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Abstract

:

Electronic skin (e-skin) has the potential to detect large-scale strain, which is typically achieved by integrating multiple strain sensors into an array. However, the latency and limited resolution of sensing have hindered its large-scale sensing applications. Here, we have developed a high-resolution detection sensing system capable of detecting static and dynamic strain with a simple fabrication process by combining capacitive and mechanoluminescent (ML) sensor units. An elastic polydimethylsiloxane (PDMS) composite film doped with ZnS:Cu and BaTiO3(BT) particles are fabricated as the functional film of the capacitive sensor. In contrast, the transparent electrode was fabricated on the surface of the as-prepared film. By incorporating BT nanoparticles into the elastic substrate, the ML intensity of the ZnS:Cu was improved up to 2.89 times that without BT addition, and the sensitivity of the capacitive sensor was increased as well. The capacitive part of the sensor presented a GF of 0.9 and good stability, while the ML part exhibited excellent performance, making it suitable for both static and dynamic sensing. Furthermore, the strain sensor integrated by 10 × 10 sensing units is demonstrated to detect large-scale strain with high resolution. Moreover, finger joint strain distribution tracking is achieved by attaching the strain sensor unit to the finger joint. With these characteristics, the e-skin may have great potential for bio-motion monitoring and human-computer interaction applications.
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1. Introduction


Artificial electronic skin (e-skin), composed of mechanically flexible and stretchable sensors, is designed to imitate the human somatosensory system by detecting and converting various stimuli to analyzable signals for potential applications in health monitoring, human-computer interaction, and sports performance monitoring [1,2,3]. The stretchable strain sensor can be integrated into e-skin for monitoring physiological functions and body motions associated with different levels of strain, such as blood pressure [4], joint bending [5], and muscle deformation [6]. When stretchable strain sensors are attached to human skin for health or motion monitoring, the e-skin should have a stretchability larger than 30%, known as the maximum skin stretchability generated by daily human motion. Therefore, developing a sensing system with fast response, good stability, highly sensitive, high spatial resolution, and energy efficiency is necessary for imitating the extremely complex somatosensory sensing model [7]. Very recently, a few progresses have been reported in developing novel designed strain sensors employing various physical effects such as capacitive [8], piezoresistive [9], piezoelectric [10], and triboelectric [11] sensing mechanisms. Among these sensors, the capacitance-based strain sensor has excellent performance of small hysteresis, negligible temperature fluctuations and highly-stability, which attracted extensive research interests [12]. However, integrating multiple capacitive sensing units into arrays creates a serious challenge as the number of sensors increases due to various issues such as complex wiring and time delay of external read-out circuitry [13,14,15,16]. Moreover, capturing the whole process of the gesture or deformation of the skin during fast body movement requires high data acquisition frequency and a complex calculation process for analyzing the target information, for example, the explosive muscle power, which will induce high energy consumption, reducing the battery endurance time.



To address this challenge, a practical strategy is to introduce other fast response sensing signals into a single device for compensation for the shortcomings in the capacitive sensor arrays. Optical signals have the advantages of fast transmission rate, anti-inference characteristics and low energy consumption readout [17]. Notably, mechanically driven light generation, defined as mechanoluminescence (ML), is observed in a few materials, such as ZnS:Cu powders [18]. The intensity of the ML shows a strong correlation with the applied stress, making it suitable for stress sensing [19]. Over the past few decades, ML-based strain sensing has been developed with great effort. As a result, not only the luminous intensity and sensitivity have been improved [20,21,22,23]. Integrated with the self-powered photodetector array, the ML sensor provide an energy-saving approach for long-time biomechanical monitoring applications [24]. Nevertheless, the volatile nature of the ML limits their application, especially for static strain measurement [25].



