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ABSTRACT All-textile capacitive sensor arrays made of a polyurethane foam, fabric and electrically-
conducting yarn were fabricated for a ‘smart chair’. Polyurethane foam slab that functioned as a dielectric
medium was encased between two pieces of commercially available fabric. The electrically-conducting yarn
was used to embroider the capacitor electrodes on both fabric pieces. The completed sensor arrays were
investigated under normal compressive load with the targeted pressure range of 2 to 30 kPa for the chair
seat and 2 to 8 kPa for the backrest. The sensor capacitance versus normal compressive load exhibited a
load/unload hysteresis for all sensor arrays. The hysteresis was modelled with sigmoid function and much
narrower hysteresis was observedwhen all sensors were loaded simultaneously, as opposed to their individual
loading, allowing development of a phenomenological model for the former. Among the studied sensor
arrays, the array with dimensions of 30 cm × 30 cm made of a 10-mm-thick polyurethane foam with
density of ∼18.6 kg/m3 was the most suitable for the following reasons: (a) unloaded sensor capacitance
was ∼2.7 pF, (b) the sensor location did not affect its response, (c) ∼10 kg load applied across individual
sensor raised its capacitance by ∼12 pF, and (d) 60 kg load applied uniformly across the whole sensor
array increased the capacitance by ∼5 pF. During the compression of the individual sensors the top fabric
affected the sensor’s electro-mechanical response and elastic fabric would be favored for applications with
non-uniform pressure distribution.

INDEX TERMS Capacitive sensors, polymer foams, sensor arrays, smart devices, textiles.

I. INTRODUCTION
The mass-penetration of computers and smart devices in
workplaces and homes has caused a gradual shift from active
to sedentary lifestyles. Much time is spent sitting while
working/learning, commuting, or lounging and reduction in
physical activities is becoming the norm. Studies of the
recent Covid-19 pandemic have shown a significant growth
in sedentary lifestyles, particularly among teens and young
adults, caused by the lockdown restrictions [1]. Poor sit-
ting habits are on the rise, causing musculoskeletal disor-
der (MSD) accompanied bymuscular and joint pain [2].MSD
is accountable for most of the work-related health problems
often resulting in two-to-six week leave of absence [3] and
costing billions in annual compensation [4]. In 2013/2014,
the UK reported 8.3 million days of lost work averaging
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∼15 days for each case of MSD; Germany reported 95 mil-
lion days, and 34% of all lost workdays were due to MSD in
USA [4].

Various approaches were proposed for reducing the risk of
MSD through detection of poor sitting postures or real-time
intelligent monitoring of sedentary behaviors, including
vision camera tracking real-time postures [5], [6] and wear-
able inertia sensors (accelerometers) attached to the body or
spine [7], [8]. But perhaps the most popular solutions use
smart textile sensors integrated into garments [9]–[12] and
‘smart’ or ‘intelligent’ chairs or seat platforms embedded
with commercial flexible sensors [13]. However, to datemuch
of the research has focused on machine learning algorithms
and internet of things (IoT) solutions and less on the electro-
mechanical aspects of the sensor cushion.

Among various solutions proposed to date, the integration
of novel textile sensors in an all-textile smart chair would
be the most desirable for the following reasons: (a) tex-
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tile sensors are inherently compatible with the current chair
designs, (b) the placement of the sensors into the chair and
not on the user does not invade the user’s comfort, and (c) the
continuous filming of the user is avoided. We present such
an approach based on novel capacitive sensor arrays that use
polyurethane foam slabs and commercial fabrics embroidered
with electrically-conductive yarns. The advantage of this sen-
sor design is that with the exception of the conductive yarn the
remaining materials are typical for the upholstered chairs.

The pressure distribution inflicted by the sitting person
compresses the foam that acts as a dielectric medium in
the textile capacitor. Polyurethane foams have other bene-
fits, i.e. they have been extensively studied under tension
and compression [14], [15] and their mechanical models
exist [16]. In addition, polyurethane foams are lightweight,
breathable, portable, washable, easily embeddable into any
textile platform, and commonly used in soft furnishing.
Electrically-conductive yarn is used to embroider the elec-
trode areas on suitable fabrics. It is worth noting that the
traditional design of the chair can remain essentially unal-
tered and the sensor cushion is simply integrated into the seat
and backrest padding. However, understanding of the electro-
mechanical response of the all-textile capacitive sensor arrays
is needed.

