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Abstract

Easy-removal skin adhesives require a robust reversible adhesion. This requirement is addressed in this study with the fabrication of PDMS
micro-patterned surfaces that inspired by gecko feet. The design of these gecko-inspired structures were aimed to maximize the ratio between
pull-off strength and peel strength. They were fabricated using the laser cutting technology which is typically used for industrial manufacturing
applications. Several kinds of PDMS specimens in triangular, square and hexagonal patterns, as well as triangular, square, diamond and circular
cross-sections were made. The wetting properties of the gecko-inspired surfaces were evaluated by contact angle measurements. Pull-off strength
and peel strength measurements were performed against a silicon skin substitute. Multiple attachments were achieved on a range of preloads.
The averaged pull-off strength under a preload 10 N for 10 s can reach up to approximately five times of peel strength when the peel angle is

30 degree. Also compared with conventional Band-Aids, a slight enhancement in attachment ability and a significant decrease in peel strength
between the skin and the adhesives were consistently observed. Therefore, the fabrication of the gecko-inspired structures on the micro-molding
of PDMS appeared to offer a near-practical way for manufacturing an easy-removal skin adhesives, albeit in its present form with a comparable
adhesion strength and a decreased peel strength. The originality of this work is the reverse de-molding approach based on the combination of the
cost- and time-efficient laser cutting methods and the Teflon film as the mold material, which avoid the limitation caused by taking PDMS
structure out of the molds, so that provide more variations of the tip geometry. As such, a further development of this fabrication method might be
of significant interest in a number of practical applications in skin tissue industrial design.
& 2017 Southwest Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the development of wound dressings, the normal chal-
lenge for adhesives is to hold the wound dressings and human
skin together, at the meantime, to allow the wound dressings to
be removed without damage from the skin [1]. If a dressing
incorporates an adhesive that is too ‘aggressive’, then tissue
damage may occur on its removal, which is known to increase
the size of wounds and subsequently delay healing [2].
Nevertheless, insufficient adhesion could lead to exudate
leakage, which could adversely affect patients’ quality of life
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and have cost implications, particularly in the case of chronic
wounds. Therefore, it is important to balance between the
strong bond (high pull-off strength) and the easy removal (low
peel strength between the skin and the tape).
Furthermore, geckos are capable of attaching and detaching

their adhesive toes seamlessly easily in milliseconds while
running on vertical and inverted surfaces, which is undoubt-
edly a challenge no conventional adhesive is capable of
meeting. This is due to the fact that the adhesive on gecko
toes differs dramatically from that of conventional adhesives in
terms of the structure. Several findings have been reported on
the design principles of different patterns [3] and cross sections
[4]. In addition, the effect of the geometrical parameters of
pillars [5] and the roughness of the substrate [6] on the strong
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attachment and easy-removal properties have been analyzed to
establish a design map for bio-inspired fibrillary surfaces [5].

Several researches have reported on the fabrication of
gecko-inspired structures, such as electron-beam lithography
of polyimide [7], nano-moulding using silicon rubber [8],
polyimide and polyurethane [9]. Deep reactive ion etching,
self-assembly, anodic oxidation, and angle etching have also
been explored to fabricate templates of synthetic gecko-foot
hairs [10–12]. Nevertheless, the wound dressings, as one of the
most commonly used product on a daily basis, it is essential to
manufacture in a practical and cost-effective way. The
fabrication of gecko-inspired structures described in this paper
is using a standard laser cutting technique commonly used in
the manufacturing industry. Unlike the laser-cutting technol-
ogy from previous study [13], we applied PTFE films as the
mold material, which owns extraordinary properties which fit
in this case: 1) Safety issues for laser cutting; 2) Excellent non-
sticky property; 3) High heat resistance. Additionally, we
applied a reverse de-molding approach during fabrication,
which avoid the limitation caused by taking PDMS structure
out of the molds, so that provide more variations of the tip
geometry. By testing on various kinds of micro-molded PDMS
arrays, the feasibility of this fabrication method was evaluated.

