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Abstract

Flexible sensors which are highly stretchable, sensitive, and self-adhesive are
critically required for wearable electronics, personalized healthcare monitoring and
electronic skins. Conductive hydrogel-based sensors hold great promises for this

purpose. However, it remains a critical challenge to integrate all the critical functions
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(e.g., remarkable stretchability, high sensitivity, and self-adhesiveness) into one
hydrogel. Here, we propose a bio-inspired hybrid hydrogel framework with a
hierarchical configuration that incorporates sodium casein, polydopamine, calcium
chloride, and graphene oxide into a polyacrylamide hydrogel. Multiple
interpenetrating network architectures and their strong interactions provide superior
stretchability of 10,300%, high strain sensitivity with a gauge factor of 13.45 over a
broad strain range, robust adhesiveness, fast responsiveness, and excellent
reproducibility. This hydrogel-based wearable sensor demonstrates outstanding
sensing performance in detecting, quantifying, and remotely monitoring human
motions through integration into a cloud platform. A durable glove is further
developed using the hybrid hydrogel for wirelessly controlling synchronized motions
of a manipulator and accurately recognizing hand gestures. This hybrid hydrogel has
shown wide-range applications in fields including wearable electronics, human—

machine interfaces, and electronic skins.

Keywords: self-adhesive, super-stretchable, hydrogel, wearable sensor, cloud

platform monitoring

1. Introduction

Mechanically robust, highly adaptive and super-stretchable electronic devices and
microsystems with adhesiveness, conformability, and biocompatibility are highly
demanded for emerging technologies including personal healthcare, soft robotics, and
human-machine interfaces.[1-4] Flexible or stretchable sensors, which could be
conformably adaptable to objects such as human body for somatosensory and

intelligent manufacture, etc., are most suitable for such applications.[5, 6] While the
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conductive hydrogels, the crosslinked polymer networks infiltrated with water,[7]
have emerged as promising materials for fabricating such flexible or stretchable

sensors.[8-10]

A critical requirement for these applications is to obtain hydrogels with good
mechanical properties (e.g., high stretchability and strength, mechanical durability).
High stretchability and mechanical strength make the hydrogels be able to tolerate
large mechanical deformations.[11] For applications which are required large tensile
strains, these hydrogels with a low stretchability will easily suffer from structural
failure, which limits their applications. Fatigue resistance is also important to ensure
durability and reliability in continuously cyclic mechanical deformations,[12] and to
improve the life span of hydrogel-based devices. Over the past decades, various
approaches have been explored to synthesize hydrogels with decent mechanical
properties, such as mnanocomposite (NC) hydrogels,[12] topological (TP)
hydrogels,[13] and double-network (DN) hydrogels[14]. Addition of reinforcing
fillers (e.g., nanomaterials) in DN hydrogels can further improve the mechanical
performance of hydrogels.[15] However, high sensitivity and good linearity are
usually sacrificed for those highly toughened hydrogels,[16] although both of them
are essential for sensing applications of the hydrogel-based sensors. There is still
much room for their improvement to achieve both large stretchability (¢ > 4000%)

and high sensitivity (gauge factor > 10) according to some specific applications.

Besides, when a flexible sensor is utilized for monitoring human body motions and
measuring physiological signals, it is essential to possess self-adhesiveness, so that it
can be attached conformally and stably to the skin to perform sensing and
measurement under different deformation conditions. Many toughened hydrogels

exhibit poor tissue adhesion, and usually require additional adhesive materials such as
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tapes to be adhered to skin for operation,[17, 18] which might cause damages to the
delicate tissues. In contrast, self-adhesiveness could guarantee without issues of
interfacial delamination and minimize friction between sensor and skin,[19] thus
enabling high-quality signal acquisition and optimized human—machine
interaction.[20] As such, various methods have been proposed to design self-adhesive
hydrogels, especially those based on biomimetic strategies. For example, mussel-
inspired adhesive hydrogels with polydopamine (PDA) exhibit good adhesion to
various surfaces, owing to their high contents of catechol and amine functional
groups.[21] PDA could facilitate the uniform dispersion of conductive nanomaterials
(e.g., carbon nanotubes[22], graphene oxide[23]) in a hydrogel network and
synergistically enhance its mechanical properties and sensitivity. Good cohesive
strength is also essential for constructing stable and robust interface between the
flexible device and human body.[24] For this purpose, protein-based sodium casein
(SC) has been added into the PDA adhesion system as a reinforcement, and the
synergy of SC and PDA endows enhanced adhesion performance.[25] The SC
possesses a considerable amount of amino acid residues and spontaneously form
micellar structures in water,[26] thus providing stable  adhesive property.
Additionally, the structural characteristics of micelles enable the effective dissipation
of energy during deformation, which is beneficial for enhancing the toughness of
hydrogels[26] The presence of sodium salt in the SC can also enhance the ionic
conductivity, thus improving the sensitivity of the hydrogel sensor.[25] However,
these reported adhesive hydrogels generally exhibited limited electrical
properties,[27] or poor deformability.[28, 29] Although significant progress has been
made in the research of multifunctional hydrogels, it is still a challenge to

simultaneously integrate the functional properties of stretchability (¢ > 4000%),
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sensitivity (GF > 10) and reversible self-adhesive properties into an all-in-one

hydrogel system.

