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Stick-On Large-Strain Sensors for Soft Robots

Sibo Cheng, Yashraj S. Narang, Canhui Yang, Zhigang Suo,* and Robert D. Howe*

Soft robots require sensors that are soft, stretchable, and conformable to
preserve their adaptivity and safety. In this work, hydrogels are successfully
applied as large-strain sensors for elastomeric structures such as soft robots.
Following a simple surface preparation step based on silane chemistry,
prefabricated sensors are strongly bonded to elastomers via a “stick-on”
procedure. This method separates the construction of the soft robot’s struc-
ture and sensors, expanding the potential design space for soft robots that
require integrated sensing. The adhesion strength is shown to exceed that of
the hydrogel itself, and the sensor is characterized via quasi-static, fatigue,
and dynamic response tests. The sensor exhibits exceptional electrical

and mechanical properties: it can sense strains exceeding 400% without
damage, maintain stable performance after 1500 loading cycles, and has a
working bandwidth of at least 10 Hz, which is sufficient for rapidly-actuated
soft robots. In addition, the hydrogel-based large-strain sensor is integrated
into a soft pneumatic actuator, and the sensor effectively measures the
actuator’s configuration while allowing it to freely deform. This work provides
“stick-on” large-strain sensors for soft robots and will enable novel func-
tionality for wearable robots, potentially serving as a “sensing skin” through

pneumatic and microfluidic structures,-8l

dielectric elastomer actuators,®1! shape
memory alloys,'>13] responsive hydro-
gels,['*13] and living cells.') Among them,
soft pneumatic robots have attracted atten-
tion due to their complex motion, simple
control input, and low-impedance interac-
tions. For soft pneumatic robots, sensing
techniques are important to improve accu-
racy and functionality when grasping or
manipulating objects of different shapes
and sizes. However, the limitations of
existing sensing capabilities greatly restrict
the applications for this type of soft robot.
Traditional rigid sensing components on
soft robots can limit the deformation and
compliance of the underlying soft robotic
structure. Existing strain sensors for soft
robots mainly rely on stretchable elec-
tronic conductors, either in the form of
1) elastomeric conductors, which consist
of elastomers embedded with conducting

stimuli-responsive hydrogels.

1. Introduction

Soft robots surpass their rigid counterparts in simplicity, soft-
ness, and lightness, enabling cutting-edge applications where
adaptation and safety are needed. These applications include
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components such as silver nanowires,

silver particles, carbon nanotubes, and

graphene, or 2) liquid conductors, such as
grease and liquid metal. The limitations of these sensors have
been noted in previous studies. The conductivity of elastomeric
conductors degrades due to contact defects between separated
particles or liquid, especially under large deformation, as well as
the resistance-strain hysteresis resulting from cyclic loading.'”!
For liquid conductors like conductive paste, the localized plastic
deformation resulting from ratcheting during cyclic loading
accumulates and deteriorates conductivity as well.'811 The
change in conductivity leads to signal drifts. In addition, liquid
conductors are not biocompatible and need tight sealing to pre-
vent oxidation and leakage, thus requiring additional technical
effort. Soft actuators with integrated microchannels filled with
conductive fluid have been fabricated via 3D printing.?>2! But
the intricate designs and complex manufacturing requirements
dramatically increase the fabrication difficulty. It remains a
major challenge to manufacture robust soft strain sensors for
soft robots.[22-27]

Compared to electronic conductors, ionically conductive
hydrogels can be readily used as stretchable conductors, 530
and have recently enabled a new family of devices called
hydrogel ionotronics.?!! Both the mechanical and electrical
properties of hydrogels can be tuned on demand over a wide
range. For example, hydrogels can be as soft as living tissues or
as tough as natural rubber. As another example, the resistivity
of hydrogels can vary from 18.2 MQ m to 10! Q m, depending
on the type and concentration of salt.’?l In fact, hydrogels
resemble ideal conductors, as their resistivity is a material
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constant and independent of deformation. This feature holds
even under large strain and makes hydrogels ideally suitable as
large-strain sensors for soft robots.1>3-38]

Nevertheless, the use of hydrogels as conductors for soft
robots encounters two issues: dehydration of the hydrogel and
poor adhesion between the hydrogel and the elastomer. The
dehydration issue can be resolved by dissolving hygroscopic
salts or encapsulating the hydrogels with low-permeability
hydrophobic elastomers.?*# Regarding adhesion, hydrogels
and elastomers are very dissimilar materials, and the adhesion
between the two materials is inherently low, typically below
1 J m™2. Such low adhesion does not allow measurement of
the large deformation of soft robots, given that hydrogels are
easily detached from elastomers. Whereas intense efforts have
been devoted to resolve the adhesion issue, current strategies
are limited in several aspects: surface treatment and molding
are required,! a specific prepared glue is used,*! or the bulk
properties of the elastomers are completely altered using chem-
ical modification.**! Finding a new strategy to bond hydrogels
with elastomers can enable hydrogel-based soft-strain sensors,
improving configuration control of soft robots.

