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Abstract

Fiber strain sensors with robust sensing performance are indispensable for human—-machine interactions in the electronic
textiles. However, current fiber strain sensors are confronted with the challenges of unavoidable deterioration of functional
sensing components during wearable and extreme environments, resulting in unsatisfactory stability and durability. Here,
we present a robust fiber strain sensor based on the mutual inductance effect. The sensor is assembled by designing coaxial
helical coils around an elastic polyurethane fiber. When stretching the fiber sensor, the strain is detected by recording the
voltage changes in the helical coils due to the variation in magnetic flux. The resultant fiber strain sensor shows high linear-
ity (with a linear regression coefficient of 0.99) at a large strain of 100%, and can withstand various extreme environmental
conditions, such as high/low temperatures (from — 30 °C to 160 °C), and severe deformations, such as twisting and pressing
(with a pressure of 500 N/cm). The long-term cyclic stability of our fiber strain sensor (100,000 cycles at a strain of 100%)
is superior to that of most reported flexible resistive and capacitive strain sensors. Finally, the mass-produced fiber strain
sensors are woven into a smart textile system to accurately capture gestures.

Keywords Electronic textile - Fiber strain sensor - Mutual inductance effect - Coaxial coiling structure

1 Introduction personal health care [16—18] and human—computer interac-
tions [19-23]. Although patching traditional rigid sensing
components onto textile substrates could enable sensing

functions, these electronic textiles are confronted with the

Smart textiles with diverse functionalities are indispensable
for next-generation wearable electronics [1-4] in batter-

ies [5-7], solar cells [8—10], displays [11, 12], and sensors
[13—-15]. Among these wearable electronics, smart textiles
with sensing capabilities have attracted considerable interest
in both academia and industry and have been deployed in
daily scenarios for monitoring to purposes to achieve smart
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challenges of unstable performance, modulus mismatch, and
wear discomfort. Fiber strain sensors can be directly woven
or knitted into textiles, which has become an ideal approach
for smart textile systems [24, 25]. However, the existing
fiber strain sensors cannot meet the stability and durability
requirements for daily use in worn or extreme environments
such as fire rescue and space exploration.

Several common types of sensing mechanisms for fab-
ricating fiber strain sensors, including resistive, capacitive,
piezoelectric, and triboelectric mechanisms, have attracted
extensive research interest [25, 26]. Although high strain
sensitivity values have been reported in previous studies
[24, 27-29], these sensors presented unsatisfactory stability
and durability during wearable usage, including mechani-
cal deterioration by compression, torsion, rubbing, machine
washing, and low or high thermal damage. The functional
materials (e.g., the sensing components) in these sensors are
directly involved in device deformation when stretching or
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compressing, resulting in unavoidable damage to the sens-
ing materials. Consequently, the sensing data shift or drift
after long-term cyclic operation. For instance, resistive strain
sensors may suffer damage to threshold conductive path-
ways after cyclic stretching or compression at large strains
[30-32]. Triboelectric strain sensors may suffer from tribo-
electric charge decay during the cyclic contact-separation
process [33, 34]. Therefore, it is still challenging for fiber
strain sensors to achieve robust sensing performance for
long-term wear and extreme working conditions.

Herein, we report a robust fiber strain sensor based on
the mutual inductance effect. Briefly, a pair of coaxial heli-
cal coils is wrapped around an elastic polyurethane (PU)
fiber. The outer coils were aligned with the inner coils, and
a polyurethane layer was placed between them for insulation.
When stretching the fiber sensor, the pitch of the inner coils
increases. Concomitantly, the reduction in magnetic flux
variation in the outer coils was recorded and represented as a
voltage drop. Benefiting from the unique sensing mechanism
and structural design, such fiber strain sensors demonstrate
superior stability and durability after long-term cyclic opera-
tion at large strains. Concisely, the fiber strain sensor exhib-
its excellent sensing response linearity (with a linear regres-
sion coefficient of 0.99) in a wide strain range (0-100%),
superior sensing stability (100,000 cycles at 100% strain),
and satisfactory reliability and durability (highly resistant
to high/low temperature and severe deformations). We also
showcase the potential of our fiber strain sensor for wearable
applications by weaving it into a textile glove that success-
fully and accurately recognizes different hand gestures.

