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Gecko-like synthetic dry adhesives (SDAs) have adhesion comparable to that of a real Gecko’s foot, but with very low durability. To
address this problem, self-cleaning or stiff core embedding methods have been proposed. However, the proposed methods require
special locomotion or complicatedmanufacturing. In this study, we suggested ametal coating on synthetic dry adhesives to improve
durability. SDAs were fabricated via PDMS. Then, metals such as indium, zinc, and gold were coated on the SDAs. The adhesion
tests show that the indium- and zinc-coated microstructures have a higher shear adhesion strength than the noncoated ones. Also,
the shear adhesion strength of noncoated SDAs was only 14.5% of the initial strength while that of the zinc-coated ones was 35.6%
after 200 times of attachment and detachment. We could find PDMS debris and fractures on noncoated SDAs, which results in
weakening of the adhesion strength. On the other hand, a relatively high hardness, strength, and stiffness of the zinc coating layers
reduced the wear and fractures of the micropatterns, which led to an improved durability in the SDAs. From these tests, we can
conclude that the metal coating method could improve the durability of the SDAs.

1. Introduction

Many researchers have engineered systems with a higher
efficiency by adopting novel features that have been observed
in nature. As such, synthetic dry adhesives (SDAs) inspired
by Gecko’s feet are a typical example of systems inspired by
nature [1, 2]. Gecko’s feet are widely known to have millions
of microsized setae with over 1,000 nanosized spatulae in
hierarchical structures, and the Van de Waals force between
the spatulae and foreign surfaces gives the superb adhesion
to Gecko’s feet. In addition, Gecko’s feet have other supe-
rior features, including directionally different and revers-
ible adhesion, self-cleaning, and nonpollution characteristics.
Therefore, there have been many attempts to mimic Gecko’s
feet for industrial applications in, for example, medical
patches and sticky robot hands [3–16].

In the initial phase (earlier stage), micro- or nanopat-
terned structures with a high aspect ratio were designed for
SDAs, and their adhesion characteristicswere evaluated using
a pull-off test, friction test, and peeling test [17–19]. Tilted or
hierarchical structures with 3D shaped-tips, such as with a

mushroom shape, and self-cleaning properties were tested to
improve the adhesion [20–27].These researches were focused
on how to fabricate SDAs with very small and complicated
structure, and various microelectronic and micromechanical
processes were applied. Dip transfer, multistep photolithog-
raphy, UV-assisted CFL, and multistep template are typical
examples of numerous trials. Micro- and nanopillars with a
higher aspect ratio are essential to achieve reasonable adhe-
sion, but the aforementioned fabrication methods cannot
be used commercially since extremely precise equipment
and a long time are required for fabrication [24, 28–41]. In
contrast, polymers or elastomers such as polydimethylsilox-
ane (PDMS) have been widely used for SDAs due to their
flexibility and ease of fabrication. However, these materials
have a low stiffness and strength, which reduces the adhesion
strength of the micro- and nanopillars due to fiber collapse,
abrasion, and fracture [1, 22, 42–44]. This limits SDAs to
only a single application, such as medical patches, whereas
demand for applications for robot hands and transportation
equipment for clean rooms requires amore durable adhesion.
Therefore,maintaining the adhesion strength of the SDAs can
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Table 1: Specifications of polydimethylsiloxane (SYLGAD 184, Dow
Corning Co. Ltd., USA).

Property Unit Value

Viscosity (part A)
cP 5175

mPa-sec 5175
Pa-sec 5.2

Viscosity (mixed)
cP 3500

mPa-sec 3500
Pa-sec 3.5

Specific gravity (cured) — 1.04
Working time at 25∘C hr 1.4
Cure time at 25∘C hrs 48
Heat cure time @ 100∘C min 35

increase their applicability to a wider range. Onemethod that
was proposed tomaintain the adhesion strength was to coat it
with an adhesive structure. Suh’s group reported on the adhe-
sion strength of nanohairy dry adhesives coated with a 4 nm
thick platinum layer [22], and Kim’s group also presented dry
adhesives with micropatterns coated with a 6 nm thick gold
layer [45]. However, these studies have only given the changes
in the adhesion strength with and without metal coatings.

