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ABSTRACT

Designing garments that effectively capture human movements demands a focus on the wearer’s comfort and freedom of motion.

Electronic textile (e-Textile) sensors offer a promising avenue due to their soft and flexible properties. However, these sensors are

most responsive to large motions, as their precision is usually relatively low compared to other sensing solutions. Furthermore, e-

Textile sensors that measure physical force or deformation often require the sensing element itself to undergo deformation and be

subject to force. This leads to degradation of the sensor due to repeated mechanical strain. To address these issues, a novel all-textile

mechanical capacitive sensor design is presented. This sensor is optimized for measuring subtle movements, such as thoracic wall

movements, in breath monitoring. The design is more robust than other e-Textile sensing approaches, as the deforming textile

elements are separated from the sensing element. This design choice results in sensors with improved signal response, higher

accuracy, and longer cycle life than the other comparable textile sensors. In this paper, we share the design and implementation

guidelines, in vitro measurements (such as evaluation of the effects of electrode shape and size and cycle life tests), and multiple

in vivo measurements of sensor prototypes.

1 | Introduction

Interactive garments increasingly function as interfaces that
tightly couple people and technology [1-4]. While early interac-
tive garments often augmented users through wearable output,
such as displays [5], or input, such as touch sensors [6], recent
systems are designed to integrate more closely into bodily activity
and expressive movement [7-13]. This shift places stronger
demands on garment-integrated sensing technologies: sensors
must be soft, compliant, non-restrictive, and capable of capturing
subtle body movements and small garment deformations [14-16].

Electronic textiles (e-Textiles) are commonly used to meet these
demands because functional yarns and conductive fabrics can
replace rigid electronic components while preserving textile
softness and enabling deep integration of form and function [4,

17-20]. Their materiality also provides sensing opportunities. The
interlocking loop structure of knit fabrics can serve as the basis
for stretch-sensitive structures [21], while the compliance of non-
woven fabrics can support compression-sensitive structures [22].
From a mechanical perspective, e-Textile sensor design begins by
defining how the textile deforms: it may stretch, compress, shear,
change contact area, or shift the relative position of materials.

From an electrical perspective, this deformation must then be
converted into a measurable signal. Resistive textile sensors
measure changes in resistance caused by elongation of conductive
yarns or fabrics, contact between conductive elements, or com-
pression of compliant fabrics [21-24]. Capacitive textile sensors
instead measure changes in capacitance caused by electrode
spacing, dielectric properties, contact geometry, or electrode
overlap. Garment-integrated capacitive sensing systems using
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conductive textile patches have shown capacitive approaches to
be promising [25]. Other capacitive textile stretch sensors for
motion tracking use silicone-textile composites and interdigital
conductive-knit sensors [26, 27]. Recent work on robust capacitive
pressure sensors further shows how porous dielectric layers and
protective textile/polymer architectures can improve sensitivity,
durability, and environmental resilience for pressure monitoring
in demanding conditions [28].

This coupling between mechanical deformation and electrical
readout is also a central challenge. The same textile structure
often has to provide both the desired mechanical behavior and the
desired electrical response. As a result, material properties that
are beneficial for softness and integration can introduce limita-
tions in sensing: knitted structures can produce nonlinear stretch
responses [23], while the slow recovery behavior of non-woven
fabrics can result in pressure sensors with high hysteresis [22].
More generally, repeated deformation of the electrically active
textile structure can mechanically stress conductive pathways or
electrodes, negatively affecting cycle life [23] and sensing stability
over time [24].

These limitations become particularly important for small-
amplitude, garment-integrated movements, where the signal
of interest may be obscured by nonlinear material responses,
hysteresis, drift, and other confounding effects caused by stretch,
compression, shear, proximity, contact area, and garment fit. In
such cases, sensing fidelity depends not only on the electrical
readout principle, but also on how precisely the deformation is
mechanically designed. Recent mechanically engineered strain
sensors based on predefined conductive cracks demonstrate one
response to this problem: controlling the deformation pathway
can improve sensitivity and linearity by making conductive-
pathway deformation more predictable [29].

We build on this strategy by presenting a textile stretch sensor
in which longitudinal textile deformation is converted into a
lateral shear overlap change between two conductive textile
electrodes (see Figure 1la,b). In our design, the mechanically
deforming textile elements are separated from the electrically
active electrodes: stretch occurs primarily in the elastic textile
regions, while the conductive electrodes are mounted on compar-
atively non-stretching textile panels and sense motion through a
change in relative overlap. This mechanical-electrical decoupling
preserves textile integration while reducing the need to repeatedly
elongate the conductive sensing elements, which is particularly
important for subtle body movements such as thoracic and
abdominal breathing.

Breath monitoring was selected as the primary motivating appli-
cation because thoracic and abdominal breathing produce subtle
textile motion and garment deformation that are challenging for
many conventional e-Textile strain sensors to capture reliably.
We also show two other applications of the sensor in the rest of
the paper. Although pressure and body coupling influence the
measured capacitance during wearable deployment, the intended
sensing modality remains stretch sensing rather than direct
pressure sensing.

The sensors were designed with two methods. In Design A, we
used bespoke materials to fabricate the sensors, whereas in Design

B, we used off-the-shelf and readily accessible materials. With
these two designs, we were interested in exploring two fabrication
questions: (1) Can the response behavior be improved by a less
compliant electrode and a thinner, less structured insulator? (2)
Can the stretch-band design be replaced by a material more
widely available and easier for novices to work with?

Measurement of the capacitance between the two conductive
pads provides a robust, high-resolution, and linear measure of
stretch. In both designs, separating mechanically and electri-
cally functional elements leads to more robust designs. Instead
of optimizing one fabric for both mechanical and electrical
functionality, designers can choose fabrics specifically for their
mechanical properties and separate conductive fabrics for their
electrical properties. The resulting sensors no longer experience
degradation of electrical functionality due to mechanical stress.
We constructed six sensors using Design A in three sizes: 1 X 3
cm, 3x 3 cm, and 5x 3 cm. For each size, one sensor had
two rectangular electrodes (1r), and the other had a rectangular
and a triangular electrode (rt) (see Figure 1c). For Design B, we
built two sensors, both 3 X 3 cm - one with two rectangular
electrodes and one with a rectangular and a triangular electrode
(see Figure S1). Throughout the paper, sensor labels follow the
format [electrode geometry]-[W X L]-[design]. The electrode-
geometry prefix describes the pair of capacitive electrodes: rr
denotes a rectangular-rectangular electrode pair, and rt denotes
a rectangular-triangular electrode pair. W and L denote the
electrode width and length, respectively, in centimeters. The
design suffix denotes the fabrication approach: A refers to the
bonded textile-composite design using engineered stretch and
non-stretch materials with encapsulated electrodes, whereas B
refers to the simplified off-the-shelf elastic design. For exam-
ple, rr-3 X 3-A denotes a Design A sensor with a rectangular-
rectangular electrode pair of width 3 cm and length 3 cm. This
notation is used consistently throughout the manuscript and
Supporting Information.

We validate the fidelity of our sensor design through a series of
experiments, documenting the stretch response, signal-to-noise
ratio (SNR), and cycle life of prototype sensor implementa-
tions. We also validate the accuracy of the designed sensors
using a precise motion tracking system. Results indicate that
the proposed design leads to a higher fidelity sensor com-
pared to other fabric stretch sensors presented in the literature
[22, 23, 30]. Furthermore, to demonstrate the sensor’s utility,
we show that it maintains strong performance when placed on
the body. Finally, we share example readings of the sensor used
as a detector of breath and various body movements. We also
deployed the sensors to measure breath at the abdomen and
mid-back. The design, prototyping, and final integration of the
sensors in a corset are shown in Figure 1d(i-iii), respectively.
This deployment shows the flexibility of our e-Textile sensors in
supporting multiple wearable configurations and measurement
contexts.

