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Abstract— This paper illustrates the characterization of a 

fabric resistance temperature detector made from electrospun 
nylon-6 functionalized with multiwalled carbon nanotubes 
(MWCNTs) and polypyrrole (PPy) for use in supracutaneous 
applications like smart clothing, prosthetic sockets, and other 
medical devices where a temperature detecting fabric is better 
suited than a rigid detector. The nanocomposite material acts like 
a resistance temperature detector (RTD), because the 
conductivity increases linearly with temperature. The empirically 
determined Temperature Coefficient of Resistance (TCR) is 
reported for this material, and is –0.204 ± 0.008 %/C. 
Development of a simple and scalable process for constructing 
the detector utilized electrospinning nylon-6 as a membrane style 
substrate, vacuum filtration of MWCNTs onto the nylon scaffold, 
and vapor phase polymerization of pyrrole to PPy onto the 
MWCNT functionalized nylon nanofibers. The optimal loading 
of MWCNTs is 6.6 weight percent. The conductivity of the device 
follows a percolative behavior and TCR values indicate this is a 
viable option for temperature detection. Resistance decreases 
with increasing temperature, which indicates this is a negative 
TCR material. 

  
Index Terms—Carbon nanotubes, Nanocomposites, Nanotube 

devices, Temperature sensors 

I. INTRODUCTION 
Temperature detection close to the skin is normally an 

easily completed task using a thermometer, but it becomes 
more difficult when trying to monitor conditions in an 
enclosed environment around the skin as the detection area, 
i.e. temperature measurement inside clothing or prosthetics.  
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This is mainly due to the desire for accurate measurements 
while maintaining comfort, especially for prolonged use or 
wear. The majority of temperature detectors are made from 
rigid materials that would create pressure points against the 
skin in load-bearing situations.  This paper discusses a soft 
fabric thermal sensor modeled after common RTDs to monitor 
temperature changes at or close to the human skin. This fabric 
utilizes a nanocomposite material consisting of an insulating 
nylon-6 substrate functionalized with multiwalled carbon 
nanotubes (MWCNTs) and polypyrrole (PPy) as the 
conductive sensing layers. 

II. BACKGROUND 
Resistance temperature detection is a highly utilized 

natural material property in which a change in temperature is 
correlated to the resulting change in resistance of the detector 
material. Ever since its first use in the mid-19th century by 
C.W. Siemens, and its refinement by Callendar and Van 
Dusen in the late 19th century and early 20th century, 
respectively, resistance temperature detection has become the 
most widely utilized phenomenon for temperature 
measurement applications [1]. The resistance, R, for most 
metals near and above the Debye temperature can be described 
as a function of the temperature, T, by  

 
R = R0 1+ AT +BT

2+ !C T 3( )  (1) 

 
where R0 is the resistance at 0ºC, and A, B, and C’ are material 
constants that are empirically determined [2]. Callendar found 
that for temperatures above the freezing point of water, the 
third and fourth terms are unnecessary [2]; at resistances 
above water’s freezing point, and when millikelvin accuracy is 
not required, the simplified linear model. 
 
R ≈ R0 1+αT( )  (2) 

 
can be used [2]; in this simplified version, α, which replaces A 
in the third-order model, is called the TCR. In general, the 
TCR of a material is defined by  

 

α ≡
1
R0

dR
dT

 (3) 
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This definition can be applied to many different types of 
resistance-temperature sensing elements, provided an 
unambiguous relationship between electrical resistance and 
temperature can be made for the material [2]. 

RTDs possess a unique quality of having a linear 
characteristic R versus T relationship over a rather large range 
of temperatures. They are most commonly made from pure 
metals in the form of encapsulated wires, coils, or thin films 
and typically have positive TCR values, which means that 
their resistance increases with increasing temperature [2]. 
Additionally, pure metal RTDs have specific geometric 
constraints and conformational limitations, and because of the 
rigidity of their materials of construction, they can be easily 
damaged and rendered useless; therefore, challenges are faced 
when trying to miniaturize and protect the sensing elements 
for use in smart textiles.  

