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ABSTRACT: The current research on gecko-inspired dry adhesives is focused on
micropillar arrays with different terminal shapes, such as flat, spherical, mushroom, and
spatula tips. The corresponding processing methods are mostly chemical methods,
including lithography, etching, and deposition, which not only are complex, expensive,
and environmentally unfriendly, but also cannot completely ensure microstructural
integrity or performance stability. The present study demonstrates a high-precision,
high-efficiency, and green method for the fabrication of a gecko-inspired surface, which
can promote its application in dexterous robot hands and mechanical grippers. Based on
the bendable lamellar structures of the gecko, annular wedge adhesive surfaces that stick
to the finger surfaces of dexterous robot hands to improve their load capacity are
proposed and fabricated via a suitable combined processing method of ultraprecision
machining and replica molding. The greater the width, the higher the replication
integrity, and when the minimum width is 20 μm, the replication error is less than 5.5%
due to the superior processing performance of the nickel−phosphorus (Ni−P) plating of the master mold. The fabricated annular
wedge structures with an optimized width of 20 μm not only exhibit a strong friction force of up to 35.48 mN under a preload of 20
mN in the GCr15/poly(dimethylsiloxane) (PDMS) friction pair but also demonstrate an obviously improved anisotropic friction
characteristic of up to λ = 1.36, as the molecular force exhibits a stronger increase as compared to the decrease of the mechanical
force of the structure with a small width.

1. INTRODUCTION

With the miniaturization of the hardware structures of
dexterous robot hands, the load capacity of the finger is
reduced due to the built-in low-power drive motor within a
small space, which hinders the promotion and application of
the hands. The load capacity can be effectively increased by
covering the biomimetic surfaces on the finger surfaces with
different microstructures; the characteristics of which primarily
determine the adhesion performance.
In nature, geckos exhibit outstanding climbing ability in

various environments, especially on smooth glass or ceilings,
and therefore, have attracted great interest for biomimetic
microstructure research. By the measurement and analysis of
the force of a single seta, Autumn et al. found that the strong
adhesion of geckos is attributed to the van der Waals force
between the thousands of spatulate structures and rough
surfaces.1 Regarding theoretical research, compared to other
adhesion mechanisms, such as wet adhesion displayed by tree
frogs,2 mechanical interlocking displayed by snakes,3 and
vacuum suction displayed by octopi,4 dry adhesion is
environment-independent and reusable, and the characteristics
of strong attachment and easy detachment provide theoretical
support for its application in dexterous robot hands.
It has been observed from scanning electron microscopy

(SEM) micrographs of a gecko foot that each toe is composed

of thousands of hierarchical structures of cylindrical setae,
branches, spatulas, and flat tips of the spatulae.5 Based on the
microstructures of a gecko foot, many gecko-inspired
structures have been designed and investigated.6−11 For
instance, the effect of the terminal contact shape on adhesion
was systematically studied by Del Campo et al.12 It was found
that the terminal shape plays an important role in determining
the adhesive properties and that mushroom and spatulate tips
exhibit higher adhesion strength than flat tips, spherical tips,
flat tips with rounded edges, and concave tips.13−17 Moreover,
the maximum pull-off force can reach 42 N/cm2.18 However,
due to its symmetry, the mushroom-like structure cannot
achieve rapid adhesion and desorption in different directions,
as geckos can. On the contrary, the wedge structure has
received increasingly more attention in the research on the
anisotropy of gecko-inspired structures due to its asymme-
try.19−22 Three different wall-shaped adhesive microstructures
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inspired by spatula-shaped attachment hairs were designed by
Kim et al., and the effects of the pulling angle and preliminary
displacement were studied in detail.23 Kerst et al. fabricated a
narrow-angled structure from a metal mold created by
sputtering metal and electroplating copper, which did not
require a mold release coating and was easy to clean.24