Our contributions are as follows: (1) general design considera-
tions for optimizing e-Textile sensor designs, (2) a novel capacitive
stretch sensor design implementing these considerations, and
(3) an evaluation of these designs highlighting how electrical
and fabric considerations affect the behavior and quality of
such sensors.
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FIGURE 1 | (a)Oure-Textile sensors can be used to measure breath and various body movements precisely. (b) Cross-section of the sensor at resting
position with aligned electrodes (i) and cross-section of expanded textile construction layers and substrates (ii). The capacitance is high when the sensor
is at rest since the overlapping area between the two electrodes is maximum. The capacitance drops as the sensor gets stretched due to the decrease
in the overlapping area between the electrodes. The data was recorded using an FDC connected to a Teensy 3.6 MCU. (c) Two sets of Design A sensors
with rectangular and triangular electrodes, annotated on the left side of the strap. Sizes (W x L) are 1 X 3 cm, 3 X 3 cm, and 5 x 3 cm for top, middle,
and bottom, respectively. (d) Sensors deployed in a corset to measure breath at the abdomen and mid-back. The hybrid “anti-corset” is designed to
stretch where a corset would typically restrict movement (i). The prototype uses the sensor construction as in Design A (ii). Finished corset, as worn by
a participant.
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FIGURE 2 | (a)Sensor construction overview: Applying a seam of adhesive film to stabilize the stretch textile for stitching (i). Stitching the stretch
and non-stretch sections of the strap with a zigzag stitch to increase stability (ii). Feeding the looped e-Textile connectors through the straps to connect the
sensors (iii). Applying the spacer to the electrode, a layered material made from Powernet and Sewfree adhesive film (iv). Using a pin to test the electrical
connection through the spacer insulation layer (v). (b) Evaluation Apparatus with the stepper motor rig and a sensor placed on a 3D printed block to
represent body curvature. The inline figure shows the sensor electrodes centrally aligned with a 10% base tension. (c) Average values of the measured
capacitances as a function of displacement for Design A (left) and Design B (right). (d) The individual results of the stretch response experiment for Design
A (i-iii and v-vii) and Design B (iv and viii). The top and bottom rows show the measured capacitances as a function of displacement for the rr and rt
sensors, respectively. The first, second, third, and fourth columns present the data for the sensors with plate geometries of 1 X 3 cm, 3 X 3cm, 5 X 3 cm,
and 3 X 3 cm, respectively.

2 | Results non-stretch sections of the strap with a zigzag stitch to increase
stability (Figure 2a(ii)). We fed looped e-Textile connectors
The overview of the sensor construction is depicted in Figure 2a. through the straps to connect the sensors (Figure 2a(iii)). We

We applied a seam of adhesive film to stabilize the stretch textile applied the spacer to the electrode, a layered material made from
for stitching (Figure 2a(i). Then, we stitched the stretch and Powernet and Sewfree adhesive film (Figure 2a(iv)). Finally, we
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used a pin to test the electrical connection through the spacer
insulation layer (Figure 2a(v)).

Design A emphasizes material stabilization, structural control,
and long-term performance through the use of bonded com-
posites, non-stretch substrates, and spacer fabrics that isolate
deformation from the sensing elements. Its fabrication method
prioritizes consistency, softness, and durability, but requires
specialized materials and precise bonding steps. In contrast,
Design B explores a simplified and more accessible fabrication
approach, substituting highly engineered textiles with thinner,
less compliant, and more readily available materials. This design
reduces structural complexity and insulation thickness, aiming to
produce a sensor that is less influenced by normal force and easier
to construct, while intentionally trading off some material control
and compressibility.

For all in vitro measurements, we used the setup shown in
Figure 2b. This setup enabled precise and automatic stretching
of the sensors without human interference. In this section, we
present the detailed results of the in vitro and in vivo experiments.
All sensor identifiers below follow the sensor nomenclature
defined in the Introduction.

2.1 | InVitro Experiment 1: Stretch Response

Figure 2c displays the average values of the measured capaci-
tances of the sensors as a function of displacement. The average
results for the sensors of Design A are shown on the left-hand
side, where green, black, and magenta colors indicate rr-1 X 3-A,
rr-3 X 3-A, and rr-5 X 3-A sensors, respectively, and red, purple,
and cyan colors indicate rt-1 X 3-A, rt-3 X 3-A, and rt-5 X 3-A
sensors, respectively. The average results for the sensors of Design
B are presented on the right-hand side, where the brown and
yellow-colored curves indicate rr-3 X 3-B and rt-3 x 3-B sensors,
respectively. The 15 mm displacement range for measurements
was chosen to cover the expected electrode travel for subtle tho-
racic, abdominal, and garment-integrated breathing movements,
and should therefore be interpreted as the calibrated range of
the present prototypes rather than as the maximum range of the
sensing principle.

The individual results of the stretch response experiment are
shown in Figure 2d. The first and second rows present the mea-
sured capacitances of the sensors as a function of displacement
for the plate shapes of rr and rt, respectively. The first, second,
and third columns display the results for Design A with widths
of 1, 3, and 5 cm, respectively. The results for Design B with a
width of 3 cm are presented in the fourth column. The blue
and red-colored curves represent the stretch and release cycles,
respectively.

As shown in Figure 2d, the capacitances of all sensors decrease
as the displacement increases. The capacitance of rr-5 X 3-A is
higher than the other sensors since it has a bigger overlapping
area of the plates (see Figure 2c). However, the rt-5 X 3-A sensor
exhibits a more linear response than the other sensors. This linear
behavior can be related to the shape and dynamics of the rt plates.
Because stretching the sensor on a curved body also introduces
pressure along the z-axis (see Figure 1b(ii), blue arrows), the

normal force influences the measurements because additional
compression of the electrodes results in a convex response curve.

To quantify the linearity of the capacitance-displacement
response, we fitted the mean stretch and release curves of each
sensor variant with a linear model, C(x) = , + 5, x, where C is
capacitance and x is displacement. R* was calculated for each
phase and is reported in Table S1. The quantitative analysis
shows that the effect of the rt electrode geometry depends on
sensor scale and textile construction. For Design A, rt geometry
improved the linearity metrics for the 3 x 3 and 5 X 3 sensors,
but not for the 1x 3 sensor. In particular, rt-5x 3-A showed
the most linear response among the Design A variants, with
R?>=0.9969 during stretch, and R? =0.9967 during release.
In contrast, rt-1 X 3-A showed lower linearity than rr-1 X 3-A,
indicating that the geometric correction is not universal at
smaller electrode sizes. For Design B, the rt geometry improved
R? compared to the rr geometry in both stretch and release.
During stretch, rr-3 x 3-B and rt-3 x 3-B exhibited R? values of
0.9129 and 0.9686, respectively. During release, rr-3 X 3-B and
rt-3 x 3-B exhibited R? values of 0.9338 and 0.9631, respectively.
These results support the interpretation that rt electrodes can
compensate for curvature- or pressure-induced nonlinearities
when out-of-plane deformation is sufficiently controlled, but that
this effect can be masked by textile thickness and spacer texture.

