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Stretchable, Breathable, and Washable Fabric Sensor for
Human Motion Monitoring

Lina Sanchez-Botero, Anjali Agrawala, and Rebecca Kramer-Bottiglio*

Wearable strain sensors for movement tracking are a promising paradigm to
improve clinical care for patients with neurological or musculoskeletal
conditions, with further applicability to athletic wear, virtual reality, and
next-generation game controllers. Clothing-like wearable strain sensors can
support these use cases, as the fabrics used for clothing are generally
lightweight and breathable, and interface with the skin in a manner that is
mechanically and thermally familiar. Herein, a fabric capacitive strain sensor
is presented and integrated into everyday clothing to measure human
motions. The sensor is made of thin layers of breathable fabrics and exhibits
high strains (>90%), excellent cyclic stability (>5000 cycles), and high water
vapor transmission rates (≈50 g/h m2), the latter of which allows for sweat
evaporation, an essential parameter of comfort. The sensor’s functionality is
verified under conditions similar to those experienced on the surface of the
human body (35°C and 90 ± 2% relative humidity) and after washing with
fabric detergent. In addition, the fabric sensor shows stable capacitance at
excitation frequencies up to 1 MHz, facilitating its low-cost implementation in
the Arduino environment. Finally, as a proof of concept, multiple fabric
sensors are seamlessly integrated with commercial activewear to collect
movement data. With the prioritization of breathability (air permeability and
water vapor transmission), the fabric sensor design presented herein paves
the way for future comfortable, unobtrusive, and discrete sensory clothing.

1. Introduction

In recent years, a growing interest in wearable electronic devices
has turned continuous health monitoring into an achievable and
mainstream concept, with revolutionary implications for human
health, safety, and performance. While wearable commercial de-
vices currently allow users to monitor physiological data such as
heart rate, skin conductance, and respiration patterns,[1] there is
still a need for noninvasive human motion monitoring systems
capable of capturing the body strains involved in everyday activi-
ties.
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In situ collection of human motion data
is crucial for advancing the current state
of a broad range of disciplines includ-
ing human–robot interactions,[2] virtual
reality,[3,4] sports performance,[5,6] and
personalized health monitoring [7] and
rehabilitation.[8] Most commonly, hu-
man motion data is collected via use
of optical, electromagnetic, and inertial
measurement unit (IMU) motion cap-
ture systems.[9] Although optical motion
capture systems—consisting of multi-
ple cameras oriented around a subject—
are broadly considered the gold stan-
dard for high accuracy,[10] these systems
are susceptible to measurement errors
and loss of analyzable data due to oc-
cluded lines of sight.[9,11] Such setups
limit the spatial volume of the analy-
sis and necessitate controlled laboratory
environments.[9,10,12] In contrast, electro-
magnetic motion capture systems em-
ploy sensors that provide measurements
without requiring lines of sight.[9,13]

However, this method is still limited
to use in controlled settings because
electromagnetic interference from the
surrounding environment can lead to

measurement errors.[9,13] Like electromagnetic motion capture
sensors, IMUs can be mounted onto the subject and provide mea-
surements using only the onboard gyroscope and accelerometer.
While the use of IMUs is not limited to controlled laboratory set-
tings, they exhibit positional drift in long-term measurements[10]

and are made of rigid components, which limit user comfort.
The development of soft strain sensors has shown promise for

circumventing the existing challenges of traditional motion cap-
ture systems and enabling unobtrusive integration of human mo-
tion monitoring. Typically, such soft strain sensors employ con-
ductive composites with fillers such as carbon black,[14,15] carbon
nanotubes,[16–18] metallic nanoparticles,[19] silver nanowires,[3,20]

graphene,[21,22] liquid metals,[23–26] and/or ionic fluids[27,28] to cre-
ate electrodes. Silicone-based elastomers such as polydimethyl-
siloxane (PDMS), Ecoflex, and Dragon Skin[29] usually serve as
both insulating host materials and highly stretchable substrates.
The use of such compliant materials allows soft sensors to con-
form to curvilinear surfaces (e.g., elbows, knees) and withstand
the everyday skin deformations of human joints (in the range of
40%–55% strain[30–33]) without impeding natural motion. Most
soft strain sensors transduce uniaxial mechanical deformation

Adv. Mater. Technol. 2023, 8, 2300378 © 2023 Wiley-VCH GmbH2300378 (1 of 12)

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmt.202300378&domain=pdf&date_stamp=2023-07-07


www.advancedsciencenews.com www.advmattechnol.de

Figure 1. Fabric sensor overview. a) three-layer construction. b) five-layer construction. Scale bars: 54 mm. c) Sensors integrated into garments for
human motion monitoring.

into a change in either electrical resistance or capacitance. Resis-
tive strain sensors have demonstrated higher sensitivities than
capacitive strain sensors overall,[14,29,32] but many also show lim-
ited electromechanical robustness, hysteresis, and low sensing
stability due to crack formation and mechanical damage at high
strains.[33] Since the sensor response of most capacitive sensors
relies on the overlapping area of electrodes, capacitive sensors
generally show more linear and stable behavior,[32] both of which
are particularly important in human motion monitoring.

Although there are many capacitive strain sensors in exist-
ing literature,[29,33,34] including previous works from our lab,[35–37]

there remain several key ongoing challenges in the field re-
garding breathability, maximum measurement frequency, and
sensor-garment integration. Here, we present a wearable capaci-
tive sensor that addresses these identified limitations.

