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Abstract: A high-resolution flexible active skin with a matrix of 32x24 individually
addressable tactile pixels on a 4 mm pitch is reported, based on shape memory polymer (SMP)
actuators. The intrinsic multistable nature of SMPs, and their more than hundred-fold variation
in stiffness over a narrow temperature range, enables dense arrays of actuators exhibiting
simultaneously large strokes and high holding forces. The control challenge of addressing a
very large number of soft actuators is solved by patterning an array of miniature stretchable
heaters on a thin SMP membrane, so that one single pneumatic supply is sufficient to rapidly
and selectively reconfigure any or all elements. The device consists of a 40 um-thick SMP
layer, on which 32x24 stretchable heaters are integrated, interconnected by a flexible PCB and
bonded to a stretchable 3D-printed pneumatic chamber. Each taxel can be individually
controlled via row/column addressing, and requires 2.5 s to latch to a different state. The active
skin weighs only 55 g and is 2 mm thick. More than 99% of the 768 taxels are fully functional,
with a lifetime in excess of 20’000 cycles. This architecture enables applications in haptic
displays, active camouflage, biomimetic robots, microfluidics, and new human machine
interfaces.
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Main text

Plants and animals sense their environment to adapt their shape and pose accordingly, often
with amazing speed. Anyone who has touched the eyespot at the tip of the tentacles of a snail
knows how quickly the gastropod can retract first its tentacles into its body, then most of its
body into its shell. Cuttlefish and the Indonesian mimic octopus (Thaumoctopus mimicus) are
the best-known examples of animals that change body and skin shape with very high spatial
and temporal frequency to replicate a broad range of textures, from smooth, to rippled, or even
bumpy. They can thus accurately match the appearance of surrounding animals, plants, rocks
or background."” Much research has been carried out on flexible optical camouflage and
purely optical reconfiguration based a wide range of principles, including microfluidics,™

+31 Dielectric Elastomer Actuators (DEAs),[(‘] and

stretchable light emitting diodes,’
electromechano-chemically responsive elastomers.” Yet to date, very little work has been
reported on mechanically reconfigurable surfaces with hundreds of independent actuators, for
camouflage, communication, haptics displays, or reconfigurable soft robotic systems. The ideal
reconfigurable surface would change both appearance and mechanical function.

We present here a novel concept to fully reshape arrays of hundreds of densely packed flexible
Shape Memory Polymer (SMP) actuators by synchronizing local Joule heating with a single
pressure supply, enabling individual control of all actuators using low voltage signals. We
pattern compliant heaters on thin SMP membranes in order to precisely define regions where
the stiffness can be locally changed by over two orders of magnitude. By a timely
synchronization of the thermal stimuli and the external pressure, each actuator can be
independently, reversibly and rapidly latched into several positions (Figure 1). This flexible
matrix of latching actuators is highly versatile: in the mechanical domain, it can exert high
forces, needed for instance for compliant haptic interfaces, arrays of microfluidic valves, or soft

robotic grippers. The deformable surface also controls how electromagnetic waves are reflected,



Preprint of published article. The final pdf is available at https://doi.org/10.1002/admt.201700102

leading to applications in camouflage, adaptive optics, and reconfigurable radio-frequency (RF)
or millimeter-wave surfaces.

To illustrate the potential of the active skin, we made a high-resolution haptic display because
this application is one of the most demanding in terms of force and displacement requirements.
Dense arrays of individually addressable actuators for flexible applications are particularly
challenging to realize, given the simultaneous requirements on force, displacement, speed, and
power consumption for nearly any task where the device must serve a mechanical function. The
rapidly growing field of soft robotics generally consists of systems with a very small number
of actuators.®) While this is in part because the compliance of soft systems enables shape

[9

adaptation with a limited number of transducers,” it also reflects the challenge in devising

actuation strategies for scalable large matrices of densely packed soft actuators. For instance,

1O granular jamming, !

most soft manipulators and grippers based on pneumatic actuation,
DEAs,"*" DEA coupled with electro-adhesion,*! or shape memory alloys ' have either only
one actuator, or several actuators all driven by the same control signal (e.g., a 3-finger gripper
driven by a common pressure supp]y).m]

To allow for a larger number of independent actuators, pneumatic systems can be multiplexed,
as shown by Thorsen et al,l"® but this approach has limitations, and scaling to larger number of
actuators is unsolved for portable systems. Selective heating of a 65x65 matrix of stimuli
responsive hydrogel has been reported, using an external projector to remotely heat the taxels
for actuation.') Despite its fast response time, the system exhibited a low force and stroke.
Arrays of flexible DEAs were reported by Koo et al as a flexible device that can be wrapped
around a finger, but with very short stroke.”” Addressing large arrays of soft actuators is an
unsolved problem.

