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Printable Polar Silicone Elastomers for Healable

Supercapacitive Strain Sensors

Johannes von Szczepanski, Ellen Roels, Gilberto Siqueira, Patrick M. Danner, Jana Wolf,
Julie Legrand, Joost Brancart, Seppe Terryn, Guy van Assche, Bram Vanderborght,

and Dorina M. Opris*

Soft strain sensors with high sensitivity and the ability to recover from
damages are required in the emerging field of self-healing soft robotics.
Herein, printable supercapacitive strain sensors that can heal upon moderate
heating (75 °C for 10 min) and exhibit a 30 times higher sensitivity than
PDMS-based sensors are developed. For the sensor’s core layer and electrode,
a nitrile-functional polysiloxane that contains an active ionic initiator and can
heal by siloxane equilibration at elevated temperatures is used.

simple structure and low power con-
sumption, combined with low hysteresis
and high linearity.**] They can be used as
pressure or strain sensors in many appli-
cations, including body activity monitor-
ing in smart wearables,!®”] deformation
tracking in soft robotics, and tactile mea-
surements in user interfaces.®% In soft
robotic systems, capacitive strain sensors

Supercapacitive strain sensors prepared from the elastomer are highly
sensitive at low strains of 0—30%, enabled by the electric double-layer
formation of the ionic initiator. After healing, the sensors exhibit nearly
unaltered performance in tensile testing. Due to the thermoreversible nature
of the elastomer network, patterned core layers with different microstructures

monitor and control soft robots’ defor-
mation and position. The sensitivity of
capacitive strain sensors is given by the
gauge factor (GF), which describes the
ratio of normalized capacitance change
(AC/C,) and strain (¢) (Equation 1).1°)

can be printed by direct ink writing. The capacitive sensors based on these

microstructured films reach a higher sensitivity and linearity than those based GF
on unstructured films. Finally, the sensor is integrated into a soft robotic
finger and the sensor’s ability to determine the bending angle is validated by
motion capture. This technology can provide new opportunities to equip soft
robotic devices with custom-printed, healable strain sensors.

1. Introduction

In recent years, there has been an increasing demand for stretch-
able and soft sensors promoted by their various applications in
wearable electronics and soft robotics.'?) Among the different
soft sensor technologies, capacitive sensors stand out by their

AC
- 2> 1
c M

Soft sensors are susceptible to dam-
age like punctuation or tear caused by ex-
ternal sharp objects or overstretching.!']
Therefore, developing sensors with heal-
ing ability that can recover after the
damage is highly interesting. Healing
increases the lifetime of the devices and is, therefore, more sus-
tainable in terms of material consumption.['?! Damage recovery
is especially important if the sensor is fully integrated into the
body or a soft robotic device and cannot be exchanged easily.
Therefore, researchers have focused on developing stretchable,
capacitive sensors with intrinsic healing capability.[*>]
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Figure 1. Three approaches for increasing the sensitivity of capacitive sensors. a) High-permittivity dielectric: deformation of a sensor with a high-
permittivity dielectric gives a higher absolute change in capacitance. b) Porous dielectric: the air inside a porous dielectric is pushed out during com-
pression, which increases permittivity upon deformation. c) Supercapacitive sensor: an electrolyte core layer containing ions is used instead of a dielectric.
The ions accumulate at the interface with the electrodes and form an EDL, whose capacitance is several orders of magnitude higher than the parallel
plate capacitance. Usually, a structured electrode or core layer is used to increase the change in contact area upon deformation.

Different healing mechanisms have been successfully used
to obtain self-healing capacitive sensors. For instance, Zhang et
al.] reported a self-healing elastomer based on a combination of
dynamic metal-coordinated and hydrogen bonds. A self-healable
conductive layer was obtained by filling the elastomer with sil-
ver flakes. The combination of the two materials yielded stretch-
able capacitive pressure sensors. However, the healing process
took 48 h at room temperature.'>] Additionally, the sensor char-
acterization was purely qualitative. Faster healing sensors were
explored by Ling et al.,"®! who developed a nanocomposite based
on polyurethane and reduced graphene oxide/carbon nanotubes.
The elastomer can heal upon heating to 100 °C for 10 min,
which is enabled by disulfide bonds in the polyurethane back-
bone and hydrogen bonds. The capacitive strain sensors per-
formed similarly in the pristine state and after healing. How-
ever, the sensors’ sensitivity was low, with a GF of only 0.45.[1°]
Rao et al.['’l reported a self-healing capacitive strain sensor based
on a polydiacetylene-polyacrylic acid-hydrogel. The self-healing is
enabled by electrostatic interactions between carboxylate groups
and Cr** ions. They achieved a high stretchability of 500% com-
bined with a large GF of up to 160, which was reached due to the
electrical double-layer formation of the Cr** ions.['”] However,
hydrogel-based sensors are usually temperature or humidity-
sensitive, which affects the sensors’ accuracy.l>#!

