
Journal of Micromechanics and Microengineering

PAPER

Fabrication of controlled hierarchical wrinkle
structures on polydimethylsiloxane via one-step
C4F8 plasma treatment

To cite this article: Liming Miao et al 2018 J. Micromech. Microeng. 28 015007

 

View the article online for updates and enhancements.

Related content
Dynamically programmable surface micro-
wrinkles on PDMS-SMA composite
Ping-Liang Ko, Fu-Long Chang, Chih-
Hung Li et al.

-

A facile method for fabrication of
responsive micropatterned surfaces
Rdvan Demiryürek, Mariamu Kassim Ali
and Gozde Ozaydin Ince

-

Nanotexturing of poly(dimethylsiloxane) in
plasmas for creating robust super-
hydrophobicsurfaces
A D Tserepi, M-E Vlachopoulou and E
Gogolides

-

This content was downloaded from IP address 162.105.183.189 on 07/03/2018 at 01:52

https://doi.org/10.1088/1361-6439/aa9b16
http://iopscience.iop.org/article/10.1088/0964-1726/23/11/115007
http://iopscience.iop.org/article/10.1088/0964-1726/23/11/115007
http://iopscience.iop.org/article/10.1088/0964-1726/23/9/095020
http://iopscience.iop.org/article/10.1088/0964-1726/23/9/095020
http://iopscience.iop.org/article/10.1088/0957-4484/17/15/062
http://iopscience.iop.org/article/10.1088/0957-4484/17/15/062
http://iopscience.iop.org/article/10.1088/0957-4484/17/15/062


1 © 2017 IOP Publishing Ltd Printed in the UK

1. Introduction

The micro-textured surfaces of polymers have attracted much 
attention. This is particularly the case for micro-structures 
on PDMS, such as controlled wrinkles [1], pyramids [2], 
micro-pillars [3, 4] or nanotubes [5] with a variety of scien-
tific and technological applications, including triboelectric 
nanogenerators [6–9], capacitor/resistor effect pressure sen-
sors [2, 4, 10, 11], cell engineering [12, 13] and microfluidics 
[14–16]. Compared with other conventional micro-structures, 
the wrinkle has unique advantages for fabrication, such as 
simple and low-cost mass production. Further, the wrinkle 
has a dynamic and reversible structure that can easily form 
a composite structure with other micro-structures and enable 
electronics to become more stretchable.

Due to the advantages mentioned above, the structure of 
wrinkles has been widely researched and there are many rel-
evant works concerning fabrication, pattern control, formation 
principles and theory analysis [17–26]. Recent reports have 
observed wrinkle structures in the film-substrate system (a 
stiff layer and a soft layer) [27, 28]. The theory of wrinkle 
formation was explained by Huang [26]. As the applied 
compression strain reaches a certain point, the mismatch 
between the two layers can result in various wrinkle patterns. 
Cheng et al fabricated homogeneous and disordered wrinkle 
structures by implementing C4F8 plasma on an uncured poly-
dimethylsiloxane (PDMS) surface and employed the results in 
the design of high-performance triboelectric nanogenerators 
[18]. Shu et al used ultraviolet and ozone (UVO) treatment 
on a pre-stretched PDMS to fabricate stripe-like wrinkles 
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Abstract
We report a simple method for fabricating two-dimensional and nested hierarchical wrinkle 
structures on polydimethylsiloxane surfaces via one-step C4F8 plasma treatment that 
innovatively combines two approaches to monolayer wrinkle structure fabrication. The 
wavelengths of the two dimensions of the wrinkle structures can be controlled by plasma 
treatment (radio frequency (RF) power and plasma treatment time) and stretching (stretching 
strain and axial stretching), respectively. We also analyze the different interactions between the 
two dimensions of wrinkle structures with different wavelengths and explain the phenomenon 
using Fourier waveform superposition. The character of the two dimensions and hierarchy is 
obvious when the wavelengths of the two wrinkles are different. In surface wetting tests, the 
hierarchical wrinkle shows great hydrophobicity and keeps the stretching property under 25%.
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[22]. By controlling the stretching and releasing axials, her-
ringbone-like and labyrinth-like wrinkle structures can be 
achieved. Through combining them with existing micro- 
structures on the surface of polymers, Bowden et al demon-
strated the spontaneous formation of ordered structures in thin 
films of metals supported on an elastomeric polymer [17]. 
Using the shape memory effect, Zhao et al demonstrated the 
convenience and flexibility of using shape memory polymers 
to achieve different wrinkling patterns [26].

