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Abstract: The flexible wearable sensors with excellent stretchability, high sensitivity and good biocompatibility are significantly required for continuously physical condition tracking in health management and rehabilitation monitoring. Herein, we present a high-performance wearable sensor. The sensor is prepared with nanocomposite hydrogel by using silk fibroin (SF), polyacrylamide (PAM), polydopamine (PDA) and graphene oxide (GO). It can be used to monitor body motions (including large-scale and small-scale motions) as well as human electrophysiological (ECG) signals with high sensitivity, wide sensing range, and fast response time. Therefore, the proposed sensor is promising in the fields of rehabilitation, motion monitoring and disease diagnosis.
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1  Introduction

In recent years, the emergence of flexible sensors has greatly improved the comfort of the wear and the convenience of use compared to the traditional metal-based wearable sensor, which means they are more beneficial for long-term, continuous, and accurate monitoring of limb movement information in rehabilitation patients and physiological parameters in chronic patients. The flexible strain sensors [1,2] have attracted the most attention due to they can easily convert human movement deformation or physiological information into electrical signals (resistance or capacitance) by using a variety of conductive materials. In practical applications, the conductive materials (such as graphene [3], Multi-walled carbon nanotubes (MWCNTs), and MXene [4,5], etc.) were usually coated or deposited on the surface of polymer substrates (such as PDMS, PU, etc.). However, these methods will cause delamination between the conductive layer and elastic substrate in sensors due to the weak binding force of different materials, which will seriously affect the stability and service life of sensors [6,7]. In addition, the conductive composites based aerogel or hydrogel using intrinsically conductive polymers such as polyacetylene [8], polythiophene [9,10], polypyrrole (PPy) [11,12] have been widely studied in past decade. It should be noted that these materials have several disadvantages, including poor elongation properties and complex preparation method. Moreover, these materials have poor self-adhesion and mechanical properties, which cannot meet the needs of practical application. Therefore, it is still an urgent problem [13–15] to prepare a flexible wearable device to meet the requirements of excellent sensitivity, good stability, and superior biocompatibility [16,17].

The hydrogels reveal a broad application prospect owing to their special mechanical properties similar to the skin tissues resulting to blur the boundary between wearable sensors and human skin. The conductive hydrogels prepared by mixing conductive nanomaterials (metal nanoparticles and graphene sheets) in polymers can greatly endow the hydrogel-based sensor with excellent electrical and mechanical properties [18–20]. Liao et al. used functionalized single-walled carbon nanotubes to prepare a nanocomposite hydrogel with good conductive and self-adhesive [21]. Annabi et al. proposed a graphene-based nanocomposite hydrogel with excellent sensing properties and good biocompatibility [22]. In addition, the polymer PAM which possesses good biocompatibility and mechanical tunability, has been widely used in the preparation of flexible wearable sensors. However, the pure PAM-based hydrogels have poor mechanical properties cannot be applied to flexible wearable devices alone [23,24]. Silk fibroin (SF) [25,26] is a natural protein that is widely used for its excellent mechanical toughness, ease of access, and good biocompatibility. Therefore, if the hydrogels prepared with both PAM and SF will have superior mechanical properties that can meet the requirements of wearable sensors for mechanical properties, elongation, and wear resistance [23,27,28].

In addition, the issue of conformal contact between the human skins and the surfaces of sensors is also not fully resolved [29,30], therefore, the difference of tensile and bending stiffness between human skin and sensor may seriously affect the measurement results, even if the sensor is attached to human skin by physical methods, such as adhesive bandages. The PDA molecules which possess similar structure to mussel adhesion protein, can firmly adhere to a wide variety of surfaces. Furthermore, the GO molecules can be reduced to the partly reduce graphene oxide (prGO) molecules by the DA molecules during the self-polymerization of the DA molecules to form PDA molecules [9,31]. Meanwhile, the PDA can also promote the dispersion of prGO in solution, thus facilitating the construction of a uniform prGO-based conductive network in hydrogel system [32,33].

