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Abstract: 

Electronic textiles accomplished by incorporation of electronics into textile substrate are indispensable 

parts for large-area wearable applications. This paper presents a full fabric-based temperature sensor 

network comprised of discrete fabric temperature sensors and elastic fabric circuit board (FCB). The 

fabric temperature sensor made by integrating a continuous metal fiber into woven structure has an 

enhanced sensitivity (0.0039°C-1), high accuracy (error: ±0.2°C), superior resolution (0.05°C), short 

response time, as well as almost no hysteresis, which has far exceeded those of metal-coated thin films 

and composite materials in terms of combination of the properties. Due to large-deformation capability 

of the FCB, the packaged assembly could maintain electrical integrity with a maximum strain of 40%, 

and withstand a fatigue life of at least 10,000 cycles at 30% strain, suggesting great promise for next-

to-skin electronics. To demonstrate its applicability, a smart garment integrated the assembly has been 

used for in-situ detection of skin temperature during respiration. 

 
Keywords: fabric temperature sensors, fabric sensing network, electronic textiles, skin temperature 
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1. Introduction 

Electronics integrated into textiles with the characteristics of extreme flexibility, large deformation, 

and permeability are indispensable parts for large-area next-to-skin electronics[1-4], where it requires 

the devices are capable of compliant interaction with zoetic, soft, three-dimensionally curved, and 

dynamic human skins[5-11] with an average surface area as large as to 2 m2[12-14]. Electronic textiles 

that are accomplished by incorporating electronic functions into a mechanically compliant and porous 

textile substrate are hence of great importance to advance skin-conforming electronics[15-17], 

potentially opening up an enormous range of applications such as healthcare or physiological 

monitoring[15, 18-22], sophisticated soft robotics[14, 23-28], as well as artificial skin-like 

materials[20, 29-31]. 

 

Skin temperature, as a basic physiological parameter, often reflects human activities[32, 33] and health 

conditions[34-36]. Flexible temperature sensors have been investigated for continuous measurement 

of localized temperature variations of the human skin[33, 35, 37], in which many efforts concentrate 

on metal particles on thin films and temperature-sensitive conductive composites[38-40]. The former 

thin metal films, created by heterogeneously implementing metal particles[41-46], like platinum (Pt), 

nickel, and gold, on sheet-like thin films[47-52], such as polydimethylsiloxane and polyimide, operate 

based on their resistive change with variation of the temperature[42, 43, 53-58], resulting in high 

accuracy (±0.3℃)[59-64], superior resolution (0.03°C)[46], and short response time (<80ms)[53, 62]. 

The sensitivity of the metallic thin films, nevertheless, is reduced compared with theoretical values of 

their corresponding bulk metals[42, 62, 65], possibly because of electron scattering at grain 

boundary[56], deposition condition, as well as adhesion layers[42, 62]. Additionally, the used thin 

films are not suitable for a long-time intimate contact with human skins, although some are 

satisfactory in the stretching capability. Oppositely, conductive composites were formed by dispersing 

conductive fillers, including carbon-based materials[66], conductive polymers, and metallic 

particles[67], into amorphous[34, 53, 54] or semi-crystalline polymers, such as polyethylene oxide and 

polyethylene adipate[33, 43, 46, 68], achieving orders-of-magnitude changes in electrical resistance 

with a small temperature variation due to considerable volume expansion of the polymer matrix[67, 
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69]. Such polymeric sensors, however, usually suffer large error (accuracy: ±2.7°C), severe hysteresis, 

slow response time, as well as irreproducibility caused by morphological change of the conductive 

network[33, 69-71]. Furthermore, their temperature measurement range is very narrow from 35°C to 

42°C[68], often forbidding their applications for wide-scale temperature sensing in healthcare and 

medical fields[33, 72].  

 

To address the critical issues abovementioned, we make novel all-fabric based flexible temperature 

sensors by integrating free-standing metal conductors in the fiber form into textile substrates. When 

compared with the reported thin metal films, the sensitivity could be enhanced with the pure bulk 

metals; the flexible, stretchable and permeable textile substrate could softly interface with non-planar 

skin surface with different gesture and motion for continuous measurement in minimal user 

awareness[53, 55, 65, 73, 74]. Differently from the polymeric temperature sensors, the use of resistive 

metal fibers as the temperature sensing element significantly improves the accuracy, resolution, and is 

capable of detecting the temperature signals without hysteresis in a broad temperature measuring range. 

In this paper, we firstly report the mechanically flexible fabric temperature sensor by weaving 

individual Pt fibers with uniform cross-sectional features at a micrometer scale into textile structures, 

which is a general technique for the construction of smart textiles[75, 76]. The fabricated temperature 

sensor has a sensitivity of 0.0039°C-1, which is same as to the sensitive value of the pure bulk Pt and 

could satisfy different demands in various temperature sensing circumstances, a remarkable accuracy 

(error: ±0.2°C), superior resolution (0.05°C), short response time, as well as low hysteresis in cyclic 

conditions. Those results suggest that the fabric temperature sensor could successfully detect human 

skin temperature. To scale up sensor distribution and achieve large-area coverage for spatial 

temperature measurement, we further demonstrate a mechanically compliant fabric sensing network 

by linking the discrete temperature sensors with elastic fabric circuit board (FCB) in a simple 

fabrication process, which facilitates a high-level integration, low-cost and large-scale comfortably 

wearable textile platform. Owing to the non-planar structure of the conductive tracks in the FCB, a 

maximum stretchability of 40% strain was achieved without degrading the device performance. The 

whole assembly could also withstand more than 10,000 stretching cycles at 30% strain, which enables 



Full Fabric Sensing Network with Large Deformation for Continuous Detection of Skin Temperature 

5 

 

the fabric sensing network for highly deformable and durable skin-mounted electronics[77, 78]. The 

high stretchability and better cyclic durability presents an important step toward the realization of 

implantable and wearable devices that are sensitive, cyclically stable, processable, and can be 

unobtrusively attached to the skin for physiological signal monitoring. Finally, we investigate the 

performance of the fabric sensing network for real-time detection of skin temperature, indicating 

considerable promise for development of wearable health monitoring devices over long periods of 

time in a practical and noninvasive modality.  

