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Abstract

lonic conductive hydrogels have emerged as promising candidates for wearable sensors
thanks to their stretchability and conductivity. However, it is still challenging to fabricate
hydrogels simultaneously with balanced mechanical strength, ionic conductivity, and
sensitivity. In this work, PVA/Pullulan/NaCl ionic hydrogels were prepared by soaking
frozen-thawed PVA/Pullulan hydrogels in NaCl solutions. Due to the synergy of the semi-
interpenetrating network between PVA and pullulan as well as the salting-out effect due
to NaCl, the hydrogels exhibited a large tensile strength of 2.72 MPa. The presence of
Na* and ClI~ ions endowed the hydrogels with superb ionic conductivity (up to 10.44 S/m).
The hydrogel was assembled as a strain sensor, which displayed good sensitivity (up to
5.98) and was utilized for the detection of human joint movements. Additionally, hydrogel
sensors can provide efficient information transmission through Morse code. As such, the
presented PVA/Pullulan/NaCl hydrogels suggested a promising prospect for the next
generation of wearable sensors.

Keywords: PVA ionic conductive hydrogel; strain sensor

1. Introduction

The growth of the Internet of Things has boosted the dramatic development of wearable
electronics in recent years [1]. Conductive hydrogels have received considerable
attention in human motion detection, health monitoring, electronic skins, and flexible
supercapacitors [2-6] because they possess both the conductivity of conductive
components and the stretchability of hydrogels. The conductivity mechanism can be
divided into electronic and ionic conduction. Electronic conductivity is normally achieved
by adding conductive fillers and conductive polymers into the hydrogel matrix. By doing
so, the hydrogels show high conductivity, but the conductive components lack
hydrophilicity and poorly disperse in the hydrogels. In contrast, ions are more compatible
with the hydrogel and ionic conductive hydrogels have gained much interest due to their
facile processibility [7].

Currently, ionic conductive hydrogels have been studied in wearable sensors and
researchers have extensively optimised the mechanical properties and enhanced ionic
conductivity. Polyvinyl alcohol (PVA) as a typical synthetic polymer has been widely used
as the hydrogel matrix for ionic conductive hydrogels because of its commercial
availability, hydrophilicity, and non-toxicity. By introducing ions into PVA hydrogel matrix,
the ionic conductivity can be as high as 8.16-12.5 S/m [8, 9]. Regardless of the
impressive ionic conductivity, there exists a trade-off between high ionic conductivity and
mechanical strength, such as PVA/sodium alginate/collagen/NaCl hydrogels had a high
conductivity of 3.8 S/m but a low tensile strength 390 kPa [10].

High mechanical strength is needed for conductive hydrogels in wearable sensors since
it can avoid premature failure during various mechanical loads. Consequently, some
strategies are commonly used to improve the mechanical properties: 1) constructing a
double network [11]; 2) doping nanocomposites into the hydrogels [12, 13]. However,
toxic crosslinkers are inevitably used for the construction of double networks and the
commonly used monomers, like acrylamide, and acrylic acid, have been classified as
hazardous substances by ECHA [14], which is user-unfriendly. On the other hand,
nanocomposites can pose harmful effects on humans, plants, animals, and the
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environment, which deviate from the idea of environmental sustainability. As a promising
sustainable alternative, the exploration of biobased biopolymers in recent years has been
fast-growing. Biobased biopolymers feature biodegradability, environmental friendliness,
manipulated mechanical properties and biocompatibility [15]. Until now, some
mainstream biopolymers such as cellulose, chitosan, and sodium alginate have been
extensively investigated as mechanical reinforcers and display versatile wearable
applications [16-19]. In addition to these biopolymers, pullulan is rapidly emerging as an
important source of biobased biopolymers, but the potential in wearable sensors has not
been much explored. Pullulan is an exopolysaccharide obtained from the fermentation of
Aureobasidium pullulans. Pullulan shows high water solubility even in cold water,
biocompatibility, and non-toxicity and has been approved as a safe compound by the FDA
and European Union [20]. The blends of pullulan and PVA can show high mechanical
properties, but the PVA/Pullulan composites were in the form of dried film [21]. Recently,
composite hydrogels made from PVA/Pullulan were used as a platform for drug delivery,
tissue engineering and wound dressing, but neither the mechanical properties nor the
potential in wearable sensors has been explored [22-24]. Good mechanical properties
are prerequisites to extend the scenarios. Thus, it is necessary to study the relevant
mechanical properties of PVA/Pullulan hydrogels and broaden the application in wearable
sensors. Furthermore, kosmotropic salts like SO4?~, CO3?", and CI~ can weaken the
hydration of the hydrophilic polymer chains and induce dense structure, thereby the
salting-out effect has also been adopted to improve mechanical strength as well.
Nonetheless, low ionic conductivity is observed during the long soaking process [25-30].
Thus, the soaking time needs to be considered with the aim of balanced mechanical
properties and ionic conductivity.

For a specific application, e.g. wearable strain sensor, sensitivity (represented by gauge
factor (GF)) is an unignorable aspect. Nevertheless, the simultaneous achievement of
high sensitivity with balanced mechanical strength and conductivity is still challenging for
PVA ionic conductive hydrogels. Physically crosslinked  hydroxypropyl
cellulose/PVA/NaCl hydrogels exhibited both a high tensile strength of 1.3 MPa and
conductivity of 3.4 S/m, but the GF (0.947) was relatively low [31]. The cellulose
nanofibrils and ZnSOa4 reinforced PVA conductive hydrogels had a large tensile strength
of 0.79 MPa and an improved GF of 1.7 but with a low conductivity of 0.32 S/m [32].
PVA/ethanol/FeCls organo-hydrogels simultaneously obtained a high mechanical
strength of 6.5 MPa, high conductivity of 6.5 S/m and high GF of 3.1. However, FeCls is
highly corrosive and irritant [33]. Thus, balanced ionic conductivity, mechanical strength,
and high sensitivity as well as the safety and sustainability of the materials should be
considered for wearable sensors.

