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High conductivity, large mechanical strength and elongation are important parameters for soft
electronic applications. However, it is difficult to find a material with balanced electronic and
mechanical performance. Here, a simple method was developed to introduce ions rich pores
into strong hydrogel matrix and fabricate a novel ionic conductive hydrogel with a high level
of electronic and mechanical properties. Our proposed ionic conductive hydrogel was achieved
by physically cross-linking the tough biocompatible polyvinyl alcohol (PV A) gel as the matrix
and embedding hydroxypropyl cellulose (HPC) bio-polymer fiber inside matrix followed by
salt solution soaking. The wrinkle and dense structure induced by salting in PVA matrix
provides large stress (1.3 MPa) and strain (975%). The well-distributed porous structure as well
as ionic migration facilitated ion-rich environment generated by embedded HPC fibers
dramatically enhance ionic conductivity (up to 3.4 S m™!, at f= 1 MHz). The conductive hybrid
hydrogel can work as an artificial nerve in three-dimensional (3D) printed robotic hand,
allowing passing stable and tunable electrical signals and full recovery under robotic hand
finger movements. This natural rubber like ionic conductive hydrogel has a promising

application in artificial flexible electronics.

1. Introduction

Stretchable and flexible electronics have been received increasing attention due to their unique
advantages and wide applications in the fields of biomedicine, soft robotics, energy harvesting,
etc.!!! For the biological applications, the stretchable materials need to integrate superior
performance of both high conductivity and good mechanical properties so that they can be
suitable for the long-time biocompatible use with human bodies such as skin, muscle, heart, or
brain.!?! In addition to the demands of high conductivity and good stretchability, some important
parameters should also be carefully considered for a specific application, for example, the
conductors may need to operate at high frequencies, be biocompatible and remain conductive

while undergoing high expansions,®! whereas the existing electronic conductors struggle to
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meet these demands. It is still a challenge to fabricate such systems with desirable multiple
functions.

Hydrogel is a kind of 3D polymeric network which could swell in water.!*! The polymer
networks of the hydrogel make it solid-like while the aqueous phase of the hydrogel enables
fast diffusion of the carriers, which indicates the hydrogels have liquid-like transport properties.
Due to these good attributes, many hydrogels are biocompatible and soft, making them perfect
candidates for applications of biocompatible materials,”! drug delivery,'® energy saving,!”!
medical dressings,'®! tissue engineering,®! etc. However, the poor mechanical strength and
strain of hydrogel seriously limit its potential applications.!'%! Recently, toughening hydrogels
were fabricated to increase the stretchability and toughness by adding nanoparticles!'!! and
double networking.'? The mechanical properties of toughening hydrogels were improved.
However, the improvements are too low to reach the level of natural rubbers.!!3! It is necessary
to increase the mechanical properties further as well as keep high conductivity so that we can
make the hydrogels work with soft human tissues, such as muscle and skin.!'¥

With increasing of the crosslink density, the mechanical strength and the elasticity of the
hydrogels will increase!'> while the resistance of the ion migration will also increase,'?! so it
is hard to keep both high mechanical strength and high ionic conductivity at the same time. The
ionic conductive gel is a possible solution since it can keep high conductivity via ion transport
while the high toughness can be provided by the large strain, but the mechanical strength and
elasticity were relatively low.!'”! For example, Odent et al. fabricated an ionic conductive gel
with high conductivity of 2.9 S m™! and a large strain of 425% demonstrated, but the tensile
strength and elasticity were relatively low as 0.007 MPa and 5 kPa, respectively.!'¥! However,
for real commercial applications, high mechanical strength is required for conductive hydrogels
in stretchable sensor and artificial tissue applications to bear enormous mechanical loads and
avoid unexpected fractures.['”! At the same time, the mechanical properties of designed

materials should mimic tissue without compromising its high conductivity because the
3
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mismatch between artificial materials and tissues may cause further scarring by immunological
responses.[zo] Thus, the balanced mechanical strength, elongation, and elasticity to human tissue
with high conductivity are important for stretchable soft artificial materials, but hard to be
achieved at the same time.