Enlightened by the capacitive and ML sensing characteristics, elastic polydimethylsiloxane (PDMS) composite film doped with both ZnS:Cu and BaTiO3(BT)is fabricated in this work. Based on the as-prepared functional film, a capacitive and ML dual-mode stretchable strain sensor with transparent electrodes is demonstrated. The doping of ZnS:Cu is selected for generating stress-driven luminescence and real-time mapping of dynamic strain. By adding rigid and high dielectric particles BT into the stretchable matrix, stress concentration on the ZnS:Cu particles can be achieved during stretching, enhancing ML intensity with weak stimuli. Moreover, BT particles will also increase the dielectric constant of the composite film and improve the capacitive performance behavior of the sensor. In addition, the stretchable elastomer substrate enables the e-skin to withstand large mechanical deformations. The strain sensor array integrated by 10×10 capacitive sensing units is demonstrated for the capability of detecting large-scale strain with high resolution. Continuous tracking of finger joint strain distribution is achieved by attaching the strain sensor unit to the finger joint. Featuring these characteristics, the e-skin may have great potential for bio-motion monitoring and human-computer interaction applications.




2. Materials and Methods


2.1. Chemicals and Reagents


Barium Titanate (BaTiO3, 99.9% metals basis, <100 nm) and silver nanowire (AgNW, purity: >99.5% solvent: ethanol) were purchased from Aladdin. ZnS:Cu (D502CT) was supplied by Shanghai Keyan Phosphor Technology Co., Ltd. (Shanghai, China). Polydimethylsiloxane (Sylgard 184 Silicone Elastomer) with a curing agent was purchased from Dow Corning. Hydrogen peroxide solution (H2O2, AR, 70 wt% in H2O) was purchased from Aladdin. Silane coupling agent kh-171 (purity: >99%) was purchased from Union Carbide Corporation of America.




2.2. Synthesis of Modified BT Particles


The surface modification of BT is mainly divided into two steps. Firstly, BT is refluxed with hydrogen peroxide at 105 °C to graft it with the hydroxyl group. Then the reactants are refluxed with silane coupling agent kh-171, hydrolysis reaction occurs. Finally, the silane coupling agent is grafted on the surface of BT. Thus, vinyl groups are introduced (Figure S1).




2.3. Synthesis of PDMS/ZnS:Cu-BT Composite


Mixing modified BT with PDMS precursor fluid and heating at 70 °C, cross-linking reaction occurs between vinyl groups on the surface of modified BT and silicon hydrogen groups in PDMS precursor solution. The modified BT nanoparticles can be adhered to by PDMS macromolecular chains (Figure S2). The functional layer was produced by mixing the PDMS base polymer (Sylgard 184) with the curing agent (Sylgard 184), ZnS:Cu particles and BaTiO3 nanoparticles, with a weight ratio of 10:2:10:0–0.3.




2.4. Characterization


Device characterization: The SEM images of the surface morphology of AgNW/PDMS and cross-sectional morphology were acquired from the scanning electron microscope (Sirion200). The EDS data were obtained from field-emission scanning electron microscopy (Hitachi S-4800). Strain distribution was generated by the optical test part of the non-contact strain-electrical-thermal test system (ARAMIS 3D 12M). In the fatigue property test, the cyclic strain was produced by a mechanical motion platform.



ML Measurements: A homemade measuring system was built to collect ML intensity, universal material testing machine (Instron 5943, Boston, MA, USA) applied the strain levels. Light emissions were collected from the contact point by a photon counter and a photon counting head (Hamamatsu C8855-01, Hamamatsu, Japan).



Capacitance Measurements: An impedance analyzer (HIOKI, IM 3570, Ueda, Japan) was used for capacitance signal acquisition.





3. Results and Discussion


3.1. Conceptual Illustration of Dual-Mode e-Skin


As shown in Figure 1a, the structure of the sensing array is a typical sandwich structure, with an outer transparent electrode clamping a middle functional layer. The functional layer serves as both a dielectric layer for the capacitive sensor and a light-emitting layer for generating optical signals driven by the stress in the layer.



The electrodes are located on both sides of the functional layer. The rows and columns of the electrode array are perpendicular to each other, forming capacitors. According to the capacitance formula


  C =  ε 0   ε r   s d   



(1)




where    ε 0    is the permittivity of air,    ε r    represents the dielectric constant of the dielectric material, s represents the capacitive area, d represents the distance between the electrodes. When the e-skin is subjected to strain, the area of the functional materials between the top and bottom electrodes in the capacitor increases and the distance between the electrodes decreases. Thus, the capacitance value increases. The change in the capacitance value is highly correlated with the strain. When the capacitive sensor array is applied to sense strain variation of the skin around bending joints or contracting muscle during fast motion such as running, a huge amount of data will generate depending on the units of sensor integrated and the frequency of data acquisition. The wearable electronic device may not afford this sensing approach and suffers from low battery usage time and slow reaction. Therefore, the capacitance value can be used to accurately measure the strain of the e-skin, allowing for precise monitoring of the static strain.