 
2. Fabric Temperature Sensor 

A fabric temperature sensor is produced by integrating a continuous metal fiber into a woven-

structured fabric composed of inherently non-conductive yarns through a conventional weaving 

technology by using a semi-automatic weaving machine (Model: SGA598, Jiangyin Tongyuan Textile 

Machinery Co., Ltd., China). The resulting fabric temperature sensor operates based on the change in 

resistance of the metal fiber upon varying the temperature in an almost linear relation, expressed by 

R=R0×(1+α(T-T0)), where R and R0 are resistances of the metal fiber at temperature T and reference 

temperature T0, respectively; α is temperature coefficient of resistance (TCR). As the environmental 

temperature increases, the resistance of the fabric temperature sensor rises and usually has a positive 

temperature coefficient. Figure 1 shows schematic diagram and scanning electron microscopy (SEM), 

respectively, of one typical resulting sample, which consists of two sets of fibers, i.e., the metal fiber 

Pt (from Shanghai Shenjie Instrument Co., Ltd., China) in an organized floating pattern in the fabric, 

where natural cotton yarns (280 Denier, from Hangzhou Zhangfu Textile Co., Ltd., China) as both 

transverse (along the width) and longitudinal (along the length) elements are inter-crossed at more or 

less right angles to each other. The continuous metal fiber, as another transverse part, is primarily 

interlaced with the longitudinal yarns and their interlacement results in a coherent and stable assembly 

(figure 1a).  

 

The free-standing metal fiber (Young’s modulus: 169 GPa, Poisson’s ratio: 0.38), as shown in figure 

1b, with smooth surface and circular-like cross section of 20-μm diameter, though it is expensive and 
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does not have the highest temperature coefficient of resistance ( 3 13.92 10− − ℃ ), was employed as 

temperature-sensitive material owing to its desirable thermal properties and linearity between 

electrical resistance-temperature relation; its high antioxidation so that it is unnecessary to protect the 

metal fiber from the chemical or environmental attacks, without the risk of reducing its electrical 

performance for practical applications[79, 80]; acceptable bending ( 4 -3/ 64 1.33 10d E   N.mm2) 

and torsional rigidities ( 4 -4G/ 32 9.58 10d   N.mm2) as well as mechanical robustness (breaking 

tensile strength: ~20 cN ) so that it could be deformed substantially to the crimped configurations and 

remains intact after being incorporated into the woven structure (figure 1c).  

 

The fabric temperature sensor is designed with a serpentine metal electrode for increment of initial 

resistance. The sensing area is 10 mm×10 mm with an initial resistance of ~60 Ω and an average total 

length of the metal fiber is about 150 mm; the spacing between each line is ~800 μm. The thickness of 

the woven fabric is 686 μm; the weight is 160 g/m2; and the density is 20 threads per centimeter in 

both horizontal and vertical directions. From the front side, the metal fiber continues over three under 

one longitudinal yarn (figure 1c), achieving a sufficient contact area between the sensitive element and 

the arbitrary curvilinear bodies, meanwhile without irritating to the human skin for a long-term use. 

The metal fiber, however, passes over one under three warp yarns on the opposite side (figure 1d), 

performing like any soft and breathable garment in a noninvasive nature. 
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Figure 1. Structure of fabric temperature sensor. (a) Schematic diagram of the woven temperature 

sensor. (b) SEM images of the metal fiber. (c-d) Front-side and backside views of the woven 

temperature sensor. 

 

Sensitive performance of the fabric temperature sensor was firstly examined by putting one resultant 

sample into a temperature-controlled oil bath, where the temperature ranges from 25°C to 45°C, which 

is suitable for the human body temperature[81, 82]. The electrical resistance was recorded and 

acquired at each temperature step for two consecutive temperature sweeps by Agilent 3458, which is 

interfaced with a computer[33, 53, 65, 83]. Figure 2a-b plots the typical resistance-temperature 

relation of the free-standing metal fiber and the fabric temperature sensor. The initial resistances are 

different due to the length variation, however, their electrical resistances rise almostly linearly in 

average by 1.08 times in accordance with the increment of temperatures from 25°C to 45°C, whose 

slopes represent their TCR, a constant value of 3 13.92 10− − ℃ . Experimental data demonstrates that 

the temperature-resistivity charactersistics of the fabric temperature sensor remain at a level same to 

those of the free-standing metal fiber since the function mechanism of the fabric sensor is based on the 
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changes of the metal resistance with subject to the temperature variation. It is noted that the sensitivity 

of the fabric temperature sensor is greater than that of thin film temperature sensors 

( 3 12.8 10− − ℃ )[84], due to no efffects of electron scattering at grain boundary in films[42, 56, 85]. In 

addition, the slopes of the data for both heating and cooling processes were exactly the same, 

suggesting no slight hysteresis between the data measured from the heating part and those measured 

from the cooling part of the cycle. 

 

The accuracy of the fabric temperature sensor is also characterized by placing a reference sensor, i.e., 

Pt-100 resistor with ±0.03°C accuracy[86], during the measurement. Figure 2c shows the measured 

temperature error from 28°C to 45°C after one-point calibration at 28°C. It can be observed that an 

inaccuracy of ±0.1°C is obtained from 37°C to 39°C (±0.2°C from 28°C to 45°C), which is well 

within the specification (ASTM E1112-00: the maximum error tolerance for human body temperature 

monitoring[35]) indicated with black line. The fabric temperature sensor is hence suitable for 

biomedical applications to accurately detect human skin temperature.  

 

More interestingly, the fabric temperature sensor has the ability to detect very minute temperature 

changes. The sensor’s response to extremely small changes in temperature was investigated by 

collecting resistance-temperature curves around 35°C. As plotted in figure 2d, the fabricated sensor 

could measure the temperature change as low to 0.05°C, which is promising in the precise 

thermometry of the human skin for providing relevant information about personal health.  

 

The time constant, i.e., the time required for the sensor output to achieve 63.2% of its final value when 

subjected to a step change in surrounding temperature, is used to identify the sensor’s response[87]. 

Response time was characterized by plunging the fabric sensor from air at ~20°C into oil bath with 

~50°C, where the sensor was exposed to a sudden change in temperature. The resistance of the sensor, 

however, gradually rises, resulting in an exponential transient. As illustrated in figure 2e-f, the typical 

response time of the free-standing Pt metal fiber is 0.50 s; the fabric sensor is 0.77 s due to larger 

volume of the metal fiber with a serpentine shape in the fabric construction. However, the response 
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rate of the fabric sensor is much faster than that of the traditional Pt thermometer, whose response time 

was calculated as 3.30 s because of the negative effect from the protection sheath. The nursing time, 

therefore, can be saved when apply this sensor to clinic[53].  

 

       

       

       

Figure 2. Performance of the fabric temperature sensor in oil bath. (a-b) Resistance-temperature 

relation of the metal fiber and the fabric sensor. (c) Measured inaccuracy after one-point calibration. 

(d) Measured resistance over an extremely small temperature range. (e-f) Response time of the metal 

fiber and the fabric temperature sensor.  

