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Abstract

:

Conductive hydrogels with stretchable, flexible and wearable properties have made significant contributions in the area of modern electronics. The polyacrylamide/alginate hydrogels are one of the potential emerging materials for application in a diverse range of fields because of their high stretch and toughness. However, most researchers focus on the investigation of their mechanical and swelling behaviors, and the adhesion and effects of the ionic liquids on the conductivities of polyacrylamide/alginate hydrogels are much less explored. Herein, methacrylated lysine and different alkyl chain substituted imidazole-based monomers (IMCx, x = 2, 4, 6 and 8) were introduced to prepare a series of novel pAMAL-IMCx-Ca hydrogels. We systematically investigated their macroscopic and microscopic properties through tensile tests, electrochemical impedance spectra and scanning electron microscopy, as well as Fourier transform infrared spectroscopy, and demonstrated that an alkyl chain length of the IMCx plays an important role in the designing of hydrogel strain sensors. The experiment result shows that the hexyl chains of IMC6 can effectively entangle with LysMA through hydrophobic and electrostatic interactions, which significantly enhance the mechanical strength of the hydrogels. Furthermore, the different strain rates and the durability of the pAMAL-IMC6-Ca hydrogel were investigated and the relative resistance responses remain almost the same in both conditions, making it a potential candidate for wearable strain sensors.
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1. Introduction


Stretchable, flexible, wearable and environmentally friendly electronic devices are of great significance to meet the increasing demands for versatility and complexity of modern electronics [1,2,3,4,5,6,7,8]. The strain sensors have attracted tremendous attention recently since they can convert mechanical deformations into electrical signals, and they are widely used in personalized healthcare [9,10], human-machine interaction [11,12,13], human motion detection [14,15], physiological monitoring [16,17], electronic skins [18,19,20,21,22], artificial intelligence [23] and so on. Most conventional strain sensors fabricated by metals, semiconductors and carbon-based materials only can sense small deformations of less than 5% strain [24] and have poor recoverability, making them uncomfortable to wear and difficult to get used to. A hydrogel strain sensor provides a feasible solution for wearable devices, not only because of its super extensibility and high flexibility, but also because of its good biocompatibility [25,26,27,28].



The polyacrylamide/alginate-based hydrogels have been studied by many researchers because of their tunable mechanical properties and biocompatibility [29,30,31,32,33]. For example, Suo and co-workers established the first example of double-network hydrogel with high stretch and toughness based on polyacrylamide/Ca-alginate, thus opening new application areas for this class of materials [29]. Zhou and Chen discovered that the mechanical strength of polyacrylamide/alginate-based hydrogel can be tuned by immersing it in an aqueous solution of CaCl2, SrCl2, BaCl2, AlCl3 or Fe(NO3)3 [30]. Kim et al. designed fabrication of super-stiff, anisotropic hybrid hydrogels through linear remodeling of polyacrylamide/Ca-alginate hydrogel and followed by a secondary crosslinking with various cations (Ba, Al or Fe ions) [31]. Suo and Vlassak combined short- and long-chain alginates to reduce the viscosity of pregel solutions and successfully demonstrated that polyacrylamide/alginate hydrogels can simultaneously have high stiffness and toughness [32]. Nonetheless, many research efforts are focused on the investigation of the mechanical behaviors and/or the swelling characteristics, the adhesion properties [34,35], and the effects of the ionic liquids on the conductivities of polyacrylamide/alginate-based hydrogels are much less explored.



In this work, we developed a series of novel self-adhesive pAMAL-IMCx-Ca hydrogels based on polyacrylamide/Ca-alginate hydrogels (x = 2, 4, 6 and 8). Herein, the methacrylated lysine (LysMA) was used to provide the self-adhesive property of pAMAL-IMCx-Ca hydrogels because LysMA has superior adhesion for many substrates [36]. Furthermore, imidazole is an important heterocyclic structural motif in functional molecules, whose derivatives are widely used as ionic liquids, drugs, catalysts and dyes [37,38]. Therefore, the imidazolium ionic liquid monomers (IMCx) with various chain lengths were incorporated to fine tune the electrical and mechanical performances of the hydrogels. From the electron microscopic study, FTIR, mechanical and electrochemical investigations of pAMAL-IMCx-Ca hydrogels, we demonstrated that pAMAL-IMC6-Ca displayed the optimal performance, which could be attributed to the balance between electrostatic interaction, metal-ligand coordination and hydrogen bonding interaction, as well as hydrophobic interaction. In the presence of the good mechanical properties, conductivity, adhesive performance and sensitivity, the pAMAL-IMC6-Ca hydrogel exhibited potential applications in the field of wearable strain sensors.




2. Results and Discussion


2.1. Design Strategy and Characterization of the pAMAL-IMCx-Ca Hydrogels


For use in wearable sensor applications, the hydrogels should exhibit mechanical strength, and stretchable, flexible, conductivity and adhesive properties. We used acrylamide, N,N′-methylenebisacrylamide (MBAA), alginate and LysMA to prepare adhesive hydrogels (defined as AMAL). However, AMAL showed poor formability, and polyacrylamide was utilized in order further to improve the toughness of gel, which is called pAMAL. For the purpose of enhancing the elasticity and conducting electricity of the hydrogels, CaCl2 and IMCx were added. Herein, we chose the CaCl2, since it is known that alginate can interact with the Ca ion through the metal-ligand coordination and effectively improve its mechanical properties [29,32,33]. Additionally, there may exist electrostatic interaction between the imidazole cations in IMCx and the carboxylate groups in alginate and/or LysMA [39]. Furthermore, the alkyl chain length of the imidazolium ionic liquid could also be used to explore the electrical conductivities of the hydrogels [40]. Figure 1 shows the fabrication process and the suppositional mechanism of the newly discovered pAMAL-IMCx-Ca hydrogels (x = 2, 4, 6 and 8). Acrylamide, MBAA, LysMA and IMCx will form a covalent bond by one-pot radical polymerization. Aqueous solutions of the above polymers and Ca-alginate formed a double-network hydrogel, which may be achieved by entanglements of the polymers to obtain stretchable hydrogels [29,33,41,42]. Moreover, the metal-ligand coordination, electrostatic interaction and hydrogen bonding interaction could provide additional stability to the pAMAL-IMCx-Ca hydrogels.