In this manuscript, we demonstrated a novel method to fabricate a natural rubber-like ionic
conductive hydrogel. Biocompatible Hydroxypropyl cellulose (HPC)?!! embedded physical-
crosslinked polyvinyl alcohol (PVA) hydrogel'*” were infiltrated into the sodium chloride
(NaCl) solution and formed an HPC/PV A ionic conductive hydrogel. This natural rubber-like
HPC/PVA ionic conductive hydrogel was easily turned its mechanical properties and ionic
conductivities to match different soft tissues requirements by turning HPC fibers’ concentration
(from O to 3.75 wt%) and NaCl solution soaking level (from 1 to 5SM solution). This natural
rubber-like HPC/PV A hydrogel is biocompatible, stretchable (fully recover under 100% strain),
and combines tunable mechanical strength (from 0.6 to 4 MPa tensile strength) and elasticity
(from 15 to 900 kPa), large strain (up to 975%), and high ionically conductivity (up to 3.4 S m°
Uat f= 1 MHz). In this hydrogel, the stiff and dense PVA hydrogel was selected to provide
large mechanical strength after soaking in a salt solution. The embedded HPC fibers enhanced
ionic conductivity, while turning the mechanical properties at the same time. We demonstrated
the natural rubber like HPC/PV A ionic conductive hydrogel as artificial ligament and nerve in
a 3D printed robotic hand. With strain increased from 0 to 100%, the alternative current signal
changes were negligible at high frequency, which means it can transfer steady AC signal under
expansion and could act as a monitor with muscle movement. This ionic conductive hydrogel
can also work together with a pressure sensor as artificial nerve to transfer touch signal (DC
signal) with different finger positions (different strains), which will generate different touch

signals.
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2. Results and Discussion

2.1. Synthetic strategy and mechanism investigation

Considering the good mechanical strength and high water retaining ability as well as the good
biocompatibility and flexibility in artificial soft tissue applications, PVA hydrogel is
carefully selected to fabricate the new ionic conductive hydrogel. HPC fiber is selected to be
embedded into PV A hydrogel to enhance the ions concentration after soaking in NaCl solution
since it can attract both Na* and CI ions in solution. In order to synthesize rubber-like ionic
conductive HPC/PV A hydrogel, physically crosslinked PVA hydrogels with embedded HPC
fibers are firstly fabricated. The embedded HPC fibers inside PVA hydrogels matrix will
decrease the crosslinking density of PVA hydrogel matrix and generate water rich porous area.
After soaking HPC/PV A hybrid hydrogels in NaCl solution, Na* and CI" ions will diffuse into
HPC/PV A hybrid hydrogels and water molecules will diffuse out from HPC/PV A hydrogels to
reach balanced ionic concentration. At the same time, HPC fibers will attract more ions!** to
water rich porous area. The HPC/PVA hybrid hydrogels will become conductive due to the
absorption of Na* and CI" ions. The mechanical properties of HPC/PVA ionic conductive
hydrogel is supposed to be enhanced because of the salting out effect of Na* and Cl” ions. Both
mechanical properties and ionic conductivity are expected to be tuned by changing the soaking
level from 1 to SM.

Figure 1 shows the schematic illustration, microstructure structure and microscope photos of
pure PVA hydrogel, HPC/PV A hybrid hydrogel and HPC/PV A ionic conductive hydrogel after
soaking in NaCl solution. Pure PVA hydrogel exhibits the uniform structure (Figure 1a), and
no porous structure or defects can be observed as seen in Figure 1a (iii). Once HPC short-chain
fibers were introduced into PVA hydrogel system, the fibers in HPC/PV A hydrogel were well
distributed and generated water-rich pores (Figure 1b (i)), which is due to HPC short chains

dispersed in between PV A polymer chains (Figure 1b (ii)) without interaction (Figure S1 shows
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FTIR spectrum of commercial PVA powders, HPC fibers and dried HPC/PVA hydrogel, no

new significant peaks generated after HPC/PV A hydrogel obtained). The pores were suggested
to be filled with HPC solution, as HPC solution was kept liquid state during HPC/PV A gelation
process (Figure S2).As shown in Figure 1b (iii), the water-rich porous area can be observed
inside the uniform PVA hydrogel matrix. With HPC content increasing, number of pores was
also increasing (Figure S3). After soaking HPC/PVA hydrogel in NaCl solution, the pores in
HPC/PVA ionic conductive hydrogel became Na* and CI ions rich area, due to ions diffusion
and the attraction of HPC chains to salt ions!¢?! (Figure 1c (1), (i1)). The porous structure can be
straightly observed through microscope (Figure 1c (iii)). The whole hydrogel shrunk (Figure
S4) due to the salting out effect, meanwhile, PVA polymer chains became densely packed with
wrinkle structure generated (Figure S5). Figure S3a, b show the height distribution detected by
optical surface profiler of HPC/PVA hydrogel before and after soaking in NaCl solution (5M),

respectively. Wrinkles structure looks like “mountain ridge” that can be observed in Figure S4b.

