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Effects of Surface Roughness on Direct Plasma Bonding between
Silicone Rubbers Fabricated with 3D-Printed Molds
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ABSTRACT: This study presents the effects of surface roughness on the o v —Standard Non-Periodic Surface Patterns
adhesion strength of plasma-treated rubbers that are widely used in soft PD':A“:ber Farcate vl ST Mk

robotics. The rubbers are designed with 11 molds of different patterns and .

fabricated from liquid silicones for mutual comparison. Several specimens Smooth plate _ Sandpapers #2000 ~ #320

with nonperiodic and periodic surface waveforms are quantitatively
analyzed based on the correlation between surface roughness and adhesion = - ‘
strength. The surface roughness of three-dimensional (3D) printed molds 1
under different printing conditions is compared to that of the standard Adheslon with Plasma Trealment e

specimens molded by a smooth acrylic plate and four sandpapers. The Reclanguiar  Rectan gi,a" Non-directional
surface profiles are measured by a stylus profiler, analyzed using fast el ]I |
Fourier transform, and subsequently quantified using the experimental @

roughness parameters, R, and Rj. The kurtosis ratio R, is proposed to s PR i S S
simultaneously evaluate the sharpness, total height, and peak density to
identify contact surfaces. A 90° peel test is also conducted to evaluate the adhesion strength, considering the designed pattern and
printing orientation relative to the peeling direction. Microstructural analysis of the specimens is performed to investigate the peeling
mechanism and molding quality using scanning electron and digital microscopes. Correlations between adhesion strength and
surface roughness are obtained through the evaluation of the plasma-treated silicone specimens. Rff, is significant in determining the
surface properties of the effective contact area, particularly for rough surfaces, and further contributes to an effective evaluation when
the parameter R, is used simultaneously. The results suggest that the plasma bonding of silicone rubbers fabricated with 3D-printed
molds is effective in enhancing the adhesion strength of soft robots or stretchable devices.
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1. INTRODUCTION implementing their respective soft robotic systems. The
aforementioned advantages have been exploited by casting
prototypes on 3D-printed molds for the fabrication of flexible
soft robots, including linear actuators,'® tactile sensors,"* robot

Multifunctional systems based on biological mechanisms are
attracting attention because of their inherently soft and
elastically deformable movements.' > A soft robot has a

main body and moving parts consisting of elastic materials, arms,'” microfingers,'* and grippers.'” Zhang et al. successfully
such as polymers, gels, silicone, and other flexible materials. fabricated a patterned mold-based prototype with high flatness
Soft robots are fabricated using shape deposition manufactur- and flexibility; this is an interesting work related to the
ing (SDM),"* three-dimensional (3D) printing technology,”’ formation of microstructured molds using a 3D printer.'®
and smart composite microstructure (SCM).*” However, the Despite its cost-effective and fast prototyping, limitations in
current fabrication methods are challenging. terms of precision and surface finish have been reported.
Among these methods, SDM, commonly called molding, Liquid silicone rubber is considered an important material
using liquid rubbers has been widely introduced to develop for soft robots owing to its excellent chemical/thermal stability,
soft robots.'” It can quickly produce various soft materials with low toxicity, flexible movements, and ease of integration into
the desired shapes and sizes and no postprocessing is required the structure. Moreover, because silicone provides high tensile

in the molding process. With higher design freedom and the

possibility of simultaneous surface structures, custom-designed

molds can develop customized prototypes and realize the

desired movements in soft robotics."""* Received: Angust 18, 2022
With 3D printing technology, even complex molds can be AccePted: November 14, 2022

easily printed with a 3D printer, and molded rubber can be Published: November 30, 2022

shaped into any desired structure. The molds are printed

directly using computer-aided design (CAD) files, thereby

realizing an efficient process for designing, fabricating, and

strength and elasticity, these soft robots can be easily extracted
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from 3D-printed molds. The properties of silicones are well-
suited for creating stretchable sensor skins,"**° microfluidic
channels,”’ and pneumatic cavities for entirely soft
robotics.">** For example, a snake-inspired soft robot
employed silicone rubbers with multiple internal chambers to
achieve serpentine locomotion.”> An octopus-inspired robot
used a silicone arm with embedded cables to deform the
segment in the desired manner and replicate the functionality
of the muscular structure of the octopus arm.”* The structure
of this system can directly mimic that of the muscle system and
engage in biomimetics.