According to the feature size of the gecko, biomimetic
structures are usually micro/nanostructures. The common
techniques for the fabrication of biomimetic structures include
lithography, etching, deposition, and self-assembly,25−30 which
could be classified into two types, namely, (1) etching and
casting and (2) gas-phase growth. Carbon nanotube fibers have
been fabricated by low-pressure chemical vapor deposition
(CVD), and the effect of temperature on adhesion has been
studied.31 Moreover, well-defined mushroom-shaped micro-
structures were fabricated by Wang et al. based on photo-
lithography and molding.32 Although these methods can
produce smaller microstructures, their complex procedures
and harsh conditions have hindered their further development.
Regarding large-area anisotropic wedge structures, machining
technology has attracted great interest due to its high precision
and high efficiency.33−38 Tricinci et al. faithfully reproduced

the hierarchical shape of gecko setae via two-photon
lithography and studied its effects in terms of its adhesion
and friction performances.39 However, this process is very
slow, and large-area preparation is not possible. The method of
fabricating wedge molds via ultraprecision diamond cutting
was first proposed by Tao et al., and gecko-inspired surfaces
were replicated by poly(dimethylsiloxane) (PDMS).40 How-
ever, due to the large amount of heat generated locally in the
ultraprecision machining process and the easy deformation of
the aluminum mold by pressure or heat, the microstructure
precisions of the mold and the PDMS replica were not high. So
far, very few research studies have been conducted on the
fabrication of biomimetic structures using ultraprecision
processing technology, especially in terms of mold machining
accuracy and replication error. Moreover, despite the
importance of the effects of the width on the real contact
area and friction, the friction performance of gecko-inspired
wedge structures with different widths remains unknown.
In this research, molds of gecko-inspired annular wedge

structures with different widths were first fabricated using
ultraprecision diamond cutting on tungsten carbide with a
nickel−phosphorus (Ni−P) plating. Then, gecko-inspired

Figure 1. Master mold and PDMS replica of the annular wedge structure.

Figure 2. Optical micrographs of microstructures on the master mold with different widths.
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wedge structures were replicated with PDMS via the tungsten
carbide mold. Finally, the effects of different preloads, widths,
and angles of the wedge structures and motion directions on
the friction property were experimentally investigated with a
friction tester in the GCr15/PDMS friction pair. The purpose
of this study is to explore the friction mechanism of the gecko
cross-scale structure and find the optimal microstructural size
to improve the friction force and anisotropy capability, which
will provide theoretical support for the widespread use of
biomimetic structures in dexterous robot hands and mechan-
ical grippers.

2. RESULTS AND DISCUSSION

2.1. Analysis of Mold Quality. The machining process of
the mold of the annular wedge structure was carried out on a
Nanoform X Ultra-Precision Machining System (Precitech
Corporation), and the fabricated mold is depicted in Figure 1a.
The darker part of the mold is the processed wedge structure,
while the brighter part is the original Ni−P plating surface,
which was polished before machining. The diameter of the
mold was 50 mm. Along the radial direction of the mold, from
the outside to the inside, the processed microstructure widths
were, respectively, 100, 80, 60, 40, 20, and 10 μm. The radial
length of the microstructures with widths of 100, 80, 60, 40,
and 20 μm was 2 mm. Four groups of 10 μm structures were
processed because the structures were too small, and the radial
length between them was 1.5 mm.
Before the replica molding process, a preliminary observa-

tion of the microstructure of the mold was made using a laser
scanning confocal microscope (LEXT OLS5000, Olympus,
Japan), and the results are presented in Figure 2. The basic
features of the wedge structure, i.e., the vertical surface, the
sloping surface, and the sharp corners of the wedge structure,
were clearly observed on both the large scale of 100 μm and
the small scale of 10 μm. The surface roughness (Ra) values of
the sloping surface were 16, 20, 22, 24, 23, and 26 nm,
corresponding to the widths of 100, 80, 60, 40, 20, and 10 μm,
respectively. The advantages of high precision based on
ultraprecision cutting and the high surface quality based on the
Ni−P plating were vividly demonstrated.

