 0.036197 0.048262 0.060328 0.072394 0.084459 0.096525 0.10859

MX
MN

(b)

0.181E − 06 0.640E − 05 0.126E − 04 0.188E − 04 0.251E − 04 0.313E − 04 0.375E − 04 0.437E − 04 0.500E − 04 0.562E − 04

MX
MN

(c)

Figure 10: Nanomechanical behaviours of the finite element model of the right forewing of a Chinese bee under torque: (a) displacements; (b)
rotation angles; (c) stresses.
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vertically. The magnitude is 2.14× 10−8GPa equal to the uni-
form load exerted on the whole membranous wings above.
The displacement constraint was exerted on the basal part
of the finite element model, the model was fixed, and then a
pair of loads was imposed. Figure 10 shows the nanomechan-
ical behaviours of finite element models of membranous
wings of Chinese bees under torque. It is shown that only
overall deformation of the model occurred under torque
and the magnitude is far less than that under uniform load
exerted on the whole membranous wings. It is illustrated
that the model deviates upward from the initial position
and the maximal displacement is 0.34mm appearing on
the end of the finite element model. Under the same loads,
the large deformations are primarily due to only less and
slender veins distributing on the trailing edge of membra-
nous wings of Chinese bees. It is illustrated that rotation
angles of finite element models increase from the basal part
to the end little by little. On the same cross section, the
deformations on middle parts are less than those on the
leading edge and trailing edge, and the maximal rotation
angle is 0.11 rad. There are no unusual deformations arising,
and the deformations are small and transform uniformly,
which once again testifies to the membranous wings of
Chinese bees having fine global mechanical behaviour and
structure stiffness.

It is indicated that the stress distributions of finite ele-
ment models under torque are unlike those under concen-
trated force or uniform load. The greater stresses do not
focus on the basal part of the finite element model totally
and decrease from the basal part to the middle part gradually.
The smaller stresses concentrate on the middle and posterior
parts, and the maximal stress is 0.56× 10−4 GPa arising on
the basal part of the finite element model. On the same cross
section, the stresses on the leading edge are larger than those
on the trailing edge, which is due to the strong veins with
great rigidity, and small deformation can bring large stresses
under the same loads.

4. Conclusions

The surfaces of membranous wings of Chinese bees were
scanned with a 3D laser-scanning system, and the systematic
point cloud data were obtained. The defective points and data
unrelated to research were deleted, and then the point cloud
data were smoothed and simplified with reverse engineering.
The 3-dimensional geometry model was rebuilt according to
the appearance characters of membranous wings of Chinese
bees. The deformations and stress states of the finite ele-
ment model of membranous wings of Chinese bees were
researched under the concentrated force, uniform load, and
torque. The deformations of finite element models increase
from the basal part to the end gradually and the maximum
structural deformations appear on the end of models under
concentrated force. The stresses decrease uniformly similar
to displacements and rotation angles, and the maximal stress
appears on the top of the basal part and minimal stress on the
upper edge of the middle part. The displacements and
stresses under uniform load exerted on the anterior longitu-
dinal vein are smaller than those under concentrated force.

The stresses are mainly focused on the basal parts of models
and small on the rest. The changing trends under uniform
load exerted on the whole membranous wings are alike to
those under uniform load exerted on the anterior longitudi-
nal vein, but the displacements and stresses are both reduced.
The large displacement appears on the end of models under
torque. The rotation angles increase from the basal part to
the end little by little, and on the same cross section, the
deformations on the middle part are less than those on the
leading edge and trailing edge. The greater stresses decrease
from the basal part to the middle part gradually, and the
smaller stresses concentrate on the middle and posterior
parts. It is indicated that the veins and membranes combine
well into a whole, and the deformations are small and trans-
form uniformly, which illustrates the membranous wings of
Chinese bees having excellent mechanical behaviour and
structure stiffness.
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A highly efficient soil-burrowing dung beetle possesses an intricate outer contour curve on its foreleg end-tooth. This study
was carried out based on evidence that this special outer contour curve has the potential of reducing soil penetration
resistance and could enhance soil-burrowing efficiency. A toothed wheel is a typical agricultural implement for soil
imprinting, to increase its working efficiency; the approach of the bionic geometrical structure was utilized to optimize the
innovative shape of imprinting toothed wheel. Characteristics in the dung beetle’s foreleg end-tooth were extracted and
studied by the edge detection technique. Then, this special outer contour curve was modeled by a nine-order polynomial
function and used for the innovative design of imprinting the tooth’s cutting edge. Both the conventional and bionic teeth
were manufactured, and traction tests in a soil bin were conducted. Taking required draft force and volume of imprinted
microbasin as the evaluating indexes, operating efficiency and quality of different toothed wheels were compared and
investigated. Results indicate that compared with the conventional toothed wheel, a bionic toothed wheel possesses a better
forward resistance reduction property against soil and, meanwhile, can enhance the quality of soil imprinting by increasing
the volume of the created micro-basin.

1. Introduction

Arable farming land in semiarid environments is hampered
by low and erratic rainfall. To use these lands effectively,
techniques such as water harvesting (which may improve soil
water storage and increase agricultural productivity) were
developed [1–5]. “In situ” system is one of the simplest and
cheapest rainwater harvesting approaches that has been prac-
ticed in many different farming systems. This technique
involves the increase of the amount of water stored in the soil
profile by trapping or holding the rainwater where it falls,
then causing the captured water to sink rapidly into the root
zone through the physics of soil and water hydrology. [6].
Soil imprinting is one approach of such “in situ” system

[7]; it is an operation whereby numerous geometrically
ordered surface depressions are formed by modifying soil
surface microtopography to collect and hold water in place
during rainfall and allowing it to infiltrate the soil [8]. Conse-
quently, water runoff is reduced, erosion is mitigated, and the
water infiltration rate is increased. Hence, the approach of
soil imprinting represents one of the most effective means
of controlling both runoff and soil erosion [1–3, 9, 10]. As
shown in Figure 1, the toothed wheel as a typical apparatus
was used for soil imprinting, having a series of peripheral
tooth circumscribing rolling wheel [11]. When this device is
hauled and rolled across the soil surface, the soil flow around
the tooth creates a lattice of consolidated discrete small
depressions. Accordingly, the farming land was imprinted
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to the desired form to increase soil surface area in contact
with water and is restructured, increasing the soil surface area
by 30% on average. [5].

The efficiency of soil imprinting is measured by the qual-
ity of the imprinted microbasin, as well as the toothed wheel’s
forward resistance against soil. On the one hand, to ensure
applicability, workability, and effectiveness of soil imprint-
ing, depression shape and capacity should be adapted to
ensure the satisfactory volume to achieve superior runoff col-
lecting performance (Figure 2) [12]. On the other hand, as in
any type of soil tillage operation, soil imprinting is energy
consuming so effective energy-saving techniques for a
toothed wheel design should be researched. Due to the rapid
increase in fuel cost, the reduction of the energy consump-
tion due to the tillage resistance is a necessity [13, 14].

Improving the shape design of a soil-engaging tool is one
effective method for reducing operating resistance while
increasing working quality [15]. The procedure of soil
imprinting by a rotary toothed wheel involves soil shearing
and compression at the tooth cutting edge; hence, the shape
of the tooth can significantly affect the performance of soil
penetrating and profiling of the microbasin, which in turn
affects the quality of soil imprinting [16]. Therefore, a
toothed wheel with different geometries should be intro-
duced and attempts should be made to improve operating
efficiency of soil imprinting.

For some 2.5 billion years on this planet, nature has been
solving the problem of survival and has developed systems
for success. It is an increasingly prosperous and promising
approach to try to mimic nature’s ways of meeting needs
and solving problems. Historically, when pressed with an
engineering problem, scientists and engineers would often
fail to draw guidance and inspiration from the natural world
[17]. The emerging science of “biomimicry” is offering new
hope for solving old problems.

Soil-engaging tool designs based on geometrical struc-
tures of soil-burrowing animals were found to have the dis-
tinguished performance of low forward resistance against
soil [18], and it was proved that the bionic designs imitating
the geometrical features of the soil insect’s digging limbs had
remarkable effects on the performance of soil-engaging tools
[19–22]. Hence, some characteristics of soil insects that have
highly efficient soil-digging abilities have been carried out by
researchers and have shown to successfully improve the
working efficiency of soil-engaging components [23, 24].

A dung beetle (Copris ochus Motschulsky) is a special
soil-burrowing animal, which can dig holes in hard and com-
pacted soil at a high speed. The two forelegs of the dung bee-
tle are fossorial ones with the special geometrical feature,
offering a very stout-burrowing function to soil [25].

Through careful observation, it was found that when the
dung beetle walks or burrows, the end-tooth of its foreleg
interacts with soil continuously and directly. The end-tooth
by which the dung beetle uses in cutting and digging of the
soil has been improved and optimized through million years
of evolution and adaptation, evolving a special outer contour
curve structure. Therefore, a novel approach of the bionic
geometrical structure was inspired for the design of an
imprinting toothed wheel.

A bionically geometrical structure possesses enormous
potential value for solving the problem of soil cutting and
shearing resistance [26, 27]. Reverse engineering is a very
useful tool for quantitatively revealing the biologically geo-
metrical characteristics, which can bridge and transfer bio-
logical solutions to engineering techniques. The procedure
of reverse engineering in bionics can be summarized as fol-
lows: an animal scan model was obtained, point clouds were
gathered and processed, and CAD model and manufacture
experimental prototype were reconstructed. Of all the steps
in these procedures, quantitative analysis of the animal limb
is the first step and groundwork. Effective reverse engineer-
ing operation can be realized if biological structure configu-
rations were obtained efficiently and accurately. However,
the difficulty is that the geometrical structure of a dung bee-
tle’s foreleg end-tooth is tiny and intricate. It is extremely dif-
ficult to survey and analyze the end-tooth outer margin’s
curve by traditional reverse engineering methods [19, 28].
Yet it was found that edge detection could be determined
by a novel technique, which has been widely studied in recent
years. Edge detection is a basic and important subject in com-
puter vision and digital image processing [29], which can be
used in segmentation, feature extraction, or identification of
objects in a scene [30]. The essential process of edge detection
is locating sharp discontinuities in an image, which originate
from different scene features such as discontinuities in depth,
discontinuities in surface orientation, and changes in mate-
rial properties and variations in scene illumination [31].
Hence, based on previous studies [32], this edge detection
technique was used to detect the outer edge of a dung beetle
foreleg end-tooth capturing the two-dimensional point cloud
of outer margin which is based on MATLAB software.