We further evaluated whether the rt geometry followed the
expected geometric overlapping area model. The predicted capac-
itance was calculated from the derived overlapping area formula
(Equation 5). The resulting predicted-vs.-experimental compari-
son using the endpoint calibrated method is shown in Figure S2
and summarized in Table S2. The model showed scale- and
construction-dependent agreement with the experimental data.
Forrt-1 X 3-A, the model agreement was weak in both stretch and
release, with R? = 0.3374 and 0.2590, respectively. For the larger
Design A sensors, agreement improved. In particular, rt-5 X 3-
A showed R? =0.9869 during stretch and R* = 0.8966 during
release. The rt-3 X 3-B sensor also showed strong agreement
during stretch, with R?> = 0.9767, while the release phase showed
moderate agreement with R? = 0.8943.

These results indicate that the rt electrode geometry imposes
the intended nonlinear overlap area function, but that the
measured capacitance cannot be explained by in-plane overlap
area alone. Deviations from the ideal geometric prediction are
most pronounced in the smallest Design A sensor and are likely
caused by scale-dependent edge effects, spacer texture, local
electrode misalignment, and out-of-plane deformation of the
textile. This suggests that the present triangular electrode design
is one useful geometric compensation strategy, but not necessarily
the only one: other, more complex geometries can achieve
better linearization and could potentially outperform the current
approach. Future work can explore such alternative electrode
layouts and assess how they interact with textile mechanics and
pressure-dependent deformation.

2.2 | InVitro Experiment 2: Signal-to-Noise Ratio

The SNR measurements for stretch (blue) and release (red) cycles
are presented in Figure 3a. All sensors exhibit SNRs higher than
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capacitance of rr-3 x 3-A (i) and rr-3 x 3-B (ii) sensors as a function of time in 1000 cycles of stretch and release. The inline figures display a close-up
view of the data. (c) Measured capacitance (blue-colored solid line) and displacement (red-colored dashed line) of rr-3 x 3-A (i) and rr-3 x 3-B (ii) sensors
as a function of time in 100 cycles of stretch and release. The displacement of the sensors was measured using a high-resolution motion tracking system.
The inline figures display a close-up view of the data. (d) Comparison of our sensor (i) with the resistive sensors in the literature: Vogl et al. [30] (ii)
and Liang et al. [23] (iii). The blue and red-colored curves represent the stretch and release responses of the sensor, respectively. (¢) In vivo and in vitro
measurements of the rr-3 X 3-A sensor as a function of displacement. The results of in vivo and in vitro experiments are presented by solid and dashed

lines, respectively. The blue and red-colored curves represent the stretch and release responses of the sensor, respectively.
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55 dB, and the sensors with the smallest dimensions (1 X 3 cm)
have higher SNRs than the rest of the sensors.

2.3 | InVitro Experiment 3: Cycle Life

The measured capacitances of the rr-3 X 3-A sensor in 1000 cycles
of stretch and release as a function of time are presented in
Figure 3b(i). The same measurements for rr-1 X 3-A, rt-1 X 3-A,
rt-3 X 3-A, rr-5 X 3-A, and rt-5 X 3-A are given in Figures S3-S7,
respectively. The inline figures display a close-up view of the
data. All sensors exhibit higher capacitances for approximately
100 s, after which their capacitance values reach a steady-state
region. This transition zone is smaller for the smallest sensor
(1 x 3 cm) than the larger ones. In addition, the results of the cycle
life experiment for the rr-3 X 3-B and rt-3 X 3-B are presented in
Figure 3b(ii) and Figure S8, respectively. The capacitance values
of these sensors experienced a sharp drop after approximately
200s.

2.4 | In Vitro Experiment 4: Validation Tests

To validate the performance and accuracy of our sensors, we
measured their capacitances in 100 cycles of stretch and release,
together with the displacements of the electrodes on each other,
using a high-resolution motion tracking system. The results are
shown in Figure 3c for rr-3 x 3-A (i) and rr-3 X 3-B (ii) and
Figures S9 and S10 for rr-1 X 3-A and rr-5 X 3-A, respectively.
Blue-colored solid lines and red-colored dashed lines represent
capacitance and displacement measurements, respectively. There
isavery good fit between the capacitance measurements from our
e-Textile sensors and the displacement measurements from the
motion tracking system.

To evaluate the measurement accuracy of the motion tracking
system, a static validation experiment was conducted using a
calibrated wand equipped with four markers at known distances.
The wand was positioned within the measurement volume, and
three independent recordings were acquired. For each recording,
the distances between one reference marker and the remaining
three markers were calculated and compared with their corre-
sponding nominal values. The measurement error was quantified
using the root-mean-square (RMS) error between the measured
and reference distances. Across all measurements, the overall
RMS error was 0.0056 mm, indicating micrometer distance
measurement accuracy of the motion tracking system.

2.5 | Comparisons With the State of the Art

Although detailed signal response characterizations of fabric
stretch sensors are limited, the existing literature provides suffi-
cient data to enable meaningful comparisons between designs.
These include stitched stretch sensors by Vogl et al. [30] and
knitted stretch sensors by Liang et al. [23]. We extracted the
relevant data from their figures and compared them to one of our
implementations in Figure 3d. Visual inspection reveals a more
linear sensor response as well as lower hysteresis for our sensor.
We calculated the hysteresis errors for our sensor in Figure 3d-i

ACyy,
Hy= —2 o)

R=
Cmax - Cmin

where, ACjy, Cpugy, and C,y, are the maximum difference
between stretch and release, maximum stretch, and minimum
stretch, respectively. Our sensor exhibited a much lower hystere-
sis error (0.1584) compared to Vogl et al. [30] (0.2975) and Liang
et al. [23] (0.2140).

2.6 | In Vivo Experiments

We performed three in vivo experiments. Figure 3e presents the
results of the first part of In Vivo 1. Solid and dashed lines show
the results of the measured capacitances of the rr-3 X 3-A sensor
as a function of displacement in vivo and in vitro, respectively.
Blue and red colors indicate stretch and release, respectively. The
results show an increase in capacitance measurements when the
sensor is placed on the body, likely due to capacitive coupling with
the body.

The results of the breathing detection experiments are presented
in Figure 4a (the second part of In Vivo 1). We defined seven
breathing intervals (exhale hold, normal breath, inhale hold,
deep breath, exhale hold, normal breath, exhale hold) for the
participant and asked her to perform each interval for 10 s.
Yellow, light blue, white, and pastel pink show the intervals
for exhale hold, normal breath, inhale hold, and deep breath,
respectively. The black and green colored curves show the
normalized capacitances for the sensor with long (i) and short (ii)
straps, respectively. The sensor with the shorter strap size exhibits
higher capacitances than the sensor with the longer strap size.
As shown in Figure S11, in one trial, the participant mixed the
intervals, leading to some misalignment in the sensor data for the
sensor with two strap sizes.

Figure 4b—f presents the first 30 s of the first trial from the In Vivo
2 experiments. For each measurement, data were continuously
recorded for three minutes. The complete recordings, including
all trials for participants P2-P6, are provided in Figures S12—
S16, respectively. The rr-3 X 3-A sensor was attached to the
participant’s lower thorax (see Figure S17) to monitor breathing
over a three-minute period while the participant performed
routine office work (Figure 4b) and during rest lying (Figure 4c).
Figure 4d presents the normalized capacitance measured from
the elbow using the rr-3 x 3-A sensor (see Figure S18) during
three consecutive intervals of exercise and rest. The knee move-
ment measurements (see Figure S19) are shown in Figure 4e,f,
where the participant walked and jogged, respectively, for three
minutes along a circular track.

