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Self-Healing, Adhesive, and Highly Stretchable lonogel as a
Strain Sensor for Extremely Large Deformation

Li Mei Zhang, Yuan He, Sibo Cheng, Hao Sheng, Keren Dai, Wen Jiang Zheng,
Mei Xiang Wang, Zhen Shan Chen, Yong Mei Chen,* and Zhigang Suo

Fabricating a strain sensor that can detect large deformation over a curved
object with a high sensitivity is crucial in wearable electronics, human/
machine interfaces, and soft robotics. Herein, an ionogel nanocomposite

is presented for this purpose. Tuning the composition of the ionogel
nanocomposites allows the attainment of the best features, such as excellent
self-healing (>95% healing efficiency), strong adhesion (347.3 N m™),

high stretchability (2000%), and more than ten times change in resistance
under stretching. Furthermore, the ionogel nanocomposite-based sensor
exhibits good reliability and excellent durability after 500 cycles, as well as a
large gauge factor of 20 when it is stretched under a strain of 800-1400%.
Moreover, the nanocomposite can self-heal under arduous conditions, such
as a temperature as low as —20 °C and a temperature as high as 60 °C.

All these merits are achieved mainly due to the integration of dynamic
metal coordination bonds inside a loosely cross-linked network of ionogel

nanocomposite doped with Fe;O, nanoparticles.
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Self-healing, stretchability, —sensitivity,
and conformability are vital features of
muscles. The development of soft mate-
rials combining these properties together,
fabrication of an engineering device,
is still a challenge among the devices.
Strain sensors bear the function to detect
mechanical deformations due to elonga-
tion, flexure, or expansion.'! Currently,
a variety of stretchable strain sensors
based on different mechanisms, including
resistance,l®’l  capacitance,1%  fiber
Bragg grating,!!!l triboelectricity,'? piezo-
electricity,¥l and so forth,[#15] have been
explored. Particularly, a resistance-type
sensor has superiority in furnishing with
simple device structures, relatively easy
readout systems, and high stretchability.['*]
Abundant conductive materials, including
carbon materials (e.g., carbon nanotube,
graphene), metal materials (e.g., Ag
nanowire, liquid metal), and conductive polymers (e.g., poly-
aniline), have been used to fabricate resistance-type strain sen-
sors.”] While conventional structures show minimum strain
under operations, soft robotics and wearable electronics require
orders of magnitude higher strain in operations. Devices or
strain sensors to provide such a large measure are scarce. More
interestingly, enabling these devices with self-healing soft mate-
rials can equip them with recovery and functional restoration
after even severe damage, potentially prolonging the service life
of these devices.['¥-22] Some self-healing strain sensors based on
rubber,?}l polyurethane composite,** and polyborosiloxanel?!
have been fabricated by introducing reversible bonds (e.g.,
hydrogen bond, disulfide bond, and dative bonds) to endow
self-healing capacity to the materials. However, none of these
self-healing strain sensors can be stretched over 300%. More-
over, under high-strain operation, it is expected that a sensor
can maintain its contact with moving/stretched object and, at
same time, provide electric signals. Overall, a new material
with high stretchability, strong adhesion, excellent self-healing
after damage, and sensitivity to resistance is highly favored.
Once successful, this material can be exploited to develop soft
sensors for rehabilitation/personal health monitoring, sen-
sory skin, sports performance monitoring, and motion cap-
ture in human body. Unfortunately, the largest strain in most
reported selfhealing and conductive materials is low.[2>26:27]
Moreover, when a large strain is applied, the sensors assem-
bled with materials show low sensitivity or low gauge factor
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Figure 1. Design and fabrication of multifunctional Fe;O,@PAA/PAA ionogel nanocomposites. a) Schematic illustration of preparation procedures
of the ionogel nanocomposites and chemical structures of the reagents. b) TEM image of the nanoparticles well dispersed within the 2.5Fe;0,@
PAA/20PAA sample. c) The 1.5Fe;0,@ PAA/20PAA sample was strong and tough enough to undergo twisting and knotting, and the self-healed sample

could sustain ten times stretching. d) The 0.5Fe;0,@PAA/20PAA sample could be stretched to 2000%.

complex shapes of dinosaurs, cow, and rabbit.