In this paper, we propose a facile “stick-on” method to
achieve strong adhesion between hydrogels and elastomers
without interfering with the bulk properties of elastomer; this
method is based on a silane chemistry mechanism.*¥ Given a
preformed elastomer, we first coat the surface with a thin layer
of elastomer with identical chemistry but modified with silanes
such that the bulk of the elastomer maintains its original prop-
erties. We then stick a piece of hydrogel that is also modified
with silanes onto the surface of the elastomer. After conden-
sation, the silanes on the two materials form covalent siloxane
bonds. We fabricate a large-strain sensor by bonding a layer
of hydrogel onto an elastomer substrate and characterize the
sensor via a quasistatic test, long-term fatigue test, and dynamic
test. We show that the sensor can sense large strains without
delamination between the hydrogel and elastomer, maintain
stable performance during cyclic loading over 1500 cycles,
and exhibit a bandwidth from static up to 10 Hz that is suf-
ficient for most applications of soft robots. Finally, we validate
the application of these stick-on sensors to soft robots by inte-
grating a hydrogel sensor with a soft pneumatic actuator. We
demonstrate that the hydrogel sensor can effectively measure
the bending angle of the actuator throughout inflation process
without interfering with deformation. The experimental results
substantiate the use of hydrogels as large-strain sensors on
soft robots. This work not only enables configuration control
of these soft robots, but promotes the development of wearable
devices that leverage strain-, chemical-, or temperature-respon-
sive gels to achieve bionic functionality.

2. Results and Discussion

2.1. Material Synthesis and Mechanism

We first synthesize the hydrogel by copolymerizing silanes,
(3-(trimethoxysilyl)propyl methacrylate (TMSPMA)), with
acrylamide (AAm) (Figure 1a). After curing under UV for
1 h, silanes are incorporated onto the polyacrylamide (PAAm)
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chains. The pH of the hydrogel is tuned to 3.5 so that the silanol
groups do not condense immediately after polymerization.*
Lithium chloride, a hygroscopic salt, is used at a concentration
of 8.0 M to enhance the conductivity of the hydrogel and pre-
vent it from drying out.*” We then bond the silane-modified
hydrogel with elastomer via a stick-on strategy (Figure 1b).
Unless otherwise specified, the elastomer used in this work
is highly compliant silicone rubber (Ecoflex 00-30, Smooth-
On, Inc., Macungie, PA). Given a prefabricated elastomer, we
coat its surface with a thin layer of the same elastomer modi-
fied with silane. The polymer chains of the silane-modified
elastomer can penetrate into and entangle with the preformed
elastomer due to their identical chemistry, causing topological
adhesion. After curing of the silane-modified elastomer, we
then attach the silane-modified hydrogel onto the surface. After
curing at 65 C for 24 h, silanes on the hydrogel network and
elastomer network condense with each other to form siloxane
bonds. The thin layer of silane-modified elastomer serves as a
link, connecting the prefabricated elastomer topologically and
simultaneously bonding to the hydrogel covalently.

Note that during fabrication, we only modify the surface
of the elastomer; thus, the bulk properties of the elastomer
are preserved. We also do not directly synthesize the hydrogel
on the elastomer surface, which can be technically difficult.
Instead, we make the hydrogel and elastomer separately and
then stick them together. The strong but sparse inter-network
siloxane bonds enable strong adhesion between the hydrogel
and elastomer without hardening them. This stick-on strategy
greatly simplifies the fabrication of hydrogel/elastomer hybrids
and is beneficial for making hydrogels as sensors for elasto-
meric robots, in which the elastomers are prefabricated, the
bulk properties have already been optimized, and the geom-
etries are frequently complex.

In order to evaluate the bonding between the hydrogel and
elastomer, we test the adhesion energy between the two mate-
rials using 90° peeling tests (Figure S1, Supporting Informa-
tion). Typical force-displacement curves (Figure 1c) show an
adhesion energy of about 60 ] m~2. During the peeling, cohesive
fracture occurs, cracks propagate in the hydrogel, and hydrogel
residues are observed on both the elastomer and the backing
layer (Figure 1c, inset). The hydrogel does not detach from the
elastomer surface even when the hydrogel breaks, indicating
that the adhesion energy is higher than the toughness of the
hydrogel. To demonstrate the notable combination of adhesion
and stretchability, a fully transparent hydrogel is patterned on a
2 mm thick transparent elastomer, and the bilayer is stretched
to more than twice its original length without debonding
between the hydrogel and elastomer (Figure 1d).

