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Dry adhesives have gained considerable interest due to their applications in a wide variety of areas. This
study used a replica molding technique to produce micron-sized pillars on the surface of
polydimethylsiloxane (PDMS) and investigated their dry adhesion behaviour. Shear adhesion for the
produced samples is measured using a tensile testing machine. For this purpose, the sample was initially
brought into contact with a glass slide. Following this, the shear adhesion was determined by measuring
the shear stress required to slide the sample along the glass slide. Peel adhesion of the samples was
measured using an in-house designed and built peel fixture. The force required to peel the sample from
the surface of the fixture was measured to determine the peel strength. The shear adhesion and peel

. 4 26th 3 2024 tests were also conducted on neat PDMS to determine the effect of surface micropillars on the adhesion
eceive th January . Y .
Accepted 16th April 2024 performance of the samples. The results show that the shear adhesion strength was 0.12 N cm™<, while

the shear adhesion strength of neat PDMS was determined to be 0.02 N cm™2. Similarly, the peel

DOI: 10.1039/d4ra00667d strength of the samples was recorded to be 0.15 N cm™2 compared to 0.05 N cm™ recorded for neat
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1. Introduction

In the last decade or so, materials scientists and researchers
have fabricated synthetic dry adhesives by imitating the adhe-
sive mechanisms of animals like geckos, insects, and spiders,
which can cling to and climb surfaces.’* Geckos possess unique
adhesive properties that allow them to swiftly adhere and
detach from surfaces.>® The fibrillar structures present on the
feet of these animals comprise micron-sized fibrils that further
divide into hundreds of nanometre-sized structures called
spatulas.>® This hierarchical design of the fibrillar structures
induces cumulative van der Waals forces, resulting in formi-
dable adhesion.®' Extensive research has been conducted to
develop bioinspired dry adhesives using various materials and
geometries.” ™ These synthetic dry adhesives aim to mimic the
adhesive behaviour of natural materials by mimicking the
hierarchical design of natural materials. Despite notable prog-
ress, replicating the complete range of gecko adhesion proper-
ties in synthetic adhesives remains an ongoing scientific
challenge.

A wide variety of techniques have been used to produce
synthetic dry adhesives. For example, studies have used chem-
ical vapour deposition, lithography, and micro/nano machining
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methods to produce synthetic dry adhesives."*** These studies
have shown reasonable success in fabricating high aspect ratio
structures. The high aspect ratio structures produced resemble
the terminal units of the natural material. The produced high
aspect ratio structures demonstrate remarkable adhesion,
particularly on smooth surfaces such as glass. For example,
studies have explored the use of high aspect ratio carbon
nanotubes for dry adhesive applications. High aspect ratio
carbon nanotubes (CNTs) are shown to have contacting
elements that are a few nanometres in diameter. These
synthetic contacting elements are 1-2 orders smaller in size
compared to the natural material.*® Thus, these materials can
display higher interfacial adhesion strength than the natural
fibrillar structures. The contact splitting principle is attributed
to the high adhesion recorded for the high aspect ratio CNTs."”
Hu et al.*® in their study proposed that hierarchical CNT arrays
can display higher interfacial adhesion. Using molecular
dynamics (MD) simulations, they show that hierarchical CNT
structures consisting of laterally distributed CNTs on top of the
vertical CNT structures display enhanced adhesion. While the
CNT arrays have the potential to display high adhesion,
producing CNT arrays can be challenging and cost-effective.
Other studies have fabricated high aspect ratio micro and
nanopillar structures based on polymer for dry adhesive appli-
cations. For example, Jeong et al*® fabricated angled high
aspect ratio polymer-based pillars and demonstrated their
directional adhesive behaviour. They used an angle etching
technique using a plasma etcher to produce slanted nanoholes
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on a polySi template. Following this, a UV-curable polyurethane
acrylate is poured on the template to replicate the structures of
the template on the surface of polyurethane acrylate. Although
this method resulted in the nanostructures displaying high
adhesion, the fabrication method adopted cannot be easily
reproduced. It is reported that the adhesion of hierarchical
structures can decrease after a few repeated uses as the struc-
tures tend to collapse. In addition to this, producing nano-
structures and hierarchical structures are not scalable with the
current manufacturing methods.

