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Abstract: Conductive hydrogels offer significant promise for conformal electronic 

skin and self-powered systems. However, developing hydrogels with 

multifunctionality, including stretchability, self-healing, tissue adhesion, and 

biocompatibility, remains a significant challenge. In this study, multiple physically 

crosslinked nanocomposite hydrogels were developed through the in situ doping of 
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poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) in a 

Laponite® (LAP) crosslinked oligo ethylene glycol (OEG) methyl ether methacrylate 

copolymer. Through combined covalent and non-covalent interactions, coupled with 

metal ion doping, the developed conductive nanocomposite hydrogel achieved 

excellent stretchability (~450%), high self-healing efficiency (~95%), robust tissue 

force (∼0.5 N/cm2), and good biocompatibility. These features made it highly suitable 

for applications as a skin conformal strain sensor for human motion monitoring. In 

addition, it could be used as a flexible electrode in triboelectric nanogenerators, 

enabling tactile sensing for human–machine interactions and demonstrating its 

potential in self-powered electronics.  

 

 

Graphical abstract 
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1. Introduction 

With the rise of artificial intelligence and the Internet of Things, flexible and 

wearable electronics have become critical in research areas such as multimodal 

electronic skin [1, 2], strain or pressure sensors [3], and soft robotics [4]. These 
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devices can mimic the performance of human skin, transforming external stimuli into 

electrical signals [5]. Although various candidate materials have been explored, 

extreme practical application contexts, such as twisting, bending, and stretching, may 

damage the overall electronic device. To address this issue, conductive hydrogels have 

been developed as versatile polymers. Their high water content, tunable mechanical 

performance, and similarity to the conductive mechanisms of biological systems [6] 

make them ideal for use in flexible and wearable electronics, including 

flexible/wearable sensors [7], triboelectric nanogenerators (TENGs) [8], hydrogel 

actuators [9], and supercapacitors [10]. Tunable mechanical performance can also 

provide stable conformal interfaces between electronic devices and skin, eliminating 

interference from motion artifacts [11]. Notably, the inherent tissue-adhesive 

performance of hydrogels was found to further stabilize the conformal interface 

between the device and skin, while reducing allergy risk [12]. In addition, the high 

water content and porous structure in hydrogels allow the conductive medium to 

rapidly spread, endowing them with improved electrical conductivity [11]. 

Particularly, breathable, anti-freezing, anti-drying and anti-swelling performance of 

hydrogel was found to better mimic the structure and functionality of dermis [2, 13-

15]. However, traditional conductive hydrogels commonly suffer from inferior 

effective energy dissipation mechanisms, resulting in weak interfacial bonding and 

poor mechanical performance, making it difficult to balance mechanical performance, 

conductivity, and stability. As a result, it is essential to develop well-crafted designs 

that improve the overall functionality of conductive hydrogels, addressing challenges 

such as energy dissipation and interfacial bonding. This would provide a more 

dependable and secure solution for applications within wearable electronics. 

Multi-physical crosslinked flexible nanocomposite hydrogels have emerged as a 

promising alternative to overcome issues associated with conventional hydrogels [16], 

which mainly form through noncovalent interactions [17], such as hydrogen bonding, 

hydrophobic, and electrostatic interactions, as well as metal coordination and π–π 

stacking. These noncovalent interactions are transient and can break and reform, 

contributing to the development of multifunctional conductive hydrogels. Laponite® 
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(LAP) is a disc-shaped structure 25 nm in diameter and 1 nm thick [18]. LAP-based 

nanocomposite hydrogels have demonstrated tunable mechanical performance, 

autonomous self-healing, and biocompatibility [19-21]. In previous studies, oligo 

ethylene glycol (OEG)-based copolymers/LAP nanocomposite hydrogels were 

developed through one-step free radical copolymerization, with LAP serving as a 

physical cross-linker for energy dissipation and providing dissociated ions for electric 

conduction [19]. Nevertheless, the developed nanocomposite hydrogels suffer from 

inadequate adhesion performance and poor electrical conductivity.  

In this study, we addressed these challenges by developing a conductive 

nanocomposite hydrogel, denoted as PLOD, which was synthesized through the in 

situ gelation of OEG methyl ether methacrylate monomer crosslinked by LAP and 

poly(3,4-ethlenedioxythiophene):poly-(styrenesulfonate) (PEDOT:PSS) that is a 

promising alternative conductive polymer materials due to excellent biocompatibility 

[22] (Fig. 1). As shown in Fig. S1, the PLOD exhibited excellent stretchability, 

conductivity, self-healable and tissue-adhesive performance without external stimuli 

due to multi-scale interactions, which are superior to those of other LAP-based 

conductive hydrogels previously reported [19-21, 23, 24]. The interactions between 

LAP and PEDOT:PSS colloidal particles were beneficial for the dispersion and 

stability of the PEDOT:PSS, resulting in stretchable conductive hydrogels. As 

previously mentioned, PLOD could be developed as a strain sensor for monitoring 

human motion. The presence of numerous hydrogen bonds and electrostatic 

interaction in PLOD network endowed hydrogel with a robust tissue-adhesive 

capacity, allowing the formation of a stable conformal interface between the device 

and skin, facilitating high-fidelity mechanical signal transmission. The PLOD was 

also used as an electrode for a TENG in tactile sensing application, demonstrating 

significant potential for future self-powered electronics. The simple preparation and 

integrated functionalities of PLOD offer significant potential for expanding its 

application in flexible and wearable electronics. 
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Fig. 1. Schematic diagrams of the fabrication of the PLOD nanocomposite hydrogels 

and application in flexible wearable strain sensors and flexible electrodes. (a) 

Preparation process and gelation mechanism of the PLOD nanocomposite hydrogels. 