Phase change materials combine programmable softness and high holding forces. Thermo-

responsive SMPs have attracted attention in the last decade for their controllable and reversible

Preprint of published article. The final pdf is available at https://doi.org/10.1002/admt.201700102

stiffness change in response to external thermal stimuli.”'* The Young’s modulus of SMPs
decreases by up to 1000 times over a narrow temperature range when heated above the glass
transition temperature T,, which is generally between 25 °C and 125 °C.! Recent material
from Ren et al exhibits a change from 100 MPa to 0.1 MPa in less than a 10 °C temperature
range.” While SMPs have been used for reversible shape change for medical implants'>®!
and for large structures,”” they have not been implemented for complex shape control as they
are generally globally heated, leading to the entire structure changing shape or stiffness.

To avoid the use of external heaters, methods to generate the thermal stimuli directly in the
SMP have been studied, notably by rendering the polymer: a) electrically conductive to enable
direct Joule heating,**! b) magnetically permeable to allow for contactless induction

13031 o1 ¢) responsive to specific wavelength to enhance radiative heating.*” Niu et al

heating,
combined DEAs with SMPs to create an array of Braille-sized bi-stable actuators with up to
240 actuators.’®! Their approach of using an SMP as the elastomer in the DEA elegantly
enabled latching in DEAs.*! For addressable operation, however, a matrix of high-voltage (kV
range) switches is required, and independent control of all actuators coupled with selective local
heating was not reported.

To demonstrate the ability to locally reshape a flexible surface into any arbitrary topography
using only low-voltage signals in a simple row/column architecture, we fabricated the 32x24
flexible haptic display shown in Figure 1a, with 768 SMP actuators on a 4 mm pitch. The
actuator stroke, pitch, and holding force were chosen to effectively convey dynamic graphical
information when explored using the sense of touch. The 32x24 taxel device consists of: i) a
thin SMP membrane with ii) a matrix of carbon-silicone composite stretchable micro-heaters
(one heater per actuator), iii) a flexible 4-layer printed circuit board (PCB) for row/column
addressing, iv) a 3D-printed stretchable chamber to route the common air pressure to all taxels

and, v) two adhesive layers (Figure 1b). The device weighs 55 g and the active part is 2 mm
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thick. 757 of the 768 taxels (i.e. 99%) are fully functional in the fabricated prototype. The
actuator array can be worn as a haptic sleeve with immediate applications in Virtual Reality
(VR) and Augmented Reality (AR) scenarios, and for novel Human-Machine Interfaces (HMI).
In Figure 1c-f, we display several logos and camouflage patterns on the device. If placed on an
autonomous robot, this skin would allow dynamically adapting the robot appearance to the
background. Video S1 shows the display refreshing in real time while the device is wrapped
around an arm, as well the flexibility of the device.

The central element of our active skin concept is a thin (20 to 100 um thick) SMP membrane,
on which a matrix of individually addressed compliant carbon-silicone composite heaters is
patterned. This active layer (SMP membrane + heaters) is electrically and mechanically bonded
to the flexible PCB to route the Joule heating currents, and then bonded to the stretchable 3D-
printed chamber to distribute a controlled air pressure to the membrane (see Figure 1).
Having one compliant heater per micro-actuator on a thin SMP membrane enables independent,
efficient, rapid, and reversible modification of the stiffness of each taxel. By synchronizing the
global pneumatic source and local Joule heating, selective, latching, and reversible out-of-plane
motion of the active layer is achieved. As illustrated in Figure 2a and shown in Video S1, each
taxel starts in the as-fabricated flat state, and can then be deformed into a multitude of temporary
inflated or deflated stable shapes, depending on the pressure applied during the actuation cycle.
Heating is needed only to switch between stable positions and only the actuators that need to
be reconfigured are heated. Heating an actuator without applying any pressure brings it back to
its initial (“memory”) flat state. When using a pin interface, a negative displacement can be
easily transferred into an apparent positive displacement by offsetting the interface (i.e. the
maximum negative displacement of the SMP is the “flat” state from the user’s perspective,
while the flat SMP taxel corresponds to a raised pin). For flexible applications (e.g. camouflage

