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A B S T R A C T   

Smart electronic skins (e-skins) have garnered extensive attentions owing to their potentials in health moni-
toring, human-machine interactions, and soft robotics. Herein, stretchable and transparent multimodal e-skin 
sensors composed of poly(vinyl alcohol) (PVA), citric acid (CA) and Ag nanoparticles (AgNPs) are developed by a 
simple in-situ reduction and solvent casting technology, which possess multiple sensing capabilities in strain, 
temperature and humidity. Although utilizing the nontransparent AgNPs as sensing components, the as-prepared 
PVA/CA/AgNPs sensor exhibits not only ultrahigh stretchability (up to 596% strain) but also outstanding 
transparency (the transmittance > 89%) attributed to the homogeneous dispersion of CA and AgNPs in PVA 
matrix. As flexible strain sensor, this sensor exhibits wide strain sensing range (1–200%), rapid response (90 ms), 
and excellent linearity of outputted signals (correlation coefficient: 0.998). Moreover, high-precision thermo- 
sensation (0.1 ℃) and outstanding temperature sensitivity (− 0.076/℃ in the range of 30–40 ℃) make the sensor 
can detect subtle temperature variation. Furthermore, the good hygroscopicity of PVA and CA endows the 
fabricated sensor with outstanding humidity sensing performance, which can give human skin moisture infor-
mation in real-time. More importantly, the designed sensor possesses excellent recyclability and can be reused for 
many times via the simple dissolution-reshaping treatment, which could reduce the electronical waste.   

1. Introduction 

Skin is the largest organ of human body, which not only protects the 
internal tissues and organs but also plays a critical part in our perception 
of the external environment [1–3]. Electronic skins (e-skins) that can 
imitate the features and functions of natural skin are developed to 
monitor various environmental stimuli, including pressure, humidity, 
temperature, haptics, and vibration, through real-time transforming 
these stimuli into the visualized electronic signals [4–6], which show 
great promise in intelligent robotics [7–9], human-machine interfaces 
[10–12], and health monitoring [13–16]. Up to now, most of e-skins are 
the flexible strain sensor and pressure sensor, which can only detect the 
strain stimulus [17–19] or the pressure stimulus [20–24]. However, 
human skin can sense not only the mechanical deformation but also the 
other environmental stimuli such as temperature and humidity [25–27]. 
As one of the vital functions of e-skins, temperature sensing capability 
can provide early warning to avoid the risk of damage from high tem-
perature. On the other hand, the humidity monitoring is also important 
in our daily lives, which is related to the living environment, medical 

facilities, and body health. To integrate these multiple sensing functions 
into one electrical device, the most common strategy is to assemble 
different functional sensors (such as strain sensor, temperature sensor, 
pressure sensor, and humidity sensor) together via the layer-by-layer 
technique to a multisensory system [28–31]. For example, Zhao et al. 
reported a hollow MXene sphere-based flexible e‑skin sensor for both 
strain and pressure detection by multilayer structure design [30]. 
However, this multilayer structure not only increases the complexity of 
the e-skin but also weakens the strain sensing performance of the device, 
such as the limitation for detecting large strain, longer response and 
recovery time. Moreover, it is also hard to achieve a higher temperature 
coefficient of resistance (TCR) as a temperature sensor for most 
multilayer-structured multisensory due to the structural limitation [28, 
29]. Therefore, it is still a great challenge to design and fabricate 
multimodal e-skin sensor with excellent sensing performance by a sim-
ple strategy. 

Furtherly, aiming to develop smart and green e-skins, the properties 
of transparency and recyclability are also desired. Transparency is 
needed in user-interactive displays, biomedical imaging, and touch 

* Corresponding authors. 
E-mail addresses: changxiaohua@hznu.edu.cn (X. Chang), ytzhu@hznu.edu.cn (Y. Zhu).  

