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ABSTRACT: Recent years have witnessed intense interest in multifunc-
tional surfaces that can be designed to switch between different functional
states with various external stimuli including electric field, light, pH value,
and mechanical strain. The present paper is aimed to explore whether and
how a surface can be designed to switch between superhydrophobicity and
superhydrophilicity by an applied strain. Based on well-established theories
of structure buckling and solid—liquid contact, we show that this objective
may be achieved through a hierarchically wrinkled surface. We derive
general recursive relations for the apparent contact angle at different levels
of the hierarchical surface and investigate the thermodynamic stability of @

a)

different contact states. Our study may provide useful guidelines for the
development of multifunctional surfaces for many technological applications.

1. INTRODUCTION

Multifunctional surfaces switchable between superhydropho-
bicity and superhydrophilicity, if proven feasible, would
stimulate broad applications in modern technology ranging
from water harvesting,l_3 oil spill cleanup,‘t_6 reversible
adhesion,”*° self—cleaning,ll_l environmental cleanup,ls’lé
microfluidics,’” ~*° micro- and nanofabrication, robotics,***
energy conversion,”>** and biomedical engineering.25 In this
context, it is especially interesting to observe that gecko’s
feet constitute a multifunctional hierarchical system that
exhibits superhydrophobicity, nonstickiness, and self-cleaning
at its default state, while easily and reversibly switchable to
a strongly sticky state by scratching/sliding against a sub-
strate.”~> In contrast, most manmade systems today could focus
on only one particular function, for example, wettability®>*' or
adhesion.”” > Some existing studies have involved electrochemi-
cally switchable wetting/antiwetting states. For example, Xia et al.
reported dual-responsive surfaces that can be switched between
superhydrophilicity and superhydrophobicity by varying tem-
perature and/or pH value;® Lim et al. demonstrated a photo-
reversibly switchable superhydrophobic surface via a nanoporous
multilayer film modified with a photoswitchable agent;*” Riskin
et al. showed some biocatalytically or electrochemically switchable
interfacial properties of Ag"-biphenyldithiol monolayers associated
with a Au surface.® In addition, there are also some attempts to
develop mechanically tunable topographically corrugated surfaces
for specific functions such as marine antifouling and self-cleaning,
Efimenko and co-workers developed a three-step method to
fabricate hierarchically wrinkled artificial skins by first stretching
PDMS sheets, then applying ultraviolet/ozone (UVO) treat-
ment to densify and stiffen their upper surfaces, then gradually
releasing the prescribed strain, and finally generating hierarchically
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wrinkled skins.** In subsequent work, the developed hierarchi-
cally wrinkled artificial skins have been tested for marine
antifouling.16 In this method, the wavelength at each hierarchical
level is critically determined by the material adopted. Lin et al.
realized mechanically switchable wetting on wrinkled elasto-
mers with coated nanoparticles, but their design was only able to
raise the contact angle from 112° to 150°° and did not take
controllable adhesion into consideration. Gecko inspired
reversible adhesives have been intensively studied in the literature
recently.'>*"****~* 1n spite of this progress, the important
question regarding whether and how a surface could be designed
to be switchable between superhydrophobicity and superhydro-
philicity by an applied strain remains unanswered. Here, we
show that this can be achieved through a hierarchically wrinkled
surface.

It is well-known that wettability and adhesion of a surface is
governed not only by its chemical compositions, but also by
surface topography.*~*° Lotus leaf is a well-known example of
a surface achieving superhydrophobicity, low adhesion, and self-
cleaning (also known as the Lotus effect) with a two-level
hierarchical surface structure.’’ Since sophisticated surface
morphology can now be fabricated and altered with mechanical
strain,””**~” the time is now ripe to explore mechanically switch-
able multifunctional surfaces more thoroughly. Figure 1 shows the
basic idea and applications of using various external stimuli
including mechanical strain to control surface topography to
tune wetting and adhesion properties of a surface.
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Figure 1. Potential applications of tunable multifunctional devices via
control of surface morphology through external stimuli including
mechanical strain.