(b) Application in flexible wearable strain sensors and flexible electrodes in TENGs 

with stretchable, self-healing, tissue-adhesive performance. 

2. Experimental section 

2.1. Materials 

Oligo(ethylene glycol) methyl ether methacrylate (OEGMA, average molecular 

weight Mn = 500), di(ethylene glycol) methyl ether methacrylate (DEGMA, average 

molecular weight Mn = 188), N′N′N′N′-tetramethyl ethylenediamine (TEMED, 99%), 

potassium persulfate (KPS, 99%), and poly (3,4-ethylene dioxythiophene)-

poly(styrene sulfonate) (PEDOT:PSS) aqueous dispersions were purchased from 
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Sigma-Aldrich. Laponite® clay (Na+
0.7[(Si8Mg5.5Li0.3) O20(OH)4]−

0.7, XLG) was 

purchased from BYK (Germany). 

2.2. Synthesis and characterization of PLOD nanocomposite hydrogels  

An aqueous suspension of LAP was first obtained by stirring under room 

temperature, then the PEDOT:PSS aqueous dispersion was added to form a 

homogeneous LAP/PEDOT:PSS suspension. Afterwards, OEGMA and DEGMA 

monomers were subsequently added to obtain a homogeneous suspension in an ice-

water bath. The initiator KPS (0.2 w/v%) was introduced under nitrogen bubbling for 

5 min to eliminate dissolved oxygen, followed by the addition of accelerator TEMED 

(0.1 w/v%) to the solution. The resulting solutions were then sealed and polymerized 

for 24 h at room temperature to form PLOD hydrogels. Rheological tests were 

conducted using an Anton Paar MCR302e rheometer (Austria) with a 25 mm diameter 

parallel plate. The geometries of PSS, PEDOT, OEG methyl ether methacrylate 

monomer were optimized using Gaussian 16 software [25] at the B3LYP-D3(BJ)/6-

311++G(d,p) level of theory. The molecular electrostatic potentials (MEPs) of 

corresponding molecules were calculated with the Multiwfn program, using a 0.001 

a.u. grid isodensity surface at the same level [26]. VMD software was utilized to 

visually depict the MEP maps and the highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO) diagrams of corresponding 

molecules [27]. FTIR spectra were recorded between 4000 and 400 cm−1 using a 

Nicolet iS50 FTIR spectrometer (USA). The elemental compositions and distribution 

maps were obtained using energy–dispersive spectroscopy (EDS, Netherlands). 

Thermogravimetric analysis (TGA) was conducted using PerkinElmer Instruments 

(China), ranging from 25°C to 800°C at a rate of 10°C/min. 

2.3. Mechanical testing 

A universal testing machine (MARK-10, USA) was used to determine the 

mechanical performance of PLOD. Rectangular specimens, measuring 10 mm in 

width and 1 mm in thickness, were prepared for uniaxial tensile testing conducted at 
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an elongation rate of 100 mm/min. The slope of the stress–strain curve between 5% 

and 15% strain was determined as the elastic modulus. The toughness was determined 

by integrating the area under the stress–strain curve [28]. 

2.4. Self-healing performance measurements 

One PLOD was stained with rhodamine B, while the other was free of rhodamine 

B. The two PLOD were placed in contact for 30 s at 25°C and 75% humidity, then 

stretched without external stimulation, and the self-healing performance was 

macroscopically observed under UV irradiation [29]. During the self-healing process, 

no additional stimulus was applied. The PLOD, light diodes, and power supply were 

connected to form a series circuit. The PLOD was cut and healed, and the brightness 

of the light diodes was recorded [7]. The resistance change of PLOD before and after 

healing was also quantitatively assessed to determine the electrical recovery 

performance [30]. Before dynamic viscoelastic measurement, strain sweep curves 

were obtained by increasing the shear strain from 0.01% to 2000% to identify the 

linear viscoelastic region, characterized by the storage modulus independent of shear 

strain. The dynamic strain curves were generated at 1% and 3000% strain over 100 s 

intervals, to record both the storage modulus (G') and loss modulus (G'') [31]. In 

addition, rectangular PLOD specimens were cut into two pieces and then joined 

together for 24 h, and the self-healed PLOD specimens were assessed by a MARK-10 

instrument (USA) [32].  

2.5. Adhesive measurements 

The adhesive performance of PLOD was determined by lap shear tests using a 

MARK-10 [33]. Square PLOD nanocomposite hydrogel specimens (20 × 20 × 1 mm) 

were affixed between two substrates (pigskin, copper, PDMS, PTFE, and PE) and 

stretched at 100 mm/min. In addition, the peeling test was performed to evaluate 

adhesive toughness, quantified by the average peel force normalized by the width 

[34].  