Besides the interest in healing ability, capacitive sensors also
need improvement in terms of sensitivity and linearity of the
response.[1%21] A first approach to increase the sensitivity is by in-
creasing the relative permittivity of the dielectric (Figure 1a).1?223]
A high-permittivity dielectric increases the capacitance of the
parallel-plate capacitor and leads to a larger absolute change in
capacitance upon deformation. A second approach is the appli-
cation of a porous dielectric layer (Figure 1b). The air inside the
dielectric layer is pressed out during deformation, which leads to
an increase in permittivity, and therefore, a larger relative change
in capacitance.l’) Porous dielectrics can be easily fabricated, for
example, by adding sugar crystals to the dielectric matrix and
later dissolving the sugar in water.**! However, most methods
do not allow good control over the size and spatial distribution
of the pores.[’! A third approach to increasing the sensitivity of
capacitive sensors is the so-called supercapacitive sensors.!?6%’]
Ions are introduced into the core layer, which typically consists
of hydrogels.’l When a voltage is applied, these ions form an
electric double layer (EDL) at the interface with the electrodes
(Figure 1¢).[?8] The EDL capacitance is several orders of magni-
tude larger than the one of the parallel plate capacitor, which leads
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to a huge increase in sensitivity.[?! The sensitivity can be further
enhanced by introducing a microstructure, such as pyramids or
hemispheres, to the electrode or core layer.[**-32] In this case, the
change in the contact area between the electrode and core layer
upon deformation is drastically increased.

In this work, we synthesize a polysiloxane elastomer with po-
lar cyanopropyl side groups and an active ionic initiator and use
it to build supercapacitive strain sensors that can heal after dam-
age. The ionic initiator, TMAH, contributes to an increase in the
sensitivity of the sensors by forming an EDL at the electrode in-
terface. The rheological and thermoreversible properties of the
elastomer allowed us to print microstructured sensor core lay-
ers by direct ink writing (DIW). The printed sensors show in-
creased sensitivity compared to isotropic, melt-pressed sensors,
which can be attributed to the structured interface. Finally, we
prove that our sensor can be used to measure the bending move-
ment of a soft robotic finger. In the future, our elastomers could
be used to print customized sensors for wearable electronics or
motion sensors for healable soft robots.

2. Elastomer Synthesis and Characterization

Two materials are needed for supercapacitive strain sensors: a
stretchable elastomer core layer and a stretchable conductive ma-
terial, which serves as electrodes. Both materials must heal under
similar conditions to obtain an integrally healable sensor. There-
fore, we developed a healable silicone elastomer containing an
ionic initiator that can be filled with carbon black to serve as elec-
trode material.

Silicone elastomers with active chain end, synthesized by an-
ionic ring-opening polymerization, can heal by equilibration be-
tween the cross-linked network and low molar mass cycles upon
heating. This process is known as siloxane equilibration.?3] The
silanolate end groups of the silicone backbone remain active in
the cross-linked network and can backbite and cleave the chains
to form low molar mass fragments. At elevated temperatures,
the backbiting is favored and the equilibrium is shifted to the
side of low molar mass fragments and cycles. This leads to a re-
versible softening of the material. The network is formed again
upon cooling and the initial elastic properties are recovered. The
healing temperature and time are reduced significantly by intro-
ducing polar side groups to the siloxane backbone. In previous
work, we used this healing mechanism to prepare healable and
recyclable artificial muscles.3*! Polar side groups also increase
the relative permittivity of the elastomer, which is beneficial for

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 2. Synthesis of thermoreversible elastomers by anionic ring-opening polymerization of monomer D,N and cross-linker PCL. The chain ends
remain active in the product and the silanolate end groups can cleave the polymer chains through backbiting. An equilibrium between a cross-linked
network and low molar mass species is formed, which can be shifted as a function of temperature.

capacitive strain sensors, as described above. We combine high-
permittivity and healing ability in one elastomer by synthesiz-
ing a silicone elastomer with polar cyanopropyl groups by an-
ionic ring-opening polymerization (Figure 2). A cyclic silicone
monomer with cyanopropyl groups (D,N) and a specially de-
signed polar bicyclic monomer cross-linker (PCL) were first syn-
thesized. These monomers are used in an anionic ring-opening
polymerization with tetramethylammonium hydroxide (TMAH)
as an initiator. Polymerization and cross-linking occur simultane-
ously, giving an elastomer network in one step. The matching po-
larities of cross-linker and monomer allow us to carry out the re-
action solvent-free. This is advantageous compared to our previ-
ous work, where THF as solvent was required to avoid phase sep-
aration of the nonpolar cross-linker and the polar monomer.**!
THF promotes backbiting during the polymerization reaction
and increases the amount of cyclic byproducts.

