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Abstract: Wearables and strain sensors have attracted much attention for applications in monitoring 

human motions and health. However, state-of-the-art sensors lack sensing reliability in changing 

temperature and humidity conditions. In this study, we design and fabricate a robust strain sensor using 

silk/polyurethane composite yarns. The silk is modified using graphene with the assistance of 3-

glycidyloxypropyl trimethoxy silane as coupling agent. The sensor is durable and has fast response 

speed, stable sensing capability, and a robust resistance response towards strain deformation. More 

importantly, the sensor performance will not be affected by changing temperature and humidity in 

typical use conditions. The sensor is used to further develop a real-time body sensing network. Results 

from this study show that the fabricated strain sensor has huge potential for future personalized 

healthcare and public health management. 
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1. Introduction 

Immense amounts of research on wearable sensing devices have greatly expanded the horizons of 

personal and public health management [1-4]. Simple strain sensors offer high flexibility and high 

sensing performance. Due to its unique material behaviors, strain sensors also provide great potential 

in physiological signal detection [5-8]. Carbon nanotubes, polyaniline, metal nanoparticles and 

graphene are commonly used as active materials to provide electrical conductivity for sensors [9-12]. 

Compared to other materials, graphene, a two-dimensional hexagonal structural material composed of 

sp2-bonded carbon atoms, is an excellent candidate for the fabrication of flexible skin-mountable  strain 

sensors because of its higher aspect ratios, superior electrical and mechanical properties, and preferable 

chemical stability [13]. Although strain sensors with graphene modification have been extensively 

studied [14-17], the existing strain sensors have weak strengths and/or unstable bonding in between 

the substrate and the graphene. For that, it is important to explore an effective strategy to increase the 

coating firmness to improve the sensing reliability for practical use scenarios.  

 

Depending on different activity levels, human bodies generally produce about 60 ml to 840 mL of 

sweat per hour [11]. Even at rest, physical breathing occurs on the skin surface and sweat in the form 

of water vapor evaporates from the skin. Similarly, the skin temperature also changes as a function of 

metabolic intensity and sweat evaporation. For that, wearable sensors need to have reliable sensing 

capabilities in dynamic temperature and humidity environments [18, 19]. However, the current state-

of-the-art sensors are not designed to be used in such practical environments and their sensing 

performance is unstable when the temperature and humidity are continuously changing [20, 21]. 
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Therefore, it is highly desirable to develop a robust and reliable on-skin strain sensor that can obtain 

signals due to any body movements in various temperature and humidity conditions. 

 

In this paper, we propose a silk yarn-like strain sensor with a core-sheath structure, where the elastic 

core fibers and the graphene-modified sheath fibers serve as mechanical and active components, 

respectively [22, 23]. The silk yarn does not only have high flexibility and mechanical strength, but it 

also provides high biocompatibility and sustainability, which can be a potential material for wearable 

devices. As a polymer composed of amino acids, silk has multiple reactive groups on its surface that 

can serve as reaction sites [24]. The bonding between the graphene and the silk fibers in hydroxyl 

groups, carbonyl groups, and epoxide groups can be enhanced using 3-glycidyloxypropyl trimethoxy 

silane as a coupling agent (CA). The sensor made with the silk/Polyurethane (PU) composite yarn 

(SPY) reveals a unique resistance response upon tensile strain and a stable sensing capability in a wide 

range of temperature and humidity conditions. In the following sections, material functionalization 

and sensor fabrication will be presented. Results will be provided. Since our goal is to eventually 

implement the new strain sensor in real-life applications, a real-time body sensing network is 

developed to demonstrate the usefulness of the sensor with different activities and motions. It is hoped 

that the fabricated sensor can help to enable future digital healthcare.  

