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Abstract

With increasing personalized healthcare, fiber-based wearable temperature sensors that can be incorporated into textiles have
attracted more attention in the field of wearable electronics. Here, we present a flexible, well-passivated, polymer—nano-
composite—based fiber temperature sensor fabricated by a thermal drawing process of multiple materials. We engineered a
preform to optimize material processability and sensor performance by considering the rheological and functional proper-
ties of the preform materials. The fiber temperature sensor consisted of a temperature-sensing core made from a conductive
polymer composite of thermoplastic polylactic acid, a conductive carbon filler, reduced graphene oxide, and a highly flexible
linear low-density polyethylene passivation layer. Our fiber temperature sensor exhibited adequate sensitivity (— 0.285%/°C)
within a temperature range of 25-45 °C with rapid response and recovery times of 11.6 and 14.8 s, respectively. In addition,
it demonstrated a consistent and reliable temperature response under repeated mechanical and chemical stresses, which
satisfied the requirements for the long-term application of wearable fiber sensors. Furthermore, the fiber temperature sen-
sor sewn onto a daily cloth and hand glove exhibited a highly stable performance in response to body temperature changes
and temperature detection by touch. These results indicate the great potential of this sensor for applications in wearable,
electronic skin, and other biomedical devices.

Keywords Fiber temperature sensor - Wearable device - Thermal drawing process - Multi-material thermal drawing -
conductive polymer composite

Introduction

Woo Mi Ryu, Yunheum Lee, and Yeonzu Son have contributed

The recent surge of interest in personalized healthcare, in
equally to the work.

conjunction with the advances in micro/nanofabrication
technologies, has led to the development of wearable devices
with continuous and real-time monitoring capacity [1-3].
Wearable devices can detect biological signals directly from
) i the skin. These flexible, lightweight, biocompatible, and
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heart rate, body temperature, electrocardiograms [4-7], elec-
troencephalograms [8, 9], electrooculograms [10-12], and
electromyograms [13, 14]. Among these biological readouts,
body temperature is a critical indicator of an individual’s
health status, such as infection [15, 16] and cardiovascular
conditions [17]. Various wearable thermal sensors based on
ultrathin substrates have recently been reported [18-21].
These sensors exhibit high flexibility and sensitivity, allow-
ing real-time monitoring of body temperature. However,
their long-term applications have been limited due to skin
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irritation from the substrate and the need of additional fixa-
tion materials for conformal contact. To address such limita-
tions, fiber-based thermal sensors have become prominent
substitutes that can be incorporated into daily wear. Various
fabrication methods, such as solution coating, spinning, and
in situ polymerization, have been proposed for developing
fiber-based thermal sensors [22-26]. However, these meth-
ods have limitations such as low production efficiencies and
a lack of physical durability and structural stability of the
resulting fibers.

To overcome this limitation, the thermal drawing process
(TDP) was introduced as an emerging manufacturing tech-
nology for developing fiber-based devices [27-30]. TDP is
a conventional production method that was initially used to
manufacture optical glass fibers. In TDP, a macroscopic tem-
plate, called a preform, is heated in a furnace of a drawing
tower and elongated with a capstan to be scaled down into a
several-hundred-meter-long micro-sized fibers, preserving
the cross-sectional architecture [31, 32]. In addition, TDP
can be used in a broad range of material selections, from
polymers to metals, and facilitate the co-drawing of multiple
materials [28, 33-35]. The advantages of TDP make it a
promising technique for producing flexible fiber temperature
sensors based on soft materials.

A thermally drawn thermal-sensing fiber composed of
chalcogenide glass, tin alloy, and polysulfone has been
developed [33]. However, the high elastic modulus of the
metal and semiconductor in the fiber hampered its practical
wearable applications owing to their lack of flexibility. To
address this limitation, conductive carbon fillers and poly-
mer composites with distinct properties depending on the
type of nanofillers, such as carbon nanotubes [36-38], gra-
phene [39, 40], graphene oxide [41], and reduced graphene
oxide (rGO), have been introduced [42, 43]. In particular,
rGO possesses a unique two-dimensional and porous struc-
ture, which imparts remarkable physical and chemical prop-
erties, such as a low percolation threshold [44, 45], relatively
high conductivity [46], temperature-sensing property [47],
and a large surface area [48]. Furthermore, the large sur-
face area of rGO allows it to interact extensively with the
surrounding matrix, making it an attractive option for the
development of advanced polymeric composites for various
applications, including energy storage [42, 49] and sensing
[50, 51].