Three elastomers (E1-E3) with different amounts of cross-
linker PCL (10, 15, and 20 phr) were synthesized to optimize the
mechanical properties, namely increase the elongation at break
and decrease the viscous losses (Table 1). The elongation at break
decreases with an increasing amount of PCL from 119 + 8%
for elastomer E1 to 43 + 5% for elastomer E3, as is expected
from the increasing cross-linking density (Figure 3a). At the same
time, the modulus increases from 95 + 7 kPa for elastomer
E1 to 303 + 49 kPa for elastomer E3. The stress—strain curves
were averaged from five independent samples and the individual
curves are shown in Figure S1 (Supporting Information). The dy-
namic mechanical analysis (DMA) curves of elastomers E1-E3
are shown in Figure 3b. For elastomers E2 and E3, low viscous
losses are observed with a tan(5) of 0.06 + 0.01 and 0.04 + 0.01 at
1 Hz. Elastomer E1 shows larger viscous losses, especially at high
frequencies with a tan(§) of 0.25 + 0.03 at 1 Hz. In soft robotic
applications, strain sensors require large elongations and low vis-

Table 1. Composition and mechanical properties of elastomers E1-E3 and
the electrode material.

Elastomer PCL [phr] ~ Carbon Black Elongation ~ Modulus tan(s) at
[wt%] [%] [kPa] 1Hz
E1 10 - 119+8 95 +7 0.25+0.03
E2 15 - 71+£6 165+ 14 0.06 +0.01
E3 20 = 43 +5 303+49  0.04 +0.01
Electrode 10 15 106 + 3 428 + 14 0.25 +0.01

Adv. Mater. Technol. 2023, 8, 2301310 2301310 (3 of 10)

cous losses of the elastomers. Viscous losses introduce time de-
pendencies in the sensor response, which makes the modeliza-
tion and calibration of the sensors more complex. Therefore, we
selected elastomer E2 for the following experiments, as it gives
the best combination of properties with an elongation at break of
71 + 6% and low viscous losses.

We examined the dielectric properties of elastomer E2 by
impedance spectroscopy. The relative permittivity as a function
of the frequency is shown in Figure 3c for elastomer E2 and
PDMS. At 1 kHz, elastomer E2 has a relative permittivity of 19.9,
which is more than 5 times higher than the relative permittiv-
ity of PDMS (3.6). A high dielectric permittivity is beneficial in
capacitive sensors, as it increases the absolute change in capac-
itance upon deformation. A detailed dielectric characterization
with permittivity, dielectric loss, loss tangent, and conductivity as
a function of frequency is shown in Figure S2 (Supporting Infor-
mation). Elastomer E2 exhibits a relatively high conductivity of
~1077 S cm™, due to the ionic initiator, which remains active in
the product. Elastomer E2 also shows a strong increase in per-
mittivity toward low frequencies. This effect is caused by ionic
contaminants and the ionic initiator, TMAH, which accumulates
at the interface with the electrode at low frequencies.

Besides the dielectric elastomer, a stretchable conductive mate-
rial is needed for capacitive strain sensors. The conductive elec-
trode material should be based on the same chemistry as elas-
tomer E2 to ensure healing ability and good interfacial connec-
tion with elastomer E2 by covalent bonding across the interface.
A stretchable electrode material was prepared by mixing 15 wt%
carbon black powder with monomer D,N and cross-linker PCL
before the polymerization. A lower cross-linker concentration of
10 phr was used for the electrode to ensure sufficient elonga-
tion of the composite material. The cross-linked electrode ma-
terial shows an elongation at a break of 106 + 3% and a modulus
of 428 + 14 kPa (Figure S3a, Supporting Information; Table 1),
which is higher than the modulus of the dielectric elastomer E2
of 165 + 14 kPa. The softer nature of the dielectric elastomer E2
compared to the electrode material is beneficial to ensure com-
pression of the core layer during deformation. The viscous losses
of the electrode material are similar to elastomer E1 with a tan()
0f0.25 + 0.01 at 1 Hz (Figure S3b, Supporting Information). The
resistivity of the electrode material was determined by impedance
spectroscopy (Figure S4, Supporting Information). The compos-
ite shows a resistivity of 24 +2 kQ c¢m at 1 kHz, which is suffi-
cient for the application in capacitive sensors. The stress relax-
ation of elastomer E2 and the electrode material was investigated
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Figure 3. a) Stress—strain curves of elastomers E1-E3 with different concentrations of cross-linker PCL. The elongation at break decreases with increasing
cross-linker concentration. b) DMA traces of elastomers E1-E3. The storage modulus increases with increasing cross-linker concentration, while the
viscous losses decrease. If not shown, the error bars are smaller than the symbol size. c) Permittivity as a function of frequency for elastomer E2
and PDMS. The permittivity of the polar elastomer is more than five times higher than the one of PDMS. The measurement was averaged from three
independent samples, error bars are smaller than the symbol size. d) Temperature-dependent shear rheology measurement of elastomer E2 proves the
thermoreversible softening of the elastomer (heating and cooling rate: 1K min~!, angular frequency: 1rad s~', strain: 0.1%).