2.2. Analysis of Replication Integrity. After the replica
molding process, the wedge PDMS structure was obtained, as
shown in Figure 1b. The width of the biomimetic wedge
microstructure is critical to the achievement of high levels of
friction and the anisotropy of the annular wedge arrays.
Therefore, the accurate control of the structural integrity of the
wedge microstructure is necessary for the development of
biomimetic surfaces with superior friction performance. Figure
3a−f presents the SEM images of the PDMS replica fabricated
with the six widths of 100, 80, 60, 40, 20, and 10 μm,
respectively. The integrity of the replicated structure was
relatively high between the widths of 100 and 20 μm, whereas
the bunching and collapse of the microstructures were evident
at 10 μm, as shown in Figure 3f. This phenomenon results
from the attraction forces between adjacent low-stiffness wedge
microstructures in the demolding process.
The parameters α and w are important factors for the

morphological characterization of biomimetic structures.
Additionally, w and h can be directly measured from the
SEM images, and α can be calculated using tan α = w/h. By
analysis and calculation, the accuracy errors of the replicated
morphology at different widths were determined, as reported
in Figure 4. As the width increased from 20 to 100 μm, the
width error (Δ(w)) decreased from 5.5 to 1.2% and the angle
error (Δ(tan α)) decreased from 6.4 to 3.2%; the width error
(Δ(w)) and angle error (Δ(tan α)) are as follows

Δ =
−

×w
w w

w
( ) 100%theory experiment

theory (1)

α
α α

α
Δ =

−
×(tan )

tan tan

tan
100%theory experiment

theory (2)

The overall errors of the widths were relatively small, which
indicates that the microstructural characteristics of the high-
precision mold were well replicated. When the widths were 80
and 100 μm, the replicated structures exhibited particularly
high accuracy, which depended on the large gap that could be
completely filled by PDMS. The replication accuracy was also
maintained at a high level when the widths were 20 and 40 μm,
which was due to the high quality of the machine side structure
that was conducive to the flow of liquid PDMS. In contrast, at

Figure 3. SEM micrographs of microstructures of the PDMS replica with different widths.
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a width of 10 μm, the attraction forces between adjacent low-
stiffness wedge microstructures in the demolding process
resulted in the collapse of the microstructure and poor
replication integrity.
2.3. Analysis of the Friction Property. A UMT

TriboLab, Bruker’s latest and most advanced mechanical
property tester, was used to measure the static and kinetic
frictions of the annular wedge structures. In the experiment, a
steel ball was aligned with the center of the circular biomimetic
structures and then moved in the radial direction to
sequentially contact and squeeze the microstructures of
different widths.
The influence of the preload on the friction force is shown in

Figure 5a. The friction force increased with increasing preload
from 5 to 20 mN. The increase of the preload made the
microstructures bend and deform more fully, thereby
increasing the real contact areas. Besides, the obvious stick−
slip phenomena can be observed, as shown in Figure 5b. In the

initial stage of friction, the ball and the microstructure were
relatively static, and the friction force increased with the
increase of time. When the relative sliding emerged, the
friction changed from static friction to kinetic friction and the
force decreased due to the damage of the contact surfaces. The
preload affected not only the maximum friction force but also
the first stick−slip distance. As shown in Figure 5a, the first
stick−slip distance increased as the preload increased. It can be
explained that the larger elastic deformation energy was
generated by the larger preload, which accumulated in the
microstructure.
The influence of the biomimetic structure width on the

friction force is shown in Figure 6. Under the same preload, the

friction force increased as the width decreased because a
smaller width led to the higher density of the wedge structures.
The real contact area was related not only to the size but also
to the density of the microstructure. However, the friction of
the biomimetic structures with a width of 10 μm was much
higher than those of the structures with other widths. This is

Figure 4. Accuracy errors of the replicated morphology at different
widths.

Figure 5. Influence of shearing time on the friction force of the sample under different preloads (sample with a 40 μm wedge structure).