2.2. Measurement Analysis and Quasistatic Behavior of Sensors

To validate the feasibility of using hydrogels as large-strain sen-
sors for soft robots, we carried out quasistatic tests on hydrogel
sensors. In a testing sample, hydrogel is made into a dumb-
bell shape and bonded to a rectangular elastomer substrate
(Figure 2a). The two ends of the hydrogel are in contact with
two strips of silver fabric to connect to an external measuring
circuit. The two ends of the overall structure are confined by
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Figure 1. Synthesis, integration, and adhesion of hydrogel and elastomer. a) Hydrogel is synthesized via random copolymerization of acrylamide (AAm)
and 3-(trimethoxysilyl) propyl methacrylate (TMSPMA). N,N’-methylenebis (acrylamide) (MBAA) is used as the crosslinker and a-ketoglutaric acid is
used as the photoinitiator. b) Integration of hydrogel and elastomer. After standard preparation of the elastomer, its surface is coated with a thin layer
of silane-modified elastomer such that the bulk of the elastomer maintains its original composition while the surface of the elastomer contains silanes.
After curing, a piece of silane-modified hydrogel is simply placed on the surface (i.e., a “stick-on” process). The hydrogel is infused with salt to enhance
conductivity and water retention capacity. After 24 h at 65 °C, the silanes on the hydrogel network and elastomer network form siloxane bonds to
covalently bond the two networks. c) Adhesion. Typical force—displacement curves measured by 90° peeling tests. The hydrogel is TMSPMA-modified
PAAm hydrogel containing 8.0 m lithium chloride. The elastomer is triethoxyvinylsilane (TEVS)-modified elastomer. The average adhesion energy is
about 60 ] m~2. Inset: photo of a sample during a test. A crack propagates through the hydrogel (red-colored), and hydrogel residues can be observed
on both the elastomer substrate and the backing layer, indicating strong adhesion between hydrogel and elastomer. d) Demonstration of a patterned
transparent TMSPMA-modified PAAm hydrogel on a TEVS-modified elastomer. The bilayer is stretched to more than twice its original length without
debonding between the hydrogel and elastomer. Scale bar: 1 cm.

Adv. Mater. Interfaces 2019, 6, 1900985 1900985 (3 of 11) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
MATERIALS
INTERFACES

www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a Elastomer b d

I Hydrogel
"

ixed

A=4.5

Hydrogel

Conductive fabric

25
2000 %
1800 L 20 ™ Experimental data
-~ ) R/R=N
c 1600 = Experimental data
§ i Randles circuit model fitting 15|
S 1400
(]
Q.
£ 1200 10
Test frequency: 10 kHz
1000 5L Strain rate: 1/30 s™
800
10' 10° 10° 10° 10° 1 2 " 3 o 4 5
Frequency (Hz) e

Figure 2. Quasistatic characterization of the hydrogel-based large-strain sensor. a) Schematic of the testing sample. A dumbbell-shaped hydrogel is
bonded to a rectangular-shaped elastomer. The two ends of the hydrogel are connected to a measuring instrument via strips of conductive silver fabric.
Note that the two ends of the sample are constrained such that only the slender part is elongated during the stretching. b) The components of the
sensor correspond to analogous components of an equivalent circuit. Each interface between the hydrogel and the silver conductive fabric forms an
electric double layer (EDL), which behaves like a capacitor Cgp, and a charge transfer path with resistance Rcr. The slender part of the hydrogel behaves
like a pure resistor Ry. The equivalent impedance of the sensor is denoted by Z.,. The hydrogel-based large-strain sensor is in series with a constant
resistor, Re,ed, and connected to an alternating voltage source. An oscilloscope is connected to measure the voltage across the constant resistor.=#7l
¢) Impedance of the sensor, Z,,, as a function of measuring frequency. The Randles circuit model is used to describe the equivalent impedance,!*>-47]
Z,q, of the sensor. The theoretical result predicted by the Randles circuit model closely approximates experimental data. The impedance approaches
a constant value beyond 1 kHz. d) Photos of the sensor before and after stretch. No debonding is observed during the stretching process. Scale bar:
10 mm. e) The change of resistance of the slender part of the sensor as the sample is stretched. The measuring frequency is fixed at 10 kHz to elimi-
nate the contribution of electric double layers, such that the impedance is dominated by the resistance of the slender part, |Z.q|~Ro. The red solid line
represents the relationship between resistance and stretch for an ideal incompressible conductor, for which the resistivity and volume are independent
of stretch. When such a conductor is stretched to A times its original length, its cross-sectional area is reduced by a factor of A. Consequently, the ratio
of the resistance of the stretched conductor (R) to that of the undeformed conductor (Ry) is R/Ry = A%

rigid acrylic sheets in order to ensure that the electrical con-  fabric), and Rer is attributed to the charge transfer resistance.

nection is stable and that only the slender part of the hydrogel
is stretched. In an equivalent circuit (Figure 2b), the slender
part of the hydrogel is modeled as a pure resistance, Ry, and
the end of the hydrogel is modeled by using the Randles cir-
cuit model,>*] namely a capacitor, Cgp;, in parallel with a
resistor, Rer. Here Cgpp is attributed to the electric double
layer (EDL) forming at the interface between the ionic con-
ductor (i.e., hydrogel) and the electronic conductor (i.e., silver
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A fixed resistor R4 is in series and connects to an alternating
voltage source. The amplitude of the testing voltage is restricted
to 1 V so that the EDLs will behave like capacitors without
breakdown. 8]