by applying a strain of 30% and measuring the decay of the stress
(Figure S5, Supporting Information). The stress relaxation is very
small for elastomer E2 and more pronounced for the electrode
material, which is in accordance with the viscous losses observed
in the DMA measurements.

The initiator TMAH remains active in elastomer E2 and forms
active silanolate chain ends. These chain ends can undergo a
backbiting reaction at temperatures above 70 °C, which is fa-
cilitated by the polar cyanopropyl side groups. This backbiting
leads to a partial cleavage of the polymer chains into low molar
mass chain segments and cycles. Therefore, the material softens
upon heating, can be (re)processed, and can heal damages. This
process is attributed to the equilibration between cross-linked
network and low molar mass compounds at elevated tempera-
tures and is not a consequence of phase transition. The absence
of phase transitions in the temperature range between 20 and
150 °C can be seen from the differential scanning calorimetry
curve of elastomer E2, where only the T, is visible at =55 °C
(Figure S6, Supporting Information). The thermoreversible soft-
ening of elastomer E2 was proven by temperature-dependent dy-
namic shear rheology measurements (Figure 3d). At 30 °C, the
material is in the cross-linked state and can be characterized as
an elastic solid (G’ >> G). When the temperature increases, the
elastomer network is partially cleaved, and the material becomes
softer. Above 100 °C, the material undergoes a transition into a

Adv. Mater. Technol. 2023, 8, 2301310 2301310 (4 of 10)

viscous fluid, and a crossover between G’ and G" is observed.
When cooling back to 30 °C, the network is reformed and the
initial mechanical properties are restored. Only the storage mod-
ulus, G, exhibits a larger value after the heating cycle, which
might be caused by partial, irreversible cross-linking of the ni-
trile groups at high temperatures of 120 °C. A similar thermore-
versible effect was observed for the electrode material but with a
less pronounced softening at elevated temperatures due to the
interaction of the carbon black particles (Figure S7, Supporting
Information). Therefore, the electrode material can be processed
by melt pressing, but the softening effect is insufficient for print-
ing the material by DIW. The viscous flow activation energy of
the healing process can be determined from the Arrhenius plot
obtained by plotting the In of the loss modulus, In (G”), as a
function of 1/T (Figure S8, Supporting Information).l*S! Classi-
cally, the zero-shear viscosity or the relaxation time is used to
determine the activation energy. However, we observed a New-
tonian behavior for our material in the flow curve at 120 °C
(Figure S9, Supporting Information). The viscosity is indepen-
dent of the shear rate. Therefore, the activation energy based on
G" measured at a shear rate of 1 rad s™! gives a reliable value
for the viscous flow activation energy of our material. Multipli-
cation of the slope of the linear regime between 90 and 115 °C
of 8134 K with the gas constant, R, yields an activation energy
of ~68 k] mol~'. This value is lower compared to the activation

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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energies of other dissociative dynamic covalent networks, such
as Diels—Alder-based networks with an activation energy of 88—
101 k] mol~'.35-38] Therefore, our materials soften and heal at
comparably low temperatures of 70-80 °C.