When the functional layer is stressed, the elastic matrices can transmit stress or strain to inner ML phosphor particles and trigger elastic ML [26]. The intensity of the ML produced from the functional layer is affected by stress, strain, and rate, and within a certain range, it changes with the change of these three factors, thus enabling the ability for strain sensing. In addition, it is noteworthy that ML possesses the property of excellent dynamic response(<10 ms) as well as high resolution [19]. Therefore, the ML layer is expected to be utilized for dynamic sensing and visualization of large-scale strain.



However, the elastic deformation of flexible materials buffers the stress or strain acting on rigid phosphor microparticles, preventing the triggering of obvious ML. As shown in Figure 1b, by surface treating the BT rigid nanoparticles, the BT nanoparticles can tightly adhere to the PDMS macromolecular chains. After modification with a silane coupling agent, BT and PDMS form O-Si chemical bonds, which permits the uniform dispersion of BT particles in the PDMS matrix and allows for the stress induced in the straining process to be transmitted from the PDMS matrix to the ML particles through BT, thus producing stronger ML. Additionally, BT, as a high dielectric material (the dielectric constant of BT is much greater than that of ML particles ZnS:Cu used in this paper), can also improve the electrical performance of the capacitive sensor.




3.2. Fabrication Process from the Functional Layer to the e-Skin


The preparation of the functional layer is shown in the upper part of Figure 2. First, the modified BT was added to the PDMS precursor solution. The vinyl groups on the surface of the modified BT particles react with the PDMS precursor solution by cross-linking reaction, which enables the BT to be grafted tightly to the molecular chain of PDMS. After 8 h of stirring at 60 °C, ZnS:Cu particles and curing agent were added. Continue stirring for 10 min. Finally, the solution was poured into the prepared mold and cured to obtain the functional layer film, as shown in Figure 2. As the strain or press is applied, the doped BT nanoparticles can transfer the stress to the microparticles and achieve intense ML under weak stimuli. The lower part of Figure 2 shows the preparation process of the sensor array.



To simulate the flexibility and stretchability of biological skin and ensure effective light emission of the functional layer, manufacturing high-performance stretchable transparent electrodes is essential. An ideal candidate is a flexible AgNW network embedded in an elastic PDMS film. First, a tape-made mask was attached to the surface of the functional layer to form strip-shaped gaps. Then, the silver nanowire solution was evenly dropped onto the surface using a glue dropper, and parallel rows of silver nanowire electrode arrays were obtained by evaporating alcohol on a heating plate. In the same way, patterned electrode arrays were vertically prepared on the back of the functional layer as bottom electrodes. Finally, PDMS was used to encapsulate the upper and lower surfaces of the functional layer. The simple preparation process of this e-skin has provided a reliable and efficient solution for strain detection.




3.3. Characteristics of e-Skin by Nanodoped Matrix Modification


Illustrating the strain sensor structure composed of a functional layer and transparent electrodes is shown in the left part of Figure 3a. The scanning electron microscopy (SEM) image in the right part of Figure 3a shows the AgNW with a diameter of 200 nm distributed evenly on the surface of the functional layer. In our work, PDMS was used to encapsulate the upper and lower surfaces of the functional layer to attach AgNW to the surface of the functional layer strongly. The functional layer is about 400μm in thickness. It is shown that no aggregation of ZnS:Cu and BT particles is observed in the functional layer. In Figure S3, it is shown in the Energy Dispersive Spectrometer (EDS) image that the Ba and Ti elements are evenly distributed in the matrix, indicating that BT nanoparticles are not agglomerated. The comparison between the PDMS doped with unmodified BT nanoparticles, and modified BT nanoparticles was also made. It is shown that the unmodified BT nanoparticles undergoes agglomeration in the PDMS matrix. This is because the modified BT nanoparticles are covalently grafted with the PDMS molecular chain, while the unmodified BT nanoparticles tend to aggregate due to electrostatic force.