(GF, defined as §(AR/R,)/0¢, where Ry is the resistance of the
unloaded sample, AR is the change of resistance, and € is the
applied strain). For example, a self-healable hydrogel with a
large strain (=1000%) only has a GF of 1.51.128] Besides, water
evaporation from the hydrogel significantly degrades the device
performance with time.??) It is still a challenge to develop a soft
nonvolatile material with the combined features of self-healing,
adhesion, and high stretchability for fabricating strain sensors
that can detect extremely large deformation.

Herein, we developed a novel type of ionogel nanocom-
posite that is self-healing, adhesive, and highly stretchable
for strain sensors. This material can be tuned by modifying
the composition to achieve its best performances, including
excellent stretchability (2000% tensile strain), conductivity
(101 S m™), strong adhesion (347.3 + 6.97 N m™!), and
remarkable self-healing capability upon cutting-induced
failure. These performances are evidenced by a fast (0.5 s)
and complete recovery (=100%) in conductance, high tensile
stress (96.5 + 0.5%), and strain (98.7 £ 0.7%) after autono-
mous self-healing. We show here for the first time that a
multifunctional strain sensor with a high GF and reliability
under large deformation can be fabricated by ionogel nano-
composite. We believe that this opens up a new horizon for
developing a self-healing and extremely large strain sensor
that can be conformably integrated with arbitrary curved and
moving surface.
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e) The sample could be made into different

The key to our success is the integration of metal coordi-
nation bonds in a loosely cross-linked network of ionogel. In
order to achieve a homogeneous integration, we chose Fe;0,
nanoparticles (NPs) that were coated with poly(acrylic acid)
(PAA) polymer (dubbed as Fe;O,@PAA NPs) (Figure S1, Sup-
porting Information).’% The gelation process started by mixing
monomer (acrylic acid), cross-linker (poly(ethylene glycol) dia-
crylate), thermal initiator (ammonium persulfate), and Fe;0,@
PAA NPs into ionic liquid ([C;mim][EtSO,4), CgH;cN,0,S).
Then, the mixture was transformed to ionogel via a one-pot
method at 60 °C (Figure 1a). Figure S2a (Supporting Informa-
tion) shows the X-ray diffraction pattern of the Fe;0,@PAA
NPs embedded in ionogel matrix, indicating that the Fe;O,
nanoparticles in the composite were pure Fe;O, with inverse
spinel structure. Transmission electron microscopy (TEM)
image demonstrated that the Fe;O,@PAA NPs were well dis-
persed within the ionogel matrix (Figure 1b). According to the
content of NPs (x) and PAA (y) relative to the total weight of the
nanocomposite, we assign xFe;O,@PAA/yPAA for each batch
of the ionogel nanocomposites. For example, the 2.5Fe;0,@
PAA/20PAA sample contains 2.5 wt% NPs and 20 wt% PAA.
We expect the addition of low percentage of cross-linker
(0.3 wt%) to produce a loosely cross-linked network of PAA to
fabricate soft gels for large strain sensors. Meanwhile, metal
coordination bonds (Fe(IIT)—Oupoy) derived from exposed
Fe(III) ions on Fe;O, NP surface will be established within a
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rich PAA matrix (Raman spectroscopy analysis; Figure S2b,
Supporting Information).l3!32l The reversible nature of dynamic
bonds including Fe(IIT)—O o1 coordination bonds (inter-
action of exposed Fe(IIl) ions on Fe;O, NPs surface with rich
carboxyl groups dangling on PAA chains), hydrogen bonds
(interaction of carboxyl groups), and the ionic bonds (interac-
tion of anionic carboxyl groups and cationic imidazolium ring)
serves as sacrificial bonds to endow self-healing capability to
the nanocomposite. Moreover, the reversible bonds around
cracking zones will form more “new bridges” quickly between
the two interfaces to enhance the interaction ability of polymer
chains and nanoparticles for self-healing. Thus, a strip sample
could autonomously self-heal to its initial shape after being cut
by a scalpel. The healed strip could be stretched more than ten
times of its original length without any observable damage.
Moreover, this ionogel nanocomposite shows high level flex-
ibility in knotting, twisting, and stretching (Figure 1c,d), as well
as could be freely modeled to different complex shapes, such as
dinosaurs and rabbit (Figure le). The ionogel nanocomposite
cannot freely stand in the absence of chemical cross-linker.
In the absence of the chemical cross-linker, the PAA polymer
chains easily wrap around the Fe;0,@PAA NPs, giving rise to a
viscous mixture rather than a rigid solid (Figure S3, Supporting
Information). On the other hand, the absence of Fe;O0,@PAA
NPs delivers a PAA ionogel with poor self-healing capability
(Figure S5, Supporting Information).