Herein, we propose a new strategy to engineer a hybrid hydrogel framework
(designated as SC-PDA/GO/Ca®>’/PAM or SPGCP) with ultra-high stretchability,
excellent sensing capability and self-adhesiveness by introducing SC, PDA, graphene
oxide (GO) and calcium chloride (CaCly) into a covalently crosslinked
polyacrylamide (PAM) network. The interpenetrating network with multi-
crosslinking of covalent bonds and non-covalent bonds gives rise to a superior
elongation capacity of 10,300%. Moreover, due to the existence of abundant catechol
groups of PDA and micellar structures of SC (Figure S1), the synthesized hybrid
hydrogel displays long-term and repeatable adhesiveness. The conductive graphene
obtained from the partially converted GO through a PDA reduction process
significantly enhance the electrical conductivity, resulting in an electronic-ionic
hybrid conductive hydrogel with a high strain sensitivity (e.g., a gauge factor of
13.45). The hydrogel-based strain sensors are capable of detecting and quantifying
different types of human activities in real time, including walking, speaking,
breathing and facial expressions). Additionally, reliably remote cross-continent
monitoring is achieved through integration the sensor system into a cloud platform,
enabling the realization of healthcare internet of things. Furthermore, a glove
composed of hydrogel-based sensor arrays has been used for real-time detection of
finger motions and recognition of complex hand gestures, showing high sensitivity
and fast response for wireless motion control and manipulation for human-machine
interactions. All these advantages make our hybrid hydrogel a promising candidate

for wearable sensors.
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Figure 1. Schematic diagram. (a) The components of the SPGCP hydrogels and
their interactions, as well as material properties of the prepared hydrogels. (b-c)
Schematic illustrations of synergistic implementation strategies and the topological
model for the design of SPGCP hydrogel. (d) The stress-strain curves of SPGCP
hydrogel, which the mechanical behavior is coordinated by micelle, entanglement and

elasticity.

2. Experimental section
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Materials. Acrylamide (AAm, 99.0%), Dopamine hydrochloride (DA, 98%), ethanol
(C2H50H, >99.7%), calcium chloride (CaClz, 96.0%), N,N'-methylenebis-acrylamide
(MBA, 2>99.0%), potassium persulfate (KPS, 99.5%), and N,N,N'N-
tetramethylethylenediamine (TEMED, >99.5%) were purchased from Aladdin Ltd
(Shanghai, China). Graphite oxide powders (0.5-5um) was purchased from XFNANO
Ltd (Nanjing, China). Ammonia hydroxide solution (NH3-H>O, 25.0~28.0%) was
purchased from Macklin Ltd (Shanghai, China). Sodium casein (SC, >90%) was
obtained from Zhejiang Yinuo Biological Technology Co., Ltd. Deionized (DI) water
was used to prepare aqueous solutions. All the solvents and chemicals were used

without further purification.

Synthesis of PDA. Preparation of the PDA solution was based on a method reported
in literature,[25] with the synthesis performed in an alcohol—water solvent. Firstly, 10
mL of DI water was added with dopamine hydrochloride (0.5 g). Second, aqueous
ammonia solution (1 mL, 25.0~28.0%) was mixed with 40 mL of ethanol and 90 mL
of DI water at room temperature for 30 min, under a continuously magnetic stirring.
The above two prepared solutions are then mixed. The color of solution was firstly
changed into pale brown and then further into dark brown. The reaction was lasted for

a week to obtain the PDA solution.

Preparation of SPGCP Hydrogel. A desired amount of GO powder was dispersed
in the DI water, and the GO dispersion (2 mg/ml) was obtained by sonication for 30
min. The SPGCP hydrogel was synthesized using mixing and solution polymerization
methods. Briefly, SC (1 g), PDA solution (3 ml), and AAm (4 g) were dissolved
successively in the DI water (17 ml) containing CaCl> (0.35 g) under a magnetic
stirring at 40 °C. MBA (0.002 g) and GO (2 ml) were added sequentially and stirred

for 30 min at room temperature, followed by adding the initiators of KPS (0.05g) and
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TMEDA (50 pL). After stirred for 2 min at room temperature, the homogeneously
mixed solution was transferred into a reaction chamber (40x20x5 mm?®) and
maintained at 40 °C for 2 h for the formation of hydrogel. For comparison, a SPP
hydrogel and a GCP hydrogel were also synthesized with the same conditions,

respectively. Table SI list the compositions of different hydrogels.

Material Characterization. Transmission electron microscope (TEM, Hitachi H-
7650) and small angle X-ray scattering (SAXS, Bruker NanoSTAR U SAXS) were
used to examine the microstructures of SC. Surface morphologies of SPGCP
hydrogels were characterized using a scanning electron microscope (SEM, TESCAN
Company) and its attached energy dispersive X-ray spectroscopy (EDS). Flourier
transmission infrared spectroscopy (FTIR, Nicolet iS10, Thermo Fisher Scientific,
USA) was employed to characterize the chemical structures of GO powder, SC, PDA,
PAM, SPP, GCP, and SPGCP hydrogels. X-ray photoelectron spectroscope (XPS,
Thermo Scientific, USA) was used to analyze the elements and chemical

compositions.

Conductive Property Measurement. Based on an alternating current (AC)
impedance method with four-electrodes, conductivity of the hydrogels was obtained
using an electrochemical workstation (CHI660E, China). During the measurements,
the voltage was 0.1 V and the applied frequencies were from 0.1 Hz to 10°® Hz. The
following equation was used to calculate the conductivity: y=2"/(Z'>+Z"?)xd/A, where
Z' and Z" are the real and imaginary parts of the impedance, y is the conductivity in

S-cm?, A and d are the area and thickness of the hydrogel, respectively.

Mechanical Property Assessment. Mechanical properties of the hydrogels were
evaluated using a Universal Testing Machine (ZQ-990LB, 500 N, China). The sample

sizes for the tensile tests were 40 mm in length, 20 mm in width and 5 mm in
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thickness, and the clamping distance was 5 mm. All the samples were tested with a
speed of 100 mm/min at room temperature. Tensile loading-unloading tests under
different strains from 200 % to 1000 % and 30 tensile loading—unloading tests were
successively conducted at a speed of 120 mm/min at room temperature, without
intervals between the consecutive cycles. The corresponding dissipated energy (AU)
was defined as the area of hysteresis loop encompassed by the loading—unloading
curve: AUZIG1oadingdk-fcun1oadmgdk.[30] The samples were tested using cyclic
compression tests using samples with a dimension of a height of 15 mm and a
diameter of 20 mm. The tests were performed with a maximum strain of 80% at a
fixed speed of 10 mm/min. The dissipated energy values were obtained during the

compression cycles using the same method as those of the cyclic tensile tests.

