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Preface to “E-Textiles 2022: The 4th International

Conference on the Challenges, Opportunities,

Innovations and Applications in Electronic Textiles”

The UK’s E-Textiles Network was established in 2018 with the goal of building the electronic

textiles community and acting as a bridge between academia and industry. A key objective of the

Network was to establish an international conference on the topic where the latest research and

developments could be shared and disseminated. E-Textiles 2022 was the 4th edition of the conference

and was held in Nottingham (UK) as a hybrid virtual and in-person event. It included a mix of

invited and accepted speakers from around the world. Accepted papers were peer-reviewed, and

this collection of papers from the conference presents the latest work on a range of electronic textile

applications and technologies. The Editors of the collection were responsible for organizing the

conference with the assistance of the E-Textiles International Conference Committee and the Technical

Programme Committee.

Steve Beeby, Kai Yang, Russel Torah, and Theodore Hughes-Riley

Editors
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Abstract: The 4th International Conference on the Challenges, Opportunities, Innovations and
Applications in Electronic Textiles (E-Textiles 2022) was held in Nottingham (United Kingdom) on
8–10 November 2022.

Keywords: electronics; wearables; smart fabrics; electronic textiles; E-textiles; sensing; healthcare
devices; textile antennas; energy harvesting; printed electronics; knitted E-textiles; functional yarns

1. Introduction

The United Kingdom’s E-Textiles Network was established in 2018 with the goal of
building the electronic textiles community and acting as a bridge between academia and
industry. A key objective of the Network was to establish an international conference on
the topic where the latest research and developments could be shared and disseminated.
The first E-Textiles conference was held in London in 2019, and E-Textiles 2022, the 4th
edition of the conference, was held in Nottingham as a hybrid virtual and in-person event.
It included a mix of invited and accepted speakers from around the world. Accepted papers
were peer-reviewed, and this collection of papers from the conference presents the latest
work on a range of electronic textile applications and technologies.

2. Conference Days

The event was held in Nottingham from the 8th to the 10th of November 2022. The
technical program was organized into six sessions covering the following topics: sensing
and embedded systems, applications and future trends, manufacturing and standards,
reliability and sustainability, design and fashion, and immersive technologies.

The first day of the conference focused on E-textiles in action, where participants
could bring demonstrations to showcase, and finished with a talk on E-textiles research at
Nottingham Trent University.

The next two days consisted of a mixture of in-person and remote presentations, as
well as a panel discussion on “Applications and Future Trends for E-Textiles”, and a poster
session.

There were two keynote talks, the first being on “The Challenges of Bringing Garment
Based E-Textiles to the Mass Consumer Market” by Martin Ashby (Prevayl, UK). The
second keynote talk, “Smart Textiles for Personalized Health Care”, was presented by Dr
Jun Chen (UCLA, USA).

Eng. Proc. 2023, 30, 22. https://doi.org/10.3390/engproc2023030022 https://www.mdpi.com/journal/engproc3
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Fifty-six papers were submitted to the conference, and twenty are published in a
volume of MDPI’s Engineering Proceedings [1].
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Winner: Michelle Farrington (AFFOA, USA) “New Frontiers in Advanced Fibers and
Fabrics”.
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Winner: Xiaona Yang (Donghua University, PRC) “Direct Wet-Spun Single-Walled
Carbon Nanotubes-Based p-n Segmented Filaments toward Wearable Thermoelectric Tex-
tiles”.

3.3. Best Student Poster Award

Winner: Chengning Yao (Imperial College London, UK) “Thermally conductive h-
BN/polymer composites for e-textiles thermal management“.
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Optimization of Heating Performance of the Rib-Knitted
Wearable Heating Pad †

Sandeep Kumar Maurya, Apurba Das and Bipin Kumar *

Department of Textile and Fibre Engineering, Indian Institute of Technology Delhi, New Delhi 110016, India
* Correspondence: bipin.kumar@textile.iitd.ac.in
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Abstract: Textile structures such as knitting, weaving, braiding, and nonwoven can be used to produce
wearable heating pads. Knitted fabric has unique properties such as stretchability, flexibility, and
comfort among these textile structures. However, traditional knitted heating pads are manufactured
by employing a straightforward three-structure design comprised of a plain, rib, and interlock with
yarn that is entirely conductive. The usage of fully conductive materials in industrial applications has
been restricted primarily as a result of their more expensive price tag and higher power requirements.
Herein, we reported a rib (knitting structure)-based wearable heater with localized conductive yarn.
A 14-gauge V-bed knitting machine is used to prepare a localized heating pad with a slight variation
in the loop length. The rib-knitted structure (R1) with the lowest loop length showed a 47.4 ◦C
average surface temperature at 9 Volt DC power source. The laboratory-based prototype of the
heating pad is also designed for alleviation of joint and muscle pain in the affected area of the body.

Keywords: smart textiles; wearable heating pad; knitted structures; heat therapy; conductive textiles

1. Introduction

Nowadays, conductive yarn or fabrics are utilized for smart wearable electronic
textiles. Textile-based wearable heaters have drawn attention to the application of heat
therapy for the reliving of joint and muscle pain. A higher skin temperature increases
the heat circulation and blood flow in a specific area of our body. Heating devices can
be divided into four categories: electrical-, phase change material-, chemical-, and fluid-
based heating [1]. Electrical heating is the most preferred for wearable applications since
it requires less time to reach an equilibrium temperature. Therefore, many researchers
focused on textile-based electrical heating products such as gloves, belts, and pads for heat
therapy applications [2–4]. Equation (1) can be used to calculate the amount of heat that is
produced when an electric current flows through a conductor.

Heat dissipated (H) = I2 × R (1)

where I and R are the current flowing in the conductor and the resistance of the conductor,
respectively.

Recently, textile-based wearable heaters have gained a lot of attention owing to their in-
trinsically flexible, soft, breathable properties and efficient production techniques. Various
techniques for incorporating heating components into woven [5,6], knitted [7,8], nonwo-
ven [9], and embroidered [10] fabrics have been found in the literature. The woven structure
lacks flexibility due to the horizontal and vertical interlacement of yarns, limiting the yarn
mobility in the structure. Heating fabric made up of nonwoven fabric has a limited use
owing to the high electrical resistance of conductive fabric. The knitted-based heating fabric
has a significant advantage over other methods in terms of its flexibility, stretchability, and
comfortability. Liu et al. [11] designed and fabricated the three types of knitted heating

Eng. Proc. 2023, 30, 1. https://doi.org/10.3390/engproc2023030001 https://www.mdpi.com/journal/engproc7
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fabrics (KHFs), plain, rib, and interlock fabric, using silver-plated conductive yarn and
polyester spun yarn. They concluded that the interlock structure was superior to the plain
and rib-knitted structures in terms of the heating performance. The structural elements
of the knitted structure play an important role for optimizing the heating performance.
Kexia sun et al. [12] reported that float and tuck stiches decrease the resistance value of
conductive knitted fabric. Consequently, the surface temperature of the combination of a
float and tuck knitted heating pad was higher than that of the 100% knitted structure.

The literature has given very little justification on the optimization of the heating
performance of the knitted-based heating pad. Herein, we reported a rib (knitting structure)-
based wearable heater with localized conductive yarn. This study investigated the surface
temperature of the heating pad with a slight variation in the loop length in the knitted
structure.

2. Materials and Methods

Low twisted cotton yarn (74 tex) and silver coated nylon yarn (30 tex) were used
to fabricate the heating pad by using a V-bed knitting machine (14 gauge). Cotton yarn
was used as a nonconductive material, while silver coated yarn was used as a conductive
material. The rib-knitted structure was prepared with three courses of localized conductive
yarn after six courses of non-conductive yarn, as shown in Figure 1a–e. Four samples of
heating pads, such as R1, R2, R3, and R4, were prepared with a varying loop length. The
specification of the samples is illustrated in Table 1.

Table 1. Sample specifications.

Sample
Code

Sample
Appearance

Electrical
Resistance

(Ω)

Areal
Density
(g/m2)

Loop Length
(mm)

Courses Per
Inch
(CPI)

Wales Per
Inches
(WPI)

Stich
Density

(loops/inch2)

R1

 

51 ± 2 414 ± 10 4.82 27 33 891

R2

 

63 ± 2 346 ± 10 5.12 22 30 660

R3

 

75 ± 2 330 ± 10 5.81 18 28 504

R4

 

80 ± 2 309 ± 10 6.21 16 26 416

8
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Figure 1. Fabrication of knitted structures (heating pad), (a) V-bed knitting machine, (b) needles
arrangement on V-bed, (c) actual image of the heating pad, (d) computerized design for rib structure,
(e) mimetic view of the samples.

3. Results and Discussion

Analysis of Surface Temperature of Knitted Structures

The average surface temperature of the rib-knitted heating pad was analyzed by a
thermal infrared camera (Fluke ti450 pro) with an under specified voltage source. The DC
source (IT6720-100W) was used to power the heating pad’s active component. The sample
was kept at a distance of 40 cm from the camera, which was fixed on a tripod with 95%
emissivity.

The surface temperature of the fabric was investigated at a 9-volt DC power source at
room temperature. The rib structure (R4) with a loop length of 6.21 mm showed a 31.4 ◦C
average surface temperature. At the same input power source, the heating performance of
the rib structure increased by 51% with a loop length of 4.82 mm, as shown in Figure 2a.
This can be explained by the tightness factor of the knitted structures. The tightness factor
of the knitted fabric is calculated by the following Equation (2) [13].