The enhancement of bonding technology through the
advanced processing of soft materials is also closely related
to the development of soft devices. Research is being
conducted on methods for rubber bonding, such as plasma,"”
arc,” UV light,26 and laser treatments.””*® Research on
bonding technology based on rubbers and processing treat-
ments has been reported. Yamamoto experimentally demon-
strated that atmospheric plasma is a promising technique for
realizing surface modification from hydrophobic to hydrophilic
and bonding of silicone elastomers.”” Gaboury et al. developed
microwave plasma treatments to chemically bond the solid
monomers on silicone and functionalized surfaces.* Moreover,
adhesion with low variation can be achieved by uniform
modification.’

For 3D-printed mold-based rubbers, the rubber surface and
its roughness are determined by the surface waveforms of the
3D-printed mold. In 3D printing, layers of molten thermo-
plastics are deposited successively according to the design. The
layer width and height have a significant influence on the
waveforms, resulting in different contact areas. A previous
study demonstrated that surface rou§hness is influenced by
printing speed,” printing orientation,” layer height,**** and
layering structure.’

Several studies have investigated the correlation between the
adhesion strength and roughness parameters, such as the
arithmetic mean deviation R,*** and kurtosis Ry,.'" "R,
provides a good overall description of height variations;
however, it does not describe any information on wavelengths
and therefore is not sensitive to contact surfaces for small
changes. Meanwhile, R, describes the flatness or peakedness
of the peaks; however, it does not give a detailed description of
the contact surface. The Pearson system®’ has demonstrated
that the density of the asperity distributions results in adhesion.
Because the roughness of the contact surface can be modeled
by a number of peaks with different kurtosis values, the
kurtosis ratio Rf, is proposed in the present study.

In addition, the effects of surface roughness on the adhesion
strength of plasma-treated rubbers used in soft robots have
been investigated. Surface roughness is considered an
important parameter in determining the adhesion performance
of the bonded interface. Quantitative test measurements are
performed on silicone/silicone composites to increase
adhesion and maintain flexibility. Thin membranes are bonded
to various silicone substrates fabricated using 3D-printed
molds. The surface of the silicone substrate is studied by fast
Fourier transform (FFT), characterized by both the average
roughness and newly presented parameters, and investigated
by microstructural analysis. Based on the experimental results,
the adhesive properties of plasma-treated silicone rubber are
quantitatively compared and analyzed under various con-
ditions.

45005

2. MATERIALS AND METHOD

2.1. Specimen. The specimen used for the peel test
consisted of a silicone membrane mounted on flexible rubber,
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Figure 1. Peel test specimen. (a) Fabricated specimen. (b) Schematic
illustrations of the fabrication process.

Table 1. Surface Symbols for Standard and Comparative
Samples

type of surface symbol
acrylic plate S1
P2500-grit sandpaper S2
P1200-grit sandpaper S3
P1000-grit sandpaper S4
P320-grit sandpaper SS
Objet260 rectangular across P1
Objet260 rectangular parallel P2
mark two triangular P3
mark two hexagonal P4
M200 PATT.O crossed PS
M200 PATT.2 hexagonal P6

https://doi.org/10.1021/acsomega.2c05308
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Table 2. Conditions for the Mold Fabrication Using 3D Printers

3D printer (manufacturer) prototyping method layer thickness, ym material fill pattern printing orientation
Objet260 Connex (Stratasys) Polyjet 30 Vero White rectangular across
mark two (Markforged) FDM 100 Onyx triangular parallel
hexagonal
M200 (Zortrax) FDM 290 Z-ULTRAT crossed
hexagonal
@ Rectangular Rectangular ~ Non-directional
& (Across) (Parallel)
g
s
=]

Figure 2. Fill patterns designed to assess surface roughness.
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Figure S. Roughness profile indicating R,, R, and Ry,.

