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Reconfigurable and Latchable Shape-Morphing Dielectric
Elastomers Based on Local Stiffness Modulation

Bekir Aksoy and Herbert Shea*

Programmable soft materials exhibiting dynamically reconfigurable, revers-
ible, fast, and latchable shape transformation are key for applications ranging
from wearable tactile actuators to deployable soft robots. Multimorph soft
actuator sheets with high load-bearing capacity are reported, capable of
bending on multiple axis, made by combining a single dielectric elastomer
actuator (DEA) with two layers of shape memory polymers (SMPs) fibers and
an array of stretchable heaters. The rigidity of the SMP fibers can be reduced
by two orders of magnitude by Joule heating, thus allowing the orientation
and location of soft and hard regions to be dynamically defined by addressing
the heaters. When the DEA is then actuated, it bends preferentially along

the soft axis, enabling the device to morph into multiple distinct configura-
tions. Cooling down the SMPs locks these shape changes into place. A tip
deflection angle of over 300° at 5 kV is achieved with a blocking force of over
27 mN. Devices using two antagonistic DEAs are also reported that attain

crawling robots that can fold themselves,!°]
tactile displays capable of controlling
both the geometry and the mechanical
properties allowed more realistic haptic
sensations, self-folding mechanism in
microscale was utilized for encapsulation
and delivery of drugs.l®] A single material
system that combines shape reconfigur-
ability, reversibility, speed, and latching
would enable complex functional mecha-
nisms, yet has proven very challenging to
develop. Such an active material requires
spatial stiffness tuning to reconfigure soft
actuators for multiple distinct shapes, an
integrated addressing system for stiffness
or actuation control, suitable active mate-
rial, and appropriate design method to

more complex shapes. Multimorphing is demonstrated by gripping objects
with different shapes. An analytical model is developed to determine the
design parameters that offers the best trade-off between large actuation and

high holding forces.

1. Introduction

Shape-programmable matter refers to a class of active mate-
rials whose geometry can be controlled by stimuli such as
heat,U light,”l and magnetic® and electric fields™ to achieve
or augment a broad range of functional mechanisms such as
grippers, mobile robots, or drug delivery systems. Unlike their
rigid counterparts, programmable soft materials®! designed
for dynamically reconfigurable shape transformations enable
seemingly simple structures to perform complex tasks, for
example, origami-inspired surface morphing was used for
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reach simultaneously large deformation
and high load-bearing capacity. We report
here a multistable and reconfigurable
shape-morphing sheets combining a die-
lectric elastomer actuator (DEA) with ther-
moresponsive shape memory polymers
(SMPs) activated by an array of stretchable
heaters (Figure 1). This active sheet addresses the above-men-
tioned challenges.

Soft stimuli-responsive materials developed for shape pro-
gramming can be classified into five main groups: ionic elec-
troactive polymers (IEAPs), hydrogels, liquid crystalline elas-
tomers (LCEs), DEAs, and shape memory polymers.’) IEAPs
respond directly to electric fields, with an actuation based on
transport of ions within a polymer membrane. They can gen-
erate deformations using low driving voltages, leading to
research in possible biomedical applications.l'?! Due to their
low coupling efficiency, their electromechanical performance
has been insufficient for practical applications.’] Hydrogels
undergo reversible large volume changes of up to several times
of their initial volumes by swelling-shrinking when subjected
to a wide range of external stimuli, for example, ion concen-
tration, pH, heat, light, and electric field.' Due to their simi-
larities to living organisms (namely wet and soft), they have
been of interest for biomimetic structures. However, they can
only operate in aqueous environments, require mass trans-
port of the solvent, and have a response time of order several
minutes, and thus poorly suited for many robotic applications.
LCEs obtain their shape transformation by changing the direc-
tion of their molecular order when exposed to different stimuli,
often temperature.” They can perform in dry and wet envi-
ronments with reversible large deformations, with directional
strains of up to 400%.13] During the fabrication, their actuation
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Figure 1. The working mechanism and the layers of the multistable reconfigurable dielectric elastomer sheets. a) The shape transformation cycle
showing bending about a Joule-heated soft axis. The hot and cold heaters are colored red and black. b) A photograph of an as-fabricated device showing
the active and passive regions. Total thickness is 560 um. c) The multistable dielectric elastomer sheet consists of a DEA, two sets of vertical and
horizontal heaters separated by the insulation layers, and two SMP grids. The schematics on the right show the cross-section view of the dielectric
elastomer sheet. d) Photographs of six different latched states.