This study aims to use a simple replica molding technique to
produce micron-sized pillars on the surface of poly-
dimethylsiloxane (PDMS). Commercial templates with micron-
sized structures are used in this study. Their surface topology
is reproduced on PDMS using a replica molding technique. The
clear advantage of using this method is that it enables us to
control the dimensions of the structures by incorporating
templates with desired topology during the replica molding
process. The shape and dimensions of the structures produced
can be easily controlled by using master templates with
controlled and fine-tuned surface structures. Following this, the
shear adhesion behaviour of the fabricated samples is investi-
gated and compared with the shear adhesion behaviour of neat
PDMS. Additionally, the peel strength of the samples is also
investigated using an in-house designed fixture. The novelty of
this article lies in the utilization of the peel test fixture to
characterize the peel strength of the samples. The in-house
designed peel fixture allowed for maintaining a constant peel
angle during the test, ensuring that the peel adhesion measured
in this study accurately represents the interfacial adhesion
between the sample and the substrate. While most studies
employ a T-peel test or a 180° peel test setup to determine peel
strength, this method for flexible samples leads to plastic
deformation of the peeling arm. The replica molding technique
used can be easily extended to produce hierarchical structures.
Our future studies will focus on using this method for
producing high aspect ratio structures and hierarchical
structures.
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2. Materials and method
2.1 Materials

Polydimethylsiloxane (PDMS) and curing agent (Sylgard 184
Silicone Elastomer Kit, Dow Corning) obtained from Revolution
Industrial (Victoria, Australia) were used to produce dry adhe-
sives. A commercially available UV-curable epoxy, Norland
Optical Adhesive (NOA-61) was obtained from AusOptic (Mac-
quarie Park, NSW, Australia). The epoxy resin (Type 105 Resin)
and the hardener (Type 205) were obtained from West Systems
(Molendinar, QLD, Australia). 1H,1H,2H,2H-Perfluorooctyl-
trichlorosilane (PTCS) used in this study was obtained from
Sigma-Aldrich (North Ryde, NSW, Australia). Two different types
of silicon master templates were commercially obtained and
used to produce the adhesive structures. Both the templates had
pillars of 5 um in diameter on their surfaces.

2.2 Fabrication

A two-step lithography method was adopted to copy the surface
topology present on the commercial templates onto the surface
of PDMS. Before using the commercial templates, a monolayer
of silane was coated on the surface to enable easy demolding of
the samples. For this purpose, the commercial templates were
placed with 1-2 drops of trichloro(1H,1H,2H,2H-perfluorooctyl)
silane in a vacuum chamber for 30 minutes. This process
enabled the deposition of a monolayer of silane on the surface
of the templates. Following the silanization, a negative imprint
of the templates was produced as shown in the schematic
(Fig. 1). For this purpose, epoxy resin and hardener (5 : 1 wt/wt)
were mixed and degassed using a vacuum oven. The epoxy
mixture was then poured onto the surface of the silicon rubber
stamps. Once the epoxy was fully cured, it was demolded to
reveal the 5 pm diameter holes on its surface. Following this,
the PDMS prepolymer was mixed with its crosslinking agent
(10:1) and degassed in a vacuum chamber to ensure that the
PDMS was free of any bubbles. The degassed PDMS solution
was then poured onto the surface of the epoxy and further cured

n
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Fig.1 Schematic demonstrating the replica molding steps used to produce the dry adhesives. A two-step replica molding technique is used to

produce micron-sized pillars on the surface of the PDMS.
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at 50 °C for 3 hours. After the PDMS was fully cured, it was
removed from the surface of the epoxy.

2.3 Microstructure

The surface topology of the fabricated samples was investigated
using ultra-high resolution Schottky scanning electron micros-
copy (FESEM SU7000, Hitachi) at an accelerating voltage of 10
kv. The samples were sputter-coated with a thin layer of gold (18
mA, 60 s) before they were examined using SEM. The surface
topology of the samples was also visualized using an atomic
force microscope (AFM). The size of the structures was deter-
mined using Image J software.

2.4 Contact angle

The wettability of the samples was evaluated using contact
angle measurements. The contact angle made by a water droplet
on the surface of the sample was measured using a contact
angle goniometer. Briefly, a 3 uL water droplet was placed on
the surface of the sample and the angle made by the water drop
was measured.

2.5 Adhesion measurement

The adhesive behaviour of the fabricated samples was deter-
mined by measuring their shear adhesion strength and peel
adhesion strength using a tensile testing machine (ElectroPuls
E10000, Instron Systems, Norwood, MA). The shear adhesion
strength was measured by first bringing the sample in contact
with a clean plastic substrate. The samples were then finger-
pressed to ensure that the sample was in contact with the
substrate. The pressure applied was only to initiate contact of
the sample with the substrate. Care was taken to ensure that the
pressure applied did not influence the adhesion measurements.
Following this, the sample was pulled in shear at a rate of 0.5
mm min~' and the shear force versus displacement was

Fig. 2
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recorded. The test setup used for the shear adhesion measure-
ment is shown in Fig. 2. A separate clean plastic substrate was
used for each test.