A series of IMCx of 1-vinyl-3-ethylimidazolium bromide (IMC2), 1-vinyl-3-butylimidazolium bromide (IMC4), 1-vinyl-3-hexylimidazolium bromide (IMC6) and 1-vinyl-3-octylimidazolium bromide (IMC8) was synthesized to investigate the alkyl chain length effect on the mechanical and electrical performances of the pAMAL-based hydrogels. The hydrogels of pAMAL, pAMAL-IMC2, pAMAL-IMC4, pAMAL-IMC6 and pAMAL-IMC8 were immersed in CaCl2 aqueous solution to obtain the corresponding pAMAL-Ca, pAMAL-IMC2-Ca, pAMAL-IMC4-Ca, pAMAL-IMC6-Ca and pAMAL-IMC8-Ca, respectively (Table S1). We found that pAMAL was a transparent hydrogel, and the appearance of the hydrogels was opaque when CaCl2 was incorporated (Figure S1). It is interesting to note that pAMAL-IMC2-Ca was a soft and weak gel, pAMAL-IMC4-Ca was a soft and highly stretchable gel, pAMAL-IMC6-Ca was a stretchable and strong gel and pAMAL-IMC8-Ca was a stable gel. These observations were probably due to strong hydrophobic interaction between IMCx and the balance of the hydrophobicity and hydrophilicity of the water environment. The microstructures of these hydrogels were examined by scanning electron microscopy (SEM). As can be seen from Figure 2, the surface of the pAMAL hydrogel was clearly observed to be a typical three-dimensional porous network, and the pore size was within the range of 3–10 μm. As the Ca ion and IMCx were introduced into the pAMAL gels, the porous network was covered in varying degrees, depending on the type of IMCx. The pAMAL-Ca hydrogel showed continuously connected structure, suggesting that it may have larger mechanical strength than that of the pAMAL hydrogel. It is interesting to note that the hydrogel morphology can change dramatically upon introducing the IMCx species. The lysine molecule possesses both a carboxyl group and a nonpolar part (butyl chain with relatively hydrophobic feature) [43], which is available for interaction with IMC6. The cooperative effect of the hydrophobic interaction between the butyl chain of LysMA and the hexyl chain of IMC6 as well as the electrostatic force between carboxylate group and imidazole cation participate in forming the hybrid hydrogel. As a result, multilayer microstructure was observed in the pAMAL-IMC6-Ca sample, which indicated that the pAMAL-IMC6-Ca hydrogel had the most elasticity among the six hydrogels. IMC2 and IMC4 do not provide enough hydrophobic driving force to entangle with LysMA, and thus the relative smooth morphologies of pAMAL-IMC2-Ca and pAMAL-IMC4-Ca hydrogels can be observed. On the contrary, IMC8 has a longer hydrophobic segment that decreases its solubility in the aqueous solution [44], and we found the block and heterogeneous morphology in the pAMAL-IMC8-Ca sample under SEM microscopy. In fact, the cloudy solution can be seen in the preparation process of the pAMAL-IMC8-Ca hydrogel with the naked eye.



To prove our speculation of the proposed interaction mechanism between pAMAL, the Ca ion and IMCx, Fourier transform infrared spectroscopy (FTIR) was carried out to characterize the composite hydrogels. From the FTIR spectrum of pAMAL, the broad absorption peaks around 3500 cm−1 can be attributed to the stretching vibration of OH and NH groups [45]. The absorption bands at 1680 and 1615 cm−1 were assigned to C=O stretching of carboxylic acid and amide, respectively [46]. Moreover, the peak at 1119 cm−1 was caused by the C–O stretching vibration [47]. These characteristic bands are confirmed the existence of alginate, lysine residue and (poly)acrylamide in pAMAL gels. As shown in Figure 3, the C=O peaks were shifted to lower wavenumbers from 1680 to 1657 cm−1 and 1615 to 1573 cm−1 with the addition of CaCl2, respectively, suggesting the formation of the metal-ligand coordination in pAMAL-Ca hydrogel [48]. Moreover, the absorption bands owing to OH and NH groups shifted to lower wavenumbers and appeared at ca. 3350 cm−1 in the cases of adding IMCx, demonstrating the existence of the intermolecular hydrogen bonding interaction in pAMAL-IMCx-Ca systems (x = 2, 4, 6 and 8) [49,50].




2.2. Mechanical Properties


The key to the practical application of hydrogels for wearable strain sensors is good mechanical property [51,52,53]. We carried out tensile tests to study the mechanical properties of pAMAL-based hydrogels. Figure 4 shows the stress–strain curves of pAMAL, pAMAL-Ca, pAMAL-IMC2-Ca, pAMAL-IMC4-Ca, pAMAL-IMC6-Ca and pAMAL-IMC8-Ca hydrogels. We observed that when pAMAL hydrogel was immersed into the Ca ion solution, the tensile strength of pAMAL-Ca hydrogel increased by 200% compared to that of the pAMAL hydrogel, while the elongation at break of pAMAL-Ca was reduced by 56% (Table 1). In order to enhance the elongation at break of pAMAL-Ca hydrogel, IMCx were introduced. We systematically investigated the effect of the hydrophobic alkyl monomers (IMC2, IMC4, IMC6 and IMC8) on the mechanical properties of the pAMAL-Ca hydrogel (Figure 4 and Figure S2, Table 1). The hydrogels of pAMAL-IMC2-Ca and pAMAL-IMC4-Ca exhibited larger elongation at break compared with pAMAL-Ca hydrogel, which can be attributed to the electrostatic interaction between imidazole cations and carboxylate in alginate and/or LysMA [39]. However, the pAMAL-IMC2-Ca and pAMAL-IMC4-Ca hydrogels displayed lower tensile strength than that of the pAMAL-Ca hydrogel. This result could be explained by the competition of imidazole cations and Ca ions for carboxylate group, leading to the decrease of metal-ligand coordination and the increase of electrostatic interaction [39,54]. Interestingly, the pAMAL-IMC6-Ca hydrogel showed optimal mechanical properties, with an improvement of 645% in tensile strength, 177% in elongation at break and 617% in Young’s modulus, compared to the pAMAL-Ca hydrogel. The significant enhancement of mechanical strength of the pAMAL-IMC6-Ca hydrogel could be due to the hydrophobic interactions of long alkyl chains on imidazole cations [55]. It is worth noting that the mechanical performance of the pAMAL-IMC8-Ca hydrogel is much lower than that of the pAMAL-IMC6-Ca hydrogel, probably owing to IMC8 with very long alkyl chains (i.e., too hydrophobic) which decrease solubility in water [44]. Additionally, the swelling test was carried out to better understand the degree of crosslinking of the pAMAL-based hydrogels, i.e., the higher the crosslink density, the lower the swelling ratio [56,57]. We found that the pAMAL-IMC6-Ca hydrogel displayed lower swelling ratio than that of the pAMAL-Ca (51% and 364%, respectively), while the other 4 hydrogels collapsed after being soaked in water for 5 days. These findings are consistent with the result of the mechanical strength of pAMAL-based hydrogels.