Adv. Funct. Mater. 2020, 2001597 2001597 (2 Of'") © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

shape can be programmed by preparing them with local vari-
ation in the director orientation.”*™ The force generated by
LCEs is generally limited by the film thickness; the thicker the
film, the higher the force. However, increasing their thicknesses
reduces the achievable deformations and increases the fabrica-
tion complexity of localizing the alignment of these materials,
a requirement to achieve complex deformations. DEAs are
electrostatically driven actuators that can generate very large
deformations™ and are to date, the most widely used electro-
active polymers.’! They have been developed for numerous
applications such as mobile soft robots capable of working in
different environments,' tunable optics,l”! pumps,'® wear-
able haptics,) manipulation of delicate objects,?” or studying
cell mechanics.?! The electric field needed to actuate DEAs is
around 20 V um™ to 150 V um™, which implies a voltage of
several kilovolts for typical elastomer membrane thicknesses,
though lower operating voltages have been reported.!*d

These first four categories of stimuli-responsive materials do
not inherently exhibit any shape fixation abilities. Mechanically
latching them would eliminate the need of applying continuous
power to hold a position, enabling more energy efficient soft
systems and in most cases longer lifetime. SMPs, on the other
hand, can repeatedly hold a temporary deformed shape and
then recover their permanent shape upon application of an
external stimulus.?”l Thermal programming of SMPs has been
the most widely utilized approach in robotics thanks to con-
venient triggers such as photothermal and Joule heating. The
stiffness of thermoresponsive SMPs can be tuned by sweeping
the temperature across their glass transition (T¢) region to
switch from a soft hot state for easy deformation to a hard cold
state (latched state) for high load-bearing.?¥ Despite their dis-
tinctive function and shape control, most SMPs have one-way
shape memory effect, and thus they need to be reprogrammed
through external loading for each deformation.

An effective approach to achieve a reversible multistable
shapes is to combine shape memory polymers with another
stimuli-responsive material, that is, SMP + IEAPP4 or
SMP+DEAs.[2%4 For this reason, SMPs have previously been
combined with soft actuators to create integrated latching
mechanisms."©22>25] However, these systems cannot be recon-
figured to achieve multiple distinct configurations. Recently,
Ze et al. combined low-coercivity (for heating) and high-
remanence (for actuation) magnetic particles with the shape
memory polymers to achieve locking and unlocking of multiple
deformations.??? The magnetization profile of these particles,
however, needs to be reprogrammed at high magnetic fields
to achieve different configurations under the same external
field.1322¢]

In this work, we introduce multistable and reconfigurable
shape-morphing DEA sheets by combining the DEA with heat-
activated SMPs and an array of soft stretchable heaters. The
SMPs serve as dynamically reconfigurable boundary conditions.
The mechanical boundary conditions for DEA fabrication play
a defining role the deformation the DEA will generate. They
are typically defined during device fabrication. Boundary condi-
tions include, for example, incorporating stiff fibers 292261 and
bonding the dielectric elastomers to rigid or flexible frames.?’!
Another way to change DEA actuation shape is to use a set of
electrodes with varying geometries to generate out of plane
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motions.l?l Multilayer fabrication of stacked electrodes with dif-
ferent shapes can produce multiple shape morphs according to
which set of electrodes the voltage is applied to.?*"! Multiseg-
mented structures can achieve different deformations based on
which section is electrostatically addressed.[28%2]

This work uses stiff fibers to control DEA motion direc-
tion, but implement the fibers with stiffness tunable SMPs
to morph DEA sheets into multiple distinct configurations.
The SMP layer acts as dynamically reconfigurable 2D array of
fibers ( Figure 1). By locally heating the SMP, we soften only
specific fibers (or portions of fibers), thus defining a tempo-
rary soft axis about which the bending preferentially occurs
when a voltage is applied to the dielectric elastomer sheet. Mul-
tiple distinct configurations are obtained by heating different
regions and by choosing the sequence of heating and actuation.
After the deformation is achieved, the SMPs are cooled down
to lock in the deformed shape, enabling zero-power actuated
states. Upon cooling, the SMPs become over 200 times stiffer,
increasing substantially the load-bearing capacity. Their ability
to withstand external loads in the latched states depends on
the thickness of the individual SMP layers and the distance
between them (i.e., bending moment of inertia). Devices with
thicker SMP layers have however less actuation deformation.
We developed an analytical model to determine the optimum
SMP thicknesses and SMP film positions that offers the best
trade-off between large actuation deformation and high holding
forces. The model includes up to 11 layers and accurately pre-
dicts the behavior of the multistable dielectric elastomer sheet
at the actuation, latched, and load-bearing states without using
any fitting parameters. The latched zero-power state is >4 times
stiffer than the devices at the soft actuated states.