In this work, we prepared PVA/Pullulan/NaCl conductive hydrogels with balanced
mechanical strength, ionic conductivity and high sensitivity through the freezing-thawing
method followed by the NaCl soaking process. All the raw materials in this work are
nontoxic and biodegradable, which accords with the concept of sustainability. We take
the leverage of biopolymer and salting-out effect to synergistically improve the
mechanical properties. The hydrogen bonds and entanglement between pullulan and
PVA (semi-interpenetrate network), as well as the NaCl-induced polymer aggregation
(salting-out effect) had a synergistic effect for tunable mechanical strength (0.48-2.72
MPa). NaCl is easily available at low cost and safer than other commonly used inorganic
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metal salts (LiCl, ZnClz, FeCls, etc.). A long-time soaking can induce high mechanical
strength, but it also comes with a low ionic conductivity or GF [34, 35], and thus we
proposed 2 h soaking to balance these properties. Benefiting from this, the ionic
conductivity ranged from 2.43-10.44 S/m and GF maximumly reached 5.98. In general,
we demonstrated that PVA/Pullulan/NaCl ionic conductive hydrogels had potential
applications in wearable sensors, such as human motion monitoring and information
communication. We believe this hydrogel strain sensor brings us closer towards
sustainable wearable electronics.

2. Materials and Methods

2.1 Materials

Polyvinyl alcohol (PVA) (molecular weight (MW) = 72 kDa, degree of hydrolysis >98%)
was obtained from Merck Schuchardt OHG. Pullulan was purchased from TCI and the
MW was determined as shown in Figure S1. Sodium chloride (NaCl) was purchased from
Sigma-Aldrich. NaNOs (assay 99%—-100.5%) was purchased from Honeywell.

2.2 Preparation of stock solutions

PVA powder was dissolved in deionized (DI) water with magnetic stirring in 90 °C water
bath for 3 h. After cooling down, 12 wt% of PVA solution was obtained. The 12 wt% of
pullulan solution was prepared by dissolving pullulan powder in DI water at room
temperature. Different concentrations of NaCl solutions (0.3-5 M) were obtained by
dissolving NaCl in DI water.

2.3 Fabrication of PVA/Pullulan/NaCl hydrogels

The PVA/Pullulan/NaCl hydrogels were synthesized by the freezing-thawing method
followed by a soaking process. First, 12 wt% of PVA solution and 12 wt% pullulan solution
were mixed with the desired mass ratio at room temperature. Then, the mixture was
transferred into PTFE molds and subjected to freezing at =20 °C for 3 h and thawing at
room temperature for 1 h. The freezing-thawing process was implemented for three
cycles to obtain the PVA/pullulan hydrogels. Subsequently, the PVA/Pullulan hydrogels
were immersed in NaCl solutions (0-5 M) for 2 h and then rinsed with DI water. The
resultant hydrogels were denoted as PVAx/Pullulany/NaClz, where x and y represent the
mass content (wt%) of PVA and pullulan in the total polymer, respectively and z denotes
NaCl concentration (M). For comparison, pure PVA hydrogels (12 wt% total polymer
content) were also soaked in NaCl solution (0-5 M). The specific compositions are shown
in Table S1.

2.4 Characterization
2.4.1 Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR)

The functional groups of the raw materials (PVA, pullulan) and hydrogels were identified
using Fourier transform infrared spectroscopy (IRTracer-100, Shimadzu Corporation,
Kyoto, Japan) at the transmittance mode. The hydrogels were freeze-dried and cut into
small pieces. The spectra were recorded in the wavenumber range of 4000-500 cm™
with an average of 25 scans at a resolution of 4 cm™.
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2.4.2 Scanning electron microscopy-energy dispersive X-ray analysis (SEM-EDX)

The fresh hydrogels were quickly frozen in liquid nitrogen and then freeze-dried. The
samples were coated with a thin film of gold/palladium. Then, the cross-sectional
morphology of the dried hydrogels was observed on a scanning electron microscope
(SEM, JSM-6010 LV, JEOL Lit. Tokyo, Japan) at an acceleration voltage of 12 kV. The
element distribution was analyzed on a scanning electron microscope (Zeiss EVO MA10,
Zeiss, Jena, Germany) equipped with energy-dispersive X-ray spectroscopy (EDX)
(INCAx-act attachment, Oxford Instruments, Abingdon, UK).

2.4.3 X-ray diffraction (XRD)

The crystal structures of the raw materials and hydrogels were characterized by X'Pert
PRO diffractometer (PANalytical, Almelo, The Netherlands) with a Cu tube (Ka A =1.5418
A) and a generator set at 45 kV and 40 mA. A continuous scan mode was applied with
the scanning degree range from 4 to 40° and a step size of 0.0167°. The data were
analyzed on the software X’Pert Data Viewer (Version 1.9a, PANalytical B.V., Almelo,
The Netherlands).

2.4.4 Differential scanning calorimeter (DSC)

The hydrogel samples were sealed in hermetically aluminium pan for DSC measurement
(DSC Q2000, TA instrument). The samples (8—9 mg) were cooled from 20 to —=70 °C at a
rate of 10 °C/min and equilibrated at —70 °C for 5 min, then back to 20 °C. The nitrogen
gas at a flow rate of 50 mL/min.