The results of In Vivo 3 are presented in Figure S20. We attached
the rr-3 X 3-A sensor on the lower thorax of the participant for
breath monitoring for a period of 10 min while the participant
was doing daily office work (see Figure S20a) and rest lying (see
Figure S20b). Interestingly, during the rest lying part, the sensor
detects the participant’s relaxing behavior as they start to breathe
deeply and slowly. The normalized capacitances measured from
the elbow using the rr-3 X 3-A sensor in three continuous
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FIGURE 4 | The in vivo measurements using the rr-3 x 3-A sensor. (a) The sensor is worn as a simple strap to measure natural breathing. Two-
layered straps comprise opposing stretch (gray) and non-stretch (black) elements, displacing centrally aligned electrodes in a shearing motion during
inhalation. The experiment was performed by one female participant in seven consecutive intervals of 10 s using a Long strap sensor (i). The same
measurement with a short strap sensor (ii). (b,c) In vivo breath monitoring of five participants during (b) office work and (c) while resting in a lying
position. (d) In vivo measurements of elbow motion in five participants recorded over three consecutive cycles of exercise and rest. (e,f) In vivo
measurements of knee motion in five participants during (e) walking and (f) jogging on a treadmill. Each column corresponds to one participant.
Representative 30-second data segments are shown for all measurements, while the complete datasets for each participant are provided in Figures
S12-S16.
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intervals of workout and rest are presented in Figure S20c. The
frequency response of the workout sub-interval reveals a peak
frequency at 0.36 Hz, corresponding to the 11 elbow movements in
every ~30 s. The results of the knee movement measurements are
presented in Figure S20d,e while the participant walked for ten
minutes and jogged for five minutes, respectively, on a treadmill.
The frequency responses of the walking and jogging data show
peak frequencies of 0.86 and 3.64 Hz, respectively.

Across participants, the sensor maintained stable signal behavior
for all measurements despite variations in body shape, garment
tension, and sensor placement. In particular, respiration-related
capacitance patterns remained clearly distinguishable across
participants and activities, while dynamic activities such as
walking and jogging produced consistent periodic responses
corresponding to gait-related body motion. The extended dura-
tion measurements in In Vivo 3 demonstrated that the sensor
maintained stable operation during continuous wearable use over
several minutes without signal collapse or loss of sensitivity.

We also observed that the absolute capacitance offset and signal
amplitude varied between participants and placements, which
is expected for wearable capacitive sensors because body mor-
phology, textile tension, local curvature, and sensor pre-strain
influence both electrode overlap and body coupling. There-
fore, the proposed sensor should be interpreted as a calibrated
wearable sensing platform whose deployment-specific response
depends on garment integration and placement conditions.

3 | Discussion

Current e-Textile sensors in the literature often exhibit nonlinear
behavior across a wide range of displacements. They are generally
designed to capture large motions and frequently degrade under
repeated strain. Moreover, the performance of these sensors
heavily depends on parameters such as material type and cut-
ting techniques, which in turn rely on the designer’s expertise
and precision.

Our evaluation suggests that separating the mechanically deform-
ing elements of the sensor from the electrically active sensing
elements improves measurement quality for subtle on-body
movements. Relative to prior textile stretch sensors, the proposed
design shows improved linearity, high signal-to-noise ratios,
reduced hysteresis, and stable cycle life behavior. At the same
time, the sensor is optimized for small displacements and is
not intended to replace designs that target larger ranges of
motion.

3.1 | Linearity

Compared with prior textile stretch sensors, the proposed capac-
itive design shows a more linear response across the tested
displacement range (see Figure 2c,d and Figure 3d). Sensors from
Design A were largely linear, but exhibited deviations during the
initial phase of stretching, consistent with the higher thickness
and stiffness of the layered sensing region. In Design B, the thinner
construction reduced motion in the z-axis and produced more
consistently monotonic response curves (see Figure 2d(iv)-(viii)).

3.2 | Signal-to-Noise Ratio

All sensors exceeded 55 dB SNR (see Figure 3a), which is well
above commonly cited minimum values for reliable capacitive
sensing (often around 15 dB) [32]. For comparison, Ko et al. [33]
reported SNR values below 28 dB for a capacitive sensor. The
high SNR observed here indicates stable measurements with low
relative noise.

3.3 | Hysteresis

Hysteresis reduces repeatability in dynamic sensing applications.
Across the tested range, the proposed design shows smaller differ-
ences between stretch and release curves than prior textile stretch
sensors (see Figure 2c,d and Figure 3d), indicating reduced hys-
teresis and improved consistency. Remaining differences between
stretch and release are most apparent in some Design A sensors
and are likely explained by the relative stiffness of the sensing
layers. During release, a small increase in the distance between
the electrodes can occur, leading to a reduction in capacitance.

3.4 | Cycle Life

Cycle life measurements highlight the benefit of decoupling
mechanical strain from the sensing electrodes. In particular,
Design A maintains stable capacitance responses over repeated
stretch-release cycles after an initial settling period (see Figure 3b
and Figures S3-S7). In contrast, Design B shows reduced long-
term stability, likely caused by the use of off-the-shelf stretch
fabrics (see Figure 3b(ii) and Figure S8).

Taken together, these characteristics support the use of the
proposed sensor for reliable monitoring of subtle movements
in wearable contexts. To demonstrate the practical robustness
of the system, we deployed the sensor in a custom corset used
by a vocalist as part of an experimental interactive performance
platform (see Figure 1d).

3.5 | Effects of Sensor Geometry

The shape and size of the plates significantly affected the capac-
itance measurements, highlighting the role of plate geometry
in sensor performance. As shown in Figure 2c, the rt sensors
consistently exhibited lower capacitance values compared to the
rr sensors of identical geometries. This is due to the differences
in the overlapping areas of the plates, where the rr configuration
provides a larger effective area for charge storage compared to
the rt configuration. As stretching the sensor on the body also
provides pressure in the z-axis (see Figure 1b(ii), blue arrows),
we expected this to potentially influence the readings: assuming
the response curve would be linear without the added pressure,
the effect of additional compression of the electrodes would lead
to a convex shape. The linearity analysis in Table S1 shows that
the effect of geometry is most apparent in Design B and in the
larger Design A sensors, but not universal across all sensor sizes.
This geometric difference provides a way to tune the curvature
of the capacitance-displacement response and can, in principle,
compensate for nonlinearities induced by pressure.
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The effect of electrode geometry is also evident in the model
given in Section 5.2.1: the rt electrode pair produces a sub-
exponential decrease in overlap area (Equation 5), whereas the
r electrode pair produces a linear decrease (Equation 3). The
predicted-vs.-experimental comparison in Table S2 shows that
this compensation depends on both electrode scale and geometry.
The geometric model agreed poorly with the smallest Design A
sensor, but agreement improved for the larger Design A sensors
and for Design B. This suggests that the rt electrode geometry
is most effective when out-of-plane deformation, spacer texture,
and local electrode misalignment are minimized.

3.6 | Effect of Materials on Data

In the same way that material properties influence design
choices, the effects of these design choices, and in turn, the
materials themselves, are reflected in the data collected during
sensor evaluations.

3.6.1 | Electrode Design

Multiple effects of materials are apparent in the signal response
curves. Looking at the response curves for Design A (Figure 2d),
we see multiple instances where the signal does not immediately
decrease, or where it increases before it decreases. We found
that this can be explained by the thickness of the sensing
element. Due to the layering of multiple fabrics, the sensing
element became stiffer than its surroundings (see also Figure 1b).
When moving over a curved surface, this difference in thickness
sometimes caused a slight lifting of the top element relative to the
bottom, which prevented the sensor from reaching its theoretical
maximum capacitance, or even reducing its capacitance reading
toward the end of its active range.

