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ABSTRACT: A highly stretchable, low-cost strain sensor was successfully prepared using 1
an extremely cost-effective ionic liquid of ethylene glycol/sodium chloride. The hysteresis
performance of the ionic-liquid-based sensor was able to be improved by introducing a
wavy-shaped fluidic channel diminishing the hysteresis by the viscoelastic relaxation of
elastomers. From the simulations on visco-hyperelastic behavior of the elastomeric channel,
we demonstrated that the wavy structure can offer lower energy dissipation compared to a
flat structure under a given deformation. The resistance response of the ionic-liquid-based
wavy (ILBW) sensor was fairly deterministic with no hysteresis, and it was well-matched to
the theoretically estimated curves. The ILBW sensors exhibited a low degree of hysteresis
(0.15% at 250%), low overshoot (1.7% at 150% strain), and outstanding durability (3000
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cycles at 300% strain). The ILBW sensor has excellent potential for use in precise and
quantitative strain detections in various areas, such as human motion monitoring, healthcare,

virtual reality, and smart clothes.
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B INTRODUCTION

A wearable strain sensor with skin-like sensing capability has
diverse potential applications, such as human motion
detection,' ™" personal health monitoring,s’6 prostheses,7 smart
clothes,® and soft robotics.” Conventional metal-foil strain
gauges are ill-suited for these novel technologies, as they are
merely able to detect relatively small strains of <5%.'° Hence,
numerous attempts have recently been made to realize a new
conceptual strain sensor showing high stretchability and good
sensitivity (i.e.,, gauge factor, GF) by engineering structures of
conductive nanomaterials on elastic substrates."'~"® For
example, piezoresistive strain sensors based on a thin film of
conductin§ nanomaterials, such as carbon nanotubes
(CNTs),">'*'5 carbon black particles,'®'” graphene
sheets,”'®'” silver nanowires (Ag NWs),'”*" and metal
nanoparticles,”' ~>* have been introduced. They exhibited high
performances in terms of the maximum strain, GF, and
durability, but they also demonstrated significant overshoot and
hysteresis. Because ubiquitous friction between solid-state
conductors and elastomeric molecules leads to disparate time
scales in detachment and slippage among the conductors,'”'*"”
large hysteresis was inevitably accompanied. The hysteretic
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behavior according to the strain history gives rise to significant
errors in deformation measurements and should therefore be
addressed so as to ensure precise and deterministic sensing
capabilities. In this regard, sensors based on the piezocapaci-
tance of a dielectric elastomer sandwiched between percolation
networks of CNTs or Ag NWs have been proposed.””*>*
They displayed outstanding linearity and low hysteresis, but
their theoretically limited GF of 1.0 is problematic in terms of
sensitivity.

Recently, liquid-state conductors of carbon greases,”” liquid
metals,”>”*** and ionic liquids™® ™ have been suggested as an
ideal platform for stretchable electronic applications because
liquid intrinsically possesses limitless and instantaneous
deformability. Carbon-conductive greases are inexpensive and
environmentally friendly suspensions of carbon black particles,
but they also result in large hysteresis owing to their viscoelastic
characteristics and the retarded reag%re(gation between filler—
filler bonds when in a relaxed state.””*° Liquid metals with a
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Figure 1. (a) Schematic illustration of the fabrication process of the ionic liquid-based strain sensor. (b) Geometrical dimensions of the ILBW strain
sensor. (c) Photographs of the as-prepared ILBW strain sensor, indicating its (i) wavy structure, (ii) good transparency, and (iii) superstretchability.

good electrical conductivity (3.4—3.5 X 10° S m™") are in the
liquid state at room temgerature, and they are utilized as a
strain sensing element’ or a liquid electrode*****°
stretchable sensor applications. However, their high cost
would be an obstacle to those attempting to realize a low-
cost stretchable sensor. Ionic liquids, defined as molten salts at
ambient temperatures, have attracted much attention due to
their several interesting characteristics such as nonvolatility,
nonflaimmability, a high ion density, and high ionic
conductivity.””** Various ionic liquids have been successfully
applied to fabricate microfluidics-based devices for sensing
temperature, oxygen, pressure, and strain.”””* In spite of
merits of liquid-state conductors such as mechanical deform-
ability and electrical reversibility, the hysteretic response by the
viscoelastic nature of elastomeric fluidic channels remains as a
challenging task for simultaneously guaranteeing hysteresis-free
and deterministic sensing capabilities even under a large strain.
For precisely identifying introduced deformations, therefore, it
is necessary to suppress the viscoelastic effect of the elastomeric
substrate itself.”""