In this paper, we consider the wettability of a hierarchically
wrinkled surface with sinusoidal waviness on several length scales,
which can be mechanically tuned between superhydrophilicity
and superhydrophobicity by an applied strain. We will utilize
the well-established theories of structural buckling and solid—
liquid contact to explore the feasibility to design a hierarchically
wrinkled surface that can be switched between superhydrophobic,
hydrophobic, hydrophilic, and superhydrophilic regimes by an
applied strain.

The paper is outlined as follows. Section 2 discusses the
design and fabrication of a hierarchically wrinkled surface from
stepwise buckling of a multilayered structure under mechanical
strain. The relationship between such a hierarchical surface and
its wetting properties is studied in section 3. Section 4 presents
several examples and discussions to demonstrate that it is
indeed possible to design hierarchically wrinkled surfaces that
can reversibly switch between superhydrophobicity and super-
hydrophilicity. A summary of major conclusions are presented
in section S.

2. STRAIN-CONTROLLED DESIGN OF A
HIERARCHICALLY WRINKLED SURFACE

Wrinkling, buckling, and other mechanical instabilities are
widely utilized to generate/design a variety of patterns of
surface roughness, as reviewed in a recent paper by Genzer
and Groenewold.’® To illustrate the basic principles
involved, let us consider a thin layer bonded to a substrate
which has been prestretched to a strain &,.. It is now well-
established that releasing the prestrain would buckle the
layer.%°%%0762 The resulting sinusoidal wavy surface has a
wavelength that depends on the modulus ratio of the layer
and substrate as A = 27t(E;/3E,)"?, where t denotes the
thickness of the layer, and E; and E; are the plane strain
moduli of the layer and substrate, respectively. Note that the
range of wavelength achieved through such spontaneous
buckling of fully bonded films is limited by the Young’s
modulus ratio of materials available. In order to remove the
limit on the achievable wavelength, in the present paper we
adopt an alternative design that involves partially bonded
films, allowing for a more flexible design of buckling-induced
wrinkle patterns to meet the requirements for particular
functions.
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Figure 2. A “stretch-and-release” layer fabrication route for a substrate-
supported hierarchically wrinkled surface aimed at strain-controlled
switching between superhydrophobicity and superhydrophilicity. The
process consists of consecutively bonding a new layer at periodic
binding sites (red dots) on a prestretched substrate consisting of
previously bonded layers and the original substrate, as shown in (a)—
(c) for a two-level wavy surface. The prestrain can then be released to
buckle the attached layers to create a hierarchically wrinkled structure
shown in (d). The procedure could be repeated to create an n-level
wavy surface.

Figure 2 shows a possible route of fabrication for a two-level
wavy surface, which can be repeatedly applied to generate an
n-level wavy surface. In this design, a layer of material is
attached to the prestretched substrate at a periodical array of
bonding sites whose spacing is selected according to the
desired wavelength at each hierarchical level. When new
layers are attached subsequently, the prestrain in the
substrate is incrementally increased according to the desired
buckling amplitude of the added layer. Let 4; denote the
spacing between the bonding sites at the ith hierarchical
level, £ the incremental prestrain in the substrate when the
ith layer is attached and ¢, the thickness of the ith layer which
is assumed to decrease with each added level of hierarchy.
After all layers are bonded, the strain in the substrate is
gradually released to produce a hierarchically wavy surface of
n-level. For buckling of this type, it has been shown that the
amplitude of wrinklin% is related to the ith prestrain
increment gP'® ag>%5356:00-62

(1)

where &f = (1/12)(kt,)* is the critical buckling strain and k; =
27/A; is the wavenumber at the ith level. Normalizing this
amplitude by the wavenumber gives

A =kA; = 2, SzPre - & 2)

The resulting n-level wavy surface can be reversibly wrinkled
and flattened by applying an external strain €,,, of different

app
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app)
layer is
) pre _ ¢
0 1feapp> Zs, — &
jzi
-
- N e . _ < - pre _ o . pre _ ¢
A = kA; = 2 52 g ey & if Z € T < Epp < Zsl &
\jzi i+l i>i
2,/ef" — & ifey,, < Z el —
j2it1 3)