In this work, a flexible wearable sensor was prepared by using GO, natural materials SF, eupolymer PAM and PDA. The hydrogel based sensor exhibits excellent electrical and mechanical properties, its conductivity, tensile stress, and tensile strain reach 10.5 mS cm−1, 60.5 KPa and 1020%, respectively. Moreover, it shows excellent adhesion properties, which enable it to adhere to almost all types of organic and inorganic surfaces, such as glasses, human skins, and rubbers. In addition, due to the strong durability and repeatability of this hydrogel, it can be used on the human body directly to detect small-scale motions (the movement of the face, wrists, fists) and large-scale motions (the movement of the necks, knees, fingers). Furthermore, excellent biocompatibility is another property of hydrogels, ensuring the hydrogel can be used as electrodes to detect ECG signals without causing human skin reactions.

2  Experiment Section

2.1 Materials

SF was obtained from Southwest University., GO was purchased from Nanjing Jicang Nanotechnology Co., Ltd. (Nanjing, China) Acrylamide (Am), ammonium persulfate (APS), N, N′-Methylenebis(acrylamide) (MBA) and N, N, N′, N′-tetramethyl ethylenediamine(TEMED) were obtained from Aladdin. SF powder was obtained from China Tiansi Bio-Tech. DA was provided by BBI Co. (Shanghai, China), NIH3T3 cells obtained from our laboratory., Cell Counting Kit-8 (CCK-8) and Fetal Bovine Serum were obtained from Solarbio Life Science Co., Ltd (Beijing, China). Trypsin was purchased from Thermo Fisher Scientific. All the solvents in this work were analytical grades.

2.2 Preparation of SF Solution
(1) LiBr method: The cocoon pieces were boiled in 0.02 M/L Na2CO3 aqueous solution for 1 h. Then, wash the SF and place it in an oven at 50°C until dry thoroughly. After that, the dried SF was added to 9.3 M LiBr in a water bath at 60°C until it was completely dissolved. Dialysis the above solution for three days and change water every 12 h. Impurities were removed by centrifuging the solution, and then the obtained solution was stored at 4°C.

(2) Ternary solvent method: The solvent was prepared by the molar ratio of calcium chloride: ethanol: water = 1:2:8. Then put the degummed SF (Degumming steps are shown in (1)) in the ternary solvent in the water bath at 70°C for 4 h. The dialysis process is the same as (1).

2.3 Preparation of Hydrogels
(1) GO was dissolved in deionized water and ultrasonic dispersion. Then NaOH was used to adjust the pH value of GO solution to 11 and add DA to the above solution. Keep stirring at 70°C for 2 h at a speed of 500 rpm, then PAM and SF were added into the solution, and kept stirring until evenly dispersed.

(2) Formation of PAM-SF-PDA-prGO(PSPp) hydrogel: The MBA and APS were added into the (1) solution, then keep stirring for 10 min. Finally, TMEDA was added quickly and stirred until the hydrogel was formed and assembled as the flexible wearable sensor.

2.4 Characterization

The morphological characteristics and internal features of hydrogel were observed by SEM (Cai Si Gemini 300) and FTIR spectroscopy (Thermo IS50), respectively. Cell morphology was observed by Leica DMi8 inverted fluorescence microscope.

2.5 Mechanical Test

The hydrogels were cut into lengths, width, and thickness of 30, 10, and 3 mm respectively. These samples are used in tensile, antifatigue, and adhesion tests by the universal testing machine (E43, MTS). In this experiment, the moving speed of the tension machine is 40, 30, and 2 mm min−1, respectively.

2.6 Electricity Test

Electrochemical workstations (CHI604E) were used to test the sensitivity and resistivity of hydrogels via the three-electrode double probe method. The hydrogel sensor and an electrochemical workstation are used to form a loop. Then, the sensor was placed on the finger, wrist, neck, throat, face, and knees of the human body to monitor electrical signals produced by different movements.