In this paper, geometric characteristics existing in a dung
beetle’s foreleg end-tooth was studied and its geometrical
essence was abstracted. Based on a MATLAB software plat-
form, edge detection in digital image processing technology
was used to detect and capture the dung beetle’s foreleg
end-tooth outer margin two-dimensional point cloud. The
outer margin two-dimensional point cloud was fitted by a
nine-order polynomial function. Then, the special function
curve was applied to the novel design cutting edge on a
toothed wheel. Afterwards, the conventional and bionic
imprinting toothed wheel was manufactured by means of a
CNC machining center. Axles were mounted with both con-
ventional tooth and bionic toothed wheels. The units were
assembled, and traction tests in a soil bin were conducted.
Taking required draft force and volume of imprinted depres-
sion as the investigating indexes, the working efficiency and
quality of different toothed wheels were evaluated. Eventu-
ally, behavior and mechanism of different toothed wheels’

Figure 1: Toothed wheel for soil imprinting on-farm field.
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interaction with soil were investigated by a finite element
method.

2. Material and Methods

2.1. Sample Collection of Dung Beetle (Copris ochus
Motschulsky). An adult dung beetle (Copris ochus
Motschulsky) was captured in Changchun City, Jilin Prov-
ince of China. The photograph of this species of dung beetle
is shown in Figure 3. The sample was narcotized by 99%
ether. Then, the forelegs as the selected components were
separated from the body by scalpels, and the dung beetle
was executed after the operation. Finally, the forelegs were
washed with distilled water.

2.2. Morphological Image Processing. The geometrical mor-
phology of the dung beetle (Copris ochus Motschulsky) was
measured and observed with a stereoscope (STJ-30, Olympus
Co. Ltd.). The end-tooth is in mesoscale, in which the height
is about 1mm and the width is about 0.5mm. After irrelevant
parts of the photograph were removed, it was sure that the
end-tooth of the end-tooth to be analyzed is in the middle
of the image. Figure 4 shows the original photograph input
to the MATLAB program, and the size of the pixel was
669 × 727.

2.3. Edge Detection and Obtaining of the Two-Dimensional
Point Cloud. Mathematical morphology is a method applied
in image processing. The basic idea is to measure and
extract the corresponding shape from the image with
structural elements for image processing and analyzing.
Using mathematical morphology to detect the edge is
better than using differential treatment, because it is not
sensitive to noise, and the edge extracted is relatively
smooth. The binary image is also known as the black-
and-white image. The object can be easily identified from
the image background. The combination of the binary
image and mathematical morphology was adopted to
detect an edge, which can reduce the noise and invalid
edges and make the edge detection more smooth and

accurate. The MATLAB embedded functions “Rgb2gray,”
“Imdilate,” “Imerode,” “Im2bw,” and “Imfill” were used
to insure the extracted edge robust to noise and dulled
edges. Eventually, the edge is detected by the “edge” func-
tion with the “LoG” operator. Figure ure 5 shows the flow-
chart of this program.

2.4. End-Tooth Outer Margin Curve Fitting Model. After run-
ning the Matlab program, the X,Y coordinates of 809 points
are taken by running the program. Figure 6 shows the two-
dimensional point cloud of the end-tooth.

Nine-order polynomial function was chosen as the cor-
rect function for the accurate mathematical model in the pro-
cess of curve fitting. The expression of the nine-order
polynomial function is shown below:

f x = p1 × x9 + p2 × x8 + p3 × x7 + p4 × x6 + p5 × x5

+ p6 × x4 + p7 × x3 + p8 × x2 + p9 × x + p10
1

In the equation above, p1= 8.86×10−20, p2 =−2.74×10−16,
p3 = 3.55×10−13, p4 =−2.48×10−10, p5= 1.01×10−07, p6=
−2.39×10−05, p7= 0.003032, p8=−0.1691, p9 = 5.683, and
p10=−53.62.

The correct definition of R2 is 0.9982, which means this
mathematical model can accurately represent the character-
istics of end-tooth outer contour curves.

2.5. Manufacture of Toothed Wheel Prototype. For compara-
bility of the volume of imprinted microbasin, both bionic
and conventional teeth should be designed with similar
dimensions. The volumes of conventional and bionic
toothed wheels were 0.887 L and 0.881 L, respectively.
The bionic tooth was only 0.68% smaller than the conven-
tional tooth; this tiny volume difference is negligible when
comparing the toothed wheel forward resistance and the
volume of depression.

Ultrahigh molecular weight polyethylene (UHMWPE)
boards of 80mm thick were used to manufacture both
conventional and bionic teeth. Based on the special outer
contour curve-inspired form dung beetle foreleg end-tooth,

(a) (b)

Figure 2: Imprinted soil surface for water harvesting. (a) Imprinted soil surface. (b) Microbasin for water harvesting.

3Applied Bionics and Biomechanics



a bionic toothed wheel was designed, manufactured, and
assembled on a steel cylindrical rolling wheel. Firstly,
CNC milling machine was used to mill the arc surface of
the tooth bottom that fits the cylindrical rolling wheel
and then to process the tooth sides’ bevel. Afterwards,
the CNC machine center was used to cut the special outer
contour curve on the edge of the bionic tooth. After that,
a drilling machine was used to drill four screw holes. As
shown in Figure 7, the conventional tooth had a straight
cutting edge. The bionic tooth had a special outer contour
curve on its cutting edge.

A total of 6-tooth units was fitted on a steel cylindrical
rolling wheel with 320mm diameter by a bolted connection
and then was connected to a steel frame. Eventually, the

whole unit toothed wheel was trailed behind a soil bin
carriage (Figure 8).

2.6. Soil Preparation. This study was conducted using the
indoor soil bin facility at the Key Laboratory of Bionic Engi-
neering (Ministry of Education, China), Jilin University. A
soil bin (40m long, 2.8m wide, and 1.8m deep) was used to
produce a repeatable soil condition for the experiment, and
a soil bin trolley was used to provide a constant forward
travel speed. The yellow clay soil, which is typical soil of a
large proportion of the maize and soybean growing regions
of northeastern China, was used for this experiment. The soil
preparation in each bin involved adding a predetermined
amount of water to reach a targeted moisture content of
12.34% (w/w dry basis) with an average bulk density of
1200 kg/m3 (dry basis). The soil was covered with polyethyl-
ene sheets after watering to minimize moisture loss while
allowing moisture to equalize within the bin. In the following
day, loosening, mixing, and leveling to a set height were com-
pleted. Between runs of the experiment, a shovel was used to
loosen the soil and a scraper blade was used to level the soil
manually. Soil particle size distribution is listed in Table 1.

During the course of the tests, previously worked, the soil
in the bin was covered with polyethylene sheets to avoid soil
moisture evaporation from the air. Before conducting tests
on the following day, soil samples were collected from the
bin to monitor the bulk density and the moisture content.

2.7. Method of Data Collecting. The data sampling was con-
ducted over 10m long working section of the soil bin; 5m
long at each end of working section were buffering zones
for trolley’s deceleration and acceleration. A force sensor
(LCS-S3) was set up between the toothed wheel and the front
bar of the trolley carriage. Then, the force signal acquired by a
force sensor was transferred to data acquisition system. Data
acquisition system is shown in Figure 9, among which signal
amplifier (RW-ST01A) was used to amplify force signal;
then the amplified signal was transferred to a USB-
powered portable measurement device (NI myDAQ,
200 kS/s, 16 bits, ±10V), and the measurement device
was connected to a portable computer through a USB
port. Eventually, force data were collected by an operation
performed on a portable computer developed by Lab-
VIEW software.

As shown in Figure 10, the experiments which measure
the forward resistance of a toothed wheel were conducted
using a trolley carriage. The trolley carriage moves on rail
tracks on both sides of the soil bin. The toothed wheel

Figure 3: End-tooth on the foreleg of the dung beetle (Copris ochus Motschulsky).
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assembly was fitted to the test rig of trolley carriage which
traveled at a forward speed of 1m/s (typical speed of the
toothed wheel for operating behind a four-wheeled tractor).
Toothed wheels require adequate implemented load applied
perpendicular to the soil surface, thus allowing the soil struc-
ture to be consolidated to create desired imprints. Implement
weight was varied by the addition of ballast. The initial
unladen weight of the toothed wheel was 250N. To investi-
gate effects of loads on a toothed wheel, weights were evenly

distributed on both sides of the rolling wheel shaft. The
implement weights that were added on toothed wheels were
200, 250, 300, 350, and 400N. At each load, a full replication
of five experimental runs was completed over the soil bin.
The collected data sets were statistically analyzed, and error
bars were used to represent standard deviation.

2.8. Method of Evaluating Soil-Imprinting Quality. For any
given soil conditions, the amount of water harvested by a
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depression depends on the depth of the depression and its
volume; both of the indexes determine reservoir capacity
and influence the working quality of soil imprinting. In order
to evaluate reservoir capacity, a digital depth meter was used
to measure the depth of each depression within 1mm of
accuracy. Meanwhile, the volume of each depression was
determined by lining it with a thin plastic film (75μm) and
filling it with water to the surface, then the different readings
from the measuring cylinder were calculated, and the volume
of depression was determined (Figure 11). For each repeti-
tion, 20 depressions were selected randomly, the collected

data sets were statistically analyzed, and error bars were used
to represent standard deviation.

2.9. Establish FEM Model for Investigating Interaction
Mechanism between Soil and Toothed Wheel. To verify and
compare the behavior of the soil and toothed wheel interface,
stress results were achieved analytically by the FEM (finite
element method) approach. Recent developments in com-
puter technology have led to increasing applications of
FEM to soil-tillage tool interactions [33]. FEM is very suitable
at analyzing complex engineering problems, especially for
dynamic systems with large deformation, and it has been
used by many researchers to analyze problems related to soil
mechanics [13, 34]. In this study, commercial finite code
ABAQUS was used, a 3D finite element analysis of soil and
toothed wheel interaction was carried out to investigate the
behavior of the soil and toothed wheel interface. A calibrated
finite element model [35] was established and provided real-
istic estimates of the stress at the contact interface between
soil and toothed wheel, thereby predicting soil stress. As a
compromise to cut down solution times, analyses were car-
ried out through 1000mm center movement in the horizon-
tal plane along the x-axis direction within 1 s. Using an Intel
i7-4790K, 4GHz processor workstation PC with 24GB of
memory, full analysis jobs were created and submitted to
the analyzer.

3. Results and Discussion

3.1. Effects of Bionic Outer Contour Curve on Toothed Wheel
Forward Resistance. At each load, a full replication of five
experimental runs was completed over the soil bin. The
collected data sets of forwarding resistance were statisti-
cally analyzed, and error bars were used to represent
standard deviation.

At the operating load of 200N, 250N, 300N, 350N, and
400N, compare the forward working resistance of the

(a) (b)

Figure 8: Manufactured axle mounted with wheels. (a) Conventional tooth. (b) Bionic tooth.

Table 1: The soil mechanical composition (sizes in mm).

Plastic limit WP, % Liquid limit WL, %
Particle size distribution, %

0.1–0.05 0.05–0.01 0.01–0.005 0.005–0.002 <0.002
20.14 36.17 27 35 6.9 6.1 25

NI LabVIEW so�ware

Data acquisition card
Portable computer

Signal ampli�er

Figure 9: Data acquisition system.