Contents lists available at ScienceDirect 

Nano Energy 

journal homepage: www.elsevier.com/locate/nanoen 

https://doi.org/10.1016/j.nanoen.2022.107077 
Received 6 January 2022; Received in revised form 14 February 2022; Accepted 19 February 2022   

mailto:changxiaohua@hznu.edu.cn
mailto:ytzhu@hznu.edu.cn
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2022.107077
https://doi.org/10.1016/j.nanoen.2022.107077
https://doi.org/10.1016/j.nanoen.2022.107077
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2022.107077&domain=pdf


Nano Energy 96 (2022) 107077

2

screens, where it helps to transfer information visually [32–35]. How-
ever, most of skin-like sensors are nontransparent since they are nor-
mally constructed by nontransparent conductive components (e.g., 
carbonaceous nanoparticles, liquid metal, and conducting polymers) 
and stretchable polymers [19,36,37]. The high filling of nontransparent 
conductive components and the complex geometric structures degrade 
the optical transparency of the e-skins. To achieve the transparency of 
the sensor, the transparent ionogels or hydrogels were selected to design 
the transparent sensors [25,38]. For instance, Dai and coworkers fabri-
cated a transparent and wearable strain sensor utilizing the stretchable, 
transparent and conductive hydrogels as the sensing component [38]. 
However, to date, it is still a challenge to fabricate the transparent sensor 
by using the nontransparent conductive components such as inorganic 
conductive nanoparticles. In addition, most of materials are not recy-
cled, which may cause a large amount of waste electronics and even 
harm the people or pollute the environment [39,40]. To alleviate the 
threat of “plastic pollution”, the recyclability of the e-skin devices is 
desirable, which can significantly reduce electronic waste and poten-
tially decrease manufacturing cost. 

Herein, we develop a flexible, transparent, recyclable and multi-
modal skin-like sensor with strain-, temperature-, and humidity-sensing 
capabilities by using polyvinyl alcohol (PVA) as substrate, citric acid 
(CA) as reductant and reduced silver nanoparticles (AgNPs) as conduc-
tive component. CA is selected as the reducing agent to generate AgNPs, 
because the carboxyl and hydroxyl groups of CA can not only easily 

capture Ag+ to facilitate the homogenous distribution of Ag ions in the 
polymer matrix, but also enable the composite to sense humidity change 
and detect the relative humidity (RH) of the surrounding environment. 
Furtherly, CA may also act as a plasticizer in the PVA matrix to reduce 
the interactions among the macromolecules, resulting in the increase of 
the elongation at break [41]. The as-prepared PVA/CA/AgNPs sensor 
possesses high transparency (89%), outstanding stretchability (up to 
596% strain), superior thermal sensation, and excellent humidity 
sensing performance. The fascinating strain sensing performance, such 
as fast response speed, low electrical hysteresis, outstanding sensitivity 
and remarkable repeatability, enable the PVA/CA/AgNPs sensor to 
monitor various human motions, including the facial motion and body 
movement. Since the conductivity of the PVA/CA/AgNPs sensor 
changes regularly with temperature, the sensor can be designed as a 
temperature sensor with excellent thermal-sensation and high detection 
accuracy. In addition, benefiting from the hydrophilicity of PVA and CA, 
the PVA/CA/AgNPs sensor can be used to light up an LED lamp in moist 
environment and real-time monitor the moisture on human skin. 
Furthermore, as we expected, the PVA-based sensor exhibits good 
recyclability due to the renewable PVA and CA. It is noteworthy that the 
reshaped sensor from the recycled PVA/CA/AgNPs composite via the 
dissolution-reshaping treatment exhibits outstanding mechanical and 
sensing properties even after several recycles. This study provides 
guidance for the fabrication of flexible, transparent, recyclable, and 
multisensory e-skins using the environmentally friendly resources. 