II. EXPERIMENTAL DETAILS
Nine capacitive all-textile sensors arranged in 3 × 3 square
pattern (Fig. 1(a)) were investigated for the seat and backrest
of a ‘smart chair’. The fabrication of the capacitive sensors
can be split into three main stages: (i) embroidery design
of the sensor electrodes in Wilcom Deco Studio software,
(ii) embroidery of the top and bottom electrode arrays using
Barudan embroidery machine and electrically-conductive
yarns, and (iii) the sensor array assembly. A gabardine fabric1

with thickness of 0.4 mm was selected for the embroidery of
the electrode arrays. A 4 mm × 4 mm star pattern (Fig. 1(c))
was chosen to cover the 40 mm × 40 mm electrode area
(Fig. 1(b)) of each capacitive sensor. The star pattern was
selected as a compromise between the area coverage and the
drapability of the completed electrodes. The gap between
the neighboring electrodes was 40 mm in both directions,
i.e. the electrodes were arranged on an 80-mm square grid.
An electrically-conductive yarn 3ltex2 with resistance of
140 �/m was used to sew the electrodes. The resistance
of the embroidered electrodes, measured side to side, was
∼0.5 �. The implementation of the star pattern when com-
pared to a ‘solid’ metal electrode made of Al foil led to
∼15% reduction in the sensor capacitance. The sensors were
connected vertically in the top electrode fabric (Fig. 1(a)) and

1Gabardine is a tightly woven fabric made with a twill weave. It is a
relatively strong and firm cloth. Several varieties exist, the one used here
is 100% polyester.

23ltex is woven from electrically-conductive fibers with antioxidant treat-
ment. The treatment protects the electrically-conductive surface coating of
the individual fibers, making the fibers and the whole yarn durable. 3ltex
was selected from a variety of yarns and supplied by the Research Institute
of Textile Chemistry CHEMITEX, Žilina, Slovakia.

FIGURE 1. Top view of the ∼30 cm × ∼30 cm × 1 cm sensor array (Type
1 polyurethane foam) with 3 × 3 textile electrodes on top (visible,
connected vertically) and bottom (hidden, connected horizontally) (a); top
view of a 4 cm × 4 cm textile electrode made of 10 × 10 star patterns (b);
a single star pattern embroidered using electrically-conducting yarn (c);
parallel conducting lines connecting individual textile capacitors (d);
micro-structure of polyurethane foam Type 1 (e) and Type 2 (f); sensor
array of (a) loaded with 15 kg (g), and block diagram of the simultaneous
measurement of the whole sensor array (h). The dashed rectangle in
(a) shows the size of the Type 2 sensor array. Corner, Side and Middle
denote the position of the individual sensors within the sensor array.

horizontally in the bottom one. The fully-automated sewing
of each electrode array included nine electrodes, ‘wiring’
between the electrodes (Fig. 1(d)), and pads for attaching the
press fasteners to enable the connection of the measurement
equipment to the rows and columns of the sensor array. The
press fasteners can be seen in Fig. 1(a).

To complete the capacitive sensor array the fabric with
bottom electrodes, polyurethane foam slab of a certain thick-
ness, and the fabric with the top electrodes were aligned and
assembled into a single unit. The process involved placing
a hot-melt adhesive film between the individual layers and
applying temperature of 120 ◦C for 15 s in a heat press.
Two types of polyurethane foams were used and are referred
to as Type 1 (Fig. 1(e)) and Type 2 (Fig. 1(f)). Type 1 and
Type 2 had density of 18.63± 0.13 and 27.90± 0.29 kg/m3,
respectively. For Type 1 thicknesses of 10 mm and ∼38 mm
were selected, whereas Type 2 was either∼13 mm or 38 mm
thick, leading to 4 different sensor arrays. In addition, the
completed Type 1 sensor arrays were square with horizontal
dimensions of ∼30 cm × ∼30 cm (Fig. 1(a)), whereas
the completed Type 2 sensor arrays were rectangular with
horizontal dimensions of ∼22 cm × ∼30 cm (blue dashed
rectangle in Fig. 1(a)). Consequently, the sensors within
Type 1 sensor array were distanced from the edges, while
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some sensors in Type 2 array were close to an edge. Fig. 1(a)
also denotes the naming of the individual sensors within the
sensor arrays as Corner, Side and Middle.