First, despite the prevalence of elastomer-based sensors in the
literature, such sensors compromise thermophysiological and
skin sensorial comfort due to the low air permeability and water
vapor transmission of elastomers. Recent works have started ex-
ploring the use of fabrics to improve sensor comfort. Prior work
by Atalay et al.[38] introduced a soft parallel-plate capacitor con-
structed using conductive fabric as electrodes and a silicone layer
as the dielectric material. Although this sensor uses fabric as the
outer exposed (conductive) layers, the internal silicone dielectric
layer limits the overall breathability of the sensor. Another capaci-
tive sensor by Park et al.[39] uses silicone to bind fabric layers such
that fabrics serve as both the electrode and dielectric materials.
In both of these works, as well as most wearable electronics and
sensor literature, the breathability of the sensor materials was
not characterized. To maximize wearer comfort and safety, and
encourage real-world usage, we sought to create a reliable strain
sensor made of entirely conductive and non-conductive fabrics
bound together with thin films of breathable thermoplastic fab-
ric adhesive (Figure 1a,b).

Second, prior work has established that electrode resistance
can affect the maximum frequency at which capacitance can
be accurately measured, with characteristic frequencies around
5 kHz.[36] In this work, we demonstrate stable capacitance mea-
surements up to 1 MHz, such that our sensor data can be easily

read using standard Arduino hardware. The fidelity of the sensor
response at high frequencies indicates its suitability for broader
translation into soft robotics applications.

Third, our fabric sensor can be directly embedded into com-
mercial activewear, even using the garments as the dielectric layer
of the sensors, thus overcoming existing challenges of bulky at-
tachment modes and sensor detachment and/or slippage.[40,41]

By using fabrics and porous layers that offer a unique combina-
tion of flexibility, stretchability, and breathability, our aim is to pri-
oritize sensor wearability and user tactile comfort (as measured
by air permeability and water vapor transmission) in a way that
existing elastomer-based sensors do not. In this paper, we charac-
terize sensor performance using three common fabrics—cotton,
polyester, and nylon—as the dielectric materials to demonstrate
the respective advantages of each. We further report the sen-
sor’s cyclic stability, frequency dependence, electromechanical
response to temperature and humidity, and washability. Along
with its functional benefits, the textile sensors are fabricated us-
ing a simple, highly reproducible, and low-cost stacked assem-
bly method, which allows their seamless integration into com-
mercial clothing to facilitate the collection of reliable human mo-
tion data.

2. Results and Discussion

2.1. Sensor Overview

The capacitive strain sensors shown in Figure 1a,b consists of
conductive fabric electrodes separated by dielectric fabric layers.
Each layer is stacked and affixed with breathable adhesive film.
Flexible wires are used to interface the sensors with external
data acquisition electronics (Arduino Pro mini and MPR121
Adafruit breakout circuit). We tested both three- and five-layer
sensor configurations (Figure 1a,b; sensor dimensions shown in
Figure S1). In the five-layer configuration, the external electrode
is connected to ground, which reduces parasitic capacitance and
shields the sensor, therefore making the device more suitable for
contact with human skin. The characteristics of the constituent
sensor materials and the straightforward fabrication process
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allow seamless sensor integration into existing knitted garments.
The result of this integration is a sensory garment capable of
monitoring the movement of body joints (Figure 1c).

2.2. Air Permeability and Water Vapor Transmission
Characterization

Comfort is one of the most critical components of modern wear-
able devices, however, this feature is often overlooked in the de-
velopment of new wearable sensors. For fabrics, tactile and ther-
mophysiological comfort is related to the breathability of the
material.[42] Thus, to evaluate the breathability of our sensor, we
tested the air permeability and water vapor transmission rate
(WVTR) of the sensor’s constituent fabrics both with and with-
out thermoplastic adhesive (Figure 2a,b). Our sensors are con-
structed using knit fabrics—a medical-grade conductive nylon
for the electrodes, and three different fabrics for the dielectric
layers: nylon, polyester, and cotton. Air permeability was mea-
sured according to the ASTM 737–18 procedure,[43] which deter-
mines the volume rate of air flow per unit area of fabric. Both
the conductive fabric (Figure 2c) and the dielectric nylon fabric
(Figure 2d) exhibit a warp-knit tricot structure (Figure S2, Sup-
porting Information), with air permeability values of 2253.3 and
414 l/m2s, respectively. Although both the conductive and the di-
electric nylon fabrics have the same knit structure, the dielectric
nylon fabric exhibits a tighter knit (and thus a lower air perme-
ability) relative to the more open structure of the conductive fab-
ric. In contrast, the polyester (Figure 2e) and cotton (Figure 2f)
dielectric fabrics exhibit a weft-knit jersey structure (Figure S2,
Supporting Information) with air permeability values of 183 and
439 l/m2s, respectively. As polyester is the heaviest and thick-
est of the fabrics we tested, it exhibits the lowest air perme-
ability (Figure S2 and Table S1, Supporting Information). Addi-
tional fabric characteristics such as fiber hydrophilicity,[44] yarn
count,[45] weave or knit structure,[46–48] fabric thickness,[49,50] and
fabric porosity[51] have also been shown to affect air permeability
and water vapor transmission.