Peeling Test. A Universal Testing Machine (ZQ-990LB, 500 N, China) in a 90°
peeling mode was used to measure adhesive strength of SPGCP hydrogels on various
material surfaces. Poly-(ethylene terephthalate) or PET layer was bonded onto
hydrogels. One end of the hydrogels (120 mm x 20 mm x 5 mm) was placed between
PET films and gripped with a mechanical clip, and the other end was adhered to the
substrate. The standard 90° peeling test was used with a constant peeling speed of 10
mm/min. The substrate materials used in this study were poly(tetrafluoroethylene)
(PTFE), rubber, polymethyl methacrylate (PMMA), steel, glass, and wood. At least

five tests were repeated for each sample to determine the average peeling strength.

Sensing performance and human motion detection. For sensing demonstration,
hydrogels were used to sense strains by monitoring their resistance variation. The
sensing properties of the hydrogel sensors were evaluated using a tensile tester (ZQ-
990LB, 500 N, China) and a source meter (Keithley 2611B). During the stretching of

hydrogel sensors (with a dimension of 40 mmx*20 mmx5 mm), a source meter was
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used to record the changes of real-time resistances. The resistance variation of
hydrogel sensor was visually observed using an LED indicator connected with the
copper wire under a tensile strain. We further carried out the detection of human
motions. A hydrogel sensor (30 mmx10 mmx3 mm) was attached onto different parts
of a person’s body. Both ends of the hydrogels were connected to a source meter to

record the variations of resistance values. The following formula: AR/Ro=(R-Ro)/Ro

was used to calculate the relative change of the resistance. In this equation, Roand R

are the resistance values of the hydrogel without and with strains, respectively.

3. Results and Discussion

3.1 Design of the SPGCP hydrogel

The SPGCP hydrogels were synthesized based on physical-chemical crosslinking
with a combination of non-covalent and covalent linkers. The formation mechanism
of this hybrid hydrogel is schematically illustrated in Figure 1a. After incorporating
PDA and SC into the covalently crosslinked PAM network, the dynamic cross-
linking among SC, PDA and PAM is initiated, and abundant reversible hydrogen
bonds are formed in the hydrogel network (Figure 1ai). The SC micelles are firstly
integrated into the PAM network and agglomerated into a 3D network structure by
hydrophobic associations, and hydrogen bonds are formed between SC and PAM
networks.[26] Secondly, the PDA chains are linked to the PAM network based on the
interactions between the catechol groups of PDA and the amino groups of PAM
chains.[23] In parallel, abundant recyclable hydrogen bonds are formed between SC
and PDA.[25] The PDA and SC not only serve as additional physical cross-linking in
the hydrogel network to enhance its mechanical properties, but also endow the

hydrogel with self-adhesiveness.
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GO is uniformly mixed into the above system to obtain a hybrid hydrogel network.
Meanwhile it is partially converted into reduced GO (rGO) through the PDA
reduction that can increase the electrical conductivity (Figure 1aii).[23] Apart from
the ion-conductive mechanism that relies on abundant ions (e.g., sodium salt and
calcium ion) in the hydrogel, the PDA entangled rGO is dispersed inside the network
and interweaved to form additional electron pathways and enhance the
electromechanical characteristics. The remained unreduced GO has a weak
conjugation with the coordination crosslinker (Ca*") to form a GO nanosheet
network, which can be intertwined with the covalently crosslinked PAM network
through electrostatic interactions between GO and PAM (Figure 1aiii and 1aiv),[23]

thus strengthening the network structure.

Due to the coupling effect of multiple components as schematically shown in
Figure 1laiv, the physically crosslinked GO and SC networks are entangled with the
covalently crosslinked PAM networks, resulting in the formation of interpenetrating
multiple networks. The interactions among these multiple networks are occurred in
non-covalent bonds including hydrogen bonds between SC and PAM networks and
electrostatic association between GO and PAM networks. In addition, the PDA chains
are also linked to the PAM networks through non-covalent interactions. Synergetic
effects of multiple-network architectures and interactions contribute to the good
mechanical properties of the hybrid hydrogel, such as extremely high stretchability,
good reversibility and recoverability under external stimuli. When the SPGCP
hydrogel undergoes a small deformation, the reversibly physical cross-links act as
additional cross-links, increasing the effective chain density of the hydrogel
network.[31] As the hydrogel is highly stretched, these physically crosslinked

multiple networks dissipate significant amount of mechanical energy through
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progressive dissociation and reformation to minimize the stress concentration of the
hydrogel.[31] On the other hand, the chemically crosslinked PAM network stabilizes
the deformation and enables the hydrogel to maintain its high elasticity. In short,
mechanical properties especially stretchability of the SPGCP hydrogel can be
enhanced mainly owing to the effective relaxation of locally applied stress and
efficient energy dissipation through combinations of intertwined networks with

different structures and densities.

Figures 1b and 1¢ show a cooperative model based on the rubber elasticity theory,
which has been developed to study the synergistic effects of multi-network
architectures and their interactions on the mechanical properties of the SPGCP
hydrogel. The free-energy function is firstly introduced to formulate the constitutive
stress-strain relationships of the hybrid hydrogel, which undergoes the micellization
of PAM network, sub-entanglement of PAM-GO two networks, and ions-reinforced
elasticity effect. The micellization is originated from the physical cross-links of SC
and PDA in the PAM network, of which the strong cross-links enable the topological
transition of polymer network. Meanwhile, the PAM network has a physical
entanglement with the GO network, resulting in the mechanical behavior of the
hybrid hydrogel being governed by the sub-entanglement. Finally, the ions-reinforced
elasticity effect is originated from abundant ions (i.e., Na*, Ca**, etc.), which have a
reversible reaction in response to external mechanical loading. The free energy

function of the hybrid hydrogel should be the sum of these three terms as below:

AF =AF +AF, +AF, (1)
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where AF is the mixing free energy, AFe, AF., and AF¢ represent the free energy
values of micelle, entanglement and elasticity, respectively. The free energy function

can be expressed as:

2

2
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Therefore, the constitutive stress-strain relationship of the hybrid hydrogel is

obtained as:
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The detailed derivation of these formulas is shown in the supporting information.