 



Full Fabric Sensing Network with Large Deformation for Continuous Detection of Skin Temperature 

10 

 

Considering wearable condition, we further assessed the rate of change in resistance of the fabric 

sensor while placing it on a digital hot plate with temperature ranging from 25°C to 45°C[88]. Figure 

3a presents the influence of the temperature on the resistance of the fabric sensor when the sample 

intimately contacts the heating source in single-side condition. The resistance increases by 1.08 times 

when the temperature rises from 25°C to 45°C, calculating the TCR value is 3 13.92 10− − ℃ , same 

with the conditions in oil bath. Figure 3b further indicates that the fabric temperature sensor owns 

consistent trends and has the exactly same TCR in the conditions of oil bath and single-side contact 

with the heating source. The response rate of the fabric temperature sensor, however, became slower 

in single-side contact. As shown in figure 3c, the constant time is 1.70 s when investigated on the 

hotplate stage from 25°C to 50°C, suggesting that the application conditions contribute a lot to the 

response time of the fabric sensor[89]. As illustrated in figure 3d, in turbulent liquid, the sensor 

surface could intimately contact with the liquid media so that the surface contact could be easily 

maximized and heat could transfer easily to the sensing element, thereby yielding a faster response 

time; on hotplate stage, whereas, due to the non-planar of the fabric structure, the curved fabric sensor 

can not fully match the geometry of the flat mounting area, thus, the surface contact is not sufficient 

for fast response. Hence, the response of the fabric sensor depends on the environment in which the 

sensor is operated. Exact conditions of the test must be specified together with the time constant when 

apply a temperature sensor to an application[90].  
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Figure 3. Performance of the fabric temperature sensor on hotplate stage. (a)  Resistance-temperature 

relation of the fabric sensor. (b) Relative resistance changes of the metal fiber and the sensor in 

different conditions. (c) Response time of the fabric sensor. (d) Fabric sensor in different conditions. 

 

3. Fabric Temperature Sensing Network 

To the best of our knowledge, the performance of the present fabric temperature sensor has far 

exceeded those of previously reported metal-coated thin films and other organic materials in terms of 

combination of sensitivity, accuracy, resolution, measurement range, three-dimensional deformability, 

as well as permeability. Those distinctive features make the fabric sensor particularly suitable for next-

to-skin electronic devices. As a demonstration, we have fabricated a flexible and stretchable integrated 

platform of temperature sensors as a wearable assembly to be used for in-situ detection of temperature 

distribution of the human skin by using ‘island-bridge’ strategy for stretchable electronics[91-93]. In 

the fabric sensing network, seven temperature sensor elements distributed on selected locations of the 

human skin referring to ISO 9886:2004 (ergonomies-evaluation  of  thermal  strain  by physiologieal  
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measurement), as illustrated in figure 4a, were mechanically and electrically connected by conductive 

tracks of a FCB[94, 95]. Figure 4b presents main structure for the fabric sensing network. The first 

step involves weaving a jacquard pattern on a computerized weaving machine to define wiring layout 

of the FCB corresponding to predetermined locations of the seven independent sensor elements. The 

FCB was created by incorporating silver nano-particles coated polyurethane yarns (Young’s modulus: 

0.531 GPa, tensile stress: 159.2 MPa with 30% strain), as the conductive tracks, into an elastic woven 

substrate (figure 4c). The second procedure is the implementation of the sensors on the corresponding 

locations of the undeformed woven FCB in a precision fashion, so that the temperature sensors form 

checkerboard patterns[96]. Third, the sensor electrodes were physically linked by the conductive 

tracks through electrical connections for transmission of electrical signals to outer circuits. Here, a 

piece of woven fabric was bonded around the connected region, enhancing mechanical robustness of 

the electrical contact through reducing possible strain in the contact area when the whole assembly 

was stretched by an external force[97, 98]. The final step was to connect the other ends of the 

conductive tracks in the woven FCB to outer circuits by means of bonding selected interposers to the 

conductive tracks with a thin layer of woven fabric to stiffen the connected region. 
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Figure 4. Fabric temperature sensing network. (a) Location of measuring sites. 1-scapula; 2-armpit; 3-

upper chest; 4-upper arm; 5-paravertebral; 6-lower arm; 7-abdomen; (b) Structure of the fabric sensing 

network; (c) SEM image of the conductive track in the FCB. 

 

The performance of the fabric temperature sensing network was characterized before application. The 

FCB consisting of an array of conductive tracks (resistance: 3Ω.cm) could maintain electrical integrity 

within 40% strain, where 20%-30% strain is a mean elongation ratio of the human skin, as plotted in 

figure 5a. After fabrication, the electrical resistance of one sensor element was firstly monitored when 

it was unidirectionally stretched from 0% to 30% strain at 25°C. Figure 5b demonstrates the resistance 

maintains stable when the fabric sensing network is stretched from 0% to 30%. Meanwhile, the 

resistance-temperature relation was investigated too with different strain. Under axial stretching of 0%, 

15%, and 30%, the packaged fabric sensing arrays exhibit a stable resistance-temperature relation 

without any noticeable degradation in sensitivity as clearly seen in figure 5c, suggesting that stretching 

effect on temperature read-out of the sensor array is negligible. To evaluate the effect of repetitive 

mechanical deformation, the fabric temperature sensing network was subjected to cyclic stretching and 

their initial electrical resistance at 25°C was evaluated with 10,000 stretching cycles at 30% strain. 
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Figure 5d presents a little slight variation in electrical resistance from 71.5 Ω to 72.5 Ω after cyclic 

stretching[85]. These results clearly suggest that our fabricated temperature sensor on the stretchable 

substrate is very stable under repetitive axial stretching[99]. 

 

   

          

Figure 5. Performance of the fabric sensing network. (a) Resistance-strain relation of the FCB. (b) 

Resistance-strain relation of the fabric sensing network. (c) Resistance-temperature relation of the 

fabric sensing network at different strain. (d) Resistance of the fabric sensing network as a function of 

stretching cycles under 30% strain. 

 

4. Precise Measurement of Skin Temperature 

In order to investigate the applicability of the fabric temperature sensing network, we integrate the 

packaged assembly into a garment for real-time monitoring skin temperature in different locations of a 

young and healthy female subject during respiration (figure 4). The sensitive apparel directly contacts 

non-flat human skins to sense the physiological temperature changes in the selected regions during 

respiration, without causing physical damage to the skin or restricting movement of the human tissue. 

Before measurement, the temperature of the sensor was calibrated by using a non-contact infrared 
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digital thermometer (Berrcom JXB-182, China). All of the seven temperature sensor cells on the array 

are functional and the temperature gradients have been measured successfully. The packaged fabric 

sensing network showed excellent reliability during measurement as all the sensor assembly 

functioned well without any mechanical and electrical failure and received acceptable electrical 

signals.  