The purpose of this study is to investigate the changes
not only of the adhesion strength, but also of the struc-
tural integrity by considering the mechanical and physical
properties of the coating materials and their thickness. We
fabricated SDAs with micropatterns using PDMS and coated
three different metals on the micropatterns with different
thicknesses via plasma sputtering. We then measured the
adhesion strength of the fabricated dry adhesives during
repeated shear tests on glass surfaces and observed the
structural changes with an optical microscope as well as a
scanning electronmicroscope (SEM). For further analysis, we
compared the changes in the adhesion strength and structural
integrity based on thematerial properties and thickness of the
coating metals.

2. Materials and Methods

2.1. Materials and Specimen. Many studies have used poly-
dimethylsiloxane (PDMS), polyurethane (PU), and polyure-
thane acrylate (PUA) to develop SDAs. We selected PDMS
(SYLGARD 184, Dow Corning Co. Ltd., USA) due to its
easy micro- and nanofabrication, relatively high durability,
and flexibility. The specifications of the PDMS are shown in
Table 1.

Gold, indium, and zinc were selected as coating materials
because they have different stiffness, strength, and hardness,
as shown in Table 2. These properties were expected to have
an effect changes in the adhesion strength, durability, and
structural integrity.

2.2. Sample Preparation. SDAs with micropatterns were fab-
ricated using the process shown in Figure 1.The basematerial
(SYLGARD 184 Base, Dow Corning Co. Ltd., USA) and
curing agent (SYLGARD 184 Curing, Dow Corning Co. Ltd.,

Table 2: Specifications of cured PDMS and coating metals.

Purity
(%)

Strength
(MPa)

Stiffness
(GPa)

Hardness
(HV) Company

Indium 99.99 4.5 12.7 <10 iNecus.lnc.
Zinc 99.99 37 96.5 30 iNecus.lnc.
Gold 99.99 102 77 25 iNecus.lnc.

USA) were mixed at a ratio of 10 : 0.8 using a planetary
centrifugal mixer (ARM-310, Thinky Co., Japan) under a
rotating speed of 2,000 rpm for 1min. Then, the mixture was
poured in a micropatterning mold with microholes with a
diameter of 30 𝜇m, height of 60𝜇m, and interval of 30 𝜇m.
The mixtures were poured in the mold and cured at 80∘C for
3 hours under vacuum in a vacuum oven (VO-64, Hanyang
Scientific Equipment Co. Ltd., Korea). Finally, we could
obtain SDAs with micropatterns once they were separated
from themold. Subsequently,micropatternswere coatedwith
metal materials (gold, zinc, and indium) using a compact
plasma sputtering coater (GSL-1100X-SPC12-LD, MTI Co.,
USA). DC argon plasma sputtering was conducted under gas
purity of 99.995%, gas pressure of 8 Pa, discharge power of
2.4W, and the sputtering time ranging from 4 s to 20 s to
control the coating thickness from 2 nm to 10 nm.

2.3. Test Method. The macroscopic shear adhesion strength
of the SDAs was measured using a frictional adhesion test,
as shown in Figure 2 since the fabricated SDAs only had
simplemicropatterns [29, 46]. Specimens with sizes of 10mm
× 10mmwere attached to a slide glass with a preload of 2N. A
moving stage with a load cell at 30N (DBCM, Bongshin Load
Cell Co., Ltd., Korea) pulled off the specimens at the speed
of 0.03mm/s, and the frictional forces were recorded during
the tests. Upon completing these tests, the thickness of each
coating material with a maximum shear adhesion strength
was selected. Frictional adhesion tests were then repeated
200 times with metal-coated SDAs with selected thickness,
and the changes were analyzed regarding the shear adhesion
strength to evaluate their durability.

