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Abstract

Wearable sensors designed for strain, pressure, and temperature measurements are essential for monitoring human movements, health
status, physiological data, and responses to external stimuli. Notably, recent research has led to the development of high-performance
wearable sensors using innovative materials and device structures that exhibit ultra-high sensitivity compared with their commercial
counterparts. However, the quest for accurate sensing has identified a critical challenge. Specifically, the mechanical flexibility of the
substrates in wearable sensors can introduce interference signals, particularly when subjected to varying external stimuli and envi-
ronmental conditions, potentially resulting in signal crosstalk and compromised data fidelity. Consequently, the pursuit of non-inter-
ference sensing technology is pivotal for enabling independent measurements of concurrent input signals related to strain, pressure, and
temperature, ensuring precise signal acquisition. In this comprehensive review, we present an overview of the recent advances in non-
interference sensing strategies. We explore various fabrication methods for sensing strain, pressure, and temperature, emphasizing the
use of hybrid composite materials with distinct mechanical properties. This review contributes to the understanding of critical devel-
opments in wearable sensor technology that are vital for their ongoing application and evolution in numerous fields.

Keywords: Wearable sensor, Non-interference sensing, Pressure sensor, Temperature sensor, Strain sensor

1. INTRODUCTION configurations have been developed. Compared with commercial
sensors, these sensors exhibit ultra-high sensitivity, enabling them

With the rapid development of the Internet of Things (IoT), to discern low-intensity biosignals [25-27].

. : . L . Recentl veral ies have fi n performin, t
wearable sensors have received increasing attention in various ecently, several studies have focused on perfo g accurate

fields, such as healthcare, soft robotics, and virtual reality motion sensing aimed at reducing the errors and noise signals from

recognition technology [1-3]. These sensors are incorporated into sensors. To realize accurate sensing, it is crucial to make

a range of wearable electronic devices or attached directly to the conformal contact with the human skin using soft and flexible

human epidermis to gather various physical, chemical, and substrates such as polyimide, polydimethylsiloxane, and Ecoflex

biological signals from individuals and their environment [4-7]. [28-32]. However, mechanical flexibility inherent in the substrates

Wearable sensors designed to measure strain, pressure, and of wearable sensors inevitably introduces interference signals in

temperature play a critical role in monitoring human movement, response to various external stimuli and environmental variables,

health status, physiological data, and responses to external stimuli such as pressure, strain, and temperature [33-37]. This interference

[8-14]. Numerous studies have been conducted to design high- potential can result in signal crosstalk, thereby compromising the

performance wearable sensors using a multitude of materials, fidelity of data acquisition. Consequently, the development of

including nanoparticles [15-18], carbon nanomaterials [19-21], non-interference sensing technology that enables the independent

and organic materials [22-24]. Additionally, innovative device measurement of responses to concurrent input signals related to

strain, pressure, and temperature is of paramount importance for

1 achieving precise signal measurements [38-42].
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In this comprehensive review, we present a brief summary of

Specifically, we introduce various non-interference sensing
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that exploit the mechanical properties of hybrid composite
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Fig. 1. (a) Fabrication process of a single-pixel device. (b) Schematic of measurement methods and signals of a pressure mapping sensor sub-
jected to strain deformation. (¢) Demonstration of independent pressure and x and y strain detection using a single-pixel device. Demon-
stration of functionality of a multipixel device. (d) Maps of pressure and strain using the 9-pixel device. The device achieved 9-pixel
mapping of pressure when subjected to large strains. In addition, it sensed strain using six conductive lines based on a passive matrix.
(b) Demonstration of a display controlled by a 2-pixel device with a strain indicator. Reprinted with permission from Ref. [4]. Copyright

(2023) Springer Nature.

current challenges and perspectives on future methods for

realizing advanced non-interference wearable sensors.