2.6. In vitro cytotoxicity assays  
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An extract concentration of 1 mg/mL was prepared by soaking PLOD in 

Dulbecco’s Modified Eagle Medium (DMEM, Gibco) for 24 h at 37°C. A 500 µL 

suspension of L929 mouse fibroblast cells, containing 10,000 cells per well, was 

seeded into a 24-well plate and incubated at 37°C with 5% CO2. After the L929 cells 

adhered to the plate, the medium was removed and replaced with PLOD extract. 

Then, cell viability was assessed using a CCK-8 kit on days 1 and 3, according to the 

manufacturer’s guidelines. The cells were stained with Calcein-AM/propidium iodide 

for 15 min and observed using a Nikon AX laser scanning confocal microscope 

(Japan) for fluorescence imaging. 

2.7. Electrical measurements 

The conductivity of PLOD was measured by a CS350M electrochemical 

workstation (CORRTEST, China) with electrochemical impedance spectroscopy 

(EIS). Copper sheets were used to secure the two extremities of PLOD, ensuring a 

strong connection between PLOD and electrodes of electrochemical workstation. The 

conductivity was determined based on the following equation [11]: 

Conductivity=
l

RS
 

where l denotes the effective length, R is the bulk resistance, and S represents the 

cross-sectional area of PLOD. 

The resistivity changes rates (∆R/R0) were determined to assess the sensing 

performance of PLOD. The volt-ampere method was used to determine ∆𝑅/𝑅0 

based on a high-precision linear motor (Y400TA100-600, Beijing Aerospace 

Precision Instrument Technology Co., Ltd., Beijing, China) and an oscilloscope with 

four analog channels (MSO44, Tektronix, Beaverton, Oregon, USA). The relative 

change in resistance was calculated based on the following equation: 

∆R

R0

=
R-R0

R0

=
V - V0

V0
 

where V and V0 represent the voltage values at the two ends of PLOD hydrogel 

following and preceding the application of strain, respectively. The sensitivity of the 

PLOD hydrogel sensor was assessed using the gauge factor (GF), as follows: 
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GF=
∆R/R0

ε
 

In addition, Fig. S2 showed the assembly and test of PLOD sensor. In brief, the 

rectangular PLOD was first adhered to the movement site, such as index finger. Then, 

one end of the copper wire connected to the surface of PLOD, the other end connected 

to divider resistance to form a voltage-dividing circuit, oscilloscope connected to the 

two ends of PLOD hydrogel to record the voltage value, DC power as a power supply 

for this test circuit, and finally, the PLOD sensor was assembled to complete test. In 

the process of test, tape was utilized to immobilize both ends of copper wire to 

prevent copper wire from falling off. With respect to other motion monitoring, the 

only diversity was that moving parts and tape removed from the assembly. 

The output performance of the TENG was quantified and documented using the 

previously mentioned linear motor and oscilloscope, and an electrometer (Model 

6517B, Keithley Instruments, Inc., Cleveland, OH, USA). The performance of the 

TENG array was measured and recorded by a multi-panel measurement system switch 

(Model 3706A-S, Keithley) and an 8-channel oscilloscope (Model MSO58B, 

Tektronix). 

2.8. Circuitry in human–machine interaction applications 

An Arduino UNO R3 (Somerville, MA, USA) was employed for signal acquisition 

and processing, and Arduino’s integrated ADC was used to establish the trigger signal 

threshold. The decision-making process entailed programming that compared the 

amplitude of the input signal against the established threshold, after which the 

appropriate action was executed. 

 

2.9. Statistical analysis 

All experimental quantitative data were expressed as mean and standard deviation. 

The experimental data were analyzed by one-way ANOVA and expressed as mean ± 

SD, with P < 0.05 considered statistically different. 

3. Results and discussion 
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3.1. Preparation and characterization of PLOD nanocomposite hydrogels 

In this study, PLOD nanocomposite hydrogels were developed through in situ 

gelation of OEG methyl ether methacrylate monomer crosslinked by LAP and 

PEDOT:PSS. Molecular electrostatic potential (MEP) maps, as well as HOMO and 

LUMO orbital diagrams, were used to estimate the molecular reactivity and electron 

transfer mechanisms, which provided valuable insights into molecular reactivity and 

intermolecular interactions [35]. The HOMO energy level can be used to quantify the 

electron-donating tendency of a molecule, while the LUMO energy level can be used 

to indicate its electron-accepting ability, which performance is crucial for revealing 

electron dynamics. Based on the B3LYP-D3(BJ)/6-311++G(d,p) level-optimized 

geometric structures of OEG methyl ether methacrylate monomer, PEDOT, and PPS 

molecules obtained from the Gaussian16 software, Multiwfn program was used to 

calculate corresponding MEP, HOMO and LUMO orbital, and VMD software was 

utilized to visually represent the MEP maps and HOMO–LUMO orbital diagrams, 

which is in favor of understanding the characteristics and reactivity of OEG methyl 

ether methacrylate monomer, PEDOT, and PSS. With respect to the MEP maps, the 

red-colored areas denote positive electrostatic potential and the blue-colored areas 

indicate negative electrostatic potential. Fig. 2a showed the MEP maps and HOMO–

LUMO orbital diagrams for the stable structures of OEG methyl ether methacrylate 

monomer. It was found that the ethoxy groups in OEG, which were rich in lone 

electron pairs, acted as electron donors, contributing to the formation of hydrogen 

bonds with LAP. As illustrated in Fig. 2b and 2c, the PEDOT molecule was negatively 

charged with abundant vacant orbitals, while the PSS molecule contained delocalized 

