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Abstract: The integration of strand-based pressure sensors directly into woven textiles is a
promising strategy to maintain textile properties, such as the flexibility, and to functionalize fabrics.
The development of capacitive sensing elements is often based on the construction of laminates,
which adversely affect the flexibility and thickness of textiles. In this paper, we present two
alternative approaches by manufacturing cylindrical, pressure-sensitive, variable capacitors and
twisted strand-based capacitive sensors. They lead to an easy integration method, where sensors
can either be embedded or used to construct the body of textiles. In the cause of these studies,
SBR/gelatin has been found to be a very useful pressure sensitive insulation system for the
production of low cost capacitive sensors.
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1. Introduction

As the interest in wearable computers increases, there is also a growing demand for new cost-
effective, functional designs and new methods for the combination of electronic components with
suitable carrier systems [1]. The integration into textiles such as garments represents a smart and
functional method for the construction of body-worn health monitoring and surveillance systems [2].
The integration of sensors in clothing has several advantages over the use of conventional monitoring
systems. Once dressed, the embedded sensors are automatically located at the right part of the body
and there is no need for end-user adjustment. Smart textiles are a very comfortable solution for the
end user. Such systems can be used in many applications such as sports [3], personal health care or
motion detection [4].

The high flexibility and elasticity of textiles represent the most challenging properties for the
construction and integration of electronic parts and sensors. Textiles usually do not provide optimal
measurement conditions, since material-related stretching and compression of individual areas may
affect the results. These limitations and requirements of the measuring system make it necessary to
reconsider old concepts for sensor design and to develop new ones. This work presents a new
strategy in the development of capacitive pressure sensors and their inconspicuous integration into
the body of textiles. Multiple approaches were investigated, using different design concepts and
materials.

Previous Designs

Methods for the development and integration of sensors for measuring pressures in textiles are
numerous, but most do not meet the requirements for textile systems such as garments. The decision
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to use a particular measuring system also depends on the required accuracy of the sensor and the
complexity of production and integration. For these reasons, mainly capacitive sensors are used.
These are usually mounted on textiles as layer-based systems. Meyer et al. [5] presented a layer-based
system made of textile materials such as conductive yarns. Due to the low thickness of textiles, such
sensor systems are not suitable for the use in clothing textiles. Lee et al. [6] presented another
approach for a pressure sensor array by creating a grid of multiple electrically conductive and
isolated strands made of SBS/AgNP coated Kevlar fibers insulated with PDMS. A high stiffness of
the conductive fiber strands ensures a good measuring accuracy, but also limits the applicability in
textile products. Another pressure sensor array made of PEDOT:PSS and Cytop™ coated nylon fibers,
presented by Takamatsu S. et al. [7], meets the requirements for elasticity and flexibility, but does not
represent a low-cost solution. In contrast, low cost solutions are often based on resistive sensors that
mostly lack in accuracy as they show cross-sensitivities to strain, temperature, humidity and other
parameters.

2. Sensor Designs and Methods

The design of sensor elements is crucial for both general applicability and intended use in
textiles. Textiles are often considered as two-dimensional surfaces due to their low thickness of about
one millimeter. Since many sensor designs are not compatible with the given structures, sensors are
often mounted on top of textiles as previously described. As a result, the flexibility and elasticity of
fabrics is generally negatively affected. If the sensor elements form the body of the textile, the
flexibility and elasticity can be maintained. In textiles, warp and weft threads enable the integration
of strand-based sensors, each replacing one thread. The structure can also be utilized for the
formation of sensor arrays.

Our development of single-strand based sensors focuses on the design process of easy-to-
manufacture sensor geometries, including material development and electrical engineering. The aim
of such easy-to-manufacture sensors should be that they can readily be integrated into fabrics during
the manufacturing process. For this reason, only concepts are considered in which the function of
sensors is independent of their insertion direction. For example, sensors based on plate capacitors
show a dependence on the load direction due to the orientation of the opposing surfaces. Therefore,
only concepts of twisted and coaxial single-strand based sensors can be described as suitable for this
purpose, as presented in Figure 1.
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Figure 1. Schemes of suitable strand-based sensors for the use in the body of textiles (a) twisted
electrode arrangement, (b) coaxial electrode arrangement.