2. Specimen fabrication

2.1. Materials and methods

Briefly, the micro-patterned surfaces were obtained by
molding the mixture of uncured PDMS (Sylgard1 184; Dow
Fig. 1. A) Microscope images of Laser cutting trial sessions. R represents the radius
on the wood plate made by laser cutting.
Corning, Midland, MI, USA) and the curing agent (10:1
weight ratio) in the molds made by laser cutting.
The material of the molds was the market-existing PTFE

tapes. Several laser cutting trial sessions were operated to
determine the proper laser powers corresponding to the specific
sizes of the holes. As shown in Fig. 1A, when the laser power
was 9 kW, most of the holes were not cut through; while when
the laser power was higher than 10 kW, or the distance
between two holes was not enough, the Teflon tape was
burned. Therefore, the laser power for the 0.1 mm Teflon tape
was decided as 10 kW. Besides, when R is less than 200 um,
the laser cutting machine could not recognize the pattern
completely, so the holes were cut randomly.
Molds were divided into two parts, as shown in Fig. 2. The

top layer was for the backing layer of adhesives, and the
bottom layer was for the micro-patterned structures. The
thickness of PTFE films were 2 mm for the backing layer
and 0.1 mm for the structured layer, respectively. The lower
molds were made by initially designing a range of 2D vector
masks of different concepts suitable for laser cutting on a
width of 13 mm PTFE tape. Markers were a positive type,
which defined the region of the pillars themselves directly.
Holes were cut through the entire thickness of PTFE, which
defines the length of the pillars.
The PTFE tape was fixed to a wood plate (Fig. 1B). The

purpose of this substrate was to provide a mechanical support
for the thin stretchable Teflon tape. The laser power was set as
10 KW, which can both cut through the holes and not burn the
Teflon. The upper mold was etched in the same way. In this
instance, the laser power was 30 KW. Then the two layers
of the holes, 2w represents the spacing between two holes B) The molds fixed



Fig. 2. A schematics of molds plan.

Table 1
Samples specifications for laser cutting.

Type 1 Type 2 Type 3 Type 4 Type 5 Type 6

Pattern Triangular Square Hexagonal Hexagonal Hexagonal Hexagonal
Cross
section

Circular Square Triangular Diamond

Tip
shape

Flat

λ 6–7
w/R 1
R(um) 200 340 510 340
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were glued by Kapton tape, and were bonded to an aluminum
substrate. The underlying substrate acted as an injecting stop
boundary because there was no bottom in our molds. A
polydimethylsiloxane (PDMS) solution was injected into the
molds (PDMS supplied as Sylgard 184 mixed with curing
agent as 10:1) and cured. The normal demolding process was
reversed here, which means instead of peeling the casting off
from the molds, we pulled directly the molds up until totally
separated from the structures. This gave 0.1 mm long PDMS
pillars with different patterns and cross-sections, and a backing
layer with a thickness of approximately 2 mm.
L(um) 100
2.2. Concepts selection

Considering the limitation of laser cutting technology,
several types of micro-patterned structures were chosen to
fabricate, as shown in Table 1. Two variants were considered
into design: 1) Fiber array pattern: triangular, square and
hexagonal lattices; 2) Cross section: circular, square, diamond
and triangular cross sections. Here, a parameter λ is defined as
the ratio of pull-off strength and peel strength. R represents the
radius of gecko-inspired pillars, and 2w represents the spacing
distance between pillars, and L means the length of pillars.
2.3. Results and discussion

Fig. 3A–F shows an example of the fabricated PDMS
micro-patterned structures. The micro-patterned surface mor-
phology was imaged using the Confocal Scanning Laser
Microscope (CSLM, NT-MDT, NTegra Spectra) and SEM
technology. The radius and the length of pillars were near the
desired data. Besides, compared with the triangular and square
patterns, the shape of hexagonal patterns seemed more precise.
In addition, the edges of square, triangular and diamond cross
sections were not accurate, which would cause the contact
areas less than designed.
3. Experimental methods

3.1. Contact angle measurement

To validate the wetting properties of the fabricated micro-
structured PDMS samples, the contact angle of water on these
surfaces was measured using Sessile Drop Technique on
Dataphysics OCS 20. The surface to be tested was placed on
a horizontal stage and a drop of liquid was released on it and
removed using a micropipette. Images of the water drop on the
surface were recorded through a long-range microscope. The
experiments were carried out at room temperature (21 1C) and
in 45–55% humidity. Flat controls were also measured as a
reference.