π electrons and exhibited a positively electrostatic potential due to strong electron-

withdrawing ability of sulfonic acid group, leading to strong Coulombic interactions 

between the two molecules. The interactions between the OEG polymer backbone and 

PEDOT:PSS molecules primarily involved the hydrogen bonding and π–π 

interactions. Delocalization of weak-bound electrons in molecular orbitals is in favor 

of charge transfer, leading to improved electric conductivity [36]. Moreover, the 
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hydrophilic pores facilitated the diffusion of the conducting medium through the 

PLOD matrix. 

The OEG-based copolymers containing short oligo(ethylene glycol) sidechains 

exhibited lower critical solution temperature (LCST) behavior in aqueous medium, 

and LCST behavior could be finely adjusted through the copolymerization of 

oligo(ethylene glycol) (meth)acrylates [37]. As shown in Fig. 2d, for the 30 w/v% 

total monomer concentration, LCST with OEGMA and DEGMA molar ratio close to 

4:1 was about 50°C, while LCST with an OEGMA and DEGMA molar ratio close to 

1:4 was about 34°C, indicating that the formed copolymer was no longer miscible 

with water at 34°C, which was not conducive to the formation of hydrogen bonds 

within the PLOD network. Therefore, OEGMA/DEGMA molar ratio of 4:1 was 

chosen for the follow-up study. As shown in Fig. S3, a critical monomer concentration 

was required to form a stable PLOD. At a total monomer concentration of 10 w/v%, 

the reaction product could flow freely. However, a monomer fraction of 20 w/v% led 

to gelation, which was confirmed by the inverted vial test. The formed PLOD 

remained very weak until reaching a monomer fraction of 25 w/v%, where a more 

rigid network formed. In addition, the reactive precursor could be molded into PLOD 

with different shapes, including a square, circle, heart, and star (Fig. S4). As shown in 

Fig. 2e, new absorption peaks at 1577 and 1541 cm−1, resulting from 

PEDOT:PSS[38], were clearly observed in PLOD compared with OEGMA-co-

DEGMA copolymer (OD) and LAP crosslinked OEGMA-co-DEGMA copolymer 

(LOD) (Fig. 2e). These peaks corresponded to C–H bonds in the thiophene rings of 

the PEDOT chains. In addition, an obvious characteristic peak at 980 cm−1, associated 

with LAP, was assigned to the stretching vibrations of Si–OH and Si–O [18]. These 

results demonstrated that PEDOT:PSS and LAP were successfully introduced into the 

OEG copolymer network. Furthermore, EDS analysis revealed the presence of S and 

Si from PEDOT:PSS and LAP in PLOD, respectively (Fig. 2f). According to EDS-

mapping analysis (Fig. 2g), the uniform distribution of C, O, S, and Si in PLOD could 

be observed, indicating the good dispersion of LAP and PEDOT:PSS in the OEG 

copolymer network. 
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Fig. 2. Preparation and characterization of the PLOD conductive nanocomposite 

hydrogels. MEP, HOMO, and LUMO orbital diagrams of (a) OEG methyl ether 

methacrylate monomer; (b) PEDOT, and (c) PSS. (d) Temperature sweep curve of the 

OEG copolymer with different OEGMA/DEGMA molar ratios. (e) FTIR spectra of 

OD, LOD, and PLOD. (f and g) EDS and mapping analysis of PLOD for the 

distribution of C, O, S, and Si in the same region. 

3.2. Mechanical and self-healing performance of PLOD nanocomposite hydrogels 

Flexible nanocomposite hydrogels serve as promising alternatives to traditional 

rigid materials due to their parallel elastic modulus and stretchable performance [39]. 
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These properties help address the mismatch between the elastic modulus of rigid 

sensors and soft physiological tissues while also mitigating skin irritation through 

conformal contact, which is crucial for wearable electronics [40]. In this study, the 

reactive precursor became sticky with increased LAP content from 1 to 2.5 w/v%, and 

the reactive precursor was nonuniform. Therefore, 1 w/v% LAP was chosen for the 

follow-up study. First, uniaxial tension curves were obtained to investigate the effects 

of OEGMA and DEGMA content on stretchable performance of LAP crosslinked 

hydrogel. Samples were denoted as LOD-x, where x is the total monomer mass 

percent of OEGMA and DEGMA with corresponding molar ratio of 4:1. As shown in 

Fig. 3a, the tensile performance of LOD was dependent on OEGMA and DEGMA 

content. LOD35 exhibited weak fracture strain, with the elastic modulus increasing 