2.2. Mechanical properties of HPC/PVA ionic conductive hydrogel

The HPC/PV Ax composite hydrogels were obtained with different PVA amount (x refers to the
weight percentage of PVA compared with a solution, i. e. 8, 16 and 24%) and a fixed HPC
weight percentage at 2.5 wt%. Soaked in sodium chloride (NaCl) solution (3M, 24 hours), the
mechanical strength of composite hydrogels increases with x increasing, while HPC/PV A6
ionic conductive hydrogel provides the highest strain and toughness (Figure 3a) as HPC
amount is fixed at 2.5 wt% (weight percentage of HPC compared with solution). Compared
with pure PVAis% ionic conductive hydrogel of same PVA/H>O ratio and soaking level,
HPC/PV Ai6% 1onic conductive hydrogel exhibits more suitable tensile strength, elasticity and
toughness (Figure 2a). The extremely large Young’s modulus (900 kPa) of pure PVA 6% 1onic
conductive hydrogel limited its usage in artificial tissue application, due to the elasticity

mismatch with human tissue (around 5 to 1000 kPa).'¥ According to Figure 2a, HPC plays a
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vital role in this ionic conductive hydrogel, which successfully increases the strain and
decreases Young’s modulus in comparison to pure PVA hydrogel.

HPC/PVAis% hydrogel was selected to fabricate ionic conductive hydrogel (HPC/PVA
hydrogel represents HPC/PVAies hydrogel in the following article). By adjusting the
concentration of NaCl solution, mechanical properties of the ionic conductive hydrogels was
facilely tuned (Figure S6). Figure 2b and ¢ show that after the ionic conductive hydrogel soaked
in different concentration of NaCl solution from 1M to 5M, the largest tensile strength reaches
1.3+0.2 MPa after soaking in SM solution, which was 13 times higher than that of the original
hydrogel without soaking (0.1 MPa). At the same time, the largest strain reaches 8.6+1.2 after
2M NaCl solution soaking, which is 3 times higher than that of the original strain. HPC/PVA
ionic conductive hydrogel exhibited a suitable elastic modulus from 95.8+12.1 kPa to
586.7£14.9 kPa (Figure 2d). The toughness dramatically increased 42 times from
0.139+0.1 MJ m™ for HPC/PV A 64 original hydrogel to 5.85+0.8 MJ m™ after soaking in 3M
solution (Figure 2e) and this particular ionic conductive hydrogel was further demonstrated to
stand various deformations such as, elongation, knotting and compression, which exhibits both
superior stiffness as well high toughness (Figure 2f, g, h). Notably, the ionic conductive
hydrogels could recover to their original shape after removing pressure, indicating its
outstanding shape-recovery performance (Figure 2h). Due to the high mechanical strength, this

2 X5 mm ionic conductive hydrogel could bear 2.5 kg weight as shown in Figure S7 without

perceptible crack or fracture.

The remarkable improvement of mechanical properties of HPC/PV A ionic conductive hydrogel
before and after soaking was mainly provided by PV A matrix, which could be ascribed to three
possible reasons. Firstly, as depicted in Figure 1, the salting-out effect decreases the volume of
HPC/PVA hydrogel (Figure S4), which directly increased the density of the PVA matrix.
Secondly, the wrinkle morphology (Figure S5b) due to the shrinkage enables the ionic

conductive hydrogels to perform larger strain than the original HPC/PVA hydrogel under
7
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tensile stress to toughen the ionic conductive hydrogels. Figure S8 showed the SEM image of
freeze-dried HPC/PVA hydrogel after soaking in NaCl solution, a large area of wrinkle
structure can be observed (NaCl crystals observable on the cutting surface after freeze drying).
The increasing of microcrystallites in HPC/PV A hydrogel after soaking was the third potential
reason of toughness enhancement. Figure S9 shows the XRD spectra of HPC/PVA, and
HPC/PVA ionic conductive hydrogels with different concentration NaCl solution soaking and
the peaks at 19° represents the microcrystallites of PVA hydrogel.[*>! As the NaCl concentration
increases, the intensity of microcrystallite peaks increases, which may enhance the toughness

of HPC/PVA ionic conductive hydrogel.