The ionogel nanocomposites are tough, stretchable, and
self-healable. A sheet of 2.5Fe;0,@PAA/20PAA (30.0 x 30.0 x
1.0 mm?) covered on an air pipe (inner diameter: 4 mm) can
be inflated to a large balloon, and the strain area of the balloon
was about 1100% at 3 s calculated from Figure S4 and Movie S1
(Supporting Information). Low Young’s modulus (6.7-35.8 kPa)
(Figure S6, Supporting Information) attributes large defor-
mation to the nanocomposites. Then we cut the cross in the
center of another 2.5Fe;0,@PAA/20PAA sample and sub-
sequently put four pieces of the cut sample together to allow
autonomous self-healing at room temperature (Figure 2a).
Optical microscope images showed that the boundary of scar
on the damaged sample almost disappeared after healing for
4 h without any assistance external energy (Figure 2b). While
the self-healed sample expanded with inflation until strain up
to 1300%, no leakage was observed (Figure 2a; Movie S1, Sup-
porting Information).

The weight contents of PAA and Fe;O,@PAA NPs have
effect on the self-healing property of the ionogel nanocom-
posites. The healing efficiency is defined as the ratio of the
stress or strain of the healed (Sy) and pristine samples (S;),
ie., HE = Sp/S,. The healing efficiency of ionogel nanocom-
posites increases with the increase of PAA and NP contents
(Figure S5, Supporting Information). A high healing efficiency
of the 2.5Fe;0,@PAA/20PAA sample increases to 96.5 £ 0.5%
of tensile stress and 98.7 £ 0.7% of ruptured strain when the
samples self-healed at room temperature for 12 h. The mech-
anism of self-healing ability can be mainly attributed to the
dynamic and reversible bonding feature of the Fe(ITT)—=Ocyrpoxyt
bond, allowing polymer network reorganization at the inter-
face of fractured parts (Figure 2e), because the sample with
high PAA content could provide more carboxyl groups to com-
bine with Fe(III) at the fractured interface, thus promoting
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self-healing efficiency of the nanocomposite. The same mecha-
nism is reasonable for the sample containing high NPs con-
tent. However, if excessive Fe;O, content (more than 2.5 wt%)
was added in the system, the nanocomposite cannot self-stand,
because Fe(IIl) ions are quenchers of free radical polymeriza-
tion, 334 hindering gelation of the nanocomposite (Figure S7,
Supporting Information). Additionally, extra-high PAA content
in the system (more than 40 wt%) leads to inhomogeneous
ionogel nanocomposite.

Healing time also has effect on self-healing efficiency of the
nanocomposite. Healing for long time leads to high recovered
tensile stress and ruptured strain (Figure 2c). 90.9 £ 3.0% ten-
sile stress and 92.8 * 4.3% ruptured strain could be achieved
for the 2.5Fe;0,@PAA/20PAA sample, after healing for 4 h at
room temperature (see the bar graph in Figure 2c). The healed
sample could be stretched to 1400% strain while keeping
37.3 kPa stress. In the process of stretching, the PAA polymer
chains were elongated accompanying rupture of the dynamic
Fe(IIT)—Ocarpoxyt coordination bonding sites, and then after
releasing the strain, Fe(IIl) ions could chelate with carboxyl
groups again to reform new Fe(ITl)=Ocyoyy, initiating self-
healing event of the ionogel nanocomposites (Figure 2e(i),(ii)).
On the other hand, the loose chemical bonds between PAA
polymer chains still connect, contributing to bearing strength.