Two types of compressive loading experiments were per-
formed. During the first one, the sensors were loaded indi-
vidually and their capacitance was measured between the
corresponding row and column lines using Agilent B1500A
parameter analyzer equipped with a capacitance module.
A thick, circular glass disk with a diameter of 6.2 mm was
placed on the top electrode of a particular sensor and the load
was applied in the normal direction. The sensor depression
was measured with a precision micrometric screw. Loads
of up to ∼18 kg were used, allowing compressive strain
from 0 to ∼80%.
The second loading experiment involved the simultane-

ous measurement of the dynamic change in capacitance
of the whole sensor array, with all sensors loaded uni-
formly (see Fig. 1(g)). A 24-bit, 1-channel, high-resolution
capacitance-to-digital converter (AD7745) was used for the
measurement of the sensor capacitance. Input range of
AD7745 is ∼8.2 pF, while it can accept up to 17 pF of
common-mode capacitance, set up by the programmable
on-chip registers. The block scheme of the whole system
is depicted in Fig. 1(h). Arduino NANO was used for the
communication between AD7745 and a personal computer.
Since the chip has only one channel, an auxiliary circuit,
allowing themeasurement of multiple sensors, was used. This
circuit was composed of two multiplexors; the first one for
routing the excitation signal and the second one for routing
the measured signal. During the measurement the columns
were sequentially excited and the row capacitances were
measured, allowing a separate measurement of each sensor.
A comparable system is presented in [17]. Since the sampling
rate of AD7745 was 90.9 Hz, the capacitance of each sen-
sor was measured approximately 10 times per second. The
firmware for ATMEGA328Pwas created in Atmel Studio and
MATLAB R© was used to store and graph the data on the PC.

III. EXPERIMENTAL RESULTS
Fig. 2 summarizes the measurements obtained on the
two thinner fabric sensor arrays containing polyurethane
foam of Type 1 (Fig. 2(a), 2(b), 2(c), 2(d)) and Type 2
(Fig. 2(e), 2(f), 2(g), 2(h)). Each sensor was loaded individ-
ually and its response with respect to its position within the
sensor array was monitored. Fig. 2(a) and 2(e) show the
sensor thickness as a function of the compressive load for
Middle, Side, and Corner sensors, while Fig. 2(b) and 2(f)
depict the sensor capacitance as a function of the load. The
conversion of the load (in kg) to pressure/stress (in kPa) is also
given. A reduction in the sensor thickness and an increase in
the sensor capacitance were observed with increasing com-
pressive load, for both sensor arrays. The response was non-
linear, i.e. a region of a slow change was followed by a region
of faster change and then followed by another region of a
slower change. For Type 1, the initial sensor capacitance was
∼2.6 pF (unloaded) and the capacitance for the maximum

FIGURE 2. Sensor thickness (a, e) and sensor capacitance (b, f) as
functions of compressive normal load; inverse sensor capacitance versus
sensor thickness (c, g); and stress-strain curves (d, h) for sensors in
different locations of the sensor array, for polyurethane foam Type 1
(a, b, c, d) and Type 2 (e, f, g, h). Both the load (kg) and
pressure/stress (kPa) are shown in (a), (b), (e), and (f).

load of ∼10.5 kg reached ∼15 pF. For Type 2, the initial
sensor capacitance was ∼1.5 pF (unloaded) and the capac-
itance for the maximum load of ∼16.5 kg reached ∼9 pF.
The reduction of the load back to 0 led to an increase in the
sensor thickness and the decrease in the sensor capacitance;
however, hysteresis for the load/unload cycle was observed.

For Type 1, the response is similar regardless of the loca-
tion of the sensor within the array, whereas for Type 2 the
Middle sensor has slightly weaker response when compared
to the Side and Corner sensors. This results from the compet-
ingmechanical forces that exist during the compression of the
individual sensors. Namely, the normal compressive force is
countered by the in-plane tensile forces that develop in the
top fabric around the compressed sensor.

Fig. 2(c) and 2(g) show the reciprocal of the sensor capac-
itance plotted as a function of the sensor thickness. A linear
relationship is observed for both polyurethane foams, lead-
ing to relative permittivity of 2.21 ± 0.12 for Type 1 and
1.63 ± 0.24 for Type 2. Finally, Fig. 2(d) and 2(h) show
the stress-strain hysteresis obtained during the load/unload
cycle. This is anticipated because polyurethane foams exhibit
load/unload hysteresis. While both sensor arrays were sub-
jected to compressive strain of up to ∼80%, Type 2 required
about 50% larger compressive stress to achieve that, when
compared to Type 1. At the same time, Type 2 exhibited
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FIGURE 3. Sensor thickness (a) and sensor capacitance (b) as functions of
compressive normal load; and stress-strain curves (c) for
individually-compressed capacitive sensor in Type 1 and Type 2 sensor
arrays. The conversion between load (kg) and pressure/stress (kPa) is
shown in Figure 2.

smaller change in the sensor capacitance when compared to
Type 1.