For the EDL, charges are separated at an atomic distance;
thus, the capacitance per unit area, Cgpy, is large, on the order
of 1071 F m~2.®! The area of the EDL, Agp;, in our experiment
is on the order of 10 m?. For a measuring frequency, f, of
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10 kHz, we estimate the impedance of the EDL as X :ﬁ =1Q,
where C = cgpAgp;. For the slender part of the hydrogel with
length | = 25 mm, width w = 2.5 mm, and thickness t = 2 mm,
we calculate the resistance as Ry = (pl)/(wt) = 500 Q where
p =101 Q m is the resistivity of the hydrogel doped with 8.0 m
lithium chloride.?”! The equivalent impedance of the EDL is
negligible compared to that of the slender part of the hydrogel
so long as the measuring frequency is sufficiently high. The
impedance of the hydrogel sensor can be calculated and meas-
ured as

: Rﬁxed (1)

where Uy, is the amplitude of the applied voltage and Uy, is
the partial voltage on Rg,q. The relevant derivation is shown
in the Supporting Information. We measure the impedance
as a function of measuring frequency, and the theoretical pre-
diction closely matches experimental data (Figure 2c). Details
regarding the derivation are again provided in the Supporting
Information. When the measuring frequency is higher than
1 kHz, the impedance Zeq reaches a minimum and stabilizes at
the resistance of the slender part of the hydrogel. Since we use
a measuring frequency of 10 kHz for sensor characterization,
we will use R in subsequent sections to represent the resistance
of the hydrogel sensor.

Note that the stretch of a hydrogel only changes the configu-
ration of its polymer network and water molecules, having a
negligible effect on its ionic conductivity. Recall that the resist-
ance of the slender part of the hydrogel is R = (pl)/(A), where
A is the cross-sectional area. When the hydrogel is stretched to
A times its original length, the cross-sectional area is reduced
by a factor of A due to incompressibility. As a result, the ratio
of the resistance of the stretched hydrogel (R) to that of the
unstretched hydrogel (Ro) is

R/Ry=A’ (2)

indicating that the ratio of resistances solely depends on the
stretch. This property makes hydrogels ideal as large-strain sen-
sors, whereas existing sensors degrade under large deforma-
tion. The experimentally measured relationship between the
ratio of resistances and stretch is also consistent with the theo-
retical prediction by Equation (2) (Figure 2e). In addition, the
gauge factor (GF) of a hydrogel strain sensor is

2
_AR/Ry _AT-1_ A+1 (3)

€ A-1

where AR is the resistance variation of the sensor and ¢ is the
strain. Thus, GF only depends on the deformation as well.
Given the large stretchability of hydrogels, GF ranges from 2
to 6.

To verify the stretchability and adhesion stability of the
hydrogel sensor, we stretch the sensor using a tensile machine
and simultaneously conduct electrical measurements. The
hydrogel, which has a shear modulus around 3.2 kPa (Figure S2,
Supporting Information) is much softer than the elastomer,
which has a shear modulus of 30 kPa.’% A maximum stretch
of =4.5 is achieved without debonding between the hydrogel and
elastomer (Figure 2d; Movie S1, Supporting Information). This

GF
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maximum stretch of 4.5 before hydrogel fracture is exceptional
compared to other studies and shows that the sensor can be
used to measure the deformation of soft robots undergoing
very large deformations.13¢37:51

2.3. Fatigue Testing

To examine the sensor performance over long-term use, we
carry out fatigue tests to determine if the mechanical and
electrical properties are stable during repeated operation. The
design of the samples for the fatigue test is shown in Figure S3a
(Supporting Information). Cyclic loading and unloading
is applied with a maximum stretch of 2 at a strain rate of
0.066 s7* (Figure S3b, Supporting Information). In order to
slow down the dehydration process of the hydrogel sensor, an
additional layer of elastomer is used to seal the hydrogel, and
the two ends are connected to a resistance meter. During the
test, the resistance is continuously monitored at a fixed meas-
uring frequency of 10 kHz, and the stress—stretch curves are
recorded. As the sensor is subject to cyclic stretch, the resist-
ance changes accordingly and is captured by the resistance
meter. The change of resistance as a function of stretch con-
sistently matches the prediction R/R, = A%, and there is neg-
ligible hysteresis for over 1500 loading cycles, indicating high
electrical stability (Figure 3a). The ratio R/R,, where R repre-
sents the resistance of the sensor in the deformed state, nearly
maintains a constant value of 4 at a stretch of 2. In addition, the
stress—stretch curve of the 1500th cycle nearly replicates that of
the 1st cycle (Figure 3b), indicating high mechanical stability.
The maximum stress is constant around 40 kPa, and there is
no significant hysteresis. Note that the mechanical stability is
expected, as the bulk properties of the elastomer in the sensor
have been preserved, and the elastomer has been optimized to
be highly elastic and fatigue resistant.

