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Abstract
A novel wettability switchable surface which shields out any interference
from driving energy is demonstrated. In this mechanism, a free-standing
metal/polymer membrane with hydrophobic microposts is sustained by
spacers, and electrostatic force is used to carry out the deflection of the
metal/polymer membrane, hence changing the surface morphology as well
as the fraction of a liquid/solid interface. Water contact angles under this
mechanism can be manipulated from 131◦ to 152◦, depending on the
fraction of a liquid/solid interface. Since the driving energy of electrostatic
action is shielded out by the ground electrode, the ingredients carried in the
droplet can be thoroughly free from the interference and maintain
functionality. Therefore, this mechanism has great potential to manipulate
microdroplets for digital fluidic systems in bio-applications.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Wettability is an important property depending on the surface
free energy and surface roughness. Recently, wettability
control has attracted extensive interests for the development
of smart devices, such as self-clean surfaces [1], discrete
liquid droplet manipulators [2] or tunable optical lenses [3].
Due to the correlation with a surface tension gradient, a
more dominant force in micro/nanoscale, wettability control
provides a more flexible and efficient way for versatile
applications. There have been many methods reported for
reversible wettability switching, including thermocapillary
[4], thermal chemistry [5], electrostatic molecule bending [6],
electrowetting [7–9], light-induced surface chemistry [10],
electrochemistry [11, 12] and mechanical surface morphology
change [13]. The thermocapillary method utilizes the
phenomenon that liquid contact angles change under different
surface temperatures to control wettability reversibly [4]. It is
an effective way to alternate surface wettability, but thermal
energy cannot be prevented from affecting bio-molecules

inside droplets, and thermal energy would accelerate aqueous
droplet evaporation as well. On the other hand, the
thermal chemistry method employs a very low temperature
difference, usually smaller than 20 ◦C, to induce molecule
structure transformation between straight or tangled chain
formations [5]. Such a molecular formation change enables
the hydrophobic or hydrophilic part of the molecular chain
to become exposed to a liquid droplet; hence, the wettability
is changed. However, the switch efficacy might be affected
by environment temperature, and the response is very slow
(about tens of minutes). Electrostatic or electrowetting
actuation employs electrostatic force to either bend down
surface molecules [6] or provide charging attraction force to
lower down the contact angle for wettability switch [7–9].
However, electrostatic energy can unavoidably penetrate into
a droplet and pose carried bio-molecules adsorption on surface
which may also fail the switching mechanism [14]. In addition,
electrolysis would occur at the pinholes of the insulator. In
the method of light-induced surface chemistry for droplet
manipulation, high energy lights, such as ultraviolet (UV)
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light [10], are required to change the structures of surface
molecules from hydrophobic to hydrophilic. Nevertheless,
the high-energy light may have the possibility of breaking the
chains/bonds of bio-molecules carried by droplet, and the
response is usually inefficient (about tens of seconds). Despite
the fact that the response under UV light could be more rapid
while the wavelength is correctly chosen, it is still unsuitable
for the bio-application. From the methods mentioned above,
the applied energies, such as thermal, electrical or UV light,
for wettability manipulation are usually accompanied by a
certain interference with bio-molecules carried by droplets
and pose either bio-compatibility or switching functionality
problems [14]. In contrast, electrochemistry provides
another way to reversibly change the surface wettability by
electrochemical doping and dedoping. In this method, the
driving voltage for surface wettability switching is relatively
small, so the interference from the electrical field could be
neglected. Nevertheless, the required electrolytic environment
and complex procedure for the switching mechanism are
inconvenient for practical applications [11, 12].