Signal acquisition system

Soil bin carriage

Toothed wheel

Tension sensor

LoadLoad

Figure 10: Forward resistance test platform for the toothed wheel.
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toothed wheel mounted on different types of teeth. The
results showed that the bionic toothed wheel reduced the for-
ward resistance by 9.5%, 11.0%, 13.0%, 13.9%, and 16.5%,
respectively, as compared with the conventional toothed
wheel. The experimental data were analyzed by variance
analysis. It was found the bionic toothed wheel can signifi-
cantly reduce resistant force (p value < 0.01) as compared
to the conventional tooth.

From Figure 12, it is noticeable that the forward resis-
tance of the toothed wheel mounted with different types of
teeth increases as the implemented load increases. When
operating at small load, the difference of working resistance
between the toothed wheel with the conventional tooth and
that with the bionic tooth was less tangible. However, as the
load increases, the working resistance of the bionic toothed
wheel was obviously lower than those of the other types of
teeth. It indicates that bionic toothed wheels require less draft
force to operate; thus, energy consumption was reduced.

3.2. Effects of Bionic Outer Contour Curve on Imprinted
Volume of Depression. For each repetition, 20 depressions
were selected randomly. The collected data sets of depression
volume were statistically analyzed, and error bars were used
to represent standard deviation.

At the operating load of 200N, 250N, 300N, 350N, and
400N, compare the volume of depression created by the
toothed wheel mounted with the conventional and bionic
tooth. Results showed that the bionic toothed wheel
increased the volume of imprinted depression by 11.0%,
7.5%, 7.5%, 12.5%, and 24.9%, respectively, as compared with
the conventional tooth. Experimental data were analyzed by
analysis of variance. It was found the bionic toothed wheel
can significantly increase the volume of depression (p value
< 0.05) as compared to the conventional toothed wheel.

From Figure 13, it is noticeable that the volume of depres-
sion created by the toothed wheel mounted with both types
of tooth increases as the implemented load increases. When
operating at a small load, the working resistance between
both toothed wheels the conventional tooth and bionic tooth
showed the subtle difference. But as the operating load
increases, the difference becomes increasingly remarkable.

3.3. Investigating Mechanism of Bionic Toothed Wheel
Working Efficiency by Finite Element Method. For the finite
element method (FEM) model of interaction between soil
and conventional toothed wheel, solution time was about
96 h. Due to the relative complexity of the geometry of this

bionic toothed wheel, the FEM model solution time reached
112 h. Both of the analyses were accomplished satisfactorily
without element distortion or interruption.

As shown in Figures 14–16, soil stresses on toothed wheel
and soil interface were predicted; contours on the deformed
shape were plotted. The evolution of the S. Mises stress spec-
trum field for the bionic toothed wheel and conventional
toothed wheel that was rolled over soil surface was outputted.
The interaction between soil and the toothed wheel is a con-
tinuous process, yet in this study, 3 separate working phase
stages were defined based on toothed wheel working charac-
teristics: Figure 14 shows the impact stage (0.988 s), Figure 15
shows the penetrating stage (1.118 s), and Figure 16 shows
the lifting stage (1.248 s).

A stress concentration (also called stress raisers) is a loca-
tion in an object where stress is concentrated. Examples of
shapes that cause these concentrations are cracks, sharp cor-
ners, holes, and changes in the cross-sectional area of the
object. Stress concentration phenomenon can be observed
when investigating the mechanism of toothed wheel interac-
tion with soil by the finite element method. The soil material
is strongest when force is evenly distributed over its area;
however, geometric discontinuities cause soil material to
experience a local increase in the intensity of a stress field.
Therefore, soil material ceases to function satisfactorily
because they break before either excessive elastic deflection
or general yielding occurs [36, 37]. The special curvature of
the contour curve on a bionic toothed wheel can cause geo-
metric discontinuities in the soil; these discontinuities
induced sudden increases in the stress (stress peaks) at points
near the stress raisers, thus resulting in a localized increase in
stress. Such stress concentrates within the soil causing it to
fail more easily.

Hence, bionic outer contour edge with special curva-
ture has the ability to maximize stress concentrations in
soil, thus increasing the tendency of the soil material to
fail. In other words, nonuniformity of stress may occur

Figure 11: Methods for measuring the volume of depression.
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because of geometric changes. Changes occur such as cur-
vature variation in toothed wheel cutting edge. This non-
uniformity in stress distribution may result in a
maximum stress in a section that is considerably larger
than the average stress. The term “stress gradient” is used
to indicate the rate of increase of stress as a stress raiser is
approached. Such stress gradient may have an influence
on the damaging effect of the peak value of the stress.
At the impacting and penetrating stages, as shown in the
stress spectrum field from Figures 14–15, on the soil and
toothed wheel interaction surface, the calculated stress gra-
dient of the bionic tooth is steeper in the region of stress
concentration than conventional tooth, so stress caused by
the special outer contour curve of the bionic tooth showed
more abrupt changes in section as compared to conven-
tional tooth. Therefore, soil compaction fails more easily
under the bionic tooth than the conventional tooth.

The level of concentrated stress can be evaluated by a
stress concentration factor, which is the ratio of the highest
stress to a referenced stress. In this study, the same load
was applied to the toothed wheel sharing similar weight;
hence, reference stress in soil caused by different toothed
wheels was similar. By comparing the highest stress in soil
and toothed wheel interfaces, stress concentration factors
can be evaluated indirectly by using the highest stress value
which was obtained in ABAQUS at the impacting stage and
penetrating stage. At both of the stages, it is preferable to
cause concentrated stress in the soil, as soil material fails
more easily, thus increasing the volume of depression and
reducing the required draft force. As compared to the bionic
tooth, the maximum S. Mises stress value of the bionic tooth
increased from 38.6 kPa and 46.2 kPa to 44.0 kPa and
52.9 kPa. The increment ratio was 14.1% and 14.4%, respec-
tively. However, it is worth noting at the lifting stage that
the conventional toothed wheel needs to uplift from the
microbasin smoothly; it is desirable to cause less stress in
the soil to protect the microbasin sides from collapsing. As

compared to the bionic tooth, the maximum S. Mises stress
value of the bionic tooth reduced from 37.9 kPa to 33.4 kPa.
The decrement ratio was −11.8%. Hence, the quality of soil
imprinting was enhanced and forward resistance was
reduced via the bionic design wheel.

When the toothed wheel impacts and penetrates the soil,
the maximum value of stress is on the element near the
bionic tooth cutting edge where the stress concentration
occurs. A focus point of stress in soil is very likely to be its
point of failure. As shown in Figure 17, soil under the bionic
tooth was subjected to more stress concentration; thus it is
unable to resist the highly concentrated stress and hence fails
more quickly. But, when the bionic toothed wheel was lifted
from the soil, stress was evenly distributed on soil and
toothed wheel interface; thus bionic toothed wheel was easier
to be lifted from the soil. Eventually, the forward resistance of
the bionic toothed wheel can be reduced and soil imprinting
quality can be enhanced.

4. Conclusion

Based on the observation that the highly efficient soil-
burrowing dung beetle (Copris ochusMotschulsky) has intri-
cate outer contour curves on its foreleg, this special outer
contour curve was applied to the bionic design of imprinting
toothed wheel to reduce its forward resistance and increase
the working quality of soil imprinting simultaneously. The
effect of the conventional and bionic toothed wheel at 5 ver-
tical implemented loads (200N, 250N, 300N, 350N, and
400N) on the forward resistance and depression parameters
that were used for soil imprinting was investigated. This
study recommends the use of this novel designed bionic
tooth for soil imprinting. This recommendation is based on
the following evidence:

(1) Taking forward resistance as an index of evaluation,
when the toothed wheel was mounted on both types
of teeth operating at different implement loads, the
forward resistance increased with the implemented
load. The bionic toothed wheel can significantly
reduce resistant force (p value < 0.01) as compared
to conventional teeth. As the operating implemented
load increases, the forward resistance reduction of
the bionic tooth becomes increasingly obvious.

(2) Using the volume of depression as an index of
inspection, results showed that the volume of
depression increased with the implemented load.
Meanwhile, the bionic toothed wheel can signifi-
cantly increase the volume of imprinted depression
(p value < 0.05) as compared to the conventional
toothed wheel. In addition, the reduction effects
tend to be more obvious as the implement load
increases.

(3) Compared with the conventional toothed wheel, the
bionic toothed wheel can reduce required draft force
up to 16.5% and expand the volume of imprinted
microbasin up to 24.9%.
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(4) Investigating mechanisms of different toothed wheel
interactions’ behavior with soil by finite element
method, it was found that at the impacting and pen-
etrating stages, the geometrical curvature of the outer
contour curve in the bionic tooth has the ability to
maximize stress concentrations in soil; the stress con-
centration increased by 14.1% and 14.4%, respec-
tively. The sharp corners at the tip of the bionic
tooth induced sudden increases in the stress at points
near the stress raisers, which has resulted in a local-
ized increase in stress; such stress concentrating
within the soil increased the tendency of soil material
to fail, thus “consolidating” the soil as opposed to

“compacting” the soil under load. In addition, the
bionic toothed wheel has less stress concentration at
the lifting stage, which was reduced by 11.8%. Thus,
it can be more easily uplifted from the soil. Thus,
required draft force is reduced and soil imprinting
quality is enhanced.

Above all, the digging limb shape along with digging
behavior is well inherited by the bionic toothed wheel, rolling
over the soil surface and imprinting soil, just like a dung bee-
tle waving its foreleg back and forth to dig the soil. The bionic
toothed wheel requires less draft force for operating as com-
pared with the conventional toothed wheel and imprinted
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microbasin with increased water harvesting capacity. Based
on its larger depression volume and less required draft force,
the bionic toothed wheel would be the preferred option when
undertaking a soil imprinting operation. In addition to the
above considerations, the bionic toothed wheel would be
convenient to manufacture locally by the widely used
manufacturing technology, thus potentially increasing its
availability and popularizing prospect. In addition, the spe-
cial outer contour curve is useful for the design of new soil-
engaging implements adapted to each type of soil for working
quality enhancement and forward resistance reduction.
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Many materials in nature exhibit excellent mechanical properties. In this study, we evaluated the bionic bumper structure models
by using nonlinear finite element (FE) simulations for their crashworthiness under full-size impact loading. The structure contained
the structural characteristics of cattail and bamboo. The results indicated that the bionic design enhances the specific energy
absorption (SEA) of the bumper. The numerical results showed that the bionic cross-beam and bionic box of the bionic bumper
have a significant effect on the crashworthiness of the structure. The crush deformation of bionic cross-beam and box bumper
model was reduced by 33.33%, and the total weight was reduced by 44.44%. As the energy absorption capacity under lateral
impact, the bionic design can be used in the future bumper body.