3.2. Adhesion measurement

Pull-off tests and peel tests were operated to assess the
attachment and detachment properties of the fabricated micro-
patterned structures and conventional skin adhesives. Flat
controls were not included in the measurement because we
aimed to compare the structured PDMS samples with the
conventional adhesives. Tests were performed on micro-
patterned samples and a piece of silicon skin substitute
(MVQ silicon L7350). The Zwick (Model Z1.0/THIS) tensile
tester was used.



Fig. 3. （A-F）Microscope images of specimens which made for by laser cutting which are in A) Triangular pattern, circular cross-section, B) Square pattern,
circular cross section, C) Hexagonal pattern, circular cross section, D) Hexagonal pattern, square cross section, E) Hexagonal pattern, triangular cross section, F)
Hexagonal pattern, diamond cross section. (G-H) SEM images examples for G) circular cross section pillar, H) Triangular cross section pillars, I) Diamond cross
section pillar.

Fig. 4. Set-ups for A) pull-off tests B) peel tests.
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Fig. 5. Peel angles representative during peeling tests.

Fig. 6. Measured contact angle of each micro-patterned structure compared
with a flat PDMS surface. The measurement was taken at room temperature
and in 45–55% humidity.
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As shown in Fig. 4A, for pull-off tests, the skin substitute
was cut into a 20 mm*15 mm square, and mounted on the
upper side of clamp using double-sided tape. Samples were
glued on the opposite clamp. A microscope was used to film
the pull-off behavior between skin substitute and adhesives.
The samples were firstly gently and firmly pressed onto the
skin. The pre-load was increased from zero until the pre-
defined value where the samples were hardly pressed on the
skin substitute, then the upper grip started to pull off at the rate
of 10 mm/min until the samples and indenters were totally
separated. 3 repetitive measurements on each sample were
operated in a loop, and they were not cleaned in between, as
well as the substrate. After each loop, the skin substitute was
cleaned using acetone. Three tests were run on each sample for
under a range preloads. The force as well as travel time were
recorded.

Fig. 4B shows the set-ups for the peel tests. A ruler was fixed
on the stand clamp vertically. The PDMS samples were
mounted on the plastic ruler using double-sided tape. At first,
skin substitute was pressed on the samples by the load as 10 N
in order to imitate human behavior. Then one side of skin
substitute was clamped and rose up with a speed of 10 mm/min,
until it was completely separated with the samples. As shown in
Fig. 5, the peel angle changed from 0 to approximately 45
degree during the peeling tests in this case. Considering that the
friction and interactions between pillars and the skin substitute
may affect adhesion force over repeating cycles continuously,
nine samples were made for each structure, and three tests were
run on each sample.

4. Results and discussion

4.1. Contact angle measurement

The static contact angle (CA) were measured to characterize
the wetting properties of micro-structured surfaces. A sum-
mary of the measured contact angles is shown in Fig. 6. In
spite of the uncertainty of the droplet size which indicates that
there should exist droplet size effect on the contact angle, as
shown in Fig. 7, it is obvious that the size of the droplet is
much larger than the size of the structure, so we can assume
that the presence of micro-patterned pillars on the surface leads
to a huge enhancement in the observed contact angle evi-
denced by the huge increase of contact angle compared with
the flat PDMS surface. This shows that the typical surface
roughness greatly increases the hydrophobic property of
PDMS surfaces. In addition, the structured surfaces exhibit
the various hydrophobicity as evidenced by a range of contact
angle between 911 and 1161, probably resulting from the
formation of air pockets under the water droplet.
4.2. Pull-off force measurement

Fig. 8 shows the comparison of the average pull-off force
under a range of pre-loads for 10 s for all kinds of structures
and conventional band-aids. The pull-off force was observable
indicative to the adhesion property between the gecko-inspired
surfaces and the skin substitute. The increase of preload
facilitated the gecko effect adhesion behavior. All of the
cylindrical gecko-inspired structures have a relatively higher
value than the triangular, diamond and square cross-section
structures (Type 4, 5 and 6), which partly due to the
insufficiency of fabrication.