The above efforts were focused on monolayer wrinkle 
structures, but we know that hierarchical wrinkle structures 
have some features that are better than those of monolayer 
wrinkle structures and support diverse functions, such as 
mechanical force sensing, superior hydrophobicity perfor-
mance [29] and cell stimulation [13]. Moreover, hierarchical 
wrinkle structures show greater robustness in some stretch-
able materials, which can then avoid functional failure under 
continuous stretching.

A composite structure brings various benefits to the hierar-
chical wrinkle structure, although this has a fabrication cost. 
The stiff layer in the wrinkle system can be fabricated by using 
plasma-like UVO or C4F8 on the substrate, which is a crucial 
step to form a mismatch-strain system. Moon et al used two 
UVO plasma steps and two releasing steps to fabricate hierar-
chical wrinkles [30]. By repeating the ‘stretch–UVO–release’ 
process twice in two perpendicular directions, Shao et al also 
obtained curvature-induced hierarchical wrinkle structures in 
soft bilayers [29]. The multi-step plasma treatment makes fab-
rication a time-costly process in Moon’s work, where it takes 
about 28 min (2 min for the first plasma treatment and 26 min 
for the second) to form two-dimensional (2D) and nested hier-
archical wrinkle structures.

To obtain high-quality hierarchical wrinkle structures 
with high efficiency, in this paper we combine two reported 
wrinkle fabrication methods [1, 18] and create a new method 

to form 2D hierarchical wrinkle structures using a single-
step C4F8 plasma treatment. Figure S1 in the supplementary 
material (stacks.iop.org/JMM/28/015007/mmedia) shows a 
comparison of three methods of wrinkle fabrication by C4F8 
plasma, and table S1 in the supplementary material shows the 
differences between the fabrication processes for stripe-like 
wrinkles, disordered wrinkles and hierarchical wrinkles in 
detail. By spin-coating uncured PDMS on a stretchable sub-
strate-like cured PDMS film, a one-step C4F8 plasma treatment 
can form disordered wrinkle structures and nested stripe-like 
wrinkles structure with an excellent hydrophobicity property, 
and the process only takes between 50 s and 10 min. Further, 
we can control the two dimensions of the wrinkle structures 
to present different patterns using RF power, plasma treat-
ment time and compression strain. In the fabrication process, 
we find that changing the wavelength of the two dimensions 
of the wrinkles can influence the interaction of two wrinkles 
greatly in the hierarchical wrinkle structure formation process 
and we analyze this phenomenon by using Fourier waveform 
superposition theory. The fabricated hierarchical wrinkle 
structures enable superior hydrophobicity performance with 
PDMS compared to stripe-like wrinkles and disordered wrin-
kles, improving the contact angle from 95.68° to 128.58° 
compared to flat PDMS. After 25% stretching, PDMS with 
hierarchical wrinkles can still maintain a large contact angle 
of 126.23°.