2. RESULTS AND DISCUSSION

2.1 Strain—pressure non-interference sensor

Strain-pressure non-interference sensing requires mechanically
separating the strain- and pressure-concentrated regions and
inserting suitable sensors at each location. Matsuda et al
developed a strain-pressure non-interference sensor using two
different polymer substrates: polydimethylsiloxane (PDMS) and
Ecoflex. Fig. 1(a) shows a schematic of the structure and
fabrication process of the pressure-sensor noninterference sensor.
The areas containing PDMS and Ecoflex were patterned using a
3D mold (Fig. 1(a) (i-iii)). Porous PDMS was created in the
central region of the Ecoflex (Fig. 1(a) (iv-vi)), followed by the

infusion of a solution containing Super P carbon, fluoropolymer,
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PVDF, and N-methyl pyrrolidone. The section was used as the
pressure sensor. Finally, to detect the X- and Y-strains, column and
row electrodes were created on the top and bottom sides of the
substrate using carbon paste.

The strain-pressure non-interference sensor was designed with a
central pressure-detecting region composed of relatively rigid
PDMS and surrounded by soft Ecoflex. The design enables
efficient minimization of strain in the pressure sensor area by
concentrating it on a softer Ecoflex section, where the carbon
paste electrodes are placed in columns and rows. The upper and
lower parts of the Ecoflex were coated with carbon paste along the
x- and y-axes to facilitate the measurement of changes in
resistance in response to strain. Conversely, when pressure is
applied, it becomes concentrated in the hard PDMS region,
transmitting pressure to the pressure sensor within the PDMS. The
utilization of hard silicon PDMS and a soft silicon Ecoflex
composite substrate enabled the sensor to decouple the regions in
which the mechanical strain and pressure are concentrated. Fig.

1(b) shows that the sensor independently measures the applied
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Fig. 2. (a) Design concept of the integrated strain-pressure integrated sensor patch (ISP). (b) Images of the ISP in elastic compliance under no
load (left), bending (middle), and torsion (right). Scale bar: 5 mm. (c) Torsional, pressure, and bending insensitivity tests of the strain
sensor at different torsional, compressive stress, and conformal radius states for a certain tensile strain, respectively. (d) Off-axis defor-
mation tests at different twist angle states, tensile strain, and conformal radius. (e) Strain and pressure response of the ISP under con-
tinuous deformation. Reprinted with permission from Ref. [44]. Copyright (2023) Springer Nature.

pressures and strains. The strain and pressure were measured by
monitoring the resistance changes in the PDMS composite and
carbon electrodes. The resistance changes of the pressure sensor
can be measured using vertically connected X- and Y-axis carbon
electrodes and strain sensors arranged along the X- and Y- axes to
measure the strain changes in their respective directions and
pressure sensors. Owing to the larger resistance of the pressure
sensor compared with that of the carbon electrodes, the strain-
induced resistance changes in the carbon electrodes did not
significantly affect the resistance changes in the pressure sensor.

Strain and pressure were simultaneously applied to the strain-
pressure non-interference sensor, and the corresponding signals
are illustrated in Fig. 1(c). When subjected to strain, a significant
increase was observed in the resistances of the X- and Y-axis
strain sensors, whereas the pressure sensor did not exhibit any
change in resistance. Conversely, when subjected to pressure, the
porous structure of the pressure sensor was compressed, which
resulted in a decrease in resistance, whereas the strain sensor did
not exhibit a change in resistance under the same conditions.
These results underscore the independent performance of the
strain and pressure sensors. Fig. 1(d) presents the quantitative
resistance changes in a 3 x 3 array of the strain-pressure non-
interference sensor when exposed to simultaneous pressure and

strain. An increase in resistance along the X- and Y-axes was
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observed when the device experienced strains in the X- and Y-
directions, respectively. Conversely, the resistance of the pressure
sensors decreased when the device was subjected to pressure. This
demonstrated the independent sensing of pressure and strain
stimuli when applied concurrently. Finally, the performance of the
strain-pressure non-interference sensor array was demonstrated by
affixing it to the wrist, as shown in Fig. 1(e). The results revealed
that the sensor was capable of accurately distinguishing between
pressure and strain stimuli in real time. The light-emitting diode
(LED) and display components were controlled separately in
response to the pressure and strain signals.