 

Figure 6a and 7a exhibits the temperature mapping sensed by the fabric sensor array with respect to 

eupnea and deep breathing, respectively. The skin temperature differs on separate places of the human 

body, displaying higher values at the location closest to armpit  and lower values at the regions of 

upper arm and abdomen with a range from 33°C to 36°C. Figure 6 and 7 further plots temperature 

change over time in the seven selected areas of the subject during normal respiration and deep breath, 

respectively. It is firstly noted that the skin surface temperature always rises with breathing in, and 

then drops with breathing out. The whole unit period is approximately 5 s and 10 s for one normal and 

deep breath, respectively, which is consistent with the time used by the subject. Additionally, the 

temperature responses in the seven areas during deep breath are greater than those in their 

corresponding parts during eupnea, which is reasonable due to faster speed of the blood flow during 

deep breath[100]. Interestingly, we also discovered that there are several differences in the reading-out 

temperatures depending on varied positions, for instance, the temperature responses of the sensors 

near the abdomen, armpit, and upper chest regions were greater than those of the sensors near the other 

selected locations of the subject’s body during deep breath. Similar phenomenon exists during normal 

respiration, too. We infer that the possible reason is attributed to different blood flow speed caused by 

the motion of the mitochondria in different locations of the human body. The details of this work will 

be reported separately in the near future.  
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Figure 6. (a)Measured spatial distributions of tempreature and temporal distributions of tempreature 

during normal respiration at (b) scapula; (c) armpit; (d) upper chest; (e) upper arm; (f) paravertebral; 

(g) lower arm; (h) abdomen 

 

               

    

Figure 7. (a)Measured spatial distributions of tempreature and temporal distributions of tempreature 

during deep breath at (b) scapula; (c) armpit; (d) upper chest; (e) upper arm; (f) paravertebral; (g) 

lower arm; (h) abdomen 

 

5. Conclusion 

In this paper, we have reported the design, fabrication and characterization of largely deformable 

fabric temperature sensing network made by linking the newly developed textile temperature sensors 

through novel elastic FCBs. The resultant textile platform assembly exhibits stable temperature-
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sensitivity ( 3 13.92 10− − ℃ ), high accuracy (error: ±0.2°C), remarkable resolution (0.05°C), short 

response time, very low hysteresis in cyclic conditions, electrical stability with an average strain of 

40%, as well as extraordinary fatigue life (greater than 10,000 cycles at 30% strain). In combination, 

the fabric temperature-sensing network provides the best performance for wearable electronic 

applications when compared with previously reported thin films and conductive polymers. The fabric 

sensing network with excellent flexibility, high three-dimensional deformability, superior breathability 

and durability for long-term use, hence, could be attached conformably on a highly curved surface 

without any physical damage. We have further shown the feasibility of application of the fabric 

sensing network in smart temperature-sensitive apparel for in-situ measurement during respiration. 

This precise temperature sensing capability of the fabric sensor array demonstrates its potential to be 

applied in human–machine interfaces, prosthetics, and wearable skin electronics for monitoring of skin 

temperature variation during daily activities.  

 

6. Experimental Section 

Fabrication of Fabric Temperature Sensor: An effective area with serpentine patterns of the metal 

fiber was first determined with consideration of the initial resistance and requirements for the circuits. 

A continuous Pt fiber was woven in an organized floating pattern into the fabric composed of cotton 

yarns as both transverse and longitudinal elements by using a semi-automatic weaving machine. 

 

Fabrication of Fabric Sensing Network: A circuit diagram was first designed with consideration of 

discrete temperature sensors and data ports. Silver nano-particles coated polyurethane yarns, as 

conductive tracks, were incorporated into an elastic woven fabric in a jacquard pattern on a 

computerized weaving machine to define wiring layouts of the FCB. The temperature sensors were 

then adhered on the corresponding locations of the woven substrate with their electrodes linked by the 

conductive tracks. The other ends of the conductive tracks were connected to the outer circuits through 

bonding selected interposers to the assembly. 
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Characterization of Fabric Temperature Sensor: Morphological observation of the resultant sample 

was conducted on a scanning electron microscope. The relative resistance change of the fabric sensor 

with different temperature was investigated under different conditions. Both temperature controlled oil 

bath and digital hot plate were used to adjust the temperature ranging from 25°C to 45°C. The 

resistance of the fabric sensor was recorded and acquired continuously by Agilent 34970A, which was 

interfaced with a computer. The electrical resistance was monitored when the samples underwent 

different temperatures in both oil bath and hotplate stage. 

 

Characterization of Fabric Sensing Network: The relative resistance change of the fabric sensing 

network with applied strain was investigated under unidirectional tensile test performed on an 

Universal Strength Testing Machine (Model: YG(B)026G-500), where the sample was fixed to the top 

and bottom clamps with gauge length of 5 cm. The tensile speed was 200 mm/min. The interposers of 

the fabric sensing network were connected to Agilent 34970A interfaced with a computer. The 

electrical resistance was monitored when the samples were stretched unidirectionally. For the fatigue 

test, each cycle corresponded to a strain of 30% and then returned to the original state with a tensile 

speed of 500 mm/min. 

 

Temperature Detection during Respiration: The smart apparel integrated fabric sensing network was 

worn on a young and healthy female subject, where the sensors on the selected locations intimately 

contact the human skin. Before measurement, informed signed consent was obtained from the subject 

and the temperature of the sensor was calibrated by using a non-contact infrared digital thermometer 

(Berrcom JXB-182, China). The temperature in different positions of the subject was detected in real 

time during normal respiration and deep breath, respectively.  

 

Acknowledgements 

The authors acknowledge funding support from the National Science Foundation of China (Grant No. 

51603039), the Key Laboratory of Textile Science and Technology (Donghua University), Ministry of 

Education (Grant No. KLTST201623), the Fundamental Research Funds for the Central Universities, 



Full Fabric Sensing Network with Large Deformation for Continuous Detection of Skin Temperature 

19 

 

the Initial Research Funds for Young Teachers of Donghua University, and Shanghai Innovation 

Program for Undergraduates for this research. Author 2, Author 3 and Author 4 contributed equally to 

this work. 

 

 

 

 
References 

[1]  J.W. Lee, R.X. Xu, S. Lee, K.I. Jang, Y.C. Yang, A. Banks, K.J. Yu, J. Kim, S. Xu, S.Y. 

Ma, S.W. Jang, P. Won, Y.H. Li, B.H. Kim, J.Y. Choe, S. Huh, Y.H. Kwon, Y.G. Huang, U. 

Paik, J.A. Rogers, Soft, thin skin-mounted power management systems and their use in 

wireless thermography, Proceedings of the National Academy of Sciences of the United 

States of America, 113(2016) 6131-6. 

[2]  Y.J. Ma, M. Pharr, L. Wang, J. Kim, Y.H. Liu, Y.G. Xue, R. Ning, X.F. Wang, H.U. 

Chung, X. Feng, J.A. Rogers, Y. Huang, Soft Elastomers with Ionic Liquid-Filled Cavities as 

Strain Isolating Substrates for Wearable Electronics, Small, 13(2017). 

[3]  S. Lee, A. Reuveny, J. Reeder, S. Lee, H. Jin, Q.H. Liu, T. Yokota, T. Sekitani, T. 

Isoyama, Y. Abe, Z.G. Suo, T. Someya, A transparent bending-insensitive pressure sensor, 

Nature Nanotechnology, 11(2016) 472-+. 