2 Experimental Section
2.1 Materials

N,N-dimethylformamide (DMF), BaTiO;, polyurethane,
polyurethane fiber and copper wire were purchased from
Adamas. Waterborne polyurethane was purchased from
Shanghai Sisheng Polymer Materials Company. Silver-
plated nylon yarns (100D) were purchased from Suzhou
Teck Silver Fiber Technology Company. Fluorine rubber
(FR) was purchased from Daikin Fluorochemicals Com-
pany. The dispersion of silver nanowires was purchased from
Jiangsu Xianfeng Nanomaterials Technology. A commer-
cial capacitive sensor was purchased from TE Connectiv-
ity. These materials were used as received without further
treatment.

2.2 Fabrication of the Fiber Strain Sensor

The fabrication process mainly includes four steps: (1) wind-
ing of the inner helical coils, (2) coating of the polyurethane
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encapsulation layer, (3) drying, and (4) winding of the outer
helical coils. Specifically, PU fibers and copper wires (with a
diameter of 50 um) were separately passed through custom-
ized circular openings on a rotating disc. The copper wire
was uniformly wound around the PU fiber when the disc
rotated. The pitch of the inner coils was controlled by the
rotational speed and the feed rate of the wire on the winding
equipment (equation S1). The fiber was then immersed in a
polyurethane solution (with a concentration of 5 wt%) and
dried in an oven (at 60 °C) for 1 h to remove N,N-dimeth-
ylformamide. Finally, a fiber strain sensor with a coaxial
coiling structure was obtained after winding an additional
insulated copper wire (with a diameter of 50 pm) onto the
as-prepared fiber.

2.3 Fabrication of the Smart Sensing Textile
and Electronic Glove

Before weaving, a protective layer was incorporated onto
the fiber to mitigate wear on the polyurethane coating dur-
ing utilization (Fig. S1). PU fibers wound with inner heli-
cal coils were used as warp threads, and an outer copper
wire wound around the warp served as the weft thread. The
weaving process was conducted by using a rapier loom. By
adjusting the position of the outer helical coils, fiber strain
sensors are woven into specially-made elastic gloves to form
a sensing array.

2.4 Fabrication of Luminous Yarns and Displaying
Textile

BaTiO; particles were dispersed in a 12 wt% FR/DMF solu-
tion with a weight ratio of 3:1 and coated onto silver-plated
nylon yarns, followed by solvent removal at 180 °C. Simi-
larly, a mixture of ZnS phosphor and waterborne polyure-
thane with the same weight ratio was coated onto the yarns.
The dispersion of silver nanowires was then dip-coated onto
the yarns, which were wound with copper wires to increase
electrical conductivity. A polyurethane layer was dip-coated
onto the luminescent yarns to ensure water resistance.
Through the rope embroidery process, luminous yarns were
woven into the garment to obtain displaying textile.

2.5 Characterization

The sensing performance and stability of the fiber strain
sensor were tested with a motion controller (TC55,
TOPCNC, China), a signal generator (Model 645, Berke-
ley Nucleonics Corp., USA), an electronic universal ten-
sile testing machine (HY-0305, Shanghai Hengyi Corp.,
China) and an oscilloscope (DSOX1202G, Keysight Tech-
nologies, USA). The above equipment was used for cyclic
and dynamic force tests on a mechanized X-axis loading
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platform. The controller was responsible for controlling
the speed, distance, and cycles of movement. Real-time
and dynamic output voltage signals were recorded using an
oscilloscope (DSOX1202G, Keysight Technologies, USA).
The smartphone could display real-time output voltage
signals by connecting wireless Wi-Fi modules with sens-
ing textiles.