Xu et al. developed a strain-pressure non-interference sensor,
referred to as intrinsic strain pressure (ISP), using two different
types of materials: physically rigid ceramic and soft serpentine-
patterned nanocomposite. These materials were used to fabricate
the pressure and strain sensor areas of ISP. Similar to the sensor
developed by Matsuda et al. (Fig. 1), the applied pressure was
concentrated on the rigid ceramic material, while the applied
strain was concentrated on the soft nanocomposite. In addition,
the serpentine pattern of the soft nanocomposite protected the ISP
sensor from bending and twisting. A schematic of the ISP sensor
is shown in Fig. 2(a), which illustrates the presence of two distinct
layers: a top strain sensor layer and a bottom pressure sensor layer.

Fig. 2(b) presents images that demonstrate the bending and
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twisting of the ISP sensor.

The strain sensor comprised carbon nanoparticles, an Au film,
and an Ag microsphere nanocomposite, which exhibited a low
initial resistance and high sensitivity. The nanocomposite was
patterned into a serpentine geometry via laser-assisted patterning.
The objective of this design is to minimize resistance changes by
reducing the stress during bending and twisting. Fig. 2(c) shows
the resistance changes in the strain sensor under various bending,
pressure, and twisting conditions. No significant resistance
changes were observed under any of the tested conditions.
Conversely, the strain sensor exhibits substantial resistance
changes under strain conditions of 0%, 25%, and 40%. The gauge
factors of the strain sensors ranged from approximately 1.23 1.75.
Rigid ceramic material PZT-5 was used as the piezoelectric-type
pressure sensor. Fig. 2(d) shows the resistance changes in the
pressure sensor under various bending, twisting, and strain
conditions. No resistance changes were observed under the
bending, straining, or twisting conditions. In contrast, significant
changes in the resistance were observed in response to applied
pressures of 25, 50, and 100 kPa. Moreover, the pressure sensor
exhibited high linearity (R > 0.99) with a wide sensing range up
to approximately 100 kPa and a sensitivity (S) of 2.88 kPa™". The
sensitivity (S) was calculated by dividing the normalized voltage
change by the pressure change.

Fig. 2(e) illustrates the ability of the ISP sensor, to perform non-
interference sensing by effectively distinguishing between the
applied strain and pressure when attached to the wrist. The ISP
sensor was subjected to strain under the "Bending" condition and
concurrently to both strain and pressure stimuli under the
"Holding and pressurizing" condition. During the “Bending”
process, no voltage changes were observed in the pressure sensor,
whereas the applied strain successfully changed the resistance of
the strain sensor. In the “Holding and pressurizing” process, the
strain sensor maintains a constant resistance while effectively
detecting a strong pressure signal. Once the pressure was relieved,
the sensor continued to detect the strain signal, thereby confirming
its ability to detect both tension and pressure without any mutual

interference.

2.2 Pressure—temperature non-interference sensor

In the pursuit of temperature-pressure non-interference sensing,
several studies have employed multiple types of sensors, mostly
combining capacitive- and resistive-type sensors. Li et al.
introduced a novel solution for developing temperature-pressure

non-interference sensors, referred to as metal-organic frameworks

or microstructured mixed cellulose (MOF-MSMC). These sensors
comprise a capacitive-type temperature sensor based on MOFs
and a resistive-type pressure sensor based on MSMC. The
capacitive sensor effectively detects the temperature gradients by
generating a potential (Vipema), and the resistive sensor measured
the resistance changes in response to the applied pressure.

Fig. 3(a) illustrates the mechanism of temperature and pressure
sensing in the MOF-MSMC. A capacitive-type MOF temperature
sensor generates a voltage in response to temperature changes by
leveraging the thermoelectric effect, and the voltage is measured
for temperature sensing purposes. The MSMC is employed as a
high-performance piezoresistive pressure sensor. When pressure is
applied to the MSMC, its microstructure undergoes significant
changes, resulting in substantial changes in resistance. However,
the application of pressure to the microporous structure did not
generate a significant voltage, Vma. Additionally, the sensors in
the MOF-MSMCs subjected to temperature variations exhibited
substantial changes in Vyema, Whereas the pressure sensor did not
exhibit significant variations in resistance.