The peel strength of the samples was investigated using an
in-house designed peel fixture as shown in Fig. 2. The peel test
fixture was designed using SolidWorks software. The assembly
image of the peel test fixture designed using SolidWorks soft-
ware is shown in Fig. 2C. The assembly consists of the frame,
disc, cover, shaft and ball bearings. All the parts were then
produced using a 5-axis CNC machine and then assembled
before it was used for peel adhesion measurements. The
samples were finger-pressed on the disc (roller) of the peel test
fixture. To ensure that the samples do not stretch, a backing
layer was also pasted on the non-structured side of the sample.
The designed peel fixture enabled the peeling of the samples at
a constant angle.

3. Results and discussion

Dry adhesives have found applications in a wide variety of fields,
including robotics, microgrippers and biomedical devices. In
robotics, these dry adhesives are used for gripping and
manipulation tasks on a variety of surfaces. They are also
extensively explored for climbing robot applications. In
biomedical devices, dry adhesives are actively explored for their
potential in controlled drug delivery systems. It is argued that
the adhesive strength of these materials can be tailored for
specific applications by carefully designing and fabricating the
dry adhesives. For example, adjusting the dimensions and the
density of the structures can play an important role in fine-
tuning the adhesion strength of the material. Among all the
materials that have been used to develop dry adhesives, PDMS
has proven to be a versatile material due to its innate flexibility,
conformability, and capability to leverage surface interactions
at the microscale. Its flexibility and elastomeric nature allow it

(A) Adhesion test setup used to measure shear adhesion strength and (B) peel test setup used to measure the peel strength of the samples.
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to conform closely to the topography of the substrate. This
promotes increased contact area and enables the material to
display increased adhesion strength. Producing micro and
nanostructures on the surface of PDMS can enable PDMS to
display superior adhesion behaviour compared to other
pressure-sensitive adhesives. Since the adhesion in these dry
adhesives arises due to the intermolecular interactions between
the surface micro and nanostructures and contact surface, the
adhesion is reversible and repeatable. Currently, the
researchers aim to optimize the adhesion strength of dry
adhesives that are based on PDMS. It is the goal to optimize the
adhesion strength under different environmental conditions
and scale up the production of PDMS dry adhesives.

In this study, a two-step replica molding technique is used to
produce micron-sized pillars on the surface of PDMS. The first
step involved the production of the negative replica of the
topography found on the master templates. To facilitate easy
demolding, the master templates are coated with a layer of
silane. Following this, the epoxy is poured on the surface of the
master templates to form a negative replica of the epoxy's
surface topology. The first replica molding step resulted in the
formation of micron-sized holes. These are the negative
imprints of the structures found on the master template. Fig. 3
shows the representative atomic force microscope (AFM) image
of the surface of epoxy obtained after the 1st replica molding
step. It is clear from the image that uniform micron-sized pores
are formed on the surface of epoxy. The diameter of these pores
is determined to be 5 um from the Image] software.

Following this, the produced epoxy with micron-sized holes
is used in the second replica molding step. PDMS is poured on
the surface of the epoxy and allowed to fully cure. Fig. 4 shows
the SEM images of the samples fabricated using a two-step
replica molding process. It is clear from Fig. 4 that the two-
step replica molding process successfully copied the struc-
tures present on the master stamps onto the surface of the
PDMS. Both samples, sample 1 and sample 2 are shown to have
5 um diameter pillars on their surfaces. The spacing between
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the micropillars in sample 2 is seen to be higher than the
spacing between the micropillars in sample 1. The spacing
between the micropillars within sample 2 is determined to be
3.57 = 0.25 um, while the spacing between the micropillars
within sample 1 is determined to be 2.1 £ 0.27 pM. This indi-
cates that the micropillars within sample 1 are more closely
packed than the micropillars present on the surface of sample
2. The height of the micropillars present in sample 2 is deter-
mined from the SEM image (Fig. 4B). The height of the micro-
pillars of sample 1 is determined from the AFM image shown in
Fig. 5. The height of the micropillars of sample 1 is determined
to be 1.5 pm in length, whereas the height of the micropillars
present on the surface of sample 2 is determined to be 5 um.
In the next step, the role of surface structures on the surface
wettability of PDMS is investigated. The surface wettability
behaviour is investigated using the static contact angle tests.
PDMS film without any surface structures is prepared and used
as a control sample. Fig. 6A shows the image of a water droplet
on the surface of a neat PDMS film. The contact angle is
measured to be ~103° on neat PDMS film. As the contact angle
measured on neat PDMS film is greater than 90°, it can be
concluded that PDMS is inherently hydrophobic. Similar
contact angle values are reported on neat PDMS films in liter-
ature. The hydrophobic nature of PDMS is utilized by
researchers for the application of PDMS in microfluidics,
biomedical devices and flexible electronics. It is accepted that
the hydrophobic behaviour of PDMS can be altered by modi-
fying its surface properties. For example, introducing surface
textures on PDMS can be used to influence its surface wetta-
bility behaviour. Introducing micro and/or nanoscale features
on the surface of PDMS can influence its surface topography,
which can lead to an increase in the static contact angle value.
Indeed, the water contact angle measured in sample 1 and
sample 2 is recorded to be higher than the neat PDMS. Fig. 6B
shows the image of the water drop on the surface of sample 1.
The contact angle is measured to be ~120 + 4.6°. The contact
angle on sample 2 is measured to be ~116 + 6.1° (not shown