2.3. Electrical properties of HPC/PVA ionic conductive hydrogel

The conductivity of HPC/PVA ionic conductive hydrogel was enhanced by introducing a
porous structure through embedding HPC second network compared with pure PVA ionic
conductive hydrogel. As HPC ratio increasing from 0 to 3.75 wt%, ionic conductivity increased
from 1.7 to 3.4 Sm™" (f = 1 MHz, NaCl solution soaking level is 5M) (Figure 3a). The
morphology of the HPC/PV A ionic conductive is finely tuned by using different concentrations
of HPC. Higher HPC concentration implies more porous in the PVA network, which can be
confirmed from the optical microscope (Figure S2 shows the porous distribution in HPC/PVA
hydrogel increasing as HPC ratio increasing from 0O to 3.75 wt%). Therefore, HPC/PVA ionic
conductive hydrogel with a higher concentration of HPC that possesses more pores, which
would absorb more ions and provide more space to facilitate ionic migration.?® These porous
endow the hydrogel with high ionic conductivity while weakening the mechanical properties
(Figure S10) due to the introduction of pores (defects). As a compromised result, HPC/PVA
ionic conductive hydrogel with 2.5 wt% HPC ratio is selected in this work to analyze soaking
level effect, considering the relatively high ionic conductivity up to 2.6 S m’, as well as the

suitable mechanical properties (1.3 MPa tensile, 520% strain and 590 kPa Young’s modulus).
8
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As shown in Figure 3b, HPC/PV A ionic conductive hydrogels (2.5 wt% HPC ratio) are sensitive

to strain with direct current (DC) applied and the gauge factor increases as strain increases from
0 to 400%. At the same time, with increasing soaking level, the gauge factor of hydrogels
decreases.

Next, the conductive properties of the ionic conductive hydrogel under AC signal were
investigated (Figure 3c). The conductivity increases with increased frequency at the same
soaking level. At the same time, the conductivity also increases with the increased soaking level
at the fixed frequency, due to the higher ionic concentration. Compared with pure PVA
hydrogel, the electronic conductivity HPC/PV A ionic hydrogel at same soaking level is nearly
doubled (2.6 vs. 1.3 S m! at f= 1 MHz). As shown in the EDX results of Na* and CI" elements
in both HPC/PVA (Figure S11a, b) and pure PVA (Figure S1lc, d) ionic conductive hydrogel
after freeze-drying, ions was uniformly distributed in both hydrogel, and the content of both
Na* and CI ions in HPC/PVA hydrogel are higher than that of pure PVA hydrogel. Such high
conductivity of the hydrogel under the alternating electric field could enable the high efficiency
of electric signal transmission in soft electronic devices in artificial tissue.

To study the AC resistance characteristics under strain, a simple test circuit was used as shown
in Figure S12. One ionic conductive hydrogel film (5.5 cm x1.2 cm x 0.2 cm) was connected
with a resistor (R1=4.67 kQ) in series. 1.0 V sigmoidal signals (VI) were applied on the
hydrogel wire and the resistor, then the voltage response on the hydrogel (VO) was measured
as an output. By varying the strain applied on hydrogel from O to 100%, slight changes in
voltage output could be observed with AC signal of both 1 kHz (human muscle electronic signal
frequency is from 107! to 10* Hz)®”! and 1 MHz, as shown in Figure S13a and b, respectively.
The voltage changes could be considered as the changes in resistance when loading a strain on
the hydrogel and the resistance of the hydrogel could be estimated by the equation:
Rge1=R1*Uo/(Ur-Uo). The relative change in resistance was plotted as a function of strain as

shown in Figure 3d. A similar trend could be found with the two frequencies, in which low
9
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resistance change could be observed by increasing the strains. Low gauge factor of 0.947 and
0.984 were achieved for 1 MHz and 1 kHz signals respectively (Figure S14). The mechanical
properties make the HPC/PVA ionic conductive hydrogels promising for artificial tissue
applications.