which was molded using 3D-printed components, as shown in
Figure la. Figure 1b shows the fabrication process in three
main steps: (a) 3D printing of the mold, (b) molding of the
substrate rubber, and (c) direct bonding through atmospheric
plasma treatment. A high-precision silicone membrane with a
thickness of 200 ym (ELASTOSIL Film 2030, Wacker Chemie
AG) was used. The 3D-printed molds were specified to
produce silicone rubbers with a length, width, and height of 35,
15, and 14 mm, respectively. The membranes were mounted
on the molded silicone rubbers of length 20 mm, as shown in
Figure la. Molded rubber is a commercial product of liquid
silicone (KE/CAT—1600, Shin-Etsu Silicones Corp.), which is

Figure 4. Stylus surface profiler used for measuring surface roughness.
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Table 3. Surface Roughness Parameter R, for 11 Samples

roughness parameter R,, um

type of surface test 1 test 2 test 3
S1 0.336 0.227 0.330
S2 2.730 2.668 3.368
S3 4.856 5.190 4.376
S4 5.206 5.654 7.626
SS 13.314 9.302 12.065
P1 0.775 0.928 0.433
P2 1.564 1.673 1.847
P3 4.400 4.459 3.810
P4 4.535 4.794 4.463
Ps 6.458 7.577 7.001
P6 9.040 9.151 9.384

test 4 test S average standard deviation
0.342 0.317 0.310 0.043
3.122 3.454 3.068 0.321
5.588 5.48S5 5.099 0.442
5.385 6.759 6.126 0.924

10.118 12.151 11.390 1.464
0.494 0.865 0.699 0.199
2.252 1.576 1.782 0.355
3.388 3.983 4.008 0.395
5.461 4.570 4.765 0.365
7.009 7.070 7.023 0.355
8.484 8.137 8.839 0.459

Table 4. Surface Roughness Parameter R§, for 11 Samples

roughness parameter R, ym™

1

type of surface test 1 test 2 test 3
S1 18.225 18.974 20.143
S2 5.678 5.893 7.087
S3 2.741 2.850 2.544
S4 1.518 1.930 2.451
SS 0.559 0.296 0.526
P1 15.584 11.360 11911
P2 8.964 10.087 7.073
P3 3.899 4.542 5.245
P4 3.605 3.843 3.343
Ps 1.775 1.283 1.027
P6 1.250 0.567 0.637

test 4 test S average standard deviation
17.087 17.978 18.481 1.027
6.945 6.389 6.398 0.557
3.369 3.143 2.929 0.293
1.501 2.071 1.894 0.357
0.686 1.099 0.627 0.273
10.720 11.376 12.190 1.738
8.3053 9.459 8.778 1.034
4.022 4.589 4.460 0.479
3.290 4.127 3.642 0.313
1.399 0.846 1.266 0.320
0.808 0.843 0.821 0.238

widely used in soft robotics. Here, curing was conducted at a
room temperature of 18 °C to keep the hardness of the
substrate specimen constant.

Eleven different types of surface roughness were introduced,
as listed in Table 1. First, five standard specimens were
quantitatively analyzed to determine the correlation between
surface roughness and adhesion strength. The specimens were
smooth acrylic plate, P2500-grit sandpaper, P1200-grit sand-
paper, P1000-grit sandpaper, and P320-grit sandpaper. The
other six specimens were designed and fabricated using three
3D printers: Stratasys Objet260 Connex3, Markforged Mark
Two, and Zortrax M200 printer. The surface types determined
by standard specimens are denoted by “S” and those by 3D-
printed molds as “P”. The standard specimens with non-
periodic waveforms are denoted S1—SS, while the comparative
specimens with periodic waveforms are denoted P1—-P6.

The main factors influencing the adhesion strength are fill
pattern, material, layer thickness, and printing orientation
relative to the peel direction. The printing parameters are listed
in Table 2. The evaluation results indicate that the quality of
the molded surface is not affected by the support material
because the material is not located on its surface, as shown in
Figure 1b. The fill patterns displayed on the molded rubbers
are illustrated in Figure 2. To evaluate the effects of surface
roughness on the adhesion strength between rubbers, six fill
patterns were introduced: rectangular (across), rectangular
(parallel), nondirectional, triangular, crossed, and hexagonal.