In addition, healing temperature influences the self-healing
efficiency of the nanocomposite. Our ionogel has low glass
transition temperature (T,, —51 °C) evidenced by a differen-
tial scanning calorimeter (Figure S8a, Supporting Informa-
tion) and high thermal stability (250 °C) tested by thermo-
gravimetric analysis (Figure S8b, Supporting Information),
enabling the components in ionogel nanocomposites to freely
rearrange and diffuse under low temperature, moreover,
retaining stability at high temperature, contributing to self-
healing behavior in a large temperature range. As expected,
the Fe;O,@PAA/PAA displayed self-healing ability at —20 °C
(Figure 2d). Temperature sweep of dynamic mechanical anal-
ysis demonstrated that the storage modulus of the 1.5Fe;0,@
PAA/20PAA sample decreased from 2800.0 to 53.0 kPa when
the sample was heated from —28 to 102 °C, indicating vis-
coelastic property of the ionogel nanocomposite and capa-
bility of equipment as strain sensors in large temperature
range (Figure S9, Supporting Information). Increasing tem-
perature can accelerate the free mobility of NPs and PAA
polymer chains in the ionogel matrix, thus facilitating self-
healing efficiency. The strain healing efficiency increased
from 65.8 + 0.9% to 88.8 + 3.0% after healing for 2 h, when
temperature increased from —20 to 60 °C. The wide healing
temperature window satisfies the application of ionogel nano-
composite in harsh conditions.

The nanocomposite is also adhesive, which could achieve
strong, rapid adhesion on substances at room temperature.
For example, when a piece of 0.5Fe;0,@PAA/20PAA was
slightly pressed onto the surface of copper or polydimethyl-
siloxane (PDMS) substrate, a strong automatic adhesion was
observed after a few seconds of contact, and the lap junction
could hold the weight of adhered substances, not requiring
any glue or extra energy (Movie S2, Supporting Information).
We quantitatively characterized the adhesion strength, i.e.,
failure force per unit width of the sample, by a lap-shear test

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Self-healing and mechanical properties of the ionogel nanocomposites. a) Air inflation experiment of a self-healed ionogel nanocomposite
balloon. A piece of square sample was cut into four pieces from middle; after healing for 4 h, the healed sample could be inflated into a balloon.
b) Optical microscope images of the damaged and self-healed samples. The effect of ) healing time and d) healing temperature on the tensile stress
and healing efficiency of the nanocomposites. e) Schematic illustration of stretched PAA networks of the ionogel nanocomposites, and self-healing
mechanism of dynamic association and dissociation of the reversible coordination bonds of Fe(Il)=Ocapoxyi (i, ii). All the tests used the 2.5Fe;0,@

PAA/20PAA ionogel nanocomposite.

(photograph inset in Figure 3a,b). The adhesion strength of
copper sheet is 347.3 £ 6.97 N m™!, which is obviously large
than that of PDMS (207.4 + 24.98 N m™!) (Figure 3c), dem-
onstrating that the adhesion of nanocomposite to metallic
element is higher than that of polymer elastomer. It is rea-
sonable that the metal coordination between carboxyl groups
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of PAA polymer chains and metallic element is stronger than
that between the nanocomposite and PDMS due to lack of
specific interaction. The excellent adhesion achieved here is
benefit for the nanocomposite to adhere and connect with
metal electrode or polymer substrate used in the electronic
system.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Self-adhesion and electrical performance of the ionogel nanocomposite. a) Adhesion force-displacement curves of sample to copper and
PDMS (inset photograph is the lap-shear adhesive testing geometry). b) Photographs of lap-shear tests of two copper sheets adhered with ionogel.
The sample could be highly stretched before peeling off from copper sheets. ¢) Adhesion strength of ionogel adhered on PDMS and copper. d) The
ionogel as a conductor assembled in a circuit with a red LED bulb. The LED flickered on complete release of tensile strain, and the LED immediately
flickered when the sample self-healed after cut. e) Time dependence of conductance and healing speed of the sample. f) Repeated electrical healing of
10 and 20 times cuts at same severed location. All the tests used the 1.5Fe;0,@ PAA/20PAA ionogel nanocomposite.