Fig. 1. Preparation and structural analysis of PVA/CA/AgNPs composite film. (a) Illustration for the fabrication of the PVA/CA/AgNPs composite film and its 
multisensory performance and recyclability; (b) UV–vis transmittance spectra of the film in the wavelength range from 350 to 800 nm; inset is the digital photo of the 
composite film. The right image is a schematic diagram showing the microstructure of PVA/CA/AgNPs composite film; (c) The optical image shows that the film is 
flexible enough to undergo twisting, bending, knotting, and rolling; (d) and (e) are the SEM images of the surface and the cross-section of the PVA/CA/AgNPs 
composite film, respectively; (f) The element (Ag) mapping on the cross section of the film; (g) The size distribution of reduced AgNPs. 
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2. Results and discussion 

The PVA/CA/AgNPs composite films are prepared by solution cast-
ing and in situ reduction of AgNO3 procedure, as shown in Fig. 1a. The 
detailed preparation of the PVA/CA/AgNPs composite films are pro-
vided in Supporting Information. The obtained composite films are 
denoted as PVA/CAx/Agy, where x and y represent the mass ratio of CA 
to PVA and the mass ratio of AgNO3 to PVA, respectively. The detailed 
compositions of different PVA/CA/AgNPs composite films are shown in 
Table S1. The composite films can be assembled into e-skin sensors to 
detect strain, temperature, and humidity stimulus. Moreover, benefiting 
from the water solubility and recyclability of PVA and CA, this com-
posite film can dissolve in water and reshape again, which can still 
maintain multisensory abilities (Fig. 1a). The prepared PVA/CA/AgNPs 
composite films are highly transparent. From the photograph inserted in 
Fig. 1b, the picture behind the composite film can be clearly observed, 
indicating high transparency of the film. Quantitative investigation 
shows that the transmittance in the visible light range (400–800 nm) for 
the composite film is over 89% (Fig. 1b), which is superior to other re-
ported e-skin materials (Table S2). This guarantees the potential appli-
cation of the PVA/CA/AgNPs composite films in transparent electrode, 
flexible luminescent devices and other aspects, in which the trans-
parency is essentially required. Additionally, the PVA/CA/AgNPs film 
can be twisted, bended, knotted and rolled, exhibiting excellent flexi-
bility, as shown in Fig. 1c. From the scanning electron microscope (SEM) 
images of the PVA/CA film in Fig. S1, it is observed that both the surface 
and cross-section of the film are smooth and flat, indicating that the CA 
is well dispersed in PVA matrix. The homogeneously dispersed CA not 
only improves the dispersion of Ag+ but also serves as a reducing agent 
for in situ generation of AgNPs [42,43]. Detailed reaction equation is 
presented in Fig. S2. In the system, to ensure the complete reduction of 
Ag+ to AgNPs, CA is excessive to the amount of Ag+. Clearly, the reduced 
AgNPs construct the conductive pathways in the PVA matrix, thus 
endowing the composites with good conductivity. To confirm the for-
mation of AgNPs in the film, energy dispersive X-ray (EDX), SEM, 
UV–vis spectroscopy, and transmission electron microscopy (TEM) are 
conducted. As shown in Figs. 1d and 1e, numerous AgNPs are observed 
on the surface and fractured surface of PVA/CA/AgNPs composite film. 
AgNPs are also observed in TEM images for PVA/CA/AgNPs composites 
(Fig. S3). In addition, comparing with the UV–vis spectra of PVA and 
PVA/CA composite film, an absorption peak at 420 nm is observed for 
PVA/CA/AgNPs composite film and enhances with increasing the Ag+

content (Fig. S4), owing to the strong surface plasmon resonance tran-
sition peak of AgNPs [44,45]. Additionally, from the EDX measurement, 
Ag element is homogeneously distributed at the cross-sectional surface 
of the film. These results confirm the successful synthesis of AgNPs via 
the in-situ reduction reaction, which are evenly distributed in the PVA 
matrix (Fig. 1 f). The average size of the obtained AgNPs is 15.1 nm with 
a normal distribution, as shown in Fig. 1 g. 