Herein, we introduce a low-cost, superstretchable, and
hysteresis-free strain sensor based on the ionic liquid of
ethylene glycol (EG) and sodium chloride (NaCl) encapsulated
within a symmetric wavy channel. The ionic liquid-based wavy
(ILBW) sensors exhibited improved hysteresis performance
compared to normal ionic liquid-based flat (ILBF) strain
sensors. A simple model was proposed to explain the
relationship between the viscoelasticity of elastomers and the
hysteresis in electrical responses. Moreover, we verified that the
wavy structure can produce lower energy dissipation compared
to a flat structure under a given strain by conducting a finite
element analysis (FEA) of visco-hyperelastic deformation of the
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elastomeric channel. The resistance response of the ILBW
sensor was changed in a fairly deterministic manner, in good
agreement with the theoretically predicted curve. The sensors
also showed negligible hysteresis (0.15% at 250% strain), low
overshoot (1.7% at 150% strain), and excellent durability (3000
cycles at 300% strain). These important features allow the
ILBW sensor to be used for the reliable and quantitative
detection of large strains, as was demonstrated by the motion
monitoring of an index finger, elbow, and knee joint under
various human activities.

B EXPERIMENTAL METHODS

Fabrication of the Device. Both the top and bottom
polytetrafluoroethylene (PTFE) molds were fabricated by conven-
tional machining processes, and the metal template for the formation
of the wavy channel (flat channel) was created through a laser cutting
process with a stainless steel sheet. To fabricate a stretchable Ecoflex
channel, part A and part B of the Ecoflex silicone elastomer (Ecoflex
00-50, Smooth-on) were mixed at a weight ratio of 1:1, vigorously
stirred, degassed, and poured onto the metal template placed on the
bottom PTFE mold, as shown in Figure la. The bottom PTFE mold
was tightly combined with the top PTFE mold, and this set was then
put into an electric oven preheated to 80 °C for 90 min to cure the
Ecoflex. After curing, the Ecoflex was carefully separated from the
metal template, and two brass electrodes with injection holes were
bonded to the both ends of the Ecoflex channel using instant glue. The
ionic liquid, a mixture of EG and NaCl (1.0 mol L"), was slowly
injected through one of the holes of the brass electrodes using a
syringe pump (LEGATO 180, kdScientific), after which the holes were
sealed using epoxy glue.

Characterization of the lonic Liquid. The viscosity of the ionic
liquid was obtained from a rotational rheometer (HAAKE MARS,
Thermo Scientific). The viscosity of the ionic liquid was 2.54 X 107
Pa s at 25 °C, which was slightly higher than that of EG (1.76 X 107
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Figure 2. Comparison of the hysteresis performance between the ILBF and ILBW strain sensors. (a) Hysteresis curve of the ILBF strain sensor. The
initial resistance (R,) and the degree of hysteresis (DH) were 20.7 kQ and 6.52%, respectively. (b) Hysteresis curve of the ILBW strain sensor. (R, =
19.7 kQ; DH = 0.15%). (c) Plot of the relative change in the resistance of the ILBF and ILBW strain sensors under consecutive step-and-hold tests.
(d) A 3D bar graph indicating the discrepancy in the resistance response between loading and unloading at each strain level. The height of each bar

represents an average value obtained from several sample devices.

Pa). Measuring the electrical conductivity of the ionic liquid was
performed with a conductivity meter (EC-40N, ISTEK Inc.). The
electrical conductivity of pure EG was measured to be 5.12 X 107° S
m™, and it was significantly increased to 2.72 X 107" S m™' by the
addition of 1 M NaCl.

Measurement of the Strain—Resistance Response. The
prepared strain sensors were precisely stretched and released in a
controlled manner using a programmable motion stage (SM1-0810-3S
and STM-1-USB, Sciencetown) communicating with the computer.
Before the tensile tests, the strain sensor was attached to the sample
mounts of the motion stage system using instant glue, and copper
wires were clamped to the brass electrodes to provide a connection to
an external measurement device. The electrical resistance of the strain
sensor was measured using a Keithley 2400 sourcemeter controlled by
a computer through the LabView program. All of the strain-resistance
characterization steps were conducted in an ambient environment, and
unless especially noted, the strain rate was set to 10% s~

Uniaxial Tensile and Stress Relaxation Tests. Tensile and
relaxation test were conducted on dumbbell specimens of Ecoflex 00-
50 using an Instron tensile testing machine with a 1 kN load cell. The
test specimens with 3.3 mm thickness were produced by using a PTFE
mold whose dimension is equal to that of the “dumbbell die A” as
stated in ASTM standard D412-06a.*’ Ecoflex 00-50 was prepared by
the same procedure used for the fabrication of the strain sensor. The
top and bottom 20 mm parts of the specimen were clamped to sample
holders and the specimen was then elongated at a crosshead speed of
500 mm min~". In the relaxation tests, the crosshead motion was
stopped and the load was subsequently recorded as a function of time
after the specimen was stretched to 300%. To determine the material
constitutive parameters of the Ogden model and the Prony series
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model from the experimental data, the function “Isqcurvefit” in the
Optimization Toolbox of MATLAB has been used.