In addition, we observed changes in the surfaces and
structural integrity of micropatterns for every tenth frictional
adhesion test using a digital microscope (KH-7700, Hirox
Co., Ltd., Japan) and a field emission scanning electron
microscope (JSM-6700F, Jeol Ltd., Japan).

3. Results and Discussion

3.1. Thickness Selection of the Coated Metal Layers. Figure 3
shows the measured shear adhesion strength of the metal-
coated SDAs for each material and the thickness of the metal
films on the adhesives. As reference, the SDAs without metal
coatings had a shear adhesion strength of 9.1 kPa. The shear
adhesion strength of the SDAs coated with indium increased
from 3.9 kPa to 10.9 kPawhen the indium thickness increased
from 2 nm to 4 nm, and the shear adhesion strength with
an indium thickness ranging from 4 nm to 10 nm decreased
from 10.9 kPa to 4.51 kPa. The maximum adhesion strength
was 10.9 kPa for the 4 nm thick indium layer, and there was
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Figure 1: Fabrication process of synthetic dry adhesives coated with metal.
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Figure 2: Schematic configuration of the frictional adhesion tests.

less than a 15% error when measuring the data. On the
other hand, the zinc-coated synthetic dry adhesive displayed
a different tendency. The shear adhesion strength increased
monotonically from 5.5 kPa to 9.6 kPa and then decreased to
8.5 kPa. It reached maximum at 9.6 kPa when the zinc layer

thickness was 8 nm, and the maximum error was 9.6%. SDAs
coated with gold had a relatively low shear adhesion strength
compared to the other two metals. The shear adhesion
strength varied from 3.6 kPa to 6.3 kPawith amaximumerror
of 12.3% in the thickness range from 2 nm to 10 nm. The
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Figure 3: Shear adhesion strength of synthetic dry adhesives with
respect to coating materials and thickness (the gray dotted line
indicates the shear adhesion strength of synthetic dry adhesives
without a metal coating).

maximum strength was 6.3 kPa when the layer of gold was
6 nm.

The adhesion characteristics of the SDAs depend on the
Van der Waals forces [5]. The Van der Waals force (Fvdw)
between the two flat surfaces can be calculated as follows [47]:

𝐹 = −
𝐴

(6𝜋𝐷2)
, (1)

where 𝐴 and 𝐷 are the Hamaker constant (J) and cut-off
distance (≈0.165 nm). 𝐴 can also be derived from the surface
energy as follows [46]:

𝐴 = 24𝜋𝐷2𝛾 = 24𝜋𝐷2√𝛾1𝛾2, (2)

where 𝛾
1
and 𝛾
2
represent the surface energy of the contact

materials (dyne/cm), respectively. Therefore, the adhesion
characteristics of the SDAs can improve if the SDAs are
fabricated using a material with a high surface energy.

On the other hand, the Van der Waals forces are pro-
portional to bending the SDAs due to an increase in the
contact area [15], and bending is inversely proportional to
the effective stiffness of the SDAs. This means that the
increase in stiffness might lead to a reduction in the adhesion
characteristics of the SDAs.

Table 3 shows the calculated bending stiffness of the SDAs
with and without metal coatings as well as the surface energy
of the coating metals. The surface energies of the coating
metals are much higher than those of PDMS (about 20 to
70 times), but the bending stiffness of the SDAs increased by
coating metals on the PDMS (about 10∼100 times).

Two different results were reported regarding the effect
of the stiffness of the SDAs [22]. Regarding the material
properties, SDAs made with a hard polyurethane acrylate
(PUA) with 320MPa of modulus had a higher adhesion
strength compared to those with a soft PUA of 19.8MPa.
However, from the point of view of the structural stiffness,
SDAs made with a soft PUA with a high effective stiffness
had a lower adhesion strength compared to those with a low
effective stiffness.