1. Introduction

In traffic accidents, the bumper, side-door beam, and B-
pillar of a car can absorb the impact of energy to ensure
the safety of drivers and passengers. The bumper suffers
from a lateral impact loading during the impact process.
The primary function of a bumper is to attenuate the
effects of a collision in direct contact [1]. Typically, the
bumper of a car consists of four different parts: the fascia,
the cross-beam, the crash box, and the crushable column
[2]. The cross-beam under the bumper is usually loaded
as a thin-walled section of the lateral compression (Figure 1).
A lot of research has been carried out on the thin-walled
structure in the process of straightening the horizontal
compression [3]. The thin-walled structures are used as a
good energy absorber in experimental investigation, analysis,
and numerical methods.

Liu [4] had investigated numerically the conventional
polygonal thin-walled columns with rectangular, octagonal,
and curved hexagonal columns, in both quasi-static axial
and lateral load conditions. Ahmad and Thambiratnam [5]
had found that the conical tube filled with foam had better

energy absorption performance than the empty conical tube.
Under the axis compression conditions, Fan et al. [6] studied
the hexagonal, octagonal, 12-sided, and 16-sided tubes exper-
imentally and numerically. The results pointed out that the
number of corners were directly related to energy absorption.
Within a certain range, an increase in number of corners of
the thin-walled column could help to improve energy
absorption. Shen et al. [7] had studied the lateral crushing
behavior of two concentric aluminum tubes of different
diameters which were filled with aluminum foam. Fang
et al. [8] had investigated the energy absorption characteris-
tics of the functionally graded foam-filler into rectangular
columns in transverse impact loading.

Some researcher had introduced the special cross sections
of thin-walled structures as energy absorbers under various
load conditions [9–11]. Loughlan et al. [12] had determined
the coupled local distortions of thin-walled channel segments
using finite element model. Alavi Nia and Parsapour [13]
had investigated the mechanical behavior of the triangular,
square, hexagonal, and octagonal sections of the thin-walled
tubes under the quasi-static axial loading. Under quasi-static
lateral loading, Baroutaji et al. [14] used the response surface
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and optimization methods to solve thin-walled rectangular
tube energy absorption problem.

The thin wall structure studies in the abovementioned
literature has a simple cross section. The complex cross
sections of the thin-walled structures may have better
crashworthiness than existing ones, but it remains an open
challenge for researchers how to design a thin-walled
structure with better crash performance and ease of
production. After billions of years of evolution, some bio-
logical structures already have excellent properties and
ingenious frameworks, which can provide inspiration to
thin-walled structure designers.

Nowadays, bionic structures have gained the attention of
researchers due to their excellent crash performance and
very light weight. Bamboo [15, 16], horsetails [17, 18], and
cattail [19] are kinds of gradient composite material with
good mechanical properties in the natural environment.
Due to bamboo’s low density, it has a higher stiffness-mass
ratio than some metallic materials such as steel and alumi-
num. The structural characteristics of horsetails lie in the
cylindrical multi-cell structure which has good bending
resistance. The emergent leaves exhibited a high slenderness
ratio and a distinct twisting chiral morphology. It was found
that the leaves have evolved multiscale structures and
superior mechanical properties, both of which feature func-
tionally gradient variations, to improve their resistance to
failure. Various studies related to macrostructures and
microstructures had shown that the gradient distribution
of the plant has excellent mechanical properties [20–23].

Bionic structure could have better crashworthiness than
traditional thin-walled structure when it is under the
lateral dynamic loading. However, to the best of our
knowledge, there are few studies on the crashworthiness
of bionic structure under the condition of lateral dynamic
loading [24–26].

In this work, two kinds of bionic structures was imi-
tated: the structural characteristics of bamboo and cattail.
We created a finite element (FE) model for the impact
and validated our results with experiments. We simulated
the process of energy absorption under axial/lateral load-
ing and drop impact by using nonlinear finite element
code LS-DYNA. The results showed that the design of
bionic structure could be further improved for better
crashworthiness and structural behaviors.

2. Bionic Design

In the nature, the biological structure need to adapt the sur-
rounding environment. Many structures are lightweight
along with good mechanical properties which can transport
water and nutrients from root to leaf [27].

2.1. Cattail and Bamboo Plant. Cattail is also called Typha,
which is an herbaceous perennial emergent aquatic
macrophyte (Figure 2). They mainly inhabit streams, lakes,
marshes, rivers, reservoirs, ditches, freshwater ponds,
canals, and other shallow water areas [28, 29]. Due to its
wide distribution and properties, the stems and leaves can
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Figure 1: The FE model of bumper: (a) detail with enlarged scale, (b) the section of cross-beam, and (c) the section of crash box.

(a)

5 mm

(b) (c)

Figure 2: Cattail plants: (a) plants in the wild, (b) cross sections of an emergent leaf from the base to the apex, and (c) microstructures of an
emergent leaf observed using SEM [19].
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be used as raw materials for candle cores, paper, ropes, and
woven fabrics.

In order to understand the influence of chirality on
cattail’s mechanical behavior, the researchers investigated
the twisted chiral morphology and the wind adaptation of
banana leaves by experiment. From Figure 2(c), their multi-
scale structures had been observed using optical microscope,
which have superior mechanical properties. It was found that
the leaves have evolved multiscale structures and superior
mechanical properties, both of which feature functionally
gradient variations, to improve their ability of lodging
resistance. The synergistic effect of chiral morphology and
reconfiguration could greatly improve the survivability of
cattail plants in the wind [19].

Bamboo is a typical tubular structure with good mechan-
ical properties in the natural environment. They have a
multilayered composite structure from the cellular level to
the tissue level [30] (Figure 3). The excellent mechanical
properties of bamboo depends on the hollowness, tubular
shape, discrete distribution of the nodes, gradient distribu-
tion of the vascular bundles, and multilayer structure of the
chondrocytes [20]. A large number of voids between the
organizations make bamboo prone to splitting during axial

loading which results in a reduction in the energy absorption
of bamboo.

In this work, the cattail was used to design the bionic
cross-beam structure and bamboo was the prototype of the
bionic energy box.

2.2. Bionic Cross-Beam and Bionic Energy Box Design. In
Figure 2(b), the internal rib structure of cattail can be a very
good resistance to external pressure. According to its
structural and functional characteristics, a bionic cross-
beam with the structure of the cappuccino was designed
(Figure 4(b), (B)).

In Figure 3(c), we showed the macroscopic structures of
bamboo. The load was delivered by vascular bundles in the
bamboo, which were connected with ground tissue (serving
as a matrix). Therefore, the structure and function of these
matrices were applied to the bionic structure to improve
the load transfer and energy absorption efficiency. A bionic
matrix designed to connect bionic cross-beam and transport
loads is called a bionic box (Figure 4(a), (C)).

Bamboo has excellent bending and compressive proper-
ties, preventing the cracking phenomenon during the vertical
and horizontal compression loading [25]. Hence, a welding

(a) (b)

1000 �휇m

(c)

Figure 3: Bamboo: (a) collection site of bamboo, (b) internode samples, and (c) cross section [15, 16].
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Figure 4: The bionic bumper models: (a) B-B bumper model and (b) B-CB&B bumper model.
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plate was designed as a bionic node reinforcement rib for a
bionic bumper structure.

Based on the relationship between the structure and the
dynamic mechanical properties of cattail and bamboo, three
components of bionic structures (i.e., bionic cross-beam,
bionic box, and welding board) were designed. Two bionic
bumper models, namely, bio-box bumper (B-B bumper)
and bio-cross-beam and bio-box bumper (B-CB&B bumper)
were developed by combining the different bionic compo-
nents (Figure 4). The parameters of the bionic cross-beam,
bionic box, and welding board are shown in Figure 4, and
the structural parameters of the bionic structure are listed
in Table 1. Bionic cross-beam and bionic box adopted the
extrusion aluminum instead of high-strength steel to reduce
the total weight. The materials were all the standard types
which can be purchased from the suppliers.

3. Numerical Model

3.1. Structural Crashworthiness Criteria. Properly defined
crash performance standards are critical to the evaluation
of the crash bionic bumper. The widely use concept in colli-
sion standards are energy absorption (EA, kJ), mean crushing
force (MCF, N), and specific energy absorption (SEA, kJ/N).
SEA denotes the energy absorbed per unit mass of the
absorber, which is often used to estimate the energy absorp-
tion capabilities of the structures.

SAE = EA
M

, 1

where M represents the total mass of the structure. EA
represents the energy absorption in crash, which can be
formulated as

EA =
s

0
F x dx, 2

where s represents the crash displacement and F denotes the
impact force. From (2), it can be seen that the SEA
value is higher for the design of the energy absorption
structure that has better energy absorption capability in
the collision process.

3.2. FE Modeling Method. The finite element models were
developed using Hypermesh 14.0, and the collision analysis
was carried out using commercial code LS-DYNA. Shell ele-
ments were used to set the wall. In this work, the material
failure of aluminum alloy tube was not considered. It was
not necessary that the smaller grid size would significantly
improve the accuracy of the simulation results, but it could
definitely increase the computation cost. Thus, before the
tests, the accuracy of the mesh was investigated. We tested
force versus displacement for five different mesh sizes and
adopted the element size of 2.0× 2.0mm in all our simula-
tions. The FE model of one of the B-B bumper under lateral
impact was shown in Figure 5. There were several materials
such as high-strength steel and extrusion aluminum that
had been used as the wall in different applications.

In this work, simulation had been performed to analyze
the energy absorption effect of the bionic bumpers. It was a
positive impact test, in which we used a full-size rigid wall
to crush the bumper model that resembles a car in a frontal
collision. All three models have been impacted by a rigid wall,
and the height of the rigid wall in the impact tests was con-
verted to the real collision. By calculating kinetic energy con-
servation, the full-size rigid wall’s weight was 9123.3N. The
initial speed of the test was 4.33m/s. The loading of the test

Table 1: The parameters of models.

Model Component Part Material Thickness (mm)

Initial bumper
Cross-beam High-strength steel (trip800) 1.8

Box High-strength steel (st280) 1.8

B-B bumper

Cross-beam High-strength steel (trip800) 1.8

Box Extrusion aluminum (6062T6) 1.5

Welding plate High-strength steel (st280) 1.4

B-B&CB bumper

Cross-beam
Frame Extrusion aluminum (6062T6) 2.0

Grilling Extrusion aluminum (6062T6) 1.7

Box Extrusion aluminum (6062T6) 1.5

Welding plate High-strength steel (st280) 1.4

z
y

x

Figure 5: The meshing of the B-B bumper FE model.
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had been shown in Figure 6, and the material of components
were listed in Table 1.

4. Numerical Simulation and Analysis

4.1. Validation of the FE Model. Frontal crash test was one of
the main tests to verify the passive safety performance of

vehicles [31]. The bumper of a car was tested under the con-
dition of a frontal crash. In this experiment, the initial bum-
per impacted onto the rigid wall at 4.4m/s. To validate the FE
models, the bumper model with the same geometry, shape,
and loading condition as the experiment was developed and
simulated. Thus, the experimental results validated the finite
element model in this study.