3 Results and Discussion
3.1 Preparation and Characterization

Figure 1a shows the structure of fiber strain sensors that
can be woven into textiles. Each fiber strain sensor consists
of a PU fiber wound with inner and outer helical coils
made of fine copper wire, where the inner helical coils
serve as the electrical signal input, while the outer coils
serve as the electrical signal output. A PU layer for insula-
tion encapsulation was coated between the coils to prevent
short circuits. As the fiber is stretched, the increase in the
pitch of the inner/outer helical coils causes a decrease in
the magnetic flux variation in the outer coils based on the
principle of mutual inductance. Then a voltage change is
generated to display the strain variation.

In a typical fabrication process, the coaxial coiling
structure of the fiber strain sensor was fabricated through
a coaxial winding method (Fig. 1b). Commercial PU fib-
ers with diameters ranging from 300 pm to 900 pm were
selected as the substrate. Specifically, the PU fiber and
copper wire (with a diameter of 50 pm) were separately
passed through two circular openings on a customized
rotating disc. When the disc rotated, the copper wire was
uniformly wound around the PU fiber with a certain pitch.
The pitch of the inner helical coils was precisely controlled
by varying the rotation speed of the circular disk and the
feeding speed of the PU fibers (equation S1). As demon-
strated in Fig. 1c and Fig. S2, the PU fiber could be wound
with inner helical coils with pitches ranging from 100 pm
(helical angle of 86°) to 600 pm (helical angle of 56°).
The as-prepared fiber was then encapsulated by coating
with a polyurethane solution at a concentration of 5 wt%,
followed by heating to remove the solvent. Subsequently,
the outer helical coils were fabricated by the same twist-
ing method. Figure 1d shows the coaxial coiling structure
of the fiber strain sensor. Fibers wound with helical coils
maintain good flexibility, ensuring the accurate function-
ing of fiber strain sensors (Fig. le). The narrow pitch
distribution of 100 counts in 100 m indicated the high
reproducibility of the fabrication method (Fig. 1f). Using
customized industrial equipment, we can mass-produce
spools of flexible fibers with helical coils (Fig. 1g).

3.2 Sensing Performance

The performance of the fiber strain sensor was investigated
as displayed in Fig. 2a, where the inner helical coils were
applied with a constant alternating voltage while the outer
coil was connected to a voltmeter. As the fiber is stretched,
the decrease in the pitch of the inner and outer helical coils
will reduce magnetic flux variation, a variation in the output
voltage thus generated by the outer helical coils based on the
mutual inductance effect.

The influences of the electrical and device structure
parameters of the fiber strain sensor on the output voltage
behaviors were first investigated. Fiber strain sensors require
high-intensity signals to increase the signal-to-noise ratio.
When an input alternating voltage with a peak-to-peak value
ranging from 2 V to 10 V was applied to the inner coils, the
outer coils generated an output voltage ranging from 0.7 V to
2.55 V (Fig. S3). With the input voltage maintained at 10 V,
the change ratio of the output voltage was stably maintained
at 19.7% with a slight fluctuation of 0.1% (at a strain of
100%), which is much smaller than the fluctuations observed
at other input voltages (Fig. S3). This result also indicated
that a higher output voltage could effectively mitigate signal
interference. The frequency of the input alternating voltage
also obviously affected the output voltage variation. The out-
put voltage reached the maximum value (2.55 V) when the
frequency of the input alternating voltage was 38 MHz, and
the change ratio of the output voltage gradually decreased to
15% when the frequency was further increased to 46 MHz
(Fig. S4). As the peak-to-peak value and frequency of the
input alternating voltage were constant, the cross-sectional
area and ratio of turns between the outer helical coils and
the inner helical coils (R ;) were also crucial parameters for
the sensing quality of the output voltage. For instance, the
change ratio of the output voltage increased from 13% to
27% as the diameter of the fiber increased from 300 pm to
900 pm. A similar increase in the output voltage variation
occurred when R ;; increased from 3:1 to 3:5 (Fig. S5). Fur-
thermore, the fiber strain sensor generated a higher output
voltage with a smaller helical pitch (Fig. S5), which could
also effectively prevent signal interference during stretching.
Unless otherwise stated, to ensure that the fiber strain sensor
has a high signal-to-noise ratio, the diameter, and the pitch
of the helical coils, and the R ; in the following study were
600 pm, 50 pm, and 1:1, respectively; the peak-to-peak volt-
age and frequency of the input alternating voltage were 10 V
and 38 MHz, respectively.