3. Capacitive Strain Sensor Performance and
Healing

Soft strain sensors with healing ability are interesting for
damage-resilient soft robotic devices. We built strain sensors by
sandwiching a melt-pressed film of elastomer E2 with a thick-
ness of #300 um between two films of electrode material with a
thickness of ~300 um and heating to 70 °C for 5 min. Dielec-
tric and electrode materials are based on the same thermore-
versible chemistry. The active silanolate end groups can backbite
and cleave the network, which is favored at elevated tempera-
tures, thus shifting the equilibrium to the side of low molar mass
fragments. Upon cooling, new covalent bonds are formed across
the interface of the dielectric and electrode, as the polymer net-
work forms again. Films of electrode and elastomer E2 connected
by this procedure exhibit excellent interfacial connection and can
be stretched to 40% strain without delaminating (Figure S10,
Supporting Information). In the next step, the sensor was char-
acterized by uniaxial stretching to 30% strain while measuring
the change in capacitance with an LCR meter at 1 kHz. A strain
rate of 300% min~' was selected, as these fast deformations co-
incide with deformation rates present in soft robotics during ac-
tuation. For comparison with the sensors based on elastomer E2,
we conducted the same uniaxial stretching experiments with sen-
sors containing PDMS as dielectric, yet the same electrodes. The
measured GF (see Equation 1) is more than 30 times higher for
the sensors based on elastomer E2 (GF = 12.7 + 0.8) compared to
the PDMS sensor (GF = 0.41 + 0.01) (Figure 4a). A contribution
of ionic conductivity most probably causes the strong capacitance
change in the sensors based on elastomer E2.°] The tetramethy-
lammonium ions of the initiator remain active in the product and
are mobile in the polymer network. The difference in ionic con-
ductivity between elastomer E2 and PDMS can be seen in the
plot of the phase angle between current and voltage as a func-
tion of the frequency (Figure S11, Supporting Information). At
1 kHz, elastomer E2 has a phase angle close to 0°, which is char-
acteristic of resistive behavior, while the PDMS sample shows
a value close to —90°, characteristic of capacitive behavior. At a
higher frequency of 10 kHz, the phase angle of elastomer E2 de-
creases and at 100 kHz the phase angle reaches almost —90°. In
this frequency range, the behavior of elastomer E2 is predomi-
nantly capacitive, as the alternating field oscillates too fast for the
ions to follow. The change of elastomer E2 from resistive to ca-
pacitive behavior with increasing frequency is supported by the
impedance plot as a function of frequency (Figure S12, Support-
ing Information). The large contribution of the ions to the capac-
itance in the sensors based on elastomer E2 is proven by vary-
ing the frequency of the capacity measurement for one sensor
(Figure 4b). The capacity change decreases when increasing the
measurement frequency from 1 to 10 kHz and shows a further
significant decrease when increasing the frequency to 100 kHz.
The GF decreases to 9.5 for 10 kHz and to 1.7 for 100 kHz, where
it is only slightly larger than the GF of the PDMS-based sensors
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(0.41 £ 0.01). This is in accordance with the phase angle plot de-
scribed above, where the elastomer changes from conductive be-
havior to capacitive behavior when increasing the frequency from
1 to 100 kHz.

The positive contribution of the tetramethylammonium ions
to the sensor sensitivity can be described as follows. When a volt-
age is applied to measure the capacitance, these ions form an EDL
at the interface between the electrode and elastomer E2. Upon
stretching, the contact area between the electrode and core layer
increases, which leads to an increase in capacitance. Due to its
very low thickness, the capacitance of the EDL is much larger
than the capacitance of the parallel plate capacitor, which causes
a strong increase in sensitivity.

The sensitivity of our sensors with a GF of 12.7 + 0.8 is signif-
icantly smaller compared to other supercapacitive sensors, e.g.
Rao et al.'”] reached a GF of 160. This is caused by the compara-
bly low DC ionic conductivity of elastomer E2 for which we de-
termined a value of (2.8 + 0.2) X 1077 S cm™!. Ionic liquid and
gel-based electrolytes show a much higher ionic conductivity of
1072-10"* S cm™! due to the higher ion mobility.?*-*!) However,
EDL formation was previously still observed at even lower ionic
conductivity values of 1071 S cm~1.[*2] The sensitivity of our sen-
sors could be improved by increasing the ion concentration. In
our case, increasing the concentration of TMAH is difficult, as it
also serves as an initiator. A higher concentration would lead to
shorter polymer chains, which increases the cross-linking den-
sity and decreases the elongation at break. In future work, addi-
tional ions could be added to the elastomer to increase the super-
capacitive effect. Despite the lower sensitivity compared to other
supercapacitive sensors, ions and polar side groups of the elas-
tomer serve two functions in our material, increasing the capacity
and enabling healing. The ions increase the capacity by forming
an EDL and also enable healing by forming active silanolate end
groups. The polar side groups also contribute to both effects by
increasing the ion mobility on the one hand and enabling heal-
ing on the other hand by facilitating the backbiting of the active
chain ends compared to non-polar silicone elastomers. Besides,
many gel-based sensors suffer from freezing and leaking of the
contained liquid, which impairs the electrical and mechanical sta-
bility of the sensors and can be overcome by applying an elastic
solid-state electrolyte.[*]

