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Abstract
In this letter, we report the fabrication of robust and mechanically tunable superhydrophobic surfaces based on elastic wrin-
kles having bi-modal distribution of roughness. Contrary to most superhydrophobic surfaces, where different nano- and/
or micro-scale materials are used to create hierarchical roughness, we create them in the same material as of the substrate. 
Primary roughness is due to the micron-sized one-dimensional wrinkles while a nanoscale secondary roughness is created 
on top of the wrinkles using replica molding through a nano-master. Due to the elastic nature of the underneath polymer, 
polydimethylsiloxane (PDMS), the fabricated superhydrophobic wrinkles demonstrate mechanically tunable wetting behavior 
between superhydrophobic and hydrophobic states. Water drops depict sticky superhydrophobic behavior on the fabricated 
samples as they show the Cassie impregnated state corresponding to the Petal effect.

1 Introduction

Manipulation of surface wettability using external stimuli 
has been an exciting area of research as it has potential 
applications in various areas including microfluidics, con-
trolled drug delivery, molecular recognition, cell attachment, 
chemical sensing to name a few [1–5]. Wetting behavior of 
a solid surface primarily depends on its surface energy and 
surface heterogeneity (chemical or topographical) [6]. It can 
be tuned by varying surface energy using a suitable material, 
e.g., silane, perfluoro polymer, etc., or modifying the surface 
roughness or combination of both [7–11]. An appropriate 
combination of surface energy (coating) and roughness is 
required to demonstrate superhydrophobic behavior on a 
solid surface where the water contact angle can be as high 
as 165° [12–19]. Due to high contact angle and low-contact 
angle hysteresis, water drops form minimum contact area 
with the solid surface and hence move easily upon tilting or 

vibrating the surface. Nature presents two types of super-
hydrophobic surfaces, low adhesion superhydrophobic sur-
faces (‘Lotus effect’ corresponding to Cassie–Baxter wetting 
state) and high adhesion superhydrophobic surfaces (‘Petal 
effect’ corresponding to Cassie impregnating wetting state) 
[17, 20–30]. Although both types of superhydrophobic sur-
faces show similar values of water contact angles, they show 
completely opposite adhesion behavior of water drops. In 
spite of completely different characteristics, both types of 
superhydrophobic surfaces have been found useful in vari-
ous applications hence are still an active topic for research 
[20, 21, 28, 31, 32]. Superhydrophobicity, being a surface 
phenomenon, is very sensitive to surface damage. Most 
superhydrophobic surfaces, including lotus leaves, lose their 
superhydrophobic characteristics upon mechanical or chemi-
cal damage. Recently, many researchers have attempted to 
fabricate mechanically chemically and environmentally 
stable superhydrophobic surfaces which are very useful in 
applications such as oil–water separation, non-wetting fab-
rics, anti-corrosion, anti-icing, etc. [33–39].

Surface wettability of solid surfaces can be actively 
and reversibly manipulated using a smart responsive 
material with proper external stimuli, e.g., mechani-
cal strain, electric field, temperature, pH, UV light, etc. 
[14, 40–46]. Various research groups have demonstrated 
reversible switching between two different wetting states 
(from hydrophobic to hydrophilic or superhydrophobic 
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to superhydrophilic) using one of the above-mentioned 
stimuli. Out of these, mechanical strain-controlled switch-
ing of surface wettability is of particular importance as 
there are no strict conditions in choosing various com-
ponents. Elastic wrinkles on PDMS are one of the best 
candidates to demonstrate mechanical strain-controlled 
wetting behavior because of its low cost, easy prepara-
tion, non-toxicity, optical transparency and mechanically 
robust nature [41, 46–49]. Due to the elastic nature of 
PDMS, the topography of wrinkle pattern can be manipu-
lated upon applying external strain, hence the resulting 
wetting behavior also gets affected. With appropriate sur-
face engineering, wrinkle surfaces can demonstrate any 
wetting state between superhydrophobic and superhydro-
philic [41, 47]. Mangialardi et al. and Yang et al. showed 
that only micron-scale PDMS-based wrinkles cannot dem-
onstrate superhydrophobic behavior [41, 50]. Therefore, 
the introduction of nanoscale roughness on micron-scale 
wrinkle surface is essential to achieve superhydrophobic-
ity. Lin et al. introduced functionalized silica nanoparti-
cles on wrinkle surface to achieve dual-scale roughness 
hence superhydrophobicity [41]. They calculated that 
only micron-sized wrinkles would show superhydropho-
bic behavior if A