Figure 1d shows the obtained analytical results using the proposed model for the
SPGCP hydrogel. Values of the parameters used in the calculation using Equation
(5) are listed in Table SII. The analytical results reveal that the mechanical behavior
is truly composed of three parts, i.e., micelle (o), entanglement (o.,), and elasticity
(0e1). The proposed model has been verified with the experimental results, which will

be further discussed in the subsequent sections.

In this combination, PAM, SC, GO and PDA have played different roles due to

their different properties. Specifically, the covalently crosslinked PAM networks
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form the elastic skeleton, which is mainly responsible for the integrity or elasticity of
the hydrogel. The physical networks containing the SC and GO provide the main
function as the strengthened skeleton for entanglement with the PAM networks. The
PDA chains are linked to the PAM networks through reversible bonds. Both the
entanglement and reversible bonds are crucial for effectively dissipating energy and
thus achieving favorable mechanical properties. In addition, GO can be partially
reduced into conductive rGO by PDA, thus enhancing the electrical conductivity.
While the SC and PDA provide the hydrogel with stable self-adhesive properties onto
different substrates via possible physical or chemical interactions, which are benefited
from the catechol groups of PDA and the micellar structure of SC. Consequently, the
hybrid hydrogel framework designed in this work could be applied as a wearable
human-motion sensor with large stretchability, high sensitivity, fast response, and

self-adhesiveness.

3.2 Morphological Characterization of the SPGCP hydrogel

SEM images of the hydrogels are shown in Figure 2. They clearly reveal that the
hydrogel samples (after removal of solvent) have a 3D network architecture with
micro-size pores and different amounts of microfibril as compared to those of the
pure PAM hydrogel network (Figure S2a). Figure 2a and 2b, respectively present
that the porous structures of SC-PDA/PAM (SPP) and GO/Ca*/PAM (GCP)
hydrogels are uniformly distributed over a large scale. After introducing SC, PDA,
GO and Ca?" into the PAM hydrogel, microfibril structures are formed with much
dense and highly interconnected networks (Figure 2c¢). Figures S2b-e show the
effects of individual SC, GO, PDA and CaClz on the morphologies of PAM hydrogel

networks, which indicate that the PDA in SPP hydrogel and CaCl. in GCP hydrogel
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have significant effects on generating microfibril structures. The fracture of
microfibrils under deformation will dissipate substantial mechanical energy, thus
toughening the hydrogel.[31] Figure 2d and Figure S3 show the microscopic
morphology changes of the hydrogel under stretching. The internal networks are
uniformly deformed and stretched, demonstrating the robustness and large elongation
rate of the hybrid hydrogel framework. Meanwhile, when the hydrogel was stretched,
the rGO network for electron transport is affected, and the porous network
microstructures of the hydrogel for ion transport is also restricted. All of these help to
enhance the sensitivity of strain sensors. Additionally, EDS images of SPGCP
samples demonstrate the homogenous distributions of the elements including C, O, N,
Ca, and Cl, implying that these components are uniformly distributed inside the

hydrogel (Figure S4).

FTIR spectra were obtained to analyze the possible interactions between GO, PDA,
SC and PAM chains. As shown in Figure S5a, the FTIR peaks of individual GO,
PDA, SC and PAM materials are in accordance with those reported in literature.[15,
25] For the SPGCP hybrid hydrogel, all the characteristic peaks that are from
individual SC, PDA, and GO can be detected, but are slightly shifted from their
original positions, which indicates that the SC, PDA, and GO are involved in the
construction of hybrid hydrogel.[25] Compared with those of the individual SPP and
GCP hydrogels, the peaks in the SPGCP hybrid hydrogel shown in Figure 2e are
shifted to lower wave-numbers of 3286 and 1113 cm™!, respectively. Moreover, the
C=0 stretching (1653 ¢cm™') mode of the -CO-NH, group for the PAM has also
shown a slight shift to 1651 cm™ for the SPGCP hybrid hydrogel. The shift of the
absorption bands is attributed to the existence of a series of noncovalent interactions

between the functional groups of SC, PDA, GO and PAM chains in the hybrid
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hydrogel. These include intramolecular or intermolecular weak hydrogen bonds
among SC, PDA and PAM chains (See Figure S5b), electrostatic interaction between
GO and PAM,[23] and coordination complex between Ca** and GO.[32] In addition,
compared with the shifts of the above characteristic peaks,[33] the non-covalent
interactions formed in the SPGCP hybrid hydrogel are much stronger than those in

the SPP and GCP hydrogels, indicating the enhancement effect of the hybrid hydrogel.

XPS was used to characterize the chemical composition and chemical bonds of the
SPGCP hybrid hydrogel. Figure 2f illustrates that all the samples (PAM, SPP, GCP,
and SPGCP hydrogels) contain strong peaks of C 1s (284.8 eV), N 1s (399.57 eV),
and O 1s (531.39 eV). However, the N 1s peak decreases significantly in the SPGCP
hydrogel, which indicates the formation of strong noncovalent interactions.[34] The
deconvoluted high-resolution C1s spectrum (Figure 2g) reveals the existence of three
types of carbon bonds for all the SPP, GCP, and SPGCP hydrogels, which are
assigned to O=C-N at 287.9 eV, C-N at 286.1 eV and C-H at 284.8 eV, respectively.
This indicates the existence of covalently crosslinked PAM (Figure S6) in all the SPP,
GCP, and SPGCP hydrogels. Additionally, for the SPGCP hydrogel, the peak
intensity of O=C-N at 287.9 eV is decreased obviously after integration with SC,
PDA and GO, suggesting the formation of non-covalent interactions between the N-H
bond of PAM chains and the functional groups of SC, PDA and GO.[15] The
reduction mechanism of GO induced by the PDA can also be revealed by the XPS
analysis as shown in Figure 2h. Compared with that of the GO powder, the peak
intensity of C-C groups is sharply increased, whereas those of the oxidation groups
(C=0, C-0O, 0-C=0) are drastically decreased in the SPGCP hydrogel. The contents
of oxygen functional groups are decreased from 55.82% for the GO to 21.63% for the

SPGCP hybrid hydrogel, demonstrating the apparent reduction of GO by the PDA.
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The O/C ratio is reduced from 48.3% for GO to 34.13%, which further implies that
some GOs are reduced into rGO. Equation (S14) was used to calculate the reduction
ratio and the results are listed in Table SI11. Results showed that 38.75% of oxygen

containing groups of GO are removed though PDA reduction.
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Figure 2. Characterizations of hydrogels. SEM images of (a) SPP hydrogel, (b)
GCP hydrogel, (¢) SPGCP hydrogel and (d) after stretching. (e) FTIR spectra and (f)
XPS pattern of PAM, GCP, SPP and SPGCP hydrogels. (g) C 1s spectrum of GCP,

SPP and SPGCP hydrogels. (h) C 1s spectrum of GO powder and SPGCP hydrogel.