 

2. Experimental Section 

2.1. Material functionalization and sensor fabrication 

Fig. 1 shows the procedure for the fabrication of the sensor. There are four major steps: 1) silk yarn 

(SY) and PU filaments are first pre-drawn with tensioners and they are then fed into a roller 
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simultaneously. The two mixed groups of yarns (SY and PU) are twisted together to form the silk/PU 

composite yarn (SPY). After the loading pre-drawn is released, the PU filament is retracted to its 

original length making the silk yarn to form a core-sheath structure around the PU core filament. This 

allows the SPY to be prepared. 2) The SPY is modified by a coupling agent (CA). First, the yarn is 

ultrasonically cleaned with deionized water at ~ 60℃ for about 30 mins. Then, the treated yarn is 

immersed into water and 3-(2, 3-epoxypropyl) propyl trimethoxy silane solution with the silane and 

water ratio of 1:30 at ~ 60 ℃ for approximately 4 hours. The dried yarn becomes the CA-assisted SPY 

(CA-SPY). 3) The CA-SPY will be treated with a graphene oxide (GO) solution. The GO solution is 

prepared using the modified Hummer’s method based on [11, 25]. Approximately 2 g of graphite 

powders, 2 g of NaNO3, and 50 mL of H2SO4 are mixed in a container and stirred in a constant speed 

for about 2 hours. Afterward, approximately 6 g of KMnO4 is gradually added to the mixture with the 

temperature of the solution maintaining below 5 °C. Then, the mixture is stirred for about 2 days. Next, 

~ 100 mL of water and ~ 10 mL of H2O2 are added to terminate the reaction. The mixture was washed 

and rinsed in a centrifuge using 10 % HCl and deionized water. With that, the GO solution with uniform 

dispersion is obtained. After that, the yarn is soaked in the GO dispersion for about 1 hour and the 

unwanted GO liquid is removed by using a small rolling mill with a pressure of ~ 0.2 MPa. This cycle 

is repeated 9 times. And finally, the yarn is dried at 60 ℃ to achieve the GO modification. 4) Ascorbic 

acid is used to reduce GO [26] on the surface of the yarn. The yarn is submerged into the 80 °C ascorbic 

acid for approximately 24 hours and the CA-SPY with reduced GO (rGO) is obtained. The final yarn 

is denoted as CA-rGSPY.  In order to complete the strain sensor, the CA-rGSPY is cut into about 5 cm 

segments and the two leading edges are attached to two conducting wires using silver paste. This forms 

the CA-rGSPY strain sensor.  
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Fig. 1. Schematic diagram of fabrication of the CA-rGSPY 

 

2.2. Morphology and structure characterization 

Surface morphologies of the sensor are obtained using a Scanning Electron Microscope (SEM). The 

element content and distribution are obtained using a desktop SEM. A Fourier transform infrared 

spectroscopy with a 532 nm laser wavelength is utilized to examine the secondary structure features 

of the sensor. Crystalline phases are investigated using X-ray Powder in Co Kα radiation (λ = 1.5418 

Å) at the 2θ ranging from 5 ° to 50 °. Thermogravimetric analysis of the sensor is also performed. 

 

2.3. Evaluation of electromechanical performance and reliability 

Mechanical performance is assessed utilizing a universal material testing machine. The tensile 

properties of the yarn with a gauge length of ~ 50 mm are measured in accordance with ASTM D2653. 

The pre-tensioning force value is about 0.3 cN with a crosshead speed of ~ 500 mm/min. The surface 

resistance of the sensor is measured using a digital multimeter. We washed the sensors in a beaker with 

laundry liquid with a magnetic stirrer at ambient temperature. Tension to the sensors is applied using 
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a tensile module. The electrical signals generated by the sample/strain sensor are collected by a 

multimeter and a programmable software. Assessments for relative humidity and temperature stability 

of the sensor are performed in an enclosed electrochemical shielding box. Using a humidifier, moisture 

was injected into the box to increase the relative humidity. In order to create an elevated temperature 

condition, heated air was blown into the box. 

 

3. Results and discussion 

3.1.  Characterizations of the CA-rGSPY 

Fourier transform infrared (FTIR) spectra of SPY, CA-SPY, rGSPY, and CA-rGSPY are depicted 

in Fig. 2a. As shown in the figure, there is a general difference for the absorptance at 1040 cm-1 and 

906 cm-1 and this spectral behavior corresponds to the stretching vibrations of Si-O-Si and the rocking 

vibrations of Si-C in the silane coupling agent [27, 28]. The new peaks in the CA-SPY and CA-rGSPY 

are attributed to the deposition of the CA on the silk surface. For quantifying the conformational 

changes in the secondary structure caused by the interactions between the silk fibroin and the CA from 

the functionalization process, we deconvolve the FTIR spectra for both SPY and CA-SPY in the amide 