A 2.5Fe;0,@PAA/20PAA strip can be settled into circuit and
directly connected with two sheets of copper electrodes without
any glue (Figure 3d). The adhesion between the nanocomposite
and electrodes is enough to endure the force in the course of
circuit stretching, and accompanying with =4 times stretching
of the nanocomposite. The light-emitting diode (LED) in the
circuit obviously became less bright with an increase of strain
deformation, showing its sensing capability in the deformation
process. Moreover, the LED immediately reproducibly flickered
in 21 s (Movie S3, Supporting Information) when the nano-
composite healed after breaking. Even cutting the sample at
the same place for 20 times, the conductance of the self-healed
sample could recover to its original value (= 0.015 Q%) in 0.5 s
(Figure 3e,f), demonstrating excellent repeatable restoration of
electrical performance of the nanocomposites.

The nanocomposite can be used for assembling of strain
sensors. We analyzed the variation of electrical signals with the
change of external strain. The resistance of ionogel, R = pL/S
(where p is the specific resistivity, L is the length, and S is the
cross-sectional area), p, and volume L xS of the ionogel nano-
composite sample are constant values, thus inducing decrease
of S with L elongation, resulting in the increase of R. Real-time
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resistance can be monitored while stretching, and the rela-
tive change of resistance AR/R, = (R — R,)/R, (where R, is the
initial resistance of the sample at room temperature and R is
the real-time resistance of the stretched sample) will be cal-
culated. Under tension, AR/R, of the 2.5Fe;0,@PAA/20PAA
ionogel nanocomposite-based strain sensor increased continu-
ously up to about 155 when the applied strain reached 1400%
(Figure 4a). The AR/R,—strain curves of the original and healed
samples were almost coincident. The slope of the fitted AR/R,—~
strain curve reflects GF, ie., the sensitivity of the sensor to
strain. When the strain was less than 800%, the calculated GF
values were 3.82 £ 0.1 and 3.96 + 0.12 for original and healed
samples, respectively, and the fitted Pearson's r values were
0.98858 and 0.98887, respectively, which indicates the superior
piecewise linearity of its application as a sensor and is condu-
cive to subsequent signal processing. When the applied strain
was as high as 800-1400%, the GF values of original and healed
samples increased to 19.6 = 0.33 and 20.2 + 0.54, respectively,
and the fitted Pearson's r values were 0.99485 and 0.99462,
respectively. Meanwhile, the sensor exhibited small hysteresis
behavior under a constant strain rate of 100 mm min~!, and the
phenomenon is mainly attributed to the viscoelastic property

(5 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The ionogel nanocomposite-based conformal strain sensor. a) Relative change in resistance (AR/R,) versus strain of an original and a self-
healed 2.5Fe;0,@PAA/20PAA sample. b) Reversible response of the ionogel nanocomposite-based strain sensor to the loading/unloading cycles
of strain with various tensile strains from 1% to 1400%. c) Summary of relationship between gauge factor and strain of reported stretchable strain
sensors (strain >300%). d) The dependence of area strain (left) and resistance (right) of a self-healed 2.5Fe;O,@PAA/20PAA-based strain sensor
attached to an air inflating balloon. ) The 1.5Fe;0,@PAA/20PAA-based strain sensor fixed on forefinger of a human finger to monitor bending
motions, via the change of corresponding resistance. Bending forefinger gradually changed to 90° from standard position, and the resistance of sensor

also corresponded to increase.