Fig. 7. Contact angle of different patterned structures in circular cross section (top-left), square cross section (top-right), Triangular cross section (bottom- left),
Diamond cross section(bottom-right).

Fig. 8. Average pull-off force versus preload for all structures with error bars,
the error bars represent the standard deviation for the three tests that were
averaged.
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Compared with conventional wound dressings, the fabri-
cated gecko-inspired micro-patterned surfaces at least maintain
the adhesion property against the skin substitute. However, it
should be pointed out that this increase cannot completely
result from the presence of micro patterned structure, account-
ing for the elastic deformation characterization of individual
micro-pillars and the deflections of the backing layers and the
skin substitute.

A schematic of the elastic deformation of each pillar is
shown in Fig. 9a, where A represents the cross section size for
each single pillar, F is the force pressed onto each pillar, δ is
the elastic deformation of each pillar, and L is the length of
each pillar before being pressed. Therefore, the elastic defor-
mation for each pillar can be expressed as

δ¼ FL=EA

When the pre-load was 10 N, as the example of Type 3,
L¼0.1 mm (Ref. Table 1), E¼2 MPa, R¼0.2 mm, hence, the
elastic deformation for each pillar is δE0.08 mm, which
means some of pillars were flattened after being pressed, so
the contact area was increased. It is believed this increase in
contact area, and therefore pull-off force, occurred partly as a
result of slow deformation of the pillars due to the elastic
properties of the PDMS material.

On the other hands, to understand the influence of skin
substitute deflection and the backing layer deflection
respectively, a simplified supported beam model was used,
as shown in Fig. 9b. For both components, despite the fact that
the force functioned between two surfaces varied continuously
during the pulling off process, the contributions of these two
components under the same applied force can be divided, i.e.

vs
vb

¼ EbIb
EsIs

Es Is and Eb Ib represents the Young's Modulus and the
moment of inertia of the skin substitute and the backing layer
respectively. Based on the mechanical properties of the silicon
skin substitute and the material of backing layer (PDMS), the
deflection ratio of these two components is approximately ¼.
Therefore, the deformation of the backing layer is dominant
factor for the interfacial segregation.
The force-displacement profiles are useful for analyzing the

gradual deformation of discrete micro pillars and the deflec-
tions of the two components. As shown in Fig. 10, as an
example of Type 3, the pull-off force curve is comparable to
the results that caused by the buckling of pillars and the
deflection of the skin substitute and the backing layer as
mentioned above. While during loading, the preload causes the
compression of the pillars, the backing layer and the skin
substitute. Upon unloading, the tips of pillars continues the
application of load and start to recover until retracted from the
skin substitute. At the meantime, the deflection of backing
layer and skin substitute happened to decrease the retracting
speed, where some peeling behavior existed during the break-
ing of adhesive bonds from the periphery of the contact area
towards the center [11,14].
4.3. Peel force measurement

The recorded standard force and displacement were plotted
separately for each individual peel test. Fig. 11 shows results of
one single test of Type 1. The reason for its fluctuation after
reaching the maximum value is the peeling process was not
consistent all the time. The standard force increased sharply to the
maximum value, which corresponds to the maximum displace-
ment value of the tape end when the skin substitute began to lift



Fig. 10. Force-displacement curves of Type 3 specimen.

Fig. 11. Peel force versus displacement for one single test.

Fig. 12. The average peel strength for all types of specimen and conventional
wound dressings, plotted at a peel angle is 301.

Fig. 13. The ratio between pull-off strength (preload 10 N) and peel strength
(peel angle 301) for all kinds of specimen and conventional wound dressings.

Fig. 9. a) A schematic of elastic deformation, where A represents the cross section size for each single pillar, F is the force pressed onto each pillar, δ is the elastic
deformation of each pillar, l is the original length of each pillar b) Schematic of supported beam deflections during pull-off behavior, where Q presents the force
applied on the surfaces, L is the length of the sample, and Ds, Db represent the deflection of the skin substitute and the backing layer.
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off the sample. Then the peel strength decreased continuously,
due to the peel angle varying from 0 1 until around 45 1.