We refer to fabrics coated with the thin film adhesive (a
thermoplastic polyurethane fabric tape; morphology shown in
Figure S3, Supporting Information) as laminated fabrics. Once
adhered to the fabrics, the adhesive visually presents as a porous
membrane (third column in Figure 2c–f). As a result, the air per-
meability of the laminated fabrics is reduced compared to their
bare fabric counterparts (Figure 2a). On average, the air perme-
ability of laminated nylon and polyester is 163 and 129 l/m2s,
respectively. These values constitute a respective reduction by
≈ 60% and ≈ 30% relative to the bare samples. Laminated cotton
exhibits a reduction in permeability of only ≈ 15%. In contrast,
laminated conductive nylon exhibits a reduced permeability of
≈ 97.2%, which is attributed to the reduced porosity shown in
Figure 2c.

Although the air permeability of the laminated fabrics was re-
duced relative to the bare fabrics, the laminated dielectric fabrics
all showed air permeabilities greater than 100 l/m2s, which falls
within the range of normal clothing breathability as reported by
Havenith et al.[52] On average, the laminated conductive fabric
showed an air permeability slightly less than this value (62 l/m2s).
However, the order of attachment of the adhesive to the fabric

likely plays a role in the porosity of the fabric-bonded adhesive
and air permeability of the overall composite. Thus, attaching the
adhesive to the dielectric fabric first enables the air permeability
of composite layers to be greater than 100 l/m2s.

Water-vapor permeability is another key physical property of
fabrics affecting breathability since the loss of water vapor is
crucial for the wearer’s thermal equilibrium and physiological
comfort.[53] Measurements show high WVTRs for all the bare fab-
rics with average values between 45 and 51 g/h m2. All laminated
fabrics exhibit similarly high WVTR, with average values between
38 and 41 g/h m2 (Figure 2b). The laminated fabrics behave as
porous membranes with WVTRs higher than the rate of transepi-
dermal water loss (TEWL) of adult skin under normal conditions
(5–10 g/h m2) and within the range of TEWL during sweating (6–
66 g/h m2). Our samples also have WVTRs higher than those of
non-porous 8 μm[54] and highly porous (45%) 40 μm[55] films of
polydimethylsiloxane (5–6 and 20.3 g/h m2, respectively), which
are elastomers commonly used in wearable devices. Therefore
the data cumulatively suggest that fabric lamination with the ad-
hesive film has a minimal blocking effect on moisture permeabil-
ity.

2.3. Electromechanical Characterization

Although the three-layer configuration for capacitive sensors is
the most widely used in electrical and robotic applications, the
five-layer configuration is most suitable for wearable applications
in contact with the human skin. In the five-layer configuration,
the external electrode acts as an active shield when connected to
ground, mitigating parasitic and environmental interference fac-
tors and resulting in a high fidelity signal. In the three-layer con-
figuration, while operational in wearable applications, direct skin
contact with the signal electrode may lead to shorting and losses
in the electrical signal. We evaluated the strain sensing perfor-
mance of the three- and five-layer sensors with nylon, polyester,
or cotton dielectric layers by monitoring the relative change in
capacitance, ΔC/C0, during uniaxial tensile strain, 𝜖. While the
relation between capacitance and strain monotonically increases
in all cases, we observed a degree of non-linearity in the measured
curves (Figure 3a–c for five-layer sensors; Figure S4a–c, Support-
ing Information, for three-layer sensors). It is important to note
that the relative change in the capacitance response to strain for
both three- and five-layer sensors are comparable (see the curves
overlap in Figure S5, Supporting Information), showing that in-
creasing the area of one electrode in the five-layer configuration
seems not to affect the sensor response to deformation. The non-
linearity in the relative capacitance of our sensors can be ex-
plained by changes in the mesostructure of the fabric dielectric
layer under strain, such as reduction of the porosity,[56] partial
alignment of the fibers,[57] and compressive deformation.[58,59]

For the purpose of our analysis, we define three linear strain re-
gions: 𝜖 < 25%, 25% <𝜖 < 50%, 𝜖 > 50%.

The sensitivity, S, in each strain region is defined by the linear
fit slope: 𝛿(ΔC∕C0)

𝛿𝜀
. Similar segmented linearity analyses have

been used in nonlinear capacitance responses to deformation
in pressure sensors with highly structured dielectric layers.[60–62]

Figure 3a–c shows that all three sensor types increase in sensi-
tivity with increasing strain. The polyester sensors exhibit the
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Figure 2. Constituent sensor material breathability and morphological characterizations. a) Air permeability and b) water vapor transmission rate of
bare and laminated fabrics (i.e., fabrics coated with the adhesive). An average of three samples is shown for each. c–f) SEM images of (c) conductive
nylon, (d) nylon, (e) polyester, and (f) cotton. Columns from left to right: the front side of the bare fabrics, fiber morphologies, and laminated fabrics.
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Figure 3. Electromechanical characterizations of five-layer fabric sensors. a–c) Average relative change in capacitance as a function of strain for five
sensors with dielectric (a) nylon, (b) polyester, and (c) cotton. Three sensitivity regimes are shown. d–f) 5000 strain cycles to ≈ 60% for a representative
sensor with dielectric (d) nylon, (e) polyester, and (f) cotton. g–i) Average change in capacitance as a function of frequency for five sensors with dielectric
(g) nylon, (h) polyester, and (i) cotton.