The amount of BT added affects the luminescence and electrical properties of the functional layer. In the following sections, to choose the optimal amount of BT nanoparticles, the effects of BT nanoparticles doping content on the luminescence performance and capacitance performance of the functional layer in the sensor were investigated. First, to examine the effects of BT nanoparticles doping content on electrical properties, the dielectric properties of the functional layers with different doping content of BT nanoparticles were studied by broadband dielectric spectroscopy at room temperature. As a kind of high dielectric ceramic, BT nanoparticles are commonly used as filler to be incorporated into the dielectric layer to enhance the dielectric constant [27]. As shown in Figure 3b, the dielectric constant of the PDMS&ZnS:Cu-BT composites slightly increased compared to the pure PDMS film across a wide frequency range (100 Hz to 1 MHz). The pure PDMS film had a dielectric constant of approximately    ε r   ~3 at 100 Hz [1]. After adding 10 wt%, 20 wt%, and 30 wt% BT nanoparticles, its dielectric constants rose to 3.7, 4.2, and 4.6 at 100 Hz, respectively. It is demonstrated that the dielectric constant of the PDMS film can be enhanced by incorporating a high dielectric constant material, and the dielectric constant is positively correlated with the amount of dielectric filler added. In addition, the BT nanofiller content has little effect on the dielectric loss (Figure S4), and the dielectric loss remains low for all functional films at frequencies less than 1 MHz. However, the dielectric loss of the functional films was increased when the frequency was higher than 1 MHz. This result indicates that adding BT nanoparticles will improve the performance of the PDMS functional layer, as shown in Figure 3c.



In addition, to decide the optimal doping content of BT particles, the following experiments are performed to study the influence of BT doping on the ML intensity. This paper uses the ZnS:Cu microparticles are piezoelectric materials with an asymmetric structure. When mechanical stress is applied to the ZnS: Cu particles, visible light emission is generated because the piezoelectric effect initiates the ML process [23]. As shown in Figure 3d, the functional PDMS layer with ZnS: Cu doping exhibits an ML phenomenon when 5% strain is applied. The doping effect of BT nanoparticles on the ML phenomenon can be seen. By increasing the amount of BT nanoparticles, a significant increase in ML intensity of the functional layer is observed when the strain is applied in the range from 5% to 40%. Within the 5–40% strain range, the functional films’ ML intensity displayed a sharp increase initially, followed by a gradual rise unhed saturation. The saturation ML intensity of the functional layers with BT nanoparticles doping is almost the same and larger than that of the undoped functional layer. It is also observed that the maximum ML intensity is achieved at 10% BT nanoparticles doping amount. Specifically, as shown in Figure 3e, at a particular strain of 20%, the ML intensity of the sensor with BT nanoparticles doping at 10 wt% is 289% stronger than that of the undoped one. When the doping amount of BT nanoparticles exceeds 10%, the ML intensity of the functional layers decreases gradually, yet it remains stronger than without doping. This observation is attributed to the fact that the increased particle density will block and scatter the luminescence. These results indicate that doping by rigid nanoparticles enhances the ML intensity within a specific strain range and boosts the ML intensity saturation value.



Since the functional layer with ZnS:Cu particles and BT nanoparticles are working both as a light-emitting layer and dielectric layer in the proposed sensor, the effect of BT nanoparticles on the capacitive performance and ML intensity of the functional layer should be considered synthetically. The results indicate that although 10 wt% BT nanoparticles doping in the functional layer induced the highest ML intensity, 20 wt% BT nanoparticles doping induced comparable ML intensity. Moreover, further increasing the BT content in this experiment would affect the mechanical properties of the functional layer, so the highest BT loading was kept at 30 wt%. On the other side, the dielectric parameter of the capacitive sensor increases synchronously with the content of BT nanoparticle doping. Therefore, due to its moderate performance, the functional layer with 20 wt% BT content is adopted to prepare the strain sensor.