Due to these limitations, recent work has focused on the 
development of CNT temperature sensors, which may meet 
the configurational needs for temperature detection close to 
the skin [3]–[8]. Carbon nanotube detectors have emerged for 
a wide variety of applications due to their excellent 
mechanical and thermal stability, high thermal and electrical 
conductivity, and large specific area [9]. Depending on the 
type of sensor needed, carbon nanotubes have been tailored to 
sense an array of physical properties, like biological, chemical, 
flow, gas, mass, optical, position, pressure, stress, strain, and 
thermal phenomena [9]–[16].  Previously developed carbon 
nanotube temperature sensors are MEMS-based and have a 
TCR value in the range of –0.1 to –0.57 %/°C [3]–[7].  The 
negative TCR value indicates that the material’s electrical 
resistance decreases as its temperature increases.  

The sensing material described in this work is composed 
of nylon-6, an inexpensive high-strength polymer that is 
commonly used in surgical sutures and toothbrush bristles. 
Nylon-6 is a chemical resistant polymer possessing a high 
elastic modulus and is abrasion resistant. This makes it 
sufficiently tough and durable for use as the sensor substrate. 
As nylon is also used in some clothing, it is easily spun or 
woven and altered to fit the size and shape of the desired 
testing area, and the high surface area and hydrophilicity of 
nylon nanofibers make it an excellent fabric for use at the 
surface of the skin [17].  

The non-conductive polymer scaffold is functionalized 
with MWCNTs. The unique properties of MWCNTs offer a 
superior material for sensing applications and their relatively 
large conductivity is the reason for using this material as the 
bulk charge carrier of this detector.  Research has also shown 
that electrospinning MWCNTs into nylon-6 results in a 
material with a higher tensile strength (+25%), a lower strain 
at break (-18%), a higher yield stress (+34%), and a higher 
Young’s modulus (~28 MPa) than nylon-6 alone [18]. The 
functionalized material is also abrasion and chemical resistant, 
has spatial properties that are easy to manipulate, has large 
surface area per mass, and is highly permeable. 

The nylon-6/MWCNT nanocomposite, in this work, is 
then functionalized with polypyrrole.  Polypyrrole is a 
conductive polymer that has been shown to respond to 
temperature and humidity variations, as well as to a range of 
different gases at various temperatures [19]–[23].  It has been 
studied as a composite material with carbon nanotubes for a 

variety of applications, including electrodes in supercapacitors 
[24], catalyst support material in membrane fuel cells [25], 
and gas and immunosensors [11], [26], [27]. Polypyrrole is 
fairly stable, but when exposed to the ambient environmental 
conditions of air and moisture, it degrades by oxidative 
processes [26], [27]. This material was chosen because it is 
temperature sensitive and, with the proper encapsulation to 
prevent humidity effects, it could be a useful thermal sensor 
for close to the skin applications. 

This paper illustrates the ability of a polymer/CNT 
nanocomposite thermal sensor to detect temperature changes 
between 25ºC and 45ºC. One advantage of the material 
presented in this work is that it responds linearly to a change 
in temperature in the body-temperature range, making its 
response more like a RTD than a nonlinearly responding 
thermistor. This allows for a linear temperature-resistance 
characteristic, and easier calibrations. This material could be 
used to monitor the relative environment in prosthetic sockets 
or smart clothing.  The ability of carbon nanotubes to be 
functionalized with different materials for detection of a wide 
range of different biological and chemical analytes also shows 
the potential of the nanocomposite for use in other biomedical 
and electronics applications [11], [12], [26], [28]–[30]. This 
paper will address the fabrication and physical 
characterization of the nanocomposite material, as well as 
electrical characterization to show the material’s response to 
changing temperature.  

III. EXPERIMENTAL 

A. Materials 
All chemicals and materials were used as received with no 
further purification. Nylon-6 with a viscosity-averaged 
molecular weight of 10,000 grams per mole was acquired 
from Scientific Polymers Inc. (U.S.A.). MWCNTs with 
diameters in the range of 10 to 20-nanometers and lengths in 
the range of 0.5 to 2-micrometers were obtained from 
Nanostructured and Amorphous Materials Inc. (U.S.A.). 
Triton X-114 (TX-114) surfactant is from Acros Organics 
(U.S.A) and iron chloride hexahydrate is from Flynn Scientific 
Inc. (U.S.A.). Pyrrole (≥99%, extra pure), formic acid (98%), 
and acetic acid (≥99%) were acquired through Sigma Aldrich 
(U.S.A). 