dx.doi.org/10.1021/1a203934z | Langmuir 2012, 28, 2753—2760



Langmuir

3. WETTABILITY AND ADHESION OF AN N-LEVEL
WAVY SURFACE

Previous studies in the literature have addressed the effect
of surface topography on wettability.*>™*" Here, we
investigate how to control the wetting/antiwetting properties
of a hierarchically wrinkled surface. We will build upon and
extend the classical model and analysis by Herminghaus
(2000).*” Using a homogenization and iterative scheme,
Herminghaus proposed a recursive approach (see eq 3 in
Herminghaus’ paper) to determine the effect of hierarchical
surface roughness on the apparent contact angle, and
mathematically deduced that a hierarchical roughness may
render any surface with nonzero intrinsic contact angle
nonwet, i.e., having an apparent contact angle close to 180°.*
To illustrate Herminghaus’ approach, consider an n-level wavy
surface, as shown in Figure 2. The coordinates associated with
the ith level are set up such that the surface profile of the ith
hierarchy is

y = — A; cos(ky;) i=1,.,n

(4)

The condition for achieving the Cassie state of having
an overhung liquid on the wrinkled surface is that there
exists a stable solid—liquid—air triple-junction x; = a; which
satisfies

A;sing; = tan(n — 0,_;) 4 € (0, n] i=1,.,n (5
where &, = kg, is the normalized coordinate and 6,_; is the
apparent contact angle on the (i — 1)-th surface, 6, being
the intrinsic contact angle. If eq S cannot hold for a finite
0 < a; < &, there will not be an equilibrium overhang and
a Wenzel state would prevail with g 0. Once a; is
determined from eq 5, the apparent contact angle 8; at the
ith level can be expressed in terms of 0,_; as (see Supporting

Information)

1 T = a.

cos 0; = — / J1+ Ai2 sin® % d&; cos0,_; — —

T Ja T
i=1,.,n (6)
where &; = kix; is the normalized coordinate at the ith level.

According to eqs 5 and 6, if one starts with a surface in a
Wenzel state, i.e., 8, < 90° and &, = 0, it will follow that cos
6, >0and a, =0, cos 6, > 0 and @; = 0, and then, cos 6, > 0
and ., = 0 for all i = 1, ..., n, i.e., the surface will remain
in the Wenzel state (3 = 0) at all levels regardless of
the value of A; and n. Therefore, the recursive model based
on homogenization and iteration alone would predict that
it is impossible for a chemically hydrophilic surface to achieve
hydrophobicity via surface roughness. This is neither consistent
with experimental observations®™ * nor with Herminghaus’
deduction from a convergence analysis. Apparently, a more
accurate modeling approach is needed to model the wettability
of a hierarchically wrinkled surface, which should properly
account for the overhang of a liquid drop on a hierarchical rough
surface.

To address the overhang of a liquid drop (Cassie state) on a
hierarchically wrinkled surface whose chemical composition is
hydrophilic, here we adopt a geometrically exact approach.
Assuming that the overhang starts from the mth level and
persists to all higher levels, the critical condition for initi-
ating the overhang in a geometrically exact model is to have
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G, = k,a,, satisfy (see Supporting Information)

m—1
Z arctan(;\j) + arctan(4,, sin d,,) = © — 0,
j=1

(7)

where 6, < 90° is the contact angle of the material at the first
hierarchy. The apparent contact angle at the mth level can be

calculated from (see Supporting Information)

1 T ~
cos 0, = — / V1 + Am2 sin” &, dx,,
n Ja,
m—1

x H(l

Im

* 1+Azsin2£ dx; || X cos 6y —
0 j | 0

(8)

Note that eq 7 is necessary but not sufficient for achieving
the overhang, since interference between neighboring
asperities may put off its occurrence. However, as shown in
the Supporting Information, through proper design, it is possible
to find a regime where no interference exists between neighbor-
ing asperities so that eq 7 becomes necessary and sufficient for the
occurrence of the overhang. Once the overhang occurs, the
Herminghaus recursive model can be adopted to simplify the
scaleup analysis.