As a comparative experiment, a fatigue test on a hydrogel-
elastomer bilayer with no dehydration-resistant coating was
also carried out to compare to the results with the coating
(Figure S4, Supporting Information). The resistance of the
hydrogel fluctuates over cyclic loading, resulting in the drift of
the resistance—stretch curves (Figure S4a,b, Supporting Infor-
mation). This is due to the fluctuation of the relative humidity
in the environment that causes the swelling/deswelling of
the hydrogel. However, the swelling/deswelling process of
hydrogel relies on diffusion, and it takes 0.8 h for the hydrogel
to exhibit a 20% change in resistance. For individual cycles
with a time scale of 30 s, the change of water content is neg-
ligible, and the ratio R/R, always scales with A%. In particular,
the ratio of the resistance at stretch 2 over the resistance in
the original state remains a constant (Figure S4c, Supporting
Information). These results demonstrate that sealing the
hydrogel with an additional layer of elastomer helps stabilize
the electrical performance of sensor, whereas the hydrogel con-
taining lithium chloride by itself does not dry out in the open
air. However, for sensors that are not sealed, we can measure
still Ry prior to use, and then use the constant value of R/R,
to predict the current resistance R. For the unsealed sensor,
we show long-term stability in mass and resistance over 10 d
(Figure S5, Supporting Information). The samples are exposed
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Figure 3. Dynamic characterization of the hydrogel-based large-strain sensor. a) The change of resistance as a function of stretch over repeated loading
cycles. The maximum ratio of R/R, during each cycle is highly consistent for at least 1500 cycles, indicating stable electromechanical performance of
the sensor. b) Stress—stretch curves of the sensor at different numbers of cycles. The maximum stress in each cycle remains highly consistent, indi-

cating stable mechanical performance of the sensor. ¢,d) The change of resistance as a function of stretch at various loading frequencies. The electrical
response closely follows the mechanical deformation.
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in an open environment with temperatures =20 °C and relative
humidity of 20%-40%.

We note that hysteresis is often an issue in soft large-strain
sensors.'’] By contrast, the hydrogel sensors exhibit negligible
hysteresis. The conductivity of hydrogel comes from the move-
ment of ions. In hydrogels, the ions are much smaller than the
mesh size of the hydrogel network, so that the movement of
ions is not affected by the hydrogel network. When a hydrogel
sensor is deformed, the polymer network deforms while the
ions are not affected. The resistance is only determined by the
geometry of the hydrogel sensor. Consequently, the hydrogel
sensor does not have hysteresis as long as the hydrogel is
elastic. Polyacrylamide hydrogels have nearly perfect elasticity
and been widely used in many hydrogel driven devices. Negli-
gible hysteresis is observed in our experiments.

2.4. Dynamic Behavior of Sensors

In order to measure the transient deformation states of soft
robots, the hydrogel sensors require a high response rate at
relevant mechanical frequencies. Current pneumatically actu-
ated soft robots typically attain a bandwidth of less than 4 or
5 Hz.P2%3] For the hydrogel sensing circuit in this work, theo-
retically only the RC delay limits the signal transfer time. Here
the RC time constant 7 is

T=RC “)

For our hydrogel sensor, here R is the total resistance of
hydrogel sensor and C is the capacitance of EDL. Given a resist-
ance on the order of 10* Q and a capacitance on the order of
107> F, we estimate the RC delay to be on the order of 107 s.
To experimentally demonstrate that performance, we conduct
dynamic tests on the soft sensors at different frequencies using
a universal materials testing device (model 5966, Instron, Nor-
wood, MA) at low frequencies and a vibration platform (Hurtle
Fitness Vibration Platform Workout Machine, HURVBTR30)
at high frequencies. Due to limitations of the testing equip-
ment, the stretch amplitude is not identical on both machines.
However, the results at both low frequency (Figure 3c) and
high frequency (Figure 3d) clearly shows the synchronization
of deformation and measured resistance change from 0.1 to
10 Hz. As expected, R/R,, is still equal to A% for each frequency,
indicating that the resistivity of the hydrogel sensor is still
stable in the high-frequency deformation state. Based on these
results, the hydrogel sensor can effectively meet the demands
of most current soft robotic applications, and sensor resistance
and capacitance can be controlled through geometric design to
provide orders-of-magnitude increased bandwidth, if needed.

2.5. Large-Strain Sensor for Soft Robots

After characterizing the performance of the hydrogel sensor
in several loading conditions, we demonstrate the capabili-
ties of the sensor on a soft pneumatic robot. The manufac-
turing process consists of several steps, during which the
hydrogel is bonded to the elastomeric actuator via the stick-on
strategy (Figure 4a). In the first step, a classic multichambered
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pneumatic soft actuator is fabricated with a compliant upper sec-
tion and a stiff, strain-limiting base layer.>%>* The 3D-printed
mold for actuator fabrication is shown in Figure S6 (Supporting
Information). We first cast and cure a multichambered upper
section (Dragon Skin 20, Smooth-On, Inc., Macungie, PA),
and we then pour polydimethylsiloxane (PDMS) precursor into
a separate mold to serve as a strain-limiting layer. The upper
section is placed on top of the PDMS layer, and the PDMS is
allowed to cure. Due to similar chemistry, the polymer chains
of PDMS can diffuse into and entangle with the preformed
silicone elastomer. After curing, the two elastomers are firmly
bonded by topological adhesion.!