The minimum and maximum strain detection limits of different 
PVA/CA/AgNPs sensors are compared in Table S3. The cyclic loading- 
unloading measurements of the sensors at the strain amplitude of their 
minimum or maximum strain detection limits are performed to examine 
their sensing stability and repeatability at the operating limits. 
Compared with other PVA/CA/AgNPs sensors with different contents of 
CA and AgNPs, the PVA/CA0.4/Ag0.08 sensor possesses lower strain 
sensing detection limit (1%) and the broadest sensing range (1–200%, 
Table S3, Supporting Information). Therefore, PVA/CA0.4/Ag0.08 sensor 
is chosen as a representative to further investigate the structural char-
acteristics and multisensory performance of PVA/CA/AgNPs sensor. The 
mechanical performances of the PVA, PVA/CA0.4, and PVA/CA0.4/Ag0.08 
composite films are shown in Fig. S5. The Young’s modulus and elon-
gation at break for pure PVA film are 170.6 MPa and 410.7%, respec-
tively. However, with the addition of CA, the Young’s modulus greatly 
declines to 11.3 MPa while the elongation at break increases to 599%. 
This is ascribed to the plasticizing effect of the CA in the blend [41]. As 

for PVA/CA/AgNPs film, the Young’s modulus is further reduced to 
7.2 MPa, which may be due to the fact that the scattered distribution of 
AgNPs turns to be defects to weaken the modulus of composites [46]. 
The elongation at break exhibits a slight decline to 596%, attributing to 
the rigidity of AgNPs. The tensile stress-strain curve under cyclic 
stretching-releasing for PVA and PVA/CA/AgNPs composite film is 
presented in Fig. S6. The PVA/CA/AgNPs composite film demonstrates a 
lower hysteresis loop and a smaller residual strain compared to the pure 
PVA film in the first strain-stress curve. The PVA/CA/AgNPs composite 
film exhibits a residual strain of 0.54% in the first cycle at 10% strain 
(Fig. S6d). In the subsequent nine loading-unloading cycles, the com-
posite film exhibits the same residual strain. Therefore, the PVA/-
CA/AgNPs composite film exhibits higher stretchability and excellent 
resilience after the first stress-strain cycle. Though the residual strain 
increases with the increase of strain (the residual strain is 5.4% at 100% 
strain and 30.8% at 200% strain, respectively), the stress-strain curves 
after the first cycle almost completely coincide, further implying the 
superior elasticity and resilience of the composite film compared to the 
neat PVA film (The residual strain is 1.4% at 10% strain, 23.1% at 100% 
strain, and 101.5% at 200% strain, respectively) (Fig. S6). 

The conductivity of the PVA/CA0.4/Ag0.08 is 0.28 mS/m (T = 25 ºC, 
RH = 50%). The conductivity of composite film derives from the 
reduced AgNPs, which forms the conductive pathways. Based on the 
considerable mechanical properties, such as excellent stretchability and 
good resilience, the as-prepared PVA/CA/AgNPs composite film can be 
designed into resistive-type strain sensors. As depicted in Fig. 2a, the 
relative resistance change (ΔR/R0) of the PVA/CA/AgNPs sensor in-
creases with increasing strain. As the sensor is stretched, the AgNPs 
networks are broken and the tunneling distance between the AgNPs are 
increased, which induces the increase of resistance. In contrast, as the 
sensor is released to its initial state, the conductive pathways of AgNPs 
are rebuilt, thus causing the decrease of resistance. That is, strain 
stimulus can be converted to detectable resistance variation. To further 
evaluate the sensitivity of the strain sensor, the variation of ΔR/R0 with 
strain is plotted and linearly fitted in Fig. 2a. As can be seen, the 
calculated gauge factor (GF =