The plasma treatment equipment (CIONE, Femto Science
Inc.) was utilized for direct bonding. While maintaining the air
flow rate at 10 sccm (standard cubic centimeter per minute),
plasma was obtained at a predetermined pressure of 7.6 X 10*

Torr with a radio frequency (RF) power of 100 W. The base
pressure was maintained at less than 5.0 X 107> Torr, and the
plasma exposure time was set to 30 s to minimize variations in
surface energy for all specimens.

2.2. Measurement of Adhesion Strength. A 90° peel
test was performed to evaluate the stress/strain relationships
when the plasma-treated rubbers were subjected to a uniaxial
tensile load. Figure 3 shows the experimental apparatus of the
peel test using a tensile tester (EZ—LX, Shimadzu Inc.)
equipped with a 500 N load cell. It should be noted that the
molded silicone rubber has a hardness shore A value of 45,
which is a sufficiently large value compared to that of the
membrane (hardness shore A value of 27). The end of the
unbonded portion of the membrane was lifted with a velocity
of 6 mm/min at a room temperature of 18 °C. To determine
the adhesion strength, the average of three measurement
iterations was used for each condition.

2.3. Measurement of Surface Roughness. The surface
roughness of all rubber substrates in the width direction was
measured using a stylus surface profiler (DSF600, Ryokosha
Co.) with a stylus tip radius of 2 ym, as shown in Figure 4. The
black arrow indicates the scanning path. According to the
measurement condition of ISO 4288, the stylus travel and
measurement speed are 15 mm and 0.05 mm/s, respectively.
The profiler had a vertical resolution of 12 nm and a vertical
measuring range of 8 mm.

The FFT provided by MATLAB software was introduced to
perform frequency analysis using the variation in roughness
profiles. First, it eliminates the displacement that occurs when
the specimen is not parallel to the translation stage, or the
presence of geometric defects, such as scratches, dents, and
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Figure 6. Primary and roughness profiles obtained through FFT for all specimens.
cracks. After filtering out the high-frequency signal, the Based on the obtained phase distribution, R, and Rf are

) ) calculated.
separated spectra were computed to obtain the experimental )
The roughness parameter R, provides a good overall

surface roughness parameters using the inverse FFT (IFFT). description of height variations. However, it does not describe
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Figure 8. Adhesion strength with respect to roughness parameters (a) R, and (b) R,

the contact surface clearly; therefore, different surfaces can
have a similar R, value and vice versa. It also does not provide
any information on wavelengths and reacts sensitively to small
deviations in the profile.

Moreover, kurtosis is important for describing the effective
contact area that affects the direct bonding performance at the
interface between rubbers. The standard kurtosis parameter
Ry, represents the probability density sharpness of the profile.
Therefore, it is suitable for analyzing the degree of contact
between two objects. For surfaces with a sharp height
distribution, Ry, is less than 3, whereas that for surfaces with
a flattened height distribution is greater than 3. When the
rubbers were bonded together, the area of the interface
included the peaks and the area around them. Thus, the
bonding performance is dependent not only on kurtosis but
also on the peak-to-valley height and peak density. In the
present study, the experimental parameter Rff, was introduced
to simultaneously evaluate the sharpness of the profile, total
height, and peak density. The proposed kurtosis ratio R, is
defined as follows

45009

Ri.RE

u

R

* —
Rku -
t

where Ry, is the kurtosis, RP, is the peak count number, and R,
is the height between the highest peak and lowest valley in the
evaluation length. Figure S provides a schematic illustration of
the parameters R,, R,, and Ry, for the roughness profile.

The detailed surface characteristics were inspected using a
scanning electron microscope (SEM, VE8800, Keyence) and a
digital microscope (VHX—7100, Keyence). The molded,
exfoliated, and fractured surfaces of the specimens were then
investigated. The specimens were osmium sputtered prior to
SEM observations using an osmium coater (Neoc—Pro,
Meiwafosis Co.).