On the other hand, surface roughness is an alternative
way to manipulate surface wettability [15]. In order to
enhance the effectiveness of electrowetting, a concept to
combine the effect of electrowetting and surface roughness is
investigated [16]. However, the reversible wettability change
is limited by surface hysteresis. Another work reported to
reversibly switch surface roughness is by bending the sustained
poly(dimethylsiloxane) (PDMS) membrane through air pump
suction [13]. Although such pressure-driven actuation is able
to avoid the interference with droplet, the actuation is global
and difficult to localise in a large array format. Thus, according
to the limitation of literature, this paper aimed at developing
a novel way to achieve wettability switching by employing
shielded electrostatic energy for surface morphology change.
In contrast with other works, this method encompasses abilities
including changing the surface wettability without interference
with the droplet, localizing the actuation in a large array and
responding to the actuation rapidly.

2. Design

The design concept of the SWIM (surface wetting
induced by morphology change) mechanism is shown in
figure 1. A conductive metal/polymer composite membrane,
supporting hydrophobic microposts of various heights, is
sustained by negative photoresist spacers. Before applying
an electric potential (initial state), a droplet is bolstered on
the higher microposts [17], as shown in figure 1(a). As an
electrical potential is applied between the conductive polymer
membrane and the bottom addressable electrodes (actuated
state), the membrane is bent due to the electrostatic force
and the higher microposts will be lowered down. In order
to achieve the minimum value of the surface free energy, the
droplet will attach to the lower posts and the contact angle will
decrease resulting from the increase of the contact interface
between the droplet and the surfaces of the posts, as shown
in figure 1(b). Accordingly, after switching off the electrical
potential, the droplet will detach from the lower posts and
merely contact with the higher posts due to the recovery of
the membrane, thus switching back to the original contact

(a)

(b)

Figure 1. The operation concept of SWIM: (a) at initial state, the
droplet merely contacts with the higher posts and (b) at actuated
state, the droplet will contact with both the higher and lower posts.
Hence, it is workable to reversibly switch the surface wettability by
changing the contact area of the liquid/solid interface.

angle. Hence, we can locally and reversibly switch the surface
wettability by changing the contact area of a liquid/solid
interface without a sluggish response. Furthermore, since
the electric field for membrane actuation is confined between
the top conductive membrane (set to ground) and the bottom
electrode, the electrical field would not penetrate into the
droplet because of the shielding effect from the top grounded
membrane. Therefore, the proposed method is more suitable
to many applications, especially biological ones, because of
the elimination of interference in the droplet.

3. Theory

The operation concept can be further explained by the
prediction of Gibbs free energy (surface free energy) [18]
and Cassie theory [17]. Gibbs free energy is one of the
most important thermodynamic properties for characterizing a
system. Besides, it is also the factor determining the final state
of a system since the elements in the system always follow the
rule to minimize the total amount of Gibbs free energy. This
trend is described as equation (1):

�G = γ × �A � 0. (1)

�G means the variation of Gibbs free energy between different
system states, where A is the interface area and γ is the free
energy coefficient. As discussed above, since the system
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(a)

(b)

Figure 2. The probable mode at each state for further theory
explanation: (a) detached mode: droplet detach from the lower
posts and (b) attached mode: droplet attach to the lower posts.

always progresses toward the state where the total Gibbs free
energy is minimal, �G must be a negative value under this
trend.

Generally, the contact angle of a water droplet has been
commonly used as a criterion for the evaluation of surface
wettability. Based on Young’s equation [18], the contact
formation of the droplet on a smooth surface is determined
by the minimum value of Gibbs free energy, expressed by
equation (2):

cos θ = (γsg − γsl)

γlg
, (2)

where γ sl, γ sg and γ lg are the interfacial free energy
coefficients of the liquid/solid, solid/gas and liquid/gas
interfaces, and θ is the final contact angle. Comparing with
equation (1), Young’s equation is based on the requirement of
a minimum energy state on a smooth and flat surface. In case
the droplet contacts with a rough and hydrophobic surface,
Young’s equation needs additional modification. The Cassie
theory [17] described that a droplet is bolstered by the upper
part of the roughness surface, so the projected area of the
droplet is composed of a liquid/solid interface and liquid/gas
interface. The relationship between the contact angle and the
area fraction of the liquid/solid surface is shown as follows:

cos θ ′ = f cos θ + (1 − f ) cos 180◦

= f cos θ + f − 1, (3)

where f = Asl/(Asl + Agl) represents the area fraction of the
liquid/solid interface, and θ as well as θ ′ denote the contact
angles on a smooth and rough surface, respectively. Thus, the
contact angle will increase with the decrease of the contact
area of the liquid/solid interface and vice versa.