ΔR/R0
Δε ) is 1.6 and the correlation coeffi-

cient (R2) is 0.998, exhibiting excellent linearity of sensing signals. The 
step-up strain sensing properties are related to the variable strain/ 
deformation of the sensor, which is important for detecting the ampli-
tude of the daily body movement. Fig. 2b demonstrates that as the step 
of strain increases from 1% to 5% at a rate of 1%, the resistance increases 
correspondingly, and the response of two cycles are almost consistent 
with each other. Similarly, reproducible and reversible response is 
observed as the step of strain increases from 10% to 50% at a rate of 10% 
(Fig. 2c). This result indicates that the sensor can detect different strain 
well and exhibits good sensing stability. Cyclically stretching PVA/CA/ 
AgNPs sensor in three cycles at the fixed strains of 1, 10, 50, 100, 150, or 
200% produces repeatable and strain-dependent resistance responses 
(Fig. 2d), indicating high sensing discernibility and good sensing sta-
bility. Moreover, it is noted that the sensor can monitor the maximum 
strain of 200%. Meanwhile, the response and relaxation times are 
important hints for strain sensors because short response and relaxation 
times can avoid mechanical damages [47,48]. As presented in Fig. 2e, 
the sensor exhibits the rapid response time (90 ms) and relaxation time 
(240 ms) when it is stretched to 1% at a high stretching rate of 
1000 mm/min, which shows faster response compared with recently 
published reports (Table S2). In addition, the strain sensor exhibits 
stable and repeatable ΔR/R0 signals during continuous 
stretching-releasing for 200 cycles at 50% strain (Fig. 2 f), suggesting its 
good sensing durability and high sensitivity. 

Attributed to the thermal response of the AgNPs toward ambient 
temperature, the fabricated PVA/CA/AgNPs sensor could be utilized as 
temperature sensor to sense the heat stimulus. The temperature- 
controlled hot stage is employed to examine the temperature sensing 
performance of PVA/CA/AgNPs sensor. Fig. 3a depicts that the sensor 
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exhibits a negative temperature coefficient effect and a monotonic 
resistance-temperature dependence from 30 to 70 ℃. The increasing 
electrical conductivity with temperature is because more electrons can 
gain energy to overcome the energy barrier at elevated temperature 
[46]. As seen in Fig. 3a, the resistance change rate has a nearly linear 
dependence on temperature in the range of 30–40 ℃, and the fitted 
linear equation is y = 2.23 – 0.076x, R2 = 0.972. Interestingly, the TCR 
is − 0.076/℃ in the range of 30–40 ℃, which is superior to other re-
ported e-skin temperature sensors (Table S2). In addition, as shown in 
Fig. 3a, the calculated TCR values are − 0.017/℃ and − 0.003/℃ in the 
range of 40–50 ℃ and 50–70 ℃, respectively. Fig. 3b depicts that the 
ΔR/R0 value of the sensor gradually decreases from 35 to 40 ℃ at a 
gradient of 0.5 ℃ and then maintains at a certain value as the temper-
ature transiently stabilizes, suggesting that the sensor can accurately 
detect the temperature change in real time. In addition, the 
temperature-resistance behavior of the PVA/CA/AgNPs sensor with 
different heating rate is shown in Fig. 3c. To make the resistance signal 
keep stable before test, the temperature is held constant at 30 ◦C for 
10 s. It is observed that the variation of ΔR/R0 is almost the same as the 
temperature varies from 30 to 40 ℃ under different heating rates (e.g., 
5, 10, 20, and 30 ℃/min), indicating that the change of resistance only 
depends on the amplitude of variation of temperature. Interestingly, the 
sensor can be capable of detecting very tiny temperature changes. As 
shown in Fig. S7a, the ΔR/R0 changes when the temperature ranges 
from 37 to 38 ◦C with intervals of 0.1 ◦C, indicating the distinguish-
ability of the sensor is estimated to be 0.1 ◦C. Even at higher tempera-
ture range (65–66 ºC), the sensor can still detect a temperature change of 
0.1 ◦C (Fig. S7b). The lower temperature monitoring accuracy demon-
strates the great potential application in body temperature monitoring. 
The resistance responses of PVA/CA/AgNPs sensor to temperature upon 
exerting different strains (e.g., 0%, 20%, and 50% strains) are measured 
in the temperature range of 30–40 ºC. Fig. 3d shows all the resistance 