3.3 Mechanical and Self-Adhesiveness Properties of the SPGCP hydrogel
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The SPGCP hydrogel exhibits outstanding elasticity, superior stretchability and
toughness. As shown in Figure 3a, an elongation rate of 10,300% is achieved, which
is significantly larger than those of the state-of-art sensors made of conductive
hydrogels.[25, 35-38] The hydrogel also possesses a high compression-deformation
tolerance without breaking. After removing the compressive loading, the hydrogel is
rapidly recovered to its initial shape (Figure 3b). Meanwhile, the hydrogel can be
mechanically deformed by stretching, tearing, loading, poking and twisting (Figure
3c¢), which demonstrates its super-elasticity and high robustness. The loading-
unloading compression stress-strain curves indicate that the SPGCP hydrogel shows a
much higher elasticity compared with those of the individual SPP and GCP hydrogels
(Figure S7). Figure S8 shows the typical tensile stress-strain curves of the hydrogels
under tensile tests, which clearly show that the introduction of GO-Ca*" and SC-PDA
into the hybrid hydrogels enhances the mechanical properties, including extremely
high stretchability and tensile/compressive strength. This is mainly due to the
synergetic effects of multiple-networks architectures and interactions in the hybrid
hydrogel, which can effectively dissipate the mechanical energy to avoid buildup of

stress and pre-mature facture.

The energy hysteresis and fatigue resistance of the hydrogels were further
investigated using the cyclic tensile/compression tests. The closed stress—strain
curves with apparent hysteresis loops at different strains reveal that the hydrogel is
fully recovered to its original state after stretching through effective energy
dissipation (Figure 3d and Figure S9a). These cyclic tensile experimental data at
different strains were verified using our proposed model (e.g., Equations (5) and
(S13)), and the obtained results are plotted in Figure 3e. All the parameters used in

the calculations are listed in Table SIV. The stress is seen to gradually increase with
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an increase in the strain. At a higher strain level, polymer networks become
undergoing significant entanglements with destructions of ionic bonds and stress
induced micellizations, thus resulting in increased mechanical energies and stresses.
Meanwhile, the residual strain is almost a constant with an increase in the strain,
mainly because the entanglements will either enhance or reduce its bearing capacity.
Furthermore, according to the reversible mechanical behaviors of SPGCP hydrogels,
the ion-reinforced elasticity network, the micellization transition of complex network,
and the entanglement of GO and hydrogel all show tremendous reversible
mechanoresponsive properties. The good agreements between the analytical and
experimental results have been verified based on data of correlation index (R?), which
are 99.95%, 97.07%, 95.31%, 99.85%, 99.78% and 99.72% at the loading and

unloading strains of 2, 4, 6, 8 and 10, respectively.

To test the fatigue resistance, the consecutive cycle-tests for 30 tensile modes and
10 compression modes were performed, and the results are shown in Figure S10 and
Figure 3f. Figures S9b and S9c¢ present the corresponding stress values and
dissipation energy values. The large loop of hysteresis observed during the first
loading—unloading cycle is mainly due to the initially loosened internal networks of
hydrogels which cannot be recovered immediately. Whereas the hysteresis loops of
the hydrogels remain similar for the following successive loading-unloading cycles,
indicating the insignificant changes of the dissipation energies. These results suggest
that after its initial training stage, the hydrogel exhibits excellent fatigue resistance

with high durability and reliability for practical applications.

The contents of SC, PDA, GO and CaCl» strongly influence the mechanical
performance of the hydrogels. To obtain the optimal hybrid hydrogel, contents of

each component were varied systematically to optimize the properties of the
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hydrogels. Figure S11 shows the tensile stress-strain curves for these samples and
their corresponding energy dissipation. Obviously, the mechanical properties of
optimized hybrid hydrogel are significantly better than those of single component
ones, mainly due to its synergistic effect induced by the multiple components. By
optimizing the contents of different components in the hybrid hydrogel, the maximum
tensile strength and energy dissipation can reach up to 213 kPa and 15.5 MJ/m?,
respectively. Results clearly demonstrate that the hydrogel’s mechanical properties
can be effectively tuned over a wide range, thus having good selectivity and
adjustability when they are utilized for various sensing applications. The effect of
temperature on the mechanical properties of hydrogels was also investigated. As the
results illustrated in Figure S12, the hydrogel had a good elasticity within the
temperature range from 20 °C to 60 °C. When the temperature was exceeded 60 °C,
the hydrogel was seriously dehydrated at a high temperature, resulting in the loss of

flexibility and the loss of elastic function for the hydrogel.

Based on the mussel-inspired and protein-based strategies, the hydrogels exhibit
long-term and repeatable adhesiveness to various substrates, including leaves, plastic,
stone, rubber, carton, steel, wood, and pigskin (Figures 3g and S13). The self-
adhesive hydrogel also exhibits good deformation adaptability (Figure S14). Besides,
the hydrogel can be applied to firmly adhere two objects together both in air and
under water (Figure 3h), indicating its high adhesive strength. More significantly, the
hydrogel exhibits stable adhesive performance on the human-skin surface and does
not show any residues or apparently anaphylactic reactions after peeled off (Figure
S15). The cyclic peel-off adhesive tests were performed to evaluate the adhesive
strength of the hydrogel in a tensile mode (Figure S16). The hydrogel exhibits the

highest adhesion strength (36.3 N/m) on the wood surface, among all these substrates.