from 5 to 15 kPa as OD content varied from 25 to 35 w/v% (Fig. 3b). The fracture 

energy values showed no significant differences (Fig. 3c). Given the fracture strain 

and elastic modulus, the LOD35 was chosen as follow-up experiment. Subsequently, 

the effect of PEDOT:PSS concentration on PLOD tensile performance was further 

explored. Samples were denoted as P-x, where x is the volume fraction of 

PEDOT:PSS. As shown in Fig. 3d-3f, PLOD with P2.5 exhibited improved fracture 

strain (~450%), elastic modulus (~12.5 kPa) and toughness (~1.54 MJ/m3), which 

may be attributed to the fact that LAP can interact with the OEG methyl ether 

methacrylate copolymer, redistributing the applied stress and delaying the complete 

fracture of PLOD [19]. In addition, multi-scale interactions between PEDOT:PSS and 

LAP increased the physical cross-linked density, which endowed PLOD with effective 

energy dissipation during the stretching process, which further contributed to 

stretching performance [21]. 

In addition to satisfactory stretching performance, it was important to endow 

conductive hydrogels with self-healing performance, as flexible wearable strain 

sensors may encounter friction or damage during actual application, leading to 

malfunctions and shortening their lifespan [41]. In this work, the favorable self-

healing performance of PLOD was confirmed by macroscopic, dynamic strain 

scanning, tensile, and resistance recovery measurements. As shown in Fig. 3g, PLOD 
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with P2.5 cut by a shaving blade achieved spontaneous self-healing, demonstrating 

excellent self-healing performance. Considering application in flexible electronics, the 

electroconductivity of PLOD before and after self-healing was also explored. As 

shown in Fig. S5, the PLOD could illuminate light diodes in a series circuit. The LED 

was powered off when PLOD was cut, and the LED illuminated again after PLOD 

self-healing. As shown in Fig. 3h, when PLOD was disrupted, noncovalent 

interactions on the edge of the crack were also broken. However, due to their dynamic 

and reversible performance, they could achieve recovery in a short time to trigger 

healing. Dynamic strain sweep was performed to further quantitatively determine the 

self-healing performance of PLOD. As shown in Fig. S6, the strain sweep curves 

suggested that the value of G' was significantly larger than that of G'' in the range of 

0.01–1300%, indicating the stable structure within PLOD. However, a critical point 

was observed at 1300% shear strain, indicating the collapsed structure. When the 

shear strain was further increased to 3000%, G' and G'' both decreased dramatically, 

indicating the complete disruption of PLOD network. Subsequently, dynamic strain 

sweep was performed to further determine the self-healing performance of PLOD. As 

shown in Fig. 3i, G' of the PLOD was smaller than G'' under 3000% strain, indicating 

a damaged network; however, G' and G'' could quickly recover to their original state 

when the shear strain reverted to 1%. Fig. 3j showed the stress–strain curves of PLOD 

after self-healing for 24 h at 25°C and 75% humidity. The ultimate strain of healed 

PLOD could reach 380% compared with the initial 400%, yielding a high self-healing 

efficiency of 95%. Finally, the electrical recovery performance of PLOD was 

determined. When PLOD was cut, the resistance instantly increased to infinity. After 

self-healing, the resistance of PLOD could recover its initial value within 1.8 s (Fig. 

3k). In conclusion, the developed PLOD displayed excellent self-healing 

performance, which is crucial for maintaining its original stable performance in 

applications where mechanical damage may occur. 
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Fig. 3. Tensile and self-healing performance of PLOD. (a) Tensile stress–strain 

curves, (b) tensile strength, and (c) toughness of LOD. (d) Tensile stress–strain 

curves, (e) Tensile strength, and (f) toughness of PLOD. (g) Digital photograph 

showing self-healing. (h) Self–healing mechanism of PLOD. (i) Dynamic modulus of 

PLOD under alternating strain. (j) Tensile stress–strain curves of the original and 

healed PLOD. (k) Resistance recovery of PLOD under cutting-healing cycles. 

3.3. Adhesive performance and cytocompatibility of PLOD nanocomposite 

hydrogels 
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Hydrogels with good adhesive performance are indispensable for wearable 

electronics, eliminating the need for additional bandages or tape [42]. These 

hydrogels would also provide reliable conformational contact with soft physiological 

tissues, helping to reduce interfacial resistance and gather stable signal output. As 

shown in Fig. S7, the PLOD exhibited strong adhesive performance, as evidenced by 

the firm adhesion of the heart, liver, spleen, lungs, and kidneys of Sprague-Dawley 

(SD) rats. In addition, PLOD could adhere to human skin and easily peel off without 

any residue, and no irritation or allergic reactions were observed (Fig. S8). As shown 

in Fig. 4a, PLOD displayed excellent adhesion to hydrophobic or hydrophilic 

surfaces, including human skin, copper, PDMS, PTFE, and PE. 

Lap shear tests were conducted to determine the adhesive force of PLOD toward 

porcine skin and varied polymer surfaces (Fig. 4b), with the adhesive force dependent 

on the interfacial interaction force and intermolecular forces within the hydrogel [43]. 