Fig. 3(b) presents a quantitative assessment of the temperature
sensor performance. The figure shows the measured Viema
generated within the MOF-MSMC in response to a temperature
gradient of 040 K. As the temperature gradient increases, the
thermal voltage exhibits a linear increase. Sensitivity, as
determined from the slope of the graph, is 57.1 pVK ™. Fig. 3(c)
presents a quantitative evaluation of the performance of the
pressure sensor. It illustrates the relative current variation of the
MOF-MSMC sensor when subjected to different pressure stimuli,
demonstrating the capability of the sensor to detect pressures of up
to 300 kPa. The MOF-MSMC sensor exhibits notable sensitivity,
with values reaching 61.61 kPa™' within a pressure range of 32.02
kPa, 10.94 kPa™ between 32.02-70.12 kPa, 4.02 kPa™' between
70.12-133.33 kPa, 1.08 kPa™' between 133.33-202.10 kPa, and
0.36 kPa™" within 202.10-300 kPa. Moreover, as shown in Fig.
3(c) and 3d, the non-interference performance of the MOS-
MSMC was investigated under various pressure and temperature
conditions. The pressure-current graphs exhibited nearly identical
behavior under different temperature gradients of 0, 15, and 30 K,
and it was confirmed that V.ma also yielded consistent output
values when the pressure conditions varied within 20 kPa. These
results indicate that temperature variations and pressure conditions
do not exert a mutual influence.

Fig. 3(e) and 3(f) depict the conceptualization of the 3 x 3
MOS-MSMC array used to simulate real-world scenarios of non-
interference sensing (dual-sensing mode). In Fig. 3(e), two water

bottles with different temperatures but identical weights were

J. Sens. Sci. Technol. Vol. 32, No. 6, 2023
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Fig. 3. (a) Schematics of the response mechanism of the metal-organic framework (MOF)-microstructure mixed cellulose (MSMC) sensor. (b)
Output thermal voltage variation of the MOF-MSMC-5h sensor under the 1st, 5th, 10th, 50th, and 100th heating cycles with a tem-
perature gradient of 20 K. (c) Relative current variation versus pressure curves of the MOF—MSMC-5h sensor under different tem-
perature gradients of 0, 15, and 30 K. (d) Output thermal voltage variation versus pressure-dotted curves under constant temperature
gradients of 5 K (bottom) and 15 K (top). (e, f) Dual-modal applications of the MOF-MSMC-5h sensor-based sensing array. Reprinted
with permission from Ref. [46]. Copyright 2021 American Chemical Society.

placed at different positions, and the resulting resistance changes
and Vpema measurements were recorded using the pressure sensor
array. The resistance changes corresponded precisely to the
positions of the two bottles, whereas V.ma Was only detected at

the site where hot water was present. Fig. 3(f) presents real-time

J. Sens. Sci. Technol. Vol. 32, No. 6, 2023 344

measurements of the resistance changes and Viemq Wwhile
adjusting the amount of cold water in a bottle containing hot
water. In this case, the resistance increases with the weight of the
bottle, and Vema decreases as the temperature of the bottle

decreases. These demonstrations conclusively establish the non-
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Fig. 4. (a) Schematic illustration of stimulus-discriminating and linearly sensitive bimodal E-skin. (b) Pressure-response plots of the E-skin com-
pared with the device that has a conventional capacitive mechanism. (c) Temperature-response plots illustrating the effect of reduction.
(c) Temperature-response plots. (d, e) Simultaneous sensing performance of the E-skin with stimulus discriminability and high/linear sen-
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Photograph of the large-scaled E-skin with 4 x 4 pixels on the back of a hand. (h) Photograph captured when measuring the pressure/
temperature-sensing capability and the results on pressure/temperature of two vials with different weights and temperatures. Reprinted
with permission from Ref. [47]. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

interference performance of the MOS-MSMC with respect to
pressure and temperature.

Geun et al. realized temperature-pressure non-interference
sensors using a capacitive-type pressure sensor and a resistive-
type temperature sensor. Fig. 4(a) depicts the structure of the
temperature-pressure  non-interference sensor. The sensor
comprises an upper resistive-type temperature sensor that uses
reduced graphene oxide (RGO) and a lower capacitive-type
pressure sensor that uses a single-walled carbon nanotube/
polydimethylsiloxane (SWNT/PDMS) composite as the spacer.
The sensors are separated using a dielectric layer.