𝜆
<

tan𝜃Y

−2𝜋
 , where A and λ are amplitude and 

wavelength of wrinkle pattern, respectively, and θY is the 
Young’s contact angle on the planar surface. Therefore, to 
achieve superhydrophobicity with only wrinkle pattern, 
one should fabricate wrinkles with about 150% pre-strain 
which is not possible for PDMS as it cannot withstand 
strain beyond 80%. Therefore, they used functionalized 
nanoparticles to increase the apparent contact angle of 
PDMS sheets. However, due to poor adhesion of nano-
particles on wrinkle surface, stability of superhydrophobic 
behavior would be very poor. This is due to the fact that 
both micron-scale and nanoscale roughness are due to two 
difference types of materials which limits their mechanical 
stability. Thus, robustness and wetting tunability are two 
important challenges for wide-range applications of supe-
rhydrophobic surfaces and combining both these features 
in a same material/surface would be very beneficial from 
fundamental as well as application point of view.

In this article, we address the two important challenges, 
robustness and wetting tunability, by preparing superhydro-
phobic surfaces using elastic wrinkles using single-phase 
material. One-dimensional micron-size wrinkles were 
prepared on a thin PDMS sheet by exploiting the buckling 
instability. On top of these micron-sized wrinkles, nanoscale 
roughness was introduced through replica molding from a 
nano-master. The overall dual-scale roughness provided 
superhydrophobic behavior. Due to the elastic nature of 
wrinkles, wetting behavior of dual-scale wrinkles could be 
mechanically tuned between superhydrophobic to hydropho-
bic states.

2  Experimental section

2.1  Materials

Polydimethylsiloxane (Sylgard 184) pre-polymer and its 
thermal curing agent were obtained from Dow Corning 
Corp. Sodium borohydride  (NaBH4), silver nitrate  (AgNO3), 
sulfuric acid  (H2SO4), hydrogen peroxide  (H2O2) were of 
analytical grade and purchased from Sigma Aldrich India. 
Acetone, isopropanol and ethanol were procured from 
Merck, India. Single-crystal silicon (p-type) was used to 
create nanoscale pattern by chemical etching.

2.2  Characterization

Optical microscope (BX51, Olympus) and field-emission 
scanning electron microscope (FESEM: JEOL, JXA-8230) 
[accelerating voltage: 10–18 kV, beam current: 25 μA, gold-
coating thickness: 8 (± 3) nm] was used to analyze the sur-
face morphology of the fabricated samples. Atomic force 
microscope (AFM: Park system XE-70) in a tapping mode 
and NanoMap-D: Dual Mode—optical and stylus 3D surface 
profilometer was utilized for rms surface roughness study. 
Static (θ), advancing (θA) and receding (θR) contact angles 
were measured using Milli-Q water (resistivity 17.8 MΩ cm 
at 25 °C) at room temperature with a Contact Angle Goni-
ometer (OCA35, DataPhysics, Germany). Contact angles 
were measured using the Laplace–Young fitting model 
of a 2-µL water droplet placed on a horizontal substrate. 
Advancing and receding contact angles were measured by 
first increasing the volume of a drop from 2 to 10 µL in the 
step of 2 µL followed by decreasing the drop volume back 
to 2 µL with the same step size. The difference between 
advancing and receding contact angles provides the contact 
angle hysteresis (CAH) (θA − θR). To estimate an error in a 
measurement, five measurements were performed at three 
different positions of different samples.