To investigate the stability of the Cassie state induced by
surface roughness, we calculate the critical pressure for the
reverse Cassie-to-Wenzel (CTW) transition. A detailed discussion
is given in the Supporting Information. The main results are briefly
summarized below. Following the Herminghaus recursive model,
the ith level surface is represented as a sinusoidal surface with an
effective contact angle 8, calculated from the (i — 1)th level, with
its critical pressure determined from

0Ga;, p10,_y) B
0d, -

0*Gy(a, 716;_1) B
oa}

©)

where G; = kG,/(27y1,) and p; = p/(kypa) are, respectively,
the dimensionless Gibbs free energy and liquid pressure at the
ith level, and y;, is the liquid/air interfacial energy. For the
geometrically exact model, the maximum critical pressure
occurs at dy, .., 4, = /2, and can be determined from the
following equations

= ~ ~ ~ ~ T
6Gm<a1, By (G20 o Gy = 90>
=0
0d,
9
2~ ~ o~ |~ ~ P
d Gm<a1, By |82 o By = 5, 60>
2 =0
0y ) (10)

in which G, = (k,G,)/(2@y.,) is the normalized Gibbs
energy of the wavy surface with m levels of hierarchy while
P = p/(k,yLa) is the normalized liquid pressure at the mth
level.

dx.doi.org/10.1021/1a203934z | Langmuir 2012, 28, 2753—2760



Langmuir

As the surface is switched between hydrophilicity and
hydrophobicity, especially between superhydrophilicity and
superhydrophobicity, via hierarchical waviness, the capillary
adhesion property of the surface also changes substantially.
To see this, let us define the contact area fraction as the ratio
of real contact area over the total surface area. For a liquid
on an n-level wavy surface, the contact area fraction can be
expressed as

o=

i=1
T
f J1 + A} sin® & dozi]
0 (11)

The real contact area for a liquid suspended on a multiscale wavy
surface (A; > 0) is generally several orders smaller in magnitude
than that on a flat surface (A, = 0).%® The real contact area could
be even smaller for the wavy surface against a flat solid substrate.
Thus, the contact area can be altered in a wide range as
the hierarchical wavy surface is gradually flattened under
stretching.

T
f 1+ A7 sin’ % d&,/
i

1

4. RESULTS AND DISCUSSION

Combining the results of sections 2 and 3, we can investigate
the properties of a hierarchically wrinkled surface by taking
proper system parameters. Figure 3a shows a Cassie-super-

Figure 3. Illustration of different functional states of a hierarchically
wrinkled surface under applied strain. (a) At the default state, the
surface is in a Cassie-type superhydrophobic and self-cleaning state;
under stretching, the surface becomes (b) Wenzel-superhydro-
phobic if it is chemically hydrophobic (8, > 90°) or (c)
superhydrophilic if it is chemically hydrophilic (6, < 90°); (d)
the real contact area can increase dramatically as the surface is
completely flattened.

hydrophobic state at the default (e,,, = 0), with Lotus-type self-
cleaning characteristics. Given a certain value of the applied
strain €., the surface would become Wenzel-superhydropho-
bic (Figure 3b) if it is chemically hydrophobic (6, > 90°)
and superhydrophilic (Figure 3c) if it is chemically hydrophilic
(6, < 90°). Figure 3d shows that the real contact area can
dramatically increase as the surface is completely flattened by
the applied strain. To demonstrate the change in functional
states of the hierarchically wrinkled surface under different
applied strain levels, three examples of design are discussed in
this section.

The first example is a surface designed to achieve super-
hydrophobicity (0>150°) from a hydrophobic material (6, >