Model Simulation. The finite element simulations were carried
out using Abaqus/standard. Three-dimensional volume meshes for the
flat channel and wavy channel were generated using 20-node quadratic
brick (C3D20RH) and 10-node quadratic tetrahedral elements
(C3D10H), respectively. Each channel was modeled using one-eighth
symmetry to reduce the computational cost, and a uniaxial tensile
boundary condition (strain rate = 10% s™') was applied.

In Vitro Cytotoxicity Tests of the lonic Liquid. HeCaT human
keratinocyte cells and HS68 human foreskin fibroblasts were
purchased from the American Type Culture Collection (ATCC,
U.S.A.), and the cells were stored in a 5% CO, humidified atmosphere
at 37 °C. Dulbecco’s Modified Eagle’s Medium (DMEM; Hyclone,
U.S.A.) was used for cell cultivation. These cells were supplemented
with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, and
100 pg/mL streptomycin. Cell viability upon exposure to EG, EG with
1 M NaCl, and soluble nickel compounds (SNCs; NiSO,; Sigma-
Aldrich) were examined using an EZ-Cytox cell viability assay kit
(Daeil Lab Service Ltd., Korea) according to the manufacturer’s
instructions. Cells (1.5 X 10* cells/well) were plated in 96-well plates,
incubated at 37 °C for 24 h, and given a fresh change of medium
containing EG, EG with 1 M NaCl, and SNCs at the indicated
concentration for 24 h. SNCs was used as reference control for
cytotoxicity from environmental factors. At the end of the incubation,
10 puL of EZ-Cytox solution was added to the well and incubated for at
least 1 more hour. The absorbance at 450 nm was measured using a
Synergy HT Multimicroplate reader (BioTek Instruments, U.S.A.).
Data were expressed as cell growth percentages relative to the control
(no treatment) for each sample concentration.
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B RESULTS AND DISCUSSION

Fabrication Scheme and Architecture of the ILBW
Sensor. A simple casting technique was developed to fabricate
the strain sensor consisting of a stretchable serpentine channel
using a hyperelastic elastomer, Ecoflex 00-50, as shown in
Figure la. Ecoflex is a platinum-catalyzed silicone rubber that
can be stretched to more than 900% strain.” Its biocompatibility
as well as its high mechanical compliance comparable to that of
human skin are considered to make it highly applicable to
epidermal electronic devices.'* As shown in Figure 1a, liquid
Ecoflex was strongly squeezed between a top PTFE mold and a
bottom PTFE mold on which a wavy-patterned metal template
was laid. After curing, the Ecoflex channel was carefully
separated from the metal template. After conductive brass
electrodes were bonded to both ends of the Ecoflex channel, a
mixture of EG and NaCl, as a strain-sensitive element, was
injected through small holes in the electrodes. Finally, two
injection holes were sealed using epoxy resin. We selected EG
instead of water as a dissociation medium for NaCl because it
has a higher electrochemical stability window of ~4.0 V,*
which is sufficiently beyond our operating voltage of 2.1 V;
water generates bubbles of hydrogen and oxygen by electrolysis
at voltages above ~1.23 V*' and therefore offers a relatively
narrow range of operating voltages. Moreover, the extremely
low vapor pressure of EG is quite suitable for the long-term
stability of devices (the vapor pressures of EG and water are
~0.01 kPa and ~3.17 kPa at 25 °C, respectively). In Table S1,
prices of various active sensing materials used for wearable
sensor applications are summarized. From the price compar-
ison, it can be seen that the ionic liquid of EG-NaCl has
superior cost-effectiveness compared with other materials,
indicating great potential for utilization to low-cost wearable
sensing devices.

Figure 1b presents the specific shape and dimensions of the
ILBW strain sensor. Wavy structures whose waveforms are
semicircular with radii of 0.5 mm were formed along the inner
sidewalls of the channel. Figure 1c shows photographs of the
as-prepared ILBW strain sensors, manifesting the wavy
structure, optical transparency, and stretchability of the sensor.
Rhodamine B dye was mixed with the ionic liquid to visualize
the wavy structure of the elastomeric channel clearly, as shown
in Figure 1c-i. It shows that the wavy patterns were successfully
created along the inner sidewalls of the channel via the
proposed facile casting method. The photograph presented in
Figure lc-ii reveals that the ILBW sensor was sufficiently
transparent to observe the words vividly below the sensor.
Figure lc-iii shows a photograph of an ILBW sensor stretched
to 250% strain, demonstrating its superstretchability.