2. Fabrication process

A flowchart and schematic diagram of the one-step C4F8 
plasma fabrication process for hierarchical wrinkle structures 
is shown in figure 1(a). Firstly, a piece of cured PDMS film of 
about 2 cm  ×  4 cm  ×  1 mm was prepared by heating a mixture 
of the base solution and curing agent of commercial PDMS 
(Sylgard 184, Dow Corning Corporation) with a quantity ratio 

Figure 1. (a) Flowchart and schematic diagram of the fabrication of the hierarchical wrinkle structure via one-step C4F8 plasma treatment. 
(b) Optical photograph the homogeneous and disordered monolayer wrinkle structures (before release). (c) Optical photograph of the 
hierarchical wrinkle structure (after release).
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of 20:1, which makes the PDMS film softer and more stretch-
able. Secondly, the PDMS film was stretched by 25% and then 
spin-coated with the uncured PDMS (the quantity ratio of the 
base solution and curing agent was also 20:1). The thickness 
of the uncured PDMS was about 10um and the thickness of 
the cured PDMS substrate was 1 mm. Without heating, the 
cured PDMS covered with uncured PDMS was treated with 
a C4F8 plasma for 150 s and then heated at 80 °C until the 
uncured PDMS on the surface was cured to form the first kind 
of disordered and homogenous wrinkle structure. As shown in 
figure 1(b), with the pre-stretched PDMS released, the second 
kind of stripe-like wrinkle structure occurred and thus even-
tually a 2D nested hierarchical wrinkle structure formed. A 
compressible strain of 25% leads to the compression of the 
disordered wrinkle in the direction of the stress, while the 
wrinkle is also to some extent stretched in the direction parallel 
to the small stripe-like wrinkle because of the positive Poisson 
ratio. At the same time, a small and regular stripe-like wrinkle 
structure is formed on the surface of the disordered wrinkle, 
resulting in a hierarchical wrinkle structure. The compression 
strain not only changes the original patterns of the disordered 
wrinkle mechanically, but also adds a new structure on it to 
form a composite structure that increases the roughness and 
mechanical sensitivity.

The fluorocarbon plasma treatment was conducted using 
an inductively coupled plasma (ICP) etcher (Surfacing 
Technology Systems plc, Multiplex ICP 48443). The gas flow 
rate and pressure were set at 40 sccm and 3 Pa, respectively. 
The structure and morphology of the hierarchical wrinkles 
were characterized using microscopy (Eclipse E200, Nikon 
Co.) and scanning electron microscopy (SEM, Quanta 600F, 
FEI Co.). Water contact angle measurements were recorded by 
a contact angle measurement system (OCA 30, Data Physics 
Instruments GmbH).

3. Control of hierarchical wrinkle structure

This solitary C4F8 plasma treatment step is controllable. 
Figure  S1 in the supplementary material shows the classic 
model of the wrinkle structure, and we can see that the wrinkle 
structure can be considered as a sin-like wave pattern with a 
wavelength and an amplitude. Therefore, to control the sur-
face pattern of the hierarchical wrinkle structure, we need to 
determine the key process parameters for the wavelength and 
amplitude. Here, we focus on plasma treatment (RF power 
and plasma treatment time) and stretching (stretching strain 
and axial stretching).

3.1. Effect of plasma treatment

The primary role of the RF power is to control the bombarding 
energy of ions. With increasing RF power, the velocity and 
density of the particles increase, but the particles become 
smaller [31–33]. As for the disordered wrinkle, with increasing 
RF power, more particles bombard the surface of the uncured 
PDMS, which leads to randomness and fragmentation of the 
surface and thus the disordered wrinkle grows smaller, as 

shown in figure 2. However, from the macroscopic view, the 
C4F8 plasma treatment is also a film deposition process with 
respect to the chemical reaction between fluorocarbon par-
ticles and the uncured PDMS. Due they have the same plasma 
treatment time (150 s), the thickness of the deposited fluoro-
carbon layer is approximately the same. Given the wavelength 
form [22]

λ = 2πhf

(
Ef

3Es

) 1
3

 (1)

where Ē  is the plane strain modulus given by Ē = E
1−v2 , E  is 

the Young’s modulus, vis the Poisson ratio and hf represents 
the stiff film thickness. The subscripts f  and s denote the stiff 
film and the soft substrate, respectively. The same thickness hf 
results in the same wavelength of the strip-like wrinkle struc-
ture, just as the diagram shows in figure 2(a).