To verify the reversibility of the liquid/solid interface
change, we defined two modes: the detached mode (droplet
detaches from the lower posts) and the attached mode (droplet
attaches to the lower posts), as shown in figures 2(a) and (b).
These two modes represent the probable droplet mode at either
initial state or actuated state. Following the surface free energy
definition (equation (1)), in two dimensions, the surface free
energies Gd and Ga at the detached mode and attached modes
are described as

Figure 3. The function of �G(θ , H) to H while using different
values of θ . The pure line is calculated by the normal contact angle,
116.4, where point b indicates the critical value of HN when �G
(116.4, HN) = 0. The line with crosses is calculated by the receding
contact angle, 107.8, where point c indicates the critical value of HU

while �G (107.8, HU) = 0. The line with dots is calculated by the
advancing contact angle, 125.8, where point a indicates the critical
value of HL while �G (125.8, HL) = 0. Since the displacement of
the actuation, 10 µm, covered the hysteresis region, the actuation is
sufficient to switch between the detached and attached modes.

Gd = γlg × (2X + D) + γsg × D (detach mode), (4)

Ga = γlg × 2
√

(X2 + H 2) + γsl × D (attach mode), (5)

where X is the interval between the higher and lower
microposts, D is the diameter of the microposts and H is
the difference of the heights between the higher and lower
microposts, as illustrated in figure 2(a).

In order to determine the minimum surface energy state,
the difference between Gd and Ga is calculated as

�G(θ,H) = Gd − Ga

= γlg × (2X + D − 2
√

(X2 + H 2)) + γlg × D × cos θ, (6)

where θ represents the water droplet contact angle on a flat
hydrophobic surface with a normal value of 116.4◦, and X
and D are designed to be 80 µm and 15 µm according to the
limitation of the fabrication. The relationship of �G(θ , H) to
H is shown in figure 3. As H is 26.15 µm (HN), �G is shown
as

�G (θ,HN) = �G (116.4, 26.15) = 0. (7)

Such a condition means a meta-stable state where the droplet
is in either detached or attached mode, as the point b shows
in figure 3. Furthermore, as H increases to be larger than
26.15 µm, the value of �G becomes negative and the droplet
will be in a detached mode and vice versa. Therefore, the
mode switching can be controlled by changing H around the
critical value, 26.15 µm.

However, while considering the contact angle hysteresis,
the extra change of H to overcome the hysteresis force needs
to be taken into account. When the droplet inclines to be in
detached mode, θ will be replaced by the receding contact
angle, 107.8◦, instead of 116.4◦ in equation (3). At this
moment, the upper limit of H, HU, that keeps �G negative, �G
(107.8, HU) � 0, is determined to be 29.35 µm, as the point c
shown in figure 3. Thereby, at an initial state, H is designed
to be 30 µm which is larger than 29.35 µm and leads to �G
(107.8◦, 30) = −0.453γ lg < 0; hence, the mode switch from
attached to detached can be carried out. In contrast, when the
droplet is toward the attached mode, θ will be replaced by the
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Figure 4. The fabrication process of the SWIM device.

advancing contact angle, 125.8◦, in equation (3). The lower
limit of H, HL, is determined as 22.53 µm, as the point a shown
in figure 3. Therefore the sufficient amount of H to keep �G
being positive is designed as 20 µm at the actuation state, and
leads to �G (125.8◦, 20) = 1.3γ lg > 0 which can realize the
switching from the detached to the attached mode.