I zone (1600 cm-1 to 1500 cm-1) (see Fig. 2b and 2c) [29]. It is found that the β-sheet structure in the 

secondary structure is significantly improved. This means that the CA is likely to be the primary cause 

of the β-sheet produced by silk fibroin, which can be induced by hydrogen bond between CA and silk 

as shown in Fig. 2d [30]. On the other hand, this modification does not deteriorate the uniform 

distribution of elements and there is the presence of Si on the surface of CA-SPY, CA-GSPY and CA-

rGSPY after the CA coating is applied. 
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Fig. 2. Characterization of the SPYs. a) FTIR spectra of the SPY, CA-SPY, rGSPY, CA-rGSPY. The 
deconvolved FTIR spectra of b) the SPY, and c) the CA-SPY. d) Conformational changes in secondary 
structures of the SPY, CA-SPY. e) Raman spectra of the GSPY, CA-GSPY, rGSPY, CA-rGSPY with 
a.u. meaning arbitrary unit. f) ID/IG values calculated from Raman spectra. g) Schematic diagrams of 
the bonding mechanism between layers on the CA-rGSPY surface. 

 

The surface of both SPY and CA-SPY is generally smooth with uniform wrinkles. The winkles are 

formed because both SPY and CA-SPY were treated with graphene. By analyzing the surface element 

contents, it is found that the percentage of O in the GSPY and the CA-GSPY decreases as a function 

of reducing presence of graphene, which is consistent with the previous work [31] . Raman spectra of 

GSPY, CA-GSPY, rGSPY, and CA-rGSPY are shown in Fig. 2e and it shows the reduction of rGO 

from the GO on the fiber surface. Two distinct peaks are observed at 1336 cm-1 and 1573 cm-1 in which 



9 
 

correspond to the Disorder Induced Mode (D) and Tangential Mode (G), respectively [32]. The initiate 

ID/IG value of GSPY and CA-GSPY is 0.70743 and 0.54491, respectively. After the application of rGO, 

the ID/IG values increase to 1.61551 and 1.51199 as show in Fig. 2f. This increase is attributed to the 

structural defects and disorders of the in-plane carbon network induced by the GO reduction. Because 

of the structural defects, the sp2 domain is reduced in size and is transited from sp2 to sp3 [33]. On the 

other hand, the ID/IG values of the CA-GSPY (0.5491) are lower than that of the GSPY (0.70743). This 

is mainly because the remaining hydroxyl group on the CA bonds to the epoxy group of GO [34].  

 

Based on the abovementioned analysis, a schematic model of the bonding mechanism between layers 

on the CA-rGSPY surface is constructed and is illustrated in Fig. 2g. The increase of β-sheet structure 

indicates that the carbonyl groups (appeared in amino acids of silk) react with the hydroxyl groups 

(appeared in CA) and is bound by forming the hydrogen bonds. The decrease in ID/IG values of GO is 

caused by the partly disappearance of oxygen-containing functional groups and this observation 

provides the reason why tight binding of CA with GO is the substitution reaction between hydroxyl 

groups and oxygen-containing functional groups of GO. It is seen that the characteristic peaks, which 

are attributed to the crystal structure of silk fibroin (Silk II), of all samples at different 2θ (i.e., ≈ 20.34 °, 

24.6 ° and 29.6 °) [35]. No significant difference is observed and this result indicates that the crystal 

structure of silk is not being destroyed during the functionalization. It is also found that the thermal 

stability of the samples. When the temperature rises from 50 °C to 550 °C, the weight loss rate reaches 

about 60 % for all samples. However, the samples coated with the CA and modified by graphene show 

slightly less weight deterioration due to heating.  
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To investigate the relationship between the sensor resistance and the functional coating cyclicality, 

three pad dyeing settings (3, 6 and 9 times) are considered and the yarns (CA-rGSPY) are denoted as 

the CA-rGSPY3, CA-rGSPY6, and CA-rGSPY9, respectively. Fig. 3a shows the average resistivity of 

each setting and it dramatically decreases with the increasing dyeing cycles. In the same figure, the 

resistivity of the CA-rGSPY is shown to be lower than that of rGSPY and this indicates that presence 

of CA improves the performance in electrical conductivity [36]. To measure the conductivity stability 

in practical conditions, the rGSPY and the CA-rGSPY are washed using laundry liquid. With 

increasing washing time (Fig. 3b) and cycles (Fig. 3c), the change of the average resistivity of CA-

rGSPY  is much less as compared to that of rGSPY and this observation suggests that the use of CA 

offers prominent coating fastness. The conductivity of CA-rGSPY can be illustrated by applying low 

voltage onto the embedded LED bulbs as shown in Figs. 3d-3f. The LED bulb from the CA-rGSPY9 

appears to be the brightest, revealing its robustness in conductivity.  