According to the test results of mechanical and electrical properties, both HPC concentration
and NaCl soaking level will affect the mechanical and electrical properties of HPC/PV A ionic
conductive hydrogels. As HPC concentration increased, both tensile strength and Young’s
modulus of HPC/PV A ionic conductive hydrogels were reduced, while ionic conductivity was
increased at a fixed soaking level. Once the NaCl solution soaking level increased, all of the
mechanical strength, elasticity and conductivity were increased. At the same time, water content
reduced with soaking level increasing (Figure S15a), which result in the reduction of

conductivity increasing rate (Figure S15b).

2.4. Demonstration of HPC/PVA ionic conductive hydrogel as artificial tissue

Compared with recently generated ionic conductive gels,!'® 28! this new HPC/PVA ionic
conductive hydrogel combined high ionic conductivity, balanced tensile strength and strain, as
shown in Figure 4. HPC/PV A ionic conductive hydrogel with SM NaCl soaking level gives the
best electronic conductivity, and HPC/PVA ionic conductive hydrogel with 3M NaCl soaking
level showed the best mechanical property. Such results indicate our ionic conductive hydrogel
possess the high potential for the tissue monitor and replacement. Furthermore, to well match
other soft functional components, Young’s modulus and toughness are other important
parameters. Normally Young’s modulus and toughness of hydrogel-based artificial tissue range
from 10 to 1750 kPa and 0.1 to 12 MJ m,**! respectively. According to Figure S16, both
HPC/PVA ionic conductive hydrogel with 3M and 5M soaking level have suitable Young’s
modulus (250 and 650 kPa) and large toughness (6.7 and 5.8 MJ m™) compared with other

reported artificial tissue hydrogels. HPC/PVA ionic conductive hydrogel with 5M NaCl
10
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soaking level was selected to fabricate artificial tissues for the following demonstration due to
its higher conductivity (Figure 4).

The HPC/PV A ionic conductive SM hydrogel shows good self-recovery at 100% strain (Figure
Sa and Video 1). As discussed above, the conductivity of this hydrogel is steady under strain
from 0 to 100%. We further demonstrated this hydrogel as artificial ligament on a 3D printed
robotic hand with steady 1 kHz AC at 10 V with the circuitry (Figure S17). This ionic
conductive hydrogel with a length of 15 cm was connected to the cathode of a LED, and copper
wire was connected to the anode. Once the AC applied, the light illumed as shown in Figure 5b.
With finger curving and the strain of hydrogel increasing up to 50%, negligible changes in the
light brightness could be observed during finger movement (Video 2). This artificial ligament
is able to continuously transmit steady AC electronic signal without degradation of continuous
finger movements, and such signal could be used to monitor the ligament condition regardless
of mechanical deformations. The white dash line indicates the position of hydrogel wire which
have been inserted inside the robotic finger.

A robotic system was built (Figure S18) to further demonstrate the robotic artificial nerve
applications. This hydrogel and the pressure sensor were integrated and a LED were used as
the indicator. The system was supplied with DC; if no pressure is applied to the pressure sensor,
no current could be measured. Once pressed the pressure sensor, a sharp and large current was
detected at the beginning and then decreased soon to a certain value (Figure 5c). Once the strain
of the hydrogel increased to 100%, the current responses show a similar trend to that of 0%
strain, while obvious decreases in both the peak and steady-state of currents could be observed,
which is consistent with the discussion in Figure 3a.

As shown in Figure 5d, when no pressure is loaded on the pressure sensor, the whole system is
open circuited. Therefore, the LED on the robot finger turns off (Figure 5d (ii)). Once the
pressure sensor is touched with a human finger, which applies a certain level of pressure. The

resistance of the sensor and the current through the artificial nerve are obviously reduced to
11
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trigger the LED (Figure 5d (iii)). This system can generate different touching signals with
different finger position (different hydrogel strain).