Three different approaches were investigated. First, a twisted electrode arrangement consisting
of two carbon nanotubes containing strands (T-CNT) is presented. Each electrode strand is made of
a cotton thread that is dip coated in a solution containing carbon nanotubes (CNT), carbon black
particles (CB) and a Binder. Subsequently the electrodes are additionally equipped with a pressure-
sensitive three-layer insulation system. This system consists of a gelatin layer in the middle, which is
covered/coated on both sides by a layer of styrene-butadiene rubber (SBR). The gelatin layer was
prepared by immersing gelatin in water and heating at 100 °C for several minutes. Thus, the gelatin
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layer contains water and serves as a suitable dielectric. The permittivity and pressure sensitivity can
be regulated during the preparation time of the gelatin.

Second, a coaxial sensor system based on the use of copper electrode layers (C-CuL) was made.
The system consists of a copper-coated cotton thread additionally coated with a pressure sensitive
layer formed by a silicone printing paste, another conductive copper layer and a protective layer. The
electrodes were prepared by electroless copper deposition as described in reference [8].

Third, another coaxial sensor system based on the use of carbon nanotube electrode-layers (C-
CNT) is presented. The system consists of six layers surrounding a cotton thread: a-first conductive
layer, a three-layer pressure-sensitive insulation system made of SBR and gelatin, another conductive
CNT layer and finally a protective layer. In the case of coaxial prototypes, polydimethylsiloxane was
used to form the protective layers.

The capacitance measurement is performed with a Keysight U1733C handheld LCR-meter and
a Biologic VSP potentiostat. The optical examination of the sensor elements is carried out using a
Keyence laser microscope from the VK-X series.

3. Results and Discussion

The measured capacitances of the sensor elements differ by the type of electrode arrangement,
electrode length, measuring frequency and materials used. A measurement frequency of 100 kHz and
an electrode length of 4.0 cm was used in all measurements, and the results are shown in Table 1.

Table 1. Structure and average capacity values of different sensor element types with a length of 4
cm. The results shown refer to a measuring frequency of 100 kHz.

Capacitance Diameter of the
Design Uncompressed Compressed Sensor Elements
(0 N/cm?) (10 N/cm?) (Uncompressed)

T-CNT (twisted) 1.5(x<<0.1)pF 2.0(x<<0.1)pF 0.8 (£0.1) mm
C-CulL (coaxial) 2.6 (x0.1) pF 3.9(x0.1) pF 0.5 (= 0.2) mm
C-CNT (coaxial) 3.0 (+0.1) pF 4.8 (+0.1) pF 0.7 (£ 0.1) mm

Both the coaxial and twisted electrode arrangements show good sensitivity to moderate pressure
changes of up to 10 N/cm?. For twisted electrode arrangements, the parameter of twists per meter
(TPM) predominantly determines the statistical error of the measurement. In the case of T-CNT, the
electrode-strands are twisted with at least 300 turns per meter. At contact areas of at least one square
centimeter, this leads to relatively small standard deviations. In addition, there is no displacement of
the insulator material in case of pressure overload. Similar results can be observed for prototypes of
the coaxial sensor element type C-CNT.

For the sensor elements C-CNT and T-CNT, different pressure ranges can be set by the heating
time of the gelatin for the pressure sensitive layer of the system. A change in the thermal energy also
leads to a change in the water content and thus the permittivity changes. Heating for three minutes
at ca. 100 °C is a compromise between processing conditions, stability of the material, pressure
sensitivity and reproducibility of the results. In contrast, C-CuL sensor elements were based on the
use of silicone printing pastes. Thus, the material predefines the compressibility and the coverable
measuring range. When using the silicone printing pastes, a plastic deformation of the insulator is
observed under pressure overload. Due to the plastic deformation of the insulator, the copper layers
are deformed, which reduces the measurable capacity. To avoid errors, it will be necessary to load
the respective sensor element with the maximum expected force during calibration. If the force
applied during calibration is not exceeded in subsequent measurements, only minor deviations will
occur. If the load is significantly exceeded, a fresh calibration of the C-CuL sensor elements will be
required. The described prototypes exhibit satisfactory pressure sensing functionality and have the
proper dimensions and flexibility to be integrated in textile bodies. An example of integration into
bandages is shown in Figure 2.
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Figure 2. Capacitive sensor elements made by the use of CNT and gelatin/SBR-Insulation show (a) a
suitable size for the integration into textiles and (b) a good signal change under pressure load.

4. Conclusion

Based on these approaches it can be shown that twisted and coaxial sensor elements are suitable
for the integration in textiles and for the use as capacitive pressure sensors. Furthermore, the
combination of gelatin with SBR as insulation layer allows the construction of high permittivity
flexible insulators. In this context, electroless copper deposition may be used as a low cost method of
producing electrode layers. However, the brittleness of the electrode material poses a problem in
highly flexible and elastic systems, and therefore materials such as CNT or conductive polymers may
be used instead to form flexiblelayers.
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