2.7 Swelling Test

The hydrogels (PAM, PS, PSP, PSPp) were dried to constant weight (W0) by freeze-drying. The dried hydrogel was soaked in PBS solution, and the PBS on the surface was removed at the corresponding time and the swelling equilibrium mass (Wa) was measured. The swelling ratio (SR) of hydrogels is determined by the equation (SR = (Wa − W0)/W0) × 100%).

2.8 Cytotoxicity Evaluation

The cytotoxicity of hydrogel was evaluated by the CCK8 method using NIH3T3 fibroblasts. In the experimental group, PSPp hydrogel soaking solution was used as the culture medium. In addition, the culture medium was used as the negative control group. CCK8 detection reagent was added to the above two groups, and then cultured in cell incubator for 2 h. Then record the optical density (OD) detected by the microplate reader at 450 nm was used to calculate the biocompatibility of the hydrogel.

3  Results and Discussion

Fig. 1 illustrates the schematic of graphene-based, scalable, self-adhered, conductive hydrogel [34]. After DA was added to the alkaline solution, it will undergo a self-healing reaction immediately, with the increasing time of the self-polymerization reaction, the solution gradually changes from brown-yellow to black. During this process, the oxygen-containing functional groups of GO were reduced. Meanwhile, the generated PDA provides various non-covalent bonds that promote the dispersion of reduced graphene oxide(rGO) in water, which endows hydrogels with excellent conductivity. In addition, after PAM, SF, and crosslink agents were added to the solution, the functional groups of GO/rGO formed hydrogen bonds with amide groups in the PAM network (Fig. 1c). Therefore, it can be considered that strong hydrogen bonds connect PAM, SF, PDA, and GO into networks. Meanwhile, under the interaction of Vander Waals forces and covalent bond, the hydrogel exhibit outstanding tensile property and conductivity (Fig. 1c).
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Figure 1: Schematic illustration of internal structure of PAM-SF-PDA-prGO (PSPp) hydrogel; (a) The residual catechol group of PDA chains endowed the PSPp hydrogel with self-adhersion property; (b) α and β folds in SF chains enhance the mechanical properties of hydrogels; (c) Schematic diagram of the PSPp hydrogel internal network

The fabrication procedures of the PSPp hydrogel are exhibited in Fig. 2. Firstly, DA was added to the GO dispersion and adjusted to pH 11 with NaOH, then the above solutions were mixed via a simple mixing method. Finally, PAM and corresponding crosslinker were added in order to form PSPp hydrogel interpenetrating network (the experimental part of the specific steps). In addition, to detect the signal of human motion, the PSPp hydrogel was connected with the electrochemical workstation to form a loop [35].
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Figure 2: The preparation schematic of the PSPp hydrogel

The cross-sectional structure of different components hydrogel sample was observed by SEM (Fig. 3). The porous structure of hydrogel can be observed, and the internal structure of the PAM hydrogel is porous and uniform. After introducing SF, the PS hydrogel exhibited clear and continuous uniform network structures, the pore wall structure is obviously changed and formed filament, as well as the pore size, is uneven and rough, implying that SF endows the hydrogel with excellent adhesion. In addition, the PSPp hydrogel network was uniform can be observed in Fig. 3d. Moreover, with the participation of PDA-prGO and SF, the pore wall thickened and the network structure was changed, which directly improved the mechanical and conductivity properties, meanwhile affecting the swelling rate of hydrogels.
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Figure 3: SEM images of (a) PAM; (b) PAM-SF (PS); (c) PAM-PDA-prGO (PPp); (d) PAM-SF-PDA-prGO (PSPp)