We tested the sensors’ healing ability by cutting them with
a blade and heating them to 75 °C for 10 min. Due to the
thermoreversible nature of the elastomeric network, new bonds
form across the cut upon cooling. The healed sensor can be
stretched up to 40% without rupturing at the connecting site
(Figure S13, Supporting Information). We tested the perfor-
mance of the healed sensors by uniaxial stretching to 30%. The
healed sensors perform similarly to the pristine sensors with
a slightly larger normalized change in capacitance (Figure 4a).
The sensor performance was also tested in cyclic tests. The sen-
sors built from elastomer E2 show a stable response without
drift during 100 cycles (Figure 4c). The sensor can also be op-
erated at higher frequencies, up to 0.5 Hz, with the same per-
formance (Figure S14, Supporting Information). Even after heal-
ing, the sensor still works in cyclic tests and shows a stable re-
sponse without drift after 100 cycles (Figure 4d). The healing
of the electrode material was tested independently by measur-
ing the resistance as a function of strain in the pristine state
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Figure 4. a) Normalized capacitance change as a function of strain for uniaxial stretching of sensors prepared from high-permittivity elastomer (E2) and
PDMS. The sensors based on elastomer E2 recover their sensing property after cutting and healing at 75 °C for 10 min. b) Variation of the frequency
of the capacity measurement for one sensor built from elastomer E2. The change in capacitance increases with decreasing frequency from 100 to
1 kHz. In this frequency range, elastomer E2 switches from capacitive to ion conductive behavior, which leads to an EDL at the interface between the
electrode and elastomer E2. The capacity of this double layer is much larger than the capacity of the parallel plate capacitor, which is measured at
high frequencies. c) Cyclic test of a sensor built from elastomer E2 with 100 cycles between 0% and 30% strain at 300% min~' (0.083 Hz). d) The
same cyclic test was performed after cutting a sensor and healing at 75 °C for 10 min. The sensor shows a stable response without drift, even after

healing.

and after cutting and healing by heating to 75 °C for 10 min
(Figure S15, Supporting Information). Strains of 0-30% were ap-
plied in cyclic tests with frequencies of 1, 0.5, and 0.1 Hz. We ob-
served a stable response of the resistance to strain over 10 cycles
at different frequencies. After cutting and healing, the absolute
values of the resistance are higher compared to the pristine state.
This could be caused by insufficient healing of the percolated
network of carbon black particles in the electrode material. The
difference in resistance does not hinder the sensor from work-
ing but might require a new sensor calibration after the healing
process.
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4. 3D-Printing of Microstructured Core Layer and
Integration in Soft Robotic Finger

Printing of soft sensors has become increasingly popular in
the last few years.[**] Printing allows the fabrication of cus-
tomized sensor geometries with high shape flexibility, which
could be applied in personalized medicine in the future.l*s!
However, reported printed capacitive strain sensors suffer from
low sensitivity with a maximum GF of 1.7.1%%] Printing elec-
trode or core layer microstructures is especially interesting
for supercapacitive sensors, as the change in the contact area

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

85U8017 SUOLULLIOD 3ATE81D) 3 dedldde ay) Aq peusenob 8. e 9ol VO ‘@SN Jo se|ni Joj Afelq1 8UIUO A8]IM UO (SUORIPUOD-PUR-SWLB)ALI0D" A3 1M Ae.q| 18U {UO//SANY) SUORIPUOD PUe SWB | 8L 88S *[(7202/20/92] U0 A%eid18uluo A8|IM ‘YounZ H13 Aq 0TETOEZ0Z IWPe/Z00T 0T/I0p/W0d A8 imAfelq 1jpuljuo//Sdny Woj pepeoumoqd ‘vz ‘€202 ‘X60.S9EZ


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

between the electrode and core layer upon deformation can be
drastically increased.’-*?] Many 3D-printing techniques intrin-
sically yield objects with a rough surface structure at the con-
tact points between the printed lines. Alternatively, patterned
structures with a larger distance between the lines can be
printed.

The temperature-dependent rheology measurement of elas-
tomer E2 shows a thermoreversible softening of the material due
to partial cleavage of the cross-links (Figure 3d). To determine
the flow properties at elevated temperatures, we measured the
viscosity and shear stress of elastomer E2 as a function of the
shear rate (flow curve) at 120 °C (Figure S9, Supporting Infor-
mation). The material shows a Newtonian behavior with a linear
relationship between shear rate and shear stress. The viscosity is
independent of the shear rate. Even though elastomer E2 does not
show shear thinning, it can be printed by DIW at temperatures
above 120 °C. The high viscosity of 100 Pa s avoids leaking of the
material through the nozzle. After leaving the nozzle, the drop in
temperature leads to a fast formation of the elastomer network,
which prevents the flow of the printed structures. Three differ-
ent structures were printed from elastomer E2 through a nozzle
with an inner diameter of 0.4 mm: lines (0°) in contact with each
other, lines (0°) with a distance of 0.4 mm, and a grid (0°/90°) with
a line distance of 0.4 mm. Schematic representations and optical
microscopy images of a melt-pressed film and the three differ-
ent printed structures are shown in Figure 5a. The images were
taken from the printed film on top of an electrode film for better
contrast. The melt-pressed film is isotropic without microstruc-
ture. The printed lines in contact with each other have a rough
surface structure, due to the fabrication process of line-by-line
printing. The lines and the grid with a 0.4 mm distance have air
voids between the neighboring lines. Both show a symmetrical
structure with only small defects, such as air bubbles in the grid
structure.