2.3  Preparation of nanostructured silicon surfaces

Silicon substrates (4 cm × 4 cm) were cleaned by ultrasoni-
cation first in acetone and then in isopropanol for 10 min 
followed by rinsing with de-ionized water. The cleaned 
substrates were then immersed in piranha solution (1:1 of 
concentrated  H2SO4:30% w/w  H2O2 in water) for 20 min at 
80 °C, then thoroughly rinsed with hot (80 °C) de-ionized 
(DI) water. The cleaned silicon samples were etched chem-
ically in an aqueous solution of 2 M  NaBF4 and 0.02 M 
 AgNO3. The etched samples were thoroughly rinsed with DI 
water and then immersed in 50% w/w aqueous solution of 
HCl and  HNO3 for overnight at room temperature to remove 



Mechanically tunable single‑component soft polydimethylsiloxane (PDMS)‑based robust and…

1 3

Page 3 of 10 535

the silver nanoparticles and dendrites deposited on the sur-
face during the chemical etching [51]. Prepared samples 
were used as nano-master for the replica molding.

2.4  Preparation of nano‑ and micro‑patterns 
on PDMS sheets

PDMS pre-polymer and curing agent (weight ratio of 
10:1) were thoroughly mixed and degassed under vacuum 
 (10–2 Torr) in a desiccator for 30 min to remove trapped 
air bubbles. After that, the PDMS/curing agent mixture 
was poured on a nano-master and cured thermally for 3 h 
at 65 °C. The solidified PDMS was then carefully peeled-
off from the nano-master. This PDMS sheet, with negative 
nanoroughness of the master pattern, was used as a substrate 
for preparing wrinkles.

The nanostructure PDMS sheets were cut into rectangu-
lar shape (3 cm × 1 cm) and stretched with one directional 
mechanical pre-strain (ε0) of 60% using a custom-made 
stretching device. The stretched PDMS sheets were exposed 
to UV-ozone (144AX, Jelight Company, USA) at room tem-
perature for 1 h (Mercury-Quartz lamps with wavelength: 
254 nm, flux: 28 mW/cm2, sample distance from the lamps: 
2.5 cm). UV-ozone exposure oxidizes the top surface of the 
PDMS sheets by converting the siloxane molecules into  SiOx 
[52]. Subsequently, the strain of the stretched oxidized sam-
ples was released very slowly (0.1 mm per second) resulting 
into one-dimensional wrinkle pattern. These wrinkles had 
oxidized PDMS surface and also the negative structure of 
the nano-master pattern. To overcome this, another replica 
of the above-generated wrinkles was taken, first by grafting 
the self-assembled monolayer (SAM) of fluorinated silane 
(heptadecafluoro-1,1,2,2-tetrahydrodecyl-dimethylchlorosi-
lane) molecules by vapor deposition on the oxidized PDMS 
wrinkles followed by pouring the PDMS and curing agent 
mixture and crosslinking [53]. The fabrication process is 
schematically shown in Fig. 1.

3  Results and discussion

Figure 2a–c shows optical microscope, electron microscope 
and 3D optical profilometer images of PDMS-based wrin-
kles having wavelength (λ) about 50 μm and amplitude (A) 
about 11.5 μm. The optical and electron microscopy images 
shown in Fig. 2d, e demonstrate the surface morphology of 
the nano-master pattern with rms roughness about 113 nm as 
obtained using an AFM (cf. Fig. 2f). Figure 2g–i shows opti-
cal, SEM and 3D optical profilometer images of nanostruc-
tured PDMS surface obtained by replica molding through 
the nano-master. rms roughness of the nanostructured PDMS 
surface was about 121 nm which is similar to the roughness 
of the nano-master pattern. This nanostructured PDMS sheet 
was used to fabricate wrinkle having dual-scale roughness 
and their morphology is shown in Fig. 2j–l as optical, SEM 
and 3D optical profilometer images.

It is clear from the morphology images that the surface 
of these wrinkles has dual-scale roughness: micron scale 
due to wrinkle morphology and nanoscale due to the pattern 
transferred from the nano-master. rms roughness of such 
dual-scale wrinkles was found to be about 5.78 μm com-
pared to the original wrinkles with 5.52 μm. Therefore, it is 
clear that the introduction of nanoscale roughness does not 
change the surface roughness by large amount.