The character of the two dimensions of the wrinkles is also 
affected by the C4F8 plasma treatment time. The disordered 
wrinkle grows smaller and the wavelength shows a decreasing 
trend when the C4F8 plasma treatment time increases from 
50 s to 500 s, as the diagram shows in figure 2(j). In the dis-
ordered wrinkle formation process, the deformation caused by 
the impact of the particles determines the size of the wrinkle. 
For longer impact times, the deformation will be more frag-
mented under continuous impact, which is the reason for the 
phenomenon. While the increasing treatment time leads to a 
larger thickness of the fluorocarbon layer, which influences 
the stripe-like wrinkle greatly, and so the wavelength grows 
larger as the treatment time increases, as the diagram shows in 
figure 2(j). The optical photographs in figures 2(k)–(n) show 
that the disordered wrinkles grow smaller as the treatment time 
increases, while those in figures 2(o)–(r) show that stripe-like 
wrinkles grow larger as the treatment time increases.

3.2. Effect of stretching

There are important steps—stretching and releasing—that 
inevitably change the patterns of disordered wrinkle struc-
tures. The stretching strain means that the disordered wrinkle 
structures have to be compressed during release, while the 
average wavelength in the direction of the x axial shows a 
decreasing trend. The line of the actual average wavelength of 
disordered wrinkle structures after release in the direction of 
the x axial is close to the theoretical line shown in figure 3(a). 
Further, the optical photographs in figures 3(b)–(e) show the 
same phenomenon. But, as the classical model calculated, the 
wavelength of stripe-like wrinkles shows little relationship 
with the compression strain, as the strain exceeds the critical 
strain, as demonstrated in figures 3(f)–(i).

The pattern of the hierarchical wrinkle is also dependent on 
the axial stretching. A disordered wrinkle with a fluorocarbon 
polymer layer on it rewrinkles into a stripe-on-mountain struc-
ture under uniaxial compression. While implementing biaxial 
stretching at first, a beautiful wrinkle pattern appears that is 
just like dinosaur skin. The SEM images in figures 3(l)–(q) 
show the detail of the hierarchical wrinkle structure. The uni-
axial compression strain is 25%. In the biaxial compression, 
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the strain of both axials (x and y) is 25% and in the releasing 
process, we first release the strain of the x axial totally and 
then release the strain of the y axial.

4. Results and discussion

Optical photographs and SEM photographs of the fabricated 
hierarchical wrinkle structure are shown in figure S3 in the 
supplementary material. The distribution of the disordered 
wrinkle is random, while the stripe-like wrinkle is distributed 
regularly on the parallel direction. The scale of the disordered 
wrinkle is far larger than that of the stripe-like wrinkle.

4.1. Interaction of two dimensions of the wrinkle

An arbitrary wrinkle pattern can be considered as a superposi-
tion of many Fourier components, each of which is designated 
by a wave number k (or equivalently, wavelength λ = 2π

k ) 
[34, 35]. We first consider the disordered and homogeneous 
wrinkle structure. Assume that the displacement takes the 
form

w (x, y) = W (x, y) · cos ( f (x, y)) , (2)

through Fourier transformation the displacement takes the 
form

wD (x, y) = ΣWDkeikDr = ΣWDkeikDx · eikDy, (3)

where the subscript D indicates the disordered wrinkle struc-
ture. Since a large number of the particles impact randomly on 
the surface, the individual particle’s influence can be replaced 
by the average influence of all the particles. That means that 
the absolute value of the wave number kD can be replaced 
by the average absolute value of the wave number kD, while 
the wavelength λD of each direction can be replaced by the 
average wavelength λD , and the individual amplitude WDk 
can also be replaced by the average amplitude WD. The direc-
tion of kD is still different and has random distribution. The 
hypothesis mentioned above just serves to simplify the model 
of the disordered wrinkle structure and in fact the fluctuation 
of the particles’ size (like CF2 or C3F6), impulse, carrying 
charges and effects through scattering cause differences from 
the assumed model. As for the stripe-like wrinkle structure, 
the displacement also takes the form

wS (x, y) = WSeikSx (4)

and

λS =
2π
kS

. (5)