We tested the sensors based on the 3D-printed structures in
the same way as the melt-pressed sensors by uniaxial stretching
to 30% strain in parallel direction to the printed lines while mea-
suring the change in capacitance. The normalized change in ca-
pacitance is plotted in Figure 5b as a function of the strain for
the melt-pressed sensor and two printed sensors. The sensitivity
increases with increasing voids between the electrode and core
layer (Table 2). It is larger for the sensor with printed lines in
contact (GF = 15.9 + 0.1) compared to the melt-pressed sensor
(GF =12.7 + 0.8). The air in the small voids of the printed rough
surface is pressed out at larger strains, increasing the contact area
between the electrode and elastomer E2. This results in an addi-
tional gain in capacitance, as the area of the EDL is increased.
Besides, the linearity is improved for the sensor with printed
lines in contact (R? = 0.998) compared to the melt-pressed sensor
(R? = 0.995). The sensor with printed lines with a 0.4 mm dis-
tance could not be measured successfully. The gap between the
lines is too large and the electrodes can touch upon straining the
sensor. To avoid contact between the electrodes, we printed a grid-
like structure. The grid-like structure gives stability through addi-
tional lines perpendicular to the first layer and avoids any contact
between the electrodes. The sensor with the grid-like structure
exhibits a higher sensitivity (GF = 17.7 + 0.2) than the one with
printed lines in contact (GF = 15.9 + 0.1) and excellent linearity
of the response (R? = 0.999). Therefore, we increased the sen-
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sitivity by ~#40% by introducing a microstructure to the sensor
core layer compared to the melt-pressed sensor. Unfortunately,
the healing of the microstructured printed sensors is very diffi-
cult, as it is not feasible to bring the interfaces of all lines in good
contact after cutting.

Soft strain sensors with healing ability are very interesting for
application in damage-resilient soft robotics. The high sensitiv-
ity of our sensors at small strains of 0-30% is suitable for many
soft robotic applications. One example is tracking the movement
of a soft robotic gripper. As a proof of concept, we incorporated
our sensor in a self-sensing soft robotic finger. A melt-pressed
sensor from elastomer E2 was attached to the back of a tendon-
driven soft finger (Figure S16, Supporting Information). The fin-
ger was built from a self-healing elastomer based on a Diels—
Alder system, which was already tested in previous studies on
self-healing soft robots and is available on a larger scale.’] We
attached the sensor to the back of the finger to measure the
strain when bending the finger. The finger was bent repeatedly
by pulling on a tendon attached to the fingertip. The displace-
ment of the tendon follows a sinusoidal movement, which re-
sults in bending angles of the finger between 0° and 135°. In
the meantime, the change in capacitance of the sensor was mea-
sured (Figure 5d; Video S1, Supporting Information). The bend-
ing angle was also measured by tracking the position of two red
markers placed on the extremities of the finger with a camera.
The bending angle and the capacitance signal are in good accor-
dance, as shown in Figure S17 (Supporting Information). We re-
constructed the bending angle from the capacitance signal by cal-
culating a linear correlation between the measured bending an-
gle and capacitance (Figure S18, Supporting Information). The
reconstructed bending angle reflects the overall movement of
the finger but still has errors, especially at lower bending angles.
These errors can be caused by viscous losses of the sensor mate-
rial or compression generated in the sensor atlow bending angles
(Figure 5c).

5. Conclusion

We have demonstrated supercapacitive strain sensors that show
30 times higher sensitivity than PDMS-based sensors and can
heal by moderate heating to 75 °C for 10 min through siloxane
equilibration. The high sensitivity of these supercapacitive sen-
sors is enabled by the functional silicone elastomer core layer.
It contains an active ionic initiator that can form an EDL at
the interface with the electrodes, and polar nitrile side groups,
which ensure sufficient ion mobility. The thermoreversible soft-
ening of the elastomers allows printing by DIW, which was used
to prepare elastomer core layers with different infills. The sen-
sors based on the printed core layers with partial infill show a
higher sensitivity than the sensors with melt-pressed, isotropic
core layer and linear response in a strain range of 0—30%. Finally,
we demonstrated the integration of the sensors in a soft robotic
finger, in which the reconstructed bending angle is in good ac-
cordance with the control measurement. In the future, this sen-
sor technology could be used to print customized strain or pres-
sure sensors with high sensitivity and linear response. The sen-
sors can also be integrated into self-healing soft robotic devices
to reach an integrally healable soft robot.
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Figure 5. a) Schematic representation and optical microscope images of the printed structures of elastomer E2. b) Normalized change in capacitance
for the printed sensors in comparison with the melt-pressed sensor. The sensor response increases with increasing air voids in the core layer toward
higher strains. The sensor with printed lines with a 0.4 mm distance could not be measured successfully. c) Comparison of optically measured bending
angle and bending angle reconstructed from the capacitance signal for a soft robotic finger equipped with a melt-pressed strain sensor. d) Soft robotic
finger with an attached sensor at bending angles of 0° (left) and 135° (right).
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Table 2. Performance of printed sensors in comparison with melt-pressed
sensors.