B. Electrospinning 
The nylon-6 substrate was electrospun using a homemade 

cabinet with rotating drum. A World Precision Instruments 
Inc. (U.S.A.) SP101I syringe pump and a Gamma High 
Voltage Research (U.S.A.) ES30P-5W voltage source were 
used. The fibers were spun using a 20% by weight solution of 
nylon-6 in a 1:1 by weight mixture of formic and acetic acid 
[17]. The syringe pump flow rate was 9.1-microliters per 
minute. 25-kilovolts were applied between the needle and 
collector. The needle to collector distance was 9-centimeters. 
The collector was a copper sheet encased in a paper towel. It 
was attached to the rotating drum, which was powered by a 
variac at a setting of 30-volts to give approximately 7-
revolutions per minute. The fiber mats were spun for 4-hours. 



1530-437X (c) 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/JSEN.2014.2341915, IEEE Sensors Journal

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

3 

C. Nylon-6 Functionalization 
The nylon-6 fiber mat was cut into multiple 47-millimeter 

diameter discs for use as membrane style filters. Each 
membrane was placed into a Fisherbrand™ membrane 
vacuum filtration funnel. Then it was wet with approximately 
1-milliliter of 0.3% TX-114 solution. A 1-gram per liter 
MWCNT stock solution was made in 0.3% TX-114 and 
diluted to desired MWCNT concentrations for filtration. TX-
114 was used because of the reported enhanced adsorption 
efficiency of TX-114 for MWCNTs [31]. 250-300 milliliters 
of this solution were vacuum filtered through the nylon-6 
membranes using approximately 17-kilopascals of vacuum. 
The membranes were washed with deionized water and 
acetone and allowed to dry before application of 25-millimolar 
iron chloride hexahydrate solutions. 1 milliliter of the iron 
chloride solution was applied to the membrane by pipette to 
fully cover the membrane in solution and left to dry overnight 
in a desiccator. The membranes were then placed into plastic 
weigh boats and then, into the polymerization chamber with 1 
to 2-milliliters of pyrrole sitting next to them in a beaker. 100-
kilopascals of vacuum was applied to the chamber to facilitate 
pyrrole vaporization. The membranes sat in the pyrrole vapor 
for 48 hours to complete the polymerization. After 
polymerization of pyrrole to polypyrrole, the detectors were 
allowed to sit covered, in air until testing. The material was 
connected to two copper electrodes using conductive carbon 
paint. These devices were vacuum-sealed inside kitchen grade 
vacuum sealing bags, where they were then cut down and 
vacuum-sealed to final dimensions of approximately 80 
millimeters by 20 millimeters.  

  

D. Detector Testing and Characterization 
Fig. 1 shows a schematic of the detector design.  Detector 

testing and characterization included SEM imaging, TGA, and 
DC electrical measurements of the polymer nanocomposite in 
a humidity and temperature-controlled box. SEM imaging 
utilized a JEOL JSM-7401F (Japan) field emission scanning 
electron microscope with an accelerating voltage of 1.5-
kilovolts and a 13-millimeter working distance. TGA 
thermographs were acquired using a TA Instruments Q500 
thermogravimetric analyzer with a platinum boat at a ramp 
rate of 10-ºC per minute up to 600-ºC. DC measurements were 
obtained using a Solartron 1470E (UK) multichannel 
potentiostat/galvanostat, by applying a 0.7-volt potential and 
measuring the current while changing the box temperature. 
The box conditions were controlled using a J-KEM Apollo 
temperature controller and Omega Engineering HX15 (USA) 
humidity probe with OM-CP-QUADPROCESS-25MA data 
logger. The humidity of the box, labeled 2 in Fig. 2, was 
controlled at 0% RH. The box humidity was measured using 
the data acquisition system labeled 1 in Fig. 2 in conjunction 
with the humidity probe inside the box labeled 2 in Fig. 2. 
Dried air flows through the box at a rate of 400-ccm from the 
flow meters labeled 4 in Fig. 2 to maintain 0%RH during the 
tests. The temperature cycles were conducted by the J-KEM 
temperature controller labeled 3 in Fig. 2 at 30ºC per hour 
from 25ºC to 45ºC and back down to 25ºC at 15ºC per hour. 

 

 
Figure 1.  Schematic illustration showing the thermal sensor response, 

which is described as a decrease in material resistance with increasing 
temperature. 

 

 
Figure 2.  Temperature and humidity controlled sensor-testing system. 