Tightness f actor (TF) =
√

Tex
l

(2)

where l is the loop length of the rib structure in cm and Tex is the linear density of the yarn.
The fabric sample (R1) with the shorter loop length exhibited a more tightness factor,

i.e., 11.36 (Table 2), resulting in a more compact and less conductive yarn being required
on the active part of the sample. Thus, knitted structures (R1) exhibited a lower electrical
resistance, i.e., 51 Ω, than the other samples. Consequently, the amount of current flowing
through the knitted structures (R1) increases, leading to an increase in the fabric’s surface
temperature. A sample (R1) is utilized to design the heating pad to test the viability of the
knitted structure. The heating pad is applied to the elbow, wrist, and calf regions of the
body part at a 9 V/2.5 A DC power source, as shown in Figure 2b–d.
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Figure 2. (a) Result of the surface temperature of knitted structures at 9 volts and knitted-based
localized heating pad developed in the lab for joint and muscle pain in the (b) wrist, (c) elbow, and
(d) calf areas.

Table 2. Tightness factor of the rib-knitted structures.

Sample Code R1 R2 R3 R4

Tightness factor 11.36 10.69 9.43 8.82

4. Conclusions

The objective of this study was to optimize the surface temperature of the heating pad
by varying the loop length of the knitted structure, a subtle alteration in the structure of
the loop that has a significant impact on the surface temperature of the heating pad. The
sample (R1) with the lowest loop length with a compact structure showed a good heating
performance. The prototype of the heating pad is designed for the alleviation of joint and
muscle pain in the affected area of the body. The study’s findings indicate that the loop
length of the knitted fabric is a critical component in optimizing the surface temperature.
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Abstract: A screen-printed electroluminescent (EL) matrix display on fabric is presented. This work
demonstrates the fabrication of a screen-printed multilayer display with a matrix of 8 × 8 pixels, as
well as the design and construction of integrated drive electronics capable of operating the EL display
and achieving good visibility. Each pixel is 1 mm × 1 mm, which is smaller than in previously reported
literature. The EL matrix was successfully printed and laminated on fabric at this higher resolution,
improving the visual effect and decreasing the overall display size, and reducing the impact on the
flexibility and breathability of the underlying fabric. This proof-of-concept demonstrator EL display
shows the potential for more complex pixel displays for e-textile and printed electronic applications,
such as interactive clothing, and information displays in applications, such as the automotive field,
architecture, and point of sale advertising.

Keywords: electroluminescent devices; e-textiles; screen printing; smart fabrics; flexible electronics

1. Introduction

Printed electroluminescence (EL) materials are widely used for the fabrication of long-
lasting, high-intensity light-emitting devices on flexible substrates [1]. The main benefits
are the ease of fabrication of an EL multilayer structure via screen printing, which has a
higher layer-thickness tolerance compared with equivalent printed OLEDs. In addition, the
polymer inks required for fabrication are more widely available. The previous literature
has successfully implemented an EL display on fabrics to fabricate a watch [2] and a traffic
signal system on a backpack [1]. To achieve improved high-resolution display performance,
the pixel pitch, which is the distance from the centre of a pixel to the centre of the adjacent
pixel, is a critical dimension. A lower pixel pitch results in an image with smoother
edges, finer detail, and smaller dimensions in the flexible display, increasing the comfort of
wearable e-textile applications.

2. Materials and Methods

2.1. Electroluminescent (EL) Lamp Structure

A standard parallel plate capacitor configuration is used to make EL lamps, with a
light-emitting phosphor layer sandwiched between the two electrodes. To allow light to be
emitted, one of the electrodes is transparent. Because the phosphor layer would electrically
break down at high field strengths, a dielectric layer is also placed between the electrodes
to prevent a short circuit. Figure 1 shows the cross-section structure of a complete EL lamp
with the materials used for each layer, which consists of four layers [2]. A bus-bar layer is
added between the phosphor and the translucent conductor (PEDOT) layer for improved
electric field distribution in this design to create an 8 × 8 pixels array.

Eng. Proc. 2023, 30, 2. https://doi.org/10.3390/engproc2023030002 https://www.mdpi.com/journal/engproc13
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Figure 1. Schematic diagram of the cross-section structure of printed EL lamp with inks used from
Smart Fabric Inks Ltd. for each layer, which are labelled in red.

2.2. EL Pixel Arrays Fabrication

The screen-printing method was used to print the flexible EL lamps array with high
printing resolution and low cost compared with the clean room facilities typically required
for OLED production.

2.2.1. Screen Design

The first step of printing EL lamps is manufacturing the screen. In this project, to
test the resolution limitation of screen-printing method, two layouts for the displays were
designed using Tanner L-Edit software. The screen design is shown in Figure 2A, which
has a print area of 10 cm × 10 cm. It consists of seven large pixel arrays (one of which is
labelled with the red shaded area in Figure 2A) and eight combinations of nine small pixel
arrays (one of which is labelled with the blue shaded area in Figure 2A), plus six alignment
patterns to aid registration of the various layers in the printing process. The screen details
(mesh size and emulsion thickness) are given below for each layer.

Figure 2. Screen design, which consists of overall layout (A), larger 8 × 8 pixels arrays, (B) and
smaller 3 × 3 pixels arrays (C).

In the large pixel 8 × 8 array, the size of each pixel is 1000 μm × 1000 μm with a gap
of 500 μm, which is shown in Figure 2B. The linewidth of the connecting tracks is 500 μm,
while the width of the connector pitch is 2540 μm to match the flexible printed circuit (FPC)
connector used for testing.
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The smaller pixel arrays were designed to test the resolution limits of the screen
printing. The size of each pixel in the 3 × 3 pixels arrays is 800 μm × 800 μm, with a gap
of 300 μm (Figure 2C, left part). The sizes of the connecting tracks of nine different arrays
were designed to vary from 100 microns to 400 microns, which is shown in Figure 2C (right
part), to explore the printing resolution limitation of screen-printing method.

2.2.2. Screen Printing Process

The EL lamps array was fabricated using five functional layers as detailed below. The
schematic pictures of the patterns after printing each layer are shown in Figure 3. A 120-34
polyester screen with 5 μm emulsion thickness was used for each screen except for the
busbar, which had 30 μm emulsion to aid the print step across the layers, and the PEDOT
layer, which used a 140-30 mesh, identified as the optimum mesh by the ink manufacturer.

Figure 3. Top views of the EL lamps after the printing of each layer: (A) silver layer, (B) dielectric
layer, (C) phosphor layer, (D) bus-bar layer, (E) PEDOT layer.

The printing process used to produce the EL lamp is:

1. Print silver layer to create the conductive tracks and conductive pads. The paste was
cured in a box oven at 120 ◦C for 10 min;

2. Print dielectric layer to prevent short circuit across the capacitor structure and acts as
a light reflector. The paste was cured at 130 ◦C for 15 min;

3. Print phosphor light-emitting layer. The paste was cured at 130 ◦C for 15 min;
4. Print busbar layer to create conductive tracks and conductive pads. The paste was

cured at 120 ◦C for 15 min;
5. Print PEDOT layer to allow light emission from the phosphor layer. The paste was

cured at 130 ◦C for 15 min.

3. Results and Discussions

The EL pixels arrays were printed on 120 μm Policrom film and then laminated on
to the fabric to achieve the flexible EL display screen on the fabric. The lamps were tested
using a standard EL driving circuit, shown in Figure 4, which shows the visibility of each
pixel and the retained flexibility of the fabric.

 
Figure 4. Powering the larger EL pixels arrays in flat (A) and bent (B) conditions.

The optical properties of the blue emitter were also assessed, which is shown in
Figure 5A. The emission peak is at a wavelength of ~550 nm, with a brightness of
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~200 cd/m2. The detected colour of emitting light was shown in CIE 1931 colour space in
Figure 5B, of which the coordinates are (0.156, 0.426).

Figure 5. Measured luminance (A) and CIE 1931 colour space (blue circle) (B).

The smaller 3 × 3 pixels arrays were also tested, and the arrays of sizes greater than
or equal to 150 μm were successful. There were defects in the printed 100-microns tracks,
which caused open circuits, meaning the pixels could not be lit up. The printed performance
of nine different sizes of tracks indicates that the screen-printing method is suitable for
fabricating devices with track widths of more than 150 μm.

4. Conclusions

This work improved the screen-printed resolution of electroluminescent (EL) lamps on
fabric and is capable of reducing the size of displays whilst retaining the flexible property
of fabrics, which helps in reducing the size limit of wearable display devices. However,
the limitation is that the screen-printing resolution must be 150 μm to achieve operational
displays. Thus, future work must investigate an alternative printing method, namely
reverse-offset printing, and use it to fabricate EL lamps to reduce their size by a factor of at
least two whilst maintaining good performance.
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Abstract: The current work presents a testing machine built from off-the-shelf components to test
for conductive yarns’ (or textiles’) durability to repeated bending that can occur during general
wear-and-tear or domestic washing procedures. The testing method is explained with an example
and results, comparing two different conductive yarns weaved into polyester-based narrow fabric.
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1. Introduction

Conductive yarns are an essential part of e-textile (electronic textiles) applications [1,2].
Nevertheless, integrated electronics often create high-stress areas at the electronics
encapsulation–textiles transition points. Thus, measuring their ability to withstand re-
peated bending is essential. Contrary to domestic washing tests, bending tests help to
identify the exact moment(s) when the conductive yarns are breaking, thus helping to
compare their durability more accurately and in uniform conditions.