[4]  K. Cherenack, C. Zysset, T. Kinkeldei, N. Münzenrieder, G. Tröster, Wearable 

Electronics: Woven Electronic Fibers with Sensing and Display Functions for Smart Textiles 

(Adv. Mater. 45/2010), Advanced Materials, 22(2010) 5178-82. 

[5]  T. Khudiyev, C. Hou, A.M. Stolyarov, Y. Fink, Sub-Micrometer Surface-Patterned 

Ribbon Fibers and Textiles, Advanced Materials, 29(2017). 

[6]  M.D. Dickey, Stretchable and Soft Electronics using Liquid Metals, Advanced Materials, 

29(2017). 

[7]  X. Jin, C.S. Jiang, E.M. Song, H. Fang, J.A. Rogers, M.A. Alam, Stability of MOSFET-

Based Electronic Components in Wearable and Implantable Systems, Ieee Transactions on 

Electron Devices, 64(2017) 3443-51. 

[8]  Y.J. Ma, K.I. Jang, L. Wang, H.N. Jung, J.W. Kwak, Y.G. Xue, H. Chen, Y.Y. Yang, 

D.W. Shi, X. Feng, J.A. Rogers, Y.G. Huang, Design of Strain-Limiting Substrate Materials 

for Stretchable and Flexible Electronics, Advanced Functional Materials, 26(2016) 5345-51. 

[9]  Z.Y. Lei, Q.K. Wang, S.T. Sun, W.C. Zhu, P.Y. Wu, A Bioinspired Mineral Hydrogel as 

a Self-Healable, Mechanically Adaptable Ionic Skin for Highly Sensitive Pressure Sensing, 

Advanced Materials, 29(2017). 

[10]  D.M. Drotief, M. Amjadi, M. Yunusa, M. Sitti, Bioinspired Composite Microfibers for 

Skin Adhesion and Signal Amplification of Wearable Sensors, Advanced Materials, 29(2017). 

[11]  A. Miyamoto, S. Lee, N.F. Cooray, S. Lee, M. Mori, N. Matsuhisa, H. Jin, L. Yoda, T. 

Yokota, A. Itoh, M. Sekino, H. Kawasaki, T. Ebihara, M. Amagai, T. Someya, Inflammation-

free, gas-permeable, lightweight, stretchable on-skin electronics with nanomeshes, Nat Nano, 

12(2017) 907-13. 

[12]  Y. Yang, Q.Y. Huang, L.Y. Niu, D.R. Wang, C. Yan, Y.Y. She, Z.J. Zheng, Waterproof, 

Ultrahigh Areal-Capacitance, Wearable Supercapacitor Fabrics, Advanced Materials, 

29(2017). 

[13]  S. Emaminejad, W. Gao, E. Wu, Z.A. Davies, H.Y.Y. Nyein, S. Challa, S.P. Ryan, H.M. 

Fahad, K. Chen, Z. Shahpar, S. Talebi, C. Milla, A. Javey, R.W. Davis, Autonomous sweat 

extraction and analysis applied to cystic fibrosis and glucose monitoring using a fully 



Full Fabric Sensing Network with Large Deformation for Continuous Detection of Skin Temperature 

20 

 

integrated wearable platform, Proceedings of the National Academy of Sciences of the United 

States of America, 114(2017) 4625-30. 

[14]  Y.W. Su, X.C. Ping, K.J. Yu, J.W. Lee, J.A. Fan, B. Wang, M. Li, R. Li, D.V. Harburg, 

Y.A. Huang, C.J. Yu, S.M. Mao, J. Shim, Q.L. Yang, P.Y. Lee, A. Armonas, K.J. Choi, Y.C. 

Yang, U. Paik, T. Chang, T.J. Dawidczyk, Y.G. Huang, S.D. Wang, J.A. Rogers, In-Plane 

Deformation Mechanics for Highly Stretchable Electronics, Advanced Materials, 29(2017). 

[15]  K.I. Jang, K. Li, H.U. Chung, S. Xu, H.N. Jung, Y.Y. Yang, J.W. Kwak, H.H. Jung, J. 

Song, C. Yang, A. Wang, Z.J. Liu, J.Y. Lee, B.H. Kim, J.H. Kim, J. Lee, Y. Yu, B.J. Kim, H. 

Jang, K.J. Yu, J. Kim, J.W. Lee, J.W. Jeong, Y.M. Song, Y.G. Huang, Y.H. Zhang, J.A. 

Rogers, Self-assembled three dimensional network designs for soft electronics, Nature 

Communications, 8(2017). 

[16]  Y. Park, J. Shim, S. Jeong, G.-R. Yi, H. Chae, J.W. Bae, S.O. Kim, C. Pang, 

Microtopography-Guided Conductive Patterns of Liquid-Driven Graphene Nanoplatelet 

Networks for Stretchable and Skin-Conformal Sensor Array, Advanced Materials, 29(2017) 

1606453-n/a. 

[17]  N. Matsuhisa, M. Kaltenbrunner, T. Yokota, H. Jinno, K. Kuribara, T. Sekitani, T. 

Someya, Printable elastic conductors with a high conductivity for electronic textile 

applications, Nature Communications, 6(2015). 

[18]  A.I.S. Neves, D.P. Rodrigues, A. De Sanctis, E.T. Alonso, M.S. Pereira, V.S. Amaral, 

L.V. Melo, S. Russo, I. de Schrijver, H. Alves, M.F. Craciun, Towards conductive textiles: 

coating polymeric fibres with graphene, Scientific Reports, 7(2017). 

[19]  Y.Q. Liu, Z.Y. Liu, B.W. Zhu, J.C. Yu, K. He, W.R. Leow, M. Wang, B.K. Chandran, 

D.P. Qi, H. Wang, G. Chen, C. Xu, X.D. Chen, Stretchable Motion Memory Devices Based 

on Mechanical Hybrid Materials, Advanced Materials, 29(2017). 

[20]  S. Shin, R. Kumar, J.W. Roh, D.S. Ko, H.S. Kim, S.I. Kim, L. Yin, S.M. Schlossberg, S. 

Cui, J.M. You, S. Kwon, J.L. Zheng, J. Wang, R.K. Chen, High-Performance Screen-Printed 

Thermoelectric Films on Fabrics, Scientific Reports, 7(2017). 

[21]  T. Yokota, P. Zalar, M. Kaltenbrunner, H. Jinno, N. Matsuhisa, H. Kitanosako, Y. 

Tachibana, W. Yukita, M. Koizumi, T. Someya, Ultraflexible organic photonic skin, Science 

Advances, 2(2016). 

[22]  J.A. Rogers, WEARABLE ELECTRONICS Nanomesh on-skin electronics, Nature 

Nanotechnology, 12(2017) 839-40. 

[23]  M.A. Darabi, A. Khosrozadeh, R. Mbeleck, Y.Q. Liu, Q. Chang, J.Z. Jiang, J. Cai, Q. 