17
8 

m
m

Ground

Aluminum

Ground

Condition:
V = 4.33 m/s
F = 9123.3 N

Full-size rigid wall

Figure 6: The loading condition of the full-size impact simulation.
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Figure 7: Full-size crash test of initial bumper by experiment.
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Figure 8: Full-size crash test of initial bumper by simulation.
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Figure 9: Full-size crash test of two bionic bumper models by simulation: (a) the result of B-B bumper model and (b) the result of B-CB&B
bumper model.
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In Figure 7, we showed the distortion of bumper during
the collision process, which was shot by high-speed camera.
From 0 to 40ms, cross-beam absorbed impact energy and
produced large plastic deformation. From 40 to 60ms, the
collision energy was transmitted to the box which produced
plastic deformation. After 60ms, the structure was destroyed
by the impact which could not absorb any impact energy.
Figure 8 displayed the FE model’s comparison of crash
behavior by simulation. From Figures 7 and 8, it could be
seen that the simulation results were in close agreement with
experimental results. Therefore, FE simulations could be
used reliably to study the behavior of the bionic bumpers.

4.2. Full-Size Crash Simulation. In materials science and
engineering, the von Mises stress is a scalar value of stress
which can be computed from the Cauchy stress tensor [32].
It is used to predict yielding of materials under complex load-
ing. In this case, the crushing and deformation process of the
two bionic bumper structures were shown in Figure 9. From
the figure, it could be seen that the absorption box had con-
tact with the cross-beam and thus had higher Mises stress
and therefore folded progressively in 20ms. Compared with
the initial bumper model, the distribution of Mises stress in
two kinds of bionic structure bumper models was smaller
and the crushing phenomenon had happened after 40ms.
In the B-CB&B bumper model, the bionic cross-beam also
had the distribution of Mises stress, which showed that the
bionic cross-beam had played the role in energy absorption.
The folding patterns of the bionic cross-beam and box had
played an important role in the full-size crash simulation of
the new bionic bumper structure. According to the structures
and mechanical behavior of the three models, the bionic
cross-beam and bionic box were the main components to
effectively improve the stability of the models on defending
the failure of loads.

Figure 10 showed the load-displacement and SEA-time
curves, respectively, for the three types of bumper models
under full-size crush loading. The curve of the initial bumper

was lower than that of the bionic bumper structures. The
peak of the B-CB&B’s curve was higher than the peak of
the B-B bumper model. The results of energy absorption,
deformation, and total weight were shown in Table 2. Com-
pared with the initial bumper model, the energy absorption
of B-B bumper model and B-CB&B bumper model was
increased by 15.16% and 83.03%, respectively. And the crush
deformation was reduced by 35.90% and 33.33%. The
mechanical properties and deformation behavior of the
samples indicate that the internal core structure had a great
influence on the mechanical properties of the models. The
separation of the cross wall with a lightweight core increased
the moment of inertia of sandwich structures that could
make the structure to resist the bending and buckling loads.
The energy absorption of the two bionic bumper models
was higher than the initial bumper model, and the defor-
mation of the two bionic models was much smaller than
the initial one [15, 16]. Comparing the two bionic bumper
models, it could be seen that the B-CB&B model with
multimaterial had the best energy absorption characteris-
tics with the least weight. Inspired by the gradient
distribution of cattail and bamboo, bionic cross-beam
structure had compression performance and bionic energy
box had bending characteristics. These results showed that
the bionic structure can effectively improve the impact
resistance of bumper structure.
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Figure 10: Crashworthiness characteristics associated with full-size crash to the bumper models: (a) lead-displacement curve and (b)
SEA-time curve.

Table 2: Results.

Model
Energy absorption

(kJ/N)
Deformation

(mm)
Total

weight (N)

Initial
bumper

1.550 39 52.974

B-B bumper 1.785 25 49.05

B-CB&B
bumper

2.837 26 29.43
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5. Conclusion

In this study, we had investigated two bionic bumper models
under full-size crash and size impact loading, with both bum-
pers imitating the structural characteristics of cattail and
bamboo. Three FE models had been investigated on crash-
worthiness using nonlinear finite element code LS-DYNA.
According to the numerical results, the bionic bumper
models had remarkably effected their crashworthiness. The
main points concluded from this work are as follows.

(1) Inspired by the gradient distribution of cattail and
bamboo, two bionic bumper structure models had
been designed, which were composed of a bionic
cross-beam, a bionic box, and a welding board. The
bionic cross-beam served the same function as that
of the inner structure of the cattail, the bionic box
acted as the matrices and vascular bundles of
bamboo, and the welding board resembled the
bamboo’s joint.

(2) The results showed that the bionic bumper models
had better energy absorption characteristics than
the initial model. The BCB&B bumper had the best
energy absorption characteristics. Meanwhile, the
crush deformation was reduced by 33.33% and the
total weight was reduced by 44.44% for the bionic
bumper model.

(3) The numerical results showed that the bionic bumper
structure exhibited potential advantage of energy-
absorbing capabilities under conditions of full-size
impact. However, the bionic structure needs further
studies to explore the complex structure of cattail
and bamboo. The bionic structure can be used as an
energy absorber in vehicle bodies and other engineer-
ing applications.
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Metal surface structure/biomedical function integration is the current research focus. In previous studies, we have successfully
prepared the microporous coatings containing zinc on the pure titanium surface by MAO. In the study, osteoblasts were seeded
on the surface of the microporous coatings containing zinc and the adhesion of osteoblasts were evaluated, and the antibacterial
activity of the microporous coatings containing zinc is observed through in vitro bacterial experiments. The result indicates that
the adhesion ability of osteoblasts on the surface of microporous coatings containing zinc was very good, and the coatings could
obviously inhibit the growth of Staphylococcus aureus and had good antibacterial activity. In conclusion, the microporous
coatings containing zinc on titanium surface have good osteogenic and antibacterial properties and have good application prospect.

1. Introduction

Based on the good biocompatibility, mechanical properties,
and corrosion resistance, titanium-based metal has become
the first choice for the hard tissue repair and replacement,
which has been widely used in clinical practice and achieved
good results. But the titanium-based metal is an inert mate-
rial, and its biological activity is poor after being implanted
in vivo, only the mechanical combination with bone tissue
can be achieved, and it is difficult to form osseointegration
with the bone tissue [1]. It is also prone to result in
implant-related infection after implantation [2]. In addition,
the titanium-based metal will be corrosive in the body, and
metal ions generated during the corrosion not only are harm-
ful to humans but also easily lead to loosing and sinking of
the implant, which not only prolongs the implant repair cycle
but also affects the success rate of implantation, so it cannot
fully meet the clinical needs [3]. In order to make the
titanium metal to retain its excellent mechanical properties
and also be equipped with good biological activity, which

can induce cell adhesion and proliferation after implantation,
with good antibacterial properties, the most effective way is
to perform surface modification on titanium metal [4].

Through the surface modification, preparing bioactive
coatings on the surface of titanium-based metal cannot
only maintain the excellent mechanical properties of
titanium-based metal but also give biological activity to
titanium-based metal, which is a hot spot in recent years.
Microarc oxidation (MAO) is an emerging material
surface modification developed in recent years. Through
this technology, porous, rough ceramic film can be
produced in situ of the metal surface [5]. The ceramic film
increases the wear resistance, corrosion resistance, and
fatigue resistance of the material, greatly improving the
surface properties of the material, and because the ceramic
film grows in situ of the substrate, and is closely combined
with the substrate, it does not easily fall off. It is more
attractive that the technology can introduce bioactive
elements or antibacterial elements into the coating, greatly
improving the material’s biological activity, so it is widely
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used in surface modification of biological materials. Zinc is
an important trace element in the human body. It is
involved in the structure and function of more than 300
kinds of enzymes in the body, which affects the biological
behavior of cells. At the same time, zinc can activate
alkaline phosphatase and promote the deposition of callus
calcium salt and contribute to the formation and calcifica-
tion of the bone, thereby promoting fracture healing, and
more importantly, zinc has been confirmed to have a good
antibacterial effect [6].

In previous studies, we have successfully prepared the
microporous coatings containing zinc on the pure titanium
surface by MAO. The results showed that the coating
material has good surface properties, but further research
on the biological behavior and antibacterial properties of
the coating material is needed. Therefore, this study will
investigate the adhesion of osteoblasts on the surface of
microporous coatings containing zinc and the antibacterial
activity of the coating material on the basis of previous
studies and lay a theoretical foundation for the clinical appli-
cation of the coating material.

2. Materials and Methods

2.1. Preparation of Microporous Coatings Containing Zinc on
the Pure Titanium Surface. The preparation of the sample has
been described in detail in the previous articles [7].

2.2. Evaluation of Adhesion and Extensibility of Osteoblasts
on the Surface of Microporous Coatings Containing Zinc.
The osteoblasts were inoculated into a 25 cm2 cell culture
flask at 2.5× 104/cm2, and 5ml of α-MEM medium was
added to the culture flask. The cells were incubated in a 5%
carbon dioxide incubator at 37°C. After cell growth and
fusion, the passage was prepared and the old medium was
discarded, and after PBS rinsing, the appropriate amount of
0.25% trypsin-0.02% EDTA was added for digestion. The
passage began after the medium neutralized the trypsin.

When the third generation of osteoblasts was cultured to
80% of cell fusion, the appropriate amount of 0.25% trypsin-
0.02% EDTA was added for digestion, and the trypsin was
neutralized and blown into cell suspension, to prepare into
a certain concentration of the cell suspension. And then the
osteoblasts were cultured in a cell culture plate coated with
zinc ion microporous-coated titanium at the density of
1× 104 cells/cm2. After culturing for 12 h, samples were fixed
by glutaraldehyde and osmium, performing gradient dehy-
dration by alcohol and replacement by isopentyl acetate.
The surface was sprayed and dried at the critical point, and
the adhesion and extension of the cells were observed by
using scanning electron microscopy.

2.3. Antimicrobial Effect of Microporous Coatings Containing
Zinc on Staphylococcus aureus. Staphylococcus aureus-lyoph-
ilized strain was cultured into solid culture medium,
incubated in a 37°C incubator for 24h, and transferred once
for each day, to the third generation. The inoculating loop
was used to scrape a little of the activated bacteria that was

added into the nutrient broth medium, and the bacteria
concentration of 1× 105 cfu/ml was adjusted for application.

The ethylene oxide sterilized microporous coatings
containing zinc titanium (the experimental group) and pure
titanium (the control group) were placed in a petri dish.
1000μL of PBS was added to the culture dish and 100μL of
the above-prepared bacteria solution was added to the
surface of the two abovementioned materials, and then, incu-
bation was performed in a constant temperature incubator at
37°C for 24 hours.

80μL of the bacterial solution was taken from the surface
of the above two groups and uniformly added to the nutrient
agar medium, gently applied evenly, and then placed in a
37°C incubator for 24 hours. After incubation for 24 h, the
number of viable bacteria colonies on material surfaces of
the above two groups was counted.