2. Results and Discussion

We report below two examples of complex shape morphing
from a thin sheet, first using only one DEA, then using two
antagonistic DEAs to generate more complex shapes. We then
present and experimentally validate a model for deformation
and holding force.

2.1. Shape Morphing and Latching through Localized Stiffness
Modulation of Shape Memory Polymers

The multistable shape morphing mechanism is illustrated in
Figure 1a. It consists of a DEA (a dielectric membrane and two
compliant electrodes), two sets of vertical and horizontal heaters,
two SMP grids, and electrical insulation layers. The heaters pro-
vide the thermal stimulus needed for the softening and the shape
recovery. The orientation of the heaters defines the soft axis of
bending, and thus ultimately the possible deformed configurations.

When specific segments of the SMPs are softened by the
Joule heating, a temporary soft axis is created, about which the
DEA-induced bending occurs when the DEA voltage is applied.
To visualize the soft and stiff regions in the device in Figure 1a,
the addressed (hot) and the unaddressed (cold) heaters are
colored red and black. When the voltage is applied to the DEA
electrodes, only the region in the vicinity of the addressed heater
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bends. The DEA cannot significantly deform the unheated
regions. The SMPs are then allowed to cool, locking the device
into a stable deformed configuration (referred as temporary
shape). The permanent flat shape can be simply recovered by
reheating. This device can be reconfigured for another shape
transformation by addressing different heaters. Total thickness
of the device is 560 wm; more details are in Section 4.

Figure 1c shows the layers of the structure, with heater con-
figured for six possible shape transformations. With a different
patterning of the heaters, we can introduce different regions of
deformations within the elastomer sheet for additional mor-
phological transformations. Figure S1, Supporting Information,
shows the deformations around two diagonal axes when the
diagonally oriented heaters are addressed.

To morph the dielectric elastomer sheet shown in Figure 1b
to reach the shapes shown in Figure 1d, we first heated the left
vertical segment of the device to 85 °C, followed by applying
6.25 kV across the dielectric membrane to bend this soft seg-
ment (a lower voltage could be applied if less bending is
desired). Once bent, the applied voltage was maintained at
6.25 kV while the device was allowed to cool for 30 s. This is
the shape fixing (or shape programming) step where the device
is locked in the actuated state. We turned off the high voltage
after the shape fixation, yielding the zero-power actuated posi-
tion, the first image in Figure 1d. This shape is stable as long
as the temperature remains below the T of the SMP. The per-
manent (i.e., initial as fabricated) flat shape was then recovered
by heating the device to 85 °C for 30 s. The shape morphing
cycle was repeated for the other five segments. Figure 1d shows
the deformed images of six latched configurations. The dashed
green lines indicate the soft axes created during the actua-
tion. By combining spatial stiffness tuning technique with the
shape memory effect in the dielectric elastomer sheets, one can
achieve a continuous deformation in various directions without
the need of complex joint mechanisms and can hold a given
actuated position with zero power.

2.2. Complex Shapes Based on Sequential Deform-and-Hold
Operations

We integrate a second DEA in an antagonistic configuration to
enable more complex shape transformations, with both positive
and negative curvature, using a sequence of deform-and-hold
operations of different segments. We report a sheet that can
morph, amongst other configurations, into “S” and its mirror
“2” shapes. The operating cycle is schematically demonstrated
in Figure 2a. First, the right-hand side of the device is deformed
with a forward bending and locked in place. Then, the flat left-
hand side of the device is bent in the opposite direction of the
first bending (backward bending) and subsequently latched.
The deformation of the right segment is preserved during
the second shape transformation thanks to the cold SMPs in
this region. This way, we can decouple the deformations of
two neighbor segments and therefore can achieve a deformed
S-shape with the left and the right parts having the opposite
shapes.

We implemented two DEAs in a dielectric elastomer sheet
to adopt an antagonistic behavior. This was achieved by placing
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two identical DEAs on opposite sides of the stacked layers. The
device had two SMP grids, a layer with three vertical heaters,
and two antagonistic DEA layers, placed to enable forward and
backward bending (Figure 2b).

Figure 2c shows two complex mirror shapes obtained in a
single dielectric elastomer sheet. We first softened the left-
hand side of the device (=75 °C) by addressing the left-column
heater and applying a voltage of 5.5 kV to the first DEA, which
in return only bent the left segment in the backward direction.
This deformation was fixed by cooling the SMPs. Subsequently,
we simultaneously softened the right segment and electro-
statically actuated the second DEA. This generated a forward
bending in the right-hand side of the device. Following another
shape fixation after the second actuation, we latched the device
in an S-shape configuration (see the first image in Figure 2c).
The mirror shape of this deformation (2-shape) was achieved
by swapping the synchronization of the DEA actuation and the
addressing of the Joule heaters. For this, the actuation of the
first DEA is synchronized with the right-column Joule heater,
and similarly the second DEA with the left-column heater. As
these DEAs have antagonistic behavior, the Maxwell stress gen-
erated during the second actuation tries to unfold the deforma-
tion of the first segment. However, The SMPs in this region
are cold (hence stiff) and they can resist this unfolding force.
As depicted from the experimental photographs shown in
Figure 2c, the cold SMPs hold the deformed shape under the
Maxwell stress.