2.3. Electrical Properties


The electrical conductivity of hydrogel is one of the most important properties of hydrogels used in wearable devices [58,59]. The electrochemical impedance spectra (EIS) of the pAMAL-based hydrogels were measured by an electrochemical workstation. The results of resistance, resistivity and conductivity for the six samples are presented in Figure 5 and Table 1. The resistance of the pAMAL and pAMAL-Ca hydrogels was 42.0 and 24.1 Ω, respectively. That is because CaCl2 possesses good conductivity and consequently reduces the resistance of pAMAL-Ca [60]. Moreover, the pAMAL-Ca hydrogel showed a higher swelling ratio than that of the pAMAL-IMC6-Ca sample, and it can be speculated that the pAMAL-Ca gel has a better Ca ion adsorption capacity. The resistance of the pAMAL-Ca and pAMAL-IMC6-Ca was 24.1 and 11.2 Ω, respectively, implying that the ionic liquid is the dominant factor that contributes to the hydrogel conductivity. The effect of the alkyl chain length of imidazole cations, i.e., IMC2, IMC4, IMC6 and IMC8, on the electrical properties was also investigated. Unexpectedly, the pAMAL-IMC2-Ca hydrogel showed high electrical resistance among these hydrogels, which could be due to the poor mechanical properties and bad formability of pAMAL-IMC2-Ca gel (Figure 4 and Figure S1, Table 1). In addition, the electrical resistance increased with the increase of the alkyl chain length of IMCx, and the resistance of the pAMAL-IMC4-Ca, pAMAL-IMC6-Ca and pAMAL-IMC8-Ca hydrogels was 8.3, 11.2 and 97.5 Ω, respectively. As indicated in Figure 5, the resistance (and resistivity) of the hydrogels is on the order of pAMAL-IMC4-Ca < pAMAL-IMC6-Ca < pAMAL-Ca < pAMAL < pAMAL-IMC8-Ca < pAMAL-IMC2-Ca. Since resistivity is the opposite of conductivity [61], the pAMAL-IMC4-Ca and pAMAL-IMC6-Ca hydrogels had better conductivity than the other hydrogels. Based on the SEM, FTIR, mechanical and electrochemical properties demonstrated above, the pAMAL-IMC6-Ca hydrogel was found to exhibit the optimal performance, which could be attributed to the balance between electrostatic interaction, metal-ligand coordination, hydrogen bonding interaction and hydrophobic interaction.




2.4. Adhesive Capacity and Strain Sensor Testing


Except for the mechanical strength and conductivity of hydrogels, good adhesive capacity is vital for wearable electronics applications [62,63,64]. In order to evaluate the adhesion abilities of pAMAL-IMCx-Ca hydrogels, we measured the shear strength of the hydrogels by lap-shear tests [65,66]. From the data reported in Figure 6, the pAMAL-IMC6-Ca sample was found to be more adhesive than other samples (shear strength ca. 4.2 kPa). As revealed in Figure S3, pAMAL-IMC6-Ca hydrogel showed strong adhesion to numerous materials, such as wood, plastic, glass and rubber, suggesting a substantial broad application in various substrates of the pAMAL-IMC6-Ca hydrogel. Furthermore, the adhesiveness of the pAMAL-IMC6-Ca hydrogel is strong enough to adhere to gloves and capable of stretching up to 500% of its original length (Figure S3). As can be seen from Figure 7, the pAMAL-IMC6-Ca hydrogel placed between the two fingers or glass slides could support weights up to 200 g without adhesives. In addition to a load-bearing test, we also attempted to shake fingers back and forth quickly to examine the adhesive capacity of the pAMAL-IMC6-Ca hydrogel (Video S1 and Video S2). These results all suggest that the pAMAL-IMC6-Ca hydrogel exhibited good adhesiveness and load-bearing properties. Due to its excellent adhesion, it can be attached to the dynamic movement parts of the human body to directly monitor the changes of the signal. Figure 8a shows that the pAMAL-IMC6-Ca hydrogel responds quickly and repeatedly to the movement of the index finger when it is bent or stretched. Moreover, the different strain rates (0.1–2.0 Hz) and the durability of the pAMAL-IMC6-Ca hydrogel were also conducted (Figure 8b and Figure S4). The relative resistance change of the pAMAL-IMC6-Ca strain sensor was nearly independent of the frequency within the tested frequency range, implying the excellent stability of the sensor under diverse strain rates. In addition, after 1000 stretch/release cycles, the relative resistance response still remains almost the same, making it a potential candidate for wearable strain sensors.





3. Conclusions


A series of novel pAMAL-IMCx-Ca hydrogels with tunable mechanical strengths and conductivities were fabricated (x = 2, 4, 6 and 8). We systematically investigated their macroscopic and microscopic properties through mechanical tensile stress–strain tests, EIS, SEM and FTIR, and demonstrated that the alkyl chain length effects of the IMCx play an important role in the designing of hydrogel strain sensors. The experiment result shows that the hexyl chains of IMC6 can effectively entangle with LysMA through hydrophobic and electrostatic interactions, which significantly enhance the mechanical strength of the hydrogels. Furthermore, the different strain rates and the durability of the pAMAL-IMC6-Ca hydrogel were investigated, and we found that the relative resistance responses remain almost the same in both conditions, making it a potential candidate for wearable strain sensors.




4. Materials and Methods


4.1. Materials


Acrylamide, polyacrylamide (average MW 10,000) and trifluoroacetic acid were obtained from Acros Organics (Geel, Antwerp, Belgium). Potassium persulfate, sodium alginate and methacrylic anhydride were purchased from Sigma-Aldrich (St. Louis, MO, USA). N,N′-Methylenebisacrylamide, 1-vinylimidazole, bromoethane, 1-bromobutane, 1-bromohexane and 1-bromooctane were gained from Alfa Aesar (Ward Hill, MA, USA). Calcium chloride and Boc-Lys-OH were obtained from Merck (Darmstadt, Germany) and Carbosynth (Compton, UK), respectively. Deionized water was used in all the experiments.