Systematic tests were carried out to showcase the sensing
performance of the fiber strain sensor. The output voltage
variation increased linearly (with a linear regression coef-
ficient of 0.99) as the fiber strain sensor was stretched to
100% with a strain rate of 20% per second (Fig. 2b). The
negligible discrepancies between the stretching/releasing
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Fig. 1 Design and fabrication of the fiber strain sensor. a Schematic
diagram showing the coaxial coiling structure of a fiber strain sen-
sor woven in a textile. b Schematic diagram showing the fabrication
process of the fiber strain sensor. ¢ Photographs of fiber strain sensors
with helical angles of 86° (left) and 56° (right); the corresponding
pitches were 100 pm and 600 pm, respectively. d Microscope photo
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displaying the structure of the fiber strain sensor. e Photograph of the
flexible fiber strain sensors. f The distribution of the pitches (amount-
ing to 100 counts) of the fiber strain sensor with a length of 100 m. g
Photograph of spools of fiber strain sensors. Scale bars: 300 pm (c),
300 pm (d), 5 mm (e), and 15 mm (g)
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Fig.2 Performance and stability of the fiber strain sensor. a Sche-
matic diagram showing the working principle of the fiber strain sen-
sor. b Variations in the output voltage when the fiber strain sensor is
stretched to 100% strain at a strain rate of 20% per second. ¢ Vari-
ations in the output voltage for fiber strain sensor under a series of
strain step cycles from 20% to 100%. Insets: photographs of the sen-
sor at 0%, 50%, and 100% strain; scale bars, 500 pm. d Dynamic sta-

curves indicated the low hysteresis of the fiber strain sen-
sor. We evaluated the degree of hysteresis (DH) to assess this
behavior via Eq. (1) [35, 36].

A . —A -
D H — Loading Unloading X 100%

Loading

ey

where A, 4ine a0d Agyoq4ing Tepresent the areas below the
loading and unloading curves, respectively. A smaller DH
value indicates a smaller hysteresis [37]. The fiber strain
sensor showed a very small DH value of 1.3%, which is
lower than that of most flexible resistive strain sensors [38,
39]. The sensitivity of the fiber strain sensor was evaluated
by gauge factor (GF), which is defined as (AV/V)/(AL/L).
The sensitivity could be tuned from 0.11 to 0.68 by changing

bility of the fiber strain sensor in the frequency range of 0.25-1 Hz.
e Variations in the output voltage for the fiber strain sensor over
100,000 stretching/releasing cycles at 100% strain, with close-up
views at the beginning, middle and end of the test. f Comparisons
of fiber strain sensors in this work with previously reported resistive
[41-54] and capacitive [55-63] strain sensors in terms of the number
of cycles and strain

the frequency of input alternating voltage, diameter of
fiber and Ro/i, which is comparable to typical strain sen-
sors (Tables S1, S2). By measuring peak-to-peak voltage
after applying a strain of 10%, the response time of the fiber
strain sensor was 40 ms, which is superior to that of the most
strain sensors (Fig. S6, Table S3). Figure 2c shows variations
in the fiber strain sensor output voltage in a step-and-hold
test where the sensor was subjected to alternating stepwise
stretching with a 20% strain step size and holding (2.5 s).
The applied strain increases to a maximum of 100% and then
decreases to zero. The output voltage in each strain stage
was nearly the same as that in each corresponding release
stage, and no obvious “shoulder peaks” were observed under
each strain, indicating the small overshoot behavior of the
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fiber strain sensor [40]. Moreover, the fiber strain sensor
exhibited good dynamic stability under large strain. The
response characteristics under a stretching frequency of
1 Hz and strain of 100% were consistent with those under a
stretching frequency of 0.25 Hz (Fig. 2d).

