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Abstract

We report on the development of a PDMS-SMA composite whose surface micro wrinkles can
be dynamically programmed by an electrical current supplied to the SMA wire. It is
advantageous over other techniques for surface topographical modulation, including
portability, real-time programmability, no requirement for specific surface chemistry,
operability under ambient conditions, and relative ease of control. A simplified mechanical
model is also developed to describe the force-deflection balance of the PDMS-SMA
composite. The wavelengths and amplitudes of the wrinkles when different currents applied to
the SMA are characterized, and the experimental results agree with the theoretical model. The
developed composite device can be applied to programmable modulations of surface adhesion,

friction, wettability, etc.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Surface wrinkling is a form of instability occurring in
mechanical systems [1-6]. Similar to buckling, surface
wrinkling is also caused by a bifurcation in the solution of the
equations of static equilibrium. When the strains of a thin
hard layer and an adjacent soft bulk material are mismatched,
the internal stress deforms the originally flat bi-layer structure
into the sinusoidal waves on the surface [7, 8]. The trans-
formation between flat and wrinkled is a surface geometrical
change, and the dimensions of the wrinkles can be spread to
several orders. Many applications have been developed using
wrinkles within micro- and nano-scales—for example, control
of cell alignment [9], generation of microlens arrays [10, 11],
design of optical devices [12-16] (gratings) [17, 18], phase
control of liquid crystals [19], design of semiconductors [20],

0964-1726/14/115007+09$33.00

tuning of surface adhesion [21], tuning of surface wettability
[22-26], design of micro-fluidic devices [15, 26], control of
shape of micro-droplets [27], and measurement of ultrathin
films’ properties [28-30].

These ordered surface wrinkles can be generated by
several different methods: differential heat contraction
[12, 17, 31], UV/ozone (UVO) treatment
[10, 11, 24, 26, 31, 32], electrical inducement [16, 33, 34],
surface pattern swelling [3, 5, 35], mechanical stretch or
compression [2, 4, 6, 11, 13, 18-21, 25-28, 30, 36, 37],
actuation of shape memory polymer [9], etc. However, these
methods usually require sample fabrication or manipulation in
well-controlled surroundings such as a temperature-controlled
environment, UVO setting, electrical circuit layout, or solvent
immersion; most of these are incompatible with the elec-
tricity-based control systems adopted in practical engineering
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systems. In addition, the surface wrinkles generated by some
methods lack a robust mechanism to be dynamically tuned in
real time. All these constraints reduce the reliability and
repeatability of surface wrinkle systems in daily engineering
applications.

Previously, we reported on the fabrication and tuning of
micro-scale surface wrinkles based on external mechanical
force modulation. By simply stretching the poly-
dimethylsiloxane (PDMS) sample and then performing oxy-
gen plasma treatment, the self-organized wrinkles are
permanently formed when the external stretching force is
released [36]. Furthermore, depending on the strain releasing
sequence of the two planar axes, pattern of the wrinkles can
be generated in 1-dimensional (1D) wavy ripples, 2D random
herringbone structure, or 2D zigzag highly-ordered herring-
bone structure. The external force modulation method is
further utilized to fabricate a microlens array [11] and in-situ
tuning of adhesion [21] and wettability [25]. Though the force
method can easily be used in and translated to/from different
ambient environments, having a human operator to apply the
external forces in-situ is still inconvenient. If an automatic
tuning system is desired, it is even more cumbersome to have
a motorized system built next to the sample for the external
force generation.

PDMS has been mixed with other materials to form
smart functional composites [38—42]. These PDMS compo-
sites formed with PZT [38], carbon particles [42], and nickel
particles/fibers [41] can be actuated via piezoelectric pres-
sures, photothermal effects, and magnetic forces, respec-
tively. Micro/nano-scale wrinkling patterns also have been
realized on the surfaces of shape memory polymers (SMPs)
via coatings of thin gold layers [43]. In comparison with
shape memory alloys (SMAs), SMPs generally have a
higher recoverable strain but a much lower recovery stress
[43—46]; therefore, the actuation force of SMPs is usually
lower. In this paper, aiming at automatic and programmable
electrical-signal-based control on wrinkle formation and
disappearance, we report on a composite made of PDMS
and SMA. SMA allows large-scale thermal-induced defor-
mation [47, 48], whereas PDMS elastomers can easily be
oxidized with a thin silica layer on the surface to produce
surface wrinkles using oxygen plasma treatment. By com-
bining SMA and PDMS to form a composite, we are able to
program or dynamically control the wrinkle formation and
disappearance by widely-used electrical signals. Thus, a
portable and controllable composite device for in-situ
topologically changeable micro-wrinkles can be achieved;
this device can further be used for tunings of wettability,
adhesion, or friction.