. M 11,51
90°) via two-scale wavy surface, similar to Lotus leaves. ~
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In this example, a chemically hydrophobic surface is chosen
with contact angle 0, = 120°, and the surface tension of water is
set at y; 4 = 0.073 J/m? The structural parameters are taken as
Ay =100 nm, A, = 10 um, and correspondingly k; = 6.2832 X
10" m™, ky = 6.2832 X 10° m™". Both the material wettability
and the structural size are chosen to be close to those of the
Lotus leaves (6, ~ 110°, 4, ~ 100 nm, 4, &~ 10—50 pim).'">"¢
The thicknesses of the bonded layers are selected as t; = 4,/10
(i = 1, 2) so that the critical strain for buckling is kept at &f =
(1/12)(kt,)* = 0.03 (i = 1, 2). As shown in Figure 2, application
of prestrains €™ = €} = 0.94 during sequential attachment of
two layers and then releasing the prestrains lead to a self-similar
two-level wavy surface with dimensionless amplitudes A, = A, =
1.91. From eqs 3—9, the apparent contact angle 0, the triple-
junction position &, the critical pressure Popy for the CTW
transition and the contact area fraction are plotted against
the applied strain in Figure 4a—d, respectively. It can be
seen that, at the relaxed state (g, p = 0), a strong Cassie-
superhydrophobic state (6 = 174°, with kya, = 2.885 and S =
0.0168; also see Figure 3a) is achieved through the two-level
wavy structure, in which case the surface is self-cleaning like
Lotus leaves. The absolute value of the CTW pressure is
calculated to be p5™ = 0.0279 MPa at the top (micro) level,
and pF™ = 0.120 MPa at the bottom (nano) level. Since ps™
is larger than 146 Pa, the static pressure induced by the surface
tension of a water drop of 2 mm® and p{™ is larger than
0.1 MPa, the extreme pressure found in nature coming from the
impact by water droplets in a rainfall,’® the two-level surface is
robust enough for self-cleaning in a natural environment. Note
that the structural hierarchy also makes the superhydrophobic
state more easily restorable from the Wenzel state via
disturbances such as wind or slight mechanical vibrations,*®%’
which guarantees the repeatability and reversibility of the
multifunctional surface. As the applied strain increases, the
apparent contact angle, the liquid/air/solid triple junction, and
the CTW pressure all decline, as shown in Figure 4a—c,
respectively, while the contact area fraction increases as shown
in Figure 4d. As ¢,,, reaches the second regime 0.85 < ¢,,, <
0.91, the wetting state abruptly changes from a superhydro-
phobic state with both levels remaining in the Cassie state
(as shown in Figure 3a) to a superhydrophobic state (6 > 150°)
with the lower level remaining in the Cassie state (k;a; > 0),
but the higher level shifted to a Wenzel state (k,a, > 0, as
shown in Figure 3b). As Epp exceeds &8 — &5 = 091, the
microscale roughness disappears according to eq 3, and the sur-
face remains weakly superhydrophobic with @ slightly larger than
150° via a Cassie state (1.616 < k;a; < 2.000 and 0.3236 <
§ < 0.4816) until €,pp = 1.1. As the applied strain continues to rise
beyond ¢,,, = 1.1, the surface becomes normally hydrophobic
(120° < 0 < 150°) in a Wenzel state (k;a; = 0 and S = 1). When
€,pp €Xceeds zli 1€]" — €] = 1.85, the nanoscale roughness snaps
to a completely flat substrate (as shown in Figure 3d). To some
extent, our design is consistent with experiments by Lin and Yang
who reported mechanically switchable wetting on wrinkled elasto-
mers with dual-scale roughness.”® Since Lin and Yang coated
rippled PDMS with nanoparticles to form dual-scale roughness,
their nanoscale roughness was not mechanically controllable.
Moreover, the apparent contact angle was mechanically tunable
from 150° (slightly superhydrophobicity) to 128° in their experi-
ment, which is smaller than the predicted range from 174° to
120° in our calculations.

As the second example, a self-similar three-scale wavy surface
is designed with tunable wettability from slightly hydrophilic
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Figure 4. Two-scale wavy surface designed for tunable wettability from hydrophobicity to strong superhydrophobicity: (a) apparent contact angle
varying with respect to the applied strain; (b) position of liquid/air line versus the applied strain; (c) dimensionless pressure for CTW transition over
the applied strain; and (d) contact area fraction varies with respect to the applied strain.

(6, = 80°) to strongly superhydrophobic (6 = 169°), with
parameters selected as follows:

2
= 0.073 J/m?%;

90 = 800, YLA

M =100 nm, Ay = 1 pm, A3 = 10 pm =
1

ky = 62832 x 10/ m™, k, = 62832 x 10°m ™},

ky = 62832 X 10°m ™ ;