or soft robotics), as we demonstrated with our 32x24 flexible active skin, one would probably
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operate without such an interface. For haptic applications, as we demonstrate with our 4x4 rigid
tactile tablet, an interface allows for more effective haptic sensation. For the 3 mm diameter
size we used in this demonstrator, one actuation cycle lasts 5 s: 2.5 s for the moving phase
(Joule heating + applied pressure) and 2.5 s for latching in position at the end of the row-column
scan (pressure only + passively cooling). The time scale is given by the heating/cooling time
constant of each actuator, and thus depends on taxel size and thickness. The heating and cooling
time constants can easily be seen in Video S1 where real-time thermal imaging of the column
by column heating is shown alongside visible light imaging showing taxel displacement.

We used a commercially available SMP with a T, of 45 °C. We selected this SMP material for
its ductility at room temperature (to ease the manufacturing), its high shape recovery/stability
(to extend the operating lifetime), and its glass transition temperature of 45 °C to allow latching
in ambient conditions, while requiring only minimal heating to allow for motion.** The
stretchable electrodes are made of carbon black (CB) mixed with a soft polydimethylsiloxane
(PDMS). There is a broad range of technologies for stretchable electrodes.”**® The carbon-
silicone composite we have chosen for the electrodes bonds well to our SMP membrane, can

[37,38]

easily be patterned on a large area, presents low resistance variation within few tens of

percent of strain,*!

and can reliably be used as a heater to over 100°C. Both the SMP membrane
and the CB/PDMS electrode are fabricated via blade-casting, with the heater geometry defined
via laser ablation, which allows for rapid large-area manufacturing.***” More information can
be found in Figure S1.

Given that no information is available on the properties of the SMP membrane when processed
as a thin film, and in order to obtain the materials parameters needed to design the active layer
(SMP thickness, heater shape and thickness, device dimensions, applied pressure) for different

applications, we characterized the mechanical, electrical and thermal properties of the active

layer. Specifically, we measured the SMP glass transition temperature, as well as the heat
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capacity, heater resistance, and real and imaginary parts of the Young’s modulus as a function
of temperature. The SMP membrane used for characterizing these properties was 42.7 um thick
and the CB/PDMS electrode 23.9 um thick. We have used the material characterization to build
a COMSOL Finite Element Analysis (FEA) model of one actuator in order to optimize its
geometry. As reported in Figure 3a-b, the FEA simulations match the experiment extremely
well in terms of force vs displacement in the cold state (20°C) and displacement vs applied
pressure in the hot state (80°C) for actuator diameters from 2 mm to 10 mm. We implemented
a non-linear hyperelastic Neo-Hookean model in COMSOL to account for large mechanical
deformations. Dynamic mechanical analysis (DMA) was performed on the SMP membrane
with and without the CB/PDMS electrode; the temperature dependence of the Young’s modulus
is reported in Figure 2b and an interpolation of the curve is used as an input parameter for the
FEA simulations of Figure 3a-b. In the cold state, we measured a Young’s modulus of 1.7 GPa
for the bare SMP membrane and 1.1 GPa for the SMP membrane with the CB/PDMS electrode.
In the hot state, we obtained 10.7 MPa for the bare SMP membrane and 10.5 MPa for the SMP
membrane with CB/PDMS electrode. The datasheet values for the SMP are a Young’s modulus
of 2.15 GPa for the glassy state and of 1.4 MPa for the rubbery state. The difference between
the datasheet and the measured values probably originates from the thickness of the membrane,
as the datasheet is for bulk material. The CB/PDMS electrode has a resistivity of 0.054 Q m
and a negative thermal coefficient of resistance (TCR) of —0.0013 oC! (Figure S2c).
Differential scanning calorimetry (DSC) was performed to measure the thermal capacity of the
materials and to confirm the glass transition temperature obtained with the DMA. The
calculated heat capacity curve is reported in Figure S2b. For the bare SMP membrane, the glass
transition temperature measured with the DMA and the DSC is 51 °C and 47 °C, respectively
(Figure S2a-b); a value close to the 45 °C expected from the datasheet. The thermal capacity