Fig. 3

(A) Atomic force microscope (AFM) image of structures produced on the surface of epoxy after the 1st replica molding step, and (B)

scanning electron microscopy (SEM) image of the structures produced on the surface of epoxy after the 1st replica molding step. It is clear from
the image that negative replicas of the micropillars are produced on the surface of the epoxy. The diameter of the holes is measured to be 5 um.
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Fig. 4 SEM images of (A) sample 1 and (B) sample 2. Their low-magnification images are shown in (A1) and (B1) respectively.

here), which is moderately lower than sample 1. The higher
contact angle values measured on sample 1 and sample 2
indicate that both sample 1 and sample 2 are more hydrophobic
compared to neat PDMS. This can be attributed to the micro-
pillars present on their surfaces. The presence of these micro-
pillars creates micron-sized air pockets on the surface of the

samples. When a water droplet is placed on these surfaces, the
water partially sits on the textured features rather than
completely wetting the surface. The samples are said to exhibit
the Cassie-Baxter state. In this state, the water droplet is less
likely to spread across the surface and hence the contact angle is
seen to be higher. Similar results are reported in the literature.

0.0

Fig. 5 AFM image of (A) sample 1 and (B) sample 2. AFM images are used to estimate the height of pillars formed in sample 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Contact angle measurements made on (A) neat PDMS surface,
and (B) sample 1. The contact angle on sample 1 is much larger than
the contact angle measured on neat PDMS.

For example, Lee et al.*® in their study show that neat PDMS
demonstrated a contact angle of 104°. They also show that the
contact angle can be improved to 155° by introducing micro/
nanostructures on the surface of the PDMS. These results are
useful for dry adhesion application as the material also has the
potential to display self-cleaning behaviour.

The adhesion performance of the samples is then quantita-
tively estimated by determining the total mass the sample can
hold in shear before it gets delaminated from the surface. For
this purpose, the samples are brought in contact with a plastic
sheet that is held vertically up in its place as shown in Fig. 7.
Weights are attached to the sample as shown in Fig. 7 and the
total weight the sample can hold is determined. The total
weight sample 1 (2 x 2 cm?) can hold in shear is seen to be
around 220 g. Similarly, sample 2 (2 x 2 cm?) is seen to hold
~180 g of total weight in shear. This shows that both sample 1
and sample 2 display adhesion. The samples are detached and

Fig. 7 Adhesive performance of the samples is estimated by sus-
pending weights and determining the total weight the sample can hold
before it delaminates.
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tested to determine their reusability. Both the samples are
tested 4-5 times, and the adhesion behaviour for them is seen
to be constant.

