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Abstract. Super depth digital microscope was employed to observe the macro-/micro-structure of Coleoptera’s

elytra. The non-smooth surface textures of elytra have shown superior performance of friction reduction and lubri-

cation. Bionic models of regular hexagonal convex texture and circular concave texture inspired by the beetle were

established and verified by numerical calculations and simulations. Further tribological experiments were performed

and the results show that the circle texture has the lowest coefficient, which is consistent with the numerical calcu-

lations. The research may be further applied to new bionic surface texture designs and also work as a biological

template for new bionic inventions.
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0 Introduction

It has been a long time since human started
to learn from the nature. Nature has great wis-
dom, encouraging people to obtain inspired and

put it into practical applicationst”.

In the long-
term adaptation process to the nature, organisms
keep on improving their internal structure, such
as morphological characteristics, other related
functions and the formation of body surface .
Coleopteran beetles belong to insecta, which
has the most complex kinds compared with other
animals, including the dung beetles, predacious
diving beetles, cockchafers and others (Fig. 1),
Due to the excellent mechanical properties of the
elytra, such as drag reduction performance,
wear-resistance and lubrication, the surface tex-
ture of the beetle elytra has been widely applied
to structural designs™.
Using micro manufacturing methods, the

surface texture technology can produce special

micro shapes arranged by certain rules and sizes
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(a) Shell surface (b) Surface shark

(d) Dung beetle elytra’s surface

(c) Catharsius

Fig. 1 Different biological surface

in morphology. Many studies have shown that
these morphologies would greatly improve the tri-
bological properties of the surface, which cannot
only effectively reduce the wear of the contact
surface, but also reduce the surface friction"® .
The pit array textures have obvious improve-

ments in property of anti-friction compared with
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the normal samples without surface texture pro-
cessing'™. Furthermore, pit array which had cer-
tain rules on the surface of the silicon was pro-
cessed and it was concluded that the pit arrange-
ment of high density had lower friction coeffi-
cientt,

The previous work proved that the materials
were equipped with excellent properties by rea-
sonable surface texture design"®. Bearing the a-
bove observation in mind, the bionic design based
on the surface texture of Cybister elytra were pro-
vided. The aim of the research is to understand-
ing in this area and the results may provide basic
data for a new bionic surface texture design and
also work as a biological template for new bionic

inventions.

1 Materials and Methods

1.1 Animals

We take Cybister tripunctatus as the research
object. The beetles used in this study were gath-
ered from Guangzhou, Guangdong Province, Chi-
na.

As shown in Fig. 2, the adult body length of
this beetle is about 24—28 mm and the width is
11.5—14. 3 mm. The main body of the beetle is
black while the edge area of the elytra is brown.
There exists a big concave on the head and obvi-

ous little concave points on the elytra.

(a) Local amplification of elytrum surface (1)

(b) Local amplification of elytrum surface (II)

Fig. 2 One of the Cybisters taken as the specimen and

Cybister elytra surface morphology

1.2 Specimen preparation and examination

In order to protect the surface structure of
the beetles, some preliminary preparations were

conducted before performing the observations.

The beetles were placed in the beaker with ethyl
acetate, and then the beaker was sealed and
stored for later work. After that, the beetles
were cleaned with pure water and air-dried for a-
bout 30 min, and the fridge was used to frozen
death. Finally, to avoid the formation of ice on
the surface of the frozen layer, the beetles were
placed in the beaker filled with high concentration

of alcohol and stored.
1.3 Observation on Cybister elytra’s surface

Removed two pieces of Cybister elytra from
alcohol solution and dried it in a ventilated place,
and then placed it on the observation platform to
fulfill the observation of Keyence 3-D super depth

digital microscope.

2 Results and Discussion

2.1 Morphological observation

High magnification photographs of the sur-
face structure were taken from two different bee-
tle elytron a, b. The results showed a fairly
smooth outer surface texture of elytrum b com-
pared with elytrum a, but they both have obvious
lines in certain direction. Elytron a and b are o-
verall black in common, and only show dark
yellow in the lower edge area.

Based on the local magnification photograph
of elytra a, many obvious vertical grooves can be
found, the measurement shows the width of
grooves is 1520 pm, and the interval between
them is about 100 pm. There are a lot of micro
pits on the surface of the elytra 4—6 ym in diam-
eter and 1 pm in depth.