Hysteresis Characteristics in Strain—Resistance Re-
sponses. To realize a strain sensor capable of detecting strains
quantitatively and independently of the strain history, the
electrical response of the sensor when stretched should be
equal to that of the sensor when relaxed. That is, absence of
hysteresis is crucial for a quantitative measurement of
deformation by various dynamic stimuli commonly encoun-
tered in our everyday lives. By comparing the relative changes
in the resistance, (R/R;) — 1, during loading/unloading cycles,
the hysteretic behaviors of the strain sensors were investigated.
Figure 2a,b show the resistive responses of the ILBF sensor and
the ILBW sensor, respectively. Each sensor was extended to
250% strain at a rate of 10% s~ and relaxed back to the initial
position at the same rate. As shown in Figure 2a, the ILBF
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sensor showed hysteretic behavior during the loading/
unloading cycle. However, the ILBW sensor exhibited a
negligible difference in the resistance responses between the
loading and unloading curves, highlighting its hysteresis-free
property and deterministic sensing performance (Figure 2b).
We assessed the degree of hysteresis (DH) to quantitatively
compare the hysteresis performances between them:*”

ALoading - AUnloading

DH = X 100%

(1)

where Apgding and Auypiouding are the area of loading and
unloading curves, respectively. A lower DH value indicates
lesser hysteresis in the electrical response. The DH value of the
ILBF sensor was about 6.52%. However, the ILBW sensor
showed much smaller DH value of 0.15%, which was ~43.5
times smaller than that of the ILBF sensor. The strain-
resistance responses of each sensor type prepared from
different batches of Ecoflex also exhibited similar hysteresis
characteristics to the above results (Figure S1). Regardless of
the sidewall thickness of the channel, the ILBF sensors showed
higher hysteresis in resistance—strain curve compared to the
ILBW sensors. The hysteresis performance of the ILBW sensor
was compared with that of previously reported wearable strain
sensors and was found to be superior even under larger
deformation (Table S2). We conducted step-and-hold tests to
examine the resistance relaxation with time for each sensor, as
shown in Figure 2c. At every step, the sensors were stretched by
25% with a strain rate of 10% s~ and were held for 15 s. After
being stretched to 250%, the sensors were released by 25% at
the same rate and delay time. The resistance relaxation of the
ILBW sensor was nearly negligible even under 250% strain,
whereas that of the ILBF sensor increased with the strain. From
these results, the hysteresis performance seems to be correlated
very closely to the characteristic of resistance relaxation with
time. The resistance relaxation behavior of the ILBF sensor was
highly analogous to the stress relaxation behavior of viscoelastic
materials; the stress decreases during the stress relaxation
process when the material is stretched, while the stress
increases when the material is released.**** Hence, the
improved hysteresis performance of the ILBW sensor is
thought to have derived from the suppressed viscoelastic
relaxation by the wavy structure of the elastomeric channel.

The discrepancy in the resistance responses between loading
and unloading, (Rieding — Runloading)/Roy Was investigated for
both ILBF sensor and ILBW sensor, as shown in the 3D bar
graph in Figure 2d. The results for each sensor type were
obtained from six test devices. The ILBF sensors showed a large
discrepancy of ~21% at 100% strain; however, the ILBW
sensors only showed a small value of ~2.1%. Furthermore, the
discrepancy in the resistance responses of the ILBF sensors
increased to ~41% at 200% strain, whereas that of the ILBW
sensors was remained below 15%. Thus, the ILBW sensor is
expected to provide more reliable and precise sensing
capabilities than the ILBF sensor.

Figure S2a shows the strain-resistance curves of a single
ILBW sensor under successive loading/unloading cycles.
Although the hysteretic behavior of the sensor was notably
aggravated by the pronounced viscoelastic effect of the
elastomeric channel above 350% strain, the strain level of
250% guaranteeing negligible hysteresis sufficiently covers the
detection range of human body motions. The sensor was
functioned up to ~830% without failure owing to the limitless
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lateral length change of the ILBW sensor can be diminished.

deformability of the ionic liquid as well as the high-stretchability
of Ecoflex itself (Figure S2b).