The stability of the fiber strain sensors was verified by
performing a long-term cyclic tensile test, where the out-
put voltage was continuously recorded under each stretch-
ing/releasing process (with a strain of 100%). As shown in
Fig. 2e, the output voltage curve of the fiber strain sensor
was nearly unchanged over the investigated 100,000 stretch-
ing/releasing cycles. An enlarged view of 10 cycles at the
early, middle, and late stages of the cyclic tensile test dem-
onstrated that the change ratio of the output voltage dur-
ing both the stretching and releasing processes was stable
(varied by less than 0.5%). This cyclic stability of over
100,000 cycles under a large strain of 100% based on the
coaxial coiling structure of the fiber strain sensor is superior
to that of reported flexible resistive [41-54] and capacitive
[55-63] strain sensors, which typically withstand at most
10,000 stretching/releasing cycles under strains less than
50% (Fig. 2f).

3.3 Durability under Extreme Environments

For practical wearable applications, fiber strain sensors
must endure various complex service conditions (Fig. 3a).
To verify the durability of the fiber strain sensors, we per-
formed various tests under different conditions, such as high/
low temperatures, complex deformations and even water
immersion/washing. The fiber strain sensor worked nor-
mally at a high temperature of 160 °C and a low temperature
of —30 °C, which applies to most areas on Earth. Because of
the stable coaxial coiling structure of the fiber strain sensor,
its performance remained unchanged even after vigorous
complex deformations. For instance, when subjected to a
torsional deformation of more than 1 080°, the fiber strain
sensor showed slight output voltage fluctuations (less than
0.4% of the initial value). Moreover, the fiber strain sensor
could withstand long-term water immersion because of the
efficient polymer encapsulation. At a bending angle of 180°,
the output voltage of the fiber strain sensor was only reduced
by 0.06 V (2.4% of the initial value) due to the small size of
the sensing unit (Fig. S7). Compression is another practi-
cal application environment that fiber strain sensors usually
encounter. When a pressure of 500 N/cm was applied to the
fiber strain sensor (Fig. 3b, c), the output voltage changed
by 37.1% due to the decrease in the cross-sectional area
(Fig. 3d). The fiber strain sensor could even work normally
after repeated pressing processes. Moreover, the fiber strain
sensor also showed good long-term cyclic stability under
complex conditions. As shown in Fig. S8, the output voltage
remained almost unchanged over 1000 cycles (with a strain
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of 100%) under high/low temperature. The change ratio of
the output voltage was also stably maintained at 19.7% with
a slight fluctuation of 0.6% after long-term washing, 10,000
bending, pressing and twisting cycles.

To further demonstrate the durability under extreme con-
ditions, the fiber strain sensor was compared with typical
resistive strain sensor based on AgNWs/PDMS-based [64]
and commercial capacitive strain sensor (Fig. 3e). The resis-
tive and capacitive sensors failed to return to their original
state after torsion deformations (a 180°/5 cm twist applied 4
times) due to the irreversible damage of the AgNWs network
for the resistive strain sensor and permanent deformation of
the dielectric layer for the capacitive strain sensor (with off-
sets compared to the initial signal values of 1600% and 18%,
respectively). Similarly, high-temperature conditions caused
severe deformation of the polymer substrate in the resistive
and capacitive strain sensors, thus resulting in performance
degradation and functional failure. In comparison, under the
same torsion or high-temperature conditions, the output volt-
age of the fiber strain sensor remained stable, with a small
variation of less than 1%. This stability and durability may
be attributed to the stable coaxial coiling structure and the
sensing mechanism based on the mutual inductance effect.
To validate the sensing robustness of the fiber strain sensor,
we used the finite-element method to compare the stress
distribution of the coaxial coiling structure in this study and
bi-layered structure representing typical structure of resistive
fiber strain sensors [24, 65, 66] (Fig. 3f, g and Table S4). At
the same bending radius of 1 cm, the stress exhibited by the
bi-layered structure was 3 times that of the coaxial coiling
structure, indicating a small amount of stress between the
coil and substrate in the fiber strain sensor.