Another interesting effect is the repeating oscillations visible
in many of the sensor response plots. These are not noise, but
rather demonstrate the high resolution of the sensor. We found
that these were caused by the relatively coarse-grained nature of
the power mesh: when the grain is aligned, this increases the
distance between the electrodes. When the grain was offset, the
power mesh could interlock, reducing the space between sensing
elements. Once a smooth piece of paper was placed between the
two sensing elements, preventing the movement in the z-axis
by providing a smooth surface for the fabrics to push against,
this effect vanished. To further verify this mechanism, the In
Vitro 1 measurements were repeated for the rr-1 X 3-A, rr-3 X 3-
A, and rr-5 X 3-A sensors over 20 stretch-release cycles with the
paper spacer inserted. The corresponding results are presented
in Figure S2la—c for the rr-1x 3-A, rr-3 X 3-A, and 1r-5 X 3-A
sensors, respectively.

With these observations in mind, Design B was created. The
materials were optimized to reduce possible motion in the z-
axis, and the design was tuned to be as thin as possible, aiming
for consistent flexibility across the entire range of the sensor.
The sensor response curves consequently show lower hysteresis,
no oscillations, and more consistently monotonous behavior.
These sensors exhibit a convex slope for the rectangular electrode
design and a concave slope for the version with a triangular

electrode. This was an effect we had predicted (see Section 2.1 and
Section 5.2.1). However, the dynamics in the z-axis of Design A
masked the effect (see also Figure 2d).

It should be noted that a drawback of Design B is that one of the
electrodes is exposed, which may lead to accelerated deterioration
over time. In contrast, the electrodes of Design A are all encased
in Bemis, which has been shown to improve the durability of
conductive materials.

We found that smaller electrodes exhibited a better SNR. We spec-
ulate that the smaller area provides less freedom of movement
within each plate, reducing a possible source of noise.

In both designs, the sensing electrodes almost act as rigid islands
connected by a compliant shear layer, analogous to an island-
bridge structure in stretchable electronics. Under axial stretch,
most deformation is taken up by the soft spacer/bridge, so the
electrode pads themselves undergo significantly less elongation
than the bulk. This is consistent with prior studies where con-
ductive islands “ride along” on a deforming substrate [34, 35]. For
example, in Ref. [35], lithographically defined islands protected a
brittle electrode by letting it slide on stretchable bridges, avoiding
local strain. Similarly, our pad electrode is largely decoupled from
the garment stretch. We therefore expect the local strain (and
stress) in the pad to be much lower than in a fully bonded design,
improving the mechanical robustness of the sensing area.

3.6.2 | Strap Design

Design A had a carefully engineered stretch design, considering
the stretch and release of the Eurojersey strap. Except for an
initial break-in phase, this resulted in a very stable cycle life,
as apparent in Figure 3b(i) and Figures S3-S7. To test a simpler
construction method, Design B utilized an off-the-shelf elastic
band. Interestingly, here we see comparatively radical jumps in
the signal over the 1000 cycles due to the off-the-shelf nature of
the materials (Figure 3b(i) and Figure S8).

3.7 | Effect of the Body on Data

As all measures are performed in controlled conditions, and
because the human body affects capacitive sensing [36], we
provide data to better understand the sensor’s performance on the
body. As shown in Figure 3e, the on-body measurements followed
a similar pattern to those observed under controlled conditions,
and the main difference is a constant offset in signal magnitude.

This indicates that our sensors are capable of maintaining
accurate and stable readings in both controlled laboratory settings
and when applied to real-life scenarios involving the human
body. However, it is worth noting that the in vivo capacitance
values appeared to be higher than those obtained in vitro. This
difference can likely be attributed to the capacitive coupling with
the human body, which could affect the sensor’s readings. The
presence of bioelectric phenomena, such as skin conductivity
and the natural electrical activity of tissues, may contribute
to this observed discrepancy. In other words, this DC offset
arises because the human body acts as a large parasitic plate
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(~100-400 pF to ground) [37]. An op-amp- or ADC-driven guard
electrode at the sensor’s potential can reduce the offset without
degrading sensitivity, at the cost of extra drive electronics [38].
While shielding strategies exist, robust shielding is non-trivial
to implement, and in practice often does not yield the expected
benefits. Therefore, an important design choice of ours from
the start was to design a sensor that can work robustly, even
in the absence of shielding. In addition, in the present work,
we intentionally avoided additional shielding structures in order
to isolate and evaluate the mechanically decoupled sensing
architecture itself. Understanding these variations is crucial for
the further development and refinement of our sensors, ensuring
that they provide precise and reliable data across a wide range
of applications.

To demonstrate the functionality of our sensors on the body, we
also focused on capturing the subtle movements of the lower
thorax during breathing. The measurements were performed
twice: first with a full strap length (Figure 4a(i)) and then with
a half strap length (Figure 4a(ii)). In general, the sensor’s signal
dynamics matched our expectations. It should be noted that
the half strap length exhibited higher capacitances compared
to the full strap length in all breathing intervals, as it led to
higher pressures on the sensor. Hence, the distance between the
plates decreased, and the capacitance values increased. During
exhale hold intervals, the capacitance values peaked because the
sensor plates were highly overlapped. The capacitance values
demonstrated clear variations corresponding to the participant’s
breathing patterns under normal and deep breathing intervals,
with more significant variations observed during deep breathing.
It is worth noting that the sensor readings were not constant
during the exhale hold interval. This instability is due to the
sensor requiring a few seconds to reach its steady state, which is
inherent to the elastic fabric’s recovery properties. The participant
was instructed to switch between breathing intervals every 10 s.
Sometimes, the participant inadvertently mixed the conditions,
and the sensor successfully captured these discrepancies. One
such result is presented in Figure S11. During the first 10 s of this
particular experiment, the participant exhaled more deeply than
the other times. This “error” of the participant was accurately
captured by the sensor.

Further in vivo experiments involved attaching the 3 x 3-A sensor
to various body locations of five participants, including the lower
thorax (Figure 4a,b), elbow (Figure 4c), and knee (Figure 4d,e).
The individual results for each participant are available in Figures
S12-S16. We also performed the extended version of the in
vivo measurements with one participant for a longer period of
time (see Figure S20). When positioned on the lower thorax,
the sensor successfully monitored breathing patterns during
both sedentary office work and while the participant was lying
down. Interestingly, in the extended version of the lie-down
experiment, as the participant relaxed over time, he began to
breathe deeply and slowly, which is evident in our measurements
(see Figure 4e). When placed on the elbow, the sensor accurately
recorded movement during simple dumbbell exercises. Similarly,
when attached to the knee, it effectively captured walking and
jogging motions.

The current implementation requires calibration of the sensor
each time it is deployed on the body, as the absolute offset must

be removed from the output. Future work might consider a
design that not only measures between two electrodes but also
introduces a third electrode on one side. As the single electrode
moves from one opposing electrode to the other, the position can
then be determined based on the difference in capacitance, such
that the constant offset introduced by the body can be removed.

3.8 | Applications of the Designed Sensors

In this section, we describe an example application that demon-
strates how the sensor design can be integrated with a garment,
supporting the design of wearables that tightly integrate with a
user’s activity [39]. More information on design considerations of
garments with e-Textiles is available in Note S2.