The rest of the article is organized as follows.
Section 2 describes the design concept, fabrication process,
and modeling of the mechanism of the proposed PDMS-
SMA composite. Section 3 presents the performance of
the composite and discusses its behavior. Section 4
describes the experimental details, and section 5 concludes
the work.

2. Design, fabrication, and modeling of the
composite

2.1. Design concept and mechanism of the PDMS-SMA
composite

Based on partially linear and partially nonlinear 1D stability
analysis of a flat thin high-modulus layer attached to a semi-
infinite low-modulus substrate [7, 8], if the compression strain
(e) of the thin layer passes the critical value (¢.) [7, 8]
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the thin layer exhibits buckling to form sinusoidal wrinkles.
The notations E and v are the Young’s modulus and Poisson
ratio, respectively, while the subscripts s and ¢ accordingly
indicate the substrate and thin layer. The wavelength of the
wrinkles (4) can be described as

it

A= , 2

G (2)

where ¢ indicates the thickness of the thin layer. The ampli-
tude of the wrinkle (A) can be given as [49, 50]

A=1]E_1. 3)
&

Note that amplitude is a function of (¢) but that wavelength is
not. Thus, when the material is continuously compressed to a
higher strain level, the wavelength theoretically stays at the
same value but the amplitude increases accordingly. Our
previous experimental investigation showed that the wave-
length also decreased due to the effect of un-modeled high
nonlinearity when the strain was sufficiently large [36].

Based on the phenomenon described above, if the thin
hard layer is attached to the stretched elastic soft substrate
with strain (go) larger than the critical strain (e.), the elastic
energy of the substrate compresses the thin hard layer and
buckles it into a wrinkle form when the stretch is released.
Theoretically the sample is at rest with a length at which the
elastic force of the substrate balances the buckling force of the
thin layer. Usually the substrate is much thicker than the thin
layer (i.e., with large stiffness), so the sample can be restored
close to its natural length (i.e., small strain of the substrate can
create enough elastic force to balance the buckling force). In
this case, the wrinkles of the sample can be stably formed
without further assistance. When the sample is stretched to the
level where the strain of the thin layer is less than the critical
strain, the wrinkles of the thin layer disappear and revert to a
flat state. As a result, the sample can dynamically change its
state between flat and wrinkled with different amplitudes,
depending on the strain applied to the sample.

The strain is a useful, convenient, and controllable factor
for dynamic tuning of the sample surface, and its generation
requires a force. Here, the Ni-Ti SMA wire is utilized as the
force generator. If the SMA wire is embedded into the sub-
strate with a length shorter than its ‘memorized’ length, and
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Figure 1. Illustration of the fabrication process of the PDMS-SMA
composite with dynamically programmable surface micro-wrinkles.

the wire is passed with current (i.e., joule heating), the SMA
tries to restore its original length, resulting in stretching of the
substrate. The sample is balanced with the length where the
elastic force from the substrate matches that from the SMA. In
the meantime, the strain of the thin hard layer decreases, thus
decreasing the amplitude of the wrinkle or further flattening
the surface. As a result, by changing the current passing
through the SMA, the wrinkle state can be tuned accordingly.

2.2. Fabrication process of the PDMS-SMA composite

The overall fabrication process and device operation proce-
dure are depicted in figure 1. First of all, the SMA wire is
deformed into a wavy shape by passing the SMA wires
through a rolling gear pair as shown in figure 1(a). Second,
the SMA wire is placed into a fixture which can confine the
geometrical shape of the wire to prevent any possible defor-
mation caused by the follow-up annealing process. The fix-
ture is composed of two solid side plates and one middle plate