10
A, =175i=1,2,3

= e =003,i=1,2,3; e = 07980 =

As the applied strain increases, Figure S shows the apparent
contact angle (panel a), the movement of liquid/air line (panel
b), the dimensionless pressure for the CTW transition (panel
c), and the contact area fraction (panel d). It can be concluded
that the relaxed state (e, = 0) is strongly Cassie-super-
hydrophobic (6 = 169° with k;a; = 2.690 and S = 0.0114) and
self-cleaning (as in Figure 3a). The CTW pressure is calculated
to be p§™" = 0.0146 MPa at the third level, 2 orders of
magnitude higher than the typical static pressure of a water
drop 146 Pa. The transition from hydrophilicity to hydro-
phobicity, 8, = 80° — 6, = 143°, is achieved by the bottom two
levels of the wavy structure since the liquid is overhung on the
nanoscale roughness at k,a, = 2.646, according to eqs 7 and 8.
From eq 10, the CTW pressure of the overhang state is found
to be ps™ = 0.116 MPa, which is slightly larger than the
rainfall pressure 0.1 MPa. When &,,, becomes larger than 0.62,
the self-cleaning state shown in Figure 3a comes to an end and
transits into a weakly Wenzel-superhydrophobic state (kya; = 0
but ka, > 0, as in Figure 3b) until €,,, = £§™ — &5 = 0.765, after
which the third level of waviness is flattened. In the regime of
0.765 < Eapp < 1.387, the remaining two-scale roughness is still

hydrophobic; when ¢,,, > 1.387, the two-scale roughness can
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no longer carry the overhanging liquid and the surface slips into
hydrophilic regime. When ¢,,, exceeds jgze}’ * — g5 = 1.563,
the second level of waviness disappears. In the end, the surface
becomes completely flat when ¢, > ng 1€ — €7 = 2.361. 1t
has been reported that mushroom-shaped microfiber arrays
made from hydrophilic polyurethane with a contact angle 82°
showed an apparent contact angle of 128°, in which microfibers
and rg‘ushroom—shaped tips effectively acted as two-scale rough-
ness.

A three-scale wavy surface with tunable wettability covering
hydrophilic (6, = 60°) to strongly superhydrophobic (6 = 161°)
and to superhydrophilic (6 < 5°) states is demonstrated in the
third example of design. The following parameters are adopted:

B0 = 60°, v, , = 0.073 J/m?;

M =100 nm, Ay = 1 pm, A3 = 10 pm =>

ky = 62832 X 10/ m™, k, = 62832 x 10° m™,
ky = 6.2832 X 10° m™

ﬁ:ef=0.03,i=1;2J35
10

pre _
81 -

t. =

1

ey’ = 1.60, €§"° = 0.90 = A, = 4, = 2.50,

Figure 6 shows the varying apparent contact angle over the
applied strain (panel a), the movement of liquid/air line with
respect to the applied strain (panel b), the dimensionless
pressure for CTW transition over the applied strain (panel c),
and the contact area fraction versus the applied strain (panel d).
As can be seen from Figure 6, the relaxed state (g, = 0) is
strongly Cassie-superhydrophobic (0 = 161° with kya; = 2.412
and § = 0.0192). The CTW pressure is calculated to be ps™" =
5.96 KPa at the third scale, which is significantly larger than the
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Figure 6. Properties of a three-scale wavy surface designed for tunable wettability from superhydrophilicity to superhydrophobicity: (a) varying
apparent contact angle; (b) movement of liquid/air line; (c) dimensionless pressure for CTW transition; and (d) contact area fraction versus applied

strain.

typical static pressure 146 Pa of a liquid drop, while ps™ =
0.111 MPa at the second scale is larger than the typical rainfall
pressure of 0.1 MPa. As the applied strain increases, the
variation of the apparent contact angle, the liquid/air line, the
CTW pressure and the contact area fraction can be separated
into several regimes as shown in Figure 6a—d. In the regime of
Epp < 0480, the surface with three-scale roughness is in a
Cassie-superhydrophobic, low adhesion, and self-cleaning state;

For 0480 < ¢,,, < 0.870, the Cassie state is replaced by a
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Wengzel state, and the surface becomes normally hydrophobic;
when 0.870 < g, < 2059, the third level roughness is
flattened, but the two-scale roughness can still carry an
overhanging liquid drop and the surface is still hydrophobic;
in the regime 2.059 < ¢, < 2.466, the two-scale roughness can
no longer carry an overhanging liquid drop and turns to
promote the hydrophilicity through a Wenzel state, resulting in
superhydrophilicity; when 2.466 < ¢,,, < 4.061, only single-scale
wavy structure remains, and the surface becomes completely flat

dx.doi.org/10.1021/1a203934z | Langmuir 2012, 28, 2753—2760
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at the end. We can see that a mechanically controlled switch
from superhydrophobicity to superhydrophilicity is realized
by this design which, to our best knowledge, has not been pre-
viously reported in the literature.