After the soft actuator has cured, a thin layer of silane-modi-
fied elastomer is cast and cured on the top surface of the upper
section. In the second step, a salt-containing silane-modified
PAAm hydrogel bonded to the silane-modified elastomer layer
by simply placing it on top of the layer for 24 h at 65 °C. This
stick-on strategy decouples the synthesis of the elastomer and
hydrogel, facilitating the fabrication process to a large extent:
given a cured elastomer and hydrogel, simply apply a primer
on the surface of the elastomer and then stick on the hydrogel.
This method is also generic in that silane chemistry has been
extensively studied for many decades and the approach can be
readily applied to numerous elastomers and hydrogels.®>’]

This application also serves to illustrate that hydrogels can
not only be used as sensors, but also as soft conductive con-
nections (i.e., ionic cables).?*) This means that the sensor and
its wiring share the benefits of strong adhesion and stick-on
fabrication. To integrate the cable and the sensor together on
a soft actuator and eliminate significant resistance change in
the ionic cable during deformation, the hydrogel is patterned
in a specific geometric design (Figure S7, Supporting Infor-
mation). We denote the lengths of the ionic cable and sensor
as I, I respectively, and the cross-sectional areas as Ac, As,
respectively. We assume that the length of sensor, I, is 10 times
that of the cable, Ig = 10 I and the cross-sectional area of the
cable is 10 times that of the sensor, Ac = 10 Ag. In addition,
the resistivities of the cable and sensor are the same, i.e., pc =
ps. According to R=p—, the relationship of resistance between

. R. . .
the cable and sensor is R¢ =ﬁ. Thus changes in the resistance

of the cable due to deformation are negligible compared to
changes in the resistance of the sensor.

We built an experimental apparatus for the characterization
of the sensor-integrated pneumatic actuator (Figure S8, Sup-
porting Information). A regulated air pressure source is used
to inflate the actuator, and the pressure in the actuator itself
is continuously monitored by a pressure sensor. As the pneu-
matic actuator is inflated, the hydrogel sensor deforms and
changes its resistance accordingly. Resistance variation of the
hydrogel sensor is measured by a resistance meter connected
to a computer that records the measurements. The deformation
process of the actuator is photographed using a digital camera
(EOS 70D, Canon, Tokyo, Japan), and the bending angle can
be estimated by image processing. The inflation process is
incremental, and at each input pressure, we wait for steady-
state to be achieved. The relative resistance of hydrogel sensor
rises synchronously with the pressure (Movie S2, Supporting
Information). Figure 4b shows how the pneumatic actuator
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Figure 4. Stick-on large-strain sensor applied to soft robots. a) Fabrication process of a soft actuator integrated with a hydrogel-based large-strain
sensor. A typical silicone rubber elastomer frame (dark blue) is synthesized by molding, followed by sealing the air chambers (white voids) with a
strain-limiting layer of stiffer PDMS (pale blue) to form a pneumatic actuator. The outer surface of the actuator is then coated with a thin layer of
TEVS-modified silicone rubber. Finally, a TMSPMA-modified PAAm hydrogel containing 8.0 m lithium chloride is attached and bonded to the TEVS
modified silicone. The photograph shows a soft actuator integrated with a hydrogel sensor. b) A sequence of images showing the deformation process
of the pneumatic actuator with increasing pressure. The red layer on the left side of the actuator is the hydrogel sensor. During the inflation process,
the hydrogel sensor follows the deformation of the actuator without debonding. Scale bars: 10 mm. c) Bending angle versus pressure. The bending
angle is defined as the acute angle between the centerline of the actuator and a vertical line intersecting the tip of the actuator. The red dashed line is
an empirical fit. d) Bending angle as a function of relative resistance change of the hydrogel sensor. The red solid line is a cubic curve fit to the data.

deforms as the pressure increases. During the inflation pro-
cess, the hydrogel sensor deforms freely with the actuator
without debonding. The bending angle,6, defined as illus-
trated, increases with rising pressure; a schematic of the two
variables is shown in Figure 4c. The angle increases slightly at
the beginning, and after a critical point, it rises rapidly with a
small pressure increase. This snap-through instability is similar
to inflating a balloon, as the volume keeps increasing while the
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pressure remains almost constant.”® In our experiment, this
critical pressure is observed to be about 38 kPa (Figure S9,
Supporting Information). We note some deviations of bending
angle, which are primarily due to the manual measurement
technique. More precise techniques (e.g., position-tracking
sensors) can be used to minimize the deviation. To predict the
bending angle in an actual application, the relationship between
the resistance change and angle can be accurately approximated
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by a simple cubic polynomial function (Figure 4d). In practice,
this fitting function can be determined by a single calibration
step, after which the configuration of the pneumatic actuator
can be determined by sensing resistance.

3. Discussion

This paper presents a novel hydrogel sensor technology that
can be easily bonded to elastomer structures. These low-cost
sensors can be readily applied to prefabricated soft robots com-
posed of arbitrary elastomeric materials in arbitrary shapes.
This decouples sensor and robot construction, simplifying the
robot design process and potentially increasing the range of
feasible robot configurations.