As prepared wrinkles (after UV-ozone exposure) were 
found hydrophilic in nature due to the oxidized PDMS 
surface. Replica of such hydrophilic wrinkles were found 
hydrophobic due to siloxane groups of PDMS. The hydro-
philic wrinkles show anisotropic wetting behavior with elon-
gated or non-circular shape of a water drop due to underlying 
one-dimensional wrinkle pattern as shown in Fig. 3a.

The anisotropic wetting behavior of such wrinkles is 
characterized with two different contact angles along two 
different directions: parallel contact angle (θ∥) when contact 
angle is measured perpendicular to the wrinkles (or contact 
lines are parallel to the wrinkles) and perpendicular contact 
angle (θ⏊) when contact angle is measured parallel to the 

Fig. 1  Schematic representation 
of the procedure for the fabrica-
tion of hierarchical patterns on 
PDMS substrate using replica 
molding technique followed by 
application of external mechani-
cal strain
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wrinkles (or contact lines are perpendicular to the wrin-
kles). Figure 3b, c shows optical images of a water drop on 
a wrinkle surface to measure contact angles with θ∥ and θ⏊ 
as 52° and 72°, respectively. Although PDMS is a hydro-
phobic material, this value of contact angle corresponds to 
slight hydrophobic recovery of oxidized PDMS wrinkles 
after UV-ozone exposure. For completely hydrophilic wrin-
kles (immediately after UV-ozone exposure), when a water 
drop is deposited, it starts flowing spontaneously into the 
grooves of the wrinkles due to the capillary effect as shown 
by Khare et al. [48]. On a wrinkle surface, the value of θ⏊ 
is found always larger than the value of θ∥. This is due to 
the fact that θ∥ corresponds to the Young’s contact angle of 
the surface since the three-phase contact line of the drop is 
free to move parallel to the wrinkles. On the other hand, θ⏊ 
corresponds to the pinned contact angle as the three-phase 
contact line gets pinned perpendicular to the wrinkles. Pin-
ning of the three-phase contact line can be at any place on a 

wrinkle surface and not necessary at the crest or trough of 
the wrinkles. Supporting movie MovieS1 shows the paral-
lel contact angle of a water drop when the volume of the 
drop is increased. It is clear from the movie that the parallel 
contact angle remains almost the same since the three-phase 
contact line moves upon increasing the drop volume. Similar 
behavior of smooth contact line motion is observed when the 
drop volume is decreased. Supporting MovieS2 shows the 
perpendicular contact angle of a water drop with increasing 
drop volume. Due to pinning of the three-phase contact line 
in a direction perpendicular to wrinkles, the contact angle 
does not remain constant, rather increases, while the drop 
volume is increased. Upon decreasing the drop volume, the 
three-phase contact line remains pinned resulting in much 
lower contact angle at the end.

Due to the elastic nature of the wrinkles, surface topogra-
phy of a wrinkle pattern can be reversibly tuned on the appli-
cation of external strain. Jiang et al. analytically calculated 

Fig. 2  a, d, g, j Optical images of a wrinkle surface, nano-master, nano-master replica on PDMS and wrinkle with dual-scale roughness, respec-
tively. b, e, h, k and c, f, i, l corresponding SEM and 3D optical profilometer
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the wavelength and amplitude of wrinkles as a function of 
external strain which is given as:

where as �0 = 2�t

(−

Ef∕3
−

Es

)1∕3

 , A0 = t
((

�0∕�c
)

− 1
)1∕2 , ε0 

is pre-strain, ε is applied strain, �c

(

= −1∕4
(

3
−

Es∕
−

Ef

)2∕3
)

 

is critical strain, 
−

E=
(

E∕1 − �2
)

 , E is elastic modulus, ν is 
Poisson’s ratio, � =

5

32

(

�0 − �
)(

1 + �0
)

 , f and s represent 
film and substrate, respectively [49, 54, 55]. Therefore, the 
anisotropic wetting behavior can also be reversibly tuned on 
such wrinkle surface with applied strain. Supporting video 
MovieS3 shows how an elongated (anisotropic) drop shape 
on a wrinkle surface changes to a circular (isotropic) one if 
the wrinkle surface is stretched. This change of a drop shape 
is also reversible similar to stretching of a wrinkle surface.