highest sensitivity (S = 0.74 for 𝜖 < 25%, S = 1 for 25% <𝜖 < 50%,
S = 1.46 for 𝜖 > 50%). The nylon sensors exhibit a similar, though
slightly lessened, sensitivity (S = 0.5 for 𝜖 < 25%, S = 0.75 for
25% <𝜖 < 50%, S = 1.23 for 𝜖 > 50%). The cotton sensors exhibit
the lowest sensitivity (S = 0.2 for 𝜖 < 25%, S = 0.61 for 25% <𝜖 <

50%, S = 1.2 for 𝜖 > 50%). Both the nylon and polyester sensors
exhibit sensitivity values that are comparable to prior textile-
inclusive capacitive sensors. For example, Atalay et al.[38] report
a sensitivity value of 1.23 up to 100% strain, and Geng et al.[63]

report a sensitivity of 0.7 up to 30% strain. The suppressed sen-
sitivity of the cotton sensors can be explained by several factors.
Cotton is the least elastic of the dielectric fabrics, with a spandex
percentage of only 5%, compared to 20% for nylon and polyester
fabrics. Although the thicknesses of the cotton and nylon dielec-
tric fabrics are comparable, the weight of the cotton fabric is the
lowest among the dielectric fabrics, with fewer courses and wales
per inch (see Table S1, Supporting Information). Thus, the re-
duced sensitivity of the cotton sensors is likely a combined result
of the fiber content, fabric thickness, and the dielectric properties

of the cotton fibers. While dielectric properties of fabrics are
mainly defined by the fiber’s polymer composition, in our case,
nylon, polyester, and cotton, secondary parameters, such as yarn
structure and fabric construction, have also shown substantial
effects on the fabric’s dielectric behavior. For further reading, we
refer readers to a recent review on fabric dielectric properties.[64]

We note here that segmented linearity is one approach to
modeling the overall non-linear capacitance response to defor-
mation. However, continuous non-linear models may be help-
ful to further predict sensor performance for a wide range of
sensor designs. As it is known that the Poisson’s ratio of elastic
and porous systems is dependent on strain,[58] we speculate that
there further exists a dependence between the dielectric proper-
ties of the sensors to strain, as the fabric’s microstructure un-
dergoes compression during stretch inducing changes in the ef-
fective dielectric constant. Similar results have been observed
in microstructure capacitive pressure sensors where the effec-
tive dielectric constant changes with the displaced air in the di-
electric layer upon compression.[60,61,65] By introducing these two
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strain-dependent parameters, Poisson’s ratio and effective dielec-
tric constant, we propose a non-linear empirical model, given in
Note S1 and Equation S19 (Supporting Information). The non-
linear model predictions are in agreement with experimental data
for nylon and polyester sensors, thereby providing a first valida-
tion of the changes in capacitance for porous dielectric materials
such as fabrics, even under different environmental conditions
(see Figure S17 and Table S2, Supporting Information). However,
further investigation is required to understand the capabilities
and robustness of the proposed empirical model.

The stress-strain behavior of the three- and five-layer sen-
sors with nylon, polyester, or cotton dielectric layers is shown
in Figure S6 (Supporting Information). The five-layer nylon
and polyester sensors showed maximum stresses of 0.80 and
1.11 MPa at 85% and 87% strain, respectively, while both the
three- and five-layer cotton sensors exhibited stresses of ≈2 MPa
at 82% strain. The observed mechanical responses are compa-
rable to those of elastomeric strain sensors[66,67] and their con-
stituent materials.[68]

The cyclic stability of the sensors was assessed via 5000 loading
cycles with applied strain between 5% and 60%. All sensor types
completed the test without failure (Figure 3d,e for five-layer sen-
sors; Figure S7, Supporting Information, for three-layer sensors).
The insets in Figure 3d,e provide a detailed view of the capaci-
tance changes of representative sensors during tensile stretching
for ten consecutive cycles (from the 2500th to the 2510th cycles).
Repeatability and reliability can be observed for the polyester
sensor, which shows a stable relative change in capacitance of
ΔC∕C0 ≈ 0.43% at≈ 60% strain (Figure 3e). The nylon sensor ex-
hibited a small drift during the cyclic test with ΔC∕C0 ≈ 0.51% at
≈ 60% strain during the first cycle and ΔC∕C0 ≈ 0.45% at ≈ 60%
strain for the 5000th cycle (Figure 3d). The cotton sensor had
a short transient regime during the cyclical testing, reaching a
stable absolute value of ≈ 0.2% for ΔC/C0 after several hundred
loading cycles. This observed settling may be related to the slower
gradual rearrangement of the cotton fabric network during the
beginning cycles.[69] The spandex percentage in the cotton fab-
ric is only 5%, compared to 20% for nylon and polyester fabrics,
resulting in more plastic deformation in the cotton sensors (see
Figure S8, Supporting Information). Additionally, the highly hy-
groscopic nature of cotton may further affect its mechanical[70,71]

and dielectric[64,72] properties, as fiber rearrangement and defor-
mation induce changes in exposed surface area during cyclic test-
ing.