3.4 Applications

Fiber strain sensors serving as warp threads could be woven
into large-area sensing textiles by an industrial rapier loom
(Fig. 4a—c), in which segmented outer helical coils could be
wound around the fiber strain sensor at different positions to
form a series of sensing units (Fig. 4c). As a proof-of-concept
demonstration, we showed the wearing application potential of
this sensing textile under extreme environments such as outer
space (Fig. 4d). As shown in Fig. 4e, the output voltage was
stable at 2.55 V even though the sensing textile was frozen in
ice (at a low temperature of —29 °C) for five days (Fig. 4f).
When the sensing textiles were immersed in hot water at 95 °C
(Fig. 4g) and subjected to a vacuum of 0.02 MPa (Fig. 4h), the
output voltage curve remained stable without obvious fluctua-
tions. Moreover, the sensing textile could even work normally
after a car weighing 1720 kg rolled over it (Fig. 41). By ration-
ally arranging the sensing units in the sensing textile, a smart
electronic glove was fabricated with sensing unit arrays to
achieve real-time capture of gestures to control of the display
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peak-to-peak voltage. b Photograph of the pressing test on the sensor.
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Fig.4 Applications of the fiber strain sensor. a Photograph showing
the fiber strain sensor woven into the textile by a rapier loom. b Pho-
tograph of the large-area sensing textile. ¢ Photograph of the sensing
unit in the textile. d Schematic diagram of the challenges that a sen-
sor may encounter during space exploration. e, f Photograph of the
sensing textile continuously transmitting signals in a frozen environ-
ment for 5 days. g, h Photograph of the sensing textile transmitting
signals in boiled water and a vacuum chamber. i Photograph of the

textile (Fig. 4j, Fig. S9). Specifically, elastic gloves with pre-
defined sensing units located at finger joints were prepared
to show the gesture recognition capacity. Each sensing unit
in the electronic glove can capture specific strain changes at
predetermined finger joints, thus allowing the identification
of overall gestures by integrating output voltage signals from
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0,: 80% 0, 10%

sensing textile being rolled by a car. j Schematic diagram of the cir-
cuit of the electronic glove and schematic diagram of cooperative
work between electronic gloves and the textile display; ADC: ana-
logue-to-digital converter; MCU: microcontroller unit. k Variations in
the fiber strain sensor output voltage in the electronic glove for differ-
ent gestures. Insets: photographs of astronauts’ specific gestures trig-
gering specific signals. Scale bars: 3 cm (a), 5 cm (b), 500 pm (c),
5cm (e, g), 10 cm (h), 7 cm (i), and 8 cm (k)

multiple sensing units. The integrated signals were generated
based on recognized gestures to drive a textile display system
on the chest. As shown in Fig. 4k, different gestures elicited
a distinct voltage response at various points on the electronic
glove, triggering information such as oxygen levels and the
distress signal “SOS”.



Advanced Fiber Materials (2024) 6:1629-1639

1637

4 Conclusions

In summary, we present a fiber strain sensor based on the
mutual inductance effect. It exhibits outstanding linear-
ity, cyclic stability, and durability. Due to the stability
of its coaxial coiling structure, the sensor can withstand
over 100,000 cycles and operate effectively under extreme
conditions such as high/low temperature, compression,
and torsion. Remarkably, the fiber strain sensor can be
mass-produced and woven into textiles on a large scale,
which holds significant potential in applications related
to human—computer interactions.
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