1. Omega Engineering HX15 (USA) humidity probe with OM-CP-
QUADPROCESS-25MA data logger attached to a computer and variable 
control power supply. 2. In house fabricated temperature and humidity 
controlled box with a 75 Watt silicon heating element pad adhered to the 
aluminum plate, which makes up the bottom of the otherwise 
polycarbonate box with humid air and dry air inlets and one outlet. 3. 
JKEM temperature controller attached to a computer for data 
acquisition with a K-Type thermocouple in the box. 4. Humid air and dry 
air flow meters for air quality control. 5. DC electrical measurements 
taken using a Solartron 1470E multichannel potentiostat/galvanostat 
attached to a computer for data acquisition.  

IV. RESULTS AND DISCUSSION 

A. Sensor Characterization 
The morphology of the nylon-6/MWCNT/polypyrrole 

nanocomposite is shown in Fig. 3 as taken by SEM.  Fig. 3a 
shows the bare nylon-6 fibers before functionalization. The 
nylon-6 fibers range in diameter from 123 to 180-nanometers 
and the fiber mat porosity ranges from 0.86 to 0.89. Fig. 3b 
shows the nylon-6 fibers after functionalization with 
MWCNTs. Notice many of the nanotubes agglomerate into 
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bundles and lay individually on the nanofibers, creating a 
disconnected network that leads to high resistances of the 
matrix before pyrrole polymerization. Fig. 3c shows the 
polypyrrole coated composite. Polypyrrole polymerization 
integrates the MWCNT network and allows for higher 
conductivity and responses that are more sensitive to changing 
temperature. 

 
 
 
 
 
 

Figure 3.  SEM images showing the nanocomposite sensing material. a) 
neat nylon-6 nanofibers, b) MWCNT functionalized nylon nanofibers, 
and c) polypyrrole coated composite material. 

Thermal gravimetric analysis (TGA) was performed on 
nanocomposite samples prepared using various concentrations 
of MWCNTs in the filtration solution, as well as on neat nylon 
samples, to examine the amount of MWCNTs adsorbed on the 
nylon nanofiber surface. As hypothesized, the nanocomposites 
prepared at higher MWCNT filtration concentrations show a 
higher weight percent of carbon, seen in Fig. 4.  This figure 
shows a characteristic value for the neat nylon samples, as 
well as normalized (neat nylon baseline subtracted out) values 
of samples prepared under various filtration conditions.  The 
thermograms in Fig. 4 illustrate that the loading of MWCNTs 
can be varied during the construction process to ultimately 
tailor the device resistance.  

 

 
Figure 4.  Example TGA thermogram showing the effect that changing 
the MWCNT concentration in the filtration solution has on the weight 
percent of nanotubes on the membrane surface.  

 A typical I-V curve for the nanocomposite material is 
shown in Fig. 5. The linearity of the I-V curve demonstrates 
that the material acts as an ideal resistor over the voltage range 
tested and that there should be very little noise in the 
resistance data. The linearity of these graphs, along with 
resistance and sensitivity data, were used to choose the 
optimum material.  

 

 
Figure 5.  Linear current-voltage characteristic curve of the sensor 
material from -0.7V to 0.7V. 

B. Sensor Evaluation 
The resistance of the nanocomposite can be tailored by 

varying MWCNT loading through the detector construction 
process. Previous work has shown that the nanocomposite has 
a percolation threshold of 2% [32], [33]. In this work, the 
optimum loading was found by determining the alpha values 
of nanocomposites with increasing MWCNT loadings. 
Optimum MWCNT loading was determined to be 
approximately 6.6 weight percent MWCNTs resulting in a 
TCR (alpha value) of –0.228 ± 0.03%/ºC. This TCR value was 
calculated as the average of three nanocomposite sensors. 

Initial data shows the ability of a nylon-6/MWCNT/PPy 
nanocomposite to determine changes in temperature. Fig. 6 
shows the changing resistance of the RTD when the 
temperature is changed in 4-degree increments from 25ºC to 
45ºC, with three-hour hold times at each temperature. Detector 
testing was limited to this range in order to correlate practical 
temperatures potentially seen at the surface of the skin for a 
variety of conditions [34]–[37]. The diamonds denote the up 
ramp and the triangles denote the down ramp. The detector 
resistance is sensitive towards temperature changes and a 
response is seen immediately upon changing temperature (see 
inset). This graph shows that the resistance-temperature 
relationship is highly linear, which makes the nanocomposite a 
viable thermal sensor candidate.  
 