is 1.2 g" °C " in its cold state and 1.9 J g °C™" in its hot state.
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For the 32x24 flexible haptic display, we chose a pitch of 4 mm (i.e. smaller than a fingertip).
The actuator performance is then maximized by designing circular transducers with a 3 mm
diameter; a size and shape which allows for space to electrically and mechanically bond the
densely packed array and avoids stress concentration at the clamps. To be easily perceivable by
end-users, displacements in the order of 500 um and holding forces over 100 mN are
required.®”! Hence, the SMP membrane thickness was set to 40 pm, a good compromise
between force and displacement for a 3 mm diameter actuator. The FEA simulation predict 400
um displacement when 300 mbar is applied at 70 °C and holding forces over 1 N to move an
initially flat membrane down by more than 400 pm, at room temperature. Determining the
optimal membrane thickness is not trivial since the taxel should present both sufficient stroke
and force to be perceivable. On the one hand, the thinner the membrane, the larger the
displacement, and the lower the holding force. But on the other hand, the thicker the membrane,
the smallest the displacement, and the higher the holding force. The thickness of the CB/PDMS
compliant heater was chosen to be 25 um in order to have a resistance value between 1.5 kQ
and 2.5 kQ. This ensures that less than 30 V are needed to generate the 200 to 300 mW required
to heat the taxel from 25 °C to 70 °C in 1.25 s (Figure S2d).

We performed aging measurements on one actuator by repeated cycling. As reported in Figure
S2e, stable and robust operation was observed when we operated the device continuously for
one week (i.e. over 20’000 cycles). For this test, a cycle lasts 30 s, with 2.5 s to inflate the taxel,
12.5 s latched in the "UP” position, 2.5 s to deflate the taxel and 12.5 s latched in the ’DOWN”
position. The timing corresponds to a typical haptic tablet “serious game” scenario where the
end-user requires in the order of 10 s to explore the pattern. The experiment was stopped after
20525 cycles, and the taxel was still operating normally. The small overshoot in displacement

corresponds to the thermal expansion/relaxation of the powering phase. The present lifetime
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confirms the robustness of the active layer and could be further improved with active thermal
control.

Finally, to validate the use of these SMP taxels for haptic applications, perception tests with 15
blindfolded sighted users were conducted to investigate their ability to distinguish graphical
information through their sense of touch. We report here the results obtained with the 4x4 rigid
tactile tablet shown in

Figure 4b, which presents similar characteristics as the 32x24 flexible haptic display; notably
the active layer thickness, the actuator pitch and size, and the refresh rate per taxel. The
experiment consisted in discriminating among 10 symbols by scanning their finger on the pin
interface. Each perception test includes 50 trials, with each symbol displayed randomly. Over
98 % correct pattern recognition was observed in less than 10 s (Figure 4a). As shown by the
32x24 flexible haptic display, large-scale and high resolution images can be displayed by
selectively moving taxel-by-taxel.

A novel architecture for large array of shape memory polymer micro-actuators has been
described and demonstrated. The key innovation consists in patterning compliant heaters on a
thin SMP membrane, and synchronizing the local heating of each transducer with a global
pneumatic actuation. This enables to independently and reversibly reshape any array
configuration with a simple, highly reproducible, and compact system architecture running at
low voltage. As a proof-of-concept of a lightweight and fully reconfigurable soft system with
over 750 independently controlled actuators, we reported a 32x24 flexible haptic display, an
important component for emerging human machine interfaces needed for virtual and augmented
reality. This actuation concept is extremely versatile and can be applied for instance to soft
robotics (giving high holding forces using the programmable stiffness of the SMP), flexible

microfluidics valves and micropumps, or reconfigurable RF surfaces for beam-steering or
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beam-shaping. By replacing the CB/PDMS heaters with transparent stretchable electrodes,

one could extend our concept to incorporate haptic feedback on flexible screens.