curves are almost overlapped with increasing the temperature, indi-
cating that the sensor is appropriate to be used as stretchable tempera-
ture sensor. Meanwhile, the strain sensing performances of the sensor 
under 50% strain at different temperatures (e.g., 25, 35 or 50 ºC) are also 
tested. It is observed that the resistance curves are approximately the 
same (Fig. 3e), suggesting that the sensor could output stable response 
signals at a wide temperature range. Furthermore, the long-term sta-
bility of PVA/CA/AgNPs sensor is also studied (Fig. 3 f). After placing 
the sensor at 25 ºC and 50% RH for 120 h, the resistance of the sensor 
remains almost unchanged, implying the sensor can be suitable for long 
time usage. 

Furtherly, owning to the hygroscopic nature of CA and PVA, the 
resistance of PVA/CA/AgNPs composite film is also sensitive to hu-
midity changes, making it potential as humidity sensors. The mechanism 
of PVA/CA/AgNPs humidity sensor can be explained that the CA and 
PVA could easily absorb moisture due to their abundant hydrophilic 
groups and hold it. Therefore, more conductive pathways are con-
structed in the film to increase the conductivity of the sensor, as illus-
trated in Fig. 4a. On the other hand, the absorbed moisture promotes the 
dissociation of CA molecule to hydrogen ions and citrate, which results 
in the increase of the conducting mediums [43,49,50]. The specific 
humidity sensing performance of PVA/CA/AgNPs sensor is shown in 
Figs. 4b and 4c. Fig. 4b demonstrates that ΔR/R0 decreases instantly as 
the RH increases from 30% to 90% at room temperature. At the same 
time, the humidity sensing capability of PVA/CA/AgNPs composite film 
is simply visualized by the brightness of a connected light-emitting 
diode (LED) light. A higher LED brightness is presented with 
increasing the RH. The moisture absorption/desorption cyclic tests in 
the relative humidity range of 50–90% are examined to evaluate the 
reliability of the humidity sensor. It is observed that the ΔR/R0 response 
exhibits no obvious hysteresis behavior; this indicates the sensor pos-
sesses good humidity sensing reproducibility (Fig. 4c). Based on the 

Fig. 2. Strain sensing performances of the PVA/CA/AgNPs sensor. (a) Resistance response of the sensor versus the applied strain from 0% to 200%. The red line 
represents the linear fitting curve; (b) Resistance response with stepwise increasing strain from 1% to 5% at a gradient of 1% in two cycles; (c) Resistance response 
from 10% to 50% with step up strain (10%) in two cycles; (d) Resistance response of the sensor under cyclic stretching-releasing deformation at various applied 
strains; (e) Response and relaxation time of the sensor at 1% strain with a rate of 1000 mm/min; (f) Durability and stability of PVA/CA/AgNPs strain sensor in 200 
stretching-releasing cycles under 50% strain (the insets present the response signals of 1–6 and 194–199 cycles, respectively). The initial resistance, R0 is measured at 
25 ºC and 50% RH. 
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Fig. 3. Temperature sensing performances of PVA/CA/AgNPs sensor. (a) Relative resistance variation with increasing temperature from 30 to 70 ºC (Linear fitting of 
the curve in the range of 30–40 ºC, 40–50 ºC, and 50–70 ºC, respectively.); (b) Relative resistance changes depending on the temperature, with increments of 0.5 ◦C 
from 35 to 40 ºC; (c) Comparison of the temperature-resistance response of the sensor under different heating rates in the range of 30–40 ºC; (d) Resistance response 
of the sensor in the range of 30–40 ◦C under different strains; (e) Resistance response of the sensor under different temperatures at a fixed strain of 50%; (f) Long-term 
stability of the resistance response of the sensor at the atmosphere of 25 ºC and 50% RH. 

