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ABSTRACT: Bistable electroactive polymers (BSEP) combine shape memory with large-strain
actuation at the rubbery state to achieve rigid-to-rigid actuation. The stiffness of the BSEP is
tunable via glass transition or phase changing. The reversible melting-crystallization of the
polymer chains in the phase changing BSEP contributes to the stiffness change within a narrow
temperature range. A modulus change of more than 1000 folds can be achieved within 3 °C.
Additionally, large actuation strains rivaling those of VHB acrylic elastomers can be obtained at
the rubbery state. Explorations regarding potential applications of this material have been focused
on tactile displays. In one design, Joule heating of a serpentine-shaped compliant electrode coated
on a BSEP film, coupled with a pneumatic pressure source has been employed to raise diaphragm
dots with 1.5 mm base diameter to heights up to 0.7 mm. The resulting Braille electronic readers
could thus be actuated with low voltages.
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INTRODUCTION: Among all the electroactive polymers (EAPs) investigated, dielectric
elastomers (DEs) stands out by exhibiting a unique combination of properties, including large
strains, fast response, high energy densities, mechanical compliancy, and low cost.!*  For
example, when sandwiched with compliant electrodes, the acrylic elastomer, 3M VHB 4910, can
reach 100% or greater area expansion with a maximum elastic energy density of 3.4 J/g under high
driving voltages. However, the extraordinarily large actuation strain is obtained at the sacrifice of
materials’ mechanical stiffness which in turn hinders the applications of the DE actuators in
adaptive structures. In addition, the high voltages are required to maintain the large deformation,
leading to significant energy consumption, material fatigue, and a reduced lifetime.

Bistable electroactive polymers (BSEPs) can amalgamate the shape memory property with
dielectric elastomers to obtain rigid-to-rigid actuation’® owing to their temperature dependent
stiffness. The BSEP is rigid below its transition temperature, while above this temperature, it
behaves like a dielectric elastomer and exhibits large electrically-induced actuation strain and high
dielectric field strength. The deformation can be locked by cooling the BSEP below its transition

temperature when the polymer turns stiff again. The transition temperature of BSEP is also tunable.
Fast response and low energy consumption can be achieved with narrowed transition temperature

range. These features render the BSEP a promising smart material candidate for the fabrication of
Braille electronic readers.

Braille has been the media to educate blind children literacy. There are 1.3 million legally blind
individuals in the Unites States and among them 55,000 are children.”®. Despite the advancements



in smartphones and tablets, a tactile version of comparable compactness and low cost serving the
vision impaired population is not available on the market. The technical challenge has been the
creation of a suitable actuation mechanism that produces larger deformation with a sufficiently
high blocking force.’

Here, we report a refreshable tactile display with Braille standard resolution that combines the
specific actuation feature of BSEP with the Joule heating of a serpentine-patterned carbon
nanotube (CNT) electrode.” The system can be heated up to 70 °C under 30 V voltage supply in
less than 1 s. The blocking force is 51 grams after the BSEP film is cooled down. The out-of-plane
displacement induced by pneumatic pump is 0.5 mm. The demonstrated 3 x 2 pneumatic tactile
device can be operated for over 100,000 cycles.

Mechanical Properties of the BSEP Polymer.

Utilizing techniques derived in our previous research, '»!! modified BSEP films comprising stearyl

acrylate (SA) and a urethane diacrylate oligomer (UDA) were synthesized. The resulting SA-UDA
copolymers were characterized using a dynamic mechanical analyzer (DMA) at a temperature
ramping rate of 2 °C/min from 25 to 55 °C at the mechanical loading frequency of 1 Hz. Fig. 1A
shows that below the transition temperature, the storage modulus is on the order of 50-200 MPa.
This is due to the crystalline aggregates of stearyl acrylate (SA) acting as hard segments.
Increasing the temperature above the transition temperature melts the crystalline aggregates and
causes a dramatic decline in modulus. The rigid-to-rubbery transition can be completed within
3 °C. Once reaching the rubbery state, further increasing temperature does not affect the storage
modulus, which is beneficial for obtaining stable electrical or pneumatic actuation with large
deformation. Varying the ratios of SA: UDA could tune the transition temperature of the BSEP;
higher SA: UDA ratios resulted in larger storage moduli in the rigid state as the percent crystallinity
increased. A modulus change of more than 1000 folds can be achieved within 3 "C. The stress-
strain curves of the BSEPs were obtained at 60 °C to maintain their rubbery states. Samples with
dimensions of 3 mm width, 6 mm length and 170 pm thickness were tested at a stretch rate of 3.33
mm/s. The tensile strengths are 0.26 MPa and 2.64 MPa for BS80 and BS60 along with increasing
tear strain from 191% to 234%, respectively. Results in Fig. 2B and Table 1 show that a larger
amount of UDA contributes to higher toughness, but diminishes the modulus at the rigid state.
Further, the copolymers softens at lower temperature as the UDA content is increased.

Table 1. Mechanical properties of SA-UDA Copolymers at 60 °C.

Elongation at break  Tensile strength

Sample (%) (MPa)
BS50 205 2.80
BS60 234 2.64
BS70 232 1.87

BS80 191 0.26
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Fig. 2. Mechanical properties of SA-UDA copolymers. (A) Evolution of storage modulus
measured by DMA with temperature ramping from 25 °C to 55 °C at 2 °C/min. (B) Stress-strain
curves at 60 °C.