This work presents a bending tester that can be assembled from off-the-shelf compo-
nents together with a testing method to test e-textiles interconnection materials’ durability.
The study exemplifying the method includes two different conductive yarns weaved into
narrow fabric in six rows with a pitch of 1.27 mm. For testing purposes, a non-functional
printed circuit board was encapsulated with a casting material on the narrow fabric creating
rigid–soft (encapsulation–textile) transition areas and accumulated stress for the conductive
yarns (Figure 1).

 

Figure 1. Final sample encapsulation; red markings highlight the transition/high-stress areas.

2. Materials and Methods

The materials are divided into two categories: testing samples and testing machine.
The methods explain the testing process in more detail.

2.1. Samples

The testing samples were based on a narrow fabric weaved in conductive yarns. The
yarns were integrated into the narrow fabric in 6 rows, with a pitch of 1.27 mm to create a
communication bus for the I2C communication protocol. Two different yarns were tested
during this work:
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1. Multifilament Ni-plated copper yarn consisting of 6 filaments twisted around a
polyester core. The twisted filaments were protected by a Teflon coating. The average
resistance of the yarn was 0.8 ohm/m and the outer diameter was 0.60 mm.

2. Multifilament copper-plated steel yarn consisting of 14 twisted filaments. The fila-
ments were protected by a Teflon coating. The average resistance of the yarn was 0.99
ohm/m and the outer diameter was 0.68 mm.

A CO2 laser was used to create an opening in the yarn for an electrical connection
with electronic parts. A rigid PCB (printed circuit board) was glued onto the narrow
fabric and connected to the conductive yarns through soldering. The integrated electronics
were encapsulated with a polyurethane-based flexible potting compound through the
low-pressure injection-molding process. The encapsulation was designed to have a smooth
transition from thick to thin. However, the difference in the encapsulation material and the
textile flexibility properties created transition points with higher mechanical stress. The
final outcome of the sample and the highlighted stress areas are seen in Figure 1.

The conductive-yarn endings on each side were stripped from the Teflon cover. On
one side, the conductive-yarn endings were coupled together and soldered to make 3 loops.
On the second side, the conductive-yarn endings were soldered on an interposer PCB with
female pins (Figure 2).

Figure 2. Testing set-up where the motor is at the top left side where also the 180-degree rotation
takes place. (a) Machine set-up highlighting the connection between ADC and sample and where the
180-degree bending takes place. (b) Sample set-up highlighting the connections between interposer
board/yarns and interposer board/ADC board.

2.2. Machine

The tester was developed using off-the-shelf components and a specially milled frame
(Figure 2). The fixed part of the machine consisted of:

• stepper motor Nema 17;
• Arduino UNO microcontroller together with Motorshield V2 board;
• Adafruit ADC1115 (analogue-to-digital converter) together with male 90-degree pins.

The stepper motor was attached to the top and connected to the Arduino UNO/
Motorshield V2 board. The connections between Motorshield and Arduino board did not
allow connecting the sample to the microcontroller. Thus, the ADC board was connected in
between to read out the data. The male pins on the ADC board allowed connection and
disconnection of the sample easily to the machine.

2.3. Testing Method

A sample with a weight clamp was attached from the (black) encapsulated part to the
motor and flexed 180 degrees. Since the yarns were coupled together, one ending of the
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loop received the power input and the other end was used to read the output. During the
test, the samples were flexed 180 degrees for 100,000 cycles or until it was observed that at
least two yarn loops’ voltage dropped and was not regained for 10 seconds.

The ADC was used to convert digital signals to analogue signals to read every voltage
value measured, whether the signal was there or not. If the yarn was damaged in between,
the voltage drop would indicate it. Data read-out included: the voltage of the yarns (V), the
number of cycles performed, and time (s). The data transmission was read out and saved
using PuTTY (an open-source terminal emulator) through the serial port [3]. The data were
logged in a CSV file that is easily usable for analysis.

However, resistance rise is often a more desired measurement for failure analysis.
Resistance can be measured using Ohm’s law by first defining the current (I).

The original resistance of a yarn (RY) loop was 1.2 Ω. The voltage input was always 5
V and the original voltage output (Vout) was always 4.95 V. Thus, the voltage loss (Vloss) at
the start was always 50 mV. Based on that, the current was calculated:

I =
Vloss
RY

=
50 mV
1.2 Ω

= 41 mA (1)

when the resistance of the yarns stays within 10% of the load resistance, the current stays
stable and it can be assumed the same. To calculate the load resistance (RL), the following
formula can be used:

RL = RY × Vout

Vloss
= 1.2 Ω × 4.95 V

0.05 V
= 120 Ω (2)

Thus, if the RY changes over 12 Ω, then the current will also change. When the yarn
resistance changes over the 12 Ω during the tests (voltage drops), the resistance should be
calculated accordingly:

Ry =
(5 V − Vout)× RL

Vout
(3)

Thus, the resistance of the yarn loops can be also plotted during failure analysis (Figure 3b,d).

Figure 3. Results with red dotted line highlighting the failure points. (a) Yarn 1 (Ni-plated copper
yarn) showing voltage drops. (b) Yarn 1 (Ni-plated copper yarn) showing resistance changes. (c) Yarn
2 (copper-plated steel yarn) showing voltage drops. (d) Yarn 2 (copper-plated steel yarn) showing
resistance changes.
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3. Results

As mentioned earlier, the samples were flexed 180 degrees for 100,000 cycles or until
the voltage dropped in at least two yarn loops for 10 seconds after bending. The failure
points were based on the final needs of the application. Voltage under 3.5 V or resistance
rise to 50 ohms was considered a failure point. The voltage drops are seen in Figure 3a,c
comparing two different conductive yarns during the bending tests.

It was also observed that if more than one yarn was breaking during the tests, the
second failure appeared quite fast. Moreover, the copper-plated steel yarn (yarn 2) durabil-
ity was considerably better than the Ni-plated copper yarn (yarn 1). Voltage drops were
smaller and more stable, indicating how steel and a larger quantity of filaments provide
much better durability than conductive yarns.

Moreover, the data showed how earlier resistance rises were reduced back to original
measurements (Figure 3a,c between 20,000 and 30,000 cycles). The stable connections were
lost due to the filaments breaking during the bending tests. However, it was still possible
for the yarn to regain some connection with other filaments, which resulted in a regain
of voltage output as well. Voltage drops increase in size and persistence when filaments
break. It was observed that a yarn with a larger number of filaments (yarn 2) regained
the original conductivity more, was more stable, and started to break later. Thus, higher
numbers of filaments together with less sensitivity to plastic deformation under bending
the base material (steel or copper) support stable connections longer.

4. Conclusions and Future Work

This work introduced a bending tester aimed to determine conductive yarns’ breaking
points. The testing method was also explained by bending two different conductive yarns
weaved into a narrow fabric. The results show how the two yarns degraded differently
and at what exact point they started to degrade. The tool presents an opportunity to test
for a proof-of-concept without ordering expensive machines and tests. Future work will
include alternative testing features, such as a slower or faster bending cycle or a different
weight clamp.
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Abstract: The role of e-textiles has been discussed widely for health sensing applications. However,
the ethical aspects of health sensing e-textiles have received less attention in the literature. In this
contribution, we aim to identify the ethical concerns that emerge from the collection and use of health
data from e-textiles. To identify these concerns, we draw upon the literature on health wearables
and m-health applications. We propose that four ethical concerns need to be accounted for in the
design of e-textiles that collect health data. These are privacy, discrimination, autonomy, and harm.
We discuss the need to address these ethical concerns during the design process.

Keywords: health sensing; e-textiles; ethics; surveillance

1. Introduction

E-textiles are being widely developed for health sensing applications, such as smart
health, healthy ageing, sports, fitness, and wellness [1]. Sensing technologies can be
integrated within e-textiles, such as into the fabric or the yarn, to collect a wide range of
health data. E-textiles can communicate with smartphones and computers to collect, display,
store, and process physiological information such as heart rate, temperature, breathing,
stress, movement, acceleration, or even hormone levels. The use of e-textiles in the health
domain can help users monitor health conditions, treat diseases, maximize cognitive and
physical function, and promote social engagement and interactions [2]. They can also be
used in specialized medical settings to monitor patients’ health, postures, and physiological
states in real time.

In the health sensing domain, e-textiles have been argued to be the next level of
technology after mobile health and wearables [3]. Mobile health (m-health) refers to
mobile applications in the health domain, such as fitness apps, weight-watching apps,
exercise apps, etc. [4]. Mobile applications collect data through both embedded sensors
and self-logging by users. Health wearables refer to devices such as smartwatches and
pedometers with sensors for capturing health-related data. The literature has discussed
several ethical concerns pertaining to m-health applications and wearables, even though
they are voluntarily adopted by millions of users across the globe. However, ethical aspects
of e-textiles have received relatively less attention in the literature. This is potentially
because e-textiles are an emerging technology that is yet to become as ubiquitous or
accessible [4]. However, there is a need to anticipate potential ethical issues in advance. In
this paper, we argue that the ethical concerns posed by m-health applications and wearables
extend to health sensing applications of e-textiles. To identify these concerns, we draw upon
the existing literature from these domains [5,6]. We identify four major ethical concerns,
which are privacy, discrimination, autonomy, and harm. We show how these concerns are
replicated or exacerbated in the context of e-textiles.