Relationship between Viscoelastic Relaxation and
Resistance Hysteresis. The hysteresis performances of
other stretchable strain sensors based on the percolation
networks of solid-state conductors are affected by not only (i)
stress relaxation caused by the viscoelasticity of the elastomer
but also (ii) the imperfect recovery of conduction paths by the
ubiquitous friction between the conductors and polymer
molecules.”'””” Because the second problem was circumvented
by utilizing the ionic liquid, the viscoelastic effect of the
elastomeric channel appears to act as a key factor causing the
hysteresis of the ILBF sensor. We propose a simple mechanism
for explaining the occurrence of the hysteresis in the electrical
responses. The hysteresis in the resistance—strain diagram
could be explained by the change in the lateral channel size
resulted from the viscoelastic relaxation of the elastomeric
channel. As the Poisson’s ratios of elastomers are smaller than
0.5 in practice,” the volume of the elastomeric channel itself
(Vgc) will be increased as it is elongated (Figure 3a). However,
the volume of the channel filled with the ionic liquid will not
change regardless of deformation due to the incompressibility
of the ionic liquid. To satisfy the volume constraint (Vgc = Vi),
compressive forces (F) are exerted on the elastomeric channel
to produce further contraction in the lateral direction, as shown
in Figure 3b. Poisson’s ratio () of viscoelastic materials is a
time-dependent material property. Because the shear modulus
relaxes much more than the bulk modulus, the viscoelastic
Poisson’s ratio is a monotone increasing function of time, t
(dv/dt > 0).*** A constant Poisson’s ratio is physically
possible only for incompressible materials with () = 0.5.
However, such Poisson’s ratio is highly restrictive condition for
real materials.”> During the stress relaxation process, the
compressive force required for maintaining the constant
channel volume is mitigated along with the increase of
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Poisson’s ratio. For the flat channel, the viscoelastic relaxation
would be equally produced by the uniform strain/stress
distribution, as shown in Figure 3c. The lateral contraction is
uniformly introduced by the weakened compressive force
during the viscoelastic relaxation, and the channel width could
be increased while maintaining the channel volume. Con-
sequently, the resistance of the ILBF sensor is decreased with
the viscoelastic relaxation. If the sidewalls of the elastomeric
channel become serpentine, however, the stress relaxation
would be unequally progressed due to the uneven strain/stress
distribution (Figure 3d). The lateral contraction would also be
nonuniformly introduced, and thus shear rotation is required to
deform the curved surface of the wavy channel. Because the
axial component of the shear stress acts to hinder the stress
relaxation, the compressive force is less relaxed, and the change
in lateral length could be reduced accordingly. Hence, the
ILBW sensor could give a better hysteresis performance
compared with the ILBF sensor.

Numerical Analysis of Visco-Hyperelastic Behavior.
We performed a FEA to investigate the effect of the channel
geometry on the hysteretic behavior of the sensor using the
commercial FEA software Abaqus. A hyperelastic material
model, the Ogden model, was used to take into account the
nonlinear stress—strain characteristics of the Ecoflex 00-50
under large deformation. In the Ogden model, the strain energy
potential function is expressed in terms of the principal
stretches 4,

U=
; 2)

where y;, and o; are the material coefficients. To acquire the
Ogden material parameters of Ecoflex 00-50, we conducted
uniaxial tensile tests using a dumbbell specimen as shown in
Figure 4a. With the experimental data plotted in Figure 4b, a

2,

2
;

(A% + A% + 2% = 3)
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Figure 4. (a) Photographs of (i) dumbbell specimen made of Ecoflex 00-50 for tension and relaxation tests, (ii) undeformed specimen mounted on a
material testing machine, (iii) specimen under a uniaxial tensile strain of 300%. (b) Stress—strain curve obtained by Ogden model fit to the data
gathered from a uniaxial tensile testing. (c) Stress relaxation test results showing the decrease in shear modulus over time. The relaxation data was
fitted to the 2-term Prony series model. (d) FEA model of the wavy channel (top) and contour plot of the longitudinal stress when stretched to
100% (bottom). (e) Simulated strain-force curves for the flat channel and wavy channel. (f) Dissipation energy according to the strain level for the

flat channel and wavy channel.

least-squares fit of the stress—strain equations were comg)uted
to determine the parameters of the Ogden model.*”*" The
optimized parameters for the fourth order Ogden model are @,
= 1.08, a, = 13.99, a; = —9.59, a, = 4.49, y; = 2.08 X 107>
MPa, jt, = 2.14 X 107° MPa, yi; = —6.01 X 107> MPa, and y, =
540 X 107 MPa. The viscoelastic effect was included by
considering the shear relaxation modulus G(t) and the bulk
relaxation modulus K(t). Each relaxation modulus can be
expressed based on the Prony series via the following
equations:49

G(t) = Gyl1 = Y g (1 — /)]
i=1 (3)