A truncated pyramidal microstructure with a top area of 2.1 um
x 2.1 pm and a bottom area of 30 um x 30 pm was designed to
realize the pressure sensor. Subsequently, SWNTs were coated
onto the top surface of the microstructure to serve as an electrode.
Based on the magnitude of the pressure, the area of contact
between the pyramidal structure and the dielectric changes,
resulting in variations in the capacitance measured between the
SWNT and Ti/Ni electrodes. Fig. 4(b) presents the measured
changes in capacitance for the pressure sensor, revealing a high

sensitivity of 0.7 kPa™'. Notably, this approach exhibits a
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significantly higher sensitivity than the conventional method of
measuring capacitance based on changes in the electrode
separation distance (conventional capacitance-type sensor: 0.2
kPa™). To realize a resistive-type temperature sensor, RGO was
deposited between the Ni/Ti electrodes at a spacing of 100 pum.
Fig. 4(c) shows the temperature coefficient resistance (TCR) of
RGO as a function of the reduction temperature. During RGO
fabrication, the reduction of hydrazine hydrate vapor was
performed at various temperatures. As the reduction process
temperature increased, a more favorable reduction reaction was
facilitated, and the restoration of the sp2 domain of graphene was
enhanced, thereby lowering the activation energy for charge
transfer. Consequently, the absolute value of TCR maximized at a
lower temperature of 80 °C.

Fig. 4(d) shows the simultaneous application of external stimuli
of temperature and pressure to the sensor to demonstrate the
decoupling between the upper temperature sensor and the lower
pressure sensor. Notably, the pressure-capacitance curve of the
pressure sensor exhibited minimal changes in response to
temperature variations. Conversely, the resistance of RGO

measured by the temperature sensor remained constant despite the

J. Sens. Sci. Technol. Vol. 32, No. 6, 2023
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an NZTCR strain sensor under room temperature (blue) and a hot environment (red). Reprinted with permission from Ref. [48]. Copy-

right 2021, American Chemical Society.

change in the applied pressure magnitude. These results confirm
that a non-interference sensor was successfully fabricated, in
which the pressure and temperature were completely decoupled.
Fig. 4(e) illustrates the variation in the dielectric constant of the
dielectric material with the temperature. ALO; and SiO,
consistently maintained stable dielectric constants across all
temperature ranges. Fig. 4(f) depicts the changes in capacitance
owing to pressure and variations in the resistance owing to
temperature after the sensors were subjected to 0, 100, 500, and
1000 cycles of pressure and temperature fluctuations. Remarkably,
even after 1000 cycles, the sensors exhibited consistent
performance.

Fig. 4(g) shows a photograph of the 4 x 4 sensor array, where
two vials—one red (10 g) with a temperature of 40 °C and the
other blue (7 g) with a temperature of 22 °C, were placed on the
This enabled the

simultaneous measurement and discrimination of pressure and

E-skin array in practical application.

J. Sens. Sci. Technol. Vol. 32, No. 6, 2023
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temperature when two vials with different weights and

temperatures were positioned on the E-skin array.

2.3 Strain—temperature non-interference sensor

To realize strain-temperature non-interference sensing, new
sensing materials have been designed using hybrid materials to
obtain a near-zero temperature coefficient of resistance (NZTCR)
and high sensitivity to strain stimuli. Park et al. designed NZTCR
materials by controlling the hopping transport of nanoparticles and
the thermal expansion characteristics of a polymer substrate to
develop a temperature-strain non-interference sensor at the
material/structural levels. Fig. 5(a) illustrates the operating
principle of the temperature-strain non-interference sensor. The
nanoparticle thin film inherently possesses a negative TCR,
causing the resistance to decrease as the temperature increases

owing to the enhanced hopping probability. Conversely, because



Advances in Non-Interference Sensing for Wearable Sensors: Selectively Detecting Multi-Signals from Pressure, Strain, and Temperature