The subscript S  indicates the stripe-like wrinkle structure. The  
wave form shows no relationship with the direction of the 
y axial and is a sinusoidal curve in the direction of the x 
axial. Here, we consider wS (x, y) to be a Fourier component 
of the hierarchical wrinkle structure, or, in other words, the 

Figure 2. Effect of plasma treatment (RF power (a)–(i) and treatment time (j)–(r)) on two dimensions of wrinkle structures. (a) The 
wavelength of two dimensions of wrinkle structures as a function of RF power. Labels λ1 and λ2 in the diagram represent the average 
wavelength of the disordered wrinkle structure and the wavelength of the stripe-like wrinkle structure. (b)–(e) Optical photographs of 
disordered wrinkle structures under increasing RF power (70 W, 100 W, 200 W and 300 W). (f)–(i) Optical photographs of stripe-like 
wrinkle structures under increasing RF power (70 W, 100 W, 200 W and 300 W). Scale bars, 10 µm. (j) The wavelength of two dimensions 
of wrinkle structures as a function of C4F8 plasma treatment time. Labels λ1 and λ2 in the diagram represent the average wavelength of 
the disordered wrinkle structure and the wavelength of the stripe-like wrinkle structure. (k)–(n) Optical photographs of disordered wrinkle 
structures under increasing C4F8 plasma treatment time (50 s, 150 s, 300 s and 500 s). (o)–(r) Optical photographs of the stripe-like wrinkle 
structure under increasing C4F8 plasma treatment time (50 s, 150 s, 300 s and 500 s). Scale bars, 10 µm.
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hierarchical wrinkle structure is the result of the wave form 
superposition of the two kinds of monolayer wrinkle struc-
ture. The displacement of the hierarchical wrinkle structure 
takes the form

wH (x, y) = wD (x, y) + wS (x, y) =
(
ΣWDkeikDx · eikDy)+ WSeikSx.

 (6)
The subscript H  indicates the stripe-like wrinkle structure.

As figure 4 shows, when the wavelength of the stripe-like 
wrinkle structure λS is smaller than the average wavelength 
of the disordered wrinkle structure λD , the superposition of 
two waveforms results in an obvious 2D hierarchical and 
nested wrinkle structure, with the disordered wrinkle structure 
as the base-class wrinkle and the stripe-like wrinkle nesting 
on it. The component WSeikSx enhances the component with 
kD = kS & y = 0 (just in the direction of the x axial) in 
ΣWDkeikDx · eikDy. Conversely, when the wavelength of the 
stripe-like wrinkle structure λS is larger than the average 
wavelength of the disordered wrinkle structure λD , the stripe-
like wrinkle structure is the base wrinkle and the disordered 
wrinkle structure is nested on the stripe-like wrinkle. The 
component ΣWDkeikDx · eikDy can be seen as a fluctuation term 

added onto the dominant term WSeikSx. When the λS is close to 
the λD , the hierarchical feature is not obvious. The two dimen-
sions of the wrinkle structures tangle with each other and 
cause the disordered wrinkle to be as figure 4(d) shows. Due 
to the influence of the unignored term of WSeikSx, the random 
distribution of the direction of the wave number is untenable. 
Thus, after wave form superposition, the dis ordered wrinkle 
structure is not homogeneous and the stripe-like wrinkle 
structure becomes morphologically messy instead of showing 
the regular pattern, because of the disturbance of the dis-
ordered wrinkle structure. The schematic in figures 4(a), (c) 
and (e) shows the two dimensions of the wrinkle structures 
interacting with each other in different wavelengths.