Herein, we introduced a flexible, well-passivated, poly-
mer—nanocomposite—fiber temperature sensor fabricated
using a simple, highly scalable, and cost-efficient TDP. By
harnessing the advantages of the TDP, we manufactured
polymer nanocomposite fibers from a multi-material pre-
form which consisted of three layers. The innermost part
was a temperature-sensing core which consisted of a gra-
phene-based carbon filler with temperature-dependent resist-
ance, 1GO, and the thermoplastic biocompatible polymer

polylactic acid (PLA). The outer layer consisted of linear
low-density polyethylene (LLDPE), which provided flexible
passivation for the mechanical and chemical durability of the
fiber temperature sensor. Finally, the outermost sacrificial
polystyrene (PS) cladding enabled steady and continuous
thermal drawing of the preform into the fiber. Our fiber sen-
sor exhibited adequate sensitivity of —0.285%/°C with rapid
response and recovery times of 11.6 and 14.8 s, respectively,
at 2545 °C. The sensor withstood various stresses, such
as mechanical deformation and common solvent exposure,
which are essential for long-term applications. Moreover, in
practical applications, the fiber temperature sensor exhibited
stable and reliable responses to temperature changes, reveal-
ing its great potential as a polymer-nanocomposite wearable
sensor in the e-healthcare field.

Experimental Section
Materials

PLA (ME3463100) and rGO (rGO-V50) were purchased
from Goodfellow Cambridge Ltd. and Standard Graphene,
respectively. PS rod (8720K37) was acquired from McMas-
ter-Carr. LLDPE (428,078) was obtained from Merck. Chlo-
roform (2548-4100) and cyclohexane (2606-4404) were
purchased from Daejung Chemicals & Metals.

Preform Fabrication and Rheological Analysis
of the Conductive Polymer Composite

The flexible polymer—nanocomposite—fiber temperature
sensor was produced from the thermal drawing of a mac-
roscopic preform consisting of an rGO and PLA composite
(rGO/PLA) temperature-sensing core, an LLDPE passiva-
tion layer, and a PS sacrificial layer. The conductive com-
posite sensing core was prepared using the solvent cast-
ing method. rGO was first dispersed in chloroform using
an ultrasonic bath sonicator for 1 h. Next, PLA granules
were added to the rGO dispersion and completely dissolved
overnight on a 40 °C hotplate at a stirring rate of 500 rpm.
The well-dispersed rGO/PLA suspension was cast on a
poly(tetrafluoroethylene)-lined stainless dish and dried over-
night to evaporate the chloroform completely. The rGO/PLA
film was then shaped into a rod with a diameter of 7-8 mm
on a 210 °C hotplate. Next, the conductive composite core
was tightly wrapped with hot-pressed LLDPE film with a
150-200 pm thickness. The temperature-sensing core and
passivation layer were consolidated using a heat gun and
placed in a drilled reservoir of the PS rod to complete the
multi-layered preform.

Rheological measurements of the preform materials were
performed using a rheometer (Anton Paar, MCR 302). The
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polymer samples were prepared in 1-mm-thick disks with a
diameter that matched that of the rheometer plate. The sam-
ples were heated at 200 °C for 30 min, and contact with the
plate was achieved by applying a force set at 0 N. When the
temperature of the plate decreased from 155 °C to 125 °C at
arate of 1 °C/min, 0.1% strain was applied to the sample at
an angular frequency of 0.03 rad/s.

TDP

Our fiber temperature sensor was fabricated via the TDP
using a custom-built fiber drawing tower (Fig. S1). The
multi-layered macroscopic preform was placed in the fur-
nace of the tower and preheated at 130 °C for 10 min. After
preheating, the furnace temperature was increased to 150 °C
until the macroscopic preform was sufficiently softened to
be elongated. Once the fiber began to draw from the preform
at a capstan pulling rate of 0.3 m/min, the furnace tempera-
ture and preform feeding rate were set and maintained at
135 °C and 1 mm/min, respectively. Finally, a thermally
drawn flexible polymer—nanocomposite—fiber temperature
sensor was fabricated after chemically etching the sacrificial
PS layer. Prior to etching, both ends of the drawn fiber were
covered with epoxy to prevent solvent penetration into the
temperature-sensing core. The well-encapsulated fiber was
immersed overnight in cyclohexane on a shaker at a shaking
rate of 100 rpm.