Based on the theoretical calculation, the change of H,
from 20 µm to 30 µm, can provide enough energy to switch
the attached mode to the detached mode under hysteresis resist
and vice versa. Therefore, the spacer between the membrane
and bottom electrode should be 10 µm to satisfy the criterion,
and the height of the higher post and the lower post is designed
to be 40 µm and 10 µm respectively. By manipulating the
surface between the detached mode and the attached mode,
we can reversibly switch the surface wettability through the
fraction change of the liquid/solid interface.

4. Fabrication

Major fabrication steps for a SWIM device are illustrated in
figure 4. First, the 300 nm titanium layer is deposited on the
thermal oxidized silicon substrate by an E-beam evaporator.
The titanium layer is patterned by a typical photolithography
process and etched by titanium etchant (NH4OH:H2O2:H2O =
1:1:2) (step 1). Then, first negative UV photoresist layer, SU-8,
(SU-8 5, MicroChem Corp. USA) was spun coated and
exposed without post-exposure bake to allow further reaction
with the following polymer material, and its process parameter
is adjusted to precisely achieve the designed spacer thickness
of 10 µm (step 2). Afterward, PDMS liquid is prepared for the

membrane material. In this process, PDMS (Sylgard 184, Dow
Corning Corp., USA) and diluent (Fluid 200, Dow Corning
Corp., USA) were mixed in a 11:10 weight ratio. This mixture
was stirred and degassed thoroughly and then spun coated on
the SU-8 resist. Post-baking is exerted to cure PDMS and
carry out the cross-linking of SU-8 (step 3), and the minimum
thickness of the PDMS membrane achieved is as thin as 3 µm.
Next, the PDMS surface is treated with O2 plus CF4 reactive
ion etching (RIE) to enhance the adhesion of the following
copper film on the PDMS surface. The flow rate of O2 and
CF4 is controlled at 15 and 5 sccm, respectively [19]. Besides,
to avoid overheating to the polymer film, plasma RF power and
process time are chosen as 80 W and 60 s, respectively. After
the surface treatment is finished, the 120 nm copper deposition
is exerted by an E-beam evaporator as soon as possible (step 4).
Afterward, the second (10 µm) and third (40 µm) SU-8
layers were spun coated and exposed (steps 5, 6) to form
microposts. The unexposed SU-8 resist is developed by an
SU-8 developer (PGMEA, MicroChem Corp., USA) and the
free-standing movable metal/polymer membrane is completed
(step 7). Finally, 100 nm Teflon (AF1600, DuPont, USA) is
spun coated on the surface of the SWIM device (step 8).

In the fabrication process, the most critical step was
the fabrication of the copper/PDMS composite membrane.
Since the PDMS was fully cross-linked, the low wettability
of the PDMS surface would be a barrier for the following
metal deposition, and result in failures such as poor adhesion
and high residual stress. Typically, metallization of the
polymer is performed by etching the polymer surface to
increase surface roughness; however, the rough polymer
surface also has deleterious effects on the performance of
electrical conductivity. Therefore, sufficient adhesion between
metal and smooth polymer must be achieved at the same
time. Here, we use O2 plus CF4 RIE to enhance the adhesion
between copper and PDMS. According to the literature [19],
the mechanism of formation of functional groups on polymer
surfaces by RIE can be interpreted by a two-step model.
The first step is the creation of free radicals by surface
bombardment. The second step is the formation of functional
groups by the interaction between the new radicals and reactive
species in the plasma. Comparing to the pure O2 RIE, the
inclusion of CF4 enables the increase of concentrations of
fluorine and fluorine-containing atoms. It is important since
the energetic fluorine and fluorine-containing species are more
effective in creating polymer radical sites than the oxygen
species. As a result, the radical groups generated by the
treatment are capable of capturing oxygen to form functional
groups on the treated polymer surface. Thus, the O2 plus CF4

RIE treatment is well suited to improve the adhesion of the
metals to polymers.