with a wavy groove whose shape is identical to the SMA
wires after rolling. As shown in figure 1(b), in this step, the
wire is first placed within the groove and covered by two side
plates, and then the three plates are screwed together. Next,
the fixture with the wire is put into the oven for annealing as
shown in figure 1(c). Owing to the shape memory nature of
SMA, the deformation by cold working at below the trans-
formation temperature may be recovered at higher tempera-
ture. Therefore, we constrain the SMA and anneal it at 650 °C
for 1 h to define the SMA into a wavy shape. Next, the wire is
taken from the fixture and compressed to a shorter length as
shown in figure 1(d). The SMA is then embedded into the thin
PDMS sheet as shown in figure 1(e). In this step two thin side
PDMS sheets with a uniform thickness need to be made first.
This can be achieved by molding the PDMS within two
parallel glass sheets spaced at a fixed distance (i.e., thickness
of the side sheet), and then removing one of the glass sheets
after PDMS curing. The SMA wire is then sandwiched by
these two PDMS side sheets with a fixed distance where the
glass sheets are placed on the outer side. Then the uncured
viscous PDMS liquid is filled into the gap (as shown in
figure 1(f)) and cured (as shown in figure 1(g)). The curing
process includes a room temperature stage and a follow-up
elevated temperature curing. This strategy allows the PDMS
to solidify to an elastomer, preventing the SMA from gen-
erating unwanted temperature-induced deformation when
elevated temperature curing is applied. Next, the PDMS-SMA
composite is stretched with a fixed strain by the external
clamping jig and exposed to oxygen plasma, as shown in
figure 1(h). After the process, a thin and rigid silica layer is
generated on the PDMS surface. When the external stretched
force is released, the PDMS-SMA composite is restored close
to its natural length. In the meantime, the thin silica layer is
simultaneously deformed into wrinkles as shown in
figure 1(i). When an electric current is applied to the SMA
wire, joule-heating increases the temperature of the wire
which undergoes a phase transformation into parent phase.
The SMA wire is elongated and balanced with a PDMS-bias
spring. Thus, the PDMS-SMA will be stretched and the sur-
face wrinkle will disappear as shown in figure 1(j). With this
electrically-controlled deformation of the SMA, dynamic
switching of the surface topography is achievable (i.e.,
switching between 1(i) and 1(j)). The photo of the fabricated
composite is shown in figure 2(a).

2.3. The simplified motion model

The PDMS-SMA composite achieves the surface topography
change by strain mismatch between the hard thin layer and
the soft substrate, and the required forces for this deformation
are from SMA (extension) and PDMS (restoration), respec-
tively. The PDMS is one type of elastomers, and its force-
deflection relation is reasonably approximated by an ordinary
linear spring when the deformation is small. The force-
deflection relation of the SMA is determined by two factors:
memory effect and change of Young’s modulus. When the
SMA undergoes phase transformation at a certain temperature
range, the two phases, Martensite (low temperature phase)
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Figure 2. Force-deflection balancing model of the PDMS-SMA
composite: (a) Photo of the composite; (b) Simplified two-spring
model of the composite; (c) The force-deflection relation of the
model.

and parent phase (high temperature), rest in different natural
lengths as well as possess different Young's moduli. Besides
PDMS and SMA, the generated hard thin layer on top of the
PDMS also has a mechanical effect, but the resultant force of
the layer is much smaller such that its force-deflection effect
is ignored. As a result, the bi-directional sample deformation
is dominated by the forces generated by the PDMS and the
SMA, and this mechanism can be approximated as the par-
allel-connected SMA spring and PDMS spring as shown in
figure 2(b). Because the memory effect of the SMA is one-
way, the PDMS spring can be regarded as the ‘bias spring’ for
the SMA, engaging SMA at a different length when the
memory effect is not activated (i.e., no joule heating). This
device is thus functioning as a two-way actuator [47]. As
described in sub-section 2.2, the natural length of the PDMS

spring is intentionally set to be shorter than the memorized-
length of the SMA. As the temperature rises (i.e., device is
joule heated), the composite is stretched to release the strain
of the hard thin layer, flattening the wrinkles. On the other
hand, when the temperature drops (i.e., convective cooling),
the elastic force of the PDMS shortens the length of the
sample, thus buckling the hard thin layer into wrinkles.