Measurements and Characterization

The performance of the fiber temperature sensor was evalu-
ated by measuring the electrical resistance of the fiber sensor
using a source meter unit (2450, Keithley). The electrical
resistance was measured in the voltage bias mode with the
parameters set at a voltage level of 1 V and a current limit
of 0.1 mA. The temperature applied to the fiber sensor was
controlled using a hot plate (MSH-20D, DAIHAN Scien-
tific). A handheld data logger thermometer (HH378 Data
Logger, Omega) was placed adjacent to the fiber temperature
sensor to confirm and log the actual temperature applied to
the sensor.

The mechanical properties of the fiber sensor were tested
using a universal testing machine (Ametek, LS1) witha 10 N
load cell. The stretching rate was kept constant at 2 min~".
To estimate the thermal conductivity, thermal diffusivity
was measured using a laser flash apparatus (NETZSCH,
LFA 467) at a heating rate of 10 °C/min. The heat capac-
ity was obtained using differential scanning calorimetry
(NETZSCH, DSC 214 Polyma), with a heating rate of
10 °C/min and a nitrogen purge. The material density was
measured using a helium gas pycnometer (Micromeritics,
AccuPyc II 1340).
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For the measurements, both ends of the rGO/PLA tem-
perature-sensing core of the fiber temperature sensor were
exposed and connected to a copper wire using silver paste
(ELCOAT P-100, Chemical Aerosol Network System). The
wired fiber connections were secured with a thin layer of
epoxy. To apply the temperature evenly and instantly, the
wired fiber temperature sensor was fixed on a 2-mm-thick
aluminum sheet, which made homogeneous contact with the
hotplate.

The functional lifespan and performance of the fiber sen-
sor were evaluated using halogen lamp cyclic, mechanical
deformation, spill, humidity, and machine-washing tests.
The halogen lamp cyclic test was performed by turning a
35 W halogen lamp controlled automatically by Arduino
on and off for 20 s at 5 cm above the fiber temperature sen-
sor. The mechanical deformation test was conducted by
repetitively bending the fiber sensor at designated angles
and bending radii. The spill test was performed by immers-
ing the fiber sensor in 300 mL of detergent, ethyl alcohol,
and acetone for 30 min and drying it completely overnight.
After each test, the temperature-dependent resistance of
the fiber temperature sensor was measured to evaluate its
performance stability. The humidity test was conducted by
increasing the relative humidity in the chamber and meas-
uring the resistance of the fiber sensor in the chamber in
real-time. The relative humidity in the chamber was moni-
tored using a humidity sensor (TM-305U, TENMARS). The
machine-washing test was performed by fully immersing the
fiber temperature sensor in a 500 mL water bath at 40 °C
and 1200 rpm for 30 min [52]. The electrical resistance of
the fiber temperature sensor was measured after complete
drying overnight.

Results and Discussion
Preform Preparation and TDP

The entire thermally drawn fiber fabrication process is illus-
trated in Fig. la. We utilized thermal drawing, an adapt-
able process for the mass production of our fiber sensor on
a kilometer-long industrial scale, using a thermal drawing
tower (Fig. S1). Owing to the nature of the TDP, we could
preserve the cross-sectional geometry while adjusting the
radial scale by controlling the feed and capstan speeds. The
theoretical diameter of the fiber was calculated using Eq. (1).

_ Vfced R

Rﬁber - preform ( 1 )

capstan

In this equation, Rgpe, and Ryeqm are the radii of the
fiber and preform, respectively, and Vi 4 and V, are the
speeds of the feed and capstan, respectively.

apstan
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«Fig. 1 Fabrication of the thermally drawn, polymer—nanocomposite—
fiber temperature sensor. a Schematic illustration of the fiber drawing
process and the temperature-sensing mechanism of the sensor. b Fab-
rication steps of the multi-material preform, including a conductive
rGO/PLA temperature-sensing core, an LLDPE passivation layer, and
a sacrificial PS cladding. ¢ Cross-sectional photograph of the multi-
layer preform before the TDP. d Cross-sectional optical microscopic
image of the fiber temperature sensor after the thermal drawing and
etching processes. e Photograph of a bundle of fiber temperature sen-
sors before PS etching (inset image: fiber flexibility)