2. Background

Ethical concerns have been discussed widely in the domain of m-health and health
wearables. It has been argued that through the use of m-health applications, users become

Eng. Proc. 2023, 30, 4. https://doi.org/10.3390/engproc2023030004 https://www.mdpi.com/journal/engproc21



Eng. Proc. 2023, 30, 4

subjects of both surveillance and persuasion [4]. They present their body and their self as
open to continual measurement and assessment. Wieczorek et al. [5] conducted a literature
review of health wearables and identified areas of opportunities and concerns associated
with self-tracking. Sharon [6] discussed the disciplining and disempowering effects of
wearables, outlining their impact on values of autonomy, solidarity, and authenticity.

In this paper, we argue that ethical concerns pertaining to m-health and health wear-
ables extend to the health sensing applications of e-textiles as well. Since the data collected
by e-textiles are potentially more intimate, accurate, and sensitive, in many cases, these
concerns might be exacerbated. However, critical literature has not emerged in this area.
Therefore, there is a need to understand the ethical aspects pertaining to the design of
e-textiles for health sensing applications.

3. Ethical Aspects of Health Sensing Applications in E-Textiles

In this paper, we draw upon the literature on m-health and health wearables to
identify the ethical aspects of health sensing applications in e-textiles. We discuss how
these concerns might operationalize in different application contexts. We discuss four
ethical aspects of e-textiles: privacy, discrimination, autonomy, and harm (Figure 1).

 
Figure 1. Ethical concerns in health sensing applications in e-textiles.

3.1. Privacy

Inarguably, the most pronounced concern that emerges for health sensing e-textiles
is that of privacy [5]. Privacy has emerged as a significant concern across different types
of sensing and surveillance technologies. Health sensing technologies can collect a wide
range of data, from trivial to intimate. While some health wearables may collect less
sensitive data such as the number of steps walked by a user, the data collected by e-textiles
are more intimate by design. E-textiles may collect highly sensitive health data such as
body temperature, perspiration rates, stress levels and movement patterns [1]. On one
hand, these datasets may be better suited for functional purposes. On the other hand,
privacy concerns are higher due to the intimate nature of the data. As users adopt e-textiles
for several health and fitness purposes, they may inadvertently end up sharing sensitive
private information with technology companies, service providers, and third parties.

3.2. Discrimination

The data collected from health-sensing e-textiles poses not only privacy concerns,
but also concerns about data-driven discrimination. Health data collected from various
sources are often processed for decision-making purposes in different industries. The more
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sensitive the data are, the more they can be used for inferential decision-making purposes
in areas where users least expect it or are not prepared for it. Health data collected by
e-textiles can be used for decision-making in markets or in medical setups. When private
data are shared with different stakeholders, users may end up being discriminated against
by algorithms used in insurance, advertising, treatment, pricing, etc. [7,8]. For example,
within insurance, it may so happen that users who are unaware of their own pre-existing
conditions are sold insurance plans at the highest prices. Health data may also be used
as a justification to discriminate in medical treatments, for example, to prioritize patients
in limited-resource settings. In the domain of advertising, algorithms may exploit users’
health vulnerabilities to suggest targeted products, which users are tempted to buy out of
fear but do not really need.

3.3. Autonomy

Another concern that has surfaced prominently in the literature is that of autonomy.
The value of autonomy is often invoked to articulate both the benefits and the concerns
about health wearables [6]. Health sensing is surrounded by the empowerment narrative,
promising greater self-knowledge through numbers [5]. Advertising of health wearables
seeks to convince customers to gain control over their health, weight, and sleep, facilitated
by troves of data. However, the empowerment narrative is accompanied by perceptions
of individual responsibility. In the workplace, employers are encouraging employees
to adopt wearables [9]. Insurance companies commonly offer discounts to customers
who self-track [8]. In such arrangements, the line between voluntary and compulsory
participation often blurs [7]. The normalization of e-textiles for health sensing and their
integration within socio-economic systems may force users into involuntary participatory
arrangements. Users may be forced to adopt e-textiles in schools and workplaces, akin
to the current push towards wearables [9]. Another autonomy-related critique of health
sensing concerns the value of authenticity. Data-driven approaches to health have been
criticized in the literature as unidirectional and reductive [5,6]. It has been argued that these
approaches prevent individuals from exploring alternate means of health management.

3.4. Harm

Lastly, the data collected through e-textiles may be used intentionally or unintention-
ally to cause harm. For example, e-textiles with sensors that detect users’ stress levels may
share their data with advertising companies, promoting the sale of addictive medication
while a user is in their most vulnerable state. Health sensing data may be used as a jus-
tification to deny users medical treatments. E-textiles may also cause unintended harm.
They may inadvertently expose users to information about underlying medical conditions
without them seeking out this information. They may cause users undue mental distress
with false positives about underlying medical conditions. In contrast, they may fail to
detect an ongoing medical emergency, such as a heart attack, giving users a false sense of
comfort even when their symptoms tell them otherwise.

4. Discussion and Conclusions

The ethical aspects highlighted in this paper apply to nearly all use cases of health-
sensing e-textiles. There is a need for designers to actively mitigate these concerns. For
this purpose, it is important that designers are able to anticipate these concerns in advance,
during the design activity, a process termed moral imagination [10]. Moral imagination
allows designers to anticipate ethical concerns using ethics frameworks such as the one
presented in this paper. Designers can systematically assess whether their sensing appli-
cations violate users’ privacy or autonomy, or whether they can be used to perpetuate
discrimination or cause any harm. Addressal of these concerns is important to build users’
trust in technology, especially when several technology products are facing a ‘crisis of
ethics’ [11]. We believe that this contribution is a timely one to initiate a discussion on the
ethical aspects of e-textiles, and foreground ethical concerns in the design activity.
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Abstract: Simultaneous recording of breathing and heart rate signals was carried out on a healthy
volunteer with a fully knitted, non-sports-type garment. Breathing was recorded using two knitted
respiratory inductive plethysmography (RIP) sensors. Electrocardiogram (ECG) recordings were
obtained from three knitted electrodes. The knitted garment design was customised for the specific
requirements of RIP and ECG by adapting the needle size and/or introducing knit-in-elastic in the
sensor areas. RIP was read out using an in-house-developed cross-coupled complementary oscillator
circuit. The ECG was recorded using the commercial OpenBCI board. The sensors produced excellent
signal quality that allowed for simple signal processing to extract information on heart and breathing
rates, showing good correlation between the two.

Keywords: respiratory inductive plethysmography; ECG; e-wearable sensor; knitting; oscillator

1. Introduction

Among service prices, population growth and aging, chronic conditions play a major
role in substantially increasing healthcare costs. Wearable technology is attractive for
continuous health monitoring and thus reduces the costs associated with doctor–patient
interactions. Knitting offers the possibility to integrate different sensors for non-invasive
and real-time breathing and heart rate monitoring in wearable garments. This can be
achieved by tracking changes in chest/abdomen circumference using transduction methods
such as resistance changes [1,2] or inductance changes of a coil wound around the body [3].
In most cases, RIP (respiratory inductive plethysmography) is implemented in elastic belts
that are strapped around the chest and/or the abdomen, shown in Figure 1a. For ECG,
gelled electrodes are normally taped on the body. A more wearable implementation comes
in the form of dry knitted electrodes [4]. In our implementation, knitted RIP and ECG
were optimised in conjunction with the garment to increase sensitivity and reduce motion
artifacts, illustrated in Figure 1b.
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Figure 1. (a) Classical RIP implementation using elastic belts with one metal winding strapped
around the chest and abdomen. (b) Knitted implementation of RIP in a halter top, on the chest and
on the abdomen. The ECG electrodes and their positions on the inside of the garment are shown with
arrows. Inset show the knitted electrodes.

2. Materials and Methods

2.1. Knitted Breathing Sensors

In our previous work, RIP sensors were integrated into a garment by a thin, circular
knitted, insulated metal wire with yarn [5], achieving ultra-wearability and higher sen-
sitivity proportional to the number of knitted rows with metal [6]. Figure 1b shows the
implementation of two knitted coils, at the chest and the abdomen level. The RIP sensors
were knitted using a needle size appropriate for the yarn, allowing the knit’s natural elas-
ticity to accommodate the stretch when inhaling. Knit-in-elastic is added to force the knit
to return to its minimum circumference when exhaling.

2.2. RIP Read-Out Electronics

A complementary cross-coupled pair oscillator translates the coil’s inductance to fre-
quency [7]. For a wide range of coil dimensions to be recorded, the oscillator is followed by
a rail-to-rail comparator that converts the sine-wave oscillations to a rectangular waveform.
An esp32 microcontroller counts the frequency and logs the data to a micro-SD card [8].

2.3. Knitted ECG Electrodes

The ECG electrodes were knitted using Ag-coated polyester thread with a size equiva-
lent to commercial pads. The different implementations are given in Table 1.

Table 1. Five different types of knitted electrodes. The four on the right were knitted by hand.

Electrode

  

Needle size (mm) * 1 1.75 2 2.5
Number of threads + * 1 2 3 4

* Commercially knitted Shieldex fabric [9]. + Shieldex threads (235/36 × 2 HCB in catalogue [9]).