Figure 6. Influence of the width of biomimetic structures on the
friction force of the sample under different preloads.
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due to the bunching and collapse of the biomimetic structure,
which is consistent with the experimental phenomenon, as
shown in Figure 3f.
The angle of the microwedge also had an important

influence on the friction force. Under the same preload, at a
width of the microstructure of 40 μm, the friction force
decreased as the angle of the microwedge increased, as
illustrated in Figure 7. When the width of the microstructure

was constant, increasing the angle reduced the height of the
microstructure and made it difficult to be deformed. The
influence of the angle on the friction force gradually weakened
as the angle increased.
Regardless of whether the preload was 20, 10, or 5 mN, with

the change of the widths of the biomimetic structures from 100
to 10 μm, the friction force exhibited the same increasing
trend, which corresponds to the two parts of the binomial
theorem of tribology

α β= +F A W (3)

where A is the real contact area, W is the normal force, and α
and β are the friction coefficients determined by the physical
and mechanical properties of the friction surface, respec-
tively.34 According to the binomial theorem of tribology,
friction is composed of the mechanical force caused by
overcoming mechanical engagement and the molecular force
caused by resisting molecular attraction. When the width
decreased from 100 to 20 μm, the mechanical force and the
molecular force were in competition during the entire process.
For a large-scale width of 100 μm, due to the high rigidity of
the microstructure, it did not easily bend and deform after
compression, which resulted in a small side contact area. At
this time, the friction force was mainly determined by the
mechanical force. With the reduction of the width, the
structure was more susceptible to deformation under the
preload, and the contact area of the side surface increased.
When the width of the microstructure decreases from 100 to
20 μm, the effect of the mechanical force also decreases, while
the effect of the molecular force increases. With the decrease of
the width to 20 μm, the real side contact area further increased
due to the increase of the number of microstructures per unit
area and the more complete compression deformation. At this
time, the friction force was mainly determined by the
molecular force, which corresponds to the real structure of
the gecko. The excellent friction property of the gecko is
determined by its hierarchical structure across scales, including
the mesoscale lamellae, microscale setae, and nanoscale
spatulae. It is the multiscale interaction that endows the
gecko with excellent climbing performance.
The influence of the anisotropy of biomimetic structures on

the friction force is shown in Figure 8. Figure 8a reveals that
the stable friction of the microstructure with a width of 20 μm
reached 22.72 mN under a preload of 10 mN and further
increased to 35.48 mN under a preload of 20 mN in the
gripping direction. The increase of the preload caused the
microstructures to bend and deform more fully, thereby
increasing the real contact areas. Additionally, as shown in
Figure 8b, under the same preload, the friction coefficient

Figure 7. Influence of the angle of biomimetic structures on the
friction force of the sample under different preloads.

Figure 8. Friction properties of biomimetic structures under different preloads.
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increased with the decrease in the width, which is similar to the
trend of the friction force. Compared with the other
microstructures with widths from 100 to 40 μm, the
microstructure with a width of 20 μm exhibited the greatest
friction force due to the largest side contact area and the
largest friction coefficient.
Although both Ff(v+) and Ff(v−) increased with the decrease

of the width, the magnitude of the increase was not the same.
To evaluate the anisotropic friction characteristics of the
gecko-inspired microstructures, the parameter λ, which is the
ratio of the friction coefficient at v+ to that at v−, is introduced
as follows41

λ
μ
μ

= +

−

v
v

( )
( ) (4)

Figure 9 exhibits the anisotropic properties of the gecko-
inspired arrays with different widths under the preloads of 10

and 20 mN. The value of Ff(v−) increased slowly and more
evenly due to the more uniform deformation of the vertical
surface of the wedge structure, while the value of Ff(v+)
increased quickly due to the side contact area of the sloping
surface of the wedge structure. The real side contact area
increased slowly at the large width scale due to the small
deformation when the structure was compressed, whereas it
increased quickly at the small width scale because the

microstructure had been completely deformed and the number
of microstructures per unit area increased. Therefore, the
anisotropic properties decreased at first and then increased
with the decrease of the width. There would be a minimum
point at which the mechanical force would be reduced to a
relatively small value and the molecular force would be about
to increase substantially.
According to the curve trend of the 10 test points under