The length of the PDMS-SMA composite is balanced at
the length where the forces generated in the PDMS and SMA
are equal in magnitude but opposite in direction. Figure 2(c)
depicts the force-deflection mechanism of the composite.
Corresponding to figure 1(c), assuming the SMA is memor-
ized with length d and has no externally applied force, it is
operated at point A where is the origin of the SMA coordi-
nate, as shown in figure 2(c). Next, corresponding to
figure 1(d), it is largely compressed because deformation of
the SMA passes the elastic range and reaches plastic regime.
When the compression force releases, the SMA retains the
deflection dy (i.e., minus sign). The operation point of the
SMA is moved from point A to point B via the purple dotted
curve as shown in figure 2(c). Note that the curve is the
resultant ‘force-deflection’ relation of the wavy-shape SMA
spring,” not the relation of the SMA itself. Referring to
figure 1(g), because the PDMS is cured at this moment, its
natural configuration is located at point B that is the origin of
the PDMS coordinate. Its force-deflection relation is plotted
as a solid green line. When the SMA is joule heated, the SMA
tends to revert to its memorized length at point A because of
the shape memory effect. However, owing to the existence of
the PDMS spring, the final configuration of this composite is
balanced with the deflection dj, (i.e., point C as shown in
figure 2(c)); the forces generated in the PDMS and SMA are
equal in magnitude but opposite in direction. Note that in this
computation the force-deflection relation of SMA in high
temperature condition should be used, which is plotted as a
red dash-dotted curve, shown in figure 2(c). In short, the
composite is stretched with length dj, — d (i.e., positive sign)
at high temperature by joule heating. When the sample tem-
perature is lowered by convective cooling, one can assume
that the new natural length as well as the force-deflection
pattern of the SMA spring remains unchanged. In this case,
the new origin of the SMA is located at point C, and the
force-deflection relation of the SMA is depicted by the blue
dashed curve, which has the same shape as the purple dotted
curve but with its origin offset. Thus, when the composite
cools down, it is balanced with deflection d;, marked as point
D in figure 2(c). The composite is compressed with length
d;—d,;, (positive sign). When the composite is heated again,
the deflection goes back to point C. Afterward, the composite
is balanced at point C upon heating and at point D upon
cooling. Thus, the length change corresponding to the tem-
perature change is d;—dj,. Note that the PDMS and the SMA
have thermal expansion as well, but the length change owing
to this effect is small compared to the memory and spring
effects, so thermal expansion is ignored in this model. It is
worthwhile to note that the bulk PDMS is in fact interlocked
with the SMA spring, so the force-deflection relations of the
PDMS and SMA, as well as their interactions, is expected to
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Figure 3. The sequential optical-microscope images of the PDMS-SMA composites when different currents are applied to the SMA wire.

be more complicated than the simplified parallel-spring
model, which may result in a discrepancy between the
experimental result and the prediction of this simplified
model. Nevertheless, the simplified model provides insight
into the deformation mechanism and a rough quantitative
estimation of the composite.

3. Results and discussion

Figure 3 plots the micro-wrinkles observed by the optical
microscope with different electric currents passed to the SMA
wire embedded in the composite. When the current increases
to 2.4 A, the clarity of the wrinkle pattern gradually decreases.
When the current reaches 2.5 A, the hard thin layer is stret-
ched back to a flat configuration and the pattern suddenly
disappears. Note that the wavelength of the wrinkles remains
roughly the same during the joule heating process. Owing to
the light condensation by the wrinkles, the grey or white
colors represent specific positions of the wave and the dis-
tance between two adjacent identical colors is equal to the
wavelength of the wrinkles. The wavelength of the wrinkles is
computed to be 41=1.479 yum by the Fast Fourier transform.
On the other hand, during the heating process the clarity of
the pattern gradually decreases, indicating the reduction of
wrinkle amplitude and diminution of the light condensation.
When the composite is cooled down, the wrinkles re-appear.
The phenomenon of wrinkle formation and disappearance
matches the phenomenon predicted by the model described in
section 2.1.

The geometrical properties of the wrinkles are further
characterized by the optical profiler as shown in figure 4,
where 4(a) and 4(b) plot the peak-to-peak value (i.e., twice
the amplitude of the wrinkle) and wavelength of the wrinkles
versus current, respectively. When the current increases, the
amplitude of the wrinkles decreases and their wavelength
remains the same. Because of the thermal and hysteresis
effects on the bulk PDMS, the wrinkle formation and dis-
appearance happen at a slightly different current, but the
trends generally match the optical microscope observations
and the theoretical model. As the currents reach 2.4 and 2.2 A,
the images shown on the optical profiler appear with visible
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Figure 4. Amplitude peak-to-peak value (a) and wavelength (b) of
the wrinkles on the surface of the PDMS-SMA composite.

wrinkles, the same as in the photos taken by the optical
microscope. However, the automatic wave finder built with
the instrument cannot identify the shallow wrinkles, so the
software yields zero outputs of the wavelength and the
amplitude. In summary, the measurement obtained from the
optical profiler confirms that the design of this composite
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structure for wrinkle formation and disappearance is well-
functioning.