This sensor was used in a “corset” (see Figure 1d) to be worn by a
vocalist to capture the movement of the chest while singing. The
design is a hybrid of a traditional boned corset and a soft, stretchy
support garment, or foundation garment, developed through
body observations and conversations with the vocalist. Similar
to the sensor design itself, the corset is designed to mechanically
control movement in specific areas of the body using stretch and
non-stretch fabric elements (Figure 1d).

The sensors were placed between the bones, the vertical metal
or plastic strips that define the structure of a corset. Integration
into a structured design, such as a corset, allowed the sensor
to completely disappear from the vocalist’s perspective because
it was built into the garment’s existing architecture. Using the
bones as a framework allowed for controlled deformation of
both the body and sensor, ensuring the strap was tensioned and
stabilized to maximize the shearing motion while keeping the
electrodes aligned.

The front sensor was placed across the hip line to capture more
intentional movement from the diaphragm while singing. We
noted a more unconscious movement in the vocalist’s back, and
two smaller sensors were placed diagonally across each side of the
ribcage. This was fitted and tested to understand the affordances
for maximum sensor displacement. After fitting and optimizing
for the vocalist’s body, the front sensor displaced between 7-12
mm, while the back sensors each gave measurements of 3-5 mm.

Three rr-5 X 5-A sensors were used, while the strap length
differed, defined by the constraints of the body, which in turn
influenced seam placement and corset construction. Prototyping
was done in materials closely resembling final fabrics, requiring
two major revisions (Figure 1d).

3.9 | Practical Stretch Range and Scalability

The present sensor implementations were characterized over a
maximum electrode displacement of 15 mm. This range was
selected to match the intended application of subtle on-body
movement sensing, especially thoracic and abdominal breathing.
In the corset integration described above, the measured displace-
ment of the front sensor was approximately 7-12 mm, while the
two back sensors displaced approximately 3-5 mm. These values
fall within the characterized displacement range, indicating that
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the current geometry is appropriate for the subtle respiratory and
postural movements targeted in this work.

Respiration monitoring was selected as the primary target
application because thoracic and abdominal breathing produce
relatively small textile deformations that are difficult to capture
reliably using many conventional textile strain sensors. The addi-
tional body location measurements demonstrate that the sensing
principle is more general and can support broader wearable
movement monitoring applications beyond respiration alone.

Larger body movements, such as high amplitude elbow or knee
flexion, shoulder motion, trunk bending, or large changes in
garment circumference during vigorous activity, can impose
strains and local textile displacements that exceed the tested
15 mm range. Prior wearable textile strain-sensing work for
elbow and knee monitoring has therefore used sensors designed
for substantially larger strain ranges, for example, flexion mea-
surements within approximately 30% strain [40]. Similarly,
wearable respiration systems evaluated during walking, running,
or stair climbing highlight that dynamic activities can introduce
larger garment deformation and motion artifacts than quiet
breathing [41].

For applications requiring larger displacement ranges, the pro-
posed mechano-capacitive principle can be scaled in several
ways. First, the electrode length can be increased so that a
larger shear displacement can occur before the electrode overlap
becomes too small for reliable capacitance measurement. Second,
the mechanical textile linkage can be redesigned so that a
larger garment extension is converted into a smaller electrode
displacement, for example, by increasing the length of the stretch
region, adding compliant intermediate textile sections, or using
multiple stretch zones in series. Third, multiple sensors can
be distributed across a garment so that large body motion is
measured as the sum of several smaller local displacements
rather than by a single sensor operating over its full travel.
Finally, the sensor can be pre-positioned or pre-strained so
that the expected motion occurs near the center of the cal-
ibrated range, where the capacitance response remains most
reliable.

4 | Conclusion

We present and test a novel mechano-capacitive approach to e-
Textile sensor construction. The design can be fabricated using
commercially available materials and equipment. Our sensor is
specifically designed to leverage the inherent properties of textile
construction and is scaled for integration into garments. We
suggest a separation of mechanical and electrical behavior as
a general design guideline for designers of (durable) e-Textile
systems. In our case, this is achieved by combining non-stretch
(woven) with stretch (knit) elements in such a way that the place
at which the fabric is stretched is carefully chosen and controlled,
enabling sensing materials to be placed in areas that are not
stretched, while selecting materials that can retain their physical
properties, even after many stretch-release cycles. Combined with
our suggested capacitive sensing method, this leads to a sensor
that has a better signal response curve, better signal-to-noise ratio,
and better cycle life than the state-of-the-art.

5 | Experimental Section
5.1 | Sensor Design and Implementation

In this section, we first provide the general design considerations
and our construction method. Then, we proceed to discuss the
specific implementations.

5.1.1 | General Principles

We propose a two-layered mechanical capacitive e-Textile sensor
with a shearing motion for measuring stretch in on-body appli-
cations. Two overlaid straps with a centrally aligned electrode of
opposing sections of stretch and non-stretch materials create a
shearing motion when strain is applied (Figure 1b). The design
leverages the positive curvature of the body with the tension of
the non-active stretch materials to stabilize the structure.

51.2 | Design Considerations

Beyond the technological functionality of the system, for a tech-
nological system to become wearable, the design should include
properties such as the ability to adapt to the varied shape of
bodies, match with human abilities, and finally be deployable in
everyday use and socially acceptable [42]. In the present work, we
optimize a sensor for optimal deployability in everyday garments
by optimizing the design to adapt to and move with the body. Such
optimization, in turn, leads to better technological functionality,
enabling the sensor to precisely measure subtle human behaviors.

In addition, since the sensing element is continuously mechan-
ically manipulated as the fabric deforms, the deformation of
sensing materials causes fatigue, hysteresis, and general insta-
bility in longitudinal readings [23]. We address this issue by
applying a design strategy that creates a separation between the
mechanical moving parts of the sensor and its electrical parts.
This is achieved by combining non-stretch (woven) with stretch
(knit) elements in such a way that the place at which the fabric
is stretched is carefully chosen and controlled, enabling sensing
materials to be placed in areas that are not stretched.

51.3 | Mechanical Design

The sensor consists of two-layered straps with a tubular construc-
tion to stabilize edges and control stretch properties. Each strap
has a non-stretch element and a shorter stretch element. The
straps are oriented oppositely, with non-stretch parts overlapping
in the center. Conductive electrodes are placed on the non-
stretch overlap. When pulled, the conductive elements slide
apart, reducing the overlap (see Figure 1b).

5.1.4 | Electrical Design

We measure the capacitance between the two conductive elec-
trode areas. Capacitance is defined as:

C=ae5 @
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where, ¢, =8.854x1072F.m™' is the permittivity of free

space [43], ¢, is the relative permittivity of the dielectric
material between the plates, A is the area of one of the
plates, and d is the distance between the plates. As the
capacitance is directly proportional to the area of overlap
A, the capacitance decreases as the sensor is stretched. We
expect this to produce a stable measure of stretch. However,
stretching the sensor produces tension, which also reduces the
distance between the conductive areas, d, and increases the
capacitance. This can potentially impact measurement results
negatively.

For Design A, the combination of Powernet, Sewfree, and air voids
is not a homogeneous dielectric. For Design B, the polyamide
sheet is closer to a homogeneous dielectric, but its relative permit-
tivity value depends on polymer type, humidity, and frequency.
Bulk nylon/polyamide values are commonly around 3.5-4 under
dry conditions [44]. ASTM D1777 (the standard framework for
measuring relative permittivity of solid insulating materials)
emphasizes that textile thickness depends strongly on applied
pressure [45].