Fig. 4. Humidity sensing performances of PVA/CA/AgNPs sensor. (a) The humidity-sensing mechanism of the PVA/CA/AgNPs sensor; (b) Resistance response of the 
sensor and the brightness of an LED light change with RH; (c) Cyclic humidification-dehumidification response for five cycles in the humidity range of 50–90%; R0 is 
measured at 25 ºC and 50% RH; (d) The photographs of the brightness of an LED light at different times when moisture is continuously flowing on the sensor. 
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resistance response of the sensor to humidity, the PVA/CA/AgNPs hu-
midity sensor can be designed to light an LED lamp. As indicated in 
Fig. 4d, the light is off when no moisture flow on the film. However, 
when exposed to moisture in a very short time (25 s), the light is on, 
indicating fast response to moisture. The brightness of the LED light 
increases with continuous humidification, making it suitable to be used 
as a humidity-controlled switch. The entire process is provided in Sup-
plementary Video S1. 

Supplementary material related to this article can be found online at. 
In virtue of the advantages of the PVA/CA/AgNPs composite film, 

such as conductivity, flexibility, stretchability, thermoregulatory prop-
erty, humidity sensing performance and long-term stability, the 
designed sensor is utilized to mimic the function of skin to response to 
variable stimuli. The high sensitivity and low strain detection limit of 
the film allow it to be employed as strain sensor for the precise recog-
nition of real-time human subtle or large-scale movements. Fig. 5a-c 
record the corresponding resistance response when the sensor is inte-
grated into the finger, wrist, and cheek under different stimuli. When the 
finger and wrist are bent at fixed angle, resistance response with good 
repeatability and stability could be produced (Figs. 5a and 5b). Tiny 
facial emotion such as cheek bulging can also be detected, as demon-
strated in Fig. 5c. In addition, excellent thermo-sensation of well-defined 
PVA/CA/AgNPs temperature sensor further enables to monitor tem-
perature change. Breathing monitoring in real time can be observed in 
Fig. 5d. Infrared imaging is conducted to monitor the evolution of 
temperature during respiration in real time. There is ca. 2.8 ◦C differ-
ence between breathing in (26.2 ◦C) and breathing out (29.0 ◦C), thus 
causing a significant resistance change during the respiration. Fig. 5e 
shows that the relative resistance decreases immediately as the sensor is 
approaching to a cup of hot water; however, the ΔR/R0 increases when 
the sensor gradually leaves the hot source and closes to a cup of cold 
water. Furthermore, the water content contained in skin is an essential 

assessment for human skin conditions, and it is an important reminder 
for people to use skin care products when human skin lacks water. The 
prepared sensor is employed to monitor the water content of facial skin 
and a high-precision commercial water measurement instrument is used 
to check the actual water contents of a volunteer’s facial skin. Fig. 5 f 
demonstrates that the ΔR/R0 decreases after washing face (5 min later) 
and using moisturizer (5 min later), which is consistent well with the 
result of the variation of the water content of the volunteer’s facial skin 
under different conditions. 

Developing reusable sensors can greatly reduce electronic waste 
from a perspective of green electronics and can also potentially decrease 
manufacturing cost. A rectangular composite film with size of 
3 cm × 1 cm can completely dissolve in water within 40 min (Fig. 6a 
and Supplementary Video S2). Because of the good water solubility of 
PVA and CA, the PVA/CA/AgNPs sensor have excellent recyclability. As 
shown in Fig. 6b, fractured composite films are re-dissolved to form 
homogeneous suspension and then reshaped with similar procedures to 
that used for preparing original composite films. The recycled composite 
films are assembled into sensors and still have excellent sensing ability 
to external stimuli (Fig. 6c-e). As observed in Fig. 6c, the strain sensing 
performances of the recycled sensor are comparable to that of original 
ones. It is noted that stable resistance response could be obtained for the 
sensor even after five runs of dissolution-remolding. In addition, when a 
wetting paper as a humidity source is approaching to the sensor with 
different height, the ΔR/R0 for the original and reshaped sensor simul-
taneously decreases with lowering the height between the wetting paper 
and the humidity sensor (Fig. 6d), demonstrating the reconstituted 
sensor can also accurately capture the humidity change. Furtherly, 
touchless temperature sensation is also achieved for the reconstituted 
sensor. To avoid finger humidity interference, the volunteer is wearing 
gloves. As shown in Fig. 6e, when the finger wearing gloves is close to 
the sensor with a height of 0.6 cm at room temperature (25 ºC), the ΔR/ 