2.4.5 Gel permeation chromatography (GPC)

The molecular weight of pullulan was determined by gel permeation chromatography
(GPC) on Malvern’s OMNISEC system (Malvern Panalytical, Malvern, UK) equipped with
Column A 6000 M (< 20.000000 g/mol). Pullulan was dissolved in DI water with a
concentration of 2 mg/mL. The pullulan samples were filtered through a 0.2 um PES
syringe filter and the injection volume was 100 pL. The mobile phase was NaNO3s (0.1 M)
with a flow rate of 0.8 mL/min. The results were analyzed on the software OMNISEC v
11.32 (Malvern Panalytical Ltd., Malvern, UK).

2.5 Size change and water content determination

The size change of PVA/Pullulan hydrogels after soaking in NaCl (0-5 M) solution was
determined by Equation 1. The size of the samples was the same as the samples of the
mechanical test.

L-Lg

Size change rate (%) = x 100 (2)

where L, and L are the dimensions (mm) before and after soaking.

The water content of PVA/Pullulan/NaCl hydrogels was calculated by measuring the
mass before and after drying using Equation 2 [31]. The size of the samples before
soaking was 10 mm x 10 mm x 2 mm.

Water content (%) = % x 100 (2

w

where m,, and m,; denote the mass (g) of the wet and dried hydrogels, respectively.

5

https://doi.org/10.26434/chemrxiv-2024-rdqj2 ORCID: https://orcid.org/0000-0002-0105-206X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-rdqj2
https://orcid.org/0000-0002-0105-206X
https://creativecommons.org/licenses/by-nc-nd/4.0/

190

191
192
193
194
195
196
197
198

199
200
201
202
203

204
205

206
207
208
209
210
211

212

213
214
215
216

217

218
219
220
221
222
223
224
225
226

227

228

2.6 Mechanical properties

The mechanical performance of the hydrogels was evaluated on a universal testing
machine with a capacity of 2 kN (Instron 2519-106, USA) at ambient conditions. For the
uniaxial tensile tests, the hydrogels were molded into dumbbell shape with the dimension
of Type | following the international standard ISO-37-2017(E). The hydrogel specimens
were stretched at a constant rate of 50 mm/min until fracture. The test was repeated with
10 parallel samples. The toughness of the hydrogels was determined by integrating the
area of the stress-strain curve. Young’s modulus was calculated from the slope of the
stress-strain curve in the linear region with strain changes from 0% to 20%.

Regarding the cyclic loading-unloading tests, the hydrogel specimens were shaped into
rectangle (80 mm x 10 mm x 2 mm). The samples were stretched to different maximum
strains (40%, 60%, 80%) and then returned to the initial state at a speed of 200 mm/min.
The area between the loading-unloading curve represents the energy dissipation. Each
sample was repeated in triplicate.

2.7 Electrical measurements
2.7.1 Conductive property

The electrochemical impedance spectroscopy (EIS) was performed on Autolab
(PGSTAT204, Metrohm Autolab B.V., The Netherlands). The measurements were
implemented under the open circuit potential with the frequency from 107! to 10° Hz and
an AC amplitude of 10 mV at room temperature. The hydrogel samples (thickness: 2-3.5
mm, length: 9-13 mm, width: 9-12 mm) were sandwiched between two copper electrodes.
The ionic conductivity (o, S/m) of the hydrogels was calculated with Equation 3:

L
== 3)
where L is the thickness (mm) of the hydrogel between the two copper electrodes, A
representing the contact area (mm?) of the hydrogel and the copper electrodes. R
represents the impedance, which is the intercept of the curve with the horizontal axis (Q).
The impedance of each sample was measured in triplicate.

o

2.7.2 Electro-mechanical properties

The electrical signal response of PVA/Pullulan/NaCl hydrogel under stretching was
obtained by combining the potentiostat with a universal testing machine. The dumbbell
shaped samples were clamped on the universal testing machine, and the two clamps
were connected to the potentiostat. A voltage of 1 V was applied on the two ends of the
hydrogel during the tensile test, and the current response was recorded. The resistance
was calculated by Ohm's law. The relative resistance change was defined by Equation
4, and the gauge factor (GF, representing sensitivity) was calculated by determining the
slope of the relative resistance change versus the applied strain according to Equation
5:

Relative resistance change (%) = i—R x 100 = % x 100 (4)
0

0
d(AR/Ry)
de

GF = (5)
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where R, is the initial resistance (Q). R is the resistance (Q) under tensile strain € (%).
2.8 Human motion detection and information transmission

The PVA/Pullulan/NaCl conductive hydrogel sensors were fixed to different human joints
(finger, wrist, elbow, and knee) with the aid of binder clips and tape. Both ends of the
hydrogels were clamped by binder clips and connected to the potentiostat to measure the
real-time variation of resistance during the movements. Additionally, the hydrogel sensors
were pressed according to Morse code to realize information transmission. The authors
as volunteers took part in human motion detection. A written consent is available upon
request.

3. Results and Discussion
3.1 Gelation mechanism

Scheme 1 shows the hydrogel preparation mechanism. The hydrogel was prepared
through the freezing-thawing process followed by the soaking method. PVA and pullulan
were mixed and frozen at =20 °C. In the freezing step, ice crystals grew among polymer

chains and pushed PVA chains together. The hydroxyl groups on PVA chains formed
crystalline which served as crosslinking points. In the thawing step, the ice crystals melted
while the PVA crystalline remained, and the corresponding domains formed the pores
surrounded by the polymer skeleton [36, 37]. Meanwhile, the hydroxyl groups of pullulan
formed hydrogen bond interaction with PVA chains. Subsequently, the PVA/Pullulan
hydrogel was soaked in NaCl solution at room temperature. During the soaking process,
Na* and CI” ions diffused into the hydrogels and polarized the water molecules bonded
with PVA. Therefore, the hydrogen bonds between water molecules and PVA were
damaged and water molecules were expelled from the hydrogels [25]. Along with
dehydration, the hydrogels shrank, and denser structures were formed with the
aggregation of PVA. It was reported that pullulan is insensitive to NaCl [38]. Thus, we
deduced that pullulan did not tend to aggregate in the hydrogel.
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Hydrogen bond

Scheme 1. Gelation mechanism of the PVA/Pullulan/NaCl ionic conductive hydrogels.