In terms of intermolecular forces within PLOD, LAP could interact with the OEG 

methyl ether methacrylate copolymer through hydrogen bonding, helping to relax the 

applied stress and increase the adhesive force [44]. In addition, multi-scale 

interactions between PEDOT:PSS and LAP increased the physical cross-linked 

density, further improving cohesion within the PLOD network, and effective energy 

dissipation during the stretching process was beneficial for improved adhesive 

performance [20, 24]. As shown in Fig. S9, PLOD with LOD30 samples displayed the 

highest adhesive force values, possibly due to decreased cohesive forces within PLOD 

with increasing OEG methyl ether methacrylate copolymer content. At this point, the 

silicon hydroxyl groups in PLOD were consumed, and the number of exposed silicon 

hydroxyl groups that could interact with the substrates decreased, resulting in poor 

adhesion between PLOD and the substrate. In addition, excessive OEG methyl ether 

methacrylate copolymer content possibly affected the balance between adhesion and 

cohesion, leading to weak adhesive force. As shown in Fig. 4c, all PLOD samples 

displayed equivalent adhesive force to porcine skin when the concentration of 

PEDOT:PSS was increased from P0 to P2.5. Considering mechanical and adhesive 

performance, PLOD with P2.5 was chosen for subsequent application assessment. 
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Fig. S10 presents the optimized PLOD, which displayed equivalent adhesive 

performance after three cycles of adhesion on pigskin. The adhesive force of PLOD to 

copper, PDMS, PTFE, and PE was also quantitatively evaluated (Fig. 4d). The stable 

adhesion of PLOD to various substrates was mainly attributed to the multi-scale 

interactions between PLOD and substrate (Fig. 4e). The ethoxy, hydroxyl, and 

conjugate groups in PLOD facilitated the formation of multi-scale interactions with 

the substrate interface. Apart from lap shear tests, single side attached test between 

PLOD and pigskin was further performed. Because the adhesive force is noticeably 

higher than the bulk mechanical performance of PLOD, resulting in PLOD breakage 

before the single side adhesive interface separation. However, Fig. S11 showed that 

PLOD with P2.5 displayed the longest pulling time, it also indirectly proves that 

PLOD with P2.5 displayed better single side tissue adhesion performance. 

The cytocompatibility of PLOD was tailored to meet the needs of flexible and 

wearable electronics while minimizing the risks of inflammatory or anaphylactic 

reactions [45]. As shown in Fig. 4f, few dead L929 cells were observed in the 

live/dead staining test. CCK-8 quantitative analysis indicated no significant difference 

in cell proliferation activity between the PLOD and control groups on day 1. On day 

3, the proliferation activity of PLOD cell group slightly exceeded that of the control 

group (Fig. 4g), thus demonstrating the excellent biocompatibility of PLOD. 
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Fig. 4. Adhesive performance and cytocompatibility of PLOD. (a) Photographs of 

PLOD nanocomposite hydrogels adhered to biological tissue surfaces, metal, and 

polymer substrates. (b) Schematic diagram of the lap shear test. (c) Representative 

force–displacement curves for pigskin. (d) Representative force–displacement curves 

for copper, PDMS, PTFE, and PE substrates. (e) Adhesive mechanism of PLOD. (f) 

Fluorescence live/dead staining images of L929 cells co-cultured with PLOD extract. 

(g) OD value at 450 nm L929 cells co-cultured with PLOD extract. 
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3.4. Human motion detection application of PLOD nanocomposite hydrogels  

The PLOD strain sensor demonstrated significant potential for detecting diverse 

human movements due to its excellent self-healing, stretchability, biocompatibility, 

conductivity, and resistance change rate. Notably, due to its tissue-adhesive 

performance, PLOD could directly adhere to body surfaces to detect signals, and 

cyclic adhesion allowed PLOD to serve as a reusable sensor. In natural skin, electrical 

signal conversion primarily relies on ion transfer through ion channels. Similarly, 

LAP could be completely exfoliated in deionized water with dissociated sodium ions, 

resulting in a negatively charged disk surface and hydrous oxides, enhancing the 

conductive network [19, 46]. In addition, the interactions between LAP and 

PEDOT:PSS colloidal particles were in favor of the dispersion and stability of 

PEDOT:PSS, further contributing to enhanced electric conductivity [20, 21]. Hence, 

PLOD possesses ionic conductivity from LAP and electronic conductivity from 

PEDOT:PSS. As shown in Fig. 5a, conductivity determined from electrochemical 

impedance spectroscopy (Fig. S12) increased from 0.5 to 0.7 mS/cm as PEDOT:PSS 

volume fraction increased from P0 to P2.5. However, further increases in 

PEDOT:PSS concentration resulted in heterogeneous PLOD (Fig. S13), which led to 

inferior conductivity. Fig. S14 showed that conductivity is about 0.6 mS/cm as 

PEDOT:PSS volume fraction increased to P50. This behavior at low electrolyte 

concentrations indicated surface charge-dependent ionic conductance and typical 

nanofluidic ion transport behavior [19].  