The dependence between capacitance and excitation frequency
of the manufactured sensors was investigated in the frequency
range from 20 Hz to 1 MHz at room temperature (Figure 3g–i).
The measured capacitance of both unstrained (0%) and strained
(55%) sensors rapidly decreases at low frequency values, which
can be explained by the dielectric dispersion of the fabrics. In
polar polymers such as cotton, nylon, and polyester, at high fre-
quencies of the applied electric field, the electric dipoles do not
have time to align before the field changes direction, leading
to a decrease in permittivity and, therefore, capacitance.[64] As
the applied frequency increases, the capacitance response for ny-
lon and polyester sensors becomes almost independent of fre-
quency, while for cotton sensors a monotonic decrease of the
capacitance as a function of frequency was observed. At the
same relative humidity (RH) conditions, cotton will have a higher

moisture content than nylon and polyester fabrics due to its
hygroscopicity.[70,71] The higher content of bound water in cot-
ton may further affect dielectric permittivity,[64,72] resulting in a
more monotonic frequency sweep curve.

The performance metrics of wearable polymer-based[32] and
textile-based[33] strain sensors have been rigorously summarized
in recent literature reviews. Herein, we provide the performance
results necessary to benchmark our textile sensor using the com-
parison tables and references included in these reviews. Rela-
tive to the two polymer-based capacitive sensors summarized
by Souri, et al.,[32] our sensor boasts a favorable response time
though less favorable gauge factor, stretchability, and linearity.
Further, we introduce air permeability and water vapor transmis-
sion rate as new metrics that have not been previously reported
for wearable sensors. Electromechanical characterizations relat-
ing to response time (Figure S9, Supporting Information), hys-
teresis (Figure S10, Supporting Information), and strain rate de-
pendency (Figure S11, Supporting Information) are shown in
Supporting Information.

2.4. Electromechanical Dependence on Temperature and
Humidity

We investigated the effects of temperature and humidity on the
electromechanical response of our nylon and polyester five-layer
sensors using our materials testing system (Instron 3345) out-
fitted with an environmental chamber (ETS, Model 5500-8485).
The nylon and polyester sensors were chosen for further char-
acterization over the cotton sensors due to their higher sensitiv-
ity, greater cyclic stability, and reduced frequency dependence.
The sensors were tested in three conditions: 1) ambient humid-
ity (51 ± 3% Relative Humidity (RH)) and room temperature (RT)
(24 ± 1°C); 2) high humidity (90 ± 2% RH) and RT; and 3) high
humidity (90 ± 2% RH) and high temperature (35 ± 1°C). After
conditioning the sensors in each temperature and humidity set-
ting for at least 3 h, the sensors were manually pre-stretched to
remove any Mullins effect. Sensors were then strained to 55% of
their new gauge length after the manual pre-stretch. Both sen-
sor types showed a monotonically increasing relative capacitance
with strain in all conditions (Figure 4a,b). Thus, our sensors re-
main functional in high moisture settings without requiring ad-
ditional silicone encapsulation that would increase their weight,
hinder their integration into clothing, and result in the loss of
breathability and fabric feel.

While retaining function, the sensitivity of the sensors was im-
pacted by the environmental conditions (Figure S12, Supporting
Information). The hydrophobic and hygroscopic properties of the
fabrics used as dielectric layers in the sensors resulted in differ-
ent electrical responses with changing humidity. At higher rel-
ative humidities, fibers will absorb moisture from the environ-
ment and have higher moisture contents, filling air voids within
the fibers and in the porous fabric structure. In this process, the
relative permittivity of the fabric increases because the permittiv-
ity of water (ϵr = 78 at 2.45 GHz and 25°C)[73] is much higher than
that of air (ϵr ≈ 1).[73,74] This effect is seen in the overall increase
in sensor capacitances at higher humidity levels (Figures S13 and
S14, Supporting Information). At 0% strain, the increase in sen-
sor capacitance of the five-layer nylon sensors at higher humidity
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Figure 4. Effect of temperature, humidity, and washing on the electromechanical response of five-layer sensors. a,b) Average relative change in capaci-
tance as a function of strain, under varying temperatures and humidities, for five sensors with dielectric (a) nylon and (b) polyester. c,d) Effect of washing
on the electromechanical response of five sensors with dielectric (c) nylon and (d) polyester.

(≈50 pF) is greater than that of the five-layer polyester sensors
(≈24 pF), reflecting the greater hydrophobicity and lower mois-
ture uptake of polyester relative to nylon. Within the tested strain
range, it is also evident that the magnitude of capacitance change
(ΔC) is greatest in ambient humidity for both nylon and polyester
sensors, further contributing to the reduced sensitivity of the
sensors at high humidity (Figure S13, Supporting Information).
Sensor capacitance showed more susceptibility to humidity than
temperature (Figure S15, Supporting Information). However, we
also observed an increase in sensor sensitivity at higher temper-
atures. We attribute this increased sensitivity to increased drying
of the sensors at higher temperatures, which would reduce their
water uptake and partially counteract the effects of higher humid-
ity. Further investigation is needed to decouple the effects of these
variables from strain to enable robust and reliable motion track-
ing.