Our fiber temperature sensor was heated and drawn
from a multi-material preform which consisted of three
parts. The innermost temperature-sensing part of the pre-
form was composed of rGO and PLA. rGO yields differen-
tial conductivity in response to the external temperature,
whereas PLA is a thermoplastic polymer commonly used
for various thermal processes. In addition to the tempera-
ture-sensing core, LLDPE was used as a passivation layer.
The outermost layer comprised a sacrificial PS layer that
allowed a continuous and steady TDP while leaving the
inner sensing parts intact.

Figure 1b illustrates the general preform preparation pro-
cess. Briefly, the temperature-sensing core was prepared by
solvent-casting the composite comprising the conductive
carbon filler rGO and the thermoplastic polymer PLA. After
completely evaporating the solvent, the casted rGO/PLA
film was formed into a rod shape and then wrapped with
LLDPE for additional mechanical and chemical durability.
Next, we assembled the bilayer using the sacrificial PS clad-
ding to complete the macroscopic preform (Fig. 1c), which
was then heated and elongated in the thermal drawing tower.
The sacrificial PS layer on the resultant fiber was removed
using cyclohexane (Fig. 1d). Consequently, a several-hun-
dred-meter-long microscopic fiber (Fig. 1e), whose diameter
could be easily adjusted by altering the drawing parameters,
was obtained. The fiber diameter was miniaturized from 20-
to 127-fold while preserving the cross-sectional multi-layer
structure (Fig. S2). For our experiments, we used the fiber
with an average pre-etching diameter of 770 +47.33 pm
and an average post-etching diameter of 240.2 +54.85 pm
to optimize the flexibility and functionality of the fiber sen-
sor (Fig. S3).

To achieve both stable thermal drawing and retention of
the original cross-sectional geometry, the multi-material pre-
form must be viscoelastic. It should also be heated above
the highest glass transition temperature (7,), near the melt-
ing temperature (7,,) of the constituent materials before the
elongation process [32, 53]. As the preform is heated above
the Tg, the materials transition from an elastic to a viscous
state, where their stiff solid-like (elastic) behavior changes
to a soft liquid-like (viscous) behavior, allowing for stable
thermal drawing [54, 55]. Accordingly, the rheological
behavior of the conductive polymer composite at the thermal
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drawing temperature can affect the stability of the drawing
process. Thus, we performed rheological studies to identify
the drawable rGO concentration range in the rGO/PLA. We
prepared rGO/PLA with six different rGO weight percent-
ages and measured their complex viscosities at between the
T, and T}, of PLA (Table 1) to ensure that the composite
can undergo TDP. In this temperature range, elevated rGO
concentrations resulted in an increased complex viscosity
(Fig. 2a). The rGO/PLA with an rGO concentration just
above 1.3 wt% had a crossover point of storage and loss
modulus at 150 °C (Fig. 2b). This implies that the composite
with higher rGO content (above 1.3 wt%) exhibited a more
dominant elastic behavior than the viscous behavior as the
rGO sheets hindered the chain mobility of PLA [54, 56].
Therefore, the rGO concentration was maintained below
1.3 wt% in the conductive polymer composite for the stable
thermal drawing.

Next, to stabilize the TDP, we engineered the outer lay-
ers of the fiber temperature sensor preform. Lightweight
LLDPE was selected as the passivation layer, allowing the
fiber to be more flexible and mechanically and chemically
durable. However, because of its low T}, (Table 1), LLDPE
had a significantly lower complex viscosity at the tempera-
ture at which the rGO/PLA could be thermally processed
(Fig. 2c¢). This resulted in a discrepancy between their fluidic
behaviors at the drawing temperature, leading to poor reten-
tion of the cross-sectional geometry. To address this chal-
lenge, we added a PS cladding layer with a more compat-
ible rheological property with rtGO/PLA than LLDPE. The
higher complex viscosity of PS at all applied temperatures
enabled the maintenance of the multi-layer structure of the
preform, supporting continuous TDP (Fig. 2c¢).