 

It is worth emphasizing that silk, but not the PU, plays the role of conducting electricity in the CA-

rGSPY and it can be seen that there is no wrinkled graphene structure on the PU surface after 

modification (see Fig. 3g). This is because the surface of the PU is smooth and lacks active functional 

groups to bind graphene. It can be seen in Figs. 3h that the silk yarn is generally conductive and the 

PU is not conductive (see Fig. 3i). Typical tensile strain curves of SPY and CA-rGSPY are shown in 

Fig. 3j. The pristine yarn possesses a strain limit of 124% and the CA-rGSPY3, CA-rGSPY6, CA-

rGSPY9 has a strain limit of 125 %, 128 % and 131 %, respectively. The slight increase in strain limit 

is attributed by the shrink of the PU from the reduction (rGO). Although the PU is not conductive, it 

can offer improved elongation which makes the yarn highly stretchable (Fig. 3k). However, with the 
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loose and inelastic silk fibers in the yarn under the high tensile action, the stress increases significantly 

after reaching a certain strain (from the helical state to the straight state). As the strain gradually 

increases and exceeds the tolerable strain, the stretched silk fibers begin to break (Fig. 3l) [37, 38] and 

this observation is consistent with the previous work [39]. 

 

  
Fig. 3. Characterization of the CA-rGSPY. a) Average resistivity of the rGSPY and CA-rGSPY. The 
average resistivity of the rGSPY and CA-rGSPY after different b) washing time and c) washing cycles. 
The photographs of the d) CA-rGSPY3, e) CA-rGSPY6, and f) CA-rGSPY9 as an interconnect to light 
up LEDs. g) SEM images of the PU. h) Image of the silk with a resistance of 63.6 kΩ. i) Image of the 
PU with an unmeasurable resistance. j) The strain-stress curves of the SPY and CA-rGSPY9. k) The 
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images of the CA-rGSPY during stretching in a universal material testing machine. l) The image of 
the CA-rGSPY under high-deformation strain, showing the silk on the sheath layer starts to fracture.  

 

3.2. Calibration and sensing mechanism of the CA-rGSPY sensor 

Figure 4a shows the silk fibers wrapped in a spiral pattern with the PU yarn. Fig. 4b demonstrates the 

CA-rGSPY silk fibers exhibits outstanding tensile properties (with a maximum sensing range up to 

120 %). An interesting observation is made from stretching the silk fibers as shown in Fig. 4c.  The 

sensor exhibits a relatively linear decreasing resistance as a function of increasing strain and we 

denoted this behavior as the negative resistance response. This material property is extremely useful 

because the electrical response from the sensor is directly proportion with the electric current, which 

helps us to reduce the design complexity of the sensor structure. It should be noted that the increase in 

resistance is generally not favorable because it impacts the conductivity of sensors [40]. The CA-

rGSPY3, CA-rGSPY6 and CA-rGSPY9 sensors possess outstanding linearity between the applied 

strain and the relative electrical variation. A goodness of fit, denoted as R2, of CA-rGSPY3, CA-

rGSPY6 and CA-rGSPY9 is shown to be 96.7 %, 99.2 % and 99.8 %, respectively. These results 

demonstrate that the slope of the linear fit increases as a function of coating cycles and the CA-rGSPY9 

sensor offers better functional performance.  
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Fig. 4. Electrical responses and corresponding mechanism of the CA-rGSPY sensor under stretching. 
The images of the CA-rGSPY sensors under a) 0% elongation, and b) 120% elongation. c) The 
calibration results of the CA-rGSPY3, CA-rGSPY6 and CA-rGSPY9 sensors. 