2.3. Design Principles and Analytical Modeling to Maximize
Both Actuation Deformation and Holding Force

The active sheets consist of up to 11 layers of elastomer, com-
pliant electrode, insulation, and SMP. The thickness of each
layer and the order of the layers (e.g., SMP at center or at
outer layer, one or two SMP layers, heaters inside or outside;
see Figure S4, Supporting Information, for three examples
of stacks) plays a central role in obtaining both high bending
angles and high holding force. Thicker SMP layers enable
higher bending stiffness in the cold state, and thus higher load
carrying ability. But due to their non-zero stiffness in the hot
state, thicker SMP layers reduce the actuation deformation.

We developed an analytical model to quantify the trade-off
between large actuation bending and high holding force. The
model helps determine the optimum design parameters of
the sheets (SMP and DEA film thicknesses and layer order).
The model computes bending angle in three different states:
1) the actuation state with the DEA voltage on and the selected
heaters on, 2) the latched state where the deformation is held
by the cold SMPs (DEA is off), and 3) the load-bearing state
where an external force is applied to the latched device, that is,
the latched state with a load.

When a voltage is applied across the DEA, it expands later-
ally, thus applying a bending moment to all layers, hence gen-
erating curvature in the sheet. The beam bending was analyzed
using Stoney’s equations for the mechanical equilibrium.?% We
assumed that the Maxwell stress was uniform and remained
constant during the deformation. The strain generated was
small enough (<0.10) to use a linear elasticity model. We used
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Figure 2. Complex mirror deformations are achievable by synchronizing the electrostatic actuation of the two antagonistic DEAs and the addressing of
the Joule heaters. a) The shape transformation cycle showing the sequence of the deform-and-hold operations to achieve S-shape deformation. b) The
antagonistic dielectric elastomer sheet consists of two DEAs placed on the opposite sides of a central a set of vertical heaters, and two SMP grids on
the outside. It has a thickness of 775 pum. c) Photographs showing the morphing of the flat sheet into two mirror shapes.

the force equilibrium in the tangential direction and moment
equilibrium about the z-axis (Figure 3a). The elastic force due
to the deformation of all layers is equal to the force generated
by the voltage applied to the dielectric membrane. Adopting the
ideal dielectric elastomer model, we can write the equation of
the force equilibrium in the tangential direction as %31

r—T1;
J " [—X po" JdAz IA eF2 dA )

where Y; is the Young's modulus of ith membrane, 7, is the
neutral axis, p, is the radius of the curvature, € is the permit-
tivity of the dielectric membrane, and E is the applied electric
field. Subscripts all and die stand for “all layers” and “dielectric
membrane.” Similarly, the equation of the moment equilib-
rium about the z-axis can be written as
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j N [_Yi r;r" erA = JAmc (eE?)rdA 2)
0

The film thicknesses, positions, stiffness (as a function of
temperature), and geometries are used as inputs. We solve for
ro and py. The tip deflection angle (the deflection at the free
end, see the rightmost schematic in Figure 3a) is 6, =Lp,',
where L is the initial length of the device.

Figure 3b shows as a color scale the tip deflection angle at the
actuated state (for an electric field of 20 V um™, and the SMPs
in the soft state) versus the thickness of both SMP layers, for the
device shown in Figure 1c. When the device bends, the first SMP
layer (the layer closest to the DEA) is on the outside (highest tensile
stress) and the second SMP is at the inside of the bending. As the
structure is non-symmetric, the two SMP layers have drastically

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED FUNCTIONAL

SCIENCE NEWS ATERIALS
www.advancedsciencenews.com www.afm-journal.de
a) Initial state Actuation Latched (zero-power) Tip deflection angle

} DEA electrodes
Bl Dielectric elastomer
<«—> | Electrical insulator

Stress types : —»Tensile <—Compressive [l Heating electrodes

b) Tip deflection angle (actuation) c) Tip deflection angle (latched) d) Bending stiffness (Latched at 311/2)

0 20 40 60 80 100
N/m]

0 m/2 m 3n/2 2m 5m/2
[rad]

0 n/2 n 3m/2 2n 5n/2
[rad]