Subsequently, we performed functional evaluations of
the thermally drawn fibers using sensing cores with dif-
ferent rGO concentrations. When measuring the electrical
conductivity of thermally drawn fibers with varying rGO
concentrations, we observed that the rGO sheets had not yet
formed interconnected networks within the elongated fibers
at a low concentration (0.5 wt%), resulting in a conductiv-
ity equal to that of the bare PLA polymer film (Fig. 2d).
The rGO network underwent a rapid transition as the rGO
concentration increased, establishing a percolation network
in which the flow of charge carriers between the rGO sheets
increased dramatically [18]. At concentrations above 1.3
wt%, the conductivity of the fibers leveled off, indicating
maximum fiber conductivity [44]. Considering both process-
ability and functionality, we concluded that the fiber sensor
with the sensing core composed of 1.3 wt% rGO/PLA was
optimal for the subsequent experiments because of its sta-
ble drawability and high electrical conductivity of 1.45 mS/
cm. The intrinsic properties of the fiber sensor were further
investigated to ensure its applicability in wearable devices.
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Table 1 Thermal properties of the materials constituting the preform
of the polymer—nanocomposite—fiber temperature sensor [57]

Materials Glass transition temperature ~ Melting
O] tempera-
ture
O
PLA 63 178
LLDPE -35 125
PS 80-90 240

We estimated its thermal conductivity within the range of
25-65 °C using the Eq. (2):
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Fig.2 Fundamental characterization of the preform materials of the
polymer—composite—fiber temperature sensor. a Complex viscosity
of the conductive polymer composites with different rGO weight per-
centages. b Storage and loss moduli of the rGO/PLA with different

where a is the thermal diffusivity of rGO/PLA, C, is the

heat capacity, and p is the material density (Fig. S4). Based
on the stress—strain curve (Fig. S5), the Young’s Modulus
and tensile strength of our fiber sensor were 1.64 GPa and
28.6 MPa, respectively.

Sensing Performance of the Fiber Temperature
Sensor

Next, we evaluated the temperature-sensing performance
of our fiber temperature sensor. The general schematics of
the electrical resistance measurements are provided in the
Supplementary Information (Fig. S6). We chose a tempera-
ture range of 25-45 °C, which includes the typical range
of human skin temperatures for wearable applications [43].

The functional filler rGO has a negative temperature
coefficient of resistance (TCR), which can be ascribed to
the electrical conductance of the intra- and inter-sheets of
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rGO [23]. After the reduction of graphene oxide, residual
oxygen-containing functional groups in the rGO sheet cre-
ate defects in its orbital structure, causing the formation of
a bandgap between the valence and conduction bands [47,
58, 59]. Consequently, charge carriers must overcome the
potential barrier via hopping to achieve electrical conduc-
tivity. The percolation network formed between rGO sheets
also contributes to electrical conductivity by establishing
the pathway for the flow of charge carriers and demonstrat-
ing a tunneling effect [44]. As temperature increases, the
probability of hopping and tunneling by thermally activated
carriers increases, thereby decreasing resistance. This results
in a negative temperature coefficient. The performance was
estimated by calculating the TCR using Eq. (3).

Ry —R,

1
TCR = 2~ % 100%
R, AT ’ )

In this equation, Ry and R, are the resistances measured
across the sensor at the applied and ambient temperatures,
respectively, and AT is the temperature change [60, 61]. As
shown in Fig. 3a, the electrical resistance linearly decreased
when the temperature increased from 25 to 45 °C with TCR
and R? values of —0.285%/°C and 0.999, respectively. The
resolution of the fiber temperature sensor with small temper-
ature increments of 0.5 °C maintained its linearity and sensi-
tivity with an R* value of 0.996 (Fig. 3b). The performance
of the fiber temperature sensor was maintained regardless of
the length of the fiber (Fig. 3¢c), and the temperature reading
remained consistent over a long period of time (Fig. 3d). In
addition, the fiber temperature sensor showed rapid response
and recovery times to touch (11.6 and 14.8 s, respectively)
with complete resistance recovery (Fig. 3e).

The thermally drawn temperature sensor exhibited a con-
sistent response during repetitive heating and cooling cycles
(Fig. 3f). These results demonstrate that our fiber tempera-
ture sensor is reliable and consistent for any length of use
and is potentially applicable for continuous and repetitive
real-time temperature sensing.