To increase the hydrophobic behavior of the wrinkle sur-
face, as prepared hydrophilic wrinkles were replicated in 
fresh PDMS. The replicated wrinkles had the same topogra-
phy as the original wrinkles but were hydrophobic in nature. 
Wetting behavior of replicated hydrophobic wrinkles was 
found quite different compared to the hydrophilic wrinkles. 

(1)

� =
�0(1 + �)

(1 + �0)(1 + � + �)1∕3
and A =

t

�

(�0−�)

�c
− 1

√

(1 + �0)(1 + � + �)1∕3
,

Water drops on such hydrophobic wrinkles do not show ani-
sotropic or non-circular shape even though they experience 
similar linear or one-dimensional wrinkle pattern under-
neath them. Figure 3d shows top view of a water drop on 
a hydrophobic wrinkle surface with almost circular three-
phase contact line. Due to the circular shape, contact angles 
of the drop along parallel and perpendicular directions was 
also quite similar with values of θ∥ and θ⏊ to be 132° and 
136°, respectively (Fig. 3e, f). The almost equal values of the 
two different contact angles also confirm the circular shape 
of a water drop on the wrinkle surface. Similar to hydro-
phobic wrinkles, water drops showed completely circular 
shape on wrinkles with dual-scale roughness as shown in 
Fig. 3g. Due to the presence of additional nanoscale rough-
ness on top of the micron-scale wrinkles, these dual-scale 
wrinkles show superhydrophobic behavior. Water drops on 
such superhydrophobic wrinkles show almost the same value 
of contact angles in parallel and perpendicular directions as 
152° and 155°, respectively as shown in Fig. 3h, i.

Before investigating the static and tunable wetting behav-
ior of dual-scale superhydrophobic wrinkles, static wetting 
behavior of only micron-sized linear wrinkles were ana-
lyzed. Static contact angle and contact angle hysteresis 
on a hydrophobic wrinkle surface was also analyzed as a 
function of applied strain. As discussed earlier, the elastic 
wrinkles show mechanically tunable topography. Figure 4a 

Fig. 3  a, d, g The top views 
of water drops on hydrophilic, 
hydrophobic and superhy-
drophobic wrinkle surfaces, 
respectively, with anisotropic 
drop shape and circular drop 
shapes with 132° and 152° 
contact angles, respectively. b, 
c, e, f, h, i The optical images 
of a water drop to measure 
contact angles in parallel and 
perpendicular directions on 
the hydrophilic, hydrophobic 
and superhydrophobic wrinkle 
surfaces, respectively
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shows the variation of contact angle in perpendicular (black 
data points) and parallel (red data points) directions as a 
function of applied strain. It is clear from the graph that the 
perpendicular and parallel contact angles decrease mono-
tonically from 132° to 110° and 128° to 110°, respectively 
upon applying the maximum 60% strain which corresponds 
to almost flat surface. At 0% strain, wrinkles have maxi-
mum amplitude and a water drop sitting on a wrinkle surface 
stay in the Wenzel state. Wenzel roughness factor (r) for a 
sinusoidal geometry can be calculated using the following 
eqaution:

where R is the radius of water drop sitting on a wrinkle sur-
face and x is the variable along the direction perpendicular 
to wrinkles [47]. For the present wrinkle system, the Wenzel 
roughness factor comes as 1.49 which suggests the Wen-
zel contact angle on the wrinkle surface as 130° which is 

(2)r =
4�A

�R2

R

∫
0

(

�2x2

4�2A2
+ x

2 sin
2 2�x

�

)1∕2

dx,

very close to the experimental value of 132°. This confirms 
that water drops on a wrinkle surface stay in the Wenzel 
wetting state. With increasing the strain, the wrinkle ampli-
tude decreases, which subsequently decreases the Wenzel 
roughness factor hence the perpendicular contact angle also 
decreases. At 60%, both perpendicular and parallel contact 
angles become equal to each other which also corresponds 
to the Young’s contact angle on flat PDMS surface.