The FTIR spectra of PAM, PPp, and PSPp hydrogels can be observed in Fig. 4a. The characteristic absorption peak near 3283 and 3192 cm−1 corresponds to the peak of -NH. In the PAM spectrum, the absorption peaks at 2931 and 1447 cm−1 correspond to the stretching vibration peaks of -CH2 and C–N, respectively. These absorption peaks show the typical characteristic of PAM hydrogels. In addition, in the spectrum of PSPp hydrogels, the peak intensity was obviously stronger than other hydrogels after introducing SF. After the formation of hydrogel, the C=O absorption peak moves to 1654 cm−1, which proves that the -CONH2 group is existence in the product [35,36]. Meanwhile, the characteristics peak of symmetric and asymmetric of COO- in the hydrogel can be observed at 1411 and 1616 cm−1, which are significantly weaker than those extracted SF protein (Fig. 4b). Moreover, a new peak at 1268 cm−1 can be observed between pure PAM hydrogel and PAM-PDA, which is attributed to the interaction between the -NH2 group of PAM and the phenolic hydroxyl group of PDA. Meanwhile, the intensity of the adsorption peak of -OH increased, indicating that more hydrogen bonds were formed. Furthermore, the characteristic peak of -NH at 1654 cm−1 was shifted to the longer wavenumber region in the spectra of PPp hydrogel, which means the hydrogen bonding interaction exists between GO/prGO and the hydrogel network, and the in-situ polymerization reaction is shown in Figs. 4c and 4d. In addition, GO is involved in the formation of the hydrogel network, which may influence the network structure of hydrogels [37].
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Figure 4: (a–b) FTIR-ATR spectrum of hydrogels, (c–d) FTIR spectrum fitting diagram of GO and prGO in 800–1800 cm−1

To figure out the oxidation effect of DA on GO sheets, the spectra of GO and prGO were analysed and fitted. As shown in Figs. 4c and 4d, at 1067, and 1729 cm−1, corresponds to the C–O bond and the stretching vibration peak of C=O, respectively. In addition, the peak of C–O intensity in rGO is significantly weaker than GO, and the absorption peak of C=O was not clearly observed [38], implying that the oxygen-containing functional group of GO disappears and is partially reduced to rGO. Besides, the presence of GO/prGO mixtures enhanced the conductivity of hydrogels.

The swelling properties of PAM, PS, PSP, and PSPp hydrogels can be observed in Fig. 5a. Those hydrogels exhibited excellent swelling properties. Besides, owing to the hydrophilic groups on the PDA chains, the PAM-PDA hydrogels exhibited stronger swelling properties than pure PAM. In addition, with the same content of PAM and addition of SF, the internal density and porosity of hydrogels were increased effectively, which is one of the reasons for the swelling ratio of PSPp hydrogels being lower than others.
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Figure 5: (a) Swelling ratio of hydrogels, (b) Mechanical properties of PAM-PDA hydrogel with different PDA content

We further tested the mechanical properties of hydrogel with different DA content. The results showed that with the increase of DA content, the hydrogel gradually softened and the stress decreased, shown in Fig. 5b. It is worth noting that when the DA content in the hydrogel is excess 30 mg, the hydrogel is too soft and difficult to peel from the mold. Therefore, according to the demand for mechanical properties of the hydrogel, 10 mg DA was used in the following experiments.

The experimental results indicated that the mechanical properties of pure PAM hydrogels could not meet the actual demands. However, with the participation of SF, the mechanical of PS hydrogels can be significantly improved. Fig. 6b demonstrates the results of mechanical tests of PS hydrogels with different SF extraction methods [39,40]. Under the condition of the same SF content, the tensile strength of SF extracted by the ternary solvent is stronger than LiBr, but elongation is weaker. Notably, SF powder-based PS hydrogel with tensile stress of 47.8 KPa, fracture strain of 1350%, mechanical properties are nearly twice than the above two SF-based hydrogels.
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Figure 6: (a) Mechanical properties of PS hydrogels at different ratios, (b) The tensile stress-strain of PS hydrogel prepared from SF extracted by different extraction methods