K(t) = Ky[1 = X k(1 = e™/9)]
i=1 4)

Here, G, and K, are the instantaneous shear modulus and
bulk modulus, respectively, and g, k, and 7; are the material
coefficients. Usually, the bulk relaxation modulus is nearly
invariant with respect to time for incompressible or nearly
incompressible materials. Therefore, it can be neglected. Figure
4c represents the relaxation of the shear modulus of the Ecoflex
00-50 as a function of time, which was fitted using a 2-term
Prony series model. It can be seen from the dimensionless
shear modulus (G/G,) that the relaxation is about 4.2% after a
time of S s elapses. The Prony series coeflicients were
determined to be G, = 1.201 X 107> MPa, g; = 3.18 X 107,
& =3.722X 107% 7, = 1.141 5, and 7, = 15.087 5. The model of
the wavy channel (a half-channel for the ILBW sensor) is
depicted in the top image in Figure 4d. The length of the wavy
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channel is 50 mm, and the semicircular patterns with the radius
of 0.5 mm were created along the sidewalls. Its average channel
width and sidewall thickness are equal to those of the flat
channel, as illustrated in Figure S3. When uniaxial strain of
100% was applied, the deformed shape of the wavy channel and
the corresponding contour plot of the longitudinal stress (o,,)
are shown in the bottom image in Figure 3d. In contrast to the
uniform stress distribution in the flat channel, the stress is
concentrated locally at the dimples (semicircular concave
surfaces). Accordingly, the dimples are deformed more largely
compared to the bumps (semicircular convex surfaces). As
shown in Figure 4e, the required force to elongate the wavy
channel by 250% is approximately 22.5% less than that for
stretching the flat channel. These results show that the wavy
channel provides better mechanical compliance compared to
the flat channel; the higher compliance of the wavy channel is
originated from the reduced equivalent stiffness by its wavy-
shaped sidewalls. With the assumption of linear isotropic
elasticity, we analytically calculated equivalent stiffness for each
shape of the channel sidewall. The equivalent stiffness of the
wavy structure is ~17.3% lower than that of the flat structure
(details in Supporting Information).

Figure 4f shows the simulation results of the dissipated
energy by the viscoelastic effect of each channel during the first
loading/unloading cycle. The dissipation energy increases
nonlinearly according to the strain; however, interestingly, the
dissipation energy in the wavy channel is lower compared to
that of the flat channel at a given strain. The normalized
difference in the dissipation energies (DE) between those of
the flat channel and wavy channel, defined as (DEg,, —
DEwavy)/DEﬂat, was about 23.0% at 250% strain. Because the
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hysteresis loop area in stress—strain curves physically correlates
with the degree of the dissipated energy during the loading—
unloading cycle, the smaller dissipation energy means the lower
hysteretic behavior. Thus, the calculated results shows that the
wavy channel could give better hysteresis performance.

Quantitative Prediction of Resistance Response with
Strain. For the strain sensor based on a liquid-state conductor,
its resistance change is closely related to the geometrical
changes in the length and cross-sectional area of the fluidic
channel. Assuming the material is isotropic and incompressible,
the relative change in the resistance can be expressed as*®

AR

R = f(e* + 2¢)

©)

where R, and & is the measured initial resistance and the
applied strain, respectively. The fitting parameter, f, accounts
for the contact resistance between the electrode and the jonic
liquid. A fit of eq S to the experimental data presented in Figure
S gave a f# = 0.797, with the corresponding coefficient of
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Figure 5. Plot of the relative change in the resistance and the gauge
factor (GF) of the ILBW sensors as a function of the strain: the
measured relative change in the resistance (circle), the measured GF
(triangle), the calculated relative change in the resistance (cyan line),
and the calculated GF (orange line).

determination (R*) of ~0.999. As is evident from Figure 5, the
nonlinear change in the resistance of the ILBW sensor is well-
explained by the above formula. The GF of the sensor can be
calculated from the following definition; GF = (AR/Ry)e™" =
p(e + 2). The predicted GF is in good agreement with the
experimental result, and the GF linearly increased with the
strain due to the quadratic feature of the electrical response of
the sensor. As shown in Figure S5, the ILBF sensors, however,
exhibited larger discrepancies between the measured and
calculated data compared with the ILBW sensors, indicating
that the ILBW sensors are able to offer more reliable and
predictable sensing capabilities. In the derivation of eq S, we
only considered uniform deformation of the fluidic channel.
Deformation of the cross-sectional area along the longitudinal
direction could occur unevenly depending on the sensor
geometry. Additionally, the nonuniform deformation could give
rise to a different sensitivity from the above theoretical
prediction.”* For example, Yoon et al. demonstrated a highly
sensitive ionic liquid-based transparent strain sensor with a GF
= 40 at 200% strain.>’