NaCl concentration had a large influence on the hydrogel size and water content (Figure
la—c). At lower NaCl concentration, the hydrophilic polymer created an osmotic pressure
that was higher than the NaCl solution, thus leading to a swelling [39, 40]. By contrast,
reduced size and water content were obtained with higher NaCl concentration because
of the salting-out effect and dehydration effect. The anions can polarize the water
molecules bonded with the hydrophilic groups on polymers, thus weakening their
hydrogen bonds. The polarization is more pronounced with higher salt concentrations [41-
43]. Therefore, more water molecules were expelled from the hydrogels and the polymer
chains aggregated at higher NaCl concentrations.

(b) 10

c)100

—

o]
o
!

-10

Size change rate (%)
[9,]
Water content (%)

N
o
1

-15

0 031 2 3 4 5 without 0 03 1 2 3 4 5
NaCl (M) soaking NaCl (M)

Figure 1. (a) Appearance of the hydrogels with different soaking concentrations. (b) Size change rate,
and (c) water content of the PVAgs/Pullulans/NaCl; hydrogels.
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3.2 Characterization of hydrogels

SEM was performed to characterize the raw materials (Figure S2) and observe the cross-
sectional morphology of hydrogels with different magnifications (X500 and x1000 (Figure
S3(a—g)), x2000 (Figure 2a—q)). Pure PVA hydrogel showed a dense structure. After the
addition of pullulan, the structures of PVA/Pullulan hydrogels were changed. With a lower
pullulan content (e.g., <wt%), relatively intact porous networks were observed. However,
the pores gradually became larger and incomplete with the increase of pullulan content
(e.g., >10wt%). The white particles in Figure 3g revealed that NaCl crystals were present
after soaking and the structure was very dense, indicating the occurrence of strong
aggregation of the polymer chains. In addition, the existence of Na* and CI~ ions was
mapped from EDX elemental mapping (Figure 2h-i).

2 k -y
\D “‘

20pm 20pm

Figure 2. SEM images of (a) pure PVA hydrogel, (b) PVAgs/Pullulanz hydrogel, (c) PVAgs/Pullulans
hydrogel, (d) PVAg/Pullulanio hydrogel, (e) PVAso/Pullulanzo hydrogel, (f) PVAzo/Pullulanso hydrogel,
(g) PVAes/Pullulans/NaCl: hydrogel. EDX mapping of (h) Na and (i) Cl elements for hydrogel
PVAgs/Pullulans/NaCls.

ATR-FTIR spectroscopy was used to identify the functional groups and demonstrate the
interactions of PVA and pullulan in hydrogels. Figure 3(a) presented the ATR-FTIR
spectra of PVA, pullulan, PVA/Pullulan hydrogels and PVA/Pullulan/NaCl hydrogels.
Regarding the spectrum of pullulan, a broad band at 3309 cm™ was shown corresponding
to —OH stretch vibration, which is a typical polysaccharide peak [44]. In the case of PVA,
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the broad band at 3278 cm™ was due to the stretching of hydrogen-bonded hydroxyl
groups [45, 46]. For pure PVA hydrogel, the vibration of the —OH groups slightly shifted
to a lower wavenumber in comparison to raw PVA, proving that hydrogen bonds were
formed during the freezing-thawing process. It was found that the hydrogen bond peaks
were present in all PVA/pullulan hydrogels, and these peaks shifted to lower frequencies
relative to pure PVA hydrogel. This indicated the existence of stronger hydrogen bond
interactions between PVA and pullulan [32, 46]. After soaking in 1 M NaCl solution, the
hydrogel showed weak intensity. It was inferred that the hydrogen bond reflection was
hidden by NaCl crystals. To sum up, the ATR-FTIR validated the hydrogen bond
formation in the hydrogels.

(a) |ATRFTIR (b) | xrRD 18.4°

1ﬁ\ 3300 A ——
5 3 v \f\f//sﬂ\;\/ =
P W\ 5
3 327y N ©
o E— _,.‘éaﬁi\f—ﬁﬁ/\/ﬂ\/ g
= |5 " - - =
] ' \ /A Q@
& |7 f N £
= :
T :3267\/‘(_ B
T R VAN o]
4000 3000 2000 1000 5 10 15 20 25 30 35 40

Wavenumber (cm™) 20 (°)

—— 4 PVAgg/Pullulan, hydrogel 7 PVAgy/Pullulan,, hydrogel

—— 5 PVAgg/Pullulang hydrogel =~ —— 8 PVA,/Pullulang, hydrogel
6 PVAg/Pullulan,, hydrogel —— 9 PVAgy/Pullulang/NaCl, hydrogel

—— 1 Pullulan
——2PVA
—— 3 Pure PVA hydrogel

Figure 3. (&) ATR-FTIR spectra, and (b) XRD pattern of pullulan, PVA, PVAx«/Pullulany hydrogels and
PVAgs/Pullulans/NaCl: hydrogels.