 
Figure 6.  Graph showing the steady state calibration curve data. Red 
diamonds indicate the up ramp and the blue triangles indicate the down 
ramp. Inset graph shows the raw data used to calculate the calibrated 
data points.  
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The average of 100 steady state temperature cycles, as shown 
in Fig. 6, was used to determine TCR value (–0.204 ± 
0.008%/C) of the optimized sensor material. This TCR value 
corresponds to previously reported values for CNTs and CNT 
devices, which can range from – 0.1 to – 0.57%/°C [3]–[5], 
[7], [8]. This shows that the nanocomposite described in this 
work maintains the sensitivity of MEMS-based CNT 
temperature sensors constructed using strictly a polymeric 
substrate. 

Because the relationship between resistance and 
temperature for this material is linear, dR/dT in (3) becomes 
ΔR/ΔT. This equation is then rearranged to predict 
temperature, T, from a measured resistance, R: 

 

T = − 1
α

R
R0
−1

"

#
$

%

&
'+T0  (4) 

 
where R0 and T0 are the baseline resistance and temperature 
established during a calibration process. Temperature was 
predicted using (4) based on measured resistance of the 
optimized nanocomposite sensor during 100 temperature 
cycles, and compared with a thermocouple control. The results 
of this comparison are shown in Figs. 7 and 8.  

Fig. 7 illustrates the actual and predicted (sensor 
response) temperatures in time for cycling between 25ºC and 
45ºC. This graph is an example of 5-cycles taken from the 
100-cycle set of data. The temperature was ramped up at 30ºC 
per hour and down at 15ºC per hour. The solid (black) line in 
this graph depicts the temperature calculated from the 
measured resistance over the 5-cycles. The red symbols 
correspond to the actual temperature as measured by a 
thermocouple control.  This analysis shows the close fit of the 
calculated temperature, based on the resistance of the 
nanocomposite sensor, with the directly measured actual 
temperature, and verifies the ability of the empirically 
determined (4) to determine temperatures accurately from 
measured resistances.  

Fig. 8 plots temperature as predicted from the sensor 
response compared to the actual temperature for the data 
collected during one hundred temperature cycles of the sensor 
material. After one hundred cycles, the average percent error 
in the calculated temperature of the sensor material is 
approximately 4.29% ± 6.33%. The data displayed no 
appreciable hysteresis, but over 100 cycles total, there was 
approximately 300 Ohms of drift in the initial resistance, 
which stabilized over time to be approximately 6850 Ohms at 
25ºC. The sensitivity, or dR/dT [2], was consistent over the 
entire 100 cycle set (–13.49 ± 0.33 Ohms/ºC). This data 
demonstrates the success of the nanocomposite sensor at 
determining temperature in an accurate and reproducible 
manner. 

 
Figure 7.  Comparison of the actual temperature and the calculated 
temperature from (4) using α  = -0.204 %/ºC.  
 

 
Figure 8.  Comparison of the temperature predicted by (4) to the actual 
recorded temperature. 

V. CONCLUSIONS 
This paper demonstrates the ability of a nylon-

6/MWCNT/polypyrrole nanocomposite to act as a reliable 
RTD in the temperature range of 25ºC to 45ºC. 
Nanocomposite characterization shows percolation behavior at 
the material surface, with 6.6 weight percent MWCNTs being 
the optimal loading. PPy coating enhances the electrical 
conductivity of the material by interconnecting the MWCNTs. 
The nanocomposite has an average negative TCR value of       
–0.204 ± 0.008 %/ºC. This value is comparable to that of 
previously studied carbon nanotubes and devices, but this 
sensor is different in that it is made using strictly a polymeric 
substrate. The material displayed no appreciable hysteresis 
and the average percent error of the calculated temperature 
from the recorded temperature was 4.29% ± 6.33% over 100 
cycles. This material shows promise for use in monitoring 
prosthetic socket environments or for other smart clothing 
applications; however, more research is required to develop 
this material into a robust sensing device for circuit 
integration. Continuation of this work will include 
optimization of the electrospinning parameters including the 
type and concentration of polymer used in the electrospinning 
solution, and polypyrrole film formation. It will also include a 
thorough investigation into humidity and environmental 
effects on the sensor response. 
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