The resistance of PLOD varied with deformation, indicating its potential capability 

to transform mechanical changes into electrical signals. Fig. 5b and Fig. 5c illustrated 

the resistivity change rates of PLOD across various strain cycles. During PLOD 

deformation, the specimen elongated, restricting ionic transport and consequently 

increasing the bulk resistance. Moreover, PLOD sensor consistently provided 

accurate, stable, and repeatable responses across various strain magnitudes. The 

sensor accurately reflected the deformation rate of PLOD (0.1–2.0 Hz) with no 

significant fluctuations in the electrical signal (Fig. S15), these two data can cover the 
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application range. In addition, the GF was found to increase the electrical sensitivity 

of the PLOD to strain (Fig. 5d). With a GF of 0.31 and a broad strain range from 10% 

to 300%, the sensor displayed excellent linear response behavior, demonstrating its 

potency as a strain sensor. Considering the maximum strain of human skin of 75% 

[11], repeated strain sensing experiments at 100% strain were performed with 1.5 Hz 

of frequency to assess long-term durability, and the resistance change remained 

relatively stable over 12000 cycles (Fig. 5e), indicating its suitability for long-term 

use as a strain sensor. 

Considering the stable and efficient electronic responses of PLOD sensor under 

deformation, its potential as an electronic skin for monitoring various human motions 

was further investigated. Fig. 5f and Fig. 5g show that the PLOD, when applied to a 

finger and elbow, exhibited sharp and rapid resistance changes corresponding to the 

bending angles of motion. Furthermore, the movement signals of each joint were 

highly similar, demonstrating the excellent recoverability and sensitivity of PLOD 

(Fig. S16). The PLOD was also affixed to a volunteer’s finger (Fig. 5h) and elbow 

(Fig. 5i) for repeated bending strain sensing experiments. The electronic skin sensor 

consistently detected motion signals over multiple cycles, demonstrating its long-term 

stability. Therefore, PLOD could be employed as a reusable wearable sensor to 

monitor subtle human movements for personal healthcare. Notably, PLOD could 

adhere to the thyroid notch to monitor swallowing behavior, with clear signals 

gathered during a volunteer’s drinking activity (Fig. 5j). Similarly, PLOD could 

monitor frowning behavior through different signal strengths (Fig. 5k). Finally, PLOD 

exhibited significant compressibility and deformability (0.3–1 N), with changes in 

electrical properties under external force (Fig. S17). In summary, the PLOD sensor 

could differentiate movement types by analyzing the shape, height, and width of 

signal. The subtle variations in signals for identical movements were primarily 

attributed to disparities in motion amplitude. The PLOD, designed as a flexible strain 

sensor, showed significant potential for monitoring both large-scale and small human 

movements, enhancing human motion tracking and healthcare analysis. 

Jo
ur

na
l P

re
-p

ro
of



21 

 

 

Fig. 5. PLOD adhered to the human body surface for motion detection. (a) 

Conductivity of PLOD. Rate of resistance change of PLOD under (b) small strain and 

(c) large strain. (d) Gauge factors of the PLOD. (e) Rate of resistance change of the 

PLOD for over 12000 tensile cycles under 100% strain with 1.5 Hz of frequency. (f) 

Finger bending at different angles. (g) Elbow bending at different angles. (h) Finger 

bending at 90° for various times. (i) Elbow bending at 60° for various times. (j) 

PLOD adhered to the neck to detect response to swallowing activity. (k) PLOD 

adhered to glabella to detect response to frowning activity. 
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3.5. Triboelectric nanogenerators based on PLOD nanocomposite hydrogel 

electrodes for tactile sensing 

The high demand for flexible and self-powered supplies has driven research on soft 

and wearable TENGs, which can convert mechanical energy into electricity energy, 

enabling the fabrication of self-powered sensors [47]. However, traditional metal-

based TENGs typically suffer from inferior stretchability, lack of self-healing, and 

tissue adhesion [48]. These shortcomings make them incompatible with stretchable 

materials, making it critical to develop new materials. In this work, we developed 

PLOD hydrogel as a conductive layer to serve as a potential platform for TENG 

tactile sensors. PDMS and PTFE were used as electrification layers, obtained using 

our previously reported method [49], and the PLOD served as electrodes. As shown in 

Fig. 6a, the electronegativity of PDMS was inferior to PTFE, contributing to a 

positively charged PDMS layer and a negatively charged PTFE layer, respectively. 

The opposite charges generated between the PLOD electrode and the PTFE 

triboelectric layer induced electron flow from the ground to PLOD electrode, creating 

a current from the PLOD electrode to the ground (Fig. 6ai). When PDMS made full 

contact with PTFE under an external force, the negative and positive charges on the 

PLOD electrode reached a state of equilibrium, and the flow of electrons and current 

stopped (Fig. 6aii). When the PDMS and PTFE were separated, a potential difference 

was induced between PLOD and the ground, causing the current to flow from the 

ground to the PLOD electrode (Fig. 6aiii). Afterwards, when the PTFE and PDMS 

were completely separated, the remaining charges gathered on the PLOD electrode 

(Fig. 6aiv). When PDMS had contact with PTFE again, the working mode returned to 

the initial state and then continued to circulate. 