The results calculated in Table 3 and the reported results
[22] indicate that different materials have different adhesion
characteristics, and only themodulus or structural stiffness is
not unique factor in determining the adhesion characteristics
of the SDAs.Whether the effects of the surface energy or stiff-
ness of SDAs aremore important to the adhesion characteris-
tics has not been reported, so we could not estimate a change
in the adhesion strength by the metal coatings. However, the
adhesion strength of the SDAs with metal coatings might be
higher or lower compared to those without metal coatings.

Based on the maximum shear adhesion strength, SDAs
coated with indium and zinc had a higher strength compared
to those without coatings, but the gold-coated ones had a
relatively low adhesion strength. From the results of the shear
adhesion test, we selected the optimal thickness of the layer
for each metal: 4 nm, 8 nm, and 6 nm for indium, zinc, and
gold, respectively.

3.2. Durability of the SDAs. The durability of the SDAs
was evaluated with and without metal coating by repeating
frictional adhesion tests. The changes in the shear adhesion
strength for each metal are shown in Figure 4.

The reference durability data of the SDAs without a
coating is shown in Figure 4(a). The shear adhesion strength
decreased drastically from9.1 kPa to 4.1 kPa during the first 50
repetitions. This displays reductions in the strength of 54.3%
and a reduction rate of 0.099 kPa/repetition. Until 90 repeti-
tions, a relatively gradual reduction in the shear adhesion
strength was observed, and the reduction rate was 0.023 kPa/
repetition. After 90 repetitions, the shear adhesion strength
decreased monotonically with a reduction rate of 0.034 kPa/
repetition and then gradually reduced to 1.3 kPa at 200 repeti-
tions with a reduction rate of 0.011 kPa/repetition. After 200
repetitions, only 14% of initial shear adhesion strength was
retained.

Indium-coated SDAs had the highest initial shear adhe-
sion strength, and their strength reduction was only 51.7%
from 10.9 kPa to 5.3 kPa (reduction rate of 0.061 kPa/repeti-
tion) during the first 90 repeated tests (Figure 4(b)). In
the range from 100 to 180 repetitions, the reduction rate
decreased as 0.021 kPa/repetition, and then the shear adhe-
sion strength was reduced at a reduction rate of 0.064 kPa/
repetition. Finally, the shear adhesion strength became
1.8 kPa (16.3% of initial strength).

A tendency for the reduction in the shear adhesion
strength for SDAs coated with zinc was similar to those
with indium (Figure 4(c)). First, 90 repetitions decreased the
shear adhesion strength from 9.6 kPa to 6.3 kPa, which corre-
sponded to a reduction rate of 0.036 kPa/repetition.The shear
adhesion strength decreased slowly to 5.15 kPa (reduction
rate of 0.016 kPa/repetition) until 160 repetitions, and then
the reduction rate increased at 0.032 kPa/repetition. In total,
36.5% of the initial shear adhesion strength (3.5 kPa) was
maintained after 200 repetitions.

As shown in Figure 4(d), SDAs with a gold coating layer
had a different trend in the shear adhesion strength compared
to the other 3 cases. During the first 100 repetitions, the
shear adhesion strength decreased from 6.4 kPa to 2.1 kPa
at a reduction rate of 0.042 kPa/repetition. Even though the
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Figure 4: Changes in shear adhesion strength of synthetic dry adhesives (a) without coating and coated with (b) indium, (c) zinc, and (d)
gold with respect to repetitions of frictional adhesion test.

Table 3: Comparison of the bending stiffness of SDAs with and without metal coatings and the surface energy of the coating metals.