The antimicrobial ratio of the microporous coatings
containing zinc material was calculated according to the fol-
lowing formula: R= (average number of colonies recovered
in the blank control group –number of colonies recovered
in the experimental group) / average number of colonies
recovered in the blank control group× 100%.

3. Results

Figure 1 shows the morphology of osteoblasts cultured on the
surface of microporous coatings containing zinc for 12 h. It
clearly shows osteoblast eminentia on the surface of micro-
porous coatings containing zinc, with large cell volume.
The spreading of cells on the material surface is well, and
osteoblasts tightly adhere to the surface of microporous
coatings containing zinc through lamellipodia and filopodia,
presenting obvious trend of the surrounding extension. The
surface of cells is rough, with rich secretory granules,
indicating that the osteoblasts have good adhesion and
extension property on the surface of microporous coatings
containing zinc.

The antimicrobial effect of the above two materials on
Staphylococcus aureus is shown in Figure 2, where A and B
present the bacterial colony plate count photos of pure
titanium surface and microporous coatings containing zinc

5.0 kv × 5.00 k 10.0 �휇m

Figure 1: SEM of osteoblasts cultured on microporous coatings
containing zinc titanium surface of 12 h cell morphology.
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titanium surface, respectively. We can see that in Figure 2(a),
Staphylococcus aureus on the surface of pure titanium (con-
trol group) is densely covered with the entire culture dish.
Figure 2(b) shows the bacterial colonies on the microporous
coatings containing zinc titanium surface, and the number of
Staphylococcus aureus colony is reduced greatly. The number
of colonies is very few, indicating that the microporous coat-
ings containing zinc on titanium surface can effectively
inhibit the growth of Staphylococcus aureus colonies, with a
good antibacterial effect.

4. Discussion

Adhesion of cells on the surface of the material is a prerequi-
site and the basis for the subsequent biological behavior of
cells. The quality of cell adhesion on the surface of the mate-
rial determines the subsequent biological behavior of the
cells, including proliferation, differentiation, and apoptosis.
But the adhesion of cells on the surface of the material is an
extremely complex process, and the whole process is subject
to the regulation of complex signal network process [8]. It
has been found that the adhesion of cells to the surface of
material undergoes a number of processes such as cellular
attachment, extension, and focal connection. The whole
process involves the regulation of many molecular proteins,
which interact with each other, inducing cell signaling and
then induce transcription factors. Studies have found the
physical and chemical properties of cell surfaces such as
surface morphology, roughness, chemical composition,
hydrophilicity, and hydrophobicity [9], and the surface
charge and surface free energy interact with and promote
each other; for example, for materials with proper roughness,
its surface hydrophilicity and surface energy are high, and it
is easy to adsorb the protein in the body fluid, and
through the interaction of its secretory adhesion receptors
and synthetic adhesion proteins with surface adsorbent
protein, the cells will ultimately adhere to the surface of
the material closely.

Studies have shown that the surface roughness of the
material can promote cell adhesion, and its mechanism
may be that rough surface increases the wettability and
hydrophilic properties of the surface of the material, and thus
promote cell adhesion. Our findings are consistent with the

literature. Wu et al. [10] found that the hydrophilicity, sur-
face roughness, and cell viability of MAO-processed material
surface cells were significantly increased, which was helpful
for the formation of apatite, improving the bioactivity of
the titanium alloy surface, to promote the cell adhesion and
proliferation. Liu et al. [11] found that the adhesion and
proliferation of MAO-processed Ti-24Nb-4Zr-7.9Sn surface
osteoblasts were significantly increased, with a good bioactiv-
ity and biocompatibility. Adhesion of cells was the basis of
cell behavior and basis for cells to play a biological role, and
it had an important impact on the subsequent cell prolifera-
tion, differentiation, mineralization, and apoptosis. In this
study, we found that osteoblasts had a good adhesion in the
microporous coatings containing zinc titanium surface, indi-
cating that titanium-based metal surface microporous coat-
ings containing zinc have a certain osteogenic performance
on osteoblasts. We will further study the effect of this coating
material on the proliferation, differentiation, mineralization,
and apoptosis of osteoblasts in the future. And based on this,
we will implement further study on the regulation of molec-
ular mechanism of this coating material on osteoblasts to lay
a good theoretical basis for clinical application.

Studies have shown that when titanium-based metals are
implanted as implants, the bacteria and host cells will be
competitive to reach the surface of the implants and compe-
tition results of bacteria and host cells directly affect the fate
of the implants [12, 13]. If the bacteria adhere to the surface
of the implants at first, it will quickly proliferate on the
surface, and the result will inhibit adhesion and proliferation
of osteoblasts in the implants’ surface, resulting in infection.
In contrast, if osteoblasts adhere to the surface of the
implants at first, the bacteria will be inhibited from adhering
to and proliferating on the surface. Studies have shown that
the ability of anti-infection increases along with the increase
of biological activity and biocompatibility of implanted
materials, which may be closely related to competitive inhibi-
tion between bacteria and host cells. In view of the current
view, we design to achieve excellent surface morphology,
good biocompatibility, and biological activity of implants
by surface modification, thereby reducing or inhibiting the
occurrence of implant-related infections.

As an inorganic antibacterial agent, metal element has
been widely used in clinical practice, such as the clinically
used nanosilver application and sulfadiazine argentum
(SD-Ag) used in the burn department, which have all
achieved good clinical efficacy. Zinc, as another important
inorganic antimicrobial agent, has been proved to have a
good antibacterial effect, but the specific mechanism is still
unknown. It is believed that many factors may act together,
involving bacterial synthetase, local microenvironment of
bacteria, etc.

In the present study, we found that microporous coatings
containing zinc titanium have good antibacterial effect, but
the exact mechanism is not known and still awaits further
exploration. The existing research shows that microporous
coatings containing zinc can produce a lot of reactive oxygen
species, especially hydrogen peroxide, which is a strong
oxidizing agent that reduces bactericidal activity, finally
leading to the reduction of adhered bacteria on the coating

(a) (b)

Figure 2: Colony count of Staphylococcus aureus on the sample
surface after 24 h culture. (a) Pure titanium and (b) microporous
coatings containing zinc titanium surface.
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surface. Further study reveals that when the zinc ions interact
with the bacteria, zinc ions are firmly adsorbed on the cell
membrane with the Coulomb force because the cell
membrane is negatively charged and the zinc ion is positively
charged and further penetrate the cell walls of bacteria.
Subsequently, the zinc ions interact with protein, thiol
(-SH), and amino (-NH2) in nucleic acid, which cause bacte-
rial protein denaturation, destruction of bacterial synthetase
activity, lower environmental pH value, etc. Under the
combined effects of these factors, ultimately, it will lead to
the death of bacteria due to loss of proliferation capability.
Our study results are consistent with the literature reported.
Jin et al. [14] prepared the coatings containing zinc on the
surface of titanium alloy by ion implantation technology,
and in vitro studies show that it has antibacterial and osteo-
genic properties, with good application prospects. Reyes-
Vidal et al. [15] prepare zinc/silver composite coating by
electrodeposition, and results show that the composite
coating had a good antibacterial effect. Compared with these
preparation methods, the microporous coatings containing
zinc prepared by MAO technology in this study combined
strongly with the substrate, and more importantly, zinc was
uniformly doped on the surface of the coating, achieving slow
release when implanted in the body, so it has antibacterial
and osteogenic properties, with a good application prospect.

The integration of surface structure and biomedical
function of medical metal materials is a challenging and
innovative idea in the field of metal implantation. It is also
a hot and difficult point in the research of surface interface
of metal implant materials. Using the appropriate release of
human beneficial elements to achieve the biomedical func-
tion of a medical metal material is a valuable study with
important clinical application values. Through the study of
effects and antimicrobial properties of microporous coatings
containing zinc on the biological behavior of osteoblasts, it
aims to provide a new idea and method for promoting
long-term and permanent biostability of implants, with an
important theoretical significance and application prospect.
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Turbulent flow is a difficult issue in fluid dynamics, the rules of which have not been totally revealed up to now. Fluid in turbulent
state will result in a greater frictional force, which must consume great energy. Therefore, it is not only an important influence in
saving energy and improving energy utilization rate but also an extensive application prospect in many fields, such as ship domain
and aerospace. Firstly, bionic drag reduction technology is reviewed and is a hot research issue now, the drag reduction mechanism
of body surface structure is analyzed, such as sharks, earthworms, and dolphins. Besides, we make a thorough study of drag
reduction characteristics and mechanisms of microgrooved surface and compliant wall. Then, the relevant drag reduction
technologies and mechanisms are discussed, focusing on the microbubbles, the vibrant flexible wall, the coating, the
polymer drag reduction additives, superhydrophobic surface, jet surface, traveling wave surface drag reduction, and the
composite drag reduction methods. Finally, applications and advancements of the drag reduction technology in turbulence
are prospected.

1. Introduction

With the rapid increase of energy consumption, energy prob-
lem has been a global issue, which must be faced with and
solved. Energy conservation and consumption reduction
become an important research project at home and abroad.
Drag reduction technology is urgently needed in transporta-
tion and military fields to reach the energy-saving goal. It is
indicated by investigation and research that when the ship
is sailing under water, the frictional force of its surface can
account for 70%~ 80% of total resistance. Even in the case
of high-speed operation, its frictional force can also account
for about 40% [1]. It can be calculated that in the case of cer-
tain power and energy, when the resistance decreases by 10%,
the ship’s speed and distance will increase by about 3.57% [2].
When the Reynolds of fluid in a round pipe reaches 105 and
the turbulence intensity is 10%, Reynolds turbulent stress will
be about 100 times as much as laminar viscous stress and the
greater the stress is, the greater the loss of energy is, there will
be a lot of energy consuming in the flow friction [3]. In a

sense, lot of energy consumption will be saved every year,
even by slightly reducing the sailing resistance under water,
which is of great significance for easing the energy crisis in
the case of relative energy shortages nowadays.

Based on this, people always devote themselves to
researching drag reduction methods. Natural creatures form
a series of biological structure adapting to drag reduction
after years of evolution. In recent years, scientists have found
that the surface structures of many creatures are nonsmooth,
the skins of sharks and dolphins have distributed many flake-
like rib structures [4], which can change the skin’s surface
structure of turbulent layer and velocity distribution when
the shark is swimming [5], while the earthworm’s back can
secrete some milk-white liquids, thus having wetting func-
tion and being able to reduce soil adhesion to the animal’s
body surface, which can research the goal of drag reduction
[6]. These conditions of drag reduction on natural creatures
give us great insights. Additionally, people also reach and
develop many drag reduction methods, which provide many
kinds of ways and means, attaining a series of achievements.
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2. Bionic Drag Reduction Technology

2.1. Bionics. Bionics is an emerging discipline which can
produce bionic productions, approximately with some char-
acteristics of biological surfaces by imitating biological
systems or using artificial technology to design and optimize
productions for the biological function itself and to process
for many aspects in function, shape, structure, material, and
so on [7]. Natural creatures have developed into many kinds
of biological bodies adapting to the environment in order to
meet the need of living. These structures, shapes, and other
relevant factors form the maximal ability to adapt to and
coordinate the living environment by optimizing and
coupling [8, 9]. Bionics was first born in the West in 1960.
At an early stage, people understood and imitated natural
creatures to apply this in practical production and life. As
early as 2000 years ago in China, people began to imitate nat-
ural creatures consciously, for example, the famous carpenter
in ancient times, Lu ban, invented saw for lumbering by
observing the jagged edges of blades grass. In today’s world,
bionics has undergone rapid development, some research
achievements have applied in people’s daily life, for example,
ultrasonic testing was invented by researching the bat [10],
and riblet surface drag reduction was proposed by observing
the shark when swimming [11].