Page 20 of 42



This phenomenon is due to the synergetic effects of hydrophobic, hydrogen bonding,
and n—r interactions among the hydrogel, and the hydroxyl, carboxyl, and aromatic
groups on the surface of wood.[25] Repeatable adhesive abilities to these substrates
have been demonstrated for the hydrogel. For example, after five detachment—
reattachment cycles, it shows less than 30% decrease of the adhesive strength, which
is mainly due to the reversible interactions between hydrogel and substrate surfaces

(Figure 3i and Figure S17).
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Figure 3. Mechanical and adhesiveness properties of the hydrogels. (a)
Photographic images showing tensile stretching of SPGCP hydrogel with a
mechanical tester. (b) The SPGCP hydrogel was compressed by 80% and recovered.
(c) Exhibition of superior mechanical properties for SPGCP hydrogels, including
stretching, tearing, loading, poking, and twisting. (d) Loading—unloading tests of the
SPGCP hydrogel at different strains. (e¢) Comparisons of analytical results and
experimental data for the stress-strain relationship of the SPGCP hydrogel in loading—
unloading tests with unloading strain =2, 4, 6, 8, 10. (f) Continuous 10 compressive
cyclic loading—unloading curves of the SPGCP hydrogel. (g) The hydrogel was
adhered to various material surfaces (scale bars, 3cm). (h) Hydrogel (0.45 g) adhered
the two objects and supported a maximum load of 200 g in air and under water. (i)

Adhesive strength and reusability of the SPGCP hydrogel to various substrates.

3.4 Stable electrical properties of the SPGCP hydrogel

In the SPGCP hydrogel system, conductivity of SPGCP hydrogels was measured,
and the value reaches as high as 0.02 S-cm™ with a frequency of 10° Hz at room
temperature (Figure S18a). The effect of GO on the conductivity of the SPGCP was
also systematically investigated, as shown in Figure S18b and Table SV. Results
show that a proper content of GO and an effective reduction of GO by PDA
significantly enhance the electrical conductivity, resulting in an electronic-ionic
hybrid conductive hydrogel with a high strain sensitivity. The conductivity of the
SPGCP hydrogel increases as the temperature is increased from 30 to 80 °C (Figure
S19), since the SPGCP hydrogel relies on the free migration of metal cations in a
water medium to conduct electricity, and the diffusion rate of free ions is increased

with the increase of the ambient temperature.
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The electrical properties of the SPGCP hydrogel were further studied. A hydrogel
(30 mm x 20 mmx5 mm) was connected with an electric circuit, and then further
connected to a blue LED (5V). In this way, we can evaluate the conductivity of the
hydrogel. The results showed that the brightness of the LED light was gradually
decreased when the strain of the hydrogel was increased up to 900% (Figure 4a left).
In addition, self-adhesive function of the hydrogel was demonstrated as shown in the
right side of Figure 4a, which reveals that the electrical property of the hydrogel can
be completely restored. Figure 4b illustrates the high stability of the electrical signals
when the hydrogel is stretched up to 4800%. There are three linearly responsive
stages for the resistance changes of the hydrogel as a function of tensile strain. The
strain sensitivity of the hydrogel can be revealed by the GF (where a higher value
means a higher sensitivity), which can be obtained from the slope of relative
resistance changes versus strain curve.[30] The GF value is about 3.28 (R*=0.988)
within the strain range of 0-600%, 7.25 (R?>=0.991) within the strain of 600-1500% ,
and up to 13.45 (R*=0.998) within the range of 1500-4800%. All these stages show a

high linearity of response over a wide stain range.

The dynamic electromechanical properties of the hydrogel were further
investigated. Figure 4c¢ exhibits its dynamic stability by cyclically applying 400%
strain within the frequency range of 0.02-0.10 Hz. As the frequency increases, there
are no apparent changes in the peak variations of the relative resistance, showing its
excellent dynamic characteristics. Figures 4d-e illustrate the dynamic strain results,
which clearly indicate that the hydrogel displays a good resistance response over a
wide strain range (0.5~4% in Figure 4d, 5~1000% in Figure 4e). Another key
performance index of the sensor is its response time, as a fast response without a

large hysteresis ensures a timely response under an external strain. The hydrogel
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enables fast response (~290 ms) and recovery (~300 ms) under a strain of 20%
(Figure 4f). Furthermore, the signal changes of output resistance were compared with
the dynamic input strains within a strain range of 2000%-3000% (Figure 4g). The
trends of resistance changes are similar to those of the input strain changes, indicating
the fast response of hydrogel to the external forces. Figure 4h shows that the
hydrogel exhibits high repeatability, stability and durability under cyclic strain of 100%
for 1000 cycles. In brief, compared with the performance of various resistance-type
stretchable strain sensors (with both similar and other material system) reported in
literature[ 18, 30, 35-37, 39-47] (Figure 4i &Table SVI), our fabricated hydrogel-
based sensor has shown an overall outstanding performance of high sensitivity and
good linearity over a broad strain range, remarkable stretchability, and good

adhesiveness, simultaneously.
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Figure 4. Electromechanical behaviors of the SPGCP hydrogel. (a) A circuit
containing the hydrogel sensor in series with a blue LED indicator (scale bars, 2 cm).
(b) Gauge factor variations of the hydrogel sensor with strain under the applied
voltage of 5V. (¢) Relative resistance variation of the hydrogel sensor under cyclic
loading-unloading test with a strain of 400% at different frequencies. (d) Relative
resistance changes (AR/Ro) under cyclic stretching—releasing at low strains (0.5, 1, 2,
3 and 4%) and (e) high strains (5%-1000%) under the applied voltage of 3 V. (f)
Response time and recovery time of the hydrogel sensor. (g) Time-dependent relative
resistance change of the sensor for a large strain (2000%&3000%) under the applied

voltage of 3V. (h) The durability test of the hydrogel sensor at the strain of 100% for
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1000 cycles under the applied voltage of 1.5V. (i) Comparison between this work and
reported hydrogel strain sensors in terms of stretchability and maximum gauge factor.