Fig. 3 shows a comparison between Type 1 and 2 sen-
sor arrays when ∼38-mm-thick polyurethane foam is used.
Again, a response from an individually compressed capaci-
tive sensor is shown. Fig. 3(a) shows the change in the sensor
thickness as a function of compressive load, Fig. 3(b) shows
the change in the sensor capacitance with load, and Fig. 3(c)
depicts the stress-strain curves. Themaximum load of∼17 kg
leads to the capacitance of 5.6 pF at the sensor thickness of
5.2 mm for Type 1 and the capacitance of 2.1 pF at the sensor
thickness of 8.9 mm for Type 2. That corresponds to stress of
∼54 kPa at the compressive strain of ∼86% for Type 1 and
∼57 kPa at the strain of ∼77% for Type 2. The unloaded
sensor capacitance was ∼0.8 and ∼0.6 pF for Type 1 and
Type 2, respectively.

Next, normal compressive load was applied uniformly to
thewhole sensor array and all 9 sensors weremeasured simul-
taneously. Load/unload hysteresis was measured for loads up
to 30, 40, 50 and 60 kg, leading to the maximum normal
pressure/stress of 3.27, 4.36, 5.45, and 6.54 kPa, respectively.
Fig. 4 depicts the change in capacitance for all 9 sensors
as a function of pressure for the thin Type 1 sensor array.
All sensors have similar response, although small variations
exist that are not correlated with the sensor location. Initially,
there is little change in the sensor capacitance with increasing
pressure of up to ∼2 kPa, followed by a distinctive rise in

FIGURE 4. Change in sensor capacitance as a function of normal
compressive pressure. Simultaneous measurement from all 9 sensors is
shown.

capacitance for higher pressure. The maximum load of 60 kg
led to an overall increase in the sensor capacitance of ∼5 pF.
When the same experiment was performed on the thicker
Type 1 sensor array, the maximum load of 60 kg led to an
overall increase in the sensor capacitance of ∼1.5 pF.
Compared to the individually compressed sensors a

reduced load is required to achieve the same compressive
strain when the whole sensor array is loaded evenly. That is
because the normal compressive load applied uniformly to the
whole array is transformed into compressive strain without a
need to counter in-plane tensile forces developed within the
sensor array, e.g. in the top fabric.

IV. DISCUSSION
The pressure distribution while sitting in an office chair was
shown to depend on the geometry and material properties of
the chair [18]. In addition, the anatomy of the seated buttocks
on polyurethane foam was shown to vary from person to
person depending on the ischial tuberosity’s bone structure,
muscle tissue deformation, and subcutaneous fat around the
glutes, thus affecting the pressure/stress distribution [19].
The pressure peaked in the locations of ischial tuberosities
and decreased gradually in all directions [20]. The pressure
under the ischial tuberosities was 1-3 N/cm2 (10-30 kPa),
followed by 0.8-1.5 N/cm2 (8-15 kPa) in the area around the
tuberosities, and 0.2-0.8 N/cm2 (2-8 kPa) in the remaining
areas of the seated buttock and backrest [21]. Consequently,
the all-textile sensor cushion should be capable of monitoring
pressure/stress from 2 to 30 kPa.

Based on Fig. 2 both types of thinner polyurethane foam
can accommodate the compressive pressure/stress exhibited
by a seated person. For Type 1 the stress between 0 and
30 kPa required compressive strains between 0 and 80%. The
location of the sensor did not play a role and the absolute
change in the sensor capacitance was larger than for Type 2.
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The slightly thicker Type 2 led to a larger range of compres-
sive stress (up to ca 50 kPa), but somewhat reduced change
in the sensor capacitance (ca 35%).

For the thicker polyurethane foams, Type 1 exhibited larger
change in capacitance and larger strain for similar loads.
In addition, having similar unloaded sensor thicknesses,
Type 1 displayed smaller hysteresis, making it more suitable
for practical sensor development. Consequently, the Type 1
sensor arrays seem more suitable for incorporation into the
smart chair.