Performance Stability of the Fiber Temperature
Sensor

Wearable textile sensors are often exposed to various
stresses, such as bending, staining, and washing, which can
damage the sensor’s functionality (Fig. 4a). Therefore, tex-
tile sensors must possess sufficient mechanical and chemical
stabilities to achieve high insulating capacity, flexibility, and
durability, which are required for everyday applications. We
performed various functional evaluations on our fiber tem-
perature sensor to assess its stability and reliability under
stress. First, we applied specific and repeated stresses to our
fiber sensor. After we performed a thousand heating cycles
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using an Arduino-controlled halogen lamp, the performance
of our fiber temperature sensor was unaffected as the elec-
trical resistance reliably and linearly reflected the applied
temperature, demonstrating the long-term usability of the
sensor (Fig. 4b, Fig. S7). Next, we assessed the fiber sen-
sor’s mechanical stability by altering the radii of curvature
at various folding angles. When we tested the extreme bend-
ing angles of 90° and 180° with varying radii of curvature,
the temperature response of our fiber sensor remained con-
stant at room temperature (Fig. S8). Furthermore, when we
applied a bending angle of 90° at two different radii of cur-
vature (0.5 and 1.5 cm), our fiber temperature sensor demon-
strated consistent performance over the selected temperature
range (25-45 °C) (Fig. 4c).

To apply an even harsher mechanical deformation, we
performed repeated bending cycles on our fiber temperature
sensor at a bending angle of 90° and a radius of curvature of
1.5 cm. Even after 100 and 1000 bending cycles, our fiber
temperature sensor still reliably responded to the changes in
external temperature (Fig. 4d). These results indicate that the
flexible polymer—nanocomposite—fiber temperature sensor
can withstand various and repeated mechanical deformations
while maintaining a reliable and stable performance.

Next, we evaluated the chemical resistance of the fiber
temperature sensor. To mimic real-life spillage conditions,
we selected the three most common solvents (commercial
detergent, ethanol, and acetone) and immersed our fiber
temperature sensor in each solvent. Our fiber temperature
sensor performed with high consistency at all conditions,
with an error range of +0.18% after chemical expo-
sure (Fig. 4e). In addition, no performance change was
observed in the fiber temperature sensor after increasing
the relative humidity from 20 to 90% at room temperature
(Fig. 4f). Finally, we tested the washability of our fiber
sensor by mimicking machine-washing conditions [52].
Briefly, the fiber sensor was fully immersed in a water
bath at 40 °C while stirring at 1200 rpm. Even in this
harsh condition combining both thermal and mechani-
cal disruption, our fiber temperature sensor still reliably
responded to the external temperature, with a +0.3% error
(Fig. 4g). Together, these results demonstrate that our
fiber temperature sensor can withstand various chemical
damages because the LLDPE passivation layer prevents
direct contact of the temperature-sensing core with the
outer environments. TDP produced full passivation layer
as the process preserves the original structure of the pre-
form and uniformly consolidates all layers throughout the
entire length of the drawn micro-fiber during the heating
and elongation processes. Table S1 compares overall per-
formance of the sensor developed in this study and those
from previous studies, indicating that the performance of
our fiber temperature sensor is comparable to that of exist-
ing sensors used in various wearable sensor applications.
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ite—fiber temperature sensor in practical situations, we

AR/R (%)

| |R*=10.999 \\’

35 36 37 38 39 40
Temperature (°C)

o 25°C
30°C
< 2f
;.: 35°C
4 At
« 4 40C)
45°C
N e —

0 100 200 300 400 500 600

Time (s)
1 25°C
OF ®© o o © o © o o o o o
i NI SR SR S S SR S
L L L L L | [ TR L B
e -1F L L L B L R B
- L I I S I S A S O R I S I B B
° L T T A T O A A A A R R
X of L T T T A A O A A B R
E L R A N A O R O A R
g L L I 2 I R I S O R A W
3k L T T T N A N B N VA
LT P T N N T TR T
Y Y Y \ 1 y y y y |
4k ® o ¢ © o © o o o o
o
5 40°C
) L L . L ) L L ) ) L
o1 2 3 4 5 6 7 8 9 10