3. RESULTS AND DISCUSSION

3.1. Evaluation of Roughness Parameters. Surface
measurements were performed to evaluate the roughness
parameters of the silicone rubbers fabricated using standard
and comparative molds. Roughness profiles were obtained by
primary profiles with a sampling length of 2.5 mm through
FET and IFFT. A filter with a 0.4 mm™" cutoff wavelength was
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Figure 9. Microstructural images: molded substates, exfoliated substates, and peeled membranes.

used. The average roughness parameters R, and R{f, which are
determined by five iterative measurements, are shown in
Tables 3 and 4, respectively. Figure 6 shows the primary and
roughness profiles of all specimens under the designated spatial
frequency. While the surfaces of specimens S1—SS show
nondirectional and nonperiodic patterns, those of specimens
P1—-P6 have periodic waveforms.

3.2. Silicone Rubber/Rubber Adhesion. The rubbers
were designed and molded on the surface of the 11 specimens
to evaluate the effects of surface roughness on the peel-off
strength. The minimum force required to separate the thin
membrane from the substrate was defined by the adhesion
strength. Figure 7 shows the stress—strain curves of the
standard and comparative specimens. To determine the
adhesion strength, the stress was determined by averaging
three or more measurements. As shown in Figure 7, rubber S1
has the highest tensile stress, whereas, rubber S5 has the lowest
value. The stress increases linearly with strain until the
specimen was separated. It is observed that the specimen with
a higher peel strength separated at a higher strain.

To analyze the effect of surface roughness on the direct
bonding performance, the experimental roughness parameters
R, and Rff were obtained from the transformed roughness
profiles. Figure 8a shows a comparison of the adhesion
strength with respect to R,. Based on the analyzed data of
standard specimens S1-SS, the adhesion strength decreased
almost linearly with R,. The comparative specimens P1—P6
with periodic waveforms are observed to be consistent, and
surfaces with a higher average height distribution tend to
deteriorate the direct bonding performance. The rubber P1
provided strong adhesion and a smooth surface finish, similar
to rubber S1. The printing orientation relative to the peel
direction significantly influenced the bonding performance as
inferred from the comparison between rubbers P1 and P2.
However, rougher specimens show greater variability for
nondirectional and nonperiodic surfaces. Thus, R, is not
sufficient to determine the effect on contact surfaces for these
features. However, R, is important in evaluating smooth
surfaces.
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Figure 10. SEM images for molded and exfoliated substrates.

Exfoliated Substrate

Figure 8b shows the adhesion strength with respect to Rf.
For each specimen, the contact conditions were different.
Therefore, kurtosis was evaluated according to the total height
and peak density simultaneously. The correlation between R,
and adhesion strength was clearly obtained, and the rubbers
S1—S5 and P1—P6 were observed to be consistent. The results
showed that the fill pattern and printing orientation relative to
the peel direction on the molded surfaces affected the adhesion
performance. Rubber S1 had a relatively flat height
distribution, low peak-to-valley height, and high peak density,
thus resulting in the strongest adhesion strength. However,
rubber P6 had the flattest height distribution, but a high peak-
to-valley height and low peak density, thus resulting in low
adhesion strength. Therefore, R, is confirmed to be useful in
analyzing specimens with different peaks and valleys. However,
smooth specimens exhibited relatively large variability for R{f,
while R, in these cases showed low variability. Because the
parameter R, is not sensitive to low-height peaks, the variation
value is low, particularly for a smooth surface. However, R, is
experimentally verified to respond sensitively on a smooth
surface because it considers the distance between the peaks
and valleys, thus resulting in a relatively large variation value.
Moreover, it can discriminate between rough surfaces, thus
achieving effective evaluation when the two parameters are
used simultaneously.

3.3. Microstructural Observations of Specimen
Surfaces. A digital optical microscope and SEM were used
to identify the features of the molded, exfoliated, and peeled
surfaces of the specimens. Figure 9 shows the microstructural

images of the molded rubber, exfoliated rubber, and peeled
membrane under five representative conditions: acrylic plate
(S1), Objet260 rectangular (P1), Mark Two hexagonal (P4),
M200 PATT.2 crossed (PS), and P1200-grit sandpaper (S3).