To compare with the peel strength of conventional wound
dressings, we took the mean peel strength after ignoring the
friction interference for each type when peel angle was about
301, which is summarized in Fig. 12. Apparently, the gecko-
inspired skin adhesives produced less peel strength than
conventional band-aids. It should be pointed that the consider-
able decrease of peel strength may partly result from the fact
that the skin substitute cannot mimic the skin deformation as
real human skin.
As shown in Fig. 13, the parameter λ as the ratio of pull-off

strength and peel strength for various specimens were calcu-
lated. The pull-off strength was taken when preload was 10 N
and dwelling time was 10 s. Clearly, an essential requirement
for easy-removal skin adhesives were achieved, which is the
pull-off strength for gecko-inspired skin adhesives is up to
approximately five times larger than the peel strength.



Table 2
Contact angles measurements and results for PDMS and skin substitute.

Surface energy
assumed from
Zisman Theory
(J/m2)

Surface energy assumed from Owens/Wendt
theory (J/m2)

Dispersive
Component

Polar
Component

Total
surface
energy

Skin
substitute

0.21 0.25 0.02 0.27
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5. Limitation and discussion

The main limitation of this research is that all of the tests
were operated on the skin substitute, the roughness, the
Young's modulus and the surface energy still differ from those
of real human skin to some extent. Therefore, the adhesion
between the human skin and the adhesive should be different
from the adhesion between the silicon adhesive to silicon skin.
Because target surface characteristic largely affects the adhe-
sion force, hereby, in terms of the surface energy, the
difference of the silicone skin and real human skin was
discussed.

For skin substitute, Zisman Theory and Owens/Wendt
Theory were applied, as shown in Table 2. The real human
skin shows a surface energy of 0.5 J/m2 [15]. Therefore, it can
be seen that the surface energy of the silicon substitute was
lower than the real skin, which requires further work in real-
life condition. Additionally, there is a wide biological variation
in the levels of adhesion of the same product to normal skin of
different people. Further work would be required to understand
the effect of viscoelastic nature of the skin together with that of
complex, poorly defined roughness morphology.

In addition, from the industrial perspective, in this case. the
evaluation of the adhesion property of the fabricated surfaces
was focus on pull-off tests, however, Band-Aids is designed to
adhere to the skin not only in normal direction but especially
stronger in shear direction. On the other hand, the fabricated
adhesives were not tested yet in shear direction. Therefore,
more work in shear testing is needed. Additionally, although
standard industrial-level PDMS was used to fabricate the
adhesives, the adhesive devices are targeted for the medical
use. So the practicality and feasibility of the application of the
industrial-level PDMS for the medical devices are still
not clear.

Furthermore, a complete explanation for the distinction of
the adhesion property between six types of specimen has not
yet been derived. However, this could probably achieved by
both optimization of the shape, size and material properties of
the present structures, which are highly dependent on the
circumstances of the manufacturing procedure. In addition,
although some preliminary cleaning using acetone was oper-
ated to avoid the contamination of foreign dirt and the
interference of humidity change, more work could be desired
to control the environmental conditions. It should also be noted
that the resulting molds made using this procedure were only
suitable for making single casting operation, due to the
stretchability of PTFE film. It implies that the technique is
highly dependent on the choice of molds materials.

6. Conclusion

This work has been inspired by the problems of conven-
tional wound dressings and also comparative studies of
biological attachment systems in nature. The design model
was experimentally investigated using fabricated PDMS
arrays. Laser cutting was applied as an uncommon fabrication
method for gecko-inspired structure. Various micro-patterned
structures with triangular, square and hexagonal patterns, and
triangular, square, circular and diamond cross sections were
compared.
The fabrication technique used here was very cost and time

efficient. Because the thin Teflon molds were pulled directly
from the structured material, there was little damage to the
micropillars. In addition, the fabrication of gecko-inspired
structure on the micro-moulding of PDMS, as demonstrated
earlier, would appear to offer a near-practical means for
manufacture an easy-removal skin adhesives, albeit in its
present form with a comparable adhesion strength and a
decreased peel strength. Therefore, this fabrication method
can be further developed to benefit a number of practical
applications in skin tissue medical industry.
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