As the apparent contact angle on a wrinkle surface 
depends upon the applied strain, contact angle hysteresis 
also depends upon the applied strain which is shown in 
Fig. 4b. The contact angle hysteresis in perpendicular direc-
tion decreases monotonically with increasing strain whereas 
it remains almost constant in the parallel direction. This is 
again due to the fact that the wrinkle amplitude, hence the 
surface roughness, decreases in the perpendicular direction 
with applied strain. In parallel direction, the three-phase 
contact line does not experience any obstacle hence the 
contact angle hysteresis is independent of the applied strain.

Water contact angle on a PDMS surface having nanoscale 
roughness was found to be 125º compared to 115º on a flat 
smooth sheet. Wrinkles prepared with such nanostructured 
PDMS sheets show superhydrophobic behavior with as 152° 
and 155° contact angles in parallel and perpendicular direc-
tions, respectively, as shown in Fig. 3h, i. Due to high con-
tact angles, wrinkle surfaces do not show anisotropic wet-
ting behavior as the difference between perpendicular and 
parallel contact angles is negligible. Mechanically tunable 
wetting behavior of dual-scale wrinkles is shown in Fig. 5.

At 0% strain, the surface has dual-scale roughness, as a 
result good superhydrophobic behavior is observed with 
155° and 152° contact angles in the perpendicular and 
parallel directions, respectively. As the applied strain is 
increased, wrinkle amplitude starts decreasing as shown 
by the optical images (dark field mode) of the wrinkle in 
Fig. 5b. As a result, water contact angle also starts decreas-
ing in both directions. At 60% applied strain, the wrinkle 
surface becomes almost flat and only nanoscale roughness 
is present on the surface. Water contact angle on such 60% 
stretched sample becomes 128°, which is almost equal to 
the water contact angle on freshly prepared nanostructured 
PDMS sheet from replicating through the nano-master (blue 
data point in Fig. 5a). Dark-field optical images shown in 
Fig. 5b also shows that that the amplitude of wrinkle pattern 
decreases with increasing applied strain and for 60% case, 
the surface possess only nanoscale roughness as the wrin-
kle pattern is hardly visible. Water drops roll easily on con-
ventional superhydrophobic surfaces upon tilting by a small 
angle (~ 2°), whereas on the dual-scale PDMS wrinkles, they 
exhibit highly sticky behavior. Water drops on such dual-
scale PDMS wrinkles do not move even if they are tilted by 
180° (upside down). Figure 6a, b shows water drops on the 
fabricated surface at tilt angles of 75° and 180°, respectively.

Fig. 4  Variation of a water contact angle and b contact angle hys-
teresis as a function of applied mechanical strain in the perpendicu-
lar (black data points) and parallel (red data points) directions on a 
hydrophobic wrinkles surface (only micron-size wrinkles)
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The sticky behavior of water drops can also be character-
ized in terms of the contact angle hysteresis. Figure 6c shows 
contact angle hysteresis for water on flat, nanostructured, 
only micron-scale wrinkle and dual-scale wrinkle surfaces 
which indicates that the contact angle hysteresis on all sur-
faces is quite high. This is due to the high adhesive nature of 
PDMS and Cassie-impregnating wetting behavior. Accord-
ing to the definition, Cassie state is a completely non-wetting 
state where a water drop sits on a composite surface made 
with solid and air. But in the Cassie impregnating wetting 
state, grooves or micron-scale rough areas are completely 
or partially wetted by a liquid but the nanoscale rough areas 
remain non-wetted or dry [24]. Figure 6d–f shows the sche-
matics of the Cassie, Cassie impregnating and Wenzel states. 
Furthermore, the sticky nature of these surfaces is quantified 

by measuring their contact angle hysteresis. Figure 6c shows 
the contact angle hysteresis for flat PDMS (PDMS sheet 
without roughness), PDMS sheet with only nanoscale 
roughness micron-scale wrinkles and dual-scale wrinkles. 
The result indicates that contact angle hysteresis is higher 
(~ 60°) for flat PDMS and PDMS sheet with only nano- and 
micron-scale roughness as compared to dual-scale wrinkles 
(~ 40°). This is because on PDMS sheets with only micron- 
and nanoscale roughness, water drops go into Wenzel wet-
ting state whereas on dual-scale wrinkles, the drops are in 
the Cassie impregnating state. The contact area between the 
drop and surface is less in the Cassie impregnating state 
compare to Wenzel state. As adhesion or stickiness is pro-
portional to the contact area, contact angle hysteresis on 
dual-scale wrinkles show smaller value compared to other 