At the same time, a few relatively large pits
in eye shape were found on the elytra 15—22 um
in diameter, in addition to that, the two elytra
surfaces have closely linked polygon structure in

common at the length of 5—12 um.
2.2 Bionic surface texture design

Based on the results of microscope observa-
tion, special structures from Cybister’ s elytra
were taken as the object of research. Two struc-
ture forms were extracted from these structures.,

hexagonal convex structure and circular pits
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structure, which established the foundation for
tribological tests and theoretical models. To de-
sign the structure forms, the parameters of the
circular pits in this study were selected as: The
diameter was 100 pum, the depth was 5 ym and
the area rate was 10. 4%, Moreover, the tex-
ture area ratio and height of the hexagonal shaped
texture were kept in consistent with the circular
shaped texture, and the side length was set as
55 pm, ensuring the hydrodynamic lubrication
performance of two kinds of textures were studied

under the same condition.

3 Comparison Between Surface Tex-

ture Designs

According to the mathematical model of hy-
drodynamic lubrication of surface texture, the
performances of different bionic texture designs

are compared and analyzed™ %,

3.1 Presumed plant conditions setting

(1) The flow in the lubricant film is consid-
ered as laminar {low.

(2) The influence from volume force and in-
ertia force on pressure is neglected.

(3) The distance between two solid surfaces
is sufficient, with lubricant and without direct
contact.

And the Reynolds equation can be expressed

as

d ap J Ip dh
2 (pr 22 7(/3— — 60 22
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where p is the viscosity of lubricant, U the speed
of upper surface, p the hydrodynamic pressure,

and i the thickness of oil film.

3.2 Mathematical model of hydrodynamic lubri-

cation

The square area of 3 X3 is chosen as a com-
putational domain, ensuring that each element
has a micro texture (Fig. 3).

The radii of the circular dent unit can be ex-

pressed as

(2)
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Fig. 3 Surface texture design

And the length of the regular hexagonal convex
unit is

;=L (3)

The oil film thickness in the circular texture

region can be expressed as
a+b x,y €A
b T,y & A

And the oil film thickness in hexagonal texture

4

h(x,y) =

region can be expressed as
h<x,y>{b“ el (5)
b T,y & A
The finite difference method is adopted for
the analysis and calculation of the Reynold equa-
tion. The pressure values at node P, ; can be re-
presented by the ones of the four adjacent

nodest"

AP,H__, +BP,71.J +CP,._,H +DP,.',71 _EP,,] :F
(6)
The calculation formula of the average di-

mensionless lubricant film pressure value is

J P(r,y)daedy
A

The formula for calculating the average shear

P,.= D

stress is

F=137 M eteydedy (8)

The friction coefficient is determined by f =
F/P,,, the friction coefficients of the hexagonal
convex texture and the circular surface texture

can be expressed as
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The pressure value of plane lubrication film
is calculated by Matlab programming method,
combined with the parameters in Ref. [15]. In
this simulation, the velocity of the relative mo-
tion between the surfaces is 0. 06 m/s, and the

viscosity of the lubricant is 0. 03 Pa * s.
3.3 Analysis of simulation results

3.3.1

Fig. 4 is the non-dimensional lubrication film

The hexagonal convex texture

pressure distribution diagram of the hexagonal
surface texture. The pressure distribution of the
remaining textures exhibited a periodic variation
law, except for the parts near the inlet and outlet
place of the lubricant. At the same time, in the
convergence region where the lubricant flew into
the texture, the lubricant film pressure value is
positive, and there exists a limit of maximum val-
ue. And the coefficient of friction is calculated as
f=4.232X107"°.

Non-dimensional pressure
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5
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(a) Oil film pressure distribution

-10
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(b) Vertical view of the oil film pressure distribution
Fig. 4 Dimensionless oil film pressure distribution of

hexagonal texture

3.3.2 The circular surface texture

Fig. 5 is the non-dimensional lubrication film
pressure distribution diagram of the circular sur-
face texture. The circular texture has the same
lubrication film pressure distribution characteris-
tics as the hexagonal one, but the maximum lu-
bricating film pressure is less than hexagonal tex-
ture. And the coefficient of friction is calculated

as f=2.795 X 107° .