The proposed device is a capacitive stretch sensor. Its sensing
mechanism is based on changes in the overlap area between two
conductive textile electrodes caused by relative shear displace-
ment during textile deformation. This enables the measurement
of textile deformation associated with human activity. In the
breathing-monitoring application, inhalation expands the thorax
and abdomen, stretching the garment and sensor and producing a
measurable capacitance change. Similarly, elbow or knee flexion
changes the shape of the garment through an eccentric-pivot
mechanism, stretching the sensor and enabling measurement of
joint movement.

5.1.5 | Fabrication

We fabricated six sensors using Design A in three sizes: 1 X 3 cm,
3 x 3 cm, and 5 X 3 cm. For each size, one sensor had rr electrode
pairs, and the other had rt electrode pairs. For Design B, we built
two sensors, both 3 X 3 cm; one with rr electrode pairs and one
with a rt electrode pairs.

Here, we share our two implementations. For ease of replica-
tion, we used commercial materials selected for their techni-
cal properties. The sensors are constructed using a standard
(Pfaff) sewing machine with a straight and zigzag stitch, a
miniature (Prym) steam iron, basic sewing and electronics
tools, and a soldering iron. The reader can refer to Note S3
for more information on general considerations for designing
e-Textiles.

5.1.5.1 | Design A. The first sensor is constructed with mate-
rials selected to optimize the stretch, non-stretch, and conductive
fabric elements of the design. The woven non-stretch material
(coutil) was chosen for its dense, flat weave, and stable property
of minimal deformation. Coutil has a fine herringbone weave
that holds its shape under pressure and strain. The stretch fabric
(Eurojersey Plus [46]) is a light, flat tricot warp knit with Lycra.
This proprietary technical weave is designed for extended stretch,
recovery, and shape retention. We added 10% reduction in length

to the Eurojersey fabric straps to create a base tension to stabilize
the material.

The electrodes were made with silver-plated knit fabric (Tech-
niktex P130b [47]). The fabric was chosen for its density and
thickness, allowing us to bond both sides while retaining softness
as well as electrical properties. This knit fabric was selected in
preference to a thinner, more stable woven or non-woven fabric,
such as nylon ripstop, which can become “papery” and stiff when
bonded into a composite material.

The conductive electrodes are bonded to the strap with a layer of
thermal adhesive stretch film. A layer of Powernet spacer fabric
is then bonded on top, preventing the conductive panels from
making contact (Figure S22). The thermal adhesive stretch film
(Bemis Sewfree [48]) has a high recovery cycle, does not suffer
delamination, and also protects the conductive material from
degradation due to humidity and friction [49].

Sewfree is a double-sided heat-activated stretch polymer film,
engineered in different formulas and thicknesses, and selected
relative to both the textile to which it will be applied and the
required functionality (e.g., high bond strength or high elasticity).
It is activated when heat and pressure are applied, fusing equally
into two layers of textile to form a single hybrid material. When
the correct film is selected, it allows for the layering of materials
with minimal compromise of a textile’s original characteristics,
such as softness.

The conductive electrode fabric is first bonded by “tacking” it to
the double-sided adhesive film in a sheet, and the electrodes are
then precisely cut with raw edges. The adhesive backing is peeled
and the electrodes are bonded to the coutil. Due to being bonded
to the non-stretch coutil, the electrodes are not subject to stretch
or deformation. The Sewfree provides stabilization by stopping
the knit electrode material from fraying, removing the subtle
deformation and inconsistencies caused by stitching, and, most
importantly, retaining the soft textile characteristics of the sensor.

The spacer fabric is then applied over the conductive fabric
electrodes to ensure insulation and to protect the electrodes from
degradation/oxidation caused by sweat or ambient moisture. We
use Powernet, a technical mesh textile with a three-dimensional
knit, bonded with Sewfree and therefore sealed.

Electrodes are connected by silicon wires. The wires have a small,
flat loop soldered at one end, which is secured to the electrode
during the bonding of the layers (Figure S22). The wires are
passed through a slit in the non-stretch material at the edge of the
electrode and into the strap to sit inside the tubular structure. The
other end is free to connect to a data collection system or other
electronics. To avoid strain, the soft silicone wires always pass
through the non-stretch coutil strap, becoming imperceptible
within the textile. The electrode, wire loop, and slit where it passes
through the strap are secured by the bonding of the spacer layer,
which is 2 mm larger than the electrode to ensure isolation. The
wires have a female header pin at the opposite end to connect to
the testing rig.

5.1.5.2 | Design B. A second set of sensors was designed
using a different method. This sensor was designed to explore two
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fabrication questions: (1) Can the response behavior be improved
by a less compliant electrode and a thinner, less structured
insulator? and (2) Can the stretch-band design be replaced
by a material more widely available and easier for novices to
work with?

For the elastic strap, the stretch fabric Eurojersey is replaced
with MYUREN 3-inch knit elastic made of 70% elastic and 30%
natural latex rubber, to test the effects of a method friendlier
to novice makers by minimizing construction. For the conduc-
tive electrodes, the Techniktex P130b [47] was replaced with
Bremen Metalized Silver Ripstop. Because the Ripstop is a thin
weave, it cannot be compressed to the same extent as the knit
TechnikTex. The two electrodes are insulated from one another
using a single sheet of light Polyamide. As the Polyamide is
thinner and lighter than the Powermesh used for Design A, we
expect the entire composite to be less affected by normal force
when stretched over the body. Due to the smooth surface of
the Polyamide, we also expect it to lead to a smoother sensor
response.

5.1.5.3 | Electronics. All sensors were connected to a 28-
bit capacitance-to-digital converter evaluation board (FDC2214
EVM, Texas Instruments Inc.). The FDC was connected to a
Teensy 3.6 MCU using I>C to acquire and store capacitance data
on a micro SD card. Capacitance was sampled at 100 Hz.

5.2 | Evaluation

To investigate our design and implementations, we conducted
a set of evaluations of the sensor, looking at a broad range of
factors. In this section, we first discuss the parameters that we
are investigating. Then, we introduce our experimental apparatus
and finally, we discuss the in vitro and in vivo experiments that
we conducted.

5.2.1 | Parameters of Interest

For all sensors, we measured four parameters: (1) Capacitive
response to elongation, (2) Cycle life behavior, (3) Capacitance
response together with sensor displacements for validation, and
(4) Signal-to-noise ratio (SNR). We use this data to better under-
stand several design considerations, including the effect of plate
size and shape, as well as spacer design and the effect of strap
material on the sensor performance.

5.2.1.1 | Size of Sensor Plates. As shown in Equation 2, the
size of the plates directly affects the overlapping area (A) and,
hence, the magnitude of the capacitance. The scale of the sensor
also influences the material properties of the sensor, as outlined
in our design rationale. To assess how these effects influence the
signal output, we compare three sensor sizes: 1 X 3 cm, 3 X 3 cm,
5% 3cm.

5.2.1.2 | Shape of Sensor Plates. When the two plates of the
capacitive sensor move in the tangential (longitudinal) direction,
¢, and d remain constant, while only the overlapping area varies.
Assuming both parallel plates are rectangular, with dimensions
W (width) and L (length), the overlapping area for the rr sensor

becomes a function of displacement (x) as (see Figure S23a):
A (x)=W(L-x) (3)

Substituting Equation (3) in Equation (2) yields a linear relation-
ship between capacitance and displacement as:

W(L - x)

- @

C =¢4e,
In practical applications, these capacitive sensors are often placed
on a human body, which has a curved shape. As the sensor is
stretched, the tension creates pressure between the sensor and the
body and will cause a reduction in distance d, which might lead
to a nonlinear output. To overcome this nonlinearity, we propose
using one rectangular and one triangular plate. Assuming the
rectangular plate’s length and width are equal, the overlapping
area becomes (see the schematic illustration in Figure S23b and
the derivation of the overlap area equation in Note S4):

w

A= 7 (L—x) ®)
This expression shows that the rt geometry produces a nonlinear,
sub-exponential decrease in overlap area with longitudinal dis-
placement, in contrast to the linear decrease expected for the rr
geometry. To compare the model prediction with the measured
rt sensor responses, we calculated the predicted capacitance
from the overlap area model over the experimentally tested
displacement range.