Fig. 5  a Variation of water 
contact angle as a function of 
applied mechanical strain in 
the perpendicular (black data 
points) and parallel (red data 
points) of the wrinkles (on 
dual-scale roughness) and blue 
data point shows contact angle 
on positive replica of nano-
master. b SEM micrographs of 
dual-scale rough wrinkles which 
illustrate different amplitude at 
different applied strain

Fig. 6  a, b Water drops on 
dual-scale wrinkles put at a tilt 
angle 75° and inverted posi-
tion, respectively. c Contact 
angle hysteresis on the PDMS 
samples having different scale 
roughness. d–f Schematic 
images of Cassie, Cassie 
impregnating and Wenzel states
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scale rough surfaces. The dual-scale superhydrophobic 
wrinkles are found very robust against mechanical strain. 
Switching the wetting behavior with mechanical stretching 
and relaxing is very robust as the fabricated samples do not 
show any deterioration even up to 1000 cycles. Mechanical 
robustness of superhydrophobic wrinkles was verified by 
measuring water contact angle as well as the surface mor-
phology with scanning electron microscope.

Figure 7a shows the water contact angles on stretched 
and relaxed dual-scale wrinkles between 0 and 60% apply 
strains for multiple cycles showing almost constant values 
of 154°–128° contact angles, respectively. In the relaxed 
state (0% strain) and completely stretched state (60% strain), 
water contact angle changes from 154°–128°, respectively. 
To demonstrate the stability against mechanical damage 
(wear and tear), the dual-scale wrinkles were tested by rub-
bing them with 1200 grit sandpapers (3 M, mean particle 
size 15 μm) loaded with 200 g weight pulled with 4 mm/s 
speed as shown in Fig. 7b (see supporting movie MovieS4). 
The rubbed samples were tested for their wetting behavior 

and its tunability and morphology after multiple rubbing 
cycles. The dual-scale wrinkles showed excellent robustness 
against the mechanical damage testing as no deterioration 
in any of its characteristics could be observed. Furthermore, 
the chemical stability of the dual-scale wrinkles in the pres-
ence of concentrated acid, base or organic solvents (toluene), 
is analyzed by measuring the water contact angles before 
and after dipping them in respective liquids for 5 min. All 
the samples retained their superhydrophobicity after being 
treated with concentrated acid, base or organic solvent (see 
supporting information FigureS1). Hence, single-component 
PDMS-based dual-scale superhydrophobic wrinkles show 
robust, durable and excellent superhydrophobic behavior.

4  Conclusion

In conclusion, we have successfully fabricated single-com-
ponent, pure PDMS-based superhydrophobic wrinkles hav-
ing dual-scale roughness; micron scale due to wrinkles and 
nanoscale due to replica molding from a nano-master. Due 
to the elastic nature of PDMS, wrinkles show tunable wet-
ting behavior as a function of applied mechanical strain. 
In addition, due to use of pure PDMS to create micro- and 
nanoscale roughness, dual-scale wrinkles show excellent 
robustness against mechanical damage. Due to underly-
ing topography, as prepared wrinkles, with only micron-
scale roughness, show anisotropic wetting behavior with 
two different contact angles along two different directions. 
Hydrophobic wrinkles are prepared by taking the replica 
of the as prepared wrinkles and they do not show aniso-
tropic wetting behavior due to high contact angle. Similarly, 
superhydrophobic wrinkles also do not show wetting ani-
sotropicity. Water contact angles on such surfaces can be 
reversibly tuned from 155° to 125° by applying 60% strain. 
The superhydrophobic state of the dual-scale wrinkles corre-
spond to the Cassie impregnating wetting state due to which 
water drops on them gets stuck and do not move at all. Also, 
the dual-scale superhydrophobic wrinkles show excellent 
robustness against mechanical and chemical damages.
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