Stiffness
(GPa)

Coating thickness
(nm)

Bending stiffness
(Nm2)

Surface energy
(mN/m)

Indium 12.7 4 3.22 × 10−13 560
Zinc 96.5 8 4.14 × 10−12 989
Gold 77 6 2.50 × 10−12 1700
PDMS 0.00132 — 5.25 × 10−14 23
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Figure 5: Retention rates of shear adhesion strength of synthetic dry
adhesives with and without metal coatings.

reduction rate seemed to be lower than or similar to that
of the other cases, the cause may be due to a relatively low
initial shear adhesion strength rather than good durability.
At 100 repetitions, the shear adhesion strength was only

2.1 kPa, which is close to those of reference data after 200
repetitions. Until 200 repetitions, the reduction rate was quite
low at 0.005 kPa/repetition, but the shear adhesion strength
eventually became 1.5 kPa (23% of initial shear strength).

We calculated the retention rate, percentage ratio of the
shear adhesion strength after repeated tests to the initial
strength to compare the durability of the SDAs with and
without metal coating layers based on Figure 4. As shown
in Figure 5, the retention rate of the reference synthetic dry
adhesive degraded the fastest, and those with metal coating
layers had a relatively higher retention rate. In particular, the
zinc-coated SDAs had the highest retention rate (63.9% at 100
repetitions and 36.6% at 200 repetitions) as well as the highest
shear adhesion strength (3.5 kPa) at 200 repetitions although
initial shear adhesion strength (9.6 kPa) was lower than those
of indium-coated ones (10.8 kPa).

3.3. Surface and Structural Integrity of SDAs. The changes
in the surface and structural integrity of the SDAs with
and without metal coatings were investigated, as shown in
Figure 6.



6 Advances in Materials Science and Engineering

0 repetitions 50 repetitions 100 repetitions 200 repetitions

50 m

50 m50 m

50 m50 m

50 m 100 m

1mm

(a)

0 repetitions 50 repetitions 100 repetitions 200 repetitions

50 m

50 m50 m

50 m50 m

50 m 100 m

1mm

(b)

50 m

50 m50 m

50 m50 m

50 m

100 m

1mm

0 repetitions 50 repetitions 100 repetitions 200 repetitions

(c)

Figure 6: Continued.
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Figure 6: Changes of surface and structural integrity of SDAs (a) without metal coatings and with (b) indium coating, (c) zinc coating, and
(d) gold coating (the inset shows the enlarged view of wear sites).

We could observe a large amount of wear on the top
surfaces of the reference SDAs along the direction of the slide,
as shown in Figure 6(a) (see the dark areas pointed by the
arrows) after only the first 50 repetitions. The fracture on
the root of the micropatterns appeared in some places at 50
repetitions because the top surface wear made a larger defor-
mation, even though the wear was not severe until 100 rep-
etitions. However, the fracture began to spread to the entire
region after 100 repetitions and continued until 200 repeti-
tions. At the end, 98% of the micropatterns were fractured.

Indium-coated SDAs kept the top surfaces of micropat-
terns relatively less worn than those of the reference until
50 repetitions due to the metal coating layer, as shown in
Figure 6(b). From 50 to 100 repetitions, the wear on the top
surfaces increased. At 100 repetitions, we could observe self-
adhesion due to large bending deformation and some frac-
tures at the middle of micropillars rather than the root in the
reference. After 200 repetitions, fractures occurred on both
the middle and root of the micropillars, and debris formed
between the unfractured micropillars. At 200 repetitions,
47% of the micropatterns were in self-adhesion or large
bending, and 15% were fractured.

Figure 6(c) presents the surfaces of SDAs coated with
zinc. Unlike the above two cases, small abrasive particles of
the zinc layer were attached on the micropillars at 50 repeti-
tions. This means that the wear tendency of the zinc-coated
SDAs is abrasion, but the above two cases represent plastic
deformation, which led to the contact area becoming wider.
However, the degree of wear was not severe compared to
the other cases until 100 repetitions. After 100 repetitions, a
large bending deformation was observed, and only 12% of
the micropillars were fractured on the root at 200 repetitions.
A tendency in the bending deformation and fractures was
similar to that of the indium-coated ones.