4.2. Synthesis of Monomers


Methacrylated lysine (LysMA), 1-vinyl-3-ethylimidazolium bromide (IMC2), 1-vinyl-3-butylimidazolium bromide (IMC4), 1-vinyl-3-hexylimidazolium bromide (IMC6) as well as 1-vinyl-3-octylimidazolium bromide (IMC8) were synthesized according to literature procedures with suitable modifications [36,67]. The chemical structures of LysMA, IMC2, IMC4, IMC6 and IMC8 were characterized by 1H NMR spectra (see Supplementary Materials for detailed analyses).



Synthesis of LysMA: Boc-Lys-OH (0.50 g, 2.0 mmol) and NaHCO3 (0.34 g, 4.1 mmol) were dissolved in a mixed solution of THF/deionized water (7 mL, v/v = 6/1). Methacrylic anhydride (3.95 mL) in 7.5 mL THF was added dropwise into above reaction mixture over 15 min at 0 °C and then warmed to room temperature. After reaction for 24 h, THF was removed by rotary evaporation and the pH of the sample was adjusted to 2.0 using 0.1 M HCl aqueous solution. The sample was then extracted with CH2Cl2 and dried to give yellow oil-like crude product (Boc-LysMA-OH). The trifluoroacetic acid (15 mL) and CH2Cl2 (15 mL) were added to the crude product of Boc-LysMA-OH, and the reaction mixture was stirred at room temperature for 2 h. Subsequently, the reaction solution was poured into the mixture of hexane (15 mL) and ether (15 mL) and stored in refrigerator at −20 °C for 6 h. The white viscous solid was collected and dissolved in ethanol, followed by adding triethylamine to obtain a white precipitate of LysMA in 57% yield.



Synthesis of IMC2, IMC4, IMC6 and IMC8: Bromoethane (4.63 g, 42.5 mmol) was added to 1-vinylimidazole (1.00 g, 10.6 mmol) and the reaction mixture was heated to 70 °C for 24 h. After cooling to room temperature, the upper phase was poured out and the remaining liquid residue was washed with ethyl acetate (EA, 30 mL) for 3 times. EA was removed by rotary evaporation at 60 °C for 2 h to obtain a transparent liquid of IMC2 (yield: 78%). In a manner similar to that described above, IMC4, IMC6 and IMC8 were synthesized by reaction of 1-bromobutane (5.82 g, 42.5 mmol) with 1-vinylimidazole (1.00 g, 10.6 mmol), 1-bromohexane (7.57 g, 42.5 mmol) with 1-vinylimidazole (1.00 g, 10.6 mmol) as well as 1-bromooctane (8.21 g, 42.5 mmol) with 1-vinylimidazole (1.00 g, 10.6 mmol), respectively (yields: 74–78%).




4.3. Preparation of pAMAL-Based Hydrogels


Preparation of pAMAL hydrogel: Acrylamide (400 mg), sodium alginate (50 mg) and LysMA (30 mg) were dissolved in 2.5 mL of deionized water to gain a transparent solution. Thereafter, 500 μL of potassium persulfate solution (0.02 g/mL), 500 μL of polyacrylamide solution (1 mg/mL) and 100 μL of N,N′-methylenebisacrylamide solution (1 mg/mL) were added to obtain homogeneous solution. Subsequently, the above homogeneous solution was heated to 70 °C for 6 h to undergo the polymerization reaction and the resulting hydrogel was defined as pAMAL hydrogel.



Preparation of pAMAL-Ca hydrogel: Acrylamide (400 mg), sodium alginate (50 mg) and LysMA (30 mg) were dissolved in 2.5 mL of deionized water to gain a transparent solution. Thereafter, 500 μL of potassium persulfate solution (0.02 g/mL), 500 μL of polyacrylamide solution (1 mg/mL) and 100 μL of N,N′-methylenebisacrylamide solution (1 mg/mL) were added to obtain homogeneous solution. Subsequently, the above homogeneous solution was heated to 70 °C for 6 h. After 6 h, the hydrogel was formed and cooled to room temperature, then soaked in an aqueous solution consisting of 0.4 M of CaCl2 for 6 h. The resulting hydrogel was defined as pAMAL-Ca hydrogel.



Preparation of pAMAL-IMCx-Ca hydrogel: Acrylamide (400 mg), sodium alginate (50 mg) and LysMA (30 mg) were dissolved in 2.5 mL of deionized water to gain a transparent solution. Thereafter, 500 μL of potassium persulfate solution (0.02 g/mL), 500 μL of polyacrylamide solution (1 mg/mL), 100 μL of N,N′-methylenebisacrylamide solution (1 mg/mL) as well as 30 μL IMC2 were added to the above transparent solution and the mixture was heated to 70 °C for 6 h. After 6 h, the hydrogel was formed and cooled to room temperature, then soaked in an aqueous solution consisting of 0.4 M of CaCl2 for 6 h. The resulting hydrogel was defined as pAMAL-IMC2-Ca hydrogel. The pAMAL-IMC4-Ca, pAMAL-IMC6-Ca and pAMAL-IMC8-Ca hydrogels were prepared by replacing IMC2 with IMC4, IMC6 and IMC8, respectively.




4.4. Measurements


Nuclear magnetic resonance (NMR) spectra were conducted by Bruker (Billerica, MA, USA) AVANCEII-400 MHz spectrometer with D2O as the solvent. The morphologies of hydrogels were observed using the scanning electron microscope (SEM, JSM-7600F) and the molecular interactions of the hydrogels were characterized using a Thermo Fisher Scientific (Waltham, MA, USA) Nicolet iS5 Fourier transform infrared (FTIR) spectrometer. Both of the test samples were prepared via drying the hydrogels by freeze vacuum drier. For SEM samples preparation, the hydrogel samples were rapidly frozen in liquid nitrogen and further lyophilized with a freeze dryer system under vacuum at −80 °C for at least 24 h until all of the water was sublimed. Freeze-dried hydrogel samples were coated with platinum under vacuum, and were used to investigate the morphology of the pAMAL-based hydrogels utilizing a Jeol (Tokyo, Japan) JSM-7600F scanning electron microscopy [68,69]. The mechanical tests were performed on a tensile tester (Gotech AI-3000-U, Taichung, Taiwan). The lap-shear test was conducted to examine the adhesion strength of the hydrogels (with a load cell 10 N at a rate of 5 mm/min). The lap shear strength was calculated using Equation (1):


Lap shear strength (Pa) = maximum loading force (N)/bonging area (m2)



(1)







The electrochemical measurements were recorded with CH Instruments (Austin, TX, USA) CHI627E Electrochemical Workstation. The electrochemical cell with a sandwich structure was fabricated by assembling the conductive hydrogel sheet in the middle of two indium tin oxide (ITO) glass substrates, wherein the thickness of the conductive hydrogel was 0.08 mm. The conductivity (σ, S/cm) was calculated according to the Equation (2):


σ = L/(R × A)



(2)




where L was the length between ITO glass substrates, R and A represented the resistance and the cross-sectional area of hydrogel samples, respectively.