The standard specimens S1 and S3 had nondirectional and
nonperiodic pattern features. The comparative specimens P1,
P4, and PS5 exhibited periodic waveforms. As shown in Figure
9, they demonstrate a straight printing orientation and a
consistent distance between the wave peaks and valleys, thus
confirming regular surface formation. These regular surface
morphologies were negative for the surface conditions of the
3D-printed molds. The peak and valley widths were
approximately 256.6 and 193.9 um, corresponding to A and
B scanning paths, respectively. For P4, the peak and valley
widths were approximately 734.8 and 54.0 ym, corresponding
to C and D scanning paths, respectively. Moreover, for P35, the
peak and valley widths were approximately 50.3 and 327.0 ym,
corresponding to E and F scanning paths, respectively, thus
resulting in the weakest adhesion. Although P4 had a wider
peak width, P1 exhibited a stronger bonding performance
because it had short and gentle curves in the vertical plane,
which can be confirmed from the images of the peeled
membrane. In this case, no distinct regularity appeared on the
peeled membrane, indicating that the height between the
deepest valley and the highest peak was low. This was
consistent with the surface measurement results as shown in
Figure 6. It should be noted that not only the peak width but
also the depth difference in the waveforms contributed to the
bonding performance.
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From the peeled membrane images, the rubber residues that
were detached from the substrates can be observed on their
membranes. The adhesive bonding area was distributed along
the rubber protrusion patterns, that is, on the peaks and the
area around them. This indicated that the bonding character-
istics of the plasma-treated specimens were significantly
affected by the surface patterns of the molded rubbers.

To observe the detailed features between the molded and
exfoliated rubber surfaces, additional SEM images were
captured for S1, P1, and S3, as shown in Figure 10. The
surface of the initially molded substrates indicates molding
quality. Defects, such as small pores and scratches on the 3D-
printed molds, are formed on the substrate. Moreover, some
dents that were generated during the molding process,
emerged on the surface. Complex holes of various sizes and
depths were formed on the exfoliated surfaces after the 90°
peel tests. While the exfoliated substrate S1 had scattered and
detached tracks, the fractures on P1 were dominant in the wave
peaks and the area around them.

4. CONCLUSIONS

The surface roughness and its influence on the adhesion
strength between silicone rubbers fabricated by 3D-printed
molds have been investigated. The rubbers were designed with
11 molds of different patterns, directly bonded by plasma
treatment, and then compared to evaluate the effectiveness of
their assembly to manufacture a soft robot. Surface measure-
ments and 90° peel tests were performed to verify the effect of
surface roughness on the adhesion strength between rubbers.
The surface properties of the rubber substrates determined by
the 3D-printed molds were evaluated, and the features were
quantitatively analyzed using R, and Rf. The results are
summarized as follows.

The molded rubber surface is closely related to the adhesion
strength of silicone composites. The effect of the surface
roughness features is observed using nondirectional surfaces,
such as an acrylic plate and sandpapers as standard specimens.
The experimental parameters, R, and R, show good
correlations. R, is not sufficient to determine the surface
roughness of rough and nonperiodic specimens. R{f is
determined by the total height and peak density simulta-
neously; thus, it is validated to represent the contact surface
features regardless of the surface waveforms. The comparative
specimens with periodic waveforms designed using typical 3D
printers are observed to be relatively consistent regardless of
the following factors: roughness, fill pattern, peak density,
kurtosis, and printing orientation. When simultaneously used
with R,, R¥ contributes to an effective evaluation and is helpful
in determining the surface properties of the effective contact
area, particularly for rough surfaces. From the microstructural
observations of the specimen surfaces, the peeled tracks
predominantly occurred in the wave peaks and the area around
them, thus resulting in different bonding adhesion strengths. In
addition, the peak width and depth difference in the waveforms
contribute to the bonding performance. The plasma treatment
of silicone rubber fabricated with 3D-printed molds is effective
in enhancing the adhesion strength of soft robots.
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