Sensor Gauge Factor Linearity [R?]
Melt-pressed 127 +0.8 0.995
Printed Lines (in contact) 15.9+0.1 0.998
Printed Grid (0.4 mm distance) 17.7+£0.2 0.999

6. Experimental Section

More information about materials and characterizations,as well as the
synthesis of monomer D,N and cross-linker PCL can be found in Sup-
porting Information.

Synthesis of the Healable Dielectric Elastomers:  The respective amounts
of monomer D,N and cross-linker PCL were added to a 50 mL three-
necked flask equipped with a magnetic stirrer. TMAH (0.92 mol% with
respect to the polar monomer) was added as 25% solution in water and
the water was removed in HV at RT for 30 min. Afterward, the flask was
put under argon in a preheated oil bath at 110 °C, and the mixture was
stirred for 10 min.

Synthesis of the Healable Electrode Material:  Monomer D,N (10.0 g,
19.7 mmol), cross-linker PCL (1.0 g, 1.0 mmol), and carbon black powder
(1.94 g, 15 wt%) were mixed in the speed mixer for 5 min at 3000 rpm.
TMAH (65 pL, 0.92 mol% with respect to the polar monomer) was added
as 25% solution in water and the mixture was mixed again for 5 min at
3000 rpm. The reaction mixture was poured on a glass substrate coated
with Polytetrafluoroethylene (PTFE) foil and heated to 110 °C for 10 min
on the heating plate.

Processing into Elastomer Thin Films: Elastomer films were prepared
from the crude elastomers by melt pressing using a copper spacer with
a thickness of 200 um between two poly(ethylene terephthalate) sheets
coated with PTFE foil to yield films with a thickness of ~300 um. The ar-
rangement was covered with metal plates on the top and bottom sides
and placed inside a melt press. The temperature was set to 90 °C for the
dielectric elastomer and 80 °C for the electrode material. After an equili-
bration time of 5 min, a pressure of 1000 kg was applied for 1 min. The
resulting film was left to cool before removing it from the substrate. All
characterization was carried out after waiting for at least 24 h.

Fabrication and Healable of Capacitive Strain Sensors: Films of elas-
tomer E2 were cut into strips of 3.5 X 1.2 cm? by die cutting. The elec-
trode film was cut into strips of 3.3 x 0.8 cm?. The film of elastomer E2
was sandwiched between two films of electrode material and the assembly
was heated to 70 °C for 5 min to merge the layers. For the healing exper-
iments, the sensors were cut with a blade and then heated to 75 °C for
10 min on the heating plate. All characterization of the sensors was car-
ried out after waiting for at least 24 h after heating. Sensors with PDMS
(Ecoflex 30) as the core layer were fabricated accordingly, but without the
heating steps.

3D-Printing of Microstructured Core Layers by DIW:  Structured core lay-
ers were printed from elastomer E2 by DIW using a printer from Envision-
TEC (Bioplotter Manufacturing series). The elastomer was filled in a metal
cartridge and extruded at a temperature of 120-130 °C and a pneumatic
pressure of 7.3 bar through a nozzle with an inner diameter of 0.4 mm. The
layer was printed onto a glass slide coated with PTFE film with a printing
speed of 2-7 mm s~ toyield a dielectric layer with a thickness of ~300 um.

Fabrication of Sensors from Printed Core Layers: A strip of electrode film
with a length of 2.5 cm and a width of 1.2 cm was placed on top of the
printed core layer. The films are heated to 70 °C for 5 min on the heating
plate. Afterward, the printed layer was cut around the electrode and the
merged films were removed from the PTFE substrate. Microscope images
were recorded from the film with the printed layer facing upward using a
Leica MZ125 optical microscope with a Leica DMC2900 camera. Afterward,
a second electrode film was placed on top of the printed layer and the films
were again heated to 70 °C for 5 min. All characterizations were carried out
after waiting for at least 24 h.
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Sensor Integration in Soft Robotic Finger: A tendon-driven soft finger
was prepared from a self-healing elastomer, according to the literature.[°]
A larger sensor with electrode dimensions of 4.8 x 0.8 cm? was prepared
as described above and contacted with aluminum foil. The sensor was
fixed to the back of the finger with Sil-Poxy glue from Smooth-On.

Supporting Information

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