According to the above-mentioned model, a single-electrode mode PLOD-TENG 

was developed, and the PLOD-TENG generated acceptable output performance with 

an open-circuit voltage of about 13 V (Fig. 6b), short-circuit current of about 9 nA 

(Fig. 6c), and charge transfer amount of approximately 8 nC (Fig. 6d). Building on the 

sensitivity to external forces, a PLOD-TENG tactile sensing array was developed. The 
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fabrication process, illustrated in Fig. S18, began with a 3D-printed template mold, 

onto which PDMS was poured. After curing, the PDMS was detached from the mold 

to function as the substrate (Fig. S19). Prefabricated PLOD hydrogel lumps, as 

conductive units, were then fixed into the hollow vacancies by instant adhesive 

performance. After encapsulating with an additional layer of PDMS, the tactile 

sensing array was obtained, which carefully integrated nine 1×1 cm2 TENG units into 

a 3×3 distributed sensing array, which was mounted on an FPCB (a type of flexible 

printed circuit board), with its copper coil removed and replaced with the PLOD. The 

sensing array could be comfortably and safely attached to the skin without causing 

discomfort or allergic reactions. As shown in Fig. 6e, f, the output waveform and 

voltage of each individual unit in the PLOD-TENG in the sensing array remained 

consistent under the same condition. Fig. 6h presents the interference tests, showing 

that users could touch any point on the sensing array, and the resulting voltage signals 

were recorded. The findings indicated that the sensing array could precisely identify a 

distinct signal of approximately 13 V at the target location, with adjacent sensors 

exhibiting at 2 V. In addition, the corresponding signal changes of sensors at different 

positions in the real-time interface were recorded (Fig. S20), despite the adjacent 

sensors around testing position also detected electrical signals, they do not cause 

interference, which implied that the recognition accuracy of signals activated by 

PLOD-TENG could be guaranteed by setting a reasonable trigger signal threshold.  

The potential intelligent application of the sensing array was further investigated, as 

shown in Fig. 6g. The signal coding process primarily involved the sensing array 

action encoder, signal processing circuit, microcontroller, and intelligent application 

terminal. The touch and press interactions of the PLOD-TENG sensing array 

generated hybrid code groups that controlled specific operations. After the application 

of external force, the sensing array converted the mechanical signal into an electrical 

one, which was then processed by the microcontroller unit (MCU). The MCU pre-

coded the PLOD-TENG sensing array behavior and compared it against a predefined 

threshold to determine whether the signal triggered an action, subsequently displaying 
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the corresponding effect on the PC terminal. A call system utilizing the PLOD-TENG 

sensing array action codes was developed for issuing medical warnings in healthcare 

institutions. As shown in Fig. 6i, each PLOD-TENG on the device could realize 

content-coded information, such as thirst, pain, and cold. When the corresponding 

unit in the PLOD-TENG sensing array was pressed, the corresponding content would 

display on the terminal, contributing to in-time management (Video S1, Supporting 

Information). Similarly, playing on an electronic keyboard was realized by using the 

PLOD-TENG sensing array developed in this work, as shown in Video S2. 
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Fig. 6. PLOD-TENG sensing array for tactile sensing. (a) Schematic working 

principle for a single-electrode TENG. (b) Open-circuit voltage. (c) Short-circuit 

current, and (d) short-circuit charge of the TENG. (e) Output waveform of nine 

TENGs. (f) Output voltage of nine TENGs. (g) Schematic diagram of the human–

computer interaction using PLOD-TENG sensing array. (h) 3D heat map 
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corresponding to different pressing positions on PLOD-TENG sensing array. (i) 

Application in call-in medical of the PLOD-TENG sensing array.  

4. Conclusions 

In this work, PLOD with stretchable, self-healing, tissue-adhesive, biocompatible, 

and electromechanical performance were successfully developed through the in situ 

gelation of an OEG methyl ether methacrylate monomer crosslinked with LAP and 

PEDOT:PSS. The LAP not only improved the colloidal stability of PEDOT:PSS 

through multi-scale interactions but also improved the stretching, conductivity, and 

strain sensing performance. The PLOD also exhibited excellent self-healing and 

adhesion properties due to their rich multiscale interactions, resulting in long-term 

functional stability and conformal interfaces. The PLOD also showed excellent 

electrical sensing performance and stability, which could be used to reliably and 

accurately monitor the different intensities of human body movements. In addition, 

the PLOD could be used as the flexible electrodes of TENGs. This PLOD-based 

interface engineering strategy offers significant promise for advancing the 

development and various applications of flexible wearable devices. 
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Highlights 

⚫ Multiple physically crosslinked nanocomposite hydrogels were developed 

Jo
ur

na
l P

re
-p

ro
of



34 

 

through in situ doping of poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) in a Laponite® crosslinked oligo 

ethylene glycol (OEG) methyl ether methacrylate copolymer.  

⚫ This nanocomposite hydrogel exhibits excellent stretchability, high self-healing 

efficiency, robust tissue adhesion, and good biocompatibility.   

⚫ This nanocomposite hydrogel can be used as a skin conformal strain sensor for 

human motion monitoring. 

⚫ This nanocomposite hydrogel can be used as a flexible electrode of triboelectric 

nanogenerator, enabling tactile sensing for human-machine interaction 

 

 

Jo
ur

na
l P

re
-p

ro
of