25

25 _
§20 = . 5
‘o 520 @
3 » ol
<15 % S
S 215 S
S 3 s
10 <
% % 10 o ?,
5.5 %) -

o o

0
0 10 20 30 40 50

i 0 10 20 30 40 50
2" SMP thickness [um] 10 20 30 40 50 2" SMP thickness [um]
2" SMP thickness [um]
e) i f) )]
350 : Actaution 5 Latched l 2
Y 10 — Actuation
2 0.4 — | atched
5 —
€ 20 e -
3 = =6
o 15 @ £
[} » E 4
s £ &
%) 5 (%] 2
0 g Z 0
-5 '5/| \ 2
0 100 200 300 400 500 -10 0 100 200 300 400 500

0 100 200 300 400 3500

Distance [um] Distance [um]

Distance [um]

h) 200 )L
5 3
= Actuation, Exp. .E
— Actuation, Model
%‘ 1501 | L Latched, Exp. 2
S — Latched, Model e
& 7]
s e
S 100t E [ b
S BN O R
S “ { 4 Latched (DEA off, heating off)
R b @ Actuated (DEA on, heating on)|]
S 50t § ‘::‘ Latchedyoge
= &
0 1 1 1 L s N .. " L n
0 1 2 ’ 3 4 5 00 1 2 3 4 5 6 7
Applied voltage [kV] Displacement [mm]

Adv. Funct. Mater. 2020, 2001597 2001597 (6 Of11) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

FUNCTIONAL
MATERIALS
www.afm-journal.de
different effects on tip deflection: the first SMP layer has a higher J‘gnp M oM
stiffening effect on the bending than the second SMP. Increasing A=, YI oP ds &)

the thickness of either SMP layer decreases the actuation defor-
mation. As depicted in the plots of stress versus cross-section posi-
tion in Figure 3e (for the case corresponding to the black square in
Figure 3b), the first SMP layer has the highest tensile stress. The
legend of the stress plots is given in panel a. The neutral axis (zero
stress) for this device is located in the second SMP layer, meaning
that most of the DEA force is used to deform the first thinner
SMP layer and the other non-SMP membranes.

Cooling down the SMPs fixes the actuation deformation into
place, with a slight relaxation when the DEA voltage is removed.
The sheet finds a new mechanical equilibrium for which we can
write similar equilibrium equations of the force and the moment
as we did for the actuation phase. In this equilibrium state, the
compressive stress of the SMP layers is balanced by the ten-
sile stress of the other membranes (Figure 3a). Figure S2, Sup-
porting Information, compares the stress—strain—temperature
behaviors of thermoresponsive SMPs and the materials without
shape memory ability. Details regarding modeling along with
some practical design considerations are included in the Sup-
porting Information. Figure 3c plots the tip deflection angle
in the latched state as a function of the two SMP thicknesses.
Comparing Figure 3b,c, we see a reduction in tip deflection, and
that the two SMP layers have markedly different effects on the
actuation and latching performances. A thicker first SMP layer
decreases the actuation deformation but enables latching with
higher tip deflection. The second SMP layer alone is insufficient
to lock the device; we need the first SMP layer to lock in a posi-
tion. Figure 3f,g confirm the relaxation and the shape fixation
phenomena. In the latched state, all non-SMP layers are still
under tensile stress, held in place by the SMP layers. The stress
in the first SMP layer goes from tensile (actuation state) to com-
pressive (latched state) due to shape fixation. The relaxation of the
device upon removing DEA voltage can be observed in the strain
plots in Figure 3g; the strain in the actuation is higher than the
strain in the latched state. The strain in first SMP layer has posi-
tive strain in the actuation state but negative in the latched state.

Finally, we compute an effective bending stiffness in
the latched state as a proxy for the holding force. Both SMP
layers play key role in determining this bending stiffness. We
employed the usual form of Castigliano’s first theorem®? to the
curved device with a tip deflection angle of 1.5z rad (inset of
Figure 3d). The displacement of the curved beam (A,) due to an
external force of P can be expressed as

where M is the moment due to P, Y;I; is the equivalent stiff-
ness of the all layers with Y; and I; being the Young’s modulus
and the area moment of inertia of ith membrane, respectively.
The bending stiffness of this curved beam is then found as
Kending = PA;l. Figure 3d shows the 2D plot of the bending stiff-
ness versus thickness of the two SMP layers. The bending stiff-
ness increases with the increase of both SMP thicknesses: high
holding forces are in the top right of Figure 3d, but high deflec-
tions are obtained in a region near the bottom left.