Wang, G.X. Luo, M. Xing, Skin-Inspired Multifunctional Autonomic-Intrinsic Conductive 

Self-Healing Hydrogels with Pressure Sensitivity, Stretchability, and 3D Printability, 

Advanced Materials, 29(2017). 

[24]  A.D. Valentine, T.A. Busbee, J.W. Boley, J.R. Raney, A. Chortos, A. Kotikian, J.D. 

Berrigan, M.F. Durstock, J.A. Lewis, Hybrid 3D Printing of Soft Electronics, Advanced 

Materials,  1703817-n/a. 

[25]  Y.C. Cai, J. Shen, Z.Y. Dai, X.X. Zang, Q.C. Dong, G.F. Guan, L.J. Li, W. Huang, X.C. 

Dong, Extraordinarily Stretchable All-Carbon Collaborative Nanoarchitectures for Epidermal 

Sensors, Advanced Materials, 29(2017). 

[26]  N. Liu, A. Chortos, T. Lei, L. Jin, T.R. Kim, W.-G. Bae, C. Zhu, S. Wang, R. Pfattner, X. 

Chen, R. Sinclair, Z. Bao, Ultratransparent and stretchable graphene electrodes, Science 

Advances, 3(2017). 

[27]  S. Zhao, R. Zhu, Electronic Skin with Multifunction Sensors Based on Thermosensation, 

Advanced Materials, 29(2017). 

[28]  N. Matsuhisa, D. Inoue, P. Zalar, H. Jin, Y. Matsuba, A. Itoh, T. Yokota, D. Hashizume, 

T. Someya, Printable elastic conductors by in situ formation of silver nanoparticles from 

silver flakes2017. 



Full Fabric Sensing Network with Large Deformation for Continuous Detection of Skin Temperature 

21 

 

[29]  J. Zhao, N. Li, H. Yu, Z. Wei, M.Z. Liao, P. Chen, S.P. Wang, D.X. Shi, Q.J. Sun, G.Y. 

Zhang, Highly Sensitive MoS2 Humidity Sensors Array for Noncontact Sensation, Advanced 

Materials, 29(2017). 

[30]  C.J. Lee, K.H. Park, C.J. Han, M.S. Oh, B. You, Y.S. Kim, J.W. Kim, Crack-induced 

Ag nanowire networks for transparent, stretchable, and highly sensitive strain sensors, 

Scientific Reports, 7(2017). 

[31]  S.Z. Guo, K.Y. Qiu, F.B. Meng, S.H. Park, M.C. McAlpine, 3D Printed Stretchable 

Tactile Sensors, Advanced Materials, 29(2017). 

[32]  K.K. Sadasivuni, A. Kafy, H.C. Kim, H.U. Ko, S. Mun, J. Kim, Reduced graphene 

oxide filled cellulose films for flexible temperature sensor application, Synthetic Metals, 

206(2015) 154-61. 

[33]  J. Yang, D.P. Wei, L.L. Tang, X.F. Song, W. Luo, J. Chu, T.P. Gao, H.F. Shi, C.L. Du, 

Wearable temperature sensor based on graphene nanowalls, Rsc Advances, 5(2015) 25609-15. 

[34]  T.Q. Trung, N.E. Lee, Flexible and Stretchable Physical Sensor Integrated Platforms for 

Wearable Human-Activity Monitoring and Personal Healthcare, Advanced Materials, 

28(2016) 4338-72. 

[35]  M.K. Law, S.F. Lu, T. Wu, A. Bermak, P.I. Mak, R.P. Martins, A 1.1 mu W CMOS 

Smart Temperature Sensor With an Inaccuracy of +/- 0.2 degrees C (3 sigma) for Clinical 

Temperature Monitoring, Ieee Sensors Journal, 16(2016) 2272-81. 

[36]  F.F. Lee, C. Feng, L. Jing, Infrared Thermal Imaging System on a Mobile Phone, 

Sensors, 15(2015) 10166-79. 

[37]  Q. Li, L.N. Zhang, X.M. Tao, X. Ding, Review of Flexible Temperature Sensing 

Networks for Wearable Physiological Monitoring, Advanced Healthcare Materials, 6(2017). 

[38]  N.T. Tien, S. Jeon, D.I. Kim, T.Q. Trung, J. Mi, B.U. Hwang, K.E. Byun, J. Bae, E. Lee, 

B.H. Tok, A Flexible Bimodal Sensor Array for Simultaneous Sensing of Pressure and 

Temperature, Advanced Materials, 26(2014) 796-804. 

[39]  J. Jeon, H.B. Lee, Z. Bao, Flexible wireless temperature sensors based on Ni 

microparticle-filled binary polymer composites, Advanced Materials, 25(2013) 850-5. 

[40]  R.C. Webb, A.P. Bonifas, A. Behnaz, Y. Zhang, K.J. Yu, H. Cheng, M. Shi, Z. Bian, Z. 

Liu, Y.-S. Kim, W.-H. Yeo, J.S. Park, J. Song, Y. Li, Y. Huang, A.M. Gorbach, J.A. Rogers, 

Ultrathin conformal devices for precise and continuous thermal characterization of 

human skin, Nature Materials, 12(2013) 938. 

[41]  D.J. Lichtenwalner, A.E. Hydrick, A.I. Kingon, Flexible thin film temperature and strain 

sensor array utilizing a novel sensing concept, Sensors and Actuators a-Physical, 135(2007) 

593-7. 

[42]  S.Y. Xiao, L.F. Che, X.X. Li, Y.L. Wang, A novel fabrication process of MEMS devices 

on polyimide flexible substrates, Microelectronic Engineering, 85(2008) 452-7. 

[43]  T.Q. Trung, N.E. Lee, Flexible and Stretchable Physical Sensor Integrated Platforms for 

Wearable Human‐Activity Monitoringand Personal Healthcare, Advanced Materials, (2016). 

[44]  M.D. Husain, R. Kennon, Preliminary Investigations into the Development of Textile 

Based Temperature Sensor for Healthcare Applications, Fibers, 1(2013) 2-10. 

[45]  C.Y. Lee, S.J. Lee, M.S. Tang, P.C. Chen, In Situ Monitoring of Temperature inside 

Lithium-Ion Batteries by Flexible Micro Temperature Sensors, Sensors, 11(2011) 9942-50. 

[46]  M.L. Hammock, A. Chortos, B.C.K. Tee, J.B.H. Tok, Z.A. Bao, 25th Anniversary 

Article: The Evolution of Electronic Skin (E-Skin): A Brief History, Design Considerations, 

and Recent Progress, Advanced Materials, 25(2013) 5997-6037. 

[47]  D.H. Kim, Z.J. Liu, Y.S. Kim, J. Wu, J.Z. Song, H.S. Kim, Y.G. Huang, K.C. Hwang, 

Y.W. Zhang, J.A. Rogers, Optimized Structural Designs for Stretchable Silicon Integrated 

Circuits, Small, 5(2009) 2841-7. 