Cracks were observed on a gold-coated back-up plate of
the SDAs (see scratch-shaped lines in Figure 6(d)), and the

top surfaces of the micropatterns were relatively bright due
to the gold coating. After 50 repetitions, cracks appeared on
the top surfaces, and the coated gold partially wore due to
the repetitive contact.The gold-coated layer kept peeling until
100 repetitions, and it totally wore out on the top surfaces at
100 repetitions. From 100 to 200 repetitions, fractures in the
micropatterns continued, similarly to the reference. Finally
89% of the SDAs were removed.

3.4. Discussion. An investigation of the surfaces and struc-
tural integrity of the SDAs could explain the tendency to
reduce the shear adhesion strength through repeated use.

For the reference SDAs, wear on the top surfaces accel-
erated the degradation of the shear adhesion strength during
the first 50 repetitions. A partial fracture was observed from
50 to 100 repetitions, and a total fracture observed by 200
repetitions resulted in a further reduction in the shear adhe-
sion strength as a different trend. Fractured micropatterns
occupied 98% of the entire area, which made the shear adhe-
sion strength only 14%of the initial strength.The tendency for
a reduction in strength implies that the most effective factors
are the wear of the contact surfaces and the fracture of the
micropatterns. Therefore, we can improve the durability of
the SDAs if the contact surface is protected, wear is reduced,
and strength of the micropillars increased. In this aspect,
fabricating thin metal layers on the contact surfaces is an
effective counterplan because the thin metal layers enhance
the wear resistant contact surfaces and strengthen the micro-
pillars by covering weak polymer materials.

The indium-coated layer could decrease the wear of
the top surfaces until 100 repetitions compared to those of
the reference, as shown in Figure 6(b). This leads to an
increase in the retention rate of the share adhesion strength,
as shown in Figure 5. However, a relatively low strength
and stiffness for indium were not sufficient to decrease the
bending deformation and reinforce the micropillars. After
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180 repetitions, an abrupt reduction in the shear adhesion
strength was observed, as shown in Figure 4(b).

For comparison, the zinc-coated SDAs had a higher
durability though a reduction in the shear adhesion strength
similar to those with indium, as shown in Figure 6(c). The
wear of the top surfaces was not noticeable until 100 repeti-
tions as hardness of zinc-coated layer ismuchhigher than that
of indium, and it retained 63.9% of the initial shear adhesion.
In addition, a relatively higher strength and stiffness of zinc
than indium resulted in less bending deformation and more
strengthening of the micropillars. A retention rate of 36.5%
compared to the initial shear adhesion strength was achieved
by good mechanical properties of the zinc-coated layer.

Gold-coated SDAs showed a different tendency even
though the strength and stiffness of gold are the highest
among three coating metals where the hardness is compara-
ble to zinc. As shown in Figure 6(d), the main reason for the
reduction of shear adhesion strength was exfoliation of gold-
coated layer on SDAs. In general, the adhesion between the
gold and polymers is relatively weaker than that of the other
metals [48]. Therefore, peeling the gold-coated layer resulted
in a relatively large drop in the shear adhesion strength. After
100 repetitions, the gold-coated SDAs had a trend close to
reference since no gold layer remained.

4. Conclusions

We fabricated four different SDAs with and without metal-
coated layers to investigate the effects of the metal coating
on the durability of the shear adhesion strength. Among the
coating materials that were considered, zinc-coated SDAs
had not only the highest shear strength (10.8 kPa), but also
durability in repeated tests (retention rate of 63.9% at 100
repetitions and 36.5% at 200 repetitions). These results are
more than double the strength of the SDAs without any
coating. Surface observations with respect to the number
of repetitions revealed important factors of their durability,
including the mechanical properties (hardness, strength, and
stiffness) of the coating metal and adhesion characteristics of
the coating metals to the micropillars.
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