3. Conclusion

In conclusion, we have fabricated a novel natural rubber-like ionic conductive hydrogel by
infiltrating HPC fibers embedded PVA hydrogel with NaCl solution. This hydrogel is
biocompatible, stretchable (fully recover under 100% strain), and combines tunable mechanical
strength (from 0.6 to 4 MPa tensile strength), good elasticity (from 15 to 900 kPa), large strain
(up to 975%), and high ionically conductivity (up to 3.4 S m™ at f= 1 MHz). HPC fibers play
a critical role in increasing Na* and CI™ ions concentration and provide large space for ionic
migration. To the best of our knowledge, the balanced mechanical strength, elongation, and
elasticity of stretchable hydrogel with high conductivity are important for artificial tissue usage,
but hard to be achieved at the same time. The ionic conductive hydrogel wire is successfully
fabricated and embedded in 3D printed robotic hand to demonstrate as an artificial nerve, which
enables passing stable AC and tunable DC electrical signals as well as full recovery under
robotic finger movement. Our design is versatile and adaptable to a variety of hydrogels and

ionic liquids/solutions for soft and stretchable conductive gels.

4. Experimental Section

Fabrication of HPC/PVA ionic conductive conductor: Polyvinyl alcohol (PVA, Mw ~61,000,
Sigma-Aldrich), Hydroxypropyl cellulose (HPC, Mw ~100,000, 99% purification, Sigma-
Aldrich), dimethyl sulfoxide (DMSO, analysis purification, Sigma-Aldrich), sodium chloride
(NaCl, 99%, Sigma-Aldrich) and Deionized water (18.2 MQ). All chemicals were without
further purification.

Firstly, 0.9 mL of DMSO was added into 3 mL of deionized water, followed by 0.1 g HPC and
the mixture was stirred for 10 minutes. Next, the mixture was heated up to 70 °C using a water

bath for further stirring until all HPC was fully dissolved. Then 0.64 g PVA was added

12
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afterward, and the mixture was heated up again to 90 °C until all PVA powders were dissolved,
and then continue heating and stirring for 3 hours. Then the HPC/PV A solution was poured into
a mold to cool down to room temperature for 12 hours. At the same time, the cooling prcocess
will eliminate the visible gas bubbles in solution due to stirring (Figure S19). Then the
HPC/PV A solution was frozen in fridge at -20 °C. It was taken out of the fridge after 12 hours
of freezing and thawed for 3 hours. After 3 freeze-thaw cycles, a solid HPC/PV A hydrogel was
obtained. By varying the ratio of PVA weight percentage, three kinds of hydrogels HPC/PV Ax
were produced (x refers to the weight ratio: 4, 8 and 16). Then HPC/PV A hydrogel was soaked
in NaCl solution (concentration from 1 to 5M) for 12 hours (ions exchanging reached
equilibrium after soaking 12 hours, Table S1) to generate HPC/PV Ax ionic conductive hydrogel.
Figure S20 shows the whole process to generate the PVA based ionic conductive hydrogel.
Fabrication of pressure sensor: The pressure sensors were reported in our previous work.!?!
Microstructured AgNWs/PDMS films were prepared by depositing an aqueous solution of
AgNWs (Blue Nano) on silicon masters and allowing this to dry in air, and then casting a
mixture of PDMS elastomer and crosslinker in 10:1 (w/w) ratio (Sylgard 184, Dow Corning)
through spin-coating (1000 rpm). The elastomer mixture was degassed in a vacuum and cured
at 90 °C for 1 h, then the films were sectioned by a scalpel and peeled off from the silicon
master. The microstructured AgNWs/PDMS film is then placed face-to-face with an interdigital
gold electrode to form a resistive pressure sensor.

Mechanical properties characterization: The hydrogels were prepared in a rectangular shape
(3.2 mm x 2.2 mm x 25 mm) for tensile testing. All measurements were taken with MTS C43
machine. A fixed rate of extension (2 mm min™') was applied to all tensile testing. The nominal
stress (o) was calculated by dividing the applied force (F) by the cross-section area, and the
nominal tensile strain (¢) was obtained by dividing stretched length (Al) by the original length
(lo). The elastic module was obtained from the stress-strain curve and the toughness was the

total area under the stress-strain curve. The elastic modulus was calculated from the slope over
13
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0 ~ 100% of strain ratio of the stress-strain curve. The toughness was calculated from the area
of stress-strain curves. For recovery experiment, we prepared five groups of hydrogel samples
were 10 s, 30's, 60 s, and 300 s, respectively. These samples were firstly extended to 300%
strains and then placed for a different time for recovery. For loading-unloading tests, the
dissipated energy was calculated by Equation 1:

Ui= Iloading ode - .[unloading ode (1)
Where ¢ and ¢ are tensile stress and strain during the cycles.