The sensors were also washed with fabric detergent, then
dried and tested three times in room conditions (24 ± 1°C and
51 ± 3%). The electromechanical response of both the nylon and
polyester five-layer sensors showed a slight decrease in sensitiv-
ity after the initial wash cycle, but no noticeable changes after
repeated wash cycles (Figure 4c,d). Previous literature has used
SEM imaging to verify that washing silver nanoparticle-coated
knitted fabrics reduces the concentration of conductive nanopar-
ticles on fiber surfaces, resulting in decreased conductivity.[75]

Thus, the mechanical and frictional forces involved in the first
wash cycle may have led to a decrease in the conductivity of the
electrode fabric and a subsequent drop in the sensitivity of the
sensors. During the washing process, the fibers in the fabric lay-

ers also experienced axial and transverse swelling. During dry-
ing, the contact network between fibers may have changed, af-
fecting the tightness of the knit structures and the permittivity
properties of the dielectric fabrics. Nevertheless, the repeatabil-
ity of sensor performance with repeated washes supports the hy-
gienic reusability of the sensor.

2.5. Wearable Applications of the Capacitive Strain Sensor

Monitoring human activity is a key component of advancing the
promising fields of human-machine interactions (HMI) and per-
sonal healthcare. The stretchability, signal fidelity, and perme-
ability of our capacitive strain sensors allowed monitoring of
large-range human motions by placing six sensors on each of
the main human joints—elbows, hips, and knees. The six sen-
sors were seamlessly integrated into commercial, nylon-based
compression garments using the same breathable adhesive used
in the sensor construction (described further in §4.6). The gar-
ment itself served as one of the dielectric layers in the five-
layer sensor structure, with the second dielectric layer made of
an additional layer of nylon (Figure 5a). The volunteer wear-
ing the sensory garment was asked to perform different com-
pound body movements such as squats, sit-to-stand, and step-
ups. The distinct motions of the joints were unambiguously re-
flected in the capacitance changes of all six sensors. The mea-
surements were also reproducible, without any obvious loss of
the capacitive signal during repeated movements. For instance,
when the volunteer performed a set of 10 squats, the capacitive

Adv. Mater. Technol. 2023, 8, 2300378 © 2023 Wiley-VCH GmbH2300378 (7 of 12)
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Figure 5. Sensory smart garment capable of monitoring the movement of body joints. a) Sensor placement on the knees, elbows, and hips of the
garments. Photographs and capacitance responses of the sensors during the following human motions: b) squats (10 cycles), c) sit–to–stand cycles
(10 cycles) d) step–ups (10 cycles) and e) retrieving an object from the floor (2 cycles).

response of the sensors exhibited several peaks (Figure 5b,ii) and
valleys (Figure 5b,i) in the plot corresponding to the bending
motions of the six joints under monitoring. The capacitive re-
sponse of all body-mounted sensors increased when the wearer
was gradually squatting down, and remained nearly constant
as long as the joints remained static (see Video S1, Supporting
Information).

Another validation experiment involved tracking the volun-
teer’s movement while sitting in a chair (Figure 5c). As the partic-
ipant was sitting and leaning back on the chair’s backrest, a postu-
ral modification of the arms—a swaying motion—was noticeable
in every cycle of the test. These observations are reflected in the
data acquired by the sensors located on the elbow joints. During
these actions, the elbows’ flexion and swaying motions resulted
in a characteristic double peak in the capacitive signal. Similarly,
as the participant leaned forward to stand up, the arms’ extension
resulted in valley-shaped signals. We also observed that the dou-

ble peak signals were different in every cycle and the intensity of
the signal increased as the motion range increased. Moreover, the
sensor’s signals for the lower body (i.e., hips and knees) display
peak-and-valley signals that can be correlated to the bending of
the joints observed during the squat motion (see Video S2, Sup-
porting Information).

The capacitive strain sensors were used to differentiate ranges
of human motions during a step-up exercise (Figure 5d). During
the step-up movement, the volunteer was asked to place his right
foot onto the black box and then bring his left foot up until he
was standing on the box with both feet. He was then asked to step
down first with the right foot, and then with the left foot so both
feet were on the floor. The asynchronous movement of the legs
during the step-up movement was distinct in the data acquired
by the sensors located in the hips and knees joints. The produced
capacitive signal during flexion and extension movements exhib-
ited a multi-peak pattern that was repeatedly observed during all

Adv. Mater. Technol. 2023, 8, 2300378 © 2023 Wiley-VCH GmbH2300378 (8 of 12)
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the cycles of the movement. In addition, the elbow joint-mounted
sensors exhibited small but noticeable capacitive responses that
reflected the different, subtle swaying motions of the elbow joints
during each cycle (see Video S3, Supporting Information).

Characterization of common human motions (e.g., picking up
objects from the floor or holding a cup while drinking water)
may provide useful information for the treatment of some move-
ment disorders.[76–78] As a demonstration of applicability to these
applications, the volunteer was tasked with picking up a paper
cup, drinking from it, and finally returning the cup to the floor
(Figure 5e). The signals from knee- and hip-mounted sensors dis-
played a repetitive increase and decrease in capacitance resulting
from the successive flexion and extension of the joints during the
squat-like movement involved in picking up and returning the
object from and to the floor. The elbow joint-mounted sensors
also exhibited varying responses matching the different motions
of the elbow joints. Overall, the capacitive signal increased with
the bending degree of the elbow and returned to its initial value
when the arm recovered its initial extended position. Thus, when
the left arm is slightly bent during the pick-up movement, the left
elbow sensor outputs an increased signal. This increase in capac-
itance was then followed by a drop to its initial value when the vol-
unteer returned to the standing position and finally, by another
slight increase as the volunteer returned the object to the floor.
Simultaneously, the right elbow sensor exhibits a three-peak sig-
nal, with a first peak corresponding to the arm bending during
the pick-up movement. This increase in capacitance, however, is
more intense compared to the left elbow because the right arm
flexes to a greater degree. The second peak corresponds to the
arm flexion during the drinking movement and the third peak
results from the slight bending movement of the right arm as
the volunteer returns the object to the floor (see Video S4, Sup-
porting Information).