A shear test setup is then used to measure the adhesion
behaviour of the samples. For comparison purposes, the shear
adhesion of PDMS without any surface structures is also
measured. As evident in the test setup used (see Fig. 2), the
samples are adhered to a plastic substrate and pulled in shear
mode. The shear adhesion behaviour of the samples is esti-
mated from the recorded load versus displacement curves. The
measured load is divided by the initial cross-sectional area that
is in contact with the plastic substrate to determine the shear
stress. This enabled us to plot shear stress versus displacement
for the samples and enabled us to compare the adhesive
performance of the samples. Fig. 8 shows the representative
shear stress versus displacement curves for the samples. The
shear adhesion strength of the samples is determined from
shear stress versus displacement curves. The shear adhesion
strength for the samples corresponds to the maximum shear
stress the samples sustained before the delamination. It is clear
from Fig. 8 that the neat PDMS sample exhibited the lowest
adhesion strength. The shear adhesion strength of neat PDMS
is determined to be ~0.02 £+ 0.007 N cm™?, while the shear
adhesion strength of sample 1 and sample 2 is determined to be
0.13 £ 0.39 and 0.11 + 0.05 N cm™ 2 respectively. Higher shear
adhesion for sample 1 and sample 2 compared to neat PDMS
can be attributed to the presence of micropillars on their
surfaces. The increased contact area due to the presence of
micropillars can explain the enhanced shear adhesion strength
of sample 1 and sample 2. Both sample 1 and sample 2 have 5
pm diameter pillars on their surface. However, the density of
the micropillars is higher on the surface of sample 1 compared
to sample 2. This should explain the moderately higher value of
shear adhesion strength exhibited by sample 1 in comparison to
sample 2. Hensel et al.** in their study explain that the diameter
of the surface structures and the spacing between them influ-
ence the adhesion performance. Their results suggest that when
the diameter of the structures is greater than the spacing
between the structures, then the structures undergo small
elastic deformation when they come in contact with a substrate.
On the other hand, when the diameter of the structures is
smaller than the spacing, the structures undergo buckling,
which reduces the contact area. This results in reducing the
adhesion performance of the sample. Our results agree with
this finding. The diameter of the pillars in sample 1 is higher
than the spacing between the micropillars. On the other hand,
the diameter of the pillars in sample 2 is roughly the same size
as the spacing between them. This should explain why the
adhesion of sample 2 is lower than sample 1. It is also inter-
esting to note that the slope of the stress vs. displacement
recorded for sample 1 and sample 2 are drastically different.
The slope of stress vs. displacement for sample 2 is higher than
that of sample 1. This can be attributed to the difference in
surface topography. Since sample 2 has slightly higher aspect
ratio structures compared to sample 1, they can bend and
deform under shear loading. This leads to a steeper initial
slope. Once the maximum adhesion is achieved, the higher

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) plot of stress versus displacement recorded for the samples. The adhesion strength of the samples in shear is estimated from this plot

and (B) plot of peel stress versus displacement for the samples. The peel strength of the samples is determined from this plot.

aspect ratio structures of sample 2, experience a higher degree
of bending of pillars, leading to a rapid decrease in stress
values. On the other hand, sample 1 has a smaller aspect ratio
structure and hence it displays less effective adhesion initially.
This explains why a slower increase in shear stress is recorded
for sample 1.

In the next step, we investigated the peeling adhesion
strength of the samples. For this purpose, a wheel peel fixture
that is designed and fabricated in-house is used to test the peel
strength of the samples. This peel fixture has a freely rotating
wheel (see Fig. 2), which ensures that the peeling of the samples
is kept constant at 90° throughout the test. Before the test, the
samples are wrapped around the wheel and finger-pressed to
bring the samples in contact with the surface of the wheel.
Following this, one end of the sample is attached to the upper
grip, and the sample is peeled off from the surface of the wheel.
The force required to peel the sample from the surface of the
wheel is measured and the peel strength is estimated. The
peeling stress versus displacement recorded for the samples is
shown in Fig. 8. The peel strength of the neat PDMS sample is
determined to be 0.04 + 0.01 N ¢cm™ > The peel strength of
sample 1 is determined to be 0.12 + 0.25 N cm 2. This result
clearly shows that the surface topology influences the peel
strength. It is interesting to note that the peel strength of
sample 2 is also determined to be 0.12 + 0.03 N cm™>. This
shows that the spacing between the micropillars did not influ-
ence the peel strength. Our future experiments will focus on
varying the size of the pillars and determining the effect of pillar
diameter on adhesion behaviour.

4. Conclusion

This study fabricated micropillar structures on the surface of
PDMS using a replica molding technique and investigated the
shear adhesion and peel adhesion behaviour of the samples. A
two-step replica molding process was used to produce micron-
sized pillars on the surface of PDMS. The first step of the
replica molding process produced micron-sized holes on the
surface of the epoxy. A second replica molding process
produced micrometre-sized pillars on the surface of the PDMS.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Two different master moulds were used to investigate the effect
of density and aspect ratio on its adhesion behaviour. SEM
images of the fabricated samples confirmed that the replica
molding technique was successful in producing uniform
micropillar structures on the surface of the samples. Shear
adhesion strength, as well as the peel strength of the samples,
were determined and compared with that of the neat PDMS.
The shear adhesion strength of both samples 1 and 2 was higher
than that of the neat PDMS. Shear adhesion strength recorded
for sample 1 and sample 2 were 0.13 and 0.11 N cm ™ respec-
tively. Similarly, the peel strength of sample 1 and sample 2 was
higher than the neat PDMS. Peel strength for both sample 1 and
sample 2 was determined to be 0.12 N cm 2.
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