By knitting different yarn thicknesses and adapting the needles’ size, the roughness of
the rib side of the electrodes can be controlled while maintaining a similar stitch density,
unlike in the previous work [10]. The rib side of the knit is placed against the skin to reduce
movement artifacts and improve signal quality. To decrease the movement artifacts in the
ECG signals further, the regions in the knitted garment where the electrodes are sewn in,
are knitted with a smaller needle size. This reduces the elasticity of the knit in those areas,
reducing movement against the body. The ECG signals were recorded using the OpenBCI
board [11]. The quality of the electrodes was defined by comparing the mean and median
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signal and signal frequency histogram that must be non-Gaussian. The electrode with
3 Shieldex threads and 2 mm needles gave the best performance.

3. Results

3.1. Breathing of the Volunteer

The performance parameters for a range of coils are given in Table 2. A larger number
of windings N results in larger sensitivity s and smaller current icoil. Thus, although Q is
low for high N, a reduced icoil is better for user safety. Using coils with N = 8 in the knit of
Figure 1, different breathing patterns, normal, slow and fast, were recorded from a healthy
volunteer and are given in Figure 2.

Table 2. Characteristics of the knitted coil: c circumference, N number of windings, s sensitivity, fosc

oscillator frequency, Q quality factor and icoil the RMS current through the coil at fosc.

Needle Size (mm) c (cm) N s (μH/cm) fosc (MHz) Q icoil (mA)

1.75 27.5 13 1.20 3.3 72 1.2
~1.75 * 78.5 60 13.20 0.2 15 0.5

2 90.5 8 0.56 2.1 26 0.9
* Machine knitted on a Kniterate [12] machine by Ecoknitware [13].

 

Figure 2. Frequency variations of the chest (blue) and abdomen (orange) (colour available online)
coils due to breathing. (a) Normal breathing, (b) deep and slow breathing and (c) fast breathing.

Breathing parameters (Table 3) were extracted using signal processing in MATLAB.
The signal amplitude is related to the effort from the chest and abdomen. The phase
difference during fast breathing mirrors minor hyperventilation and is the result of the
increased work of breathing and the use of accessory muscles.

Table 3. Breathing parameters. BPM: breaths per minute, Ti/Ttot the ratio of the inhalation time to
the total time of one breath, |A| the mean amplitude of one breath and Δφ the phase difference
between the signal from the chest and the abdomen.

Chest Coil Abdomen Coil Phase

Breathing Type BPM Ti/Ttot |A| (kHz) BPM Ti/Ttot |A| (kHz) Δφ (◦)

Normal 12 0.44 17 13 0.41 34 3
Deep 7 0.56 61 7 0.43 52 4
Fast 29 0.47 35 29 0.46 20 49

3.2. ECG on the Volunteer

Figure 3 shows 10 s ECG snapshots of 1 min measurements using the dry knitted
contacts as implemented in Figure 1b during normal, fast and slow breathing. Typical
signal parameters were extracted in MATLAB, as given in Table 4. In Figure 3, we observe
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that the amplitude of the R-peaks (the peaks with the largest amplitude) is modulated by
the breathing signal. Breathing in, increases the resistance of the chest and breathing out
decreases it. The breathing rate associated to this modulation is similar to that reported in
Table 3.

Figure 3. 10 s ECG recordings for (a) normal, (b) deep and (c) fast breathing. All recorded using dry
knitted electrodes.

Table 4. ECG parameters. R: distance between R-peaks, σ: standard variation on the R-peak position
and HR: heart rate in beats per second (bps).

Horizontal Electrodes Vertical Electrodes

Breathing Type R (s) σ (s) RH (bps) R (s) σ (s) RH (bps) BPM

Normal 0.98 0.225 61 0.98 0.225 61 12
Deep 1.02 0.210 59 1.02 0.240 59 6
Fast 0.94 0.156 64 1.00 0.234 60 20

4. Conclusions

Knitted RIP sensors and ECG electrodes were implemented in a garment and were
used to record breathing and ECG signals simultaneously. This implementation gave good
quality recordings and health parameters in a relatively relaxed fitting garment when the
wearer sat still.
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Abstract: Flexible pressure sensors can be used to predict possible injuries and inform the wearer
about their foot posture and landing positions during both walking and running. This work focuses
on designing and producing capacitive pressure sensors and integrating them into a smart insole. The
suitability of sensors was assessed using a mechanical test rig to measure the change of capacitance
under different loads. The effects of introducing micropores into the dielectric layer using two
fabrication methods were analysed. The results obtained imply that the use of micropores has the
potential to increase the sensitivity and improve the response time of the sensors.

Keywords: capacitive pressure sensor; wearable electronics; foot plantar pressure; smart insole

1. Introduction

Foot plantar pressure is an essential parameter for sports and healthcare applications.
Pressure sensors, integrated into force plates and shoe insoles, are amongst the main tools
used to measure foot plantar pressure which can analyse various movements performed
by the user. Insole pressure sensors have a broad spectrum of multiple applications, for
instance, in gait and motion analysis, rehabilitation, sports training, step counting, and
detection of loss of balance [1]. These applications need to measure pressure in different
parts of the sole in order to identify foot posture related to the wearer’s movement activities.

This creates a need for robust pressure sensors that can be integrated using textile
manufacturing techniques and ensure that the device has suitable properties to be worn
inside the shoe. As with developing any wearable sensor, there are some properties to
consider. Stretchability is one of the essential characteristics of a wearable sensor due to the
naturally irregular surface of the skin, and changes can be presented as a consequence of
the normal movement [2].

This work demonstrates an initial development of a low-cost pressure sensor that
can be embedded into an insole to continuously measure foot plantar pressure over time,
giving the user a more natural movement and therefore obtaining better readings. This, in
turn, will lead to better measures for injury prevention. The developed sensor employs a
conductive fabrics and silicone elastomer to fulfil the stretchability property.

2. Materials and Method

In this study, parallel plate capacitive pressure sensors were created using a layered
structure of conductive fabrics with a middle dielectric elastomer layer. Two types of
conductive fabrics were used as conductive layers, a woven (70% polyester, 16% copper
and 14% nickel −0.2 Ω per 20 cm) layer and a knitted fabric (83% nylon and 17% silver
−1.4 Ω per 20 cm) layer. Ecoflex 00-30 was used as the middle dielectric layer. In addition,
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Chitosan (medium molecular weight) and Acetic acid (99.7%) were purchased from Sigma-
Aldrich to prepare the insulation layer.

Three aluminium moulds were created to fabricate the dielectric layer of the sensors,
with dimensions of 0.041 m × 0.041 m × 800 μm. Two moulds were made with vertical
columns (diameter 600 μm each, with 5 and 9 columns) to insert vertical pores into the
dielectric layer (Figure 1a), while the remaining one was without columns.

Figure 1. Fabrication process and surface examination of sensors. (a) Moulds prepared for dielectric
layer fabrication, showing moulds (i) without vertical columns, (ii) with 6 vertical columns and (iii)
with 9 vertical columns; (b) dielectric layer fabrication, showing (i) mixing Ecoflex part A and Part B
1:1, (ii) mixing with sugar granules, (iii) pouring into the prepared mould, (iv) indirect ultra-sonication
and (v) final dielectric layer; (c) electrode dimensions, template for fabrication; (d) fabricated capaci-
tive pressure sensor with conductive fabric electrode layers and a middle dielectric elastomer layer;
(e) fabricated sample categorization.

Ecoflex 00-30 silicone solutions A and B were mixed in a 1:1 ratio. The mixture was
poured into moulds and kept inside the oven at 70 ◦C for two hours to cure the silicone
(Figure 1b). Cured silicone was extracted carefully for the secondary process. A second
approach to integrating porosity within the dielectric was taken, using microcrystals that
could be dissolved after curing. The process was repeated to fabricate the dielectric layer by
adding caster sugar in the initial mixing phase. A 20 g volume of the Ecoflex 00-30 solution
was mixed with 5 g of caster sugar. Once the solution was homogenous, it was poured
into the mould with no holes and kept in a 70 ◦C oven for 2 h. Indirect ultra-sonication
dissolved the sugar granules and created a microporous structure. Developed dielectric
layers were cut into 21 mm × 21 mm dimensions. Eight samples were developed using
knitted and woven fabrics separately, along with four dielectric layers (Table 1, Figure 1e).
After that, 1.5 g of chitosan was mixed with 2% Wt % Acetic solution 50 mL and stirred
using magnetic stirring for 4 h at 40 ◦C. The solution was poured into a casting mould and
kept for 6 h to dry at 40 ◦C. An insulation layer made with chitosan was made as a pouch,
and the fabricated sensor was put into the pouch before characterizing.
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Table 1. Slope and R2 values calculated for all sensors.

Sensor Type Slope R2 Value

Type 1.1 4.21 0.95
Type 1.2 3.39 0.95
Type 2.1 3.44 0.82
Type 2.2 4.92 0.98
Type 3.1 3.17 0.97
Type 3.2 3.88 0.98
Type 4.1 3.05 0.98
Type 4.2 2.05 0.96

3. Results

SEM imaging was carried out with Jeol JSM-IT 100 InTouchScope SEM at the top
surface and tilting angle of 70◦. From the SEM image, the thickness of the dielectric layer
was measured as 780.729 μm. Additionally, the average size of the sugar granule was
616.519 × 203.338 μm (Figure 2a,b). SEM images confirmed that the ultrasonic process
caused all the sugar granules in the dielectric layers to be dissolved, creating a pore with
521.265 × 255.178 μm. A Keysight U1701B handheld capacitance meter and Univert
CellScale Machine were used to test the fabricated capacitive pressure sensors (Supple-
mentary note S1). Using the CellScale machine, the force was applied by changing the
displacement in true strain function with stretch, recovery and holding for 10 s, respectively.
Stretch magnitude was changed between 2%, 3% and 4% displacement. Each test comprises
five cycles (supplementary note S2). Graphs were plotted between constant displacement
and average capacitance for all sensors (Figure 2c). Line of best fit and regression analysis
was carried out to find the relationship between the displacement and capacitance. The
recorded slope and coefficient of determination (R2 value) values for each sensor are given
in Table 1.