10
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Experimental section

Fabrication of the SMP+heater layer: The fabrication process is illustrated in Figure S1. SMP
MM4520 pellets (from SMP Technologies Inc., Tokyo, Japan) were dissolved in
dimethylformamide (DMF) at a weight ratio 1:5, then mixed overnight at 80 °C with a magnetic
stirrer. Next, this SMP+DMEF solution was blade-casted on a polyethyleneterephthalate (PET)
film with a Teflon AF sacrificial layer using a variable gap applicator (Zehntner ZUA2000) and
a film applicator coater (Zehntner ZAA2300). Prior to the casting steps, an oxygen plasma
exposure is necessary to activate the surface of the substrate. The SMP membrane was then
cured for 2 h at 80 °C on a hotplate. The same process was used to blade-cast the CB/PDMS
electrode directly on the SMP membrane. The carbon-based composite is a mixture of
Ketjenblack EC-600JD (from Akzo Nobel) and Silbione 4305 (Bluestar Silicone) at a weight
ratio 1:10.°") The CB/PDMS electrode is cured for 4 h at 80 °C. The final layer thickness
depends on the applicator gap and the material-to-solvent ratio. We targeted 40 um for the SMP
membrane and 25 pm for the CB/PDMS electrode. The heater and electrical interconnection
pattern was defined via laser ablation using a Trotec Speedy 300.°°! Then, the membrane was
released and bonded with a silicone adhesive foil (Adhesives Research ARclear 8932EE) to the
4-layer PCB. To ensure good electrical interconnects between the PCB and the heater pads, a
silver epoxy (ECCOBOND CE3103WLV) was used. Finally, this active layer and flexible PCB
were sealed to the 3D-printed pneumatic chamber using VHB 4905 adhesive from 3M.

Fabrication of the other parts: The 4x4 pin interface and the rigid pneumatic chamber were
3D-printed in VeroWhite using an Object Connex 500 printer. The stretchable pneumatic
chamber was 3D-printed with the same machine, combining TangoBlack for the stretchable
parts and VeroWhite for the rigid ones. The PCB was sourced from Beta Layout PCB-Pool with

a minimal track width of 150 pm and a final thickness of 1.6 mm for the rigid PCB and of
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0.4 mm for the flexible PCB. Finally, the aluminum plate was milled using a computer

numerical control (CNC) machine.
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Figure 1. (a) Picture of the flexible 32x24 taxel active skin in a haptic display sleeve scenario.
Each actuator has a diameter of 3 mm, and is placed on a 4 mm pitch. By patterning compliant
heaters on a thin shape memory polymers membrane, we create deformable surfaces where
each element is electrically addressed in a row/column architecture, with motion obtained by
synchronizing the heating with pressure from one single external pneumatic supply. (b)
Schematic exploded view of the 32x24 flexible haptic display, and cross-section with key
dimensions. (¢)-(f) Examples of different displayed images for haptics and for camouflage. All
taxels latch in both flat and deformed states: zero power is required to hold a pattern. Video S1
shows the patterns being generated.
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Figure 2. (a) Working principle of the shape memory polymer based taxels. The heater is shown
in red when hot (70 °C), and in blue when cold (20 °C). First, pressure (positive or negative) is
applied and the taxels to be actuated are heated using their integrated addressable heaters,
reducing their stiffness by more than 100x. Those taxels thus deform. Second, the local heating
is turned off and the pressure is kept on to latch the taxel in place as the SMP cools, which takes
approximately 1 s. Finally, the pressure is switched off; resulting in a new stable position. The
sequence on the left is to raise a taxel, on the right to pull down a taxel. All taxels can be
selectively and repeatedly reshaped. Taxels which are not heated remain rigid, and hence do
not change position regardless of applied pressure. Video S1 shows the possible states: flat (no
pressure), inflated (positive pressure) or deflated (negative pressure). (b) Measured Young’s
modulus vs. temperature for the bare SMP membrane and the SMP membrane with CB/PDMS
electrodes.

17

Preprint of published article. The final pdf is available at https://doi.org/10.1002/admt.201700102

(@) (©
3000 . . . . .
. o
Model - 3mm Actuation (at 80 °C)
= 25004 - -3 4 .
E 2500 Data- 3 mm Displacement |
=N Model-6mm| T e e
- 20004 *  Data-6mm o
€
b5 Model -9 mm
§ 1500l Dua-9mm ] I
g Actuation pressure
2- 10004
=] (d
5004
0 T T T T T
0 50 100 150 200 250 300
Actuation pressure [mbar]
®) 150 . .
—_ 1.254 / 4
z
Y 1.004 4
2
S
<
e (.75 / 4
£ ——Model -3
3 '/ Model -3 mm (@
< 050 Data-3mm |
T Model - 6 mm Holding force (at 20 °C)
0.254 Data-6mm | .
- Model -9 mm Displacement {~
A - 9 mim
0.004 Data mm

T T T T
0 200 100 600 800 1000
Displacement [pim] . Holding force .