3.4. Electrical Characterization of e-Skin


The capacitive performance of the as-prepared sensor is investigated, as shown in Figure 4. As shown in the above section, BT nanoparticle doping is an effective way to increase the dielectric constant of the PDMS film. The dielectric constant of the PDMS film increases as the amount of BT added increases. Afterwards, the functional layers with 20 wt% BT nanoparticles content are used on the sensor to assess its sensitivity. The sensitivity of the capacitive sensor is often evaluated by gauge factor (GF), which is described as the ratio of the measured relative change of electrical signal versus the applied strain:


  G F =   Δ C    C 0  ε    



(2)




where   Δ C   is a change of the capacitive signal,    C 0    is the initial capacitive signal at strain  ε  = 0%, and  ε  is the applied strain. To obtain the gauge factor, continuous external strain is applied to the capacitive strain sensors and the capacitive signal is measured. As shown in Figure 4a, the relative capacitance change     Δ C    C 0      (   C 0    defined as the original capacitance of the device) of the as-prepared sensor is presented in Figure 4a, which shows an approximately linear relationship between     Δ C    C 0      and applied strain ε in the range of 0–50%. The strain sensors presented a GF of 0.9 and a stretchability of 50%. The sensor with 20 wt% BT nanoparticles doping functional layer shows a GF value of 0.9. The achieved GF is close to the record value in CNTs–Ecoflex strain sensors(1, over the strain range up to 150%) [28], CNTs–silicone elastomer(0.99, for strain up to 100%) [29] and higher than AgNWs–Ecoflex strain sensors(0.7, for strain up to 50%) [30]. This work could achieve higher GF by further increasing the effective dielectric constant. However, due to the sensing mechanisms of the capacitive sensor, the GF of the sensor is much less than that of current high-performance resistive strain sensors [31].



In addition, the strain sensor reported in this paper showed great linearity in the whole detection range. The linear performance of the capacitive value with increasing strain is mainly due to the thin nature of stretchable electrodes and the softness of the electrode and functional dielectric layer. Furthermore, the Poisson’s ratio of the electrode is approximately equal to that of the functional layer. Therefore, the capacitance value varies with the strain under uniaxial tension, and     Δ C    C 0      increases linearly. In general, measuring 30% tensile strain is sufficient for applications of human-related tactile sensing [32]. And the e-skin shows remarkable sensing performance in this strain range.



Moreover, the effect of the dielectric constant of the dielectric layer on the performance of the capacitive strain sensor is also examined. As the dielectric constant of the functional layer increases, the strain sensors show the GF value of 0.85, 0.90, and 0.96 for functional layers with 10 wt%, 20 wt% and 30 wt% of BT nanoparticles doping, respectively. The sensors with higher BT nanoparticle doping have higher GF values, which is mainly attributed to the fact that the dopping of BT nanoparticles improves the capacity of the functional layer via modification of the conductivity of the PDMS layer, increasing the effective dielectric constant. Compared to the sensor sandwiched with a pure PDMS dielectric layer, the GF of the sensor with a high dielectric constant dielectric layer is significantly increased across the strain response range. This suggested that higher GF of the sensor can be achieved by adjusting the dielectric constant of the dielectric layer.



In Figure 4b, the detection limit of the sensor is studied. A detectable signal is derived when 0.1% stretched strain is applied, indicating a remarkable detection limit. The stability of the sensor is shown in Figure 4c,d, by monitoring the relative change of the capacitance during stretching. Firstly, the stability of the sensor performance under different strain states is examined (Figure 4c). No decline in the relative capacitive value is observed when each strain stated is kept for 20 s. It is shown that the capacitive sensor unit has a low response/recovery time small than 20 ms (Figure S6). When the sensor units are integrated into the array on a large scale, the response/recovery time will be extended due to the scanning reading of electrical signals in the array. Moreover, negligible fluctuation in capacitance changes is observed after stretching and releasing over 2100 cycles with 30% tensile strains (Figure 4d), indicating the stability of the sensor.




3.5. Optical Characterization of e-Skin


The luminescent intensity was very sensitive to the applied tension on the as-prepared sensor (Figure 5a,b). Both strain and strain rate will influence the ML intensity. A periodic stretching strain was applied to the as-prepared sensor with the layer doped with 20 wt% BT. Indeed, as the strain increased from 10 to 40% (velocity, 600 mm/min), the luminescence intensity was enhanced by a factor of 5. This enhancement is attributed to high stretching tension favours the generation of high-density triboelectric charges. As a result, a high electric field can be obtained to excite the luminescence. As the pressure surpassed 40%, the luminescence intensity tended to saturate, probably because the triboelectric charges density reached a maximum limit.