4.2. Hierarchical wrinkle for surface wetting

In nature, different kinds of micro-structural systems, such 
as lotus, nepenthes and butterfly wings, show excellent sur-
face wetting properties [36–39]. The composite structure in 
the hierarchical wrinkle structure also has significant implica-
tions for surface-wetting applications. A monolayer wrinkle 

Figure 3. Effect of stretching (stretching strain (a)–(i) and axial stretching (j)–(q)) on two dimensions of wrinkle structures. (a) The 
wavelength in the direction of the x axial of two dimensions of wrinkle structures as a function of compression strain. Labels λ0, λ1 and 
λ2 in the diagram represent the theoretical wavelength of the disordered wrinkle structure, the actual wavelength of the disordered wrinkle 
structure and the actual wavelength of the stripe-like wrinkle structure. (b)–(e) Optical photographs of the disordered wrinkle structure 
after releasing under increasing compression strain (15%, 25%, 40% and 60%). The black arrows represent the disordered wrinkle. (f)–(i) 
Optical photographs of the stripe-like wrinkle structure under increasing compression strain (15%, 25%, 40% and 60%). Scale bars, 10 µm. 
(j) and (n) Schematics of two ways of stretching. (k) and (o) Optical photographs of hierarchical wrinkle structure ((k) uniaxial stretching 
and (o) biaxial stretching). The black arrow represents the disordered wrinkle, while the red and yellow arrows represent the stripe-like 
wrinkle and the herringbone-like wrinkle, with the same applying below. (l)–(q) SEM images of the hierarchical wrinkle structure ((l) and 
(m) uniaxial and (p) and (q) biaxial). Scale bars, 10 µm.
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exhibits good hydrophobicity performance, while a hierar-
chical wrinkle can improve it. Because a stripe-like wrinkle 
makes the wrinkle pattern the feature of orientation of the 
water contact angle, we measured the contact angles from 
two directions: perpendicular and parallel to the stripe-like 
wrinkle.

Firstly, as figure 5(a) shows, flat PDMS and C4F8 plasma-
treated PDMS have contact angles of 95.68 and 108.62°, 
respectively. As for the monolayer wrinkle, in the direction 
perpendicular to the stripe-like wrinkle and the disordered 
wrinkle, the contact angles are 117.53 and 124.52°, respec-
tively. However, the contact angle of PDMS with a hierarchical 
wrinkle structure can reach about 129.20°, which is greatly 
improved and better than that of the mono layer wrinkle. After 
restretching the monolayer wrinkle and hierarchical wrinkle 
(25% strain), the contact angles of PDMS with stripe-like 
wrinkle sand disordered wrinkles decreases to approximately 
108°, which is the exact level of plasma-treated PDMS. By 
contrast, the hierarchical wrinkle structure still has a con-
tact angle of approximately 126.23°, which demonstrates 

the robustness of the hierarchical wrinkle structure in surface 
wetting applications under stretching. This is because during 
stretching the monolayer wrinkle (stripe-like wrinkle and 
disordered wrinkle) become similar to a flat surface, but the 
hierarchical wrinkle still possesses another disordered wrinkle 
structure even when losing its one dimension of wrinkle 
structure (stripe-like wrinkle), which is crucial for avoiding 
hydrophobicity function failure.

In the direction parallel to the stripe-like wrinkle, the 
disordered wrinkle is slightly influenced when stretching, 
and the water contact angle changes slightly from 123.63° 
to121.42°. However, if a liquid is in the crevice, due to the 
capillary forces the stripe-like wrinkle causes the contact 
angle to decrease, which also shows its influence on the 
hierarchical wrinkle structure (the contact angle decreases 
from 129.20° to 120.77°). When stretching, the water con-
tact angle increases as the stripe-like wrinkle disappears 
from 120.77° to 125.28°. However, the hierarchical wrinkle 
structure still shows its excellent hydrophobicity perfor-
mance when stretching or releasing.