To find a reasonable operating region, we first computed the
SMP thicknesses for which the device can achieve a tip deflec-
tion angle > 300° (1.677 rad). The region fulfilling this require-
ment is enclosed by the yellow curve in Figure 3d. The SMP
thicknesses for our devices are selected by the pair of values
that give the highest bending stiffness within this region. The
fabricated device shown in Figure 1b has 7 pm and 22 um thick
SMP layers, corresponding to the red square in Figure 3d. Both
the experimental results and the model predictions show that
the thickness of the SMP layers, the locations of the DEAs,
the distance between the SMP layers, and the relative position
of the shape locking materials (SMPs) to the other materials
have major roles in the actuation and latching performances.
Figure S4, Supporting Information, shows the model results
for three different designs in which the layer order was varied,
highlighting the importance of neutral axis location and careful
choice of film stack sequence. This analytical model can be
easily adapted for the multistable bending actuators to optimize
their actuation, latching, or load-bearing capacities. The actua-
tion part of this modeling can be used for all bending DEAs.

2.4. Experimental Validation of the Modeling Using the
Tip Deflection Angle and Bending Stiffness

Our model requires knowing the Young’s moduli of the mem-
branes at room and at elevated temperatures. We carried out
a dynamic mechanical analyzer (DMA Q800 from T.A. Instru-
ments) on each material. Young's moduli versus tempera-
ture data is provided in Figure S3, Supporting Information.
Sweeping temperature from 29 to 70 °C reduces the stiffness
of the SMP by more than 200 times while the stiffness of the
other materials decreases by approximately three times.

Figure 3. Modeling of the multistable dielectric elastomer sheets for the actuation, latching, and load-bearing states, and experimental validation.
a) The leftmost three cross sections show the deflection for three different states. The close-ups show the stress distribution. In the “actuation” state,
the DEA is on and the SMP is soft. In the “latched” state, the DEA is off and the SMP is rigid. The SMPs have compressive stress whereas the other
layers are under a tensile stress. The rightmost schematic shows the tip deflection angle, the criterion used to quantify the deformation. b,c) The tip
deflection angle plotted as a color scale as a function of the two SMP thicknesses, for the actuated and latched states. The SMP layers have different
effects on the actuation and latching performances. d) Color plot of bending stiffness of a curved dielectric elastomer sheet (latched at 1.5 rad) versus
the two SMP thicknesses. The inset shows the configuration used to determine the bending stiffness. The yellow line delimits the regions of SMP
thicknesses where both the actuated and latched states have a deflection greater than 300° (1.677 rad). The SMP thicknesses of the device shown in
Figure Ta is highlighted in red square. e,f) The stress profiles in each membrane at the actuation and latched states, for the device shown in Figure 1a
at an actuation voltage of 5 kV. g) Strain versus position during actuation and after the device is latched. Strain in the actuation state decreases lin-
early from 10% to around 0%; the first SMP layer has the highest and second SMP layer have smallest deformation. When the device is latched, the
strain relaxes in the non-SMP materials and first SMP layer then has compressive strain as opposed to tensile during actuation. h) Comparison of the
experimentally measured tip deflections and model predictions, showing good agreement. i) Measured bending stiffness of a curved device, showing
4x higher stiffness in the latched state than at the soft actuated state.
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We used the tip deflection angle as the validation parameter
for our model. Figure 3h compares the model predictions with
the experimental results for the case when the dielectric elas-
tomer sheet was actuated at an elevated temperature (70 °C)
and latched at 29 °C. 178° (=7 rad) tip deflection was measured
at 5.5 kV at 70 °C where the model predicted a deflection of
197° (=1.11z rad). When the device was latched at the room tem-
perature, it held most of its actuation deformation: following
5.5 kV actuation, 86% shape fixation was measured while the
model predicted 83%.

Larger deformations can be obtained by further increasing
the temperature, as the SMP becomes even softer. A tip deflec-
tion of 300° (1.67 rad) was obtained at 5 kV when the device
was heated to 90 °C during actuation. Higher temperatures
however increase heating and cooling times and increase the
cross-heating between heater regions.

We measured the bending stiffness of the deformed dielec-
tric elastomer sheet and compared with the analytical model.
For the force measurement, the dielectric elastomer sheet was
first actuated and locked at an angle of 180° (x rad). Two force
measurements were carried out on this bent structure: one at
the soft actuation state (the DEA and the SMP heating were
on) and the other one at the latched state (both DEA and SMP
heating were off). Figure 3i shows the measured bending stift-
ness of a deformed dielectric elastomer sheet at the actuation
and the latched states. The bending stiffness of a device at a
latched zero power state was =~4.3 times higher than in the soft
(hot) actuated state.

a)