Figure 3. Simulated and measured displacements and holding forces, for SMP actuators with
diameters ranging from 3 mm to 9 mm, showing excellent agreement between model and
measured data. (a) Vertical displacement of taxel vs. applied positive pressure at 80 °C. (b)
Holding force vs. displacement at 20 °C, starting from a flat state. (c) Schematic illustration of
the measured vertical displacement vs. applied positive pressure at 80 °C. (d) Picture of the
device used to compare different SMP actuator diameters, with 3 actuators of each size, from 2
mm to 10 mm diameter, here all latched in the up state. (¢) Schematic illustration of the
measured holding force vs. displacement at 20 °C, starting from a flat state.
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Figure 4. Haptic perception tests with a 4x4 tactile display where each taxel is driven by one 4
mm diameter SMP actuator. (a) Table of percentage of symbols correctly identified and of time
required for identification for tests on blindfolded volunteers. The symbol database is shown
below the table. Nearly 100 % of the symbols are correctly identified even when using the full
10 symbol alphabet. (b) Picture of the 4x4 tactile display used during the perception test,
consisting of two miniature integrated pumps, the active SMP layer bonded to a PCB; an
aluminum plate as a heat sink which allows for continuous long-term use of the display, and on
top a 3D printed pin interface that the users explores with his or her fingertip. The left top inset
shows the SMP membrane with 4x4 heaters. The right top inset shows the SMP-+heaters bonded
to the PCB. The aluminum plate acts as a heat sink and the pin interface prevents direct contact
with the active layer.
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TOC summary

A flexible active skin consisting of a matrix of 32x24 individually addressable tactile pixels is
reported, based on shape memory polymer (SMP) actuators with integrated stretchable heaters.
The wearable sleeve weighs only 55 g, is 2 mm thick and has a 99% actuator yield. Applications

in haptic displays and active camouflage are demonstrated.
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Supporting Information

Video S1. Movie of the flexible 32x24 latching taxel active skin in a haptic display sleeve
scenario. Each actuator has a diameter of 3 mm, and is placed on a 4 mm pitch. Patterns can be
displayed while the device is wrapped around the arm. Real-time visible light and thermal
images are combined to illustrate the working principle, which consists in synchronizing the
local Joule heating of the actuated SMP taxels with a global pneumatic actuation.

Video S1. Movie of the 4x4 rigid tactile tablet, with the pin interface removed, showing three
possible states for the taxels: flat (no pressure), inflated (positive pressure) or deflated (negative
pressure). By adding a pin interface on top for the haptic perception tests, displacement over

500 pm (i.e. by summing both positive and negative displacement) and holding force over 100
mN were achieved.

1) Ad-size PET sheet 2) Cast the Teflon sacrificial layer 3)  Castthe SMP membrane

!

4) Cast the CB+PDMS clectrodes

6) Release the active layer 5)

Laser ablate the heaters

- - -

7) Laminate the active layer onto the 4-layers PCB and use silver epoxy for the interconnects
8) Bond the d-layers PCB to the pump chamber with an adhesive
9) Add the aluminum plate and the 3D-printed pin interface to test the device

Figure S1. Schematic illustration of the fabrication process. On an A4-size PET sheet, a Teflon
AF sacrificial layer, the SMP membrane and the CB/PDMS electrodes are successively blade-
casted. Between each step, the solvent is evaporated. The heaters are patterned using laser
ablation. Next, the active layer is released form the PET sheet, and is mechanically and

electrically interconnected to a 4-layers (rigid or flex) PCB. Finally, the device is assembled
and sealed.
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Figure S2. Mechanical, electrical and thermal properties of the SMP membrane and the
CB/PDMS heater. (a) Dissipation factor (tangent delta) of the materials showing high losses at
the glass transition temperature obtained from a DMA measurement. (b) Heat capacity of the
SMP. The glass transition measured with the DSC agrees with the one obtained with the DMA.
(c) TCR measurement on a SMP+CB/PDMS strip of 1 cm x 4 cm. The normalized resistance
corresponds to the measured resistance value divided by the initial resistance value at 30 °C.
(d) Heater temperature vs. applied power. Two scenarios are compared: without and with an
aluminum plate on top for speeding up the passive cooling. The inset shows the measured
temperature distribution over the CB/PDMS heater, with the temperature scale shown on the
right. (¢) Aging measurement on a single taxel, with a continuous operation for more than one
week (20160 cycles). The displacement and the resistance values are very stable over time. The
small initial displacement overshoot at each cycle corresponds to the thermal
expansion/contraction of the material.
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