the polymer substrate thermally expanded as the temperature
increased, the distance between the nanoparticles also increased,
resulting in an increase in their resistance. To manufacture a
substrate for the implementation of the NZTCR using the two
aforementioned principles, a dual-layer polymer substrate was
fabricated using polyethylene terephthalate (PET) as the
anchoring layer to limit the thermal expansion of PDMS. NZTCR
was successfully achieved by adjusting the thermal expansion
coefficient (TEC) and optimizing the substrate thickness. Fig. 5(b)
illustrates the fabrication process of the NZTCR transparent strain
sensor. The process involved the following steps: production of an
optimized dual-layer polymer substrate, spin coating of the
substrate with an ITO/Au nanoparticle mixture, ligand exchange
of the nanoparticles with an Na,S solution to create a transparent
and highly conductive sensing layer and spray coating with Ag
nanowires serving as electrodes.

Current-voltage (I-V) curves varying with PDMS thickness at
25 °C and 45 °C were analyzed to investigate the electrical and
thermo-mechanical characteristics, as shown in Fig. 5(c). (i) For
the PET-only sample, as the temperature increased from 25 °C to
45 °C, the resistance decreased by 56.4%. Furthermore, the TCR
tendencies were examined with respect to the adjustment of
PDMS thickness. (ii) For PDMS 0.35, the resistance decreased by
13.9% as the temperature increased. (iii) PDMS 0.8 exhibited a
minimal response to temperature changes, with the resistance
fluctuating by only 0.0016%. (iv-v) In contrast, for PDMS 1.2 and
4.0, the resistance increased with the temperature, and the
percentage changes were 59.2% and 178%, respectively.
Sensitivity to temperature can be expressed through TCR,
calculated using the formula TCR = (AR/Ry)/AT. Fig. 5(d)
illustrates the percentage of resistance changes with temperature
variations from 25 °C to 45 °C. The TCR values for the PET-only
sample and PDMS 0.35 were calculated as —2.82 x 10 and —6.97
x 107 K, respectively, representing a negative TCR. PDMS 0.8
had a value close to zero at —7.989 x 10”7 K™, while PDMS 1.2
and 4.0 exhibited positive TCR values of 2.96 x 107 and 8.88 x
102 K, respectively.

In Fig. 5(e), the resistance change rates of the Au-on-glass
(negative TCR), NZTCR PDMS, and thick PDMS (positive TCR)
samples are presented in real time under hot (red area) and cold
(blue area) ambient conditions. When exposed to hot ambient
conditions, the Au-on-glass samples demonstrated a substantial
decrease in resistance, whereas the thick PDMS samples exhibited
a significant increase. In contrast, the optimized NZTCR PDMS
sample maintained stable resistance under hot ambient conditions.

When exposed to cold ambient conditions, resistance changes

were observed in the opposite direction; however, the NZTCR
PDMS sample continued to exhibit a stable resistance. Finally,
Fig. 5(f) shows the tests and corresponding results conducted to
verify the ability of the sensor to detect strain while remaining
insensitive to temperature changes. The optimized sensor was
subjected to repeated bending and stretching using wrist
movements. Regardless of the environmental temperature, the
resistance changed only when the wrist was bent and returned to
its original state when straightened, confirming its reliable
performance as a temperature—strain non-interference sensor.

Choi et al. developed NZTCR materials by doping poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS)
thin films with dimethyl sulfoxide (DMSO) to modulate variable
range hopping (VRH) transport resulting from disordered polymer
structures. Fig. 6(a) illustrates the mechanism of creating the
sensing layer via the secondary doping of DMSO into
PEDOT:PSS thin films. The conductive polymer, PEDOT:PSS,
exhibited improved conductivity and reduced resistance with
increasing temperature, indicating a negative TCR. The polymer
was doped with DMSO as a polar solvent because of its positive
TCR, resembling metal-like behavior when subjected to polar
solvents or acid treatment. The critical point of charge transport
was determined by adjusting the secondary doping concentration
of DMSO, and the electrical properties and TCR dependence of
PEDOT:PSS were investigated.