5.2.1.3 | Spacer Design. We investigated two different elec-
trode designs. Design A uses a knit conductor (TechnikTex) and
a double layer of structured mesh (PowerNet) as the insulator.
Design B uses a thin woven conductor (Bremen) and a single
thin polyamide sheet for insulation. To understand the effect
of these material choices, we will compare the output curve of
both designs.

5.2.1.4 | Strap Material. We also look at two different strap
designs. Design A uses the release behavior of a technical Euro-
jersey knit, while Design B relies on a Myuren elastic strap. We
will observe the impact of this design choice through the cycle
life measurements.

5.2.2 | Evaluation Apparatus

We used a custom measurement setup designed to provide a
linear motion in the tangential direction (see Figure 2b). The
major components of the setup include a NEMA23 stepper
motor (103H7123-5040, SANYO DENKI Inc.), a ball screw nut
(R16-05T3-FSIDIN, HIWIN Technologies Inc.), a rolled shaft
(R16-05-3000-3000-0,052-FSI, HIWIN Technologies Inc.), two
linear hollow shafts (HW-10, HIWIN Technologies Inc.), and two
aluminum housings including linear ball bushings (SC-20-UU,
HIWIN Technologies Inc.). The ball screw shaft was fixed on
the setup using two deep groove ball bearings (6200-2RSL, SKF
Inc.). The rolled shaft of the stepper motor was connected to the
rolled shaft using a spider coupling. A curved block was designed
and fabricated from ABS (Acrylonitrile Butadiene Styrene) using
a 3D printer (UltiMaker S5, Ultimaker B.V.). The sensors were
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placed on the block and fixed to a stationary fixture from one
side and to the ball screw from the other side using another
fixture. The stepper motor was operated with 1/16 microstepping
and controlled using a stepper motor driver (A4988, Allegro
MicroSystems Inc.) and Teensy 3.6 development board.

5.2.3 | Procedure

5.2.3.1 | InVitro Experiment1:Stretch Response. We per-
formed In Vitro 1 to obtain a better understanding of the response
of the sensors to the amount of stretch. In this experiment, we
measured the differential capacitances between the two plates
of the sensor for a defined amount of stretch. The sensors were
placed on the block in a way that the plates of the sensors were
parallel to each other. Then, they were fastened from two sides
using the fixtures. The linear velocity of the motor was set at 3
mm/s, and the displacement between the plates of the sensor was
limited to 15 mm. The experiment was performed for 20 cycles for
every sensor.

The mean capacitance-displacement response of each sensor
variant was analyzed separately for the stretch and release phases.
For each phase, capacitance was fitted as a linear function of
displacement using

C(x) = By + fix,

where C is capacitance and x is displacement. Linearity was
quantified using the coefficient of determination, R?.

5.2.3.2 | InVitro Experiment 2: Signal to Noise Ratio. To
understand the level of the capacitance output of the sensors
relative to the level of the background noise, we performed
In Vitro 2. In this experiment, we measure the efficacy of
sensors by assessing the ratio of their signal power to the noise
caused by both the measurement setup and the surrounding
environment. In Vitro 2 was performed after In Vitro 1 without
unmounting the sensors from the setup. We selected the discrete
SNR measurement procedure with 30 discrete stretch points (15
for stretch and 15 for release). The displacement was set to 1 mm
in every step and the capacitance values were acquired 20 times
per step. Then, the SNR was calculated as:

SNR =20 loglo(Msignal/SDsignal) (6)

where, M and SD represent the mean and standard deviation of
the signal, respectively.

In this experiment, the velocity of the stepper motor was set to
5 mm/s and the experiments were performed in one cycle for
every sensor.

5.2.3.3 | In Vitro Experiment 3: Cycle Life. In Vitro 3 was
performed to provide an understanding of the performance of the
fabricated sensors over a long period of time. The experiment was
performed with all the sensors of Design A and Design B. The
experiment followed a similar protocol to In Vitro 1, albeit with
the sensors subjected to 1000 cycles of stretch and release. In this
experiment, the motor’s linear velocity was set to 6 mm/s.

5234 | In Vitro Experiment 4: Validation Tests. We
conducted a set of measurements to validate the capacitance
responses and assess the accuracy of the sensors. In addition to
recording capacitance measurements, multiple infrared reflective
markers were attached to the sensor electrode, and its motion was
captured using a high-resolution motion tracking system (Arqus
A5, Qualisys Inc.) operating at a 100 Hz sampling frequency. The
experimental procedure followed that of In Vitro 1, except that the
sensors underwent 100 cycles of stretching and releasing. During
the test, the motor’s linear velocity was set to 6 mm/s.

5.2.3.5 | In Vivo Experiments. We performed a set of in
vivo experiments to evaluate the functionality of our sensors
when subject to a human body. We selected one -3 X 3-A sensor
and performed three types of in vivo measurements. In total,
seven participants took part in the study (4 male, 3 female).
Participant demographics are given in Table S3. All participants
underwent a training session and signed a consent form before
the experiments.

These in vivo evaluations were designed to investigate three
aspects of wearable performance: (i) repeatability of the sensor
response under controlled placement conditions, (ii) repro-
ducibility across different participants and body locations, and
(iii) operational stability during extended duration record-
ings. Such multi-participant wearable evaluations are important
because wearable strain and respiration sensors are known to
be affected by body morphology, posture, placement location,
garment tension, and motion conditions [50, 51].

For In Vivo 1, we selected one female participant (P1) and
performed two measurements. First, we fixed the participant’s
arm on the setup and kept the sensor on her arm. While the
participant’s arm was stationary, we operated the setup with
the procedure explained in Section 5.2.3 and measured the
capacitance value. To compare the sensor recordings in vivo
and in vitro, we also measured the sensor’s capacitance when
placed on the ridge of the setup. Second, we considered two
different strap sizes for the sensor. We placed the sensors on
the participant’s lower thorax and asked her to breathe at 7
continuous 10-s intervals. The intervals were exhale hold, normal
breath, inhale hold, deep breath, exhale hold, normal breath, and
exhale hold.

For In Vivo 2, we selected five participants (P2-P6) and performed
five types of measurements. First, the sensor was positioned on
the participants’ lower thorax to measure capacitance changes
over three minutes during office work and lying rest (see
Figure S17). Second, the sensor was secured to the participants’
elbow using an arm sleeve. They performed three sets of 10
standard exercises, with short rest intervals between sets (see
Figure S18). Third, the sensor was fixed to the participants’ knees
with a knee sleeve (see Figure S19) to monitor motion during
walking and jogging for three minutes in a circular track.

For In Vivo 3, one participant (P7) was selected to perform
extended recordings of the measurements in In Vivo 2. Each
activity of office work, lying rest, and walking was conducted
continuously for 10 min, and the jogging activity was performed
for five minutes. The walking and jogging recordings were
performed on a treadmill. The purpose of this experiment was to
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evaluate the in vivo long-term operational stability and sustained
performance of the sensor over an extended duration.
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