Figure 4. Three states of 2D hierarchical wrinkle structure. (a), (c) and (e) Schematics of simplified waveform superposition to show the 
interaction between the disordered wrinkle and the stripe-like wrinkle in the formation of the hierarchical wrinkle. (b), (d) and (f) Optical 
photographs of a hierarchical wrinkle structure fabricated by combining a disordered wrinkle and a stripe-like wrinkle with different 
wavelengths.
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L Miao et al

7

Conclusions

In summary, we have created a new method for fabricating 2D 
hierarchical and nested wrinkle structures by using a one-step 
C4F8 plasma treatment. Combining the two reported methods 
for fabricating monolayer wrinkle structures, we have rede-
signed the manufacturing process and operational procedures 
by employing key step of spin-coating uncured PDMS on pre-
stretched cured PDMS. We compared the differences between 
the three methods and wrinkle patterns in detail and observed 
how the disordered wrinkle structure changes into the hier-
archical wrinkle structure by looking at the prestretched 
disordered wrinkle before and after release. The two dimen-
sions of wrinkle structures can be controlled by RF power, 
C4F8 plasma treatment time and compression strain. The 
wavelength of the disordered wrinkle shows an increasing 
trend with increasing RF power, while the stripe-like wrinkle 
scarcely altered. Increasing the C4F8 plasma treatment time 

results in a decreasing disordered wrinkle wavelength, but the 
wavelength of the stripe-like wrinkle increases at the same 
time. By applying increasing compression strain, the wave-
length of the disordered wrinkle decreases from 13.76 µm to 
10.14 µm, which is similar to the theoretical trend line. Further, 
we determined the different interactions between two dimen-
sions of wrinkle structures with different wavelengths and 
analyzed the phenomenon using Fourier wave form superpo-
sition theory. When the average wavelength of the disordered 
wrinkle is dramatically different from the wavelength of the 
stripe-like wrinkle, the hierarchical wrinkle structure occurs 
in an obvious way and the hierarchical character is apparent, 
but when they are close in value, the hierarchical character 
disappears and the wrinkle structure is more disordered. 
Finally, the hierarchical wrinkle structure exhibits excellent 
hydrophobicity and improves the contact angle from 95.68° 
to 129.20° compared to PDMS with a flat surface. Due to its 
composite structure, combining two dimensions of wrinkle 

Figure 5. Contact angles of the PDMS surface with different patterns and comparisons among three kinds of wrinkle structure under 
releasing and 25% stretching. For (a) and (b), the water contact angle is measured perpendicular to the stripe-like wrinkle. For (c) and (d), 
the water contact angle is measured along the stripe-like wrinkle. (a) For a flat PDMS (F-PDMS) the contact angle is about 95.68°. The 
plasma-treated PDMS (P-PDMS, without wrinkle structure) has a contact angle of approximately 108.62°. The PDMS with a stripe-like 
wrinkle (S-wrinkle), a disordered wrinkle (D-wrinkle) and a hierarchical wrinkle (H-wrinkle) shows increasing contact angles of 117.53, 
124.52 and 129.20°, respectively. (b) After restretching (25% strain), the contact angles of the PDMS with a stripe-like wrinkle and a 
disordered wrinkle obviously decrease to the level of those for the plasma-treated PDMS, with values of 109.73 and 107.62°, respectively. 
The PDMS with a hierarchical wrinkle still has a contact angle of approximately 126.23°, which demonstrates the robustness of the 
hierarchical wrinkle structure in surface wetting applications, even under stretching. (c) The contact angles of the flat PDMS, P-PDMS, 
S-wrinkle, D-wrinkle and H-wrinkle are 94.95, 108.34, 104.28, 123.63 and 120.77°, respectively. (d) After restretching (25% strain), the 
contact angles of the S-wrinkle, D-wrinkle and H-wrinkle are 108.85, 121.42 and 125.28°, respectively.
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structure, the hierarchical wrinkle structure shows excellent 
robustness in surface-wetting applications and even avoids 
functional failure under 25% stretching strain.
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