The relative changes of hydrogel resistance were calculated by the Equation (3):


ΔR/R0 = (R − R0)/R0 × 100%



(3)




where R0 and R were the resistance of hydrogel without and with the imposed strain, respectively.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/gels7040164/s1, Table S1: The composition of the pAMAL-based hydrogels, Figure S1: The photographs of pAMAL, pAMAL-Ca, pAMAL-IMC2-Ca, pAMAL-IMC4-Ca, pAMAL-IMC6-Ca and pAMAL-IMC8-Ca hydrogels, Figure S2: The tensile strengths of pAMAL-based hydrogels. Error bars show standard deviation, Figure S3: Exhibition of adhesion between pAMAL-IMC6-Ca hydrogel and various substrates (wood, plastic, glass and rubber), Figure S4: Relative resistance change over 1000 cycles (pAMAL-IMC6-Ca hydrogel), Figure S5: The proton NMR spectrum of Lys-MA in D2O, Figure S6: The proton NMR spectrum of IMC2 in D2O, Figure S7: The proton NMR spectrum of IMC4 in D2O, Figure S8: The proton NMR spectrum of IMC6 in D2O, Figure S9: The proton NMR spectrum of IMC8 in D2O, Video S1: Adhesive testing of pAMAL-IMC6-Ca hydrogel (finger), Video S2: Adhesive testing of pAMAL-IMC6-Ca hydrogel (gloves).





Author Contributions


Conceptualization and methodology, C.-K.C. and H.-J.W.; validation, formal analysis as well as data curation, C.-K.C. and P.-W.C.; investigation, C.-K.C.; resources, writing—original draft preparation, writing—review and editing, supervision, project administration and funding acquisition, M.-Y.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Science and Technology of the Republic of China, Taiwan (MOST 109-2113-M-033-006- and 110-2113-M-033-006-).




Acknowledgments


We gratefully acknowledge support by the Ministry of Science and Technology of the Republic of China, Taiwan.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sun, B.; Huang, X. Seeking advanced thermal management for stretchable electronics. NPJ Flex. Electron. 2021, 5, 12. [Google Scholar] [CrossRef]

	



Gu, Y.; Zhang, T.; Chen, H.; Wang, F.; Pu, Y.; Gao, C.; Li, S. Mini Review on Flexible and Wearable Electronics for Monitoring Human Health Information. Nanoscale Res. Lett. 2019, 14, 263. [Google Scholar] [CrossRef]

	



Sakuma, K.; Iniewski, K. Flexible, Wearable, and Stretchable Electronics, 1st ed.; CRC Press: Boca Raton, FL, USA, 2020. [Google Scholar]

	



Bao, Z.; Chen, X. Flexible and Stretchable Devices. Adv. Mater. 2016, 28, 4177–4179. [Google Scholar] [CrossRef]

	



Wei, H.; Wang, H.; Xia, Y.; Cui, D.; Shi, Y.; Dong, M.; Liu, C.; Ding, T.; Zhang, J.; Ma, Y.; et al. An overview of lead-free piezoelectric materials and devices. J. Mater. Chem. C 2018, 6, 12446–12467. [Google Scholar] [CrossRef]

	



Liu, Y.; Pharr, M.; Salvatore, G.A. Lab-on-Skin: A Review of Flexible and Stretchable Electronics for Wearable Health Monitoring. ACS Nano 2017, 11, 9614–9635. [Google Scholar] [CrossRef]

	



Lipomi, D.J. Stretchable Figures of Merit in Deformable Electronics. Adv. Mater. 2016, 28, 4180–4183. [Google Scholar] [CrossRef] [PubMed]

	



Fan, J.A.; Yeo, W.H.; Su, Y.; Hattori, Y.; Lee, W.; Jung, S.Y.; Zhang, Y.; Liu, Z.; Cheng, H.; Falgout, L.; et al. Fractal Design Concepts for Stretchable Electronics. Nat. Commun. 2014, 5, 3266. [Google Scholar] [CrossRef]

	



Lee, J.; Shin, S.; Lee, S.; Song, J.; Kang, S.; Han, H.; Kim, S.; Kim, S.; Seo, J.; Kim, D.; et al. Highly Sensitive Multifilament Fiber Strain Sensors with Ultrabroad Sensing Range for Textile Electronics. ACS Nano 2018, 12, 4259–4268. [Google Scholar] [CrossRef] [PubMed]

	



Gao, W.; Ota, H.; Kiriya, D.; Takei, K.; Javey, A. Flexible Electronics toward Wearable Sensing. Acc. Chem. Res. 2019, 52, 523–533. [Google Scholar] [CrossRef] [PubMed]

	



Roh, E.; Hwang, B.-U.; Kim, D.; Kim, B.-Y.; Lee, N.-E. Stretchable, Transparent, Ultrasensitive, and Patchable Strain Sensor for Human–Machine Interfaces Comprising a Nanohybrid of Carbon Nanotubes and Conductive Elastomers. ACS Nano 2015, 9, 6252–6261. [Google Scholar] [CrossRef]

	



Shi, G.; Zhao, Z.; Pai, J.-H.; Lee, I.; Zhang, L.; Stevenson, C.; Ishara, K.; Zhang, R.; Zhu, H.; Ma, J. Highly Sensitive, Wearable, Durable Strain Sensors and Stretchable Conductors Using Graphene/Silicon Rubber Composites. Adv. Funct. Mater. 2016, 26, 7614–7625. [Google Scholar] [CrossRef]

	



Liao, X.; Song, W.; Zhang, X.; Huang, H.; Wang, Y.; Zheng, Y. Directly printed wearable electronic sensing textiles towards human–machine interfaces. J. Mater. Chem. C 2018, 6, 12841–12848. [Google Scholar] [CrossRef]

	