Non-dimensional pressure
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(a) Oil film pressure distribution
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(b) Vertical view of oil film pressure distribution

Fig. 5 Dimensionless oil film pressure distribution of cir-

cular texture

4 Tribological Tests

By analysis results of the model, the circular
texture has smaller friction coefficient, which
proves that the circular texture can well reduce
friction and resist wear. The relationship between
different texture designs and tribological proper-
ties was investigated and analyzed through the

tribological tests.
4.1 Experimental equipment

The friction wear testing machine UMT-2 is
applied to the tests, and the friction coefficients

are tanken as judge standard (Fig. 6).
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Table 1 Main properties of UHMWPE

Density/ Hardness Melting Water
(g+cem™?) (HRB) point/C absorption/ %
0.93 40 135 <C0.01

Table 2 Main properties of stainless steel SUS316

Yield strength/ Tensile strength/ Density/
MPa MPa (gecm™?)
310 MPa 620 MPa 8.03

4.1.3 Reagents preparation
Lubricants is mainly mad of the powd
Fig. 6 Friction wear testing machine UMT-2 ubricants 1s mainly made up ¢ powder

) of sodium hyaluronate, which is bought from
4.1.1 Experimental molds B o ) .
) ) Nanjing Doulai Biological Technology Co. Ltd.
The microstructures for experimental mol-

ds were studied by SEM (Fig. 7). The diameter
of circular texture is about 99. 14 um, the height

As is shown in Fig. 8.

is about 5. 3 pm, and the area rate is 10. 4%,
while the diameter of hexagonal texture is about
53.68 pm, the depth is about 5. 6 yum, and the

area rate is 10.4%.

(a) Powder of sodium hyaluronate

(a) SEM for circular textures  (b) Single unit of circular texture

(b) Magnetic mixer (¢) Sodium hyaluronate solution

Fig. 8 Preparation of sodium hyaluronate solution

(c) SEM for hexagonal textures (d) Single unit of hexagonal textur

(1) Weigh the powder of sodium hyaluronate

Fig. 7 SEM for circular and hexagonal textures with a balance.

4.1.2 Materials for specimens (2) Pour the powder into a beaker containing
UHMWPE are taken to make the specimens, deionized water.

which have the molecular weighting up to 3 X (3) Place the beaker in a magnetic mixer, set

10°. As is shown in Table 1,the diameter of the the rotation rate and the temperature to 37 C for

material is set as 50 mm and the thickness is a- about 45 min.

bout 4 mm. 4.2 Experiment contents and process

Medical stainless steel SUS316 is used to . .
Common texture, the circular texture, and

make testi i the diamet { which is . .
ake testing piece. e diameter of which is the hexagonal texture are tested by spherical tri-

about 8 mm, after grinding and polishing. the bology test, in order to obtain the best texture

mirror face effect is achieved (Table 2). design (Table 3).
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Table 3 Environmental conditions and parameters

Environmental condition

Specific parameter

Testing piece
Specimens
Loading/N

Speed/(m « s 1)

Testing time/min

SUS316 stainless steel ball
UHMWPE
)
0.06
75

Lubricant sodium hyaluronate solution

5 Results and Analysis

Three sets of parallel tests for common tex-
ture are carried out to obtain three different fric-
tion coefficient results (Fig. 9).

Three sets of parallel tests for circular tex-
ture are carried out to obtain three different fric-

tion coefficient results (Fig. 10).
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Fig. 9 Tests for friction coefficient of common texture
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Fig. 10 Tests for friction coefficient of circular texture

Three sets of parallel tests for hexagonal tex-
ture are carried out to obtain three different fric-
tion coefficient results (Fig. 11).

The average values of friction coefficient for
the three groups are obtained and compared
(Fig. 12).

6 Conclusions

We made the morphology observation, bionic
design, theoretical calculation, and experiments
in order to explore the best bionic design scheme.

First, the hydrodynamic lubrication model of
regular hexagonal convex texture and circular
concave convex texture were established to study
the texture of the friction and wear-resistance

properties. Then numerical methods based on the
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Fig. 12 Average friction coefficient of each specimen

Reynolds equation were used to calculate the
pressure of the lubricating film through Matlab
programming calculation. And the distribution of
oil film pressure and thickness were obtained, re-
spectively, and the friction coefficients of two

kinds of texture surfaces were calculated. Final-

ly, experiments on spherical tribology are carried
out, the results show that the circular texture has
the smallest friction coefficient, followed by the
hexagonal texture, and the friction coefficient of
the common texture is the biggest. By comparing
the coefficient of friction, which was taken as the
standard for evaluating the friction-wearing and
lubrication properties of the textures, the circular
pit texture was finally chosen as the optimal de-
sign scheme.

The results in this study may provide inspi-
ration for a new bionic surface texture design and
also work as a biological template for new bionic

inventions.
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