of the ionogel nanocompositel®>3 (Figure S1la, Supporting
Information). The strain sensors also retained their sensing
performance in the process of continuous deformation, under
both large (1400%) and small (1%) loading/unloading cycles.
Moreover, their electrical resistance almost completely recov-
ered upon release of tensile strain in each cycle (Figure 4b).
The ionogel nanocomposite-based strain sensor demonstrates
high GF with the largest deformation compared with previ-
ously reported stretchable strain sensors (Figure 4c),?837-#8] and
its sensitivity is also much higher than many of the reported
results such as strain sensors based on typical metal (=2 at 5%
strain),?¥% jonic conductor (0.348 + 0.11 at 700% strain),*/l
and hydrogel (1.51 at 1000% strain).® The results demonstrate
that our ionogel nanocomposite-based strain sensor is capable
of measuring strain from 1% to 1400% with high stretching
sensitivity, whether it was assembled by original or self-healed
sample.

The reliability of the ionogel nanocomposite-based strain
sensor was examined at 100 mm min~! deformation rate. As
shown in Figure S11b,c (Supporting Information) under 1400%
strain loading and unloading cycles, before 100 cycles, there
is a very slow growth in both wave crest and valley of AR/R,
value due to residual deformation of the nanocomposites. Until
around 100 cycles, the wave crest of AR/R, increased about
50 and the valley increased about 30, indicating that some
creeps were generated in this long-time repeated loading.l”"

Small 2019, 1804651 1804651

However, the wave shape of the sensor remained unchanged
after 100 cycles, implying good reliability and excellent dura-
bility of the ionogel nanocomposite-based strain sensors.

The multiple merits make the strain sensor based on our
nanocomposite unique and interesting. For example, in the
case of monitoring of balloon expansion, existing strain sen-
sors hardly accommodate large dynamic deformation because
of the lack of adhesion and stretchability. We loaded the healed
2.5Fe;0,@PAA/20PAA sample (healed for 4 h at room tem-
perature) on the surface of balloon before inflation (Figure 4d).
The healed strain sensor could conform and firmly attach to
arbitrary surface of the balloon without peeling off, deforming
with balloon expansion (Movie S4, Supporting Information).
The resistance of sensor increased from 32.4 to 312 k€ as area
strain of the balloon increased 500% in 23 s. It is worth noting
that the healed ionogel nanocomposite combined with two cut
pieces can sustain large deformation and there was no splitting
in the process of balloon expansion. This demonstrates that the
nanocomposite-based strain sensors are able to conform and
attach to arbitrary surface, sensitively monitoring the volume
change, and even the self-healed sample still can be normally
operated under large deformation.

The strain sensor could detect small deformation as well,
such as motion of finger bending. A strip of nanocomposite
was fixed to the forefinger of a human hand by two copper
electrode rings. The resistance of the strain sensor sensitively

(6 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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increased to different levels with an increase of step-by-step
bending movements (Figure 4e). The proof-of-concept strain
sensor with the advantages of self-healing, adhesion, stretch-
ability, and high sensitivity holds great potential for exploring
various large strain sensors.

In summary, we report a novel approach to prepare
ionogel nanocomposite with unprecedented mutifunc-
tions, including remarkable self-healing, strong adhesion,
and high stretchability. The nanocomposite-based strain
sensor can detect large deformation of arbitrary curved and
moving object. Strategic dual cross-linking sites, i.e., revers-
ible Fe(ITI)—Ocapoxyi metal coordination bonds and loosely
covalent cross-links, were achieved for obtaining the multi-
functional nanocomposite. A proof-of-concept ionogel-based
strain sensor with high sensitivity was demonstrated by
changing electrical resistance with special distortion, like
arbitrary curved and moving surface of balloon inflation,
as well as common deformation (e.g., large stretching and
finger bending). We believe that the multifunctional nano-
composite-based strain sensor exhibits a great potential to
detect large deformation objects with high sensitivity, such
as stretching of airplane wings, wearable electronics and
smart clothes, human/machine interfaces, soft robotics, and
entertainment fields.

Experimental Section

Experimental details are given in the Supporting Information.
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