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Abstract  Th is article reports the effect of strain and humidity on the performance of newly developed Temperature 
Sensing Fabric (TSF) in the laboratory environment. Temperature Sensing Fabric is a double layer knitted structure; made of 
polyester as a basal yarn  and embedded with fine metallic  wire as sensing element. Fabricated on an industrial scale 
computerised knitting machine, the TSF samples made of nickel, tungsten and copper wires in the form of bare and insulated 
form were used in this study. In order to analyze the performance of TSF under variety of strain and humidity environment, 
tailor-made methods were devised, as relevant standards were not available. In strain testing, the TSF samples made of 
insulated sensing wire performed better in comparison to the samples made with bare sensing wires. Results of the humidity 
testing revealed that all kinds of TSF samples (either made of sensing elements of insulated wire or bare wire) could be used 
in a high humid ity environment (up to 90% RH) without any compromise in their sensing performance. 
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1. Introduction 
This paper presents part of the research carried out for the 

development of Temperature Sensing Fabric (TSF) for 
physiological monitoring of human body. The TSF was 
made by embedding a fine metallic  wire as sensing element 
into the double layer kn itted structure of polyester on an 
industrial scale flat bed knitting mach ine[1][2]. One of the 
research objectives was to evaluate the effect of external 
parameters on the performance of TSF. For the said purpose, 
this study was carried out by subjecting the TSF into various 
strain and humidity environments and by examining its 
performance. 

1.1. Wearable Health Monitoring Systems (WHMS ) 

The physiological monitoring of the human body includes 
the measurement of standard vital signs such as respiration 
movement , card iac act iv ity , pu lse oxymetry  and body 
temperature. The vital signs describe the status of the health 
of the human body. Each vital sign has its respective ro le in 
diagnosis of the d isease and management o f the d isease 
process[3]. For instance the in formation o f the abnormal 
body temperature can be an indicator of illness at an initial 
stage and can be a useful guide to take suitable act ion[3, 4].  
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Researchers all over the world are making efforts to enhance 
the quality of patient’s life by improving their mobility and 
reducing the hospitalization costs. This resulted in the 
development of range of p rototypes of monitoring systems 
for variety of end users which is commonly known as 
Wearable Health Monitoring Systems (WHMS)[5-8]. 

1.2. Temperature Sensing Fabric (TS F) 

TSF was developed by keeping in mind its integration 
with the WHMS so that it can be deployed to measure the 
temperature o f the human  body on continuous basis for 
extended periods without any hassle to the wearer. 
Temperature sensing fabric was designed on the conceptual 
basis of Resistance Temperature Detector (RTD) and 
fabricated on an  industrial scale computerised flat-bed 
knitting mach ine. Few individual studies have also been 
reported towards the development of text ile based 
temperature sensors[9-13]. However these studies are 
preliminary in nature i.e. sensor was made of manual 
procedure and was limited in characterization. 

A conceptual illustration of TSF showing embedded 
sensing wire in a rib structure is shown in Figure 1, where L 
and W represent the length and width of the TSF respectively. 
The working princip le of the TSF is based on the 
fundamental tendency of the metal wire to vary  its electrical 
resistance due to the change in its temperature. The metal 
wire is embedded approximately  in  the middle of a double 
layer structure; therefore it  is hardly noticeable and does not 
affect the aesthetics of the fabric. The compact double layer 
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structure of the TSF also provides shield to the metal wire 
from wearing away. The TSF samples were developed with 
an 8 cm x 8 cm sensing area. After much experimental t rials, 
the highest wire inlay density that was successfully attained 
was of 46 wire in lays in an  8 cm x 8 cm sensing area (≈ 3.8 
meters length of wire)[1]. 

 
Figure 1.  A conceptual illustration of TSF showing embedded sensing 

Various types of metal wire could be employed as the 
sensing element of a TSF. Nickel, tungsten and copper wires 
were selected[1] as the sensing elements for the TSF samples, 
because of their high temperature coefficient of resistivity, 
and to take benefit  of their linear temperature-resistance 
relationship between 0°C and 100°C. These sensing 
elements, in the form of bare and insulated wires, in different 
diameters were used in the fabrication of the TSF as shown 
in Table 1. 