On the other hand, the AFM analysis from the literature
[19] also showed another shortcoming for pure O2 RIE.
According to the literature [19], if the pure O2 RIE is exerted,
the resulting polymer surface would become much rougher,
with a grass-like appearance, than an untreated one. In
contrast, the O2 plus CF4 RIE treatment is more capable of
acquiring a smoother surface. Since the high roughness has
the potential to cause detrimental effects on metal covering
and metal conductivity, the O2 plus CF4 RIE treatment is a
more proper choice for our purpose.
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Figure 5. The SEM image of the SWIM device. The higher and
lower posts are successively supported by a copper/PDMS
composite membrane. The free-standing and flat membrane reveals
well-controlled residual stress.

Furthermore, residual stress control in the SWIM device
is achieved by adjusting the thickness of the metal layer [20].
For most materials, the less the film thickness is, the more
tensile stress is obtained. In contrast, more compressive
stress is produced as the film gets thicker. Therefore, in our
experiment, we obtained the critical thickness, 120 nm, with
almost zero stress. Finally, a functional metal/PDMS interface
with sufficient adhesion strength and low residual stress was
carried out.

The metal layer can also be used to prevent under-laid SU-
8 from exposure. The individual UV definition on each SU-8
layer is able to fabricate the following second and third SU-8
structures. Figure 5 shows the scanning electron microscopic
(SEM) pictures of the 3D structures. The cross-section of the

(a) (b)

(c) (d )

Figure 6. The results of a pure membrane bending profile measured by an optical interferometer. (a) and (b) are the top views of the
membrane profile at the initial state and the actuated state, respectively. (c) and (d) are the cross-sections of the membrane bending profile at
the initial state and the actuated state, respectively. The results show that the membrane is driven in a pull-in mode, so the maximum
displacement is capable of reaching the spacer thickness.

free-standing membrane certified the isolation of a multilayer
UV definition and the low residual stress within a metal/PDMS
composite membrane. Therefore, the fabrication technique
is capable to fabricate complex structures, and showed the
potential for various advanced applications.

5. Experiment

To demonstrate the functionality of the device, electric
potential was applied to the bottom electrode while the top
metal layer was set to ground. In order to achieve sufficient
vertical displacement of 10 µm, the device was driven in a
pull-in mode. Figure 6 shows the results of a pure membrane
bending profile measured by an optical interferometer.
Figures 6(a) and (b) are the top view of the membrane
profile at the initial state and actuated state respectively.
Figures 6(c) and (d) are the cross-sections of the membrane
bending profile. From the interferometer measurement, at the
initial state, the membrane is capable of maintaining flatness.
After actuating, figure 6(d) shows that the bending profile
consists of inclined planes and a central flat plane, and the
central flat plane is in contact with the bottom electrode.
Therefore, the result shows that the central flat plane is still able
to keep its flatness under actuation. Furthermore, it is evident
that the device was driven in a pull-in mode, and the maximum
displacement attains the spacer’s thickness, 10 µm. From
the measurement results, the maximum displacement of the
membrane fulfills the requirement of minimizing the surface
energy mentioned above. Besides, the maximum operation
frequency could be achieved with about 20 Hz. It also shows
that the response of the actuation is rapid and reversible.

The surface morphology change of the SWIM device is
observed by an optical microscope, as shown in figures 7(a)
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(a) (b)

(c) (d )

Figure 7. The functionality of SWIM. Before actuation: (a) under
optical microscopic observation, the membrane is flat, and (c) the
contact angle is 152◦. After actuation: (b) under optical microscopic
observation, the membrane is bent and the dark areas correspond to
the inclined part of the membrane, and (d) the contact angle is 131◦.

and (b). Before applying voltage, the membrane with
hydrophobic microposts is flat, as illustrated in figure 7(a).
As the voltage is applied, the membrane is bent in a pull-
in mode, illustrated in figure 7(b). The dark areas shown in
figure 7(b) correspond to the inclined part of the membrane,
and the area with posts is the part of the membrane that contacts
with the bottom electrode. Hence, the images certified that the
posts are able to keep themselves being vertical either before
or after actuation. The information is important because it
shows that the operation of the SWIM device is able to follow
the design function.