3. Conclusion

In this work, we leverage the characteristics of commonly worn
fabric materials to introduce a sensing technology explicitly de-
signed for comfort and long-term functionality in real-world hu-
man motion monitoring. The materials and sensor designs pre-
sented here serve as a foundation for skin-interfaced wearable
sensing technologies, enabling the creation of sensory garments
capable of recording physiological movements with high signal
fidelity. The air permeability and water vapor transmission prop-
erties of the materials used allow the sensor to be highly breath-
able, which is crucial for maintaining thermophysiological com-
fort, a characteristic often neglected in wearable systems. Our
sensor has not only demonstrated a strain-sensing range, sen-
sitivity, and cyclic performance comparable to other state-of-the-
art soft strain sensors, but it also allows for easy integration with
commercial activewear, retaining a comfortable clothing-like feel.
The easy and low-cost implementation of the fabric sensors in
the Arduino environment, as well as the adaptability and cus-
tomization of the manufacturing process, allows the technology’s
rapid deployment for the detection of motion of large joints (el-
bows, hips, and knees) and potentially smaller joints (e.g., fin-
ger joints). We further propose a relation to predict the sensor’s
relative change in capacitance as a function of its elastic prop-
erties, dielectric properties, and environmental factors such as

temperature and humidity. Future work will focus on the charac-
terization of positional drift and accuracy to enable in situ long-
term motion monitoring. Adapted versions of our sensors can
bridge the gap between skin-sensor interfacing to facilitate the
translation of these technological advances to sports medicine
and clinical settings addressing a broad spectrum of conditions,
including movement disorders, knee osteoarthritis, and running
injuries.

4. Experimental Section
Materials: Medical grade conductive fabric (76% Nylon and 24% elas-

tic fiber, Cat. #A321) was purchased from Less EMF Inc. Nylon 4-way
stretch fabric (80% Nylon and 20% Spandex) and stretch cotton jersey
fabric (95% Cotton and 5% Spandex) were purchased from Amazon.
Polyester-Lycra Spandex fabric (710LY) was purchased from Paylessfab-
rics. The thermoplastic polyurethane-based adhesive film was produced
by Bemis Associates Inc. (3410 Sewfree Tape).

Sensor Fabrication: The sensor electrodes were cut in a dogbone shape
(dimensions given in Figure S1, Supporting Information) from the knit
conductive fabric using a laser (VLS 3.50, Universal Laser Systems Inc) at
70% intensity and 50% speed. For polyester and nylon dielectric layers, the
laser settings were also set at 70% intensity and 50% speed for 2 passes.
Cotton was cut with 1 pass with the laser settings at 100% intensity and at
100% speed. The thermoplastic adhesive films used for lamination were
laser cut with the adhesive facing up at 90% intensity and 100% speed us-
ing 1 pass. Sensors were produced using a stacked assembly method. The
three-layer capacitive sensor consists of a pair of conductive electrodes
separated by a dielectric layer. First, the dielectric material was laminated
with thermoplastic adhesive film on either side (3410 Sewfree Tape), fol-
lowed by the application of the fabric electrodes on each side of the dielec-
tric. It should be noted that one of the electrodes has a smaller width to
prevent shorting of the electrodes. Similarly, for the five-layer sensor, the
internal stacked structure consists of one small electrode and two dielec-
tric layers. This assembly was then encased by one big external electrode
forming two more layers in the stacked structure (see Figure S1, Support-
ing Information), with the external electrode connected to ground. All lam-
ination sequences were performed at 160 °C using a heat-press machine
for 30 s. The sensors were then interfaced with an LCR meter (E4980AL,
Keysight Technologies) using a flexible silicone-sheathed wire (30 AWG)
attached to the electrode fabrics (Figure 1). Strain-limiting custom-built
tabs made of adhesive laminated woven fabric were attached at each end
of the sensor’s dogbone shape to facilitate wire interfacing and clamping
during the electromechanical tests.

Electromechanical Characterization: Each tested specimen was cycli-
cally pre-stretched 10 times to 100% strain (original stretchable gauge
length, L0 = 106 ± 2 mm) to remove the Mullins effect and achieve a
fixed level of plastic deformation. After the pre-stretching cycles, the new
stretchable length of the specimens was registered as the new gauge
length. Sensors were then stretched to their original stretchable length
(106 ± 2 mm), which was approximately 82%–88% strain of the new reg-
istered L0, at a rate of 5 mm/s using the materials testing system (Instron
3345).

The capacitance of the sensors was recorded with the LCR meter
(E4980AL, Keysight Technologies) at an excitation frequency of 1 kHz. The
measured capacitance was adjusted to represent only the capacitance of
the stretchable area by subtracting the capacitance of the stationary tab
areas from the LCR measurements. The capacitance of the tab areas was
calculated as a percentage of the initial capacitance C0 using the relative
size of the tab areas reported in Figure S1 (Supporting Information).