While the polyurethane foams readily respond to locally
applied compressive loads, polyurethane foams covered with
fabric with high tensile strength behave differently. In our
case the top fabric does not provide the in-plane elasticity
needed to accommodate the mechanical deformation around
the compressed sensor and works against the normal com-
pressive force. Consequently, the same normal compressive
load applied locally led to a slightly larger reduction in the
sensor thickness if the sensor was located near the edge of
the sensor array. However, when the distance of the sensor
from the edge was∼40 mm, the position of the sensor within
the sensor array did not matter and all sensors responded in a
similar manner.

The results were somewhat different when the compressive
load was applied uniformly across the whole sensor array.
In such a case the top fabric is not under tension and its ten-
sile strength does not work against the applied normal load.
Consequently, the capacitors are compressed more easily,
i.e. about half of the compressive pressure/stress is needed to
achieve strain comparable to that of the individually loaded
sensors. However, when a person would sit on the sensor
array embedded in a smart chair, the non-uniform distribution
of the pressure would generate in-plane tensile forces within
the top fabric and the maximum sensed pressure is estimated
to be between∼10 and∼30 kPa for the thinner Type 1 sensor
array. Therefore, the sensor array would be able to measure
the pressure of the leaning back and the ‘softer’ areas of the
seated buttock and it is likely to reach saturation under the
ischial tuberosities.

Next, we compared the hysteresis of the load/unload cycle
of Fig. 2 and 4. To do that, sigmoid functions [22] were
used to model the load/unload hysteresis. Fig. 5(a) shows
the change in capacitance of the uniformly loaded sensor
array based on the thinner Type 1 foam. The points represent
the measured change in the sensor capacitance 1C averaged
across all 9 sensors (refer to Fig. 4), with the corresponding
standard deviations, and the lines are the sigmoid least-square
fits to the data. The load part of the hysteresis is modelled as:

1C =
A1exp [A2 (σ + A3)]

A4 + exp [A5 (σ + A3)]
+ A6 (σ + A3) (1)

where σ is the applied normal compressive stress in kPa,1C
is in pF, and A1, A2, A3, A4, A5, and A6 are constants, namely,
A1 = 2.5061, A2 = 2.2246, A3 = −0.94705, A4 = 25.574,
A5 = 2.1, and A6 = −5.2779× 10−3. The unload part of the
hysteresis depends on ‘the point of return’ and the capacitance

at the return point is denoted as 1CR. While (1) is still used
to model the unload behavior, A1, A2, A3, A4, and A5 are
functions of 1CR, namely

A1 = 1CR

A2 = −1.6629+
11.815
1CR

A3 = −0.0079307 · exp (1.1644 ·1CR)

A4 = 4207.9 · exp (−1.842 ·1CR)

A5 = −1.803+
13.26
1CR

A6 = 0.6 (2)

Four different1CR values corresponding to the maximum
loads of 30, 40, 50, and 60 kg result in four unload curves
that reproduce the sensormeasurements (see Fig. 5(a)).While
the above model is phenomenological, it allows to calculate
the change in sensor capacitance as a function of applied
compressive stress while taking into account the load/unload
hysteresis.

FIGURE 5. Change in sensor capacitance as a function of normal
compressive stress for the concurrent (a) and individual (b) loading of the
sensors. The points represent the measured average capacitance values
and the lines are sigmoid fits based on (1).

Fig. 5(b) shows the change in capacitance versus the nor-
mal compressive stress, for the individually compressed sen-
sors. The points represent the measured change in the sensor
capacitance1C averaged across 3 sensors (refer to Fig. 2(b)),
with the corresponding standard deviations, and the lines are
the sigmoid least-square fits to the data. Equation (1) was
used to fit both the load and unload parts of the hysteresis.
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A comparisons to the uniformly compressed sensor array is
also provided.When the sensors are compressed individually,
the load/unload hysteresis is visibly widened and stretched
in the horizontal direction, result of the rigidity of the top
sensor fabric. This horizontal elongation of the load/unload
hysteresis is manifested by about an order of magnitude lower
values for A2 and A5. Consequently, top fabric with higher
in-plane elasticity would reduce the load/unload hysteresis
and simplify the interpretation of the sensor response.

Finally, local application of normal compressive stress to
the sensor array leads to tensile strain in the top fabric,
especially around the compressed area. This strain can be
reduced by using a thinner polyurethane slab in the sensor
array. Large tension may affect the electrical integrity of the
array and the connections between the sensors are the most
vulnerable.
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