Figure 5 plots the comparison of the amplitude peak-to-
peak value versus current between the data measured from
optical profiles and calculated from the theoretical model. The
computation details are described as follows. The Young’s
modulus of the PDMS are experimentally measured to be
E; = 1.4 MPa. The commonly-used Poisson ratio of the
PDMS is 15 = 0.5, and Young’s modulus and Poisson ratio of
the oxidized hard thin layer are E; = 73.1 GPa and v, = 0.17.
Together with measured wavelength 1 = 1.479 um, by
equation (1) the buckling strain is e, = 4.42E — 4. The
thickness of the oxidized hard thin layer, #, is derived to be
between 9.9 nm by equation (2), reasonably matching the
values reported in other literature [2, 21, 51]. Next, together
with the released strain ¢ = 0.05, the amplitude of the wrin-
kles can be yielded by equation (3). The amplitude of the
wrinkles is Ay = 0.105um when the composite is not heated.
The amplitudes of the wrinkles at other current conditions can
be computed in a similar manner, as plotted in figure 5. Note
that, for plotting, the computed amplitudes are multiplied by
two since the vertical axis of the figure indicates amplitude
peak-to-peak value. The results shown in figure 5 reveal that
the values of measured amplitudes agree with the theoretical
calculations, which indicates that the mechanism for con-
trolling the surface micro-wrinkles by the electricity is pre-
dictable as well as functional. This provides a valuable design
guideline for future development when the surface topo-
graphical change is further utilized for other applications such
as change of wettability and adhesion.

4. Experimental

4.1. PDMS-SMA composite fabrication

The Ni-Ti SMA wire and gear pair shown in figure 1(a) are
commercially available. The diameter of the SMA (Nan-
Cheng Co.) is 0.8 mm, and the S45C gear pair has 15 teeth

and modulus of 4. The mold shown in figure 1(b) is made
with steel and has thickness of 1 mm, and the groove is
formed by laser cutting. The SMA wire is cut and inserted
into the groove, at which the end-to-end length of the SMA
spring is 160 mm. The annealing process shown in figure 1(c)
is done in the oven (DF202, DENG YANG) at 650 °C for 1 h
and cooled down to room temperature by air convection. In
the process shown in figure 1(d), the apparent length of the
SMA spring is compressed from 160 mm to 60 mm and then
annealed. The PDMS is 184 Silicone Elastomer from Dow
Corning® with mix ratio of 10:1. The thickness of the PDMS
sheet shown in figure 1(e) is 0.5 mm, and is cured at 60 °C in
the oven (Lindberg/Blue M™ LGO Box Furnaces, Thermo
Scientific) for 12h between two 10 mm thick glass plates.
Two thin PDMS sheets are required. After removing one side
glass plate of each PDMS-glass mold, the SMA wire is placed
in the middle of these two thin PDMS sheets with a glass
plate on the back. The spacing is controlled at 1 mm, and
another batch of PDMS mixture is poured into the spacing to
make the PDMS-SMA composite as shown in figure 1(f). The
PDMS is first cured at room temperature for 12 h to prevent
thermal-induced deformation of the SMA, and then cured at
60 °C in the oven for another 12h to complete curing, as
shown in figure 1(g). The thickness of the cured PDMS-SMA
composite is 2 mm. The composite is cut into strips with a
length of 50 mm and a width of 10 mm. The extra 5 mm of the
SMA on each side is reserved for connecting to the power
source for joule heating the SMA spring.

4.2. Wrinkle formation

The fabricated PDMS-SMA composite is stretched lenght-
wise by 5% and fixed on the clamp to maintain its elongation.
The stretched composite is then subjected to oxygen plasma
treatment (PX-250, Nordson MARCH) for 10 min with power
rating of 300 W as shown in figure 1(h). After the treatment, a
thin and stiff oxidized siliceous layer is formed on the com-
posite surface. After releasing the tension, the oxidized
siliceous layer is buckled to form micro-wrinkles on the
surface of the composite as shown in figure 1(i). After this
initial formation, the stretch of the composite is actuated by
elongation of the SMA via supplying current through the
SMA wire. The commercial power supply (E3631A, Agilent)
is used to provide the electrical power for SMA.