3.5 Human Motion Detection and Remote Monitoring

Traditional wearable electronic devices generally have a lot of limitations
including rigidity, poor durability and high cost. This flexible SPGCP-based sensor
can address these challenges. Figure 5a shows the illustrations of sensing locations.
We have demonstrated that the SPGCP hydrogel-based sensors can monitor various
human-motions, including large-scale movements of various joints (Figure 5b,
Figure S20a-c), respiration (Figure Sc), throat muscle movements (Figure 5d-e),

facial expressions (Figure S20d-e), and wrist pulse (Figure S20f).

The hydrogel sensor can also be used as the sensing film for recognition of a
person’s signature (Figure S21a). Each individual’s handwriting has its unique
characteristics, including pressure, speed, and sequence of the writing. The sensor can
monitor a complex and unique pattern of a signature (Figure S21b). As an example,
for the same word of “go” written by two individuals, they exhibit significantly
different patterns obtained using the hydrogel sensor as shown in Figures S21c-d,

which demonstrate its remarkable potentials for anticounterfeiting applications.

Meanwhile, the wearable sensor is capable to be integrated with data cloud
platform for health internet of things, and suitable for real-time and remote
monitoring of a person's physiological condition and motion activities. In this work,
the sensor was directly attached to an individual’s elbow to measure the signals
generated by bending and straightening the elbow during dumbbell exercises (Figure
S22). Through initial calibration, a resistance threshold has firstly been defined in a
standard state, and then the system can be used to discriminate standard and non-

standard arm movements based on monitoring of local peaks and valleys of the
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curves. It can provide continuous data corresponding to movement speed, rthythm and
variation with high detection accuracy. Furthermore, the measured and processed data
can be transmitted to different remote healthcare facilities over the big data cloud
platform (Figure 5f-g). Specifically, the collected data was transmitted from the
location of volunteer at Hunan University (Changsha, in China), to a doctor in the
Wuhan Union Hospital (Movie S1), and then to a researcher in Stuttgart, Germany
(Movie S2). Compared with real-time monitoring based on Bluetooth or WiFi (which
normally has a distance limitation), the cloud-platform monitoring achieved in this
study can truly realize remote and cross-continent monitoring, which can be easily
realized in the world wide web without any distance restrictions, as long as the users
have an internet connected. Another advantage is that the data can be accessed by

multiple users world-wide.

\\cambleelectmnics """ . b60 up Wrist bending c6 “Deep breathing”™ 104 How Are You™

s | 2 aromn I~ ity o O | -
: : | I | |
:  Facial Expressions Frown : A40 U' ‘ I W ’ﬂ —_ 3 ' ' ' l I ‘ l —_ 5
: = -3 ) il I b { | X4 |1 S o :
: il LW 23 & | [TTow O A Yor©
: “Vocal Vibration Finger Bending: E 0 E "Normal breathing” E 10 2 :
HF 3 z ~ :<lao Q2 <
HE e‘ mi'jul‘ 5
: ) 1
E P 0] down i 0
: - Breathin; F 5 " #
: £ N i 0 30 100 130 260 250 300 350 0 10 20 30 40 50 60 7 S0 Sgeiel; g IGieds 80 185

Wrist Bending: Time (s) Time (s) Ll VRS
o © ;
Knee Bending
P
==
==
==,
................................................... o 15 31 Bo @6 5o & ‘i 85 %o 1 16 ‘B

Time (s)

f Feedback
Y

Body - t'? :
movement BT oAV T

Pulse @ ! )ﬁ\‘ 2 :l
Clients

Biosignals

Stuttgart, Germany

eSS o Server
Data collection and I &A O

signal processing D\t/\;//
ata base

Page 27 of 42



Figure 5. Detection of various body motions using the hydrogel-based strain
sensor. (a) Overview of sensing locations. (b) Resistance changes of sensor in
response to wrist bending, (¢) Detection of respiration rate with different breath
modes. (d) The response of attached sensor toward sound, “How Are You” and “How
Old Are You”. One wave curve is magnified to be showed. (e) Resistance changes of
sensor transferred onto throat of a volunteer who makes different motions. (f)
Schematic illustrations of the sensor for remote cross-continent monitoring. (g)
Remote cross-border monitoring system for elbow joint movement during the

dumbbell training.

3.6 Human-Machine Interaction

To demonstrate the application of hydrogel-based sensor for human-machine
interaction, we have developed a smart glove which can monitor complex hand
movements. This is very useful for optimal control of robotic arms, sign language
recognition, VR control, efc. The smart glove is consisted of hydrogel-based
stretchable sensor arrays and a printed circuit board. This newly developed glove is
much lighter and thinner, if compared with the conventional systems based on
optical fibers or metal strain gauges. It can also offer a much broader working range
than the conventional metal strain gauge (Figure S23). The on-chip processing and
storage capabilities of the microcontroller unit (MCU) enable the integration of
sensors through an input/output port and then the sensors can receive and send
digital/analog signals to other modules. Figure 6b provides an overview of the
process flow for both the hardware and software, including analog signal acquisition,
conditioning and processing, and transmission to corresponding modules. In this

work, we integrated the glove into a wireless-controlled interactive electronic system.
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As shown in Figure 6¢ and Movie S3, multichannel sensing and dynamic control
were successfully demonstrated, proving the applicability of the proposed sensors for

human-robot interactive systems.