Full Fabric Sensing Network with Large Deformation for Continuous Detection of Skin Temperature 

22 

 

[48]  M. Gonzalez, F. Axisa, F. Bossuyt, Y.Y. Hsu, B. Vandevelde, J. Vanfleteren, Design 

and performance of metal conductors for stretchable electronic circuits, Circuit World, 

35(2009) 22-9. 

[49]  D.S. Gray, J. Tien, C.S. Chen, High-conductivity elastomeric electronics, Advanced 

Materials, 16(2004) 393-+. 

[50]  J.E.J. Harris, Princeton University. Department of Electrical Engineering., Elastically 

stretchable thin film conductors on an elastomeric substrate2010. 

[51]  M. Gonzalez, F. Axisa, M.V. BuIcke, D. Brosteaux, B. Vandevelde, J. Vanfleteren, 

Design of metal interconnects for stretchable electronic circuits, Microelectronics Reliability, 

48(2008) 825-32. 

[52]  Y.G. Sun, J.A. Rogers, Structural forms of single crystal semiconductor nanoribbons for 

high-performance stretchable electronics, Journal of Materials Chemistry, 17(2007) 832-40. 

[53]  Y. Chen, B.W. Lu, Y.H. Chen, X. Feng, Breathable and Stretchable Temperature 

Sensors Inspired by Skin, Scientific Reports, 5(2015). 

[54]  W. Zeng, L. Shu, Q. Li, S. Chen, F. Wang, X.M. Tao, Fiber-Based Wearable 

Electronics: A Review of Materials, Fabrication, Devices, and Applications, Advanced 

Materials, 26(2014) 5310-36. 

[55]  K. Takei, W. Honda, S. Harada, T. Arie, S. Akita, Toward Flexible and Wearable 

Human-Interactive Health-Monitoring Devices, Advanced Healthcare Materials, 4(2015) 487-

500. 

[56]  S.Y. Xiao, L.F. Che, X.X. Li, Y.L. Wang, A cost-effective flexible MEMS technique for 

temperature sensing, Microelectronics Journal, 38(2007) 360-4. 

[57]  Y.J. Yang, M.Y. Cheng, W.Y. Chang, L.C. Tsao, S.A. Yang, W.P. Shih, F.Y. Chang, 

S.H. Chang, K.C. Fan, An integrated flexible temperature and tactile sensing array using PI-

copper films, Sensors and Actuators A: Physical, 143(2008) 143-53. 

[58]  Y.-J. Yang, M.-Y. Cheng, S.-C. Shih, X.-H. Huang, C.-M. Tsao, F.-Y. Chang, K.-C. Fan, 

A 32 × 32 temperature and tactile sensing array using PI-copper films, The International 

Journal of Advanced Manufacturing Technology, 46(2010) 945-56. 

[59]  C.S. Rustomji, J. Mac, C.M. Choi, T.K. Kim, D.Y. Choi, Y.S. Meng, S.H. Jin, Thin-film 

electrochemical sensor electrode for rapid evaluation of electrolytic conductivity, cyclic 

voltammetry, and temperature measurements, Journal of Applied Electrochemistry, 46(2016) 

59-67. 

[60]  C.Y. Lee, F.B. Weng, C.H. Cheng, H.R. Shiu, S.P. Jung, W.C. Chang, P.C. Chan, W.T. 

Chen, C.J. Lee, Use of flexible micro-temperature sensor to determine temperature in situ and 

to simulate a proton exchange membrane fuel cell, Journal of Power Sources, 196(2011) 228-

34. 

[61]  L. Chi-Yuan, L. Shuo-Jen, W. Guan-Wei, Fabrication of micro temperature sensor on 

the flexible substrate,  2007 7th IEEE Conference on Nanotechnology (IEEE NANO)2007, pp. 

1050-3. 

[62]  Y. Moser, M.A.M. Gijs, Miniaturized flexible temperature sensor, Journal of 

Microelectromechanical Systems, 16(2007) 1349-54. 

[63]  C.Y. Lee, A. Su, Y.C. Liu, W.Y. Fan, W.J. Hsieh, In Situ Measurement of the Junction 

Temperature of Light Emitting Diodes Using a Flexible Micro Temperature Sensor, Sensors, 

9(2009) 5068-75. 

[64]  C.Y. Lee, G.W. Wu, W.J. Hsieh, Fabrication of micro sensors on a flexible substrate, 

Sensors and Actuators a-Physical, 147(2008) 173-6. 

[65]  G.B. Lee, J.H. Wu, J.J. Miau, A new fabrication process for a flexible skin with 

temperature sensor array, Journal of the Chinese Institute of Engineers, 25(2002) 619-25. 

[66]  H. Yang, D. Qi, Z. Liu, B.K. Chandran, T. Wang, J. Yu, X. Chen, Soft Thermal Sensor 

with Mechanical Adaptability, Advanced Materials, (2016). 



Full Fabric Sensing Network with Large Deformation for Continuous Detection of Skin Temperature 

23 

 

[67]  W.P. Shih, L.C. Tsao, C.W. Lee, M.Y. Cheng, C. Chang, Y.J. Yang, K.C. Fan, Flexible 

Temperature Sensor Array Based on a Graphite-Polydimethylsiloxane Composite, Sensors, 

10(2010) 3597-610. 

[68]  J. Jeon, H.B.R. Lee, Z. Bao, Flexible Wireless Temperature Sensors Based on Ni 

Microparticle-Filled Binary Polymer Composites, Advanced Materials, 25(2013) 850-5. 

[69]  D. Han, H. Nie, M. Chen, X.T. Wang, Temperature prediction with humanoid finger 

sensor based on Fourier's law, Measurement Science and Technology, 27(2016). 

[70]  T. Yokota, Y. Inoue, Y. Terakawa, J. Reeder, M. Kaltenbrunner, T. Ware, K.J. Yang, K. 

Mabuchi, T. Murakawa, M. Sekino, W. Voit, T. Sekitani, T. Someya, Ultraflexible, large-area, 

physiological temperature sensors for multipoint measurements, Proceedings of the National 

Academy of Sciences of the United States of America, 112(2015) 14533-8. 

[71]  P. Liu, R. Zhu, R.Y. Que, A Flexible Flow Sensor System and Its Characteristics for 

Fluid Mechanics Measurements, Sensors, 9(2009) 9533-43. 

[72]  X. Ren, K. Pei, B. Peng, Z. Zhang, Z. Wang, X. Wang, P.K.L. Chan, A Low‐Operating

‐Power and Flexible Active‐Matrix Organic‐Transistor Temperature‐Sensor Array, 

Advanced Materials, (2016). 

[73]  Y.H. Zhang, R.C. Webb, H.Y. Luo, Y.G. Xue, J. Kurniawan, N.H. Cho, S. Krishnan, 

Y.H. Li, Y.G. Huang, J.A. Rogers, Theoretical and Experimental Studies of Epidermal Heat 

Flux Sensors for Measurements of Core Body Temperature, Advanced Healthcare Materials, 

5(2016) 119-27. 