Electrical characterizations: The AC signals were generated by function/arbitrary waveform
generator (Agilent 33220A) and were measured by an oscilloscope (Tektronix DPO5054B).
The electrical measurements for control of robotic hands were characterized by Keithley 4200
semiconductor characterization system.

Optical characterization: JSM-5310 and FESEM-6340F were used to capture the scanning
electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX) images of the
sample. Before the experiment, samples were freeze-dried using liquid nitrogen (N2) before
drying in a chamber for 72 hours. After that, the freeze-dried powder was examined using SEM.
The Fourier transform infrared spectroscopy (FTIR) data was collected by FTIR Perkin Elmer
Spectrophotometer (Spectrum 400 FT-IR). The height distributions of HPC/PVA hydrogel
were obtained by Zeiss Smartproof 5 optical surface profiler. All the microscope images were
obtained through the Olympus BX51 microscope.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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hydrogel hydrogel hydrogel
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Figure 1. (i) Schematic design, (ii) microstructure and (iii) microscope image, respectively, of a) pure PVA
(16 wt%) hydrogel, where pure PVA hydrogel has uniform structure; b HPC/PV A (2.5/16 wt%) hybrid hydrogel,
where HPC fibers dispersed inside of PVA hydrogel matrix, and water porous generated around HPC fibers inside
of PVA hydrogel matrix; c) HPC/PVA (2.5/16 wt%) ionic conductive hydrogel (soaked in SM NaCl solution),
whereas Na* and Cl ions were attracted by HPC fibers through ion-dipole interaction, and porous in HPC/PVA
ionic conductive hydrogel were kept. The scale bar of microscope-images is 100 um.
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Figure 2. a) Tensile curves of HPC/PV A hydrogel with different PVA wt% and pure PV A hydrogel as reference
at 3M soaking level b) tensile strength, c¢) strain, d) Young’s modulus and e) toughness of HPC/PVA 64 ionic

conductive hydrogel with different ionic concentration from 1 to 5M, f) stretching, g) knotting and h) compression
of HPC/PV A6 ionic conductive hydrogel.
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Figure 3. a) Ionic conductivity of HPC/PVA ionic conductive hydrogel increases with increasing HPC ratio, b)
Gauge factor of HPC/PVA ionic conductive hydrogel increases with increasing of strain from 0 to 400% or
decreasing of soaking level form 5M to 1M, c) ionic conductivity HPC/PV A ionic conductive hydrogel increases
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with both AC frequency soaking level increasing, c) relative change in hydrogel resistance of AC, the insert photos
are HPC/PV A ionic conductive hydrogel at 0 and 100% strain.
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Figure 4. Comparison of strain, stress and conductivity of reported ionic conductive gels including:

[EMIm][DCA]/PAMPS, 28]

Na*/AA/AETA,!8

Fe3*/PEG-Gly/PAMAI®,  [EMI][TESAJ/ABA, 2! and

Li*/PMMA based gel,”?®¥ and HPC/PV A ionic conductive hydrogel (3M, 5M).
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Figure 5. a) Self-recovery of HPC/PVA ionic conductive hydrogel, b) demonstration of hydrogel system on
robotic hand with AC applied to transfer steady AC signal, c), response of hydrogel and pressure sensor integrated
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system when loading a 2 kPa pressure collected at different strain 0% and 50%, d) demonstration of
hydrogel/sensor system on robotic hand with DC applied.
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A simple method was developed to introduce ions rich pores into strong hydrogel matrix and
fabricate a novel ionic conductive hydrogel with a high level performance of both electronic
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Supporting Information

Highly Stretchable, Elastic, and Ionic Conductive Hydrogel for Artificial Soft Electronics

Yang Zhou, Changjin Wan, Yongsheng Yang, Hui Yang, Shancheng Wang, Zhendong Dai, Keju
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Figure S1. FTIR spectrums commercial HPC fibers (black), PVA powders (red), and dried HPC/PV A hydrogel
sample (blue). As shown in the spectra of all the three samples, the following significant peaks can be observed in
all the three samples. The broad peak at 3440 cm™! assigned to the O-H stretching vibration. The absorption band
at 2930 cm! and a shoulder at 2860 cm™! correspond to the stretching of -CH,- and -CH-, respectively. The band
at 1450 cm’! is attributed to -CH,- bending. Moreover, the bands shown 1266 cm! is due to -CO- stretching. The
band at 850 cm'! is attributable to rocking vibration of the methylene groups. Furthermore, the band at 1730 cm™
just can be observed in PVA powder and HPC/PV A hydrogel correspond to the unhydrolyzed acetate groups. All
of the significant peaks of dried HPC/PV A hydrogel can be observed in commercial PVA and HPC powders’ FTIR
spectra, which indicated that HPC didn’t interact with PV A, and no chemical reaction happened during the gelation
process!! 21,
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Figure S2 Pure HPC solution a) after stirring and heating process, b) after cooling down in room temperature for