4.3. Wrinkle manipulation

The electrical power is the active control command to the
composite. The formation and disappearance of the wrinkles
is mainly determined by the length of the composite, which is
further controlled by the thermal condition of the SMA. To
understand the relation between the active control input and
the thermal condition of the SMA, the quantitative relation
among the voltage, current, and temperature of the SMA and
PDMS-SMA composite was investigated, with the result
shown in figure 6. The thermal distribution was taken by an
infrared camera (TVS-500EX, NEC Avio Infrared Tech. Co.),
and figure 6(a) shows an exemplary thermal image. Eight
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Figure 6. The thermal and electrical properties of the PDMS-SMA
composite: (a) Thermal image of the PDMS-SMA composite; (b)
Voltage vs. current of the SMA within the PDMS-SMA composite;
(c) Temperature vs. currents of the bare SMA spring and PDMS-
SMA composite.

different currents were sequentially supplied to the SMA: 0,
0.5,1.0, 1.5, 2.0, 2.2, 2.4, and 2.5 A, each for 5 min, to reach
thermal equilibrium. Figures 6(b) and (c) show the relations
for voltage versus current and temperatures of the composite
and bare SMA versus current, respectively. The voltage and
current information is directly read from the power supply.
The olive dashed line shows the surface temperature of the
composite, and the pink solid line shows the temperature of

only the SMA wire without the PDMS. The actual tempera-
ture of the SMA embedded within the PDMS-SMA compo-
site lies in the region between these two temperature curves.
The presented statistical result is the summary of several
experimental runs. The monotonic variation confirms that the
SMA temperature controlled by electricity is practical and
repeatable.

4.4. Measurement

The images shown in figure 3 were taken by an optical
microscope (DMI 6000 B, Leica). The wrinkles’ profiles
shown in figures 4 and 5 were taken by the optical profiler
(VK-9710, KEYENCE). The Young’s moduli of the PDMS
and the SMA spring were experimentally measured. Both
were measured by the same setup, and here the setup for
PDMS is described as the demonstration. The PDMS strip
was placed vertically and clamped on both sides. One end
was connected to a heavy weight and mounted on the elec-
tronic scale with a resolution of 0.5 g, and the other end was
hung from the top with a screw system, which can stretch
PDMS precisely by small amounts. After the PDMS was
carefully clamped on the system with natural length, the scale
was reset to zero. Next, the PDMS was gradually stretched by
designated amounts while the readings on the scales were
recorded. The stretch was then gradually released by the same
method. The stretch-release process was repeated several
times without interruption, so that the force-deflection relation
of the initial movement and the follow-up movement (i.e.,
with plastic deformation) could be recorded. The force-
deflection of the SMA spring at room temperature was
obtained by the same method. That of the SMA spring at
parent phase (high temperature phase) was found in a similar
manner, except that the SMA wire was soaked in the beaker
with hot water.

5. Conclusions

We report on the design of a PDMS-SMA composite with
dynamically programmable surface micro-wrinkles. Simply
by applying oxygen plasma treatment on the stretched PDMS
elastomer, an oxidized siliceous hard thin layer forms on top
of the PDMS surface. When the stretch force is released, the
elastic force of the PDMS returns the PDMS back to its
natural configuration, and the micro-scale wrinkles auto-
matically generate owing to the mechanical instability
induced by the strain mismatch between the hard thin layer
and the elastic bulk PDMS material. More importantly, the
surface topography can be in-situ and repeatedly varied
between high wrinkles and flat surfaces, depending merely on
the stretch level of the sample. To make the surface-topo-
graphy-changeable system portable and programmable, Ni-Ti
SMA wire with a memorized length longer than the natural
configuration of the PDMS is embedded within the PDMS
through a multi-step fabrication process. Thus, when the
electrical current is applied to the SMA wire, the joule heat
changes the phase of the SMA between Martensite and parent
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phases, resulting in the change of Young’s modulus and the
recovery force which stretches the PDMS-SMA and flattens
the composite surface. When no current is applied, the elastic
force of the PDMS shortens the composite and forms the
wrinkle. Therefore, based on this internal and bi-directional
force balance mechanism, the surface wrinkles can be dyna-
mically programmed simply by electrical signals. A simpli-
fied mechanical model was also developed to describe the
force-deflection balance of the PDMS-SMA composite,
which takes the Young’s modulus change and natural con-
figuration change into account. The wavelengths and ampli-
tudes of the wrinkles while different currents are applied to
the SMA are characterized. When the current gradually
increases, the wavelength of the wrinkles observed by the
optical microscope and optical profiler remains at roughly the
same value, and the amplitude of the wrinkles decreases.
When the current reaches 2.5 A, the wrinkles disappear. The
quantitative topographical behavior of the wrinkles matches
that estimated by the theoretical model. The compact design
and simple programmability of the proposed PDMS-SMA
composite can be readily deployed into various empirical
applications, such as programmable surface adhesion, fric-
tion, wettability, etc.
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