Figure 2. (a) SEM images of sugar granular mixed dielectric sample (i) before and (ii) after washing,
(b) SEM of fabricated sensor (c) Comparison of 8 sensors capacity change with respect to displacement.

4. Discussion

The slope of the graph indicates the sensitivity of each sensor, while the R2 value
indicates the linear relationship between the displacement and the capacity. Sensor type 1
is the non-structured dielectric layer. This sensor acted as the control throughout the project
to compare the different dielectric layers.

Sensor type 2 and type 3 are made with vertical pore structures. The experimental
results indicate that the sensor type 2 woven electrode has a low sensitivity and linearity,
and that the knit electrode has a high standard deviation for all three constant displacements
individually. On the other hand, sensor type 3 with the woven electrode had an average
performance, while the knit electrode demonstrated a high sensitivity and linearity along
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with a high standard deviation (supplementary note S3). Further investigations are required
to prove the effect of adding more vertical pore structures over the surface.

Sensor type 4 has a microporous dielectric layer created from sugar granules. This
sensor has a low standard deviation and a moderate slope. This shows that the sensor is
moderately sensitive to a change in capacitance when the constant displacement percentage
increases.

C = ε0εr
A
d

(1)

The formula (Equation (1)) for a parallel plate capacitor’s capacitance (C) can be
broken into four variables (εr, d, A: relative permittivity, thickness and area of the dielectric
material, respectively and ε0: permittivity of the vacuum). Air has an εr of 1.0005 while
Ecoflex 00-30 has εr of 2.8 [3]. This indicates that an increase in air gaps can reduce ε0 εr,
thus reducing the capacitance. The reduction of the capacitance of sensor type 4 gives
evidence of this behaviour. This could indicate that a further increase in micropores in a
smaller dielectric area could reduce the capacitance. However, when pressure is applied to
the sensor, the air gap between the two layers is reduced. This causes a more significant
deformation, resulting in a higher sensitivity in the sensor [4]. Based on the limitations of
the measurement techniques observed in this study, the further development of the testing
conditions and use of the more sensitive LCR meter and high frequency, high force linear
actuation system would be needed to allow for accurate comparisons to be between the
different approaches to fabricated capacitive pressure sensors.

5. Conclusions

This work presents the development of a capacitance-based flexible pressure sensor
using textile-based materials. Two methods of adapting the properties of the dielectric layer
were tested by increasing the porosity of this layer. The porosity of the layer was confirmed
using SEM imaging. The results obtained imply that sensitivity and response time can
be improved by implementing microporous structures in the dielectric layer. The study
used Chitosan as an insulation layer around the pressure sensor to shield from external
interference with the sensor. The use of chitosan enhances the wearable requirements of
a sensor placed in contact with the body in terms of biocompatibility and antibacterial
properties. The developed sensor has the potential to be integrated into a smart insole
which would contribute towards better indicators for injury prevention, rehabilitation
progress, fitness assessment and sports performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/engproc2023030006/s1, (Supplementary note S1–S3).
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Abstract: A woven capacitive sensor is presented as a novel automotive seat occupancy sensor. The
woven capacitive sensor is developed as a response to one of the most difficult challenges that the
automotive sector has faced the past few years: seat occupancy sensor false positives. The designed
sensor demonstrates the error-free sitting detection of a person by detecting the change of the
permittivity around it, providing a distinction between a person and an object with the same weight.

Keywords: woven; sensor; occupancy; automotive; textile

1. Introduction

Automotive seat occupancy sensors have been used for many years by car companies
to detect the presence of a seated person and activate the seatbelt sound alarm. Force-
sensitive resistors (FSR) [1] have been the most common sensors used by automotive
companies to detect the presence of a person on the car seats. FSR are piezoresistive sensors
that detect a change in the pressure on the seat surface provoking a modification in the
resistance. A person is detected by setting a minimum threshold pressure that is set up
on the sensors to avoid the seatbelt sound alarm from being activated by a light object.
However, there are still false positives provoked by heavy objects that exceed that threshold.

In [2], a flexible resistive sensor it is presented that is produced by a layer disposition
of different materials, as an alternative option to FSR. The flexible sensor presented could
be integrated into the seat fabric or just underneath it. However, as the working principle
of the sensor is resistance variation by the change in the applied force, the possibility to
have false positives caused by heavy objects still exists.

There have been attempts to change the nature of the FSR sensor for the capacitive
sensor. The aim is to avoid false detection provoked by heavy objects. In [3], a capacitive
seat sensor for multiple occupancy detection is presented. The capacitive sensor presented
varies its value depending on the person characteristics when it is sat on. The sensor
consists of an aluminium foil integrated on the seat. Two capacitances are measured: one
of them is measured between bottom part of the car chassis and the aluminium foil, and
the other one is measured between the top part of the chassis and the aluminium foil. Both
measurements take into account wide spaces, which could imply more possibilities to
produce false detections.

In this paper, the automotive sensor presented is a step forward. The capacitive sensor
is integrated into the seat fabric. As both of the sensor electrodes are in the textile, the
capacitance is affected by closer environment and contact, avoiding the measurement of
long areas which could imply new false positives.

The paper is organized as follows: Section 2 covers the materials, methods and
characterisation details. In Section 3, the experimental results are presented and discussed.
Finally, in Section 4, the conclusions are summarized.
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2. Materials and Methods

The proposed automotive seat occupancy sensor is based on an interdigital structure
which is integrated into the woven fabric structure. Figure 1 shows the integrated sensor
structure. The textile capacitive sensor was built using a commercial Bekaert conductive
yarn. The yarn was produced by the ring yarn method, where the conductive stainless steel
fibbers were mixed with polyester fibbers in a proportion of 40/60%. The resultant yarn
has a linear resistance of 50 Ω/cm.

 

Figure 1. Interdigital structure introduced into the fabric structure.

To manufacture the textile capacitive sensor, the interdigital structure was built during
the weave process of the fabric using a Dornier LWV8/J 71 weaving machine moved by
a Jacquard Stäubli LX1600B. Some warp yarns were substituted by conductive yarns to
prepare the vertical electrodes. The weft yarns were introduced normally by the weft
system. The woven fabric was formed by cotton yarns in the warp and cotton–polyester
mix yarns in the weft.

The textile capacitive sensor is incorporated over a car seat, as it can be seen in Figure 2.
One of the sensor sides has two snap connections where the sensor is connected to the
microcontroller, which measures the sensor value. The microcontroller performs a common
charge–discharge method to evaluate the capacitance value of the sensor; this method has
been further explained and studied in previous works [4].

 

Figure 2. Textile capacitive sensor incorporated over a car seat.

To study the behaviour of the textile capacitive sensor over the car seat, three cases
have been evaluated: a person, a heavy object and a bottle of water. The general procedure
is similar for every case. The test starts with the seat unoccupied. Then, after a stabilization
time, the studied person or object is placed over the sensor for 10 s. Later, it is retired,
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leaving the surface sensor free once more. The car seat then remained unoccupied for 10 s
more. This cycle exposed was repeated 4 times for every case.

3. Results and Discussion

Three cases are being evaluated: people, a heavy object and a bottle of water. Figure 3
shows the experimental results for two people.

Figure 3. Presence test cycles for two different people: Person 1 (continuous black line); Person 2
(dashed red line); detection zones (blue shaded zone).

As can be seen, both cases clearly differentiate between the occupied (blue zones) and
void states. The void state values are around 10% of the capacitance variation, which imply
a slight increase from the start of the void state. This increase was due to the humidity or
other substances retained by the fabric after each cycle was performed by the person.

Meanwhile, when a person was sat over the sensor, the capacitance variation experi-
enced a significant increase, reaching values of around 100% of the capacitance variation.
Some differences in the graph between both people exist. These changes could be related
to physical characteristics of the human body which could affect the permittivity, but could
also be related to the positioning of the buttock over the sensor. The last situation was
observed on the third pulse of Person 1 (continuous line), where the capacitance variation
was lower due to the misplacement of their body.

Finally, a test with object was performed. A bag with a weight of 20 kg and a 2 L
bottle of water were prepared to be measured. The results are presented in Figure 4. It is
important to highlight that the maximum value obtained by the sensor when an object is
detected is 32% of the full capacitance variation.
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Figure 4. Presence sensor response against objects: 2 L of water (continuous black line); heavy bag
(20 kg) (dashed red line); detection zones (blue shaded zone).

The cycle was performed for the 20 kg bag, as can be seen represented by a dashed
line in the graph, but the sensor does not show any significant response compared with the
person detection. The 20 kg bag was detected with a maximum value of 31% of capacitance
variation. The change in capacitance was related with the permittivity difference between
the sensor fabric and bag fabric. For the case of the bottle of water, depicted by a continuous
line, the values observed demonstrate that the sensor was able to tell when the bottle was
placed. The water inside the bottle provoked a change in the surrounding permittivity
that resulted in 20% of the full capacitance variation being recorded. As seen in both cases,
the weight of the object measured is not relevant for capacitance variation because the
capacitance is only affected by permittivity.