Table 1.  Sensing elements used in the fabrication of Temperature Sensing 
Fabric[1] 

Wire Tag Form Metal Diameter (μm) 

N100 Bare Nickel 100 

N90 Bare Nickel 270~ 90 

W80 Bare Tungsten 80 

NC125 Bare 27% nickel 
coated copper 125 

NC127 Bare 4% nickel 
coated copper 127 

BEC150 Braided‡ and 
Enamelled* Copper 

150 (220 
including enamel 

and braid) 

BEN61 Braided† and 
Enamelled Nickel 

61 (120 including 
enamel and 

braid) 

 

1.3. Rationale of this Study 

Since the working principle of the TSF is based on the 
fundamental tendency of the metal wire to vary  its electrical 
resistance due to the change in its temperature. Therefore in 
order to create the relationship between the resistance 
(dependent variable) and temperature (independent variable) 
of the sensing fabric, samples were tested in various thermal 
environments, under laboratory conditions[1, 2]. The 
intended application of the TSF is the measurement of 
human body skin temperature. For that purpose, TSF can be 
integrated into the next-to-skin garment. During the 
laboratory temperature-resistance testing, the TSF samples 
were kept stationary in a test rig  and humidity o f the 
environment was maintained within  the range of 40% ± 5% 
R.H.  

However, un like the laboratory environment, the intended 
application of the TSF is dynamic in nature. That means the 
TSF performance may deteriorate because of its placement 
in close proximity to the humid skin environment. Due to 
evaporation of sweat from the skin of the human body, the 
relative humidity next to the skin tends to be higher than the 
relative humidity in the environment[14, 15]. The presence 
of high humidity near the skin may increase the moisture 
content of the TSF and affect the sensing characteristics of 
the TSF. 

Similarly TSF performance may also deteriorate because 
of the breathing and body movement. Because of this TSF 
may  experience some mechanical loads, which can d isturb 
the inlaid wire, resulting in resistance variations because of 
either wire-to-wire contact along the edges of the TSF, or 
change in resistivity of the metallic  wire by permanent 
deformation of its molecular lattice[16, 17]. Under extreme 
load conditions, a TSF may fail to perform because of wire 
breakage.  

Before using a TSF fo r skin temperature measurement, it  
was therefore important to investigate the effect of different 
mechanical effects (such as tensile force and bending) and 
humid ity on the performance of the TSF in the laboratory 
environment. Th is article presents the results of the effect of 
strain and humidity on the performance of the TSF in the 
laboratory environment. 

2. Effect of Strain 
2.1. Methods and Materials 

Two kinds of strain test i.e. tensile and bending were 
performed on a purpose-designed test rig. Since, there was 
no standard available to be used as a benchmark to perform 
the strain test; a specifically-designed test rig was developed. 
The test rig (strain rig) was designed by considering the 
following requirements: 

• it should provide standard repeatable testing 
conditions (such as different levels o f extension and 
bending of TSF); and 
• it  should not impede the strain and  resistance 

~ A high purity grade of nickel 
* Solderable polyurethane 156 °C enamel  

‡ Double artificial silk covered 

† Double nylon covered 

L 

W 
Front view Side view 

Sensing element 
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measurement process.  
The strain-rig was made with a pair of jaws, one of which 

was moveable, guided by parallel tracks fastened on a 
wooden board as shown in Figure 2. The clips were mounted 
on both jaws to hold the TSF fabric by its non- sensing area. 
One of the jaws was fixed while the other jaw was allowed to 
move to produce the required stretch or bend in the fabric. 
Tensile and bending tests were performed  on the strain-rig 
by the displacing the movable jaw from its in itial position. 
Moving the moveable jaw away from the fixed jaw produced 
extension in fabric, while bringing it towards the fixed jaw 
produced a bend in the fabric. In order to measure the length 
of a TSF fabric during a tensile test, a length measurement 
scale was also marked beside the tracks.  