The main objective of our present work is to investigate the
existence of hierarchically wrinkled surfaces capable of switching
between superhydrophobicity and superhydrophilicity by an applied
strain. Our preliminary analysis indicates that, while possible in
principle, the ability to switch from superhydrophilic to super-
hydrophobic using surface wrinkling may require rather complex
fabrication schemes. In several aspects, our work is very preliminary
and needs to be tested experimentally. Below are a number of issues
worth further investigation:

(1) There exist discrepancies between the assumed sinu-
soidal shape of a wrinkled film in section 2 and large-
amplitude bucking shape of the film at strain levels as
large as 200—400%. These discrepancies may affect the
required values of both the prestrain during fabrication
and the applied strain for functionality switching,
although the buckling induced wavy structure should
remain a fundamental feature.****%***7® More sophisti-
cated theories taking into account large deformation and
nonlinear elasticity can be introduced to fine-tune
specific designs in the future work, but they should not
affect the basic concepts involved.

Further study is needed to account for the reverse
transition of a liquid drop on a hierarchically wrinkled
surface from wetting (Wenzel state) to nonwetting
(Cassie state). As stressed and rationalized by Herminghaus,
a hierarchical wrinkled surface may be completely dry or
completely wet depending on the history, and its liquid-
repellent property is not an equilibrium property.”’ If a
liquid drop starts in a Wenzel state on a flat surface which
subsequently develops a hierarchical wrinkled topography,
the drop may remain in a metastable Wenzel state without
spontaneously transitioning into a Cassie state. However, it
has been theoretically®® and experimentally® shown that
nano to micro structural hierarchy on Lotus leaves makes
the Cassie state easily restorable from the Wenzel state with
small energy inputs such as disturbances from wind or slight
mechanical vibrations.

It will be equally important to check whether the material
can sustain cyclically applied large deformation during
repeated switching. Although rubber and certain
polymers can exhibit 400% elongation,”’ material
selection for practical design of mechanically switch-
able surfaces can still be challenging since their failure
strain could be substantially reduced under cyclic
loading.

The complexity in fabrication scheme can be a dis-
couraging obstacle to realizing the proposed hierarchical
design in the laboratory. In this respect, we wish to point
out that the multilayer sinusoidal buckling design in the
present paper is adopted mainly to make the develop-
ment and presentation of our model self-consistent. In
reality, certain foldable junctions like accordion struc-
tures may be simpler to realize in practical fabrication. It
is quite exciting and encouraging that an increasing
number of functional surfaces involving similar
mechanisms and techniques have been successfully
fabricated in the laboratory.'®*%3%°535¢ 1t is hoped
that the present work can stimulate further studies on

)

®3)

(4)
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mechanically controllable multifunctional devices in the
near future.

5. CONCLUSIONS

In this paper, an n-level wavy surface, which can be produced
via sequential mechanical buckling upon release of prestrains in
a multilayer system, was used as a model system to investigate
the relationship among mechanical strain, surface morphology,
wettability, and adhesion on hierarchical surfaces that can be
mechanically switched between superhydrophilicity and super-
hydrophobicity. It is shown that such a surface possesses
multiple function states, including superhydrophobic, hydro-
phobic, hydrophilic, and superhydrophilic states associated with
wettability, as well as weak and strong sticky states associated
with adhesion. All these functional states can be repeatedly and
reversibly switched in a pure mechanical manner, by applying
different levels of tensile strain on substrate. The theoretical
study and experimental results in the literature indicate that
hierarchical surfaces are a promising route to design multi-
functional surfaces. Calculations of the critical pressure for
CTW transition suggests that the self-cleaning state of the
multifunctional surface should be robust enough to sustain
extreme rainfall pressure found in nature, with great promises
for a wide range of potential applications including water harvest-
ing, oil spill cleanup, reversible adhesion, self-cleaning,
environmental cleanup, microfluidics, micro- and nanofabrica-
tion, robotics, and biomedical engineering. The concepts of
hierarchical design and mechanically controlled multifunctional
devices proposed in this paper not only can help guide the
fabrication of multifunctional devices, but may also motivate
further research for mechanically controllable multifunctional
devices.
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