different preloads shown in Figure 9, combined with the fact
that the molecular force started to work gradually when the
width was small, it is conjectured that there will be a minimum
value between the widths of 40 and 60 μm. Compared to a
microstructure with λ (w = 50 μm) = 1.21 under a preload of
10 mN, as reported in a previous study,40 the values of the
parameter λ for all of the microstructures with widths from 20
to 100 μm were larger than the reported value, and λ (w = 50
μm) is exactly located between λ (w = 40 μm) and λ (w = 60
μm), which verifies the conjecture of the minimum value based
on the binomial theorem of tribology. Compared with a
nanostructure with λ =1.30 under a preload of 10 mN reported
in another previous study,41 the microstructure with λ (w = 20
μm) = 1.36 exhibited a better anisotropic property. This is
because the fabricated nanostructures easily collapsed and
bunched, which affected the friction performance. It is very
similar to the friction characteristics exhibited by the
biomimetic structure with a width of 10 μm. The friction
anisotropy can be further improved by optimizing the
biomimetic structural parameters, increasing preloads, and
considering the influence of the tilt angle.

3. CONCLUSIONS
In this research, a biomimetic structure was designed and
fabricated, and its friction properties were studied. The
conclusions of this work can be drawn as follows:

(1) Annular wedge adhesive surfaces that mimic the
bendable lamellar structures of geckos were designed
and fabricated by a combined ultraprecision machining
and replica molding processing method.

(2) An optimum width of 20 μm of the gecko-inspired
annular wedge structure based on the fabricated Ni−P
plating master mold was found to achieve high integrity
and precision without damage. Additionally, at this size,
the structure exhibited strong friction force and obvious
anisotropic characteristics in the GCr15/PDMS friction
pair.

Figure 9. Anisotropic properties of biomimetic structures under
different widths.

Figure 10. Schematic diagram of the biomimetic structure.
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(3) The friction force is composed of mechanical force and
molecular force, which are constantly in competition.
For the cross-scale hierarchical structure derived from
gecko feet, mechanical forces play a dominant role in the
macrostructure, while molecular forces play a leading
role in the microstructure, and there is a minimum value
of friction anisotropy between the widths of 40 and 60
μm.

The annular wedge structure developed in this study has
strong friction force and obvious anisotropy and can realize the
high-precision, high-efficiency, and green fabrication of a
gecko-inspired surface, which can promote its application in
dexterous robot hands and mechanical grippers.

4. EXPERIMENTAL SECTION

4.1. Design of Gecko-Inspired Annular Wedge
Structures. The skin on the toes of a gecko comprises a
complex hierarchical structure of mesoscale lamellae, micro-
scale setae, and nanoscale spatulae.5 The lamellae located on
the toes are 1−2 mm in length and are covered in microscale
setae with a length of 30−130 μm. The excellent climbing
performance of the gecko is due to the hierarchical structure
(lamellae−setae−spatulae) that enables a large real contact
area between the gecko skin and the mating surface.
Inspired by the bendable lamellar structure of the gecko,42

an annular wedge structure was designed, as shown in Figure
10. Compared with the micropillar array, the annular structure
can effectively avoid lateral collapse and root fracture due to
the complete bottom connection in the circumferential
direction and is also suitable for large-area fabrication via the
ultraprecision machining method. In addition, the wedge
structure that mimics the bendable lamellae of the gecko is
asymmetric, which provides anisotropic tribological properties
depending upon the direction in which the adhesive surface is
sheared. The wedge structures were constructed with different
widths to generate the friction property upon shearing by
changing the real contact area.
4.2. Fabrication of the Ni−P Plating Master Mold.