Excluding the three-layer cotton sensors, the averaged response of five
sensors was shown for each dielectric material and sensor configuration
(three- or five-layer). For the three-layer cotton sensors, the averaged
response of three sensors was shown due to sensor shorting during
testing. The bands shown represent the standard deviations of the
averaged responses from all the tested sensors. Unless otherwise noted,
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all electromechanical characterizations of the sensors were performed at
a temperature of 24 ± 1°C and relative humidity of 51 ± 3%.

Dynamic electromechanical characterization of the sensors was carried
out through 5000 cycles of straining up to 60% using a custom-built cyclic
tester, as described by Porte and co-authors.[36] For cyclic testing, repre-
sentative data from one sensor was selected for each dielectric material
and sensor configuration.

Sensor frequency sweep testing was performed using the frequency
sweep function of an LCR meter (Keysight E4980A/AL). The excitation
frequency ranged from 20 Hz to 1 MHz. Measurements were performed
while the sensor was stationary at 0% and 55% strain and averaged for
five sensors.

Humidity and temperature dependence of the sensors’ electromechan-
ical properties were investigated with a materials testing system (Instron
3345) equipped with a custom-built environmental chamber (Model 5500
- 8485, ETS). For humidity tests, the sensors were left inside the environ-
mental chamber for at least 3 h prior to testing and an average response of
five sensors of each type was shown. Subsequent testing was performed
at 90 ± 2% RH, and two different temperatures, 35 and 25 °C, to simulate
sweating conditions.

Materials Characterization: The morphology of the fabrics was inves-
tigated using a scanning electron microscope Hitachi SU8230 UHR cold
field emission. Air permeability of the bare and laminated fabric samples
was measured according to the standard test method for textile fabrics
(ASTM D737), using an air permeability tester (SDL Atlas MO21A) with a
test area of 20 cm2 and at a constant pressure drop of 200 Pa. Laminated
fabric samples were tested with the adhesive film against the bottom plate.
The water vapor transmission rate (WVTR) was determined according to
the standard test (ASTM E 96), using a WVTR Analyzer (Mocon AQUA-
TRAN 3) with a cup diameter of 2.5 inches. Samples undergoing air perme-
ability and WVTR tests were pre-conditioned at a temperature of 21 ± 1° C
and a relative humidity of 65 ± 2% according to the standard described
in ASTM D1776. The thickness of fabric samples was measured using a
parallel presser digital caliper. Photographic images of the fabrics were
captured using a handheld USB digital microscope with LED illumination
(plugable UTP200X020MP). All measurements were repeated three times.

Washability: The washing test of the sensors was conducted at room
temperature by diluting 3 mL of a commercial neutral detergent (TexCare,
#A289-L) into 1000 mL of deionized (DI) water at a pH 6, and the subse-
quent continuous stirring for 30 min. After this, the textile sensors were
rinsed with DI water and dried overnight in an oven at 60°C followed by
a conditioning step at a temperature of 24 ± 1°C and relative humidity
of 51 ± 3%. The washing procedure was conducted three times. The elec-
tromechanical properties of the washed sensors were monitored after each
washing-drying cycle. For each dielectric material, the electromechanical
response was reported as an average of five sensors.

Manufacturing of Conformable Sensory Bodysuit and Data Acquisition: A
sensory bodysuit was manufactured to characterize integration and perfor-
mance at the human-sensor interface. Commercial form-fitting garments
were utilized to manufacture the sensory bodysuit consisting of a men’s
compression long-sleeve T-shirt (Under Armour) and a pair of men’s leg-
gings (Willit sports). Six sensors with the same dogbone shape were heat
pressed into the garments, with the garment’s fabric serving as one of
the dielectric layers of the five-layer sensor structure (see Figure S1, Sup-
porting Information). With the exception of the garment fabric, all other
layers of the sensors were cut using the same laser settings described in
§4.2. First, fabric electrodes were interfaced with flexible silicone-sheathed
wire (30 AWG) before the sensor construction. The garment was then lam-
inated with thermoplastic adhesive (3410 Sewfree Tape), followed by the
application of the inner fabric electrode. Then, a second dielectric layer was
stacked and attached with the same thermoplastic adhesive. After this,
a small slit was cut in the garment to wrap the larger external electrode
around the sensor, forming the last two layers in the five-layer sensor (see
Figure S1, Supporting Information). Finally, strain-limiting custom-built
tabs made of adhesive laminated woven fabric were attached at each end
of the sensor’s dogbone shape to facilitate wire interfacing and to cover
the slit made in the garment in the previous step. All manufacturing se-
quences were performed at 160 °C using a heat-press machine for 30 s. The

sensors were positioned at the major joints—elbows, knees, and hips—to
detect the motion of the upper and lower limbs. No additional calibration
process or manufacturing adjustments were required to achieve the sen-
sor responses shown in these demonstrations. The agreements between
each pair of sensors on the same type of joint were achieved on the first
attempt of sensor integration and testing. The change in capacitance ver-
sus time was measured using a commercial capacitive sensor breakout
board (MPR121, Adafruit) and an Arduino Pro mini using the CoolTerm
application for data acquisition.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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