sor at different lengths. d Resistance response of the thermally drawn
fiber sensor to constant temperatures for 10 min. e Response and
recovery time of the fiber sensor to a fingertip touch. f Temperature
response of the fiber sensor to repetitive cooling and heating cycles
from 25 to 40 °C

incorporated our fiber into daily clothing. The flexibility
and adjustable diameter of the fiber allowed us to weave
it into or sew it onto fabric (Fig. 5a). We sewed our fiber
temperature sensor onto a shirt to monitor the body
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Fig.4 Performance stability of the thermally drawn, polymer—nano-
composite—fiber temperature sensor under various stress conditions.
a Schematic illustration of the general requirements of textile sensors.
b Temperature response of the sensor between 25 and 45 °C after
a thousand heating cycles. ¢ Resistance response of the fiber sen-
sor bent at a 90° angle with radii of curvature of 1.5 cm and 0.5 cm.

temperature (Fig. 5b). As soon as the sensor-sewn shirt
came in contact with the skin, the electrical resistance of
the fiber immediately decreased, indicating a temperature
rise. However, during routine activities such as breathing,
speaking, and walking, the resistance remained constant,

@ Springer

Relative Humidity (%)

Temperature (°C)

d Resistance response of the fiber sensor after the 100th and 1000th
bending cycles. e Temperature response of the fiber sensor after
exposure to common chemicals for 30 min. f Resistance behavior of
the fiber sensor to relative humidity levels between 20% and 90%. g
Resistance response of the fiber sensor following the 50th and 100th
machine-wash test cycles

demonstrating that the response was exclusive to tem-
perature change. The resistance completely recovered
to the original value when the shirt was removed from
the body. For repetitive skin-temperature monitoring, a
commercial thermocouple was affixed to the fiber sensor
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Fig.5 Wearable applications of the thermally drawn, polymer—nano-
composite—fiber temperature sensor. a Illustrations and correspond-
ing photographs of the fiber sensor woven onto a piece of textile (top)
and sewn on a headband (bottom). b Real-time resistance change of
the fiber sensor sewn onto a shirt in response to the skin contact and

to ensure consistency. Compared with the commercial
thermocouple, our fiber temperature sensor demonstrated
accurate and consistent temperature responses to the skin
temperature. Next, we incorporated our fiber temperature
sensor into a glove for touch-based temperature detection.
We sewed our fiber sensor onto a commercially available
glove (Fig. 5¢) and measured its response when either a
hot (40 °C) or a cold (5 °C) object was touched (Fig. 5d).

The electrical response of the fiber was consistently
reproduced without signal delay or degeneration, even with
repeated touches. Overall, our thermally drawn, flexible fiber
temperature sensor can be incorporated into daily clothing
and other practical applications owing to its flexibility and
robustness. Additionally, the rapid, consistent, and accu-
rate response of our fiber allowed us to monitor tempera-
ture changes in real-time, thereby revealing the utility of
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routine activities (top) and repetitive real-time skin temperature meas-
urements with our fiber sensor and a commercial thermocouple (bot-
tom). ¢ Image of the fiber temperature sensor sewn onto the tip of a
hand glove. d Temperature response of the fiber sensor to repetitive
touch on a hot (45 °C) or cold (5 °C) object

our fiber temperature sensor for a wide range of wearable
applications.

Conclusions

We developed a well-passivated, polymer—nanocompos-
ite—fiber temperature sensor fabricated via TDP, a facile
and economical method of mass production. We engi-
neered the preform materials, especially the conductive
polymer composite, to ensure both the processability and
functionality of the fiber temperature sensor. Our thermally
drawn polymer—fiber temperature sensor demonstrated a
sensitive and consistent temperature response in the body
temperature range, with rapid response and recovery
times. Our highly flexible, durable, and well-passivated
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conductive polymer—composite—fiber temperature sensor
exhibited consistent temperature responses under repeated
mechanical and chemical stresses, indicating its long-term
applicability with accurate and stable responses. In practi-
cal applications, the fiber temperature sensor woven onto
a shirt and a glove demonstrated highly stable and reli-
able performance, with responses exclusive to the applied
temperature. We envision that this highly flexible, durable,
and reliable polymer—nanocomposite—fiber temperature
sensor fabricated by TDP can be integrated into various
electronic healthcare fields, including wearable sensors,
electronic skin, and biomedical devices.
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