   

3.3. Electromechanical performance 

The CA-rGSPY sensor reveals desirable electromechanical properties. We investigate the electrical 

response of the CA-rGSPY sensor under cyclic loading-unloading with various frequency and strain 

conditions. Fig. 5a shows the electrical outputs with the application of step-by-step frequency ranging 

from 0.1 Hz to 1 Hz at ~ 10 % strain. It can be seen that the sensor is capable of reliably detecting the 

applied strain at different frequencies. For dynamic strain conditions, strains ranging from 5 % to 50 % 

at a frequency of ~ 0.2 Hz are applied. Fig. 5b shows that the sensor is responsive to these dynamic 

conditions and the obtained signals are stable. However, it should be noted that the peak of the 

electrical response is slightly distorted at around 50 % strain and this is attributed to the hysteresis 

caused by the viscoelasticity of the PU material [7]. When the strain exceeds 50 %, the yarn is in slack 

state and it is unable to recover from the initial length within a short time. For that, there is a fluctuation 

in the sensor electrical signal at the beginning of the next cycle. By applying different tensile strains 

(i.e., 20 %, 40 % and 60 %) and retaining the elongation, the sensor generates signals corresponding 
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to the real-time perception capacity and this is shown in Fig. 5c.  

 

We assess the response speed of the CA-rGSPY sensor by applying a quasi-transient step strain of 

~ 0.5 % with a changing length speed of ~ 16 mm/s. Fig. 5d shows that the response time is 

approximately 80 ms which is fast enough to meet the most application requirements in body area 

motion detection. To further evaluate the stability and durability of the sensor, 50 % cyclic strain is 

applied with a frequency of ~ 0.5 Hz for 1500 cycles. Fig. 5e shows that the electrical response is 

stable throughout the cycle with minor fluctuation where the sensor is proven to be durability and has 

strong resistance in elastic fatigue. Additional studies are conducted; the CA-rGSPY sensor is washed 

with laundry solution for 30 min at ambient temperature and the results also reveal that the affect from 

laundry to the sensitivity of the sensor is relatively small. This observation suggests that the sensor 

will continue to work even subjected to different practical use scenarios.  

 

Understanding the sensor behaviors at the wearable interface from various changing localized 

conditions in temperature and humidity (denoted as microclimate) is important for wearable sensors. 

Fig. 5f and 5g presents the use of an air-blower and a humidifier to adjust the temperature and the 

humidify, respectively, to mimic the changing conditions in real-world wearable scenarios. Fig. 5h 

shows the transient sensor electrical response as a function of increasing temperature (from ~ 25 °C to 

45 °C) under cyclic loading strain of about 10 % and Fig. 5i shows the sensor total resistance. It can 

be seen that the change of temperature has minimal effects on the sensor response and the electrical 

property. A similar observation is shown in Fig. 5j and 5k where the relative humidity changes from 

25 % to 60 %. This consistent sensor behavior in different microclimate conditions is ascribed to the 
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use of CA, where it helps to remove the oxygen-containing functional groups, and the process of GO 

reduction. These two processes facilitate small activated deep trap states and short-range variable 

hopping of carriers which leads to a dramatic decrease in the quantity of hopping charge transport (see 

Fig. 5l) [41, 42]. Therefore, although the increase in temperature can promote the generation of charge 

carriers, it is absent from temperature dependence because the number of hopping charges is reduced 

(see Fig. 5m) [43]. Meanwhile, the rGO presents high hydrophobicity due to the elimination of oxygen-

containing functional groups including hydroxyl and carboxyl groups through the reduction process 

[12, 44]. Hence, the sensor can stably detect the tensile strain in the considered range of practical 

microclimates. It can be seen that the CA-rGSPY sensor has combined merits including negative 

resistance response, high linear sensing feature, high durability, and sensing reliability in varying 

temperature and humidity which can be provided as a cutting-edge wearable strain sensor. 



16 
 

 
Fig. 5. Electromechanical properties of the CA-rGSPY sensor. a) Dynamic stability of the sensor at 
various frequencies ranging from 0.1 Hz to 1 Hz. b) Dynamic stability of the sensor at various strains 
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ranging from 5% to 50%. c) Static stability of the sensor at various strains ranging from 20% to 60%. 
d) The electrical signals by applying a quasi-transient step strain of 0.5% with a speed of 16 mm/s, 
showing the response speed. e) Electrical signals at an applied cyclic strain of 50% with a frequency 
of 0.5 Hz for 1500 cycles. The images of a homemade device for the evaluation of f) temperature and 
g) relative humidity dependence of the sensor. Electrical signals of the sensor under h) repeated loading 
strain of 10%, and i) undeformed conditions by applying changeable temperatures from 25-45°C, 
showing the sensor is insensitive to the temperature. Electrical signals of the sensor under j) repeated 
loading strain of 10%, and k) undeformed conditions by applying relative humidity from 25-60%, 
showing the sensor is insensitive to the humidity. l) Energy-band structure of the sensor with more and 
less oxygen-containing functional groups. m) Energy-band structure and thermal generation of charge 
carriers in the sensor with more and less oxygen-containing functional groups under changeable 
temperature. 