Dynamic Tensile Tests. To demonstrate deterministic
sensing ability of the ILBW sensors, we conducted various
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dynamic loading tests, after which the experiment results were
compared to the theoretically predicted resistance profile, as
shown in Figure 6a,b. The dashed line represents the resistance
profile estimated according to eq 5. In Figure 6a, the ILBW
sensor was subjected to a tensile cyclic test with a triangular
wave profile of which the peak strain values were progressively
increased from 25% to 250%. The electrical resistance was
promptly changed depending upon the applied strain without a
noticeable delay within the resolution of our instruments (200
ms). In contrast to piezoresistive strain sensors composed of
percolation networks of CNTs or Ag NWs,”'”'* the resistance
response of the ILBW sensor was rarely affected by the strain
history. The measured response corresponded closely to the
calculated values. The mean and standard deviation values of
(AR/Ry) catcutated’ (AR/Rg) measured Were 1.015 and 0.19, respec-
tively, demonstrating the precise sensing ability of our sensors.
Another sample device was mounted on the translation stage
subjected to a series of “step-and-hold” motions, as shown in
Figure 6b. The calculated resistance profile was well-matched
with the experimentally obtained data. The ILBW sensor
exhibited a low overshoot of ~1.7% even at 150% strain, and its
resistance response was quite reproducible.

In order to assess the long-term stability of the ILBW sensor,
the devices were subjected to multiple loading/unloading
cycles. Figure 6¢ shows the relative changes in the resistance of
the ILBW sensor during 10 000 cycles at a peak strain of 100%.
The resistance response of the sensor was markedly stable and
regular while maintaining constant base resistance. In addition,
the response curve was nearly unchanged after 5000 cycles at
the maximum strain of 200%, as shown in Figure 6d. Even
under the maximum strain of 300%, the response feature was
rarely deteriorated after 3000 cycles, exhibiting the excellent
durability of our strain sensor.

Human Motion Detection. To demonstrate the applic-
ability of ILBW strain sensors in wearable/skin-mountable
electronics, we used the sensors to detect the motion of index
finger, elbow, and knee joints, as shown in Figure 7. Before the
test of finger motion detections, we examined the sensitivity
feature according to the contact quality of the sensor to skin
(Figure S6). When a solid contact was not made, the response
performance of the sensor was aggravated by slippage or
delamination of the finger-mounted sensor from the skin, as
shown in Figure S6b,c. Accordingly, the ILBW sensors were
mounted on each joint by tightly wrapping adhesive bandages
to the electrode parts of the sensors. The resistance response to
the folding/unfolding movements of the index finger is
illustrated in Figure 7a and Movie S1. The resistance of the
finger-mounted sensor increased rapidly upon the folding of the
finger, regaining its original value once the finger was entirely
relaxed. In addition, when the finger was held folded, the
resistance was stably maintained without incurring significant
relaxation. The maximum strain introduced by the folding of
the index finger was estimated to be about 52%, which was
similar to the previously reported results (35% — 45%).'**%>°

The sensing performance of the ILBW sensor was compared
with that of a commercial strain sensor (FLK-1-11, Tokyo
Sokki Kenkyujo Co., Ltd.) with a GF of 2.16. The small feature
size of the commercial sensor was highly unsuitable to apply in
the motion detection of human joints, and also, its polyimide
support was too rigid to accompany the deformation
introduced by finger skin. Consequently, even though the GF
of the commercial sensor was similar to that of our sensor, the
relative change in the resistance of the commercial sensor was
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Figure 6. Various dynamic loading tests for the ILBW strain sensor. (a) Relative change in the resistance under a triangular strain profile. The
magnitudes of the respective peak strains are 25, 50, 100, 150, 200, and 250%. (b) Relative change in the resistance under a trapezoidal strain profile.
The delay time was set to 1S s. (c) Plot of the resistance response over 10 000 loading/unloading cycles at a maximum strain of 100% (top). The
bottom plot for the region indicated by the red box shows the very stable and reproducible response of the ILBW sensor during the cyclic test. (d)
Relative change in the resistance versus the strain after multiple loading/unloading cycles at strain of 0—200% (sensor 1) and 0—300% (sensor 2).

The baseline for sensor 2 is shifted to 2.0.

>1000 times lower than that of the ILBW sensor, as shown in
Figure 7b. More importantly, the commercial sensor showed
substantial overshoots and undershoots during the folding/
unfolding movements of the index finger.