The correspondence of ML intensity to stress was investigated as well. The function of the stress induced by the press is similar to that of tension induced by strain. Figure 5b presents the plot of the ML intensity (normalized intensity) versus stress, with stress varying from 0.3 N to 1.6 N. Like the plot in Figure 5a, the ML intensity increased with increased applied stress. It tended to saturate when the applied stress was more than 0.9 N. In addition, the correspondence of ML intensity to strain rate was investigated. A linear motor, by which the stretching speed could be precisely controlled, was adopted to apply strain with different strain rates to the sensor. As shown in Figure 5c, the strain rate influenced the luminescence intensity strongly. The ML intensity had a positive linear correlation with the strain rate. From 300 mm/min to 800 mm/min, when the maximum strain is set as 30%, the intensity is increased by 1.2 times. ML’s response and recovery time are 0.12 s and 0.19 s, respectively (Figure S7). The response and recovery time of ML mode sensing does not increase with its large-scale integration. Therefore, sensors based on ML mode are suitable for dynamic and large-scale strain detection. This observation was consistent with previous reports [22]. It is indicated that getting the strain and strain rate from the ML intensity is difficult, which limits the ML sensor on precise sensing of the stretching process. However, with the aid of a capacitive sensor, once the information on the maximum strain of the stretching process is given, the ML sensor will provide an efficient way to monitor the dynamic motion process by sensing the strain rate.



The stability of the luminescence was examined by stretching and releasing the as-prepared sensor in several cycles. Interestingly, in each stretching and releasing process, two peaks of luminescence were observed, respectively. It can be explained by the fact that tension and stress induce the ML phenomenon. The mechanoluminescence of ZnS: Cu is caused by the stressing stimuli from BT nanoparticles and the PDMS matrix. The stimuli can be generated during both stretching and releasing processes. The left and right peaks are attributed to the luminescence produced by the stretching and releasing processes. As shown in Figure 5d, no luminescence degradation has been observed in these cycles, indicating the robustness of the sensor and the uniformity and integration of the PDMS and the functional additive.




3.6. Demonstration


Due to these excellent properties, the e-skin has promising applications for detecting the motion of human activities, such as sensing joint movements and strain spatial distribution. Therefore, the e-skin based on a capacitive unit and a functional layer was prepared and attached to a glove for real-time monitoring of finger bending motion. As shown in Figure 6a1, the impedance analyzer was used to record the capacitance changes resulting from bending the finger joint three times at each different degree of flexion. As a result, it can be seen that the capacitance value accurately and consistently reflects the bending degree of the finger. Meanwhile, the high-resolution camera captured the ML generated by the finger’s dynamic bending (Figure S8).



The corresponding 2D distribution of the relative ML intensity was derived by extracting the gray scale of the captured image to reflect the strain distribution of the skin at the finger joint, as shown in Figure 6a2. It can be seen that the ML intensity is stronger in the middle of the joint than in the area around it, which provide an efficient way to monitor the strain in a large area with high resolution. These are of greater significance in analysing the overall strain applied to the finger.



In addition, a 10 × 10 capacitive array is prepared by patterning electrodes into 100 separated square pixels, each with a size of 1 × 1 mm and a spacing of 1 mm. As shown in Figure 6b1, the e-skin was clamped by two hollow pieces of cardboard and placed above an open beaker. Then, a circular cap is pressed on the surface of the e-skin to induce stress. The actual strain distribution due to the pressing was obtained from the optical platform, as shown in Figure 6b2. For the detection of the e-skin, the relative change in capacitance due to the press was measured by a homemade multi-channel data acquisition system. As shown in Figure 6b3, where the brighter colors correspond to higher capacitance changes, it can be seen from the figure that the pressing leads to a circular-shaped strain distribution. Therefore, an accurate spatial strain distribution was obtained from such a change in the capacitance array.