12 hours, c) after freezing in fridge at -20 °C for 12 hour, d) after 3 freeze-thaw cycles at room temperature.

es of HPC/PVA hdrogel with different HPC ratio: a) 0 wt%, b) 1.25 wt%, ¢)

Figure S3. Microscope ima
2.50 wt% and d) 3.75 wt% .
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......

HPC jonic conductive hydrogel (soaked in 5SM NaCl solution).

Figuré S4 aS PAC16% hydrogel, b) ﬁVA-

After soaking in saturated NaCl solution for 24 hours, volume of PVA-HPC s hydrogel decreased from
364 mm? to 214 mm?®. PVA-HPC 6% hydrogel is totally transparent, while PVA-HPC ionic conductive hydrogel
is translucent.

Figure S5. Height distribution images by optical surface profiler of HPC/PV A hydrogel before (a) and after (b)
soaking in NaCl solution (5M).
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Figure S6. Tensile strength curve of PVA-HPC ¢ ionic conductive hydrogel in soaking NaCl solutions with
different concentration from 1 to SM.

Figure S7. Load-bearing capacity of HPC/PV A ionic conductive hydrogel (3M) (2 mm thickness, 5 mm width).

25



WILEY-VCH

L 2 A

Intensi

10 15 20 25 30
26 (°)

Figure S9. XRD spectra of PVA-HPC ionic conductive hydrogels after soaking in NaCl solution with different

concentration from 1 to 5SM.
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Figure S10. Tensile strength curve of HPC/PV A ionic conductive hydrogel after soaking in NaCl solutions (3M)
with increasing HPC ratio from 0 to 3.75 wt%.
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Figure S11. a) Na* and b) CI on the cut surface of freeze-dried HPC/PVA ionic conductive hydrogel; c) Na* and
d) CI' on the cut surface of freeze-dried pure PVA ionic conductive hydrogel (scale bar is 10 um).
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Figure S12. Circuit for resistance characteristic under strain.
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Figure S13. Circuit for resistance characteristic under strain, AC signal of hydrogel a) 1 kHz and b) 1 MHz,
respectively.
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Figure S14. Relative change in hydrogel gauge factor of AC at both 1 kHz and 1 MHz.
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Figure S15 a) Trend of Water content (black) and ionic conductivity (blue) with soaking level increasing from
1~5M, b) Conductivity increasing rate trend. The conductivity increasing rate (I) was calculated as: Ii*! = (Cjyi-
Ci)/C; x 100%, where C; represent the conductivity of HPC/PVA ionic conductive hydrogel at iM soaking level;
Ii*! represent the conductivity increasing rate between iM and i+1M soaking level.
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Figure S16. Comparison of toughness and young’s modulus of hydrogels have potential to be used in artificial
tissue applications and HPC/PV A ionic conductive hydrogel.
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Figure S17. Circuitry design of steady AC demonstration.
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Figure S18. Circuitry design of hydrogel and pressure sensor system for DC-compression demonstration.

Figure S19. a) Pure PVA solution and b) HPC/PVA solution after heating and stirring immediately; c) Pure PVA
solution and b) HPC/PVA solution after degassing for 12 hours at room temperature, no visible bubbles can be
observed in both solutions.
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Figure S20. Gelétion process of converting HPC/PV A composite hydrogel to ionic conductive hydrogel.

Table S1 Weight change (%) of HPC/PV A hydrogel soaking in 1~5M solution after 12, 24 and 36 hours. (All the
samples weight normalized as 100% by the weight of the sample soaked after 12 hours)

12h 24 h 36 h
IM 100% | 99.96% | 99.68%
M 100% | 99.60% | 98.99%
M 100% | 100.3% | 99.42%
4M 100% | 100.3% | 99.8%
M 100% | 99.34% | 99.25%
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