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This work describes a method to create dynamic pre-programmed
surface textures by an alternating electric field on coatings that
consist of a silicon oxide reinforced viscoelastic siloxane network.
The finite element method is developed to predict the complex
deformation figures and time-resolved experimental topographical
surface analysis is used to confirm them.

1. Introduction

In many physical objects, the texture of surfaces plays a crucial
role as it affects friction," (cell) adhesion,>* heat transfer,”
lubrication,® corrosion,® wear” and reflective properties.®
Furthermore, the visual texture of a surface can be used in
product design to trigger specific emotions and feelings. The
neuropsychological and neuroaesthetic models behind the
aesthetic perception of visual textures have been extensively
researched.”” Additionally, the quantitative characterization
of surface textures has been reviewed in multiple books'®'® and
research papers,”>*' which further endorses its importance.
Moving forward, scientists are now exploring methods to
provide active control over surface textures by creating dynamic
surface micro-structures. Control over these dynamic surfaces
provides a major advantage as it grants inherent control over
the many functionalities associated with surface textures. More-
over, dynamic surface textures can provide new aspects to
aesthetic perceptions and lead to interesting new applications
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like active mixing in microfluidics or unidirectional transport
of matter over a surface. In the literature, many examples
already exist of coatings that alter their surface structure in
response to a variety of external stimuli like pH,*” light,>***
temperature®>® and electricity.”’ > We argue that for
electronics-related applications, active control is provided best
by using electricity as a stimulus, as it complies with already
integrated driving schemes as for instance used in touch-pads
for computers and operating systems. In this context, we now
present a method to create dynamic pre-programmed surface
textures®'™* by using a continuously alternating electric field
on coatings that consist of a silicon oxide reinforced viscoelas-
tic siloxane network. The results are based on our previous
work where we introduce a new method to generate oscillating
waves under a continuous AC electric field.>*> In this publica-
tion, we apply a similar coating but modify the electrode
structures to add desired complexity to the deformation
patterns. Based on our models we are able to predict the
complex deformation figures and confirm them by time-
resolved experimental topographical surface analysis. Lastly,
we also provide demonstrations of the optical effects that result
from the change in texture of our coatings.

2. Results and discussion

2.1. Design principle

In our approach towards complex surface deformation pat-
terns, we have chosen a rigid glass substrate provided with
lithographically etched indium tin oxide (ITO) electrode pat-
terns. The spin-coated electro-active polymer consists of a
loosely crosslinked poly(dimethylsiloxane) (PDMS) elastomer
that is provided with a 11 nm thick silicon oxide top layer
originated from a UV/ozone treatment.>* On top of the silicon
oxide, we sputter-coated a thin gold layer which will act as the
counter electrode. The silicon oxide top layer ensures the good
adhesion between the gold layer and the active polymer
layer. In addition, it provides robustness at the coating
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Fig. 1 Design principle of an electroactive polymer coating with switch-
able surface textures. (a) Schematic representation of the device configu-
ration. (b) By the flick of a switch the coating can alter its topography
according to the shape of the ITO electrode underneath. The local
application of an electric field induced Maxwell stresses that push excess
material away from the ITO electrodes towards the areas in-between
(gap). (c) The electric circuit of the device. The electroactive polymer and
the two electrodes work as a two-plate capacitor when placed in the
external electric field. The ITO pattern used to create (d) concentric circles
with a valley at the center, (e) concentric circles with a hill at the center and
(f) an array of hills.

surfaces. The thickness of the silicon oxide and the gold layer is
chosen also to allow the flexibility for the deformation. The
sample design is shown in Fig. 1a. The surface dynamics are
induced by the local application of Maxwell stresses. Usually,
Maxwell stresses are applied in dielectric elastomers in which
two flexible electrodes compress a thin elastomeric film.*®™°
The electrostatic attraction between the opposite charges of the
two electrodes creates a pressure that expands the surface area
while decreasing the thickness of the film. Inspired by this
concept we use Maxwell stresses to deform the surface of a
coating that is restricted by a rigid substrate. The deformation
scales inversely with the modulus.** In order to achieve surface
deformation, a low modulus of the elastomer material is
required. Additionally, Maxwell stresses must be applied locally
by using patterned electrodes. When the electric field is
applied, the global in-plane displacement is restricted by the
rigid substrate. However, since the electric field is applied
locally, the compressed excess of volume can escape by expan-
sion of the gap areas in-between the ITO electrode. The local
expansion and contraction of the coating thickness result in a
change of the surface’s texture (Fig. 1b). During activation, E,
and E; are supplied with opposite polarity indicated by AV in
the electric circuit, while the siloxane network functions as a
capacitor (Fig. 1c). Typically, the potential difference switches
between 0 and 150 V at a frequency between 0 and 5 Hz. Further
details of the device preparation and dimensions are provided
in the Experimental section.