In order to see the effect of any independent variable on 
other dependent variables, it  is important that remaining 
independent variables should be uniform during the test. 
Similarly, in order to quantify the strain-dependent 
resistance, the TSF temperature should be constant 

throughout the test; otherwise it would add error to the 
measurement. Since the setting of the jaw position involved 
manual handling which may increase the TSF temperature 
because of transfer of heat from the human body to the TSF: 
therefore a five minute pause was allowed between each new 
setting of the jaw position so that the TSF could regain 
thermal equilibrium with the room An Agilent 34401A 
multimeter (Figure 3) along with a four-wire resistance 
measurement connector was employed to measure the TSF 
resistance during the strain testing. 

Tensile Test Procedure: The tensile test was performed  
by exert ing the tensile forces on a non-sensing area of the 
TSF (by moving the adjustable jaw away from the fixed jaw) 
as shown in Figure 4 and by manually measuring the 
extension of the TSF fabric along with the corresponding 
resistance. The extension of the TSF sample was calculated 
by considering the initial (Li ) and final (Lf ) lengths of the 
TSF (distance between the clamps): 

 
Figure 2.  Test rig for the strain testing (Tensile and Bending) 

 
Figure 3.  An Agilent Bench-top multimeter along with 4 wire resistance measurement setup 

Fixed jaw end  
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Moveable jaw 

end 
Parallel t racks 
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Bending Test Procedure. The bending test was 
performed by producing a bend in the sensing area of the 
TSF by moving the adjustable jaw towards the fixed jaw as 
shown in Figure 5 and by manually measuring the bending 
height of the TSF fabric along with the corresponding 

resistance. Image A of Figure 5 shows the various levels of 
bending test. The height of bending curvature (as shown in 
image B of Figure 5) can be related to the bending stresses 
experienced by the TSF. The height of bending curvature 
was calculated from the neutral position when the TSF was 
in a relaxed condition before the test. 

 

Figure 4.  Tensile strain testing on strain-rig 

 

Figure 5.  Bending strain testing on strain-rig 
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2.2. Result and Discussion 

Figure 6 and Figure 7 present the TSF performance during 
extension and bending, respectively. For ease of 
understanding and comparison, the resistance values 
acquired during the strain tests were converted into 
temperature by making  use of the calib ration equation for the 
respective TSF sample. From the results of both bending and 
tensile testing, it  can be seen that TSF samples made with 
bare wire sensing elements (such as nickel, tungsten and 
nickel-coated copper) showed more variation in their 
resistance in comparison with the insulated sensing elements 

(such as braided, enamelled copper and nickel). These 
variations can be attributed to the wire-to-wire contact at the 
edges due to the unsatisfactory bending of the sensing 
element during TSF manufacturing[1] as shown in Figure 9. 
When the fabric is strained, the bending region along the 
edges may induce errors by making or losing wire-to-wire 
contact. It is important to note that wire-to-wire shorting 
problems were only observed along the edges. If the sensing 
element touches itself in the main sensing area, then a large 
variation in resistance would occur. 

 
Figure 6.  TSF performance during a tensile test 

 
Figure 7.  TSF performance during a bending test 
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Figure 8.  Proper and improper bending of sensing element along the edges of TSF sample 

3. Effect of Humidity 
3.1. Methods and Materials 

In order to study the influence of high relative humid ity on 
the sensing performance of the TSF, fo llowing instruments 
were employed: a multimeter (for the measurement of TSF 
resistance); an Oregon Scientific Weather Station (for 
measurement of room temperature and humidity);  and a 
digital balance (for measurement of the TSF mass). 

All experiments were performed in a conditioned 
laboratory (equipped with Mitsubishi Mr. Slim air 
conditioner and Hygromatik hygrometer) in which a thermal 
environment of 30 to 90% Relative Humidity (RH) was 
created at a room temperature of 20°C. The in itial laboratory 
RH level of 65% was raised to 90% by adjusting the 
Hygrometer settings. After the laboratory achieved the 90% 
RH and maintained it  for an hour, the environment 
temperature and the mass & resistance of the TSF were noted. 
After that Hygrometer was turned off, allowing the RH level 
of the laboratory to drop gradually  to 30%. This whole 
procedure took more than 15 hours. The environment 
temperature and the mass & resistance of the TSF were noted 
at various humidity levels between  90% and 30% of RH. The 
temperature of the laboratory during the whole duration of 
the test was measured to be in between  the range of 20 to 
22°C. 