Meanwhile, ML images of the dynamic pressing process were taken using the camera, as shown in Figure 6b4, showing a visible green glowing ring, which corresponds strongly to the circle obtained from the capacitance array. The strain record obtained from the capacitance and ML images has an accurate and high-resolution spatial distribution, strongly correlated with the real strain distribution shown in Figure 6b2 generated by the optical platform. It makes the array-integrated e-skin of extraordinary significance for detecting static and dynamic strain spatial distributions over large areas. These results show that the device has great potential for human motion modeling and practical human interaction, among others.





4. Conclusions


In summary, we have proposed a strain sensor that combines ML with capacitive sensors to accurately detect small-scale strain and high-resolution visualization of large-scale strain in real time. The device features fast dynamic response by generating visualized light signals and accurate static response and feedback with capacitive signals. Additionally, modified BT particles incorporated into the elastic matrix enable stress transfer during stretching, resulting in stronger light emission under the same strain than undoped ones. The doping nanoparticle BT also increases the GF value by boosting the dielectric constant of the capacitive sensor. The ML component and the capacitive sensor showed good stability and durability in the test, with a linear relationship between signal intensity and strain range. This device can be attached to the finger joint to detect the accurate bending degree of the finger and the strain distribution at the finger joint. Furthermore, the sensor array demonstrated unique high-resolution under large-scale strain detection. With its excellent performance and simple manufacturing scheme, this device has great potential for applications in wearable electronics, sports and health monitoring, and human-computer interaction.
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Figure 1. Conceptual illustration of dual-mode e-skin. (a) Structure schematic of the e-skin. An ML layer is sandwiched between two stretchable transparent AgNW/PDMS electrodes—an illustration of the different deformation of the e-skin with the different sensing modes. Dynamic strain corresponds to light intensity (left), static strain, and capacitance value. (b) The schematic illustration of enhancement of stress and capacitance by nanoparticle-doped matrix. 
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Figure 2. Fabrication process from the functional layer to the e-skin with double sensing mode. The above schematic of the preparation process of both the light emitting layer and dielectric layer by introducing BT into ML film. The below schematic of the preparation process of the e-skin integrated transparent electrode and the functional layer. 
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Figure 3. Optical and electrical characteristics of e-skin by nanodoped matrix modification. (a) Simplified structure of electronic skin (left), SEM images of the surface morphology of AgNWs/PDMS and cross-sectional morphology of functional layer (right). (b) Frequency dependence of dielectric constant with different BT nanoparticles loading weight fractions (c) Strain dependence of capacitance of strain sensors based on PDMS/ZnS:Cu dielectric layer with different content of BT. (d) The luminescence intensity of the as-prepared sensor with increasing contents of the BT nanoparticle. (e) The luminescence intensity of the as-prepared sensor with different contents of the BT nanoparticle under 20% strain. 
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Figure 4. Performance characterization of capacitance sensor with 20% BT contents in the dielectric layer. (a) relative capacitance changes versus tensile strain for stretching. (b) Relative capacitances change of the strain sensor upon small strains (from 0.1 to 0.3%). (c) relative capacitance changes of the strain sensor under stretching-holding (0−30%). (d) Response stability of the sensor after 2100 cycles from 0 to 30% strain test. 
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Figure 5. Optical characteristics of the ML from the 20% BT nanodoped e-skin. (a) Luminescence intensity as the strain varies from 0 to 40% under 600 mm/min. (b) Luminescence intensity as the stress varies from 0.44 N to 1.62 N under 600 mm/min. (c) Luminescence spectra as the velocity of the tensile strain varies. (d) Stability and repeatability test of ML emitting by nine cycles under 0–30% stretching and releasing. 
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Figure 6. Application of e-skin for monitoring of various strains as well as strain distribution sense. (a1) Response capacitance change of the sensor induced by the bending of fingers. Inset: Graph showing a sensor pasted on the finger with increasing bending degree. (a2) The grayscale of the real-time captured image from the ML emission generated by the same three bending degrees. (b1) Schematic diagram of the pressing in strain distribution tests. Inset: Photography of the sensor array based on the e-skin. strain distribution generated by (b2) the Optical platform, (b3) the Capacitive sensor array and (b4) The image of real-time ML in the dark. 
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