Xu, H.; Lv, Y.; Qiu, D.; Zhou, Y.; Zeng, H.; Chu, Y. An ultra-stretchable, highly sensitive and biocompatible capacitive strain sensor from an ionic nanocomposite for on-skin monitoring. Nanoscale 2019, 11, 1570–1578. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Li, C.; Chen, X.; Zhao, Y.; Zhang, H.; Wen, N.; Fan, Z.; Pan, L. Facile Fabrication of High-Performance Pen Ink-Decorated Textile Strain Sensors for Human Motion Detection. ACS Appl. Mater. Interfaces 2020, 12, 19874–19881. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Y.; Wang, R.; Sun, J.; Gao, L. A Stretchable and Highly Sensitive Graphene-Based Fiber for Sensing Tensile Strain, Bending, and Torsion. Adv. Mater. 2015, 27, 7365–7371. [Google Scholar] [CrossRef] [PubMed]

	



Amjadi, M.; Turan, M.; Clementson, C.P.; Sitti, M. Parallel Microcracks-based Ultrasensitive and Highly Stretchable Strain Sensors. ACS Appl. Mater. Interfaces 2016, 8, 5618–5626. [Google Scholar] [CrossRef]

	



Zhai, W.; Xia, Q.; Zhou, K.; Yue, X.; Ren, M.; Zheng, G.; Dai, K.; Liu, C.; Shen, C. Multifunctional flexible carbon black/polydimethylsiloxane piezoresistive sensor with ultrahigh linear range, excellent durability and oil/water separation capability. Chem. Eng. J. 2019, 372, 373–382. [Google Scholar] [CrossRef]

	



Lu, L.; Zhou, Y.; Pan, J.; Chen, T.; Hu, Y.; Zheng, G.; Dai, K.; Liu, C.; Shen, C.; Sun, X.; et al. Design of Helically Double-Leveled Gaps for Stretchable Fiber Strain Sensor with Ultralow Detection Limit, Broad Sensing Range, and High Repeatability. ACS Appl. Mater. Interfaces 2019, 11, 4345–4352. [Google Scholar] [CrossRef]

	



Wang, C.; Li, X.; Gao, E.; Jian, M.; Xia, K.; Wang, Q.; Xu, Z.; Ren, T.; Zhang, Y. Carbonized Silk Fabric for Ultrastretchable, Highly Sensitive, and Wearable Strain Sensors. Adv. Mater. 2016, 28, 6640–6648. [Google Scholar] [CrossRef]

	



Zhou, Y.; Zhan, P.; Ren, M.; Zheng, G.; Dai, K.; Mi, L.; Liu, C.; Shen, C. Significant Stretchability Enhancement of a Crack-Based Strain Sensor Combined with High Sensitivity and Superior Durability for Motion Monitoring. ACS Appl. Mater. Interfaces 2019, 11, 7405–7414. [Google Scholar] [CrossRef]

	



Liu, X.; Wei, Y.; Qiu, Y. Advanced Flexible Skin-Like Pressure and Strain Sensors for Human Health Monitoring. Micromachines 2021, 12, 695. [Google Scholar] [CrossRef]

	



Zang, Y.; Zhang, F.; Di, C.-A.; Zhu, D. Advances of flexible pressure sensors toward artificial intelligence and health care applications. Mater. Horizons 2015, 2, 140–156. [Google Scholar] [CrossRef]

	



Barlian, A.A.; Park, W.T.; Mallon, J.R.; Rastegar, A.J.; Pruitt, B.L. Review: Semiconductor Piezoresistance for Microsystems. Proc. IEEE 2009, 97, 513–552. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Chen, J.; Wang, L.; Gao, G.; Zhou, Y.; Wang, R.; Xu, T.; Yin, J.; Fu, J. Flexible and wearable strain sensors based on tough and self-adhesive ion conducting hydrogels. J. Mater. Chem. B 2019, 7, 24–29. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Liu, C.; Lv, X.; Sun, S. A highly sensitive strain sensor based on a silica@ polyaniline core–shell particle reinforced hydrogel with excellent flexibility, stretchability, toughness and conductivity. Soft Matter 2021, 17, 2142–2150. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, H.; Lin, N.; He, Y.; Zuo, B. Self-Healing, Self-Adhesive Silk Fibroin Conductive Hydrogel as a Flexible Strain Sensor. ACS Appl. Mater. Interfaces 2021, 13, 40013–40031. [Google Scholar] [CrossRef]

	



Darnell, M.C.; Sun, J.-Y.; Mehta, M.; Johnson, C.; Arany, P.R.; Suo, Z.; Mooney, D.J. Performance and biocompatibility of extremely tough alginate/polyacrylamide hydrogels. Biomaterials 2013, 34, 8042–8048. [Google Scholar] [CrossRef]

	



Sun, J.-Y.; Zhao, X.; Illeperuma, W.R.K.; Chaudhuri, O.; Oh, K.H.; Mooney, D.J.; Vlassak, J.J.; Suo, Z. Highly stretchable and tough hydrogels. Nature 2012, 489, 133–136. [Google Scholar] [CrossRef] [PubMed]

	



Yang, C.H.; Wang, M.X.; Haider, H.; Yang, J.H.; Sun, J.Y.; Chen, Y.M.; Zhou, J.; Suo, Z. Strengthening alginate/polyacrylamide hydrogels using various multivalent cations. ACS Appl. Mater. Interfaces 2013, 5, 10418–10422. [Google Scholar] [CrossRef] [PubMed]

	



Choi, S.; Kim, J. Designed fabrication of super-stiff, anisotropic hybrid hydrogels via linear remodeling of polymer networks and subsequent crosslinking. J. Mater. Chem. B 2015, 3, 1479–1483. [Google Scholar] [CrossRef]

	



Li, J.; Illeperuma, W.R.K.; Suo, Z.; Vlassak, J.J. Hybrid Hydrogels with Extremely High Stiffness and Toughness. ACS Macro Lett. 2014, 3, 520–523. [Google Scholar] [CrossRef]

	



Wang, J.; Wei, J.; Su, S.; Qiu, J.; Wang, S. Ion-linked double-network hydrogel with high toughness and stiffness. J. Mater. Sci. 2015, 50, 5458–5465. [Google Scholar] [CrossRef]

	



Liu, J.; Lin, S.; Liu, X.; Qin, Z.; Yang, Y.; Zang, J.; Zhao, X. Fatigue-resistant adhesion of hydrogels. Nat. Commun. 2020, 11, 1071. [Google Scholar] [CrossRef] [PubMed]

	



Xue, Y.; Zhang, J.; Chen, X.; Zhang, J.; Chen, G.; Zhang, K.; Lin, J.; Guo, C.; Liu, J. Trigger-Detachable Hydrogel Adhesives for Bioelectronic Interfaces. Adv. Funct. Mater. 2021, 2106446. [Google Scholar] [CrossRef]

	