In the case of sensing a person’s body, it can be observed how, during the void state,
the sensor does not return to the initial value due to the remaining humidity from the
person’s body; meanwhile, for the case of the object, this effect is not observed.

People measurement demonstrates the functionality of the presence capacitance sensor
to distinguish between occupied and void situations. The response for a person is clearly
differentiable from an object, even when a bottle of water is placed over the sensor. There-
fore, this sensor could solve the false positives provoked by the FSR sensor in automotive
applications, providing a new way of measurement directly integrated into the upholstery.

4. Conclusions

An automotive seat occupancy sensor based on e-textile technology is presented in
this work. The sensor, based on a woven capacitive sensor, solves the problem suffered
by FSR sensors. The sensor is capable of differentiating a person from an object due to
the permittivity differences between them. The sensor could also be integrated directly
into the upholstery of the car seat, saving space where the FSR sensors would otherwise
be installed.
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Abstract: A triboelectric power generator/energy harvester is an attractive option for mechanical
energy harvesting for smart, wearable applications. This paper reports on the fabrication and
evaluation of the energy harvesting performance of Polytetrafluoroethylene/Polyvinylidene Fluoride
(PTFE/PVDF) fibre prepared using a one-step electrospinning technique. Different concentrations
(0, 1, 2, 3, and 4%wt.) of the 1 μm PTFE powder in the electrospun PVDF fibre were investigated.
The electrospun fibre was assembled into a nonwoven fabric mat and tested in the vertical contact
separation triboelectric mode by constructing a sandwich structure with electrodes in a book-shaped
assembly. The voltage output from the cyclical compressive test for fibres with 4%wt. PTFE in PVDF
was five times greater than it was for the 100% PVDF electrospun fibres. The influence of adding
nylon fabric as a triboelectric donor material within the assembly was explored. The output of the
4%wt. PTFE/PVDF sample was then tested with and without nylon fabric at different frequencies
(3–12 Hz). The results show a further 80% increase in the output voltage with the additional nylon
fabric included, and the harvester was able to illuminate up to 95 LEDs.

Keywords: triboelectric; textile energy harvester; electrospinning; electrospun fibre

1. Introduction

Polytetrafluoroethylene (PTFE) has good thermal stability, and is the most negative
triboelectric material listed in the triboelectric series that are used for energy harvesting
applications [1]. Increasing the surface area of the PTFE within a triboelectric harvester is
one approach to improve the output of the harvester. Previous attempts to prepare PTFE
fibre mats using the electrospinning process involve the use of a precursor polymer solution
in order to structure the shape of the PTFE. This requires a subsequent thermal treatment
to eliminate the precursor polymer and, if it is used in an electrostatic device or to enhance
the triboelectric generation, a corona charging process to restore the trapped charge in
the PTFE fibre. The PTFE fibres produced in this manner show good energy harvesting
performances, but they require two or more steps in the material preparation [2–5]. Elec-
trospun Polyvinylidene Fluoride (PVDF) fibre has been recognised as a high-performance
piezoelectric polymer [6], which also exhibits negative triboelectric properties [1]. PTFE
and PVDF can be combined during electrospinning, and this avoids the requirement for
the precursor polymer and the subsequent additional processes. The use of electrostatically
charged electrospun PTFE/PVDF has been demonstrated in air filtration [7], but its energy
harvesting performance has not yet been reported.

The combined PTFE/PVDF fibres can be readily assembled into a non-woven textile,
allowing the material to be used in various triboelectric operating modes, such as the lateral
sliding mode demonstrated by Paosangthong et al. [8]. The fabrication and testing of the
energy harvesting performance of PTFE/PVDF fibre is reported.

Eng. Proc. 2023, 30, 8. https://doi.org/10.3390/engproc2023030008 https://www.mdpi.com/journal/engproc43
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2. Materials and Methods

2.1. Electrospinning Preparation

The PTFE/PVDF electrospun fibre was produced by mixing PTFE particles (Sigma
Aldrich, Dorset, UK, 1 micron particles) in an 18%wt PVDF solution as a polymer carrier
for PTFE. The PVDF solution was prepared from PVDF powder (Sigma Aldrich, Dorset,
UK, Mw = 534,000) mixed with N-Dimethylformamide (DMF, Sigma Aldrich, Dorset, UK,
99.8%) and acetone (Fisher Scientific, Waltham, MA, USA, 99.6%) at a 7:3 ratio and mixed
on a magnetic hotplate stirrer at 60 ◦C for 4 h. Different concentrations (0, 1, 2, 3, and 4%wt.)
of the PTFE particles were added to the PVDF solvent solution and blended using the
magnetic stirrer at room temperature for 2 h. The electrospinning process was performed
using a blunt tip (21 G) needle. The electrospinning apparatus EC-DIG produced by IME
Technologies, Netherlands was used in this study. The distance from the tip to the substrate,
the applied voltage, the flow rate, and the rotating drum speed were kept constant at 22 cm,
25 kV, 2 mL/hr, and 150 rpm, respectively, for each concentration. After electrospinning for
90 min, the PTFE/PVDF fibre was collected in the form of a nonwoven fibre mat, as shown
in Figure 1a. The energy harvesting performance of the electrospun PTFE/PVDF fibre mats
were measured without any further processing steps.

 

Figure 1. (a) PTFE/PVDF fibre mats after the electrospinning process of the 4%wt PTFE in the
PVDF sample; (b) the schematic of the booked shape assembly for the testing cell PTFE/PVDF fibre
sandwich with electrodes; (c) the compression test rig; (d) voltage output from constantly tapping
the booked shape PTFE/PVDF fibre assembly at different PTFE concentrations of 0, 1, 2, 3, and
4%wt., respectively.

2.2. Test Assembly and Protocol

The electrospun PTFE/PVDF fibre mats with each concentration of PTFE (0, 1%,
2%, 3%, and 4%) were cut into 5 × 4 cm samples. Each sample was then assembled in
a sandwich structure with Cu electrodes using a folded over (book-shaped) PVC sheet
backing, as shown in Figure 1b. This forms a vertical contact separation mode triboelectric
harvester. A second generator design with a piece of nylon fabric added to the assembly
as a triboelectric donor material was used to explore the addition of this material for the
enhancement of the performance of the triboelectric power generator.

A cyclical compression test system using a linear actuator was set up to apply a
controlled pressure of 0.5 N/cm2 at different frequencies (3–12 Hz), as shown in Figure 1c.

44



Eng. Proc. 2023, 30, 8

The test sample was attached to the oscilloscope to observe the changes in the voltage
induced by the periodic mechanical pressure applied by the rig. The capacitor charging
experiment was performed using a full-wave bridge rectifier to charge 0.1, 1, 10, and
100 μF capacitors.

3. Results and Discussion

The vertical book-shaped structure was chosen for energy harvesting performance
testing as it is a simple structure and could be assembled into a multi-layered device. The
highest voltage output from compressing at 5 Hz was found to be 30 V for the 4%wt PTFE,
which is five times higher than that of the 100% PVDF sample (6 V), as shown in Figure 1d.
This clearly shows that introducing the PTFE particles in the PVDF fibre can improve
the performance of triboelectric power generators. The output voltage increases with
an increasing percentage of PTFE particles. However, 4% PTFE is the highest amount of
polymer content that can be processed via electrospinning because the solution conductivity
is not strong enough to produce the electrospun fibre.

The 4% PTFE in the PTFE/PVDF sample was used in the energy harvesting test at
different pressing rates of 3–12 Hz. It was found that the output voltage increases with
an increasing pressing frequency. The highest output voltage of around 55 V was found
at 12 Hz, as shown in Figure 2b. To enhance the energy harvesting performance of the
triboelectric power generator, nylon fabric, which exhibits a high positive affinity in the
triboelectric material series, was placed on top of the top copper electrode as shown in
Figure 2a. The voltage output of the Nylon-PTFE/PVDF device at the different pressing
frequencies is shown in Figure 2c. A small improvement in the voltage output was observed
with the highest voltage output, which reached at 70 V at 12 Hz.

 

Figure 2. (a) The schematic of the improved triboelectric harvester design with added nylon fabric,
(b) the voltage output of the triboelectric assembly without nylon fabric, (c) the voltage output of the
triboelectric assembly after introducing nylon fabric, (d) the charging profile, voltage vs. time of the
PTFE/PVDF fibre device without nylon fabric, (e) the charging profile after introducing nylon fabric
and (f) 95 LED lights were illuminated via tapping the harvester with the PTFE/PVDF electrospun
fibres as the acceptor and nylon fabric as the donor material.

The charging experiment was further performed to explore and compare the amounts
of energy captured by the device and transferred to the capacitor storage. Devices with
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and without the nylon fabric were tested at 5 Hz with the different capacitor values, and
the results are shown in Figure 2d,e. Overall, the energy stored in the capacitors is higher
for the nylon-PTFE/PVDF device, with the amounts of energy stored being 0.15, 1.0, 7.2
and 4.5 μJ for 0.1, 1, 10 and 100 μF, respectively. The maximum energy stored value occurs
with the 10 μF capacitor, which nearly reached its maximum capacity in the 300 s charging
time. This is 69%, 79%, 94% and 89% larger than those of the device without nylon for 0.1,
1, 10 and 100 μF, respectively. The energy stored in the 100 μF capacitor is less than that of
the 10 μF capacitor over the same duration due to the impedance mismatch.