The sensor attachment process requires only application of
thin silane-containing layers to the hydrogel and to the elas-
tomer, then the sensor is simply placed on the elastomer and
cured. This simple stick-on attachment of prefabricated sensors
is analogous to mounting metal foil and silicon strain gauges
on conventional rigid robot structures, although the attachment
process is perhaps less demanding than the surface preparation
required for effective strain gauge bonding.>®) Whereas we have
used a 24 h heating process to generate adhesion, the kinetics
of silane condensation can be accelerated by tuning variables
such as pH and temperature. In addition, other coupling chem-
istries with faster kinetics can be used (e.g., hydrogen bonds
and iron-carboxyl coordinations).

Mechanical performance is well-matched to the sensing
requirements for highly compliant soft robots. Sensor stiffness
can be far lower than the elastomer structure’s stiffness, so that
the sensors do not affect robot behavior. Tests show that com-
plete adhesion between the sensor and elastomer persists for
strains of 400%. Experiments show no evidence of delamina-
tion over 1500 strain cycles; at the end of these tests there was
no discernable change in sensor response (Figure 3a,b), sug-
gesting that wear effects may not appear for significant addi-
tional cycling. Even though the absolute resistance value of
hydrogels can fluctuate with humidity and temperature, the rel-
ative change of resistance due to deformation is independent of
environmental factors, indicating that a simple calibration can
be occasionally performed to compensate.

Soft robots often undergo inhomogeneous deformation,
exerting nonuniform load, and deformation on soft sensors.
Whereas high-resolution strain mapping and high-gauge-factor
nanoscale materials (e.g., single-crystal silicon nanomem-
branes) have been developed to meet this challenge,® the
complex implementation and fabrication processes may hinder
their widespread application. Alternatively, hydrogel sensors
provide the advantage of low barrier-of-entry. When the inho-
mogeneous deformation cannot be mapped by one hydrogel
sensor, a distributed hydrogel sensor array can be made to
help sense localized strain and estimate deformation in various
directions. Both stretchable electronic sensors and hydrogel
sensors will find different applications that take advantage of
their distinct attributes.

This paper explores only a limited range of the sensors
that can be fabricated using this technology through varia-
tion in materials and geometry. Hydrogel stretchability and
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conductivity can be readily controlled through crosslink density
and salt content. When biocompatibility becomes a concern,
biocompatible hydrogel sensors can be made by using biocom-
patible salts, aqueous solution (e.g., phosphate-buffered saline),
biocompatible ionic liquid, or biocompatible polyelectrolytes
(e.g., natural polymers such as hyaluronan and chitosan).l!
Silanes can be used with a wide range of elastomers and hydro-
gels, so sensors can be designed with a spectrum of properties.
In addition, changes in sensor geometry enables control of sen-
sitivity and bandwidth. Hydrogels can also provide a variety of
transduction mechanisms, including capacitive as well as resis-
tive sensing. This means that in addition to strain-based pres-
sure and curvature sensing, hydrogel sensors can be designed
to respond to temperature, ion and gas species, and electric
fields.[62-6]

The hydrogel adhesion technology presented here also ena-
bles the creation of integrated sensing systems. As demon-
strated with the pneumatic soft robot sensor in Section 2.5,
hydrogel ionic cables can form electrical connections between
sensing elements that have negligible response to mechan-
ical deformations (Figure S7, Supporting Information). Thus
networks of sensors and cables can be fabricated in a single
molding operation which is then bonded to the elastomer struc-
ture. This can provide low-cost, easy-to-fabricate distributed
sensing of soft robot deformation to measure the overall shape
of the robot as it deforms due to actuation and environmental
interaction. It also provides a method for fabricating a wearable
sensing skin that can measure joint positions and finger con-
tacts as well diverse physiological parameters such as skin tem-
perature and conductance.

4. Conclusion

We present a new approach to integrating soft hydrogels as
large-strain sensors on soft robots via a simple “stick-on”
method, which decouples sensor and robot fabrication. Experi-
ments demonstrate excellent properties under the relevant
operating conditions for elastomeric soft robots, including low
mechanical stiffness and full adhesion between the sensor
and elastomer structure through very large deformations and
repeated strain cycles. The hydrogel sensor is low cost, highly
transparent, and can be readily integrated with prefabricated
actuators. Sensor properties and response can be varied over a
wide range through materials selection and geometric design.
In addition, hydrogel sensors can be adapted to wearable robots
to detect physiological properties such as temperature-, ion-,
and gas-activated responses. This work provides a simple, novel
alternative to constructing soft sensors for numerous applica-
tions in soft robotics.