Figure 7c¢ shows the changes in resistance signals of the
finger-mounted ILBW sensor according to the actions of
gripping various bottles with a single hand. As curvature of the
bottle increased, the index finger is more bent and the
resistance of the sensor was also raised accordingly.

Figure 7d presents the sensing performance of the ILBW
sensor attached to the elbow joint. The elbow-mounted sensor
reliably detected resistance changes depending on the degree of
the bending of the elbow joint, and the sensor distinguishably
responded to different elbow motions (Movie S2). The
resistance was increased simultaneously with the bending of
the elbow, and remained nearly unchanged while the elbow was
kept flexed. The maximum strain produced by the full bending
of the elbow was estimated to be approximately 70%.

We also measured the motion of the knee in real time during
various activities of flexing, squatting, jumping and marching, as
shown in Figure 7e. The resistance of the knee-mounted sensor
in a standing posture was increased by the knee flexion and
remained mostly constant as long as the knee was kept flexed.
When the wearer squatted down, the skin around the knee joint
was additionally stretched; consequently, the resistance was
further increased. While maintaining the squatting posture, the
resistance was nearly unchanged. The complex motion of
jumping can be distinctly identified by the first rapid rise in the
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resistance resulted from the knee flexion prior to the jump, by
the sharp drop in the resistance resulted from the knee
extension when the wearer jumped, by the second rapid rise in
the resistance resulted from the slight flexure of the knee when
the wearer landed, and by the drop in the resistance to its initial
value when the wearer returned to the standing position. While
the wearer was marching, the knee-mounted sensor exhibited a
repetitive increase and decrease of the resistance by the
consecutive flexion and extension of the knee joint.
Biocompatibility Tests of the lonic Liquid. Along with
the sensor performance, the biocompatibility of the sensing
material is also important for real application of wearable strain
sensors. Even though the test devices were not damaged during
the motion monitoring of various human joints (Figure S7),
leakage of the ionic liquid by accidental damage of the device
would cause skin injuries if the ionic liquid is toxic for human
skins. Therefore, it is necessary to conduct studies on the
biocompatibility of the ionic liquid to assess whether it can used
as a sensing component of human-friendly wearable sensors. In
order to evaluate the toxicity of the ionic liquid (a mixture of
EG and 1 M NaCl), in vitro cytotoxicity tests were performed
using HeCaT human keratinocyte cells and HS68 human
foreskin fibroblasts, the results of which were compared with
those of SNCs causing genotoxic effects in cells.”’ The SNCs
are classified as a human carcinogen by the U.S. National
Toxicology Program (NTP) and Beraterkreis Toxikologie in
Germany; however, it is a weaker carcinogen than other
insoluble nickel compounds.®* Figure 8 shows the cell viability
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depending on various concentrations of pure EG, the ionic
liquid, and the SNC on HS68 and HeCaT cells. The
concentration of SNCs needed to reach 50% inhibition of the
test cells (ICS0) following 24h exposures was ~0.16 mg/mL on
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HS68 cells and <0.08 mg/mL on HeCaT cells, respectively. For
both cell types, however, EG and the ionic liquid show
negligible cell toxicity comparing to the SNC even at a
relatively high concentration of 20.48 mg/mL. These results
corresponded that the IC50 of EG or the ionic liquid is much
higher than 20.48 mg/mL. Although the in vitro tests showed
that the ionic liquid is much less toxic than the carcinogen, it
does not mean that the ionic liquid is harmless to human skins.
Thus, in vivo experiments are additionally required, and this
will be an important subject of a future investigation.

B CONCLUSIONS

A highly stretchable, low-cost, and hysteresis-free strain sensor
was achieved by introducing the ionic liquid of EG/NaCl and a
wavy-shaped hyperelastic channel. The trade-off relationship
between the stretchability and sensing precision by the
hysteresis according to the strain history were able to be
overcome through the combination of the limitless deform-
ability of liquid and the less hysteretic wavy structure of the
fluidic channel. We developed a simple model to describe the
relationship between viscoelasticity of the elastomers and the
hysteresis in the electrical response. From the simulations on
visco-hyperelastic behavior of the elastomeric channel, the wavy
structure was found to offer lower energy dissipation compared
to a flat structure under a given deformation. Accordingly, the
hysteresis performance of the ILBW sensor was superior to that
of the ILBF sensor. The resistance response of the ILBW
sensor was fairly deterministic and theoretically predictable.
Moreover, the ILBW sensors showed outstanding durability,
low overshoot, and ultrastretchability. These excellent perform-
ance capabilities make the ILBW sensor applicable for precise
and quantitative strain sensing in various wearable electronic
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applications, such as human motion detection, personal health
monitoring, virtual reality, and smart clothing systems.
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