After switching off the potential, the membrane returns
to the initial state as the electrode was discharged, so
that the reversibility of surface morphology transformation
was obtained. The wettability of the surface is ordinarily
represented by the water droplet contact angle measurement,
as shown in figures 7(c) and (d). In our experiment, the contact
angle measurement is processed by optical image and droplet
formation calculation, and the type of water is chosen as 1
µl deionized water. At the initial state, the contact angle is
152◦, as shown in figure 7(c). After actuation, the contact
angle is decreased to 131◦ by the surface morphology change,
as shown in figure 7(d). Apparently, the surface wettability
can be changed effectively. Thus, by the theoretical prediction
and experiment results, the wettability switching mechanism
is certified.

To estimate whether the actuation energy can interfere
with bio-molecules in droplets, we conducted experiments
to compare the adsorption of bio-molecules on the surfaces
of the SWIM device and electrowetting devices. A
protein solution of goat anti-rabbit IgG (CHEMICON
International, Inc. USA) labeled with fluorescence (Cy5) was
employed as the model bio-molecule, at a concentration of
0.1 mg ml−1. The protein solution was dropped on the

(a) (b)

(c) (d )

Figure 8. Fluorescence intensity measurement for the absorption of
protein on the surface of electrowetting and SWIM devices. (a) The
intensity of the electrowetting system before exerting electrical
potential, 441 au. (b) The intensity of the electrowetting system
after exerting 50 V for 10 minutes, 3031 au. (c) The intensity of the
SWIM device before exerting electrical potential, 431 au. (d) The
intensity of the SWIM device after exerting 250 V for 10 minutes,
439 au.

SWIM device which was actuated with 250 V and stayed
for 10 minutes. An electrowetting device is also employed
to demonstrate the effect of an electrical field on the bio-
molecules in a droplet. In the electrowetting system, 50 V was
applied between the inserted electro probe and bottom planar
electrode for 10 minutes. After washing out excess protein
solution, the residual proteins on both chip surfaces were
visualized by a fluorescence scanner (GenePix 4000B, Axon
Instruments, USA) to evaluate the interference of actuation
energy on bio-molecules in a droplet. Figures 8(a) and (c)
show the fluorescence images of the electrowetting device
and the SWIM device before actuation. The fluorescence
intensities in figures 8(a) and (b) are at a similar level, 441 au
and 431 au, respectively. From the images, the nonspecific
absorption of proteins on the Teflon surface of the two devices
through either hydrophobic interaction or van der Waals’ force
is unavoidable. On the other hand, figures 8(b) and (d) show
the fluorescence images of both devices after actuation. In the
electrowetting system, the mean fluorescent intensity rises up
to 3031 au after actuation, which is almost ten times before
the actuation, 441 au. The enhancement comes from the
attraction of bio-molecules by the penetrated electric field in
the droplet. In contrast, the fluorescent intensity on the SWIM
device is only 439 au after actuation, which is almost the same
due to the confinement of the electric field between the two
electrodes. Hence, the shielding mechanism of the SWIM
device is verified.

6. Conclusion

We demonstrated a wettability switchable surface driven by
an electrostatic-induced surface morphology change (SWIM).
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According to the Gibbs free energy and Cassie theory, we
designed an electrostatic actuator with microposts of different
heights sustained by a copper/PDMS composite polymer
membrane for the manipulation of a droplet/surface contact
area and contact angle. The device was tested and it was found
that the surface wettability could be dynamically switched
from superhydrophobic 152◦ to medium hydrophobic 131◦

with the application of 250 V. The shielding of the electrical
energy on bio-molecules in a droplet is verified in this SWIM
device. The wettability switchable surface is suitable to many
applications especially in liquid droplet actuation systems for
the manipulation of biological reagents.
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