Vertical fibers stiff
Horizontal fibers soft

Horizontal fibers stiff
Vertical fibers soft

MATERIALS
|

www.afm-journal.de

2.5. Gripping Objects with Different Shapes and Shape Fixation

To illustrate the versatility enabled by the shape reconfigur-
ability, we first used the gripper to pick and place objects with
two very different shapes (a circular screw and a horizontal
tube), as shown in Figure 4a and Video S1, Supporting Informa-
tion. The device was first actuated in a vertical bending shape to
grip a circular plastic screw by softening the horizontal fibers.
When the horizontal SMP fibers were softened, the stiff vertical
SMP fibers (the effective stiff fibers) set the deformation mode.
In Figure 4a, the soft fibers are shown in red and stiff fibers are
in blue. After releasing the screw, the gripper was configured
to pick a plastic tube by heating the vertical fibers, leaving the
horizontal ones stiff. The gripper can thus alternate between
different deformed shapes to easily grasp a range of objects.

Figure 4b and Video S2, Supporting Information, show the
sequential deform-and-latch of three identical devices to illus-
trate shape fixation locked into different configurations.

Each device was first connected to the power supply, actu-
ated, latched, and finally disconnected from the power supply.
Each device had different latched configuration. The bottom
row of Figure 4b shows the different stable deformed configura-
tions of these three devices. The latched shapes could be used
for example as reconfigurable RF antennas or optical reflectors,
allowing devices to take on new beam shapes, without requiring
any power to hold the new shapes.

When the SMPs are soft, the device can actuate quickly (can
grasp object in seconds, limited here by the viscoelasticity of

Steps

Actuating device #1

Power disconnection #1
Actuating device #2

Power disconnection #2
Actuating device #3

Power disconnection
all devices

Figure 4. a) Gripping objects with very different shapes by heating either horizontal or vertical fibers to enable DEA actuation in vertical or hori-
zontal axes. The horizontal SMP fibers are softened during actuation to wrap around a circular screw. The vertical fibers are then softened to pick-
and-place a plastic tube (Video S1, Supporting Information). b) Shape fixation of three initially identical devices, showing examples of three stable sates
after the electrical connection were removed (Video S2, Supporting Information). All three devices can recover their initial flat state by heating with

no DEA voltage.
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the acrylic elastomer, could be much faster if using silicone
elastomers).7>21 Latching relies on passive cooling. For our
dimensions, it takes tens of seconds to cool down below Tg.
Latching is an essential property for long-term use at zero
power, such as holding an object in place for long duration,
or for smart delivery systems that hold a fixed shape fixed
during transportation and recover their shape once at destina-
tion. Latching also enables more energy efficient system and it
avoids the device breakdown due to applying high voltages for
long periods.

2.6. Discussion on Designing Multistable DEA Using SMPs

This section presents qualitative outcomes of our model, to
serve as a guide for designing multistable DEA sheets based on
our architecture. We discuss on the thermomechanical prop-
erties of shape memory polymers that can improve the device
performance.

Based on the modeling and experimental results, we suggest
the following mechanical design rules for obtaining simultane-
ously large deformation and high holding force. The highest
bending stiffness (blocked force) is achievable when two SMP
layer are used (instead of one SMP layer) and they should
locate at the outsides of the stacked layers so that the distance
between them is greatest. This gives the highest area moment
of inertia (as the cold SMP is the stiffest material).

Thicker SMP layers lead to higher blocked force. How-
ever, due to the limited force from the DEA, the thickness of
the SMP layers and the location of the DEA should be chosen
carefully. We found that the DEA can generate a high bending
moment when the SMP layers have different thicknesses and
when the DEA is placed close to the thinner one. The reason
being that in this configuration, the neutral axis is close to the
thicker SMP layer and the DEA is as far as possible from the
neutral axis. Therefore, the bending moments (simply the DEA
force times the distance between the DEA and the neutral axis)
is maximum. This configuration results in the maximum strain
in the thin SMP film and the minimum strain in the thick SMP
layer (Figure 3g). As deforming thinner layers is easier, this
gives a higher deflection.

If higher bending angles are required, a thin additional pas-
sive layer can be bonded to the outer side of the thick SMP layer
to shift the neutral further away from the DEA, increasing the
bending moment. The thickness of this layer is crucial as thick
layer significantly increases the area moment of inertia during
the actuation, so a careful balance must be found.