3.2. Result and Discussion 
Figure 9 presents the effect of relat ive humidity on the 

relative increment of the TSF mass due to the increase in 
moisture. The relative mass of the TSF was calculated with 
32% RH as the base value. It can be seen from Figure 9 that 
the relative mass of the TSF is direct ly related to the relative 
humid ity in  an exponential manner. Th is relat ionship was 
more pronounced at high humidity levels. At 65% RH, the 
average relative increment of mass of all TSF samples was 
found to be somewhere between 0.2 and 0.3% which  is low 
in comparison to the documented moisture regain of 
polyester i.e. 0.4% at 20°C and 65% RH[18]. Th is error can 

be related to the initial RH value (32%) used to calculate the 
relative increment of the TSF mass. Once the completely dry 
weight of the TSF is known, the above-mentioned error may 
be reduced further. 

Figure 10 presents the effect of RH on the sensing 
performance of the TSF (in terms of error in temperature 
measurement). In order to understand and compare the effect 
of air humidity on TSF performance, resistance values of 
TSF acquired at various humid ity levels were converted to 
the corresponding temperature values by making use of their 
respective calibration  equation. The temperature values 
measured by the TSF were than compared with the 
temperature values noted by the Oregon Scientific Weather 
Station. The difference between the two temperature values 
was plotted against the relative humid ity in Figure 10. It can 
be seen from the plot, that the relative humidity d id not affect 
the TSF performance significantly. The temperature error 
was found to be in the range of ±0.15°C and random in 
nature. The error of ±0.15°C may be considered as 
acceptable considering the uncertainties associated with the: 
uniformity of the thermal environment, the measurement of 
temperature by the room hygrometer and the measurement of 
temperature by the TSF (calibration error and resistance 
measurement error). 

One of the possible reasons for the insignificant effect of 
humid ity on the TSF performance may be related to the 
extremely low moisture regain of polyester. The moisture 
regain of cotton is 7% under standard conditions (20°C and 
65% RH), which is much higher than polyester[18]. In the 
case of using cotton as a base material, the TSF might have 
experienced large measurement errors in d ifferent humidity 
environments. Because high moisture content would reduce 
the inter-wire insulation and leak the excitation current 
during measurement. This would measure artificially low 
resistance values and eventually show a lower temperature 
than in reality. From the above-mentioned results and 
discussion, it can be seen that choosing polyester over 
cotton[1] as the base material of the TSF was a superior 
decision.  

Unacceptable bend 

Proper bend  
Edges 

Sensing Element 

Unacceptable 

bend 



 International Journal of Textile Science 2013, 2(4): 105-112  111 
 

 

 
Figure 9.  Moisture Regain of TSF at various humidity levels 

 
Figure 10.  Effect of Relative Humidity on TSF Performance 

4. Conclusions 
This article reports the results of the effect of strain and 

humid ity on the performance of Temperature Sensing Fabric 
(TSF) in the laboratory environment. The TSF is a double 
layer knitted structure with embedded fine metallic wire as 
sensing element. The working princip le of the TSF is based 
on the fundamental tendency of the metal wire to vary its 
electrical resistance due to the change in its temperature. The 
TSF samples made of nickel, tungsten and copper wires in 
the form of bare and insulated form were tested in variety of 
strain and humid ity environment. The TSF samples made of 
insulated sensing wire were found to be unaffected by 
strain-dependent resistance errors, it may thus be a better 
option to incorporate them in the pract ical environment, in 
preference to the TSF sample made with bare sensing wires. 

The moisture content of the TSF increased exponentially, 
with an increase of environmental humidity. The effect of 
relative humid ity on TSF performance was found to be 
insignificant. The temperature error was random in nature 
and was well within the range of ±0.15°C. The TSF made 
with insulated wire as well as bare wire sensing elements 
could be used in a high humidity environment without any 
compromise in their sensing performance. 
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