Fig. 6(b) presents the temperature-dependent conductivity
changes in the PEDOT:PSS thin films doped with different
concentrations of DMSO. I-V curves were measured for pristine
and doped PEDOT:PSS thin films at 273 K, 298 K, and 323 K,
respectively. Pristine samples exhibited a significant increase in
current as the temperature increased from 273 K to 323 K. When
doped with 1 and 2 vol %, DMSO increased the current, albeit by
a small amount. However, in the case of 3% DMSO doping, there
was little change in the current despite the temperature variations.
Furthermore, as the DMSO concentration increased to 4% and
5%, the current decreased with increasing temperature. In the
insets of Fig. 6(b), each case is magnified to show the current
changes more accurately.

As described in Fig. 5, TCR can be defined as TCR = (AR/R,)/
AT. Fig. 6(c) displays the TCR variation with respect to the
DMSO concentration. The TCR values for pristine and 1-5%
DMSO-doped samples were —7.2 x 107, =3.0 x 107, 8.4 x 107,
9.3 x 107 57 x 10*, and 9.4 x 10* K", respectively. The
significant temperature dependence of the resistance of the
pristine PEDOT:PSS samples can be attributed to the thermally
activated VRH transport. This trend decreases as the DMSO
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Fig. 6. (a) Schematic of the morphological change owing to the transition of transport behavior in poly(3,4-ethylenedioxythiophene):poly(sty-
rene sulfonic acid) dimethyl sulfoxide (PEDOT:PSS DMSO) induced by secondary doping. (b) Pristine and doped with 1-5 vol%
DMSO. (c) TCR of PEDOT:PSS thin films versus DMSO doping concentrations. (d) Collected strain signal of the pristine and 3 vol%
DMSO-doped PEDOT:PSS thin-film strain sensor at ambient temperature. (e) Finger bending test of the 3 vol% DMSO-doped
PEDOT:PSS thin-film strain sensor at ambient temperature. Reprinted with permission from Ref. [44]. Copyright 2023, Royal Society

of Chemistry.

concentration increases, and the behavior shifts from negative to
positive TCR values with only 3% DMSO doping. In Fig. 6(d),
the resistance variations of a pristine thin film with negative TCR
behavior and a 3 vol% DMSO-doped PEDOT:PSS thin film strain
sensor with near-zero TCR behavior are shown under the
application of repetitive strain at 298 K and 320 K, respectively.
When the pristine samples were subjected to bending strain, the
electronic response was highly sensitive to temperature, and the
resistance decreased drastically as the temperature increased from
298 K to 320 K. In contrast, for the 3%-DMSO-doped samples,
the change in resistance owing to strain was constant, even in
high-temperature environments. In other words, sensors doped
with the optimized concentration could only detect strain-related
signals without interference from temperature changes. To use this
sensor in practical applications, we attached a 3%-DMSO-doped
PEDOT:PSS thin-film strain sensor to a prosthetic hand and
conducted finger-bending tests, as shown in Fig. 6(e). The change
in resistance was proportional to the degree of bending when the

fingers were bent in two steps at 298 K. Additionally, even when
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subjected to a temperature of 350 K, the changes in resistance
remained consistent, demonstrating the ability of the sensor to
accurately detect strains without temperature interference.
Considering that wearable sensors are exposed to a range of
external stimuli beyond pressure, temperature, and strain, it is
imperative to advance research towards achieving non-
interference, particularly in distinguishing diverse stimuli like
chemical inputs. Future studies should focus on enhancing the
sensors' ability to seamlessly differentiate and operate amidst a

broader spectrum of stimuli.

3. CONCLUSIONS

Wearable sensors have been fabricated on soft substrates to
ensure conformal contact with the human skin, which frequently
results in signal distortion caused by other external stimuli.
Therefore, the development of accurate and reliable non-

interference sensing technology has emerged as a significant
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challenge in the field of wearable sensors. In this comprehensive
review, we presented the latest advancements in non-interference
sensing technology, focusing on three critical factors: strain,
pressure, and temperature. Our review elucidated various non-
interference strategies aimed at discriminating between two
different signals, including strain-pressure, pressure-temperature,
and strain-temperature interactions. Although substantial progress
has been made in these areas, there remains a pressing need for
further developing non-interference technologies capable of
simultaneously decoupling three or more physical stimuli. We
believe that this review provides valuable guidelines for the
implementation of non-interference sensing in multifunctional

wearable sensors.
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