2.2. Biological Surface Structures

2.2.1. Shark Skin’s Nonsmooth Surface. The shark is one of
the fastest swimming animals in the ocean, whose skin
surface does not adhere to any halobios, having an excellent
drag reduction effect. By long-term observation for shark-
skin, its surface is not smooth but is composed of many scales
with grooved shape, with more spines and setae [12].

Sharkskin’s microstructure and its mimic are shown in
Figure 1 [13]. The scales of sharkskin are shield scales, whose
configuration are compact, orderly, and jagged. The middle
teeth are long, while the side teeth are short. The tooth spaces
are toward the shark’s tail direction and have overlapping
phenomenon. Lot of researches reveal that the special struc-
ture of sharkskin mainly has two aspects of the role: on the
one hand, this structure has antifouling function, decreasing
adhesion on skin by other benthos; on the other hand, it is in
favor of drag reduction in swimming. The cause of drag
reduction is that this structure can change the intrinsic
structure and the velocity distribution in turbulent bound-
ary layer when the shark is swimming, which has a good
effect on drag reduction.

2.2.2. Earthworm’s Nonsmooth Skin. The earthworm is a kind
of soft animal, which has the characteristic of reducing
adhesion to move freely without soil adhesion in clay soil.
Through the biomechanical angle of earthworm crawling,
the frictional resistance between the body and the soil sur-
face was analyzed. The characteristic of an earthworm is
the result of coupling with many factors, for example,
earthworm’s nonsmooth skin, its soft figure, and special
way of movement [14, 15]. Earthworm’s skin structure is
shown in Figure 2 [6]. The back hole of the earthworm
is concave pit on a nonsmooth surface structure. It can
secrete some milk-white liquids and wet the surroundings,
which can form a lubricated interface between soil and
earthworm’s body, reducing the adhesion of soil for the
creature’s skin.

2.2.3. Dolphin’s Flexible Body Surface. The mystery of high-
speed and low resistance, when the dolphin is swimming, is
always one of the hot research issues for all countries’

(a) Spiny dogfish skin (b) Tiger shark skin

(c) Rib surface imitation of shark skin (d) Coating material imitation of shark skin

Figure 1: Shark skin microstructure and its imitation.
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scientists. The United States, Europe, and other countries
have conducted plenty of theoretical studies and experimen-
tal researches, currently attempting to find the drag reduc-
tion mechanism of the dolphin’s skin, which is mainly
composed of two parts by research: for one thing, in the
process of dolphin’s swimming, its eyes can secrete a special
liquid, which covers the whole skin coordinating with the
streamline body shape carve of the dolphin. The liquid can
reduce the friction force when the dolphin is swimming,
having a lubricating function; another most key cause is that
the dolphin can produce a wave in the process of swimming.
It is produced from the dolphin’s head, transferring to the tail
at a very high frequency and minimum amplitude, changing
the dolphin’s skin into a flexible skin, which is very similar
with the mechanism of flexible wall drag reduction. What is
more, the dolphin’s skin wave can produce vortex layer when
the dolphin is swimming, which has an effect on drag reduc-
tion to some extent [16].

2.3. Bionic Drag Reduction Methods

2.3.1. Groove Surface Drag Reduction. In the field of
traditional thought, people always focus more energy on
the smooth surface drag reduction. With the further research
of bionics, people find that the microgrooved surface can
effectively reduce the frictional force on the wall. At present,
the practical applications of groove surface drag reduction
mainly focus on 3 parts: aircraft, fluid drive apparatus, and
pipeline fluid conveying equipment [17]. As early as the
1980s, German aircraft manufacturers began to use this tech-
nology. They found that through the technology, 8% of the
fuel could save, when the plane flew the same distance. Cur-
rently, the United States, Europe, and other countries study
deeply the groove surface drag reduction when the aircraft
is flying and achieves great development.

By researching the groove surface drag reduction, there
are mainly two aspects that influence its characteristic: its
characteristic and the flow-field environment. The self-
factor of groove surface includes its shape and size. The
flow-field environment includes its pressure gradient, the
shape of flow cross-section, and the fluid velocity. Research-
ing a variety of geometries of groove (including V-shape, oval,
semicircular, jug, and rectangular), the drag reduction effect
of the V-shape groove is the best [18]. In the study of the
placement of groove surface, the surface in distribution of
the flow direction can effectively control the quantity of the
low strip, while the distribution of lateral direction can inhibit
the length of the low strip. There is a big difference between
researchers about the influence of placement mode on resis-
tance, and the result of experiment still has a big discrepancy.

The optimal drag reduction surface is not the smooth sur-
face as is described by classic experiments [17].Groove surface
drag reduction is related to the turbulentflowing structure.We
canmake a summary as follows by researching its mechanism
at present; considering wall shear stress simply from fluid
mechanics perspective, the groove surface drag reduction
mechanism owes to the increase of the vicious sublayer thick-
ness. The surface has an obvious delay in the transition from
laminar boundary layer to turbulent boundary layer [19],
which can also change the turbulent characteristics in the near
wall region [20–22]. From the theory of turbulent coherent
structure, its mechanism is that the streamwise vortexes asso-
ciated with low-speed strips are reduced and the spanwise
gather of the low-speed strips is suppressed under the interac-
tion between streamwise vortexes and secondary eddies, as
shown in Figure 3, which is produced under the groove. The
strip transition on the groove surface is more flat compared
with the smooth surface. Low-speed strip transitions have a
good linearity, revealing that the groove restrains the lateral

(a) Hole structure on back (b) Walking pattern

Figure 2: Earthworm’s body surface.
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(b) Stereo diagram

Figure 3: Schematic diagram of the interaction between the grooved surface and streamwise vortex.
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fluid flow and strengthens the stability of fluid flow. From the
principle of mechanical drag reduction, a similar “air bearing
theory” can be put forward.

2.3.2. Flexible Wall Drag Reduction. After a long-term study
of dolphins and sharks, people find these marine organisms’
skins are heavily elastic, which can reduce drug while they are
swimming. According to this characteristic, scientists invent
the flexible wall drag reduction method, daubing polymers
on the solid wall and filling in their space with liquid to buffer
external pressure with high elasticity. Both Cooper and
Carpenter devote themselves to optimizing compliant coat-
ing to attain the best effect on drag reduction [22]. Russian
scholars, Kulick and Semonov prove that the flexible wall
has an important influence in reducing flow noise and sur-
face frictional force by researching, the biggest drop up to 7%.

The flexible wall drag reduction mechanism is mostly
increasing the thickness of the wall viscous sublayer, putting
off the transition from laminar boundary layer to turbulent
boundary layer and reducing the velocity gradient on the
boundary layer, which results in reducing the shear force
on the solid wall [23]. Even though, it still has a certain lim-
itation, which is applicable to the high-speed and turbulent
state. Its witnesses are exposed in low-speed flowing. Apply-
ing the flexible wall in the low-speed flow, it can reduce its
own weight and deepen the depth of ship into the water. In
this condition, its effect on drag reduction is not ideal.

3. Other Drag Reaction Methods

3.1. Microbubble Drag Reduction. Microdouble drag reduc-
tion is one of the main approaches in achieving jet drag
reduction. With the depth of microair bubble drag reduction,
it mainly applies in many fields, such as ship drag reduction,
ultrasonic imaging, and sewage disposal. It is worth mention-
ing that microbubbles have an increasing effect on ship drag
reduction, which becomes one of hot research issues. For a
sailing ship, drag reduction can be achieved by covering the
bubble layer on the hull. Reducing the density of the fluid
medium with this method can change the boundary internal
structure and the flowing kinematic and dynamic character-
istics of the fluid in the near wall region, as shown in Figure 4.
Meanwhile, we can take advantage of the small frictional
force on the bubble surface and deformable regulating flow
structure to reduce drag [24, 25]. Studies have shown that
the drag reduction efficiency is up to 20%~ 80%. Its mecha-
nism is very complicated and affected by many factors, such
as the number of hull surface, the size of bubbles, the struc-
ture of the hull, and flow parameter on the hull surface,
which can affect the drag reduction effect [24]. For the hull
surface, a gas-liquid mixture can be formed by injecting air,
which can change the internal structure. Because of the vola-
tility of the bubbles, partial work, produced by applying the
shear force in the fluid, translates into deformation energy,
reducing the loss of energy to the drag reduction effect.

Presently, about the study of micro bubbles, the foreign
scholar, Madavan et al., [26] researches the factors of influ-
ence in the microbubble drag reduction. Merkle researches
the microbubble turbulent boundary layer effect of plat.

The study relatively lags behind and starts late in our country.
Based on the achievements of his predecessors, Wang [27]
researches the theory of microbubble drag reduction mecha-
nism using the Mac method axisymmetric body in computa-
tional fluid dynamics. Now, using the technology in the field
of super gun shells can reduce the resistance, thereby increas-
ing the speed of water missile as shown in Figure 5.

Similar with flexible wall drag reduction, though micro-
bubble drag reduction has obtained a substantial progress,
it also has many weaknesses. An obvious weakness is that
the bubbles covering the hull surface are not steady and vul-
nerable to cracks to generate enlarged drag force and noise. If
the bubbles are too small, the needed drag reduction cannot
be achieved [24]. Besides, its another weakness is that when
the ship is sailing, the microbubbles covering on its surface
are mainly hydrogen and oxygen bubbles generated by elec-
trolyzing water. Though the source of reactant is abundant
and its resultants are not pollutional to the environment,
the degree of demand for and dependence on electric energy
is very high.

3.2. Vibrant Wall Drag Reduction. Relative to the previous
several drag reduction method, wall vibration reduction is a
relatively new drag reduction technology, which refers to
the exhibition along the flow direction of the fluid flow
through the smooth plate and vibration, which leads to a
method of flat surface resistance decreased, as shown in
Figure 6. Jung et al. verified the effectiveness of drag reduc-
tion about periodic spanwise vibration of smooth flat plate
in 1992, using DNS means for the first time [28]. In recent
years, foreign scholars have revealed the vibrant wall drag
reduction mechanism by adopting DNS computational
method and analyzing DNS data. There are two drag reduc-
tion mechanisms about the vibrant wall at present: first, the

Figure 4: Bubble reduction ship.