Although aluminum is the most commonly used mold material,
it is susceptible to thermal deformation during ultraprecision
cutting, which affects the machining accuracy.43 In the present
study, tungsten carbide with a Ni−P plating with a thickness of
600 μm was used as the mold material. Compared with
tungsten carbide materials, the Ni−P plating can not only
reduce the hardness of the mold materials, which can reduce
tool wear and improve the service life of the materials, but also
enhance the quality of the machined surface due to its superior
uniformity, smoothness, and compactness.44

According to the wedge structure illustrated in Figure 10,
the parameter α represents the angle between the vertical
surface and the sloping surface of the wedge structure, which is
determined by the knifepoint angle of the diamond tool. The
parameter w represents the width of a single biomimetic
structure, as well as the interval between the biomimetic
structures. The parameter h represents the height, i.e., the
depth, of a single biomimetic structure. According to the
length of the setae, which is 30−130 μm, the width of the
biomimetic structure of a signal seta w = 14−61 μm is
calculated using the equation w = tan α × h. Therefore, the
widths selected for the experiment were respectively 10, 20, 40,
60, 80, and 100 μm, and the geometric parameters of the

diamond tool and the cutting parameters are reported in Table
1.

The friction properties of biomimetic structures are mainly
determined by the contact area.45 The relationship between
the real contact area and the widths of the biomimetic
structure can be verified in the finite element software
ABAQUS. In the finite element method (FEM) simulation,
PDMS is an organic polymer with elastic solid and viscoelastic
material characteristics, so the cohesive zone mode (CZM) is
used in the simulation, and the important parameters including
CZM parameters, material parameters, and motion parameters
are listed in Table 2.46−48 The two-dimensional (2D)

simulation results are shown in Figure 11. As the width
decreased from 100 to 20 μm, the real contact length increased
from 6.722 to 9.898 μm. Therefore, increasing the real contact
area can be achieved by processing more microstructures per
unit area.

4.3. Fabrication of PDMS Annular Wedge Arrays.
PDMS is widely used as a gecko-inspired fiber array material
due to its advantages of easy curing, low Young’s modulus, low
surface energy, low cost, and chemical stability.49 For this
research, SYLGARD 184 was purchased from Dow Silicones
Corporation and was used as the sample base. The replica
molding process can be roughly divided into three
subprocesses.50 (1) The basic component (SYLGARD 184A)
was mixed with a curing agent (SYLGARD184B) at a mass
ratio of 10:1. After even mixing, it was vacuumed until all
bubbles disappeared. (2) The liquid PDMS was carefully
poured onto the fabricated Ni−P plating master mold of the
annular wedge arrays with varying geometries and cured at 70
°C for 2 h. (3) The master mold covered with PDMS was then
taken out and cooled to room temperature. Subsequently, the
PDMS replicas were carefully removed from the master mold
in one direction.

Table 1. Experimental Conditions of Annular Wedge
Structures Machined by Diamond Cutting

cutting speed v (mm/min) 370
feed rate (mm/rev) 1
microstructure width w (μm) 10, 20, 40, 60, 80, 100
microstructure angle α (deg) 25, 30, 35, 60, 65, 70
tool material diamond
rake angle (deg) 0
clearance angle (deg) 15
corner radius (μm) 5
knifepoint angle of the diamond tool (deg) 25, 60

Table 2. Important Parameters in the FEM Simulation

part parameters values

cohesive zone model maximum cohesive traction Tmax 0.0154 MPa
initial critical stiffness K0 0.07689 N/mm3

cohesive fracture energy Gc 0.00198 J/mm2

material Young’s modulus E 1.8 MPa
Poisson’s ratio μ 0.48
viscosity coefficient η 1 × 10−15

motion preload F 10 mN
sliding speed v 0.02 mm /s
shearing distance l 2 mm
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4.4. Friction Measurements. The macroscopic friction of
the annular wedge arrays was evaluated using a UMT
(Universal Mechanical Tester) TriboLab (Bruker, Germany)
at a relative humidity of 45% and an ambient temperature of
25 °C. A circular PDMS replica was attached to a steel ball
with a diameter of 2 mm as the friction pair under controlled
preloads of 5, 10, and 20 mN, respectively, and slipped at a
speed of 0.02 mm/s using a motorized stage. The stroke and
frequency of 20 Hz-@25 mm in the reciprocating motion
module were selected. For statistical significance, friction force
measurement was conducted five times for different directions
under identical conditions.
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