After connecting the optimum harvester structure (4% PTFE with Nylon fabric) to a
full-wave bridge rectifier circuit, it was found that 95 LED lights were illuminated when
it was compressed at 12 Hz. The charging experiment and illuminating LED light results
demonstrate the promising mechanical energy conversion that was achieved with the
electrospun PTFE/PVDF fibre mat. The lightweight, flexible, and breathable PTFE/PVDF
electrospun fibre could be integrated within clothing as an energy source, whilst remaining
comfortable for the user.

4. Conclusions

A flexible Polytetrafluoroethylene (PTFE) fibre was successfully prepared using a
one-step electrospinning process using a Polyvinylidene Fluoride (PVDF) solution as a
precursor. The energy harvesting performance was first explored using a vertical contact
separation mode triboelectric assembly. The electrospun fibres were collected in the form of
a non-woven textile mat, which displayed a very promising negative surface potential. The
voltage output was increased by a factor of five by adding PTFE to the PVDF electrospun
fibre. This was further improved by the addition of a nylon fabric with the triboelectric
harvester. The textile harvester was shown to illuminate up to 95 LED lights when it was
assembled with nylon fabric as a donor material.
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Abstract: The process of making adaptive and responsive wearables on the scale of the body has
often been a process where designers use off-the-shelf parts or hand-crafted electronics to fabricate
garments. However, recent research has shown the importance of emergence in the process of making.
Second Skins is a multistakeholder exploration into the creation of those garments where the designers
and engineers work together throughout the design process so that opportunities and challenges
emerge with all stakeholders present in the process. This research serves as a case study into the
creation of adaptive caring garments for sustainable wardrobes from a multistakeholder design
team. The team created a garment that can customize the colors, patterns, structures, and other
properties dynamically. A reflection on the multi-stakeholder process unpacks the process to explore
the challenges and opportunities in adaptable e-textiles.

Keywords: dynamic garments; multistakeholder design; textiles; e-textiles; fabrication

1. Introduction

Recent research in computer–human interaction using research through design [1]
has highlighted the importance of the ideas that emerge [2,3] as fundamental to the design
considerations that come together to create the final designed item. Often in the design
of dynamic garments, the stakeholders who create the electronics are separate from the
stakeholders who design the garment, unless low-level prototyping is taking place [4–6].
The design process that emerges has been shown to be detrimental to the outcomes of
a project, yet rarely understood or studied [7]. In this paper, we present our process of
formulating and realizing a dynamic garment where technological and aesthetic design
considerations are undertaken together in an emergent process. This includes the ideation
of the garment, a modular design approach, and whether to visualize a reactive light as
a material or the utilization of soft actuators. The authors, as makers, reflect upon the
design considerations of the design process and how the final design supports and cares
for the wearer, not only on a practical but also on an emotional and social level. The created
prototype serves not only as a functional forerunner, but also as a showroom prototype [8],
inviting dialog about the process to discuss the trajectories of the research, how it could
have been undertaken, and how that informs design spaces still waiting to be explored.

2. Design Process

This research was undertaken in the context of the Re-FREAM pillar of the European
STARTS Programme. The project was a collaborative and interdisciplinary research effort
that included stakeholders Malou Beemer, Fraunhofer IZM, Profactor, EMPA, and Wear
It Berlin [9]. The team worked for nine months to co-create the project, including three

Eng. Proc. 2023, 30, 9. https://doi.org/10.3390/engproc2023030009 https://www.mdpi.com/journal/engproc49



Eng. Proc. 2023, 30, 9

months in the technology partners’ labs. Due to the COVID-19 pandemic, the process was
mostly online which may have influenced our choice of material and technique used in
creating adaptive garment prototypes. Yet at the same time, it enabled new collaboration
thanks to the availability of the partners.

2.1. Soft Actuators

Inspired by numerous soft actuator projects that are integrated into textile-based
objects by international research teams [9–13], such as the MIT Tangible Media Group or
Harvard BioDesign Lab, an intensive literature study was carried out. Several relevant
scientific articles were studied, and expert interviews were conducted, including with
the Fraunhofer ISC Smart Materials Centre, MIT, and the RCA Soft System Research
Group. As a result, five types of actuation methods were further investigated. Shape
Memory Alloys, including Nickel Titanium, were rejected because they were not innovative
enough and require high power consumption. Pneumatic artificial muscles were not yet
considered wearable or convenient due to the pumps and valves required. IPMCs were
excluded because samples could not be produced and access to third-party material was
not available. Electric fields that triggered soft actuators had a risk of injury to the human
body due to high currents and voltages. A new concept, consisting of textile/polymer
laminate that deforms due to different coefficients of thermal expansion, was attempted but
experiments on this were not successful. An overview of the literature research is presented
online [14]. These explorations brought the team to the conclusion that actuators remain
overly challenging at this time. Therefore, we decided to focus on using adaptive light
integration for the prototypes.

2.2. Modular Design Approach

From the early explorations, we started to explore a modular design approach, as
depicted in Figure 1, that leads to new dynamics, interactions, and business models. Taking
the disassembly and the end of use into consideration during the design process takes extra
effort and brings a lot of challenges, from construction and connection methods to material
selection and manufacturing. This was even more essential when we integrate electronics
and other technologies into garments, fusing two polluting industries with different waste
streams. Our design approach brought a new wave of aesthetics with it that will not only
elevate garment designs on a sustainable level but can also evolve into a new language
regarding the shape, structure, and overall feel. These ideas were confirmed by our findings
when we were exploring the Planetary Design Tool by Max Marwede and Robin Hoske
from Fraunhofer IZM [15].

 
Figure 1. Overview of the garment layers devised for a modular system.

For the final prototype, we developed two undergarments with integrated modules
from the Fraunhofer IZM hardware kit for e-textiles [16]. Embroidered conductor tracks,
made of insulated conductive thread, connect the circuit boards with LEDs and sensors to
the main control via the e-textile-bonding technique [17]. During our user test event, we
learned that an input is required to be able to easily change the pre-programmed light or
color patterns and to be able to switch the light on and off. This was fully in line with the

50



Eng. Proc. 2023, 30, 9

concept of adapting to how much you want to attract attention or become less noticeable.
We, therefore, use the data from the Inertial Measurement Unit to implement a tap sensor,
as displayed in Figure 2. A light-diffusing layer is added to create a soft skin-like light
effect, which is covered by an interchangeable mask layer to create different patterns as
shadow play in the garment.

 

Figure 2. Diffuse and mask layer with parametric patterns (left) and Undergarment with Embroi-
dered conductor tracks and bonded PCBs (right).

2.3. Outergarments

The top garments are a fusion of old craftsmanship and new digital technologies.
The ombre color effect is created with sublimation printing on laser-cut textile elements.
To create a bigger diffuse effect we used a hand pleating technique to develop three-
dimensional textures in the fabric, as shown in Figure 3.

 

Figure 3. Pleated top garment used as a dynamic projection surface.

3. Reflection and Discussion

3.1. The Gap between Research and Reality

The biggest hurdle in the project was finding a fitting technique and material that
responded to the design considerations of the organic change we designed. In the areas of
wearable tech, e-textiles, and soft actuators, there is a large gap between existing research
and actual technology implementation. Scientific research is often done within the parame-
ters of a lab with specific conditions, which is an achievement. However, multistakeholder
exploration of a fluid translation and collaborative connection between the technology and
the application is where we can make a big impact.

3.2. The Evolution of Fashion Tech

For centuries, high fashion has been accepted for its aesthetic and expressive value.
Fashion tech is a cross-pollination of this field with innovative technologies. The industry
of technology is function-driven and often shuns the use of new materials and technological
possibilities as insufficient. Instead, the integration of tech in fashion is justified by its pur-
pose and function, which often leads to integration regarding performance improvement,
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health, comfort, and safety [18]. We take the next step and create a caring garment that goes
beyond straightforward functionality into expression and communication. Over the past
decade, we developed wearables mainly from the tech perspective with the purpose of
solving practical issues. Envision a future where expression and functionality seamlessly
merch together. With this project, we demonstrate how stakeholder collaboration from the
beginning enables dynamics and aesthetics that go hand in hand.

3.3. The Time Frames of Wearable Innovation

Project partner Thomas Gnahm from Wear it Berlin said it best: innovation takes
time [19]. Fashion tech is still in the early days, Gnahm compares it to the development
of cars. Previously, the first cars looked like carriages without horses. Once we saw the
potential of new materials, manufacturing and even forms of math were created to facilitate
the process. Fashion tech is still in an age of experimentation and definition. Yet the
knowledge required is often too complex for a single person and requires teams that,
together, are good at exploration, playfulness, experimentation, and definition.

3.4. Sustainability Positioning

When we talk about sustainability, there is a lot of focus on material sourcing and
manufacturing [20]. This is of course essential; however, we believe we tend to neglect
the other parts of the value chain that are equally important. We can shift to using better
materials and production processes, but this will remain to be an issue if we do not
change our behavior and relationship towards our “properties”. If we keep consuming
and trashing, it will still be a linear process. If we choose to “own” a product, we also
need to take responsibility and take ownership of it, by investing in a longer-term valuable
relationship. This is not only up to the wearers themselves, but it is the task of designers,
producers, and suppliers to guide consumers into this new headspace and is important to
regard this during the design process.

3.5. Sustainability and Creativity Balance and Context

Rapid change is currently occurring in the fashion and textile industry. New EU
sustