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Abstract: Flexible capacitive pressure sensors have been widely developed to be used in electronic
skin, human movement, real-time health monitoring, and human–machine interactions. This paper
introduces a Flexible Capacitive Pressure Sensor Array (FCPSA) that is designed to reduce costs and
can be integrated into commercial textiles, e.g., insoles. The FCPSA comprises a five-layer sandwich
structure. The bottom layer is a conductive layer, operating both as interference shielding and the
common electrode for the distributed capacitive sensor array, with a polyester double-jersey-knitted
fabric acting as the dielectric material, segmented carbon woven fabrics as the top electrodes in the
array, a polymeric film for electrical and moisture isolation, and a foam placed on the surface to
improve comfort. A system including three CPSs and a data acquisition device is established for
real-time pressure monitoring. In the range of 0–100 kPa, a capacity increase of 35% is observed, the
linearity of which depends on the elastic behavior of the dielectric layer. This sensor array can be
utilized for real-time pressure monitoring.

Keywords: capacitive pressure sensors; insole pressure sensors; textile sensors; conductive fabric

1. Introduction

In recent years, researchers have made significant advancements in developing highly
sensitive, flexible, lightweight, and wearable sensors. These sensors have found extensive
applications in various fields such as electronic skins for robotics, real-time healthcare
monitoring devices, and tactile information systems [1]. Based on the sensing and signal
transducer mechanism, flexible pressure sensors can be categorized into three main types:
capacitance, piezoresistivity, and piezoelectricity [2]. Among all types of sensors, flexi-
ble capacitive pressure sensors (CPSs) have significantly advanced the field of wearable
electronics due to their large fabrication area, high pressure sensitivity, less reactivity to
temperature drift, simple structure, and low power consumption. CPS design with a sand-
wich structure typically involves two parallel, flexible, conductive layers of electrodes and
a dielectric layer. Capacitive sensing functions through the alteration of the gap between
two parallel, flexible, conductive layers of electrodes, the overlapping area, or the dielectric
permittivity. The variation in the separation gap is the most commonly used method for
pressure sensing. The variation in the separation gap between parallel electrodes influences
the capacitance in response to applied pressure. This phenomenon is known as compres-
sion/expansion. The dielectric layer in studies is typically composed of highly flexible
porous, sponge-like, and foam-like materials. These materials are characterized by the
presence of air/bubble gaps, which contribute to their high compressibility and ability to
regain their original thickness after the pressure is released [3]. Min et al. [4] utilized plated
Ni-Cu-Ni metals on a polyester fabric as an electrode layer and combined it with 100%
polyester, woven, fusible interlining to create a flexible capacitive sensor. This sensor was
then employed for the measurement of respiration rates.

Eng. Proc. 2023, 52, 13. https://doi.org/10.3390/engproc2023052013 https://www.mdpi.com/journal/engproc

https://doi.org/10.3390/engproc2023052013
https://doi.org/10.3390/engproc2023052013
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0009-0009-9023-7389
https://doi.org/10.3390/engproc2023052013
https://www.mdpi.com/journal/engproc
https://www.mdpi.com/article/10.3390/engproc2023052013?type=check_update&version=1


Eng. Proc. 2023, 52, 13 2 of 4

The performance of CPSs can be evaluated based on several parameters, including
linearity, stability, the limit of detection, response time, and sensitivity. These parameters
are crucial in determining the suitability of a CPS for various applications [2]. Pruvost
et al. [5] utilized a porous carbon black (CB) with PDMS as the dielectric material for a
CPS. The resulting sensor exhibited exceptional sensitivity without requiring the transistor
amplification of signals. Specifically, the sensitivity was measured to be 35.1 kpa−1 within
the range of 0–0.2 kpa, and 6.6 kpa−1 within the range of 0.2–1.5 kpa. These highly
discernible signals enabled the sensor to accurately measure both diastolic and systolic
peaks of an arterial pulse wave.

In previous research endeavors, it has been observed that the arrangement of upper
and lower electrode layers within CPS devices leads to the formation of parallel capac-
itors [2,6]. While this configuration has proved to be effective, our motivation for this
study lies in exploring an alternative optimized and affordable design for CPSs. Specif-
ically, a modified sensor design with capacitors in a series configuration is fabricated to
improve both performance and versatility. This research introduces a Flexible Capacitive
Pressure Sensor Array (FCPSA) that is designed to reduce costs and can be integrated into
commercial textiles, e.g., insoles.

2. Materials and Methods

The FCPSA is composed of a five-layer sandwich structure, as illustrated in Figure 1.
The top electrodes are segmented carbon woven fabrics; a polyester double-jersey-knitted
fabric acts as the dielectric material, and the bottom conductive layer, which, in our samples,
is aluminum foil, is a common electrode that protects the device from external electromag-
netic interference. Therefore, the bottom layer operates both as interference shielding and
the common electrode for a capacitive sensor array.
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Figure 1. Schematic diagram of flexible capacitive pressure sensor.

A polymeric film is used to cover the top electrode. The purpose of this additional
layer is to provide electrical and moisture isolation, and foam is placed on the surface to
improve user comfort.

The dimensions of the sandwich structure are 3 × 10 cm. The bottom electrode is
made of aluminum foil with dimensions of 3 × 10 cm and a thickness of 50 microns. Three
2.5 × 2.5 cm segments of carbon plain woven fabric with a density of 7 per cm for the warp
and weft are utilized as the top electrodes. These segmented top electrodes are spaced
0.5 cm apart on the 1 mm thick dielectric.

Compression tests of the FCPSA were conducted using a Zwick tensile tester (CRE
test method) with a 0.05 N preload and a 2 mm/min test speed.

The capacitance values of the fabricated sensors (Figure 2) were measured using an
8-channel capacitance meter device with a 0.1 pf accuracy and a 50 Hz sampling rate.
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Figure 2. Fabricated flexible capacitive pressure sensor.

3. Results

The presented sensor structure forms an array of series parallel plate capacitors (a
type of capacitor that has an arrangement of electrodes and insulating dielectric material).
The capacitance value for this structure is calculated by employing equation (1). Each pair
of carbon fiber electrodes and the bottom common electrode can be considered as two
capacitors in a series configuration.

C = Kε0
A
d

(1)

where K is the relative permittivity of the dielectric insulating material, ε0 is the vacuum
permittivity, A is the area between parallel plates, and d is the distance between plates.
Using the series capacitor value formula, the capacitance for each pair of segmented
electrodes with the same structure can be calculated as one capacitor value divided by two.
As illustrated in Figure 3, applying pressure in the range of 0–100 kPa decreases the distance
between plates and increases the capacitance of samples. When low pressure (0–20 kPa) is
applied, changes in capacitance have a steep slope, while at higher pressures, up to 100 kPa,
capacitance increases linearly. This can be addressed both as the non-linear behavior
of fabric when compressed and the inversely proportional capacitance to the dielectric
layer thickness. The results showed that the compression stress–strain behavior of the
sensor array plays a significant role in the overall capacitance of each sensor segment. The
dielectric constant in fabric, a porous dielectric layer, is another parameter that determines
the sensor capacitance. Our results indicated that this parameter can be estimated to be
effectively equal to the air dielectric constant.
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Figure 3. Capacitance—pressure curve for a pair of segments, one as the reference electrode and the
other as the sensor.

Our design for the sensor array consists of a knitted fabric as a dielectric layer, sand-
wiched between two conductive layers. Figure 2 depicts that each pair of segments in the
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segmented conductive layer can be considered as two capacitors connected in series. For
distributed sensor array measurement applications, one segment of the pressure sensor
array can be considered as a reference to calibrate or compare other segments and eliminate
environmental effects.

4. Conclusions

The presented design for the capacitive pressure sensor structure is a promising sensor
array and can be utilized to fabricate low-cost and high-performance pressure sensors. High
sensitivity and steep increases at low pressures, alongside linear responses at high pressures,
make the structure an appropriate candidate for application in electronic textiles, human–
machine interfaces (HMIs), electronic skin, and insole pressure measurement systems.
Compared to state-of-the-art designs, this structure relies only on a single conductive layer
specifically fabricated for this purpose, which simplifies the design and fabrication of
this structure.
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