The above result is due to the stronger degradation of SF heavy chain by ternary solvent than LiBr solution. Therefore, the molecular weight of SF dissolved in the ternary solvent is 64 ± 3 Mw (kDa)a, which is less than 95 ± 1 Mw (kDa)a dissolved in LiBr, implying that the mechanical properties of PS hydrogels are greatly different due to the SF in different molecular weights. In addition, the molecular weight of silk fibroin powder degummed by high pressure was 250 Mw (kDa)a, which is much higher than that of SF extracted by LiBr and ternary solvent. Therefore, the PS hydrogel prepared by SF powder exhibits excellent mechanical properties. Moreover, multiple long chains of amino acid and hydroxy are contained in SF, which interact with the functional groups of PAM and PDA chains to form hydrogen bonds, thus enhancing the mechanical properties of PS hydrogels [40].

Furthermore, the hydrogel with the ratio of PAM:SF powder = 5:2 was found to have excellent mechanical properties. Therefore, considering the mechanical properties of the hydrogel, SF powder was used in the following experiments.

The mechanical properties of hydrogels are one of the crucial keys to the fabrication of flexible wearable sensors, therefore, PAM PS PAM-PDA and PSPp hydrogels were compared under the same conditions. All hydrogel samples were cut to the same size and the PAM contents in the hydrogel remained the same. Compared the mechanical properties with pure PAM hydrogel and PAM-SF hydrogel (Fig. 7a), the addition of SF increased the tensile stress ratio by 251%, elongation of 225%, and the measured fracture energy of 421 KJm−3 (Eqs. (1) and (2)), WC is the integral of the stress-strain curve, and T is the converted fracture energy (KJm−3). These results indicated that the participation of the SF endows the PS hydrogels with excellent mechanical properties and which is several times stronger than pure PAM hydrogel. In addition, the PAM-PDA hydrogel exhibited superior elongation of 687% and almost the same tensile stress of 20.3 KPa as PAM. In addition, the PSPp hydrogel had large tensile strength of 60.5 KPa and elongation of 1020%, with fracture energy of 374.86 KJm−3. In addition, hydrogen bonding, van der Waals forces [41], and covalent interactions connect the PAM, SF, and GO channels to each other, which is one of the major reasons for PSPp hydrogels exhibit excellent machinal properties.


WC=∫⁡σdε
(1)


T=WC∗10−2
(2)
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Figure 7: (a) Tensile stress-strain curves of the PAM, PS, PAM-PDA and PSPp hydrogels, (b) compression curves of the PSPp hydrogel

Electrical property is another main factor in evaluating the performance of flexible wearable sensors. The existing GO and DA in the system will have a great influence on the mechanical and electrical properties of the hydrogels. In order to compare the conductivity of hydrogels with different contents of prGO. It can be observed from Fig. 8a, The content of GO is positively correlated with the conductivity of hydrogel, and the conductivity reached 8.58 mS cm−1 at the GO content of 15 mg. When the GO content is between 15 to 20 mg, the conductivity may reach a peak. However, the conductivity of the PAM-PDA-prGO hydrogel begins to decrease when the contents of GO exceed 20 mg. In addition, to explore the effects of different conductive materials on the electrical properties of the hydrogels, MWCNTs were added [42]. As seen in Fig. 8c, the conductivity of CNTs was significantly weaker than prGO. Similarly, the electrical trend of PAM-MWCNTs hydrogel is similar to PAM-PDA-prGO, which indicates that the conductivity of hydrogel will decrease when the concentration of conductive filler reaches the threshold.
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Figure 8: The electrical of the hydrogel. (a) Conductivity of hydrogels with 0, 10, 15, 20, and 30 mg GO. (b) conductivity of PAM-MWCNTs with different contents of CNTs. (c) Sensitive of PAM-PDA-prGO hydrogels with different GO contents. (d) Schematic diagram of sensitivity test

Furthermore, the hydrogels were placed on cylindrical glass (diameter of 6 cm, Fig. 8e) at the same bending curvature to test the deformation sensitivity, Fig. 8d shows the rate of resistance change of hydrogels with different fillers and concentrations (ΔR = (R − R0)/R0); R and R0 are measuring and initial resistance, respectively). The results indicated that the GO addition of 15 and 20 mg in PAM-GO-PDA hydrogel did not change the conductivity of hydrogel significantly. However, after the content of GO in the re1action system reached 30 mg, the conductivity of hydrogels was decreased. The above phenomena indicate that the conductive filler may agglomerate in the cross-linked network after reaching the threshold value, resulting in a decrease in conductivity and sensitivity. Considering the conductivity, sensitivity and GO dispersion effect. Therefore, PAM-GO (15 mg) was selected in the following experiments.