Gao, Y.; Jia, F.; Gao, G. Transparent and conductive amino acid-tackified hydrogels as wearable strain sensors. Chem. Eng. J. 2019, 375, 121915. [Google Scholar] [CrossRef]

	



Shabalin, D.A.; Camp, J.E. Recent advances in the synthesis of imidazoles. Org. Biomol. Chem. 2020, 18, 3950–3964. [Google Scholar] [CrossRef]

	



Green, M.D.; Long, T.E. Designing Imidazole-Based Ionic Liquids and Ionic Liquid Monomers for Emerging Technologies. Polym. Rev. 2009, 49, 291–314. [Google Scholar] [CrossRef]

	



Zhou, Y.; Fei, X.; Tian, J.; Xu, L.; Li, Y. A ionic liquid enhanced conductive hydrogel for strain sensing applications. J. Colloid Interface Sci. 2022, 606, 192–203. [Google Scholar] [CrossRef]

	



Yan, K.; Sun, Y.; Huang, X. Effect of the alkyl chain length of a hydrophobic ionic liquid (IL) as an oil phase on the phase behavior and the microstructure of H2O/IL/nonionic polyoxyethylene surfactant ternary systems. RSC Adv. 2014, 4, 32363–32370. [Google Scholar] [CrossRef]

	



Cai, Y.; Qin, J.; Li, W.; Tyagi, A.; Liu, Z.; Hossain, M.D.; Chen, H.; Kim, J.-K.; Liu, H.; Zhuang, M.; et al. A stretchable, conformable, and biocompatible graphene strain sensor based on a structured hydrogel for clinical application. J. Mater. Chem. A 2019, 7, 27099–27109. [Google Scholar] [CrossRef]

	



Yu, F.; Cui, T.; Yang, C.; Dai, X.; Ma, J. κ-Carrageenan/Sodium alginate double-network hydrogel with enhanced mechanical properties, anti-swelling, and adsorption capacity. Chemosphere 2019, 237, 124417. [Google Scholar] [CrossRef]

	



Wang, J.; Zhao, Y.; Ma, F.-X.; Wang, K.; Wang, F.-B.; Xia, X.-H. Synthesis of a hydrophilic poly-L-lysine/graphene hybrid through multiple non-covalent interactions for biosensors. J. Mater. Chem. B 2013, 1, 1406–1413. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Kuang, N.; Chen, L.; Fan, Y.; Fu, F.; Li, J.; Zhang, J. Synthesis and property of alkyl dioxyethyl α-D-xyloside. J. Mol. Liq. 2020, 315, 113770. [Google Scholar] [CrossRef]

	



Zheng, Y.; Liang, Y.; Zhang, D.; Sun, X.; Liang, L.; Li, J.; Liu, Y.-N. Gelatin-Based Hydrogels Blended with Gellan as an Injectable Wound Dressing. ACS Omega 2018, 3, 4766–4775. [Google Scholar] [CrossRef] [PubMed]

	



Riaz, T.; Zeeshan, R.; Zarif, F.; Ilyas, K.; Muhammad, N.; Safi, S.Z.; Rahim, A.; Rizvi, S.A.A.; Rehman, I.U. FTIR analysis of natural and synthetic collagen. Appl. Spectrosc. Rev. 2018, 53, 703–746. [Google Scholar] [CrossRef]

	



Zhang, Y.; Tao, L.; Li, S.; Wei, Y. Synthesis of Multiresponsive and Dynamic Chitosan-Based Hydrogels for Controlled Release of Bioactive Molecules. Biomacromolecules 2011, 12, 2894–2901. [Google Scholar] [CrossRef]

	



Matsuda, Y.; Okuda, K.; Tasaka, S. Interfacial phase of nylon 6 strongly adsorbed on alumina particles. Polym. J. 2020, 52, 1121–1127. [Google Scholar] [CrossRef]

	



Rao, C.N.R.; Chaturvedi, G.C.; Gosavi, R.K. Infrared spectra and configurations of alkylurea derivatives: Normal vibrations on N, N’-dimethyl- and tetramethylurea. J. Mol. Spectrosc. 1968, 28, 526–535. [Google Scholar] [CrossRef]

	



Schäfer, S.; Kickelbick, G. Double Reversible Networks: Improvement of Self-Healing in Hybrid Materials via Combination of Diels–Alder Cross-Linking and Hydrogen Bonds. Macromolecules 2018, 51, 6099–6110. [Google Scholar] [CrossRef]

	



Lv, Z.; Liu, J.; Yang, X.; Fan, D.; Cao, J.; Luo, Y.; Zhang, X. Naturally Derived Wearable Strain Sensors with Enhanced Mechanical Properties and High Sensitivity. ACS Appl. Mater. Interfaces 2020, 12, 22163–22169. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Lin, Y.; Mohamed, A.; Ji, Q.; Jia, H. High strength and flexible aramid nanofiber conductive hydrogels for wearable strain sensors. J. Mater. Chem. C 2021, 9, 575–583. [Google Scholar] [CrossRef]

	



Wang, X.; Liu, X.; Schubert, D.W. Highly Sensitive Ultrathin Flexible Thermoplastic Polyurethane/Carbon Black Fibrous Film Strain Sensor with Adjustable Scaffold Networks. Nano-Micro Lett. 2021, 13, 64. [Google Scholar] [CrossRef]

	



Marr, P.C.; Marr, A.C. Ionic liquid gel materials: Applications in green and sustainable chemistry. Green Chem. 2016, 18, 105–128. [Google Scholar] [CrossRef]

	



Gao, Y.; Duan, L.; Guan, S.; Gao, G.; Cheng, Y.; Ren, X.; Wang, Y. The effect of hydrophobic alkyl chain length on the mechanical properties of latex particle hydrogels. RSC Adv. 2017, 7, 44673–44679. [Google Scholar] [CrossRef]

	



Hajighasem, A.; Kabiri, K. Cationic highly alcohol-swellable gels: Synthesis and characterization. J. Polym. Res. 2013, 20, 218. [Google Scholar] [CrossRef]

	



Vats, K.; Benoit, D.S. Dynamic manipulation of hydrogels to control cell behavior: A review. Tissue Eng. Part B Rev. 2013, 19, 455–469. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, M.; Han, X.; Fan, Z.; Zhang, H.; Li, Q. High-strength and highly electrically conductive hydrogels for wearable strain sensor. Chem. Phys. Lett. 2021, 769, 138437. [Google Scholar] [CrossRef]

	



Souri, H.; Bhattacharyya, D. Wearable strain sensors based on electrically conductive natural fiber yarns. Mater. Des. 2018, 154, 217–227. [Google Scholar] [CrossRef]

	



Chen, Z.; Liu, J.; Yu, Z.; Chou, K.-C. Electrical conductivity of CaCl2–KCl–NaCl system at 1080 K. Thermochim. Acta 2012, 543, 107–112. [Google Scholar] [CrossRef]

	



Heaney, M.B. Electrical Conductivity and Resistivity. In Electrical Measurement, Signal Processing, and Displays; Webster, J.G., Ed.; CRC Press: Boca Raton, FL, USA, 2003; pp. 7–11. [Google Scholar]

	



Zhang, X.; Chen, J.; He, J.; Bai, Y.; Zeng, H. Mussel-inspired adhesive and conductive hydrogel with tunable mechanical properties for wearable strain sensors. J. Colloid Interface Sci. 2021, 585, 420–432. [Google Scholar] [CrossRef] [PubMed]

	



Yin, J.; Pan, S.; Wu, L.; Tan, L.; Chen, D.; Huang, S.; Zhang, Y.; He, P. A self-adhesive wearable strain sensor based on a highly stretchable, tough, self-healing and ultra-sensitive ionic hydrogel. J. Mater. Chem. C 2020, 8, 17349–17364. [Google Scholar] [CrossRef]

	



Zhang, Q.; Liu, X.; Duan, L.; Gao, G. Ultra-stretchable wearable strain sensors based on skin-inspired adhesive, tough and conductive hydrogels. Chem. Eng. J. 2019, 365, 10–19. [Google Scholar] [CrossRef]

	



Bon, S.B.; Chiesa, I.; Esposti, M.D.; Morselli, D.; Fabbri, P.; De Maria, C.; Morabito, A.; Coletta, R.; Calamai, M.; Pavone, F.S.; et al. Carbon Nanotubes/Regenerated Silk Composite as a Three-Dimensional Printable Bio-Adhesive Ink with Self-Powering Properties. ACS Appl. Mater. Interfaces 2021, 13, 21007–21017. [Google Scholar] [CrossRef] [PubMed]

	



Qi, M.; Xu, Y.-J.; Rao, W.-H.; Luo, X.; Chen, L.; Wang, Y.-Z. Epoxidized soybean oil cured with tannic acid for fully bio-based epoxy resin. RSC Adv. 2018, 8, 26948–26958. [Google Scholar] [CrossRef]

	



Guzmán-Lucero, D.; Castillo-Acosta, S.; Martínez-Palou, R. Glycerol Carbonate Synthesis Using Poly(1-alkyl-3-vinylimidazolium) Imidazolates as Catalysts. ChemistrySelect 2020, 5, 13694–13702. [Google Scholar] [CrossRef]

	



Rahman, M.S.; Islam, M.M.; Islam, M.S.; Zaman, A.; Ahmed, T.; Biswas, S.; Sharmeen, S.; Rashid, T.U.; Rahman, M.M. Morphological Characterization of Hydrogels. In Cellulose-Based Superabsorbent Hydrogels; Mondal, M.I.H., Ed.; Springer: Berlin/Heidelberg, Germany, 2019; pp. 819–863. [Google Scholar]

	



Wang, H.-J.; Chu, Y.-Z.; Chen, C.-K.; Liao, Y.-S.; Yeh, M.-Y. Preparation of conductive self-healing hydrogels via an interpenetrating polymer network method. RSC Adv. 2021, 11, 6620–6627. [Google Scholar] [CrossRef]








[image: Gels 07 00164 g001 550] 





Figure 1. A schematic image of the fabrication process and formation mechanism of pAMAL-IMCx-Ca hydrogels (x = 2, 4, 6 and 8). 
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Figure 2. SEM images of pAMAL, pAMAL-Ca, pAMAL-IMC2-Ca, pAMAL-IMC4-Ca, pAMAL-IMC6-Ca and pAMAL-IMC8-Ca hydrogels. Scale bar: 10 μm. 
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Figure 3. FTIR spectra of pAMAL-based hydrogels (pAMAL for black; pAMAL-Ca for red; pAMAL-IMC2-Ca for blue; pAMAL-IMC4-Ca for olive; pAMAL-IMC6-Ca for magenta; pAMAL-IMC8-Ca for orange). 
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Figure 4. The tensile stress–strain curves of pAMAL-based hydrogels and inset are the partial enlarged details (pAMAL for black; pAMAL-Ca for red; pAMAL-IMC2-Ca for blue; pAMAL-IMC4-Ca for olive; pAMAL-IMC6-Ca for magenta; pAMAL-IMC8-Ca for orange). 
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Figure 5. Nyquist impedance spectra of pAMAL-based hydrogels (pAMAL for black; pAMAL-Ca for red; pAMAL-IMC2-Ca for blue; pAMAL-IMC4-Ca for olive; pAMAL-IMC6-Ca for magenta; pAMAL-IMC8-Ca for orange). Inset is the schematic diagram of the electrochemical test device. 
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Figure 6. Shear strength tests of pAMAL-based hydrogels (pAMAL-IMC2-Ca for blue; pAMAL-IMC4-Ca for olive; pAMAL-IMC6-Ca for magenta; pAMAL-IMC8-Ca for orange). 
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Figure 7. The pAMAL-IMC6-Ca hydrogel exhibited good adhesiveness and load-bearing properties. 
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Figure 8. (a) Relative resistance changes for the stretching and bending of the index finger (pAMAL-IMC6-Ca hydrogel). (b) Relative resistance change under different stretch frequencies (0.1 Hz for black; 0.5 Hz for red; 1.0 Hz for blue; 2.0 Hz for olive). 
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Table 1. Mechanical and electrical properties of pAMAL-based hydrogels.
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	Hydrogels
	Tensile Strength

(kPa)
	Elongation at Break (%)
	Young’s Modulus

(kPa)
	Rs

(Ω)
	Resistivity

(kΩ·cm)
	Conductivity

(μS/cm)





	pAMAL
	0.64
	871
	0.17
	42.0
	5.3
	190.5



	pAMAL-Ca
	1.28
	491
	0.24
	24.1
	3.0
	332.0



	pAMAL-IMC2-Ca
	0.13
	537
	0.09
	120.2
	15.0
	66.6



	pAMAL-IMC4-Ca
	0.39
	1201
	0.04
	8.3
	1.0
	969.7



	pAMAL-IMC6-Ca
	8.25
	868
	1.48
	11.2
	1.4
	714.3



	pAMAL-IMC8-Ca
	0.57
	665
	0.11
	97.5
	12.2
	82.1
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