In addition to, or instead of, changing mechanical designs
such as the layers order and thickness, the thermomechanical
properties of the shape memory polymers can be tuned to
increase the device performance. Among many options, thermo-
responsive SMPs are good candidate for this application not
only due to their high shape fixation ratio and shape recovery
but also due to the very large stiffness change around their T.
Based on their shape-fixing and shape-recovery mechanisms,
Liu et al. classified SMPs into four main groups: 1) chemi-
cally cross-linked glassy thermosets, 2) chemically cross-linked
semicrystalline rubbers, 3) physically cross-linked thermoplas-
tics, and 4) physically cross-linked block copolymers.33l Because

Adv. Funct. Mater. 2020, 2001597 2001597 (9 of 1)

the performance of our DEA+SMP devices relies on a very
high ratio of modulus below and above T (or Ty for crystal-
line cases), glassy thermosets and thermoplastics are the best
options,3334 even though sharper transitions can be obtained
from semicrystalline SMPs.

Lowering the SMP stiffness above T¢ by changing the cross-
linking density or by material synthesis would lead to higher
actuation deformation. However, these changes must not
decrease the stiffness at temperatures below T because this
would decrease the holding force. Simply stated, using SMPs
that are very stiff at T < T¢ and very soft at T > T¢) will maxi-
mize device performance. Shape memory polymers with sharp
glass transition region will increase the speed of the device
because only a small temperature change (AT) would be suf-
ficient to switch states, reducing heating and cooling times.

3. Conclusion and Outlook

We combined a single soft actuator (a DEA) with a grid of
shape memory polymers and an array of stretchable heaters to
realise multistable and reconfigurable shape-morphing sheets.
By addressing the integrated heaters, we can program local and
temporary soft axes in different directions that allow dynamic
control of multiple distinct deformations when the dielectric
elastomer sheet is globally electrostatically actuated. We demon-
strated more complex shape transformations by sequentially
deforming and latching different regions. The shape memory
polymers enabled holding the devices in the actuated shape
with good blocking force once all voltages are removed.

The devices we report here could be fabricated using additive
manufacturing techniques to reach higher resolution or fur-
ther improve performance, for example by local thickness con-
trol of SMP or DEA. The device could be made faster by using
photo-sensitive SMPs, or by embedding a microfluidic cooling
systems. Dynamic control of shape change with latching ability
can introduce multifunctionality and novel capabilities in soft
devices."*] Shape morphing sheet can be applied to soft
robots to create, for example, reconfigurable wings and legs to
adapt to different terrain or missions.

4. Experimental Section

The multistable dielectric elastomer sheets were made of stacked layers
of acrylic elastomer, acrylic conductive elastomer, and shape memory
polymer. The dielectric membranes were 250 um thick acrylic elastomer
(VHB 9473PC from 3M) and they were cut into 30 mm x 50 mm sheets.
For the DEA and Joule heating electrodes, conductive acrylic materials
(AR-care 90366 from Adhesives Research) were used. The thickness
of conductive acrylic was 32 pm. The DEA electrodes were cut into
28 mm x 28 mm and placed on the opposite sides of the dielectric
membranes, forming the active DEA region in Figure 1b. The fabricated
device a buffer (passive) region located between the DEA region and
the clamps. As this region is soft, it reduces the clamping effect on the
DEA performance. The heating electrodes had a length of 28 mm and a
varying width of a 5 and 0.5 mm. The narrow regions of the heaters were
overlapped with the SMP segments. The electrodes are patterned using
a laser cutter (8011 Speedy 300, from Trotec). To electrically insulate the
heating electrodes, 50 um thick acrylic elastomers (F9460PC from 3M)
were used and they were cut into 30 mm X 50 mm sheets. As for the

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

SMP material, thermoplastic shape memory polyurethane (MM4520
from SMP technologies) was used. SMP membranes were fabricated
using a similar method as previously reported.2® Mixed SMP pellets
were first mixed with dimethyl sulfoxide (DMSO, from Sigma-Aldrich)
at a weight ratio of 1:4, then dissolved at 80 °C for 12 h. This mixture
was casted on the top of a Teflon sacrificial layer. The DMSO was then
evaporated at 80 °C in an oven for 1 h. The cured SMP membranes was
patterned into grids using the laser cutter. Once all membranes were
ready, they were laminated them to assemble the devices. Thanks to
tackiness of the acrylic elastomers, no surface treatment was required
to bond the membranes. Once assembled, markers were put at the
bottom edge of the device which were tracked to measure the radius
of the curvature. Some devices were coated with thermal dust (131F,
from Solarcolordust.com), which helped us to get rid of the tackiness
and image the hot region without the need of a thermal camera. For the
validation experiments, a thermal camera (FLIR A50 from FLIR Systems,
Inc.) was used to measure the temperature of the device.

To measure the radius of curvature, the markers were first tracked
on the deformed images and then a circle was fitted to them using a
custom Matlab code. Figure S5a, Supporting Information, shows two
processed images where the circles were fitted to the tracked markers
for undeformed and deformed states.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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