Figs. 9a and 9b demonstrates the conductivity of pure PAM hydrogel is poor. After adding DA and GO, the conductivity of hydrogel was increased from 3.5 to 9.5 mS cm−1. The excellent conductivity is attributed to the existence of rGO, which is reduced from GO during the self-polymerization process of DA. During this process, oxygen-containing functional groups of GO were decreased and promoted the dispersion of rGO [43]. Therefore, the conductive network was successfully constructed inside the PSPp hydrogels and sharply improved the conductivity to10.5 mS cm−1. Furthermore, with the participation of DA and GO, the conductivity of the hydrogels was increased from 3.5 to 9.5 mS cm−1, and ΔR reached 20.9%, indicating that the hydrogel has excellent conductivity and is sensitive to small deformation, which provided the foundation for flexible wearable sensors. Fig. 9c shows the stretch and recovery response times of the PSPp sensor are less than 300 ms. In addition, under the elongation of 200%, the cyclic tensile test of PSPp sensor was carried out 3485 times (50 cycles). Fig. 9d revealed that there is almost no significant difference between each cycle, considering that the PSPp hydrogel sensor has good stability.
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Figure 9: (a) Conductivity of the PAM, PS, PAM-PDA and PSPp hydrogels, (b) the sensing response of PAM, PAM-GO, PS, PAM-PDA and PSPp hydrogels, (c) sensor response time to stretch-recovery, (d) anti-fatigue test of PSPp sensor for 3485 times

Self-adhesion is one of the characteristics of flexible wearable sensors, which greatly improves the convenience of the sensors. Subsequently, the adhesive strength property of hydrogel was investigated. Fig. 10a shows the adhesion of PAM hydrogel, reaching 18.5 KPa, and PSPp hydrogel reaching 21.96 KPa. The above adhesion ability is owing to the catechol group of the PDA chains. Free phenol hydrogel interacts with -NH2 groups, -SH groups on skin and cation-π, π–π interaction formed between the catechol groups and the contact surfaces are led to the hydrogels to adhere to almost all surfaces, such as glass, rubber, and skin (Figs. 10b–10d).
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Figure 10: (a) The adhesive strength of the PAM, PAM-PDA and PSPp hydrogels, (b–d) the PSPp hydrogels stably adhered to glass, rubber, and skin surfaces

Notably, the PSPp hydrogel exhibits high sensitivity and wide applications in human motion monitoring. Therefore, PSPp hydrogels can be mounted as flexible wearable devices to monitor a series of human motions in real-time. As shown in Fig. 11, connect the sensor to the electrochemical workstation through wires to monitor the signals generated by the movement of different parts of our body. In addition, the different joint motions [44], such as finger, wrist, and knee (Figs. 12a–12c) can be identified through resistance changes of the hydrogel sensor. In particular, the sensor can identify different bending angels of neck. For instance, as the volunteer flexed and extended their joints repetitively, the sensor can record the complete activity process through the change of resistance and the curve shows a stable response peak and valley. In addition, the resistance curve is positively correlated with the degree of motion deformation. Moreover, the joint motion of the finger shows a higher peak than the leg and wrist, which is because the finger moving range larger than the leg.
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Figure 11: Schematic diagram of human motion detection by PSPp hydrogel sensor
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Figure 12: PSPp sensors used to monitor physical motions. (a–e) Human activity detection, such as the
finger, wrist, make a fist, leg, and neck. (f–h) Relative current variations of swallow, smile, and finger
pressing

In addition, due to the high sensitivity of the PSPp sensor, it can respond to different deformations of the hand include loose fist and tight fist, as shown in Fig. 12d. Meanwhile, the sensor can also detect large-scale motion of leg flexion and extension. Interestingly, When the neck is bent at different angles (such as 0°, 30°, and 60°) and maintained for several seconds, the PSPp sensor can stably respond to different states.