XRD was carried out to characterize the crystal structures of Pullulan, PVA,
PVAx/Pullulany hydrogels and PVAgs/Pullulans/NaCl: hydrogel (Figure 3(b)). The XRD
pattern of pullulan showed a broad peak around 20 = 18.4°, implying the amorphous
nature. The PVA pattern displayed the typical diffraction peak at 26 = 19.5° (101),
reflecting the crystalline structure. For PVA/Pullulan hydrogels, all samples presented
diffraction peaks near 206 = 19.5°. The diffraction peaks gradually became broader, and
the intensity decreased with higher pullulan content. This phenomenon was associated
with the fact that the crystallite formation of PVA was interfered with higher pullulan
content. After soaking in 1 M NaCl solution, a sharp diffraction peak at 20 = 31.6° was
detected. This was assigned to the (200) plane of NaCl (PDF card 5-628) [47], which
demonstrated the presence of crystallized NaCl in the hydrogel.

The freezing point of the hydrogels was investigated by DSC (Figure S4). The exothermic
peak shifted to lower temperatures with higher NaCl concentration. Na* and CI~ dissolved
between the water molecules and disrupted the water molecules to form a regular crystal
structure. Due to the colligative properties of a solution, the freezing point of the hydrogels
dropped further as the NaCl concentration increased.
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3.3 Mechanical properties

The mechanical properties of the PVAx/Pullulany hydrogels, PVAgs/Pullulans/NaCl;
hydrogels and PVAioo/NaCl; hydrogels were investigated. Figure 4(a—d) displayed the
tensile stress-strain curves and mechanical performances of PVA/Pullulan hydrogels.
Compared with pure PVA hydrogel, PVA/Pullulan hydrogels showed enhanced
mechanical performances. The highest tensile strength and Young’s modulus were
achieved at 5wt% pullulan content and with values of 0.50 MPa and 0.07 MPa,
respectively, which were 2.17 and 1.75-fold higher than those of pure PVA hydrogel. With
the increase of pullulan contents (e.g., >10wt%), the amount of PVA decreased
correspondingly, leading to weak and incomplete hydrogel network structures, and thus
tensile strength decreased. The tensile strain of PVA/Pullulan hydrogels exhibited similar
values, but the toughness enhanced from 0.16 MJ/m? for pure PVA hydrogel to 0.38
MJ/m3 for PVAes/Pullulanz hydrogel. These results indicated that PVA/Pullulan hydrogels
were more resistant to external tensile stress in comparison to pure PVA hydrogels. This
significant enhancement of the mechanical properties can be attributed to the energy
dissipation of PVA/Pullulan hydrogels [48]. Pullulan was incorporated into the PVA
network to form hydrogen bonds and chain entanglements with PVA. The hydrogen
bonds between pullulan and PVA could break to relax the stress. On the other hand, the
entanglements functioned as slip links [49]. The tensile stress was transmitted along the
pullulan chains or transferred to PVA chains through the entanglements. When the
pullulan chains were stretched to the maximum length and break, the tensile stress was
dissipated. Therefore, the hydrogen bonds and the physical entanglements played
sacrificial roles to dissipate energy and enhance mechanical properties. We concluded
that suitable amounts of pullulan brought remarkable enhancement in mechanical
properties, and hydrogel with 5wt% pullulan content can be chosen as a representative
of the hydrogels.
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Figure. 4. Mechanical properties of the PVAx/Pullulany hydrogels, including (a) tensile stress-strain
curves, (b) tensile strength and tensile strain, (c) toughness and (d) Young’s modulus.

Subsequently, PVAgs/Pullulans hydrogels were soaked in NaCl solution (0-5 M) and the
mechanical properties were evaluated. Figure 5(a—d) intuitively presented the
mechanical properties. The hydrogels could be stretched, rolled, twisted, and were able
to withstand heavy objects. The tensile tests (Figure 5(e—h)) showed that the mechanical
properties of PVAgs/Pullulans/NaCl: hydrogels can be tuned by adjusting the NacCl
concentration (0-5 M). As the NaCl concentration increased, the tensile strength,
toughness and Young’s modulus increased progressively and reached the highest values
of 2.72 MPa, 2.90 MJ/m? and 1.49 MPa at 5 M, respectively, which were 5.44, 8.29 and
21.29-fold higher than those of PVA/Pullulan hydrogel without soaking. Moreover, the
PVA/Pullulan/NaCl hydrogels had enhanced stretchability compared with the hydrogels
without soaking (Figure 5(f)). The highest stretchability was 1.33 times that of pure PVA
hydrogel. This significant enhancement resulted from the change in the polymer
configuration and water content. During the salting-out process, the aggregation occurred
and the configuration of PVA and pullulan chains was rearranged, which served as the
“crosslinking” points in the hydrogels. Water is considered as a plasticizer that interacts
with the polymers, and polymer-polymer interaction is weakened if much water exists
inside hydrogels. Thus, mechanical enhancement happened due to the reinforced
polymer-polymer interaction arising from the loss of water [39]. To demonstrate the
synergy of pullulan and salting-out effect, we evaluated the mechanical properties of
12

https://doi.org/10.26434/chemrxiv-2024-rdqj2 ORCID: https://orcid.org/0000-0002-0105-206X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-rdqj2
https://orcid.org/0000-0002-0105-206X
https://creativecommons.org/licenses/by-nc-nd/4.0/

367
368
369
370
371
372
373
374
375

376

PVA/NaCl hydrogels as a comparison (Figure S5). We found that PVA/Pullulan/NaCl
hydrogel possessed significant mechanical improvement in comparison with pure PVA
hydrogels, PVA/Pullulan hydrogels, and PVA/NaCl hydrogels. These results verified that
the pronounced enhancement of the mechanical performances was ascribed to the
synergy between pullulan and salting-out effect. Moreover, the hydrogels covered a large
range of Young's modulus from 0.07 MPa to 1.49 MPa, which was comparable to that of
certain human tissues and PDMS [50-54] (Figure S6). Beneficial from the mechanical
strength, stretchability, and skin-like Young’'s modulus, the resultant hydrogels had
potential in wearable sensors.
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Figure 5. (a) Stretching, (b) rolling, and (c) twisting of the PVAges/Pullulans/NaCl. hydrogels. (d) Load-
bearing illustration of PVAges/Pullulans/NaCls hydrogel. (e) Tensile stress-strain curves, (f) tensile
strength and tensile strain, (g) toughness and Young’'s modulus of the PVAgs/Pullulans/NaCl,
hydrogels.