5. Experimental Section

Materials: AAm (A8887), lithium chloride (LiCl, 310 468), N,N"-
methylenebisacrylamide (MBAA, M7279), o-ketoglutaric acid (75 890),
2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone  (Iragcure2959,
410 896), ethyl alcohol (459 844), and TMSPMA (440 159) were
purchased from Sigma-Aldrich (St. Louis, MO). PDMS (Sylgard 184)
was purchased from Dow Corning (Midland, MI). Ecoflex 00-30 and
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Dragon Skin were purchased from Smooth-On, Inc. (Macungie, PA).
All the adapters, screws, nuts, tubes, and acrylic sheets were purchased
from McMaster-Carr (Elmhurst, IL). All materials were used as received.

Synthesis of Hydrogel: For every 1 mL solution, 2.0 m of acrylamide
and 8.0 m of lithium chloride were dissolved in distilled water. Then
4uL of MBAA at 0.1 m, 20 uL of o-ketoglutaric acid at 0.1 m, and
1.9 uL of 3-(trimethoxysilyl)propyl methacrylate were added. The
precursor was stirred for T min and the solution was poured into a mold
with dimensions 25 mm x 2.5 mm x 3 mm. The mold was made of
acrylic sheet cut with a laser cutter (Helix 24 Laser, Epilog, Golden, CO)
and assembled using cyanoacrylate glue (KG925, Krazy Glue, High Point,
NC). After exposing to UV (15 W 365 nm; UVP XX-15L, 2 cm distance
between sample and lamp) for 1 h, the precursor was transformed to
gel.

Synthesis of Silicone Rubber: Ecoflex 00-30/Dragon Skin 20 rubber
precursor was prepared by mixing the base and curing agent at a
weight ratio of 1:1. After mixing and degassing in a mixer (Thinky ARE-
250, Laguna Hills, CA), a homogeneous and bubble-free precursor was
obtained. Then the precursor was cast into a mold with dimensions
40 mm X 4 mm x 1.5 mm and cured it at 65 °C for 2 h.

Soft Actuator Coated with a Thin Layer of Silane-Modified Elastomer:
The soft actuator was fabricated via molding (Figure 4). After the
actuator fabrication, a silane-modified elastomer precursor containing
triethoxyvinylsilane (TEVS) (0.2 wt%) was then coated onto the surface
of the actuator with the thickness around hundred micrometer. After
curing at 65 °C for 2 h, the actuator was coated with a thin layer of
silane-modified elastomer. Note that the silane-modified layer will not
debond from the upper section of the actuator during inflation if the
bonding surfaces are clean.

Adhesion Process Between Hydrogel and Elastomer: After the synthesis
of the hydrogel and elastomer, the hydrogel was simply placed onto the
surface of elastomer. The bilayer was then placed in an oven at 65 °C for
24 h.

Fabrication of Pneumatic Actuator: The molds were 3D-printed (Objet
Connex 500 3D, Stratasys, Eden Prairie, MN, USA), as shown in Figure
S6 (Supporting Information). Then Dragon Skin 20 precursor was cast
into the outer mold of multichambered upper section and sealed it with
the inner mold. After curing, the Dragon Skin 20 unit was moved to the
mold for casting of the strain-limiting PDMS base layer.

Synthesis of Sensing Circuit on Soft Actuator: For every 1T mL solution,
2.0 m of acrylamide was dissolved and added 10 uL of acetic acid at
0.1 ™, 4 uL of MBAA at 0.1 m, 1.9 UL of TMSPMA, 1 L of Iragcure2959 at
0.1 m in ethyl alcohol. The solution was stirred for T min and degassed.
Then the solution was poured into a mold with a specific geometric
design and cured it under UV for 30 min. After curing, the hydrogel was
immersed into 8.0 m LiCl aqueous solution for half an hour to allow ions
to fully diffuse into the hydrogel and reached the same concentration
as the solution. After that, the hydrogel was placed onto a soft actuator
with a silane-modified surface. The entire structure was cured at 65 °C
for 24 h to achieve stable adhesion between the hydrogel and elastomer.

Characterization of Soft Sensors: For the quasistatic, dynamic, and
fatigue testing, as well as characterization of the soft robot, a stretchable
silver fabric was used (Shieldex Medtex P130, V Technical Textile Inc.,
Palmyra, NY) to connect to the hydrogel. A waveform generator
(Keysight 33512B, Keysight Technologies, Santa Rosa, CA) applied a
sinusoidal voltage. The amplitude of the voltage was restricted to 1 V. An
oscilloscope (Keysight DSO1004A, Keysight Technologies, Santa Rosa,
CA) was used to measure the voltage across the fixed resistor that is in
series with the hydrogel sensor. In the fatigue test, a resistance meter
(BK Precision Model 879B, B&K Precision Corporation, Yorba Linda, CA)
connected to a computer was used to measure the impedance of the
sensor. For the bandwidth test at different mechanical frequencies, a
dynamic test was conducted using a universal materials testing machine
(Instron Model 5966, Instron, Norwood, MA) and a vibration platform
(Hurtle Fitness Vibration Platform Workout Machine HURVBTR30). For
pressure control and sensing, a pressure regulator (Type 90, Control Air
Inc., Amherst, NH) and a pressure sensor (Vernier PS400-BTA, Vernier
Software & Technology, Beaverton, OR) were used.
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