Moreover, the PSPp sensor is also can be used to monitor tiny changes in the face, the PSPp sensor was mounted on the face and throat to detect some small-scale signals such as smile and swallow (Figs. 12f–12g). The same change trend can be observed with the same expression, implying that the PSPp sensor is able to detect tiny motion. Additionally, the PSPp sensor also exhibits high sensitivity to pressure signals, as can be observed in Fig. 12h. Therefore, the sensor can detect regular motion with large-scale and small-scale accuracy and exhibits great stability.

The biocompatibility of PSPp hydrogel was evaluated by in vitro cytotoxicity test (CCK-8 method). Fig. 13c shows the cell proliferation rate of NIH3T3 fibroblasts cultured for 24, 48 and 72 h, and the quantitative proliferation rate of fibroblasts reached the peak after 48 h. It can be observed from the figure that the relative growth rate of the test group was not affected, indicating that the hydrogel had no negative effect on cell growth. In addition, as shown in Figs. 13a and 13b, there was no significant difference in cell morphology of the test group. Meanwhile, NIH3T3 fibroblasts were irregularly fusiform and grew normally after culture. In particular, the PSPp hydrogel adheres to the arm for 48 h without any allergic reaction observed (Fig. 13d). Therefore, the hydrogel sensor exhibits excellent biocompatibility and can be used as a wearable medical device and a portable real-time health monitoring for direct contact.
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Figure 13: Biocompatibility test. (a) 48 h cell morphology of control group (b) test group (c) Relative cell growth rate for 24, 48, and 72 h (d) Wear the hydrogel sensor for 48 h

Furthermore, the 3-channel with 5-electrode ECG detection equipment was used to acquisitive human ECG signals under the same experimental conditions (Fig. 14c). The PSPp hydrogel was encapsulated as an electrode to replace the commercial electrode to detect the ECG signals of the human body. The results indicate that there was almost no significant difference compared with commercial electrodes (Figs. 14a and 14b). Besides, owing to the excellent conductivity, the PSPp hydrogel is more luminous than the pure PAM hydrogel when it connects with an LED lamp (Figs. 14d and 14e). Therefore, the PAM-SF-PDA-prGO hydrogel can detect small physiological signals and has good biocompatibility with the skin and cells, revealing its broad application prospects in the field of flexible wearable devices.
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Figure 14: (a–b) Detection of human ECG. (c) Schematic diagram of ECG measurement. (d–e) Digital photographs of PAM and PSPp sensors lighting up the red LED lamp

4   Conclusion

In summary, the PSPp hydrogel flexible sensor with excellent mechanical and electrical properties was designed and fabricated by rationally integrating polymer of PAM, SF, PDA and GO. The PSPp sensor exhibited high tensile strength of 60.5 KPa, elongation of 1020%, fast response and it is also sensitive to sensing strain/pressure signals. Moreover, the rGO in the system is the key factor for the excellent conductivity and sensitivity of the hydrogels. Remarkably, the hydrogel sensor can efficiently monitor include large-scale and small-scale motions (joints, smile, swallow and press, etc.), which provided the foundation of flexible wearable sensors for post-healing, healthcare, and real-time monitoring. Moreover, the PSPp hydrogel exhibits excellent biocompatibility and could be used as an electrode to detect ECG signals. Therefore, the PSPp hydrogel as a multifunctional material is one of the candidates for flexible wearable devices, which is expected to realize long-term and real-time monitoring in many fields, such as human motion and physiological signals.
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