2.2. Finite element method simulations

In order to predict the deformation mechanics, we schemati-
cally reproduced the design of our system in a nonlinear finite
element model. For this study, we used the Marc Mentat
software with a coupled electrostatic-structural analysis.*
More details can be found in Supplementary Note S1 (ESIT).
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Three different ITO patterns are used to generate three different
textures: concentric circles with a valley at the center (CC1,
Fig. 1d), concentric circles with a hill at the center (CC2, Fig. 1e)
and an array of hills (ArC, Fig. 1f). Upon application of the
electric field, the coating contracts above the electrodes and
expands above the gap areas in-between the electrodes. Conse-
quently, the surface topography changes from flat and smooth
to a shape that matches the pattern of the ITO electrodes
underneath (Fig. 2a-c and Movies S1-S3, ESIt). The width of
the electrode lines, gap distances and radii of the circles are all
30 pm. In our previous research we have demonstrated that
periodic electrode patterns with these proportions yield the
best results due to an optimized balance in electrically activated
surface area (capacitance) and maximum flow-distance of the
viscoelastic material.** In the ArC electrode pattern, circles are
packed in a hexagonal lattice to obtain the highest density of
hills in the surface texture. Deformation scales with the quad-
ratic of the applied voltage.® In the simulations, the electric
field is applied at a typical voltage of 150 V and a frequency of
1 Hz. Next, the simulated responses of the coatings are
monitored as a function of time at two adjacent locations:
above the ITO electrode and above the gaps (Fig. 2d-f). The
responses obtained from the CC1 and CC2 textures show
deformation in the opposite direction with height differences
of 600 nm, while the ArC texture produces hills with height
differences of 780 nm. The difference between the deformation
amplitude of ArC textures and CC1 or CC2 textures is caused by
the different shapes of the ITO electrode. The ratio ITO/glass in
terms of surface area is larger for ArC textures, resulting in a
larger capacitance. Furthermore, each hill created in the ArC
texture is pushed upwards from all directions, while a ring in
the CC1 or CC2 textures is pushed upwards from only two
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Fig. 2 Simulated results of the electro-mechanical surface dynamics. 3D
images showing the initial flat surface and the actuated coating surface
when (a) using the CC1 texture, (b) using the CC2 texture and (c) using the
ArC texture. The corresponding height changes in the surface from areas
1 and 2 as marked in the figure are shown for (d) the CC1 texture, (e) the
CC2 texture and (f) the ArC texture.
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directions. The FEM model is also used to predict the deforma-
tion mechanics of other complex ITO patterns that are
more challenging to create experimentally. The results from
these simulations are presented in Supplementary Note S2 and
Fig. S1 (ESIY).

2.3. Experimental analysis of the surface topographies

The previously discussed FEM simulations demonstrate how
different electrode structures can be employed to obtain surface
dynamics with complex deformation figures. Now, the predic-
tions from our simulations are verified experimentally, by
monitoring the surface topography of the coatings with digital
holographic microscopy (DHM). The results indicate that we
obtain a reasonably good agreement between experiment and
simulation. The experiments demonstrate how the surface
texture changes in-time as the electric signal is provided at a
potential difference of 150 V and a frequency of 1 Hz. The
chosen voltage and frequency give the optimal deformation
results regarding the amplitude as well as kinetics, which are
acquired from our foregoing publication.** In accordance with
our simulations, the CC1 pattern creates concentric circles with
a valley at the center (Supplementary Note S3, Fig. S2 and Movie
S4, ESIt), while the CC2 pattern results in concentric circles
with a hill at the center (Fig. 3a and Movie S5, ESIt). Similarly,
the ArC texture gives rise to an array of hexagonally packed hills
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Fig. 3 DHM measurements and camera images of the surface topogra-
phy for different textures. 3D images of the flat and corrugated surface
consisting of (a) concentric circles with a hill at the center (CC2) and (b) of
an array of hexagonally packed hills (ArC). Images from a camera capturing
the change in texture of the coating as the electric field is applied creating
(c) concentric circles and (d) an array of hills. The insets show the
corresponding microscopy images obtained in reflection mode.
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(Fig. 3b and Movie S6, ESIt). Furthermore, we use a regular
video camera to record the macroscopic effects of the surface
deformations (Fig. 3¢, d and Movies S7, S8, ESIt). The camera is
placed at an angle with respect to the normal of the surface, to
capture the diffuse light that is reflected. Again, the initial
surface is smooth and the pattern of ITO underneath the
surface is hardly distinguishable. Next, the electric field is
applied and the change in the texture of the surface is clearly
visible. The change of the surface topography is also recorded
with an optical microscope in the reflection mode to show how
the reflection of collimated light from the top gold layer
changes (inset of Fig. 3c, d and Movies S9, S10, ESIf). The
gloss and reflective properties of the gold surface combined
with the drastic change in surface topography are essential to
obtain a visible change in the texture of the coating.

Next, we analyze the surface deformation by comparing
profile plots of the surface before and after application of the
electric field. The profile plots from CC1 and CC2 textures are
obtained from the center of the pattern and follow the radius
outward (Fig. 4a and b). In these figures, the z = 0 line
corresponds to the reference height at zero voltage. Contraction
takes place above the ITO electrode, while expansion occurs in
the gap areas in-between resulting in total height differences of
150 nm. The profile plot from the ArC texture covers three
neighboring hills and shows total height differences of 300 nm
(Fig. 4c). The experimentally determined height differences are
significantly smaller than those from our FEM simulations.
This large difference is most likely caused by the resistance in
the electrical circuit which results in a lower voltage output.
From our FEM model we can estimate that the effective
potential difference in our device is 75 V. Based on the exact
correspondence between modeled and experimental deforma-
tions generated in the past, we anticipate that the experimental
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Fig. 4 Details of the surface deformations and dynamics as obtained from
DHM measurements. (a) The 2D profile of the concentric circles with a
valley at the center, corresponding to Fig. 2a. The profile is taken from the
center of the pattern and follows the radius outward. (b) The 2D profile of
the concentric circles with a hill at the center, corresponding to Fig. 2b.
The profile is taken from the center of the pattern and follows the radius
outward. (c) The 2D profile with the array of hills, corresponding to Fig. 2c.
The profile is taken over three neighboring hills. (d) Dynamics of the
surface topographies at a frequency of 1 Hz for a pattern of concentric
circles. (e) Dynamics of the surface topographies at a frequency of 1 Hz for
a pattern with an array of circles.
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deformation can be further enhanced, e.g. by selecting thicker
ITO layers to reduce the resistance. To continue the analysis, we
investigate the oscillating behavior of the CC1 and CC2 textures
by monitoring the time-resolved electro-mechanic response of
the coating above the ITO electrode and the gap areas in-
between (Fig. 4d). At a frequency of 1 Hz, the surface dynamics
reach a steady state after the first four periods, at which point
the structure oscillates 90 nm in height. After removal of the
electric field, the surface relaxes back to its original flat shape
in 40 seconds. The dynamics of the ArC textures show slightly
different behavior (Fig. 4e). At a frequency of 1 Hz, the surface
dynamics now reach a steady state after six periods, which is
caused by the larger scale of the deformation. The height
change of the hills is 170 nm during the oscillations, while
the relaxation of the surface still takes 40 seconds after removal
of the electric field.

3. Conclusions

In conclusion, we have presented a method to obtain dynamic
and reversible textural changes in the surface of a dielectric
elastomer coating under an AC electric field. The pattern of the
textures is controlled by the pattern of the ITO electrode,
hidden underneath the surface of the elastomer. The height
of the micro-structures is controlled by the electric field
strength and can oscillate at a frequency between 0 and 5 Hz.
Finite element method simulations are applied to support our
experimental results and predict that further enhancement of
the deformation is possible by reducing the resistances within
our electrical circuit. The simulations can also be used to
predict the results of experiments with complex ITO patterns
and electric circuits to obtain more interesting surface textures.
The optical effects of the changing surface structures are
demonstrated microscopically and macroscopically.

We expect that this work makes an important step in the
development of actuator- and soft robotics related applications
to control, just to mention a few, surface tribology for robotic
handling, particle mitigation for self-cleaning and cell growth
in biomedical systems.

4. Experimental section

4.1. Materials

Glass substrates with the patterned ITO electrodes were pro-
vided by South China Normal University. The poly(dimethyl-
siloxane) (PDMS) silicone elastomer and curing agent (Sylgard
184) were obtained from Dow Corning.

4.2. Sample preparation

The PDMS curing agent was added to the silicone elastomer at a
concentration of 2 wt% to obtain a soft and flexible network.
After thorough mixing of the two components, the trapped air
in the sample was removed under reduced pressure. Prior to
use, the interdigitated ITO substrates with various patterns
were cleaned by ultrasonication for 20 min in acetone and
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isopropanol respectively and dried with nitrogen flow. The
PDMS mixture was applied on the substrates by spin-coating
at 7000 rpm for 2 min, which produced a coating thickness of 8
pm. The resulting layer of PDMS was cured overnight at 70 °C.
After subjecting the PDMS surface to a 10 minutes UV-ozone
treatment, a thin layer of gold (10 nm) was sputter-coated on
top of the PDMS layer at a current of 30 mA for 18 s.

4.3. Characterization

The alternating electric field with a square pulse function was
provided by a function generator (Tektronix AFG3252). The
electric signal from the function generator was then amplified
with an amplifier (Falco Systems WMA-300). The output voltage
was measured with an oscilloscope (Keysight InfiniiVision
DSO-X 3032T). The surface topographies were measured with
a Digital Holography Microscope (Lyncée Tec.). The thickness
of the samples was measured by an interferometer (Fogale
Nanotech Zoomsurf). The electric field-induced surface
dynamics of the coatings were simulated in 3D using Marc
Mentat 2014.0.0.
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