Fig. 5. Sensing applications of the PVA/CA/AgNPs-based multifunctional sensor. The strain sensor senses (a) human finger bending, (b) wrist bending, and (c) cheek 
bulging; (d) Resistance response to periodical exhaling; Insert is the actual temperature during respiration monitored by infrared camera; (e) Temperature-induced 
real-time resistance changes when the sensor is closing to a bottle of hot or cold water; (f) Relationship between the water contents of human skin and the relative 
resistance; a commercial water measurement instrument is used to detect the change of the facial water content when beginning of the experiment, washing the face 
or moisturizing. 
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R0 instantly decreases. In this process, the volunteer’s finger tempera-
ture is ~33.4 ºC from the infrared camera. Thereafter, as the hot source 
moves away, the ΔR/R0 recovers to its original value. Resistance 
response for reshaped sensor is nearly identical to that of the corre-
sponding original sensor. The above results clearly manifest that the 
PVA/CA/AgNPs sensor can be thought as green electronic device, which 
gives a great possibility to reduce the waste electronics. 

Supplementary material related to this article can be found online at. 

3. Conclusions 

In summary, flexible, transparent, recyclable, and multimodal skin- 
like sensor composed of biodegradable PVA, CA and conductive 
AgNPs was successfully fabricated by in-situ reduction and solvent 
casting method. To the best of our knowledge, this is the first report that 
achieves both high stretchability (up to 596% strain) and excellent 
transparency (transmittance > 89%) by using the conductive polymer 
composites containing with the nontransparent conductive nano-
particles to fabricate the flexible sensor. As stretchable strain sensor, the 
designed PVA/CA/AgNPs sensors possess various merits, such as wide 
sensing range (1–200%), fast response (90 ms), and outstanding line-
arity of outputted signals (correlation coefficient: 0.998). Moreover, 
owing to the high temperature sensitivity of AgNPs, the sensor exhibits 
superior temperature sensing capability with high detection precision 
(0.1 ℃), high TCR (–0.076/℃) in the range of 30–40 ℃, and great 
durability for long-term usage. Furthermore, attributed to the hygro-
scopicity of PVA and CA, the as-prepared sensor presents high humidity 
sensitivity and stability, thus enabling to be used as skin moisture de-
tector. Impressively, the PVA/CA/AgNPs composite films are extremely 
biocompatible and capable of being recycled, enabling them to be 

friendly to human skin and the environment. Therefore, the perfect 
integration of these functions ensures that the PVA/CA/AgNPs sensors 
have potential applications in human motion detecting, temperature 
and humidity monitoring, personal healthcare and thermal manage-
ment. This work may inspire more researchers to explore high- 
performance skin-like sensors for next-generation green wearable elec-
tronics and soft robotics. 
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Fig. 6. (a) Illustration for the dissolution process of the composite film; The scale bar is 3 cm for all the images. (b) The recyclability of the PVA/CA/AgNPs film; (c) 
The strain sensing performances of the original sensor and the reshaped sensor; Response of the original sensor and the reshaped sensor (d) when the wetting paper is 
closing to the sensor with different height and (e) when the finger wearing gloves is approaching to the sensor. 
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Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.nanoen.2022.107077. 
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