 

3.5. Applications  

A real-time body sensing network is developed and it is integrated with the CA-rGSPY strain sensor 

and a wireless data collection system. Fig. 6a shows the Bluetooth data collection system that is 

constructed with a Microprogrammed Control Unit (MCU), a Bluetooth serial port transparent 

transmission module (TM), an Analog to Digital Converter (ADC), and an antenna. To make it easier 

to understand how the system works, Fig. 6b illustrates a simple diagram. The system is powered by a 

3.0 V power supply and the output signals of the CA-rGSPY sensor are amplified through an amplifier. 

The analog signal of each channel is then converted to a digital signal by the built-in 12-bit ADC. For 

data transfer, the system transmits signals wirelessly through a 2.4 GHz antenna. Ultimately, the 

electrical signals are sent to the mobile phone, which can be used to view the signals in real time (see 

Fig. 6c).  

 

Five types of body motions, including coughing, speaking, drinking water, bending wrist, and 

breathing, are considered to demonstrate the robustness of the CA-rGSPY and the sensing network. 

By attaching the sensor to throat area with tape, epidermal vibrations generated from cough, speech, 
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and water drinking can be accurately monitored. Fig. 6d shows the sensor electrical response of 

coughing. Fig. 6e presents the electrical signals generated from speaking various words and Fig. 6f 

shows the electrical responses from drinking water. For example, the sensor can be attached on the 

skin of the wrist and Fig. 6a shows electrical signals from bending the wrist. By mounting the sensor 

on the chest, the generated electrical signals from Fig. 6h shows the motions due to inhalation and 

exhalation. As seen, the patterns of each of these signals are rather unique and it is believed that the 

sensing network with the CA-rGSPY sensor can be potentially used in pronunciation rehabilitation 

application, future personalized healthcare, and public health management. 
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Fig. 6. Applications of the CA-rGSPY sensor in body area sensing networks. a) Circuit boards for 
signal conditioning and transmitting. b) The circuit diagram of the wireless transmission system. c) A 
mobile phone showing physiological data in digital form. d) Ream-time detection of coughing, e) 
speaking, and f) water drinking by attaching the sensor to the throat. g) Detection of the wrist bending 
through mounting the sensor on the wrist. h) Real-time detection of breathing by attaching the sensor 
to the chest. i) Proof-of-concept demonstration of remote and personalized sensing system based on 
the wearable sensor and data analysis and diagnosis system.  

 

https://www.sciencedirect.com/topics/chemical-engineering/potable-water
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As a proof-of-concept for future activity monitoring and health management, Fig. 6i shows how the 

body sensing network can be used data collection, data transmission, data visualization, and abnormal 

event detections and warnings. The sensors, deployed to the elderly or apoplectic, can be used as 

mobility assistive devices capturing movement data to monitor the effectiveness of domestic 

rehabilitation interventions. The data of the care recipient are transmitted to a mobile phone and then 

relay to a remote terminal through the Internet. Emergency circumstances are detectable and 

emergency service can be delivered or provided immediately. In another case, medical care personnel 

can remotely examine a patient's status and perform an online diagnosis. Such a system presents 

unprecedented opportunities to  revolutionize digital activity monitoring and health management in 

the future.  

 

4. Conclusions 

In summary, we have developed a wearable strain sensor with a core-sheath structure modified by 

graphene with the assistance of 3-glycidyloxypropyl trimethoxy silane as a CA. It exhibits enhanced 

sensitivity as a function of increased coating time and linear sensing feature (R2 = 99.8 %) throughout 

the considered range of microclimates. The sensor coated nine times with graphene acquires a good 

electromechanical performance including fast response (i.e., 80 ms) and remarkable durability (>1500 

cycles). Particularly, the sensor shows sensing reliability without the interference of changeable 

temperature from 25 °C to 45 °C, and relative humidity from 25 % to 60 %. We demonstrate a body 

area sensing network constructed by the sensor and a wireless signal collection system, which shows 

tremendous foreground in personal and public digital health management. 
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