Fig. 3. Schematic illustration of rigid-to-rigid actuation mechanism of BSEP.



Fig. 4. Demonstration of shape memory effect of BSEP. (/eft: reference sample without any
treatment; right: testing sample going through heating-stretching-cooling cycle)

Shape Memory Property. The variable stiffness and actuation of BSEP are illustrated in Fig. 3.
The BSEP comprises crystalline aggregates of the long alkyl side chains in a crosslinked polymer
matrix, which makes the polymer film translucent.'>'* By melting the crystalline aggregates, the
BSEP turns clears and rubbery. This deformation can be preserved by cooling down the material
due to re-crystallization of the long alkyl chains. Reheating the polymer above Tm recovers its
original shape. Fig. 4 shows the shape memory property of BS60. Two BS60 strips of 1 cm width
was marked with two parallel blue tapes gapping 2 cm (Fig. 4A). The left strip serves as reference,
while the right one is heated to 70 °C when it turned from translucent to transparent (Fig. 4B). The
heated strip was stretched to a 100% strain, and then cooled down to ambient temperature. The
deformation was locked. The strain fixity rate was close to 100% after removing the load (Fig.
4C). Full recovery of the original shape and translucency was obtained by a reheating-cooling
cycle (Fig. 4D).
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Fig. 5. Details of a Braille cell architecture. (A) BSEP active film sandwiched with two adhesive
layers. (B) Compact tactile display with 3 X 2 pixels array in the pneumatic system.

Device Fabrication and Actuation Performance. The one-cell tactile display was comprised of
two major parts: BSEP active film and pneumatic system. Carbon nanotube solution was prepared
following steps in our previous research.” !>1® The Joule heating serpentine CNT (S-CNT)
electrode was created by spraying coating on glass substrate and then laser engraving. The
functional BSEP film was sandwiched by two double-sided Kapton™ tape. The pneumatic system
consists of a pneumatic chamber and a miniature pump. The pneumatic chamber and chamber
cover were made by 3D printing and were sealed to ensure an airtight environment. The design
can be seen in Fig. 5B. The chamber size is 40 mm x 40 mm x 10 mm. The tactile cell contains 6
tactile pixels (taxels) with layout following the Braille standard; each taxel has 1.5 mm diameter
with 2.5 mm center-to-center distance between adjacent taxels. The BSEP film can be locally
heated within 1 second to 70°C with a 30V voltage supply applied to the serpentine-shaped CNT
electrode heater. Data supporting this heating rate can be seen in Fig. 6A. Infrared images of the
S-CNT Joule heating electrodes in Fig. 6B showed “U” “C” “L” “A” in Braille characters. The
Joule heating film generated uniform heat across the surface without cross talk among dots. After
the BSEP film is softened, a low pneumatic pressure 160 mmHg was applied which induce a large
out of plane deformation of the BSEP film. The height of the diaphragm dot was raised by ? mm.
Removing thermal stimuli, the BSEP film became rigid, and the out-of-plane displacement was
preserved. The raised height matches the required displacement for Braille displays!’.

To examine the electrical continuity of the S-CNT electrode, the resistance of the electrode was
measured as a function of biaxial deformation, and the results are shown in Fig. 6A, there shows
an increase of resistance by ?% when the area expansion reaches 200%. Thus the electrode can
effectively heat the BSEP film at its maximum deformation. The resistance and Joule heating
characteristics remained stable for over 100,000 cycles at a frequency of 0.8 Hz as shown in Fig.
6B.

The blocking force of the taxels was tuned by using BSEP films of different thicknesses. The films
were all actuated to a raised height of 0.5 mm. An incrementally increased force was applied to
press on the tip of the raised dots until the dots became flattened. As Fig. 7 shows, the measured
blocking forces, the force required to press a raised dot of 0.5 mm height to flat, are 10, 51, and 95
grams for the BSEP films with thicknesses of 40 um, 90 um and 170 um, respectively. Thicker



BSEP films provide higher blocking force.
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Fig. 6. Temperature profiles of S-CNT electrode under 30V (A). The “Softening” line indicate the
temperature above which the polymer is soft, and the “Stiffening” line the temperature below
which the polymer is stiff. (B) Demonstration by infrared images of the corresponding S-CNT
Joule heating electrode showed “U” “C” “L” “A” in Braille characters. The scale bars are 2 mm.
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Fig. 7. (A) Normalized resistance of one S-CNT electrode under different area expansions. (B)
Lifetime test on an S-CNT Joule heating electrode with a 100% area expansion deforming and
releasing cycle at a frequency of 0.8 Hz for over 100,000 cycles.
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Fig. 7. Forces applied to Braille dots originally raised by 0.5 mm and the displacements of the dot
from the original raised height. Thickness of the BSEP films are specified.

CONCLUSIONS

BSEP’s sharp transition temperature range allows rapid transition between its rigid and rubbery
states by Joule heating. The transition temperature ranges are tunable by the polymer’s
composition. Above the transition temperature, the BSEP is in the rubbery state and exhibits large-
strain deformation ability. This deformation is locked when it is cooled below the transition
temperature. These unique properties make BSEP a suitable material for tactile display
applications, such as Braille electronic readers. The tactile device we have developed can operate
at a voltage supply as low as 30V. The serpentine-patterned carbon nanotube electrode promises
uniform and high heating rates up to 200% strain. The Braille dots can be operated repeatedly for
over 100,000 cycles.
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