[74]  M. Ahmed, M.M. Chitteboyina, D.P. Butler, Z. Celik-Butler, Temperature Sensor in a 

Flexible Substrate, Ieee Sensors Journal, 12(2012) 864-9. 

[75]  I. Locher, G. Tröster, Enabling Technologies for Electrical Circuits on a Woven 

Monofilament Hybrid Fabric, Textile Research Journal, 78(2008) 583-94. 

[76]  C. Zysset, T. Kinkeldei, N. Münzenrieder, L. Petti, G. Salvatore, G. Tröster, Combining 

electronics on flexible plastic strips with textiles, Textile Research Journal, 83(2013) 1130-42. 

[77]  D.H. Kim, J.A. Rogers, Stretchable Electronics: Materials Strategies and Devices, 

Advanced Materials, 20(2008) 4887-92. 

[78]  T. Yamada, Y. Hayamizu, Y. Yamamoto, Y. Yomogida, A. Izadi-Najafabadi, D.N. 

Futaba, K. Hata, A stretchable carbon nanotube strain sensor for human-motion detection, 

Nature Nanotechnology, 6(2011) 296-301. 

[79]  H.Q. Jiang, Y.G. Sun, J.A. Rogers, Y.G. Huang, Post-buckling analysis for the precisely 

controlled buckling of thin film encapsulated by elastomeric substrates (Reprinted from In. J. 

Solids Struct., vol 45, pg 2014-2023, 2008), International Journal of Solids and Structures, 

45(2008) 3858-67. 

[80]  J. Wu, Z.J. Liu, J. Song, Y. Huang, K.C. Hwang, Y.W. Zhang, J.A. Rogers, 

Stretchability of encapsulated electronics, Applied Physics Letters, 99(2011). 

[81]  T. Nakamura, T. Yokota, Y. Terakawa, J. Reeder, W. Voit, T. Someya, M. Sekino, 

Development of Flexible and Wide-Range Polymer-Based Temperature Sensor for Human 

Bodies, 2016 3rd Ieee Embs International Conference on Biomedical and Health Informatics, 

(2016) 485-8. 

[82]  Y. Chen, B. Lu, Y. Chen, X. Feng, Breathable and Stretchable Temperature Sensors 

Inspired by Skin, Scientific Reports, 5(2015) 11505. 

[83]  X.C. Ren, K. Pei, B.Y. Peng, Z.C. Zhang, Z.R. Wang, X.Y. Wang, P.K.L. Chan, A Low-

Operating-Power and Flexible Active-Matrix Organic-Transistor Temperature-Sensor Array, 

Advanced Materials, 28(2016) 4832-8. 

[84]  S. Xiao, L. Che, X. Li, Y. Wang, A cost-effective flexible MEMS technique for 

temperature sensing, Microelectronics Journal, 38(2007) 360-4. 



Full Fabric Sensing Network with Large Deformation for Continuous Detection of Skin Temperature 

24 

 

[85]  T.Q. Trung, N.-E. Lee, Flexible and Stretchable Physical Sensor Integrated Platforms for 

Wearable Human-Activity Monitoringand Personal Healthcare, Advanced Materials, 

28(2016) 4338-72. 

[86]  Improving the accuracy of temperature measurements, Sensor Review, 21(2001) 193-8. 

[87]  H.M. Hashemian, Response Time Testing of Temperature Sensors Using Loop Current 

Step Response Method, Temperature: Its Measurement and Control in Science and Industry, 

Vol 8, 1552(2013) 949-57. 

[88]  Y.J. Yang, M.Y. Cheng, S.C. Shih, X.H. Huang, C.M. Tsao, F.Y. Chang, K.C. Fan, A 

32 x 32 temperature and tactile sensing array using PI-copper films, International Journal of 

Advanced Manufacturing Technology, 46(2010) 945-56. 

[89]  R.K. Chohan, M. Hashemian, Response-Time of Platinum Resistance Thermometers in 

Flowing Gases, Fire and Materials, 14(1989) 31-6. 

[90]  R.K. Chohan, T.W. Kerlin, Experimentation for the dynamic response of industrial 

temperature sensors, Transactions of the Institute of Measurement and Control, 8(1986) 58-60. 

[91]  D.I. Kim, T.Q. Trung, B.U. Hwang, J.S. Kim, S. Jeon, J. Bae, J.J. Park, N.E. Lee, A 

Sensor Array Using Multifunctional Field-effect Transistors with Ultrahigh Sensitivity and 

Precision for Bio-monitoring, Scientific Reports, 5(2015). 

[92]  Q. Wang, Y. Yu, J. Yang, J. Liu, Flexible Electronics: Fast Fabrication of Flexible 

Functional Circuits Based on Liquid Metal Dual-Trans Printing (Adv. Mater. 44/2015), 

Advanced Materials, 27(2016) 7248-. 

[93]  X. Wang, J. Liu, Recent Advancements in Liquid Metal Flexible Printed Electronics: 

Properties, Technologies, and Applications, Micromachines, 7(2016) 206. 

[94]  Q. Li, X.M. Tao, Three-dimensionally deformable, highly stretchable, permeable, 

durable and washable fabric circuit boards, Proceedings Mathematical Physical & 

Engineering Sciences, 470(2014) 20140472. 

[95]  Q. Li, X. Tao, A stretchable knitted interconnect for three-dimensional curvilinear 

surfaces, Textile Research Journal, 81(2011) 1171-82. 

[96]  T. Someya, Y. Kato, T. Sekitani, S. Iba, Y. Noguchi, Y. Murase, H. Kawaguchi, T. 

Sakurai, Conformable, flexible, large-area networks of pressure and thermal sensors with 

organic transistor active matrixes, Proceedings of the National Academy of Sciences of the 

United States of America, 102(2005) 12321-5. 

[97]  X. Wang, X. Tao, R.C.H. So, L. Shu, B. Yang, Y. Li, Monitoring elbow isometric 

contraction by novel wearable fabric sensing device, Smart Materials & Structures, 25(2016) 

125022. 

[98]  W. Xi, X. Tao, R.C.H. So, A Bio-mechanical Model for Elbow Isokinetic and Isotonic 

Flexions, Scientific Reports, 7(2017) 8919. 

[99]  S.Y. Hong, Y.H. Lee, H. Park, S.W. Jin, Y.R. Jeong, J. Yun, I. You, G. Zi, J.S. Ha, 

Stretchable Active Matrix Temperature Sensor Array of Polyaniline Nanofibers for Electronic 

Skin, Advanced Materials, 28(2016) 930-5. 

[100]  Z.-S. Deng, J. Liu, Mathematical modeling of temperature mapping over skin surface 

and its implementation in thermal disease diagnostics, Computers in Biology and Medicine, 

34(2004) 495-521. 

 

 