Figure 5: Supercavitating missile.
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strips and vortexes generate an obvious incline, which can
produce negative spanwise vortexes decreasing the mean
velocity gradient in viscous sublayer and influencing the
structure of the turbulent boundary layer. The streamwise
vortexes rearrange along the spanwise, weakening the wave
intensity of the streamwise vortexes in the lateral boundary
layer, which is in favor of drag reduction. Another theory is
that wall vibration interferes with the regenerative cycle of
the quasi-streamwise vortexes, not sustaining wall turbu-
lence, which can achieve the effect of drag reduction [22].
Because of the complexity of turbulence, there is no accurate
expression about wall drag reduction at present and relevant
researches need to be done in the future.

3.3. Coating Drag Reduction. With the rapid development of
the economy, the demand for crude oil is increasing. Pipeline
construction is imminent. In the long distance transportation
of oil process, the friction drag between the oil and pipeline
accounts for 98% of the total drag, which makes the power
of the pump station almost entirely overcomes friction [29].
If the transportation drag of oil can be reduced, it can bring
huge economic benefits. Based on this, the drag reduction
problem in the pipeline has always puzzled researchers. With
the development of coatings technology, coating in the pipe-
line as a mature technology has been applied in the long dis-
tance transportation of oil. The application of the coating in
the pipeline can not only reduce the resistance, but also
reduce the corrosion of the oil pipeline. As early as 1953, this
method was applied in gas transportation in trunk pipeline of
oil, which can increase the gas transportation capacity by
5%~ 20% [30]. Wei and Ni discover the drag reduction effect
of silicone oil is the best. The reason is the hydrophobicity of
silicone oil can make the wall more smooth [29]. The hydro-
phobicity of coating and control for wall roughness is the
essential reason of coating drag reduction.

The coating drag reduction mechanism mainly focuses
on two aspects: smooth surface drag reduction and low sur-
face energy drag reduction. In the pipeline process, because
of the limitation of working accuracy, the pipeline always
presents a certain degree of roughness and its surface is rug-
ged. The flowing of oil in the pipeline is in turbulent state,
which can form vortex area on the surfaces of concave-
convex objects which can generate a certain pressure, bring-
ing loss of energy which is related to the mean height of
concave-convex objects. The higher the mean height is, the
greater the loss of energy is. The coating on the tube wall
can effectively smooth the wall to reduce the concave-
convex height, which can reduce the mechanical drag pro-
duced by wall roughness. It is discovered by foreign relevant
researches that the transition from laminar boundary layer to
turbulent boundary layer can be put off by spraying

compliant coating. For the low surface energy drag reduction,
spraying compliant coating changes the wetting degree of the
fluid on the tube wall because of the hydrophobicity of coat-
ing, reduces the velocity gradient of the fluid on the tube wall
and, decreases the shear force on the wall, which can reach
the goal of reducing the transportation drag. What is more,
the difficulty that coating can be wetted is related to its drag
reduction performance. The more difficult the coating can
be wetted, the worse its drag reduction effect is.

3.4. Polymer Additive Drag Reduction. Besides the coating
drag reduction, the drag reduction purpose also can be
achieved by adding the polymer in the fluid. In the late
19th century, people found that muddy water can flow faster
than clean water in some river sections. Later, they found that
the frictional drag on the ship’s surface is smaller when its
sails in the water with water plants than without water plants
[31]. In the late 1940s, Toms found the earliest drag reduc-
tion agent (DRA), polymethyl methacrylate (PMMA). After-
wards, researchers found other additives one after another.
The DRA can be broadly divided into two categories:
water-soluble and oil-soluble. Water-soluble DRA includes
sesbania power, PAM (polyacrylamide), and synthetic PEO
(Polyoxyethylene). Oil-soluble DRA includes olefin copoly-
mer and polyisobutene [32].

In our country, though the study of DRA starts relatively
late, great progress has still been made. In the 1980s and early
90s, Chengdu University of Science and Technology and
Zhejiang University made a remarkable advance for the
synthesis of indoor DRAs. The China Petroleum Pipeline
Company made a breakthrough progress for the develop-
ment of EP series oils, DRA, forming the independent intel-
lectual property rights and starting mass production.

The polymer additives drag reduction is not still mature,
but certain research results have been made. In 1967, Virk
et al. discovered that there exists an elastic buffer area between
laminar flow and turbulent flow in the near wall area, by mea-
suring the fluid velocity before and after adding DRA, accord-
ing to which, asymptote was being obtained. Early researchers
consider that the existence of the elastic buffer area results in
the enlargement of velocity and increase of flow in the pipe,
attaining the drag reduction effect. Besides, Berman had a
new discovery that the effect is better by injecting DRA than
DRA is dissolved in liquid beforehand in 1986. Focusing on
the influence of fluid kinetic characteristic, the polymer can
change the turbulent structure on the wall. Abernathy drew
two conclusions one is that polymer can impede the genera-
tion of eddies and reduce the frequency of vortex; the other
is that polymer can reduce the rotation rate of the vortex.
Both of them together can result in the drag reduction effect.
Some hypotheses and analyses can be proposed combining
with the experimental results for the polymer drag reduction
mechanism, but there is still no unified theory which can
explain all experimental phenomena [33, 34].

At the same time, artificial polymer can cause biological
damage to the ship’s hull, and some organic DRA can pollute
the environment. So, the polymer drag reduction agent is
commonly used for oil pipeline transportation, but it will
add additional funding.

Flow
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z

Figure 6: Schematic diagram of spanwise wall oscillation.
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3.5. Superhydrophobic Surface Drag Reduction. According to
the phenomenon, water rolls easily without wetting on the
lotus leaf because of the microscale structure of the emulsion
on the lotus leaf rejecting the water, it invented the method of
the superhydrophobic surface drag reduction [35]. So far, the
mechanism accepted of the superhydrophobic surface drag
reduction is the theory of slip length considering that because
water produces the wall slip through hydrophobic surface
decreasing velocity gradient of the boundary layer, decreas-
ing the shear stress, and delaying the change of laminar
attachment surface, the laminar flow regime tends to be more
stable [36]. The mechanism of the superhydrophobic surface
drag reduction is shown in Figure 7.

Voronov et al. [37] found that by numerical simulation,
while the slip length and contact angle are usually regarded
as hydrophobic performance standards, they do not always
follow the same rules, low σr (relative atomic size) tends to
make the contact while the angle increases but will reduce
the slip length. Bixler and Bhushan [38] obtained a maxi-
mum drag reduction rate of 26% by simulating shark skin
resistance reduction experiments. Lee and Kim [39] had
studied the applicable range of superhydrophobic drag
reduction on hydraulic pressure. The present study found
that the texture of the superhydrophobic surface captures
the air to form the air cushion and reduces the frictional
resistance between the fluid and the coating surface. Using
the drag reduction characteristics of the superhydrophobic
surface, the technique is applied to the surface of the swim-
ming suit. As shown in Figure 8, this swimsuit is more con-
ducive to increasing the speed of far mobilization compared
to the imitation shark skin swimsuit.

3.6. Jet Surface Drag Reduction. The aim of jet technology is
to control and provide power for itself through the interac-
tion force of jet reaction and the interaction between jet
and flow. It has short response time and good low voltage
control characteristics [40].

Sharks living in the sea are aquatic animals having
rapid movement. The burst start speed of the deep-sea
sharks is amazing, reaching up to 10~ 20m/s; while pursu-
ing their prey, they have very fast speed [41]. There are
large gill plates lined in front the body side of sharks, as
shown in Figure 9, and each lamella has about 5~ 7 bran-
chial cleft. As they swim, the water is sucked through the
half opening mouth, and gas is exchanged from the gill
slits. It is closely related with breathing and self-motion
resistance reduction.

The researchers found the drag reduction effect on the
surface of the jet according to the jet motion of the shark’s
gills. The present study generally believes that if there is jet
on the motion face, jet fluid will block the mainstream field,
forming the countercurrent area at the back of the jet hole
and the direction of speed near the wall is contrary to flow
velocity in the countercurrent area having the obvious drag
reduction effect. Furthermore, there is the counter-rotating
vortex extending downstream produced in the downstream
of the jet hole and it would induce two vortex on the wall
increasing the thickness of the boundary layer and
decreasing the velocity gradient both having the effect of
drag reduction [42].

To sum up, with the rapid development of science and
technology, jet drag reduction technology has reached rapid
development and fruitful achievements, many research
results have been applied in the engineering practice, but
there are still many problems that still need further research.

3.7. Traveling Wave Surface Drag Reduction. Traveling wave
surface drag reduction technology is considered a very prom-
ising drag reduction technology and is made of corrugated
shape, which was inspired from the undulating dunes struc-
ture of desert, as shown in Figure 10. At present, the mecha-
nism of drag reduction for traveling wave surface is still
controversial. A more persuasive argument is that the ripples
on the surface of the traveling wave shape can produce sec-
ondary flow, namely the origin parallel artificial vortex flow
sparked a row, so that it is free to flow in the parallel artificial
vortex flow, achieving the goal of drag and noise reduction.
Its principle is shown in Figure 11.

3.8. Combined Drag Reduction. In practical engineering
application, multiple drag reduction technologies would be
used together achieving the best drag reduction effect. The
effect of drag reduction using multiple drag reduction tech-
nologies is generally better than that using single drag reduc-
tion technique. It is the most universal using trench surface
drag reduction and other drag reduction methods together
in a variety of combinations. A series of turbulent drag reduc-
tion tests on coupling of trench surface and polymer coating
technology have been carried out turning out that the effect
of coupled drag reduction is excellent for the trench surface
drag reduction and polymer coating drag reduction. Sun
and found that this combination increases the stability of
the wall air layer can make bubble not easy to break reducing
the resistance and noise, so that the effect of drag reduction is
optimized [11].

4. Summary and Outlook

The turbulent drag reduction technique a case turbulence
theory applied to engineering has good development pros-
pects. Due to the need of practical engineering, Chinese and
foreigners have carried out a large number of experimental
studies and gotten many achievements as references for prac-
tical application. However, most studies still stay in the sim-
ulation and test phase having not forming the mature
systemic theory. In future research, the exploration of drag

Hydrophobic
surface

Water
Contact angle

Air

Solid

Figure 7: Schematic diagram of drag reduction mechanism of the
superhydrophobic surface.
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reduction mechanism should be put into more important
place, especially by combining the numerical simulation
and experimental study and focus on theoretical research
guiding practice with theory. The drag reduction effect is
greatly restricted, due to that, the research work of the cur-
rent technology of drag reduction is mainly focused on single

drag reduction technology. Therefore, to use multiple drag
reduction technologies together will be an important direc-
tion for the future research. The research of technology is ser-
vice for practice, so we should speed up the progress of
promoting laboratory research results to the engineering
application. And how to put the relatively mature drag reduc-
tion technology into actual projects and to promote it is also
an important direction in the future research.
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