We then applied the smart glove for recognition of the complex hand gestures. To
detect the precise hand movements during deformations of body sign languages, we
captured the movements of eight targeted positions on the hand (Figure S24). Each
strain sensor on the glove monitored different joints’ deformation. The obtained
responses of the sensor arrays within the glove are presented in Figures 6d and 6e,
which clearly demonstrate the sign language of “I see two people in that direction, 80
meters away”’. The different patterns of the obtained results clearly indicate different
movements, which are consistent with the hand deformations of different body sign
languages. Benefited from the spatial resolution ability of the sensor array design, we
can distinguish similar hand configurations. For example, although we did not
manage to identify the differences between the two words “I”” and “you” based on the
data from the fingers of glove only, the data from the wrist can distinguish these two
words, due to their different bending directions (Figure S25). These demonstrate that
the hydrogel-based smart glove can differentiate complex and similar sign languages,

indicating its potential application in sign language recognition.
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Figure 6. An integrated smart glove for human-machine interaction. (a)
Schematic diagram showing the construction of the smart glove and its potential
applications. (b) The circuit connection settings with devices that showing the signal
transduction, processing, and wireless transmission. (¢) The synchronized motion of
the hand and robotic arm. (d) Image of a glove mounted with the sensors to perform a
series of gestures. (e) Relative resistance changes of the sensors in response to eight

different gestures in (d).

4. Conclusion

A novel hybrid SPGCP hydrogel with superior stretchability, high sensitivity and
linearity, reversible self-adhesiveness and excellent reproducibility was designed,
fabricated and tested in this study. Based on the multiple interpenetrating network

design, the hybrid hydrogel framework remarkably improves the mechanical
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properties of the pristine hydrogel, achieving a fracture strain of ~10000% and a
fracture strength of ~213 kPa. A constitutive model has been proposed to describe the
mechanical behaviors of the hybrid hydrogel, and the analytical results have been
verified by the experimental results. Moreover, owing to the reduction of GO by PDA
and the existence of abundant ions, the hydrogel shows a highly sensitive
deformation-dependent conductivity, thus achieving a GF of 13.45. Benefitted from
the abundant catechol groups of PDA and unique micellar structures of SC, the
hydrogel demonstrated long-term and reversible adhesiveness capability.
Furthermore, our hydrogel can be fabricated into a flexible and wearable strain sensor
for monitoring of various motions with high accuracy and sensitivity. Particularly, we
successfully integrated the sensor with the data cloud platform for remote and cross-
continent monitoring, showing its exciting prospect for wearable [OTs. The
integrated glove composed of hydrogel-based sensors can wirelessly and remotely
control the robotics, as well as accurately recognize hand gestures, demonstrating
potential applications in human-machine interaction. In summary, the hybrid
hydrogel is a high performance material for artificial intelligence, soft robotics and
wearable electronics, because of its large stretchability, high sensitivity and

adhesiveness.
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® Figure S1. TEM image and SAXS profiles of casein micelles.

® Figure S2. SEM images of PAM, SC/PAM, GO/PAM, PDA/PAM, and

CaCly/PAM hydrogels.

® Figure S3. SEM images of SPGCP hydrogel after stretching.
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Figure S4. Elemental maps of C, O, N, Ca, and CI elements in SPGCP hydrogel.
Figure S5. FTIR spectra of GO, PDA, SC, PAM, SPP and SPGCP hydrogels.
Figure S6. C 1s XPS spectrum of PAM hydrogel.

Figure S7. Typical compressive strain—stress curves of PAM, SPP, GCP and

SPGCP hydrogels.

Figure S8. Typical tensile stress—strain curves of PAM, SPP, GCP and SPGCP

hydrogels.

Figure S9. Stress and hysteresis energy values of SPGCP hydrogels during
loading—unloading tests at different strains, 30 tensile loading—unloading cycles,

and 10 compressive cyclic loading—unloading cycles.
Figure S10. Curves of 30 tensile cyclic loading—unloading of SPGCP hydrogels.

Figure S11. Comparisons of mechanical properties SPGCP hydrogels with

different contents of SC, PDA, GO and CaCl,.

Figure S12. Temperature-dependent storage (G’) and loss (G"”) moduli of the

SPGCP hydrogel with a heating rate of 1 °C min ™.
Figure S13. Demonstration of hydrogels adhered to various material surfaces.

Figure S14. Photographs demonstrating the adhesiveness of the SPGCP

hydrogels under bending and stretching, respectively.

Figure S15. Demonstration of hydrogel repeatedly adhered on the skin of a

volunteer.

Figure S16. Schematic illustration of the adhesion testing process of the SPGCP

hydrogel.
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® Figure S17. Adhesive testing results of SPGCP hydrogels on various substrates.

® Figure S18. Conductivity values of SPGCP hydrogels with different contents of

GO.
® Figure R19. The temperature dependence of hydrogel on its conductivity.

® Figure S20. Relative resistance responses during the movements of different

body parts using the attached hydrogel sensor.

® Figure S21. The SPGCP hydrogel was used as the sensing film for signature

recognition.

® Figure S22. Photograph showing the hydrogel sensor placed on the elbow for
measuring flexion-extension angle at different intensities during dumbbell

training.

® Figure S23. Performance comparisons of a commercial strain sensor and an

SPGCP hydrogel strain sensor.

® Figure S24. Schematic illustration for situations of sensors when applied for sign

language recognition.
® Figure S25. Sign recognition of the hydrogel sensor arrays with integrated glove.
® Table SI. Composition of hydrogels.

® Table SII. Values of parameters used in calculations using equation (5) for the
free-energy of micelle, entanglement and elasticity, where A/T+C=0.5 and

B=0.1.

® Table SIII. Curve fitting results for the XPS spectra of pure GO powder and

SPGCP hydrogel.
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® Table SIV. Values of parameters used in calculations using equations (5) and

(S13) for SPGCP hydrogels in the cyclic mechanical loading.
® Table SV. Composition of hydrogels with different contents of GO.

® Table SVI. Comparisons of main performance parameters of conductive
hydrogel-based strain sensors in this study and the reported hydrogels in

literature.

® Movie S1 (MP4 format). Remote monitoring performed in Hunan University
(Changsha, China), and transferring of the data to Wuhan Union Hospital via a

data cloud platform.

® Movie S2 (MP4 format). Remote cross-continent monitoring performed in Hunan
University (Changsha, China), and transferring the data to Stuttgart (Germany)

via a data cloud platform.

® Movie S3 (MP4 format). The integrated glove consisted of hydrogel-based

sensors for wirelessly controlling synchronized motion of a manipulator.
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