Successive cyclic loading-unloading tests were performed to evaluate the energy
dissipation behaviour of PVAgs/Pullulans/NaCli hydrogels. Specimens were stretched to
different maximum tensile strains (40%, 60%, 80%) and returned to the initial state.
Figure 6(a) presented the hysteresis loops of the first cycle at different maximum tensile
strains. Under the 40% tensile strain, the loading-unloading curves almost coincided. The
hydrogel exhibited negligible dissipated energy of 0.47 kJ/m? (Figure 6(b)), indicating that
the hydrogel can self-recover under small strain. With the increase of tensile strain to 60%
and 80%, hysteresis was observed, and the dissipated energy increased to 3.10 kJ/m?3
and 8.96 kJ/m3, respectively. This indicated that the energy was dissipated at large tensile
strain, which was ascribed to the destruction of the hydrogen bonds between PVA and
pullulan, and the friction of the molecular chains [55]. Afterwards, the cyclic loading-
unloading test was performed at the tensile strain of 60% to investigate the energy
dissipation behaviour in the long term. The hydrogel showed a pronounced hysteresis
loop only in the first cycle while the later cycles were much smaller with decreased
dissipated energy (Figure 6(c—d)). This was because of the permanent fracture of the
hydrogen bonds in the first cycle [56].
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Figure 6. Successive cyclic tensile loading-unloading performances of the PVAos/Pullulans/NaCly
hydrogels at (a) different maximum tensile strains, and (b) the corresponding dissipated energy. (c)
Ten cycles of successive cyclic loading-unloading curves of the PVAes/Pullulans/NaCl: hydrogel at the
strain of 60% and (d) the corresponding dissipated energy.3.5 Electrical property and sensing
performance

The hydrogels were ionic conductive due to the presence of Na* and CI~ ions. Under an
electric field, the Na* and CI~ ions moved oppositely in the hydrogel matrix leading to the
occurrence of electric current [57]. The EIS spectra of the hydrogels were presented in
Figure 7(a—b). The hydrogels exhibited evident ionic conductivity after soaking in NaCl
solutions (Figure 7(c)). The ionic conductivity went up with increasing NaCl soaking
concentrations since more ions were present in the hydrogels. However, less conductivity
was induced at the concentration of 5 M because the ions formed ion clusters, reducing
the number of charge carriers [58]. Notably, at a concentration of 4 M, the ionic
conductivity was as high as 10.44 S m™, which was 25.46 folder than hydrogel without
soaking.
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Q. (c) lonic conductivity of the PVA/Pullulan/NaCl; hydrogels.

Subsequently, the relative resistance changes with strain and sensitivity were studied,
with a setup shown in Figure 8(a). The specimen was connected to a potentiostat on both
ends. By applying a voltage of 1 V, the change of electrical signals was recorded during
the tensile test. The results showed that the relative resistance changes increased with
the increase of applied strain (Figure 8(b)), and the relationship could be fitted with the
polynomial equation y = A %2 + B ¢ + C, where y was the relative resistance change, and
€ was the tensile strain. The gauge factor (GF) is represented by the tangent slope of the
relative resistance change. GF in this work could be expressed as GF =2A¢+ B,
indicating that the GF linearly changed with the applied strain (Figure 8(c)). This was
because the resistance increased due to the geometric effect. And higher GF was
achieved at lower NaCl concentration since more loose structures were formed due to
slight swelling, which caused large structure deformation and resulted in larger resistance
change. In comparison with many other similar PVA ionic hydrogel sensors (Table S2),
our hydrogels showed high sensitivity. We attributed this to the aggregated structures
because of the salting-out effect. Under stretching, the aggregated polymers were
stretched to a relaxed state, which contributed to the large geometric effect and brought
a higher GF.
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Figure 8. Sensing performance of the PVA/Pullulan/NaCl hydrogels: (a) Schematic diagram of the
sensing tests. (b) The relative resistance changes of the PVAgs/Pullulans/NaCl; hydrogels as a function
of tensile strain. (c) Gauge factor with various NaCl concentrations and tensile strains. Sensing
performance of the PVAgs/Pullulans/NaCli hydrogel: (d) Relative resistance changes at 20% of strain
with different stretching rates. Electrical signal responses under cyclic loading—unloading at (e) small
strains and (f) large strains. (g) The durability test at a strain of 20% for 1000 cycles. (h) Response
time and recovery time, extracted from the electrical signals of finger bending.

As a trade-off between water content, mechanical performances, sensitivity, and the NaCl
soaking concentration, PVAgs/Pullulans/NaCli conductive hydrogel was selected as an
example to evaluate the sensing performance. The hydrogel sensor responded stably at
different stretching rates (50-600 mm/min) (Figure 8(d)), suggesting its high applicability
in real conditions. Figure 8(e—g) showed the change of relative resistance at different
strains. When the hydrogel sensor was cyclically stretched, the relative resistance
changed reversibly. In the loading-unloading cycles, the hydrogel sensors produced
almost perfectly symmetrical peaks at all strains (0.3%—-80%). The stepwise change of
the relative resistance indicated that the hydrogel sensors could recognize various strains
and produced steady, and repeatable resistance signals. Then, the cyclic loading-
unloading test at 20% strain was performed to evaluate the durability (Figure 8(g)). The
hydrogel had close signal responses at 500 s and 1500 s, with an acceptable signal drift
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after 1000 cycles [59-61]. Additionally, by analyzing the electrical response of finger joint
movement, we found that the hydrogel sensor possessed a response time of 300 ms and
a recovery time of 400 ms (Figure 8(h)). These results indicate that the
PVAgs/pullulans/NaCli hydrogel sensor is a potential candidate in wearable strain sensors.

3.4 Real-time detection of human motions

As proof of concept, PVAgs/Pullulans/NaCli hydrogels were assembled into strain sensors
for human motion detection (Figure 9(a—f)). From Figure 9(b), the relative resistance
changed stepwise with larger bending angles. Figure 9(c—f) depicted the relative
resistance change during the bending-unbending of the different joints (finger, wrist,
elbow, and knee). The hydrogel sensors can generate reproducible and stable electrical
signals, proving the reliability of the hydrogel sensor in monitoring joint movement.
Besides, the electrical signals were reversible during the bending-unbending. A practical
basketball sports monitoring system was shown in Movie S1. The good sensing
performance demonstrates that the PVA/Pullulan/NaCl hydrogel sensor is promising in
scenarios that require real-time monitoring and visual feedback, such as rehabilitation or
sports training.
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Figure 9. Application of the selected PVA/Pullulan/NaCl hydrogel as strain sensor. (a) Sensing test at
different human joints. (b) The relative resistance changes of finger movement at different angles with
a pause. The real-time monitoring of continuous joint motions of (c) finger, (d) wrist (e) elbow, (f) knee.
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3.5 Information communication through Morse code

Apart from its application as a strain sensor for human motion detection, the
PVAgs/Pullulans/NaCli  conductive hydrogel was also explored for information
communication through Morse code. Morse code has been internationally recognized as
a tool for information encryption and decryption. It is used for information communication
in some special situations. On one hand, different words, punctuations, numbers, or
sentences can be translated by a combination of “dots” and “dashes”. On the other hand,
the relative resistance of the PVA/Pullulan/NaCl conductive hydrogels changed
synchronously with the deformation.

Figure 10(a—b) displayed the creation of Morse code signals. When the hydrogel sensor
was pressed with different durations, it generated different electrical signals
corresponding to the “dot” and “dash” of the Morse code. The electrical signal with a sharp
peak induced by short pressing represented a “dot”, and the signal with a straight line
resulting from long pressing represented a “dash”. Based on the Morse code, we
showcased words such as “MORSE”, “CODE”, “HELP”, and “SOS” (Figure 10(c—f)). The
electrical signal outputs were repeatable, which demonstrated the feasibility of the
PVA/Pullulan/NaCl conductive hydrogels to transmit information using Morse code. This
silent way of information communication is of practical significance, such as for
emergency rescues where direct calling for help is not applicable or information
communication for blind people.
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Figure 10. (a) The corresponding alphabet of Morse code. (b) Generation of Morse code signals by
pressing hydrogels. Demonstration of PVA/Pullulan/NaCl hydrogel sending messages through Morse
code: (c) MORSE, (d) CODE, (e) HELP, (f) SOS.

4. Conclusions

In this work, PVA/Pullulan/NaCl ionic conductive hydrogels with enhanced mechanical
strength, superior ionic conductivity, and high sensitivity have been developed by the
combination of freezing-thawing and soaking process. The semi-interpenetrating network
between pullulan and PVA together with the salting-out effect facilitated the improvement
of mechanical strength (up to 2.72 MPa). The presence of ions (Na*, ClI") endowed the
hydrogels with high conductivity (10.44 S/m) and high sensitivity (GF up to 5.98). The
ionic hydrogel can realize the detection of joint movements and information transmission
through Morse code. This ionic conductive hydrogel sensor exhibits balanced overall
merits, showing the potential applications in wearable sensors. Beyond this, due to the
high mechanical strength and ionic conductivity, this ionic hydrogel is potentially
expanded as wearable flexible supercapacitors, unlocking versatile wearable applications.
We envision this hydrogel strain sensor offers a promising and sustainable solution to
wearable electronics.

Supporting Information

e Additional experiments details and results, including composition of the hydrogels,
comparison of mechanical properties and gauge factor with other similar work,
molecular distribution of pullulan, SEM of the raw materials and hydrogels, DSC of
PVAgs/Pullulans/NaClz hydrogels, mechanical properties of PVA/NaCl hydrogels,
Young's modulus comparison of PVA/Pullulan/NaCl hydrogels with human tissues
and common traditional materials in stretchable electronics (PDF)
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Supporting Tables
Table S1. Compositions of PVA,/Pullulan,/NaCl, hydrogels

Total x: PVA content y: Pullulan z: NaCl
Samples polymer in polymers content in concentration
content (Wt%) polymers (wt%) M)
(Wt%)

PVAooPullulano 12 100 0 -
PVAggPullulan; 12 98 2 -
PVAgsPullulans 12 95 5 -
PVAgoPullulanio 12 90 10 -
PVAsgoPullulanzo 12 80 20 -
PVAzPullulanso 12 70 30 -
PVAgsPullulansNaClo 12 95 5 0

PVAgsPullulansNaClo 3 12 95 5 0.3
PVAgsPullulansNaCly 12 95 5 1
PVAgsPullulansNaCl 12 95 5 2
PVAgsPullulansNaCls 12 95 5 3
PVAgsPullulansNaCl, 12 95 5 4
PVAgsPululansNaCls 12 95 5 5

PVAioNaClo 3 12 100 0 0.3
PVAiooNaCly 12 100 0 1
PVAioNaCl, 12 100 0 2
PVAioNaCls 12 100 0 3
PVA10oNaCls 12 100 0 4
PVA100NaCls 12 100 0 5

Note: “-” the hydrogels were not treated with NaCl solutions.
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Table S2. Comparison of the mechanical properties and gauge factor with other similar PVA ionic

(organo)hydrogels.
Tensile lonic
Hydrogel components strength conductivity = Gauge factor  Reference
(MPa) (S/m)
PVAgs/Pullulans/NaClo 3 0.48 2.43 5.98 This work
PVAgs/Pullulans/NaCly 0.68 5.4 5.09 This work
PVAgs/Pullulans/NaCl. 1.19 7.97 4.04 This work
PVAgs/Pullulans/NaCls 2.02 9.66 3.77 This work
PVAgs/Pullulans/NaCly 2.22 10.44 3.42 This work
PVAgs/Pullulans/NaCls 2.72 7.94 2.70 This work
PVAé Ef‘n'\/"zl)rfg?:ha” 1.14 3.098 44 1]
PVA-TA/DMSO/NaCl 2.12 1.24 3.53 [2]
PVA/SA/Col/NaCl 0.39 3.8 3.36 [3]
Starch/PVA/EG/TA/CaCl. 1.1 ~1.37 2.96 [4]
PVA/CMCS/TA/NaCl/Gly 2.02 3.05 2.818 [6]
SF/PVA/GIy/LiCl 1.6 5.263 2.18 [7]
PVA/I-CG/TA/CaCl; 0.8 0.0585 2.15 [8]
PVA/NaCl 1.5 - ~2.1 [9]
PVA/LNP/EG/AICI3 1.241 1.35 x 1072 2.08 [10]
PVA/Urea/NasCit 1.51 ~0.6 1.94 [11]
PVA/Cellulose/TA/Fex(SO4)3 0.98 0.22 1.75 [12]
PVA/CNF/ZnSO4 0.79 0.32 1.7 [13]
PVA/CMCS/NasCit/Al2(SO4)3 25.9 0.65 1.67 [14]
PVA/NaCl/Gly 1.4 ~0.57 1.56 [15]
PVA/CNF/DMSO/NaCl 1.4 3.2 1.5 [16]
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PVA/SS/NasCit/Gly 6.92 0.67 1.49 [17]

PVA/Gly/NaCl 18.5 0.102 1.41 [18]
PVA/SS/NasCit 3.93 0.83 1.4 [19]
PVA/EG/LICI - 0.67 1.2 [20]
PVA/Cellulose/ZnCl,/CaCl, 0.3 8.16 1.14 [21]
PVA/ANF/TA/DMSO/CaClz 6.25 3.09 1.02 [22]
PVA/NaCl 8.03 7.14 0.989 [23]
PAA-PVA/PAM/ZnSO4 9.45 0.189 0.68 [24]
PVA-Gelatin/FeCls 2.466 - 0.55 [25]
PVA/PAM/GA-ZnCl, 0.25 ~0.014 0.209 [26]
PVA/PA-FeCls 1.22 4.91 - [27]

Note: “-” the value was not mentioned.

Abbreviations

PVA, Poly(vinyl alcohol); PAM, Polyacrylamide; TA, Tannic acid; DMSO, Dimethyl sulfoxide;

SA, Sodium alginate; Col, Collagen; EG, Ethylene glycol; HAP NWs, Hydroxyapatite nanowires;
CMCS, Carboxymethyl chitosan; Gly, Glycerol; SF, Silk fibroin; 1-CG, I-carrageenan; LNP,
Nanolignin; CNF, Cellulose nanofibrils; SS, Silk sericin; ANF, Ramid nanofibers; PAA, Poly(acrylic
acid); GA, Gallic acid; PA, Phytic acid.
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Figure S1. Molecular distribution of pullulan. The molecular weights of pullulan were determined by GPC.
The results showed that the number-average (Mn), weight-average (Mw), and Z-average (Mz) molecular
weight of pullulan were 97.51 kDa, 136.72 kDa and 180.67 kDa, respectively.
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Figure S3. SEM of hydrogels. (a1) X500, and (az2) *1000 of pure PVA hydrogel, (b1) X500, and (b2) *1000 of
PVAgs/Pullulanz hydrogel, (c1) X500, and (c2) 1000 of PVAgs/Pullulans hydrogel, (d1) X500, and (d2) *1000 of
PVAgo/Pullulanio hydrogel, (e1) *500, and (e2) *1000 of PVAso/Pullulanzo hydrogel, (f1) X500, and (f2) x1000
of PVA7o/Pullulanse hydrogel, (g1) X500, and (gz) *1000 of PVAes/Pullulans/NaCli hydrogel.
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Figure S4. DSC curves of the PVAgs/Pullulans/NaCl, hydrogels.
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Figure S5. Mechanical properties of PVA/NaCl hydrogels, including (a) tensile stress-tensile strain, (b)
tensile strength and tensile strain, (¢) toughness, and (d) Young’s modulus.

Fomposies.
PDMS
Cartilage
This work
Skin
Skeletal muscle
JRRAELL IR B BELLL IR IR
10° 10" 10? 10° 10 10° 10°

Young's modulus (kPa)

Figure S6. Young's modulus comparison of PVA/Pullulan/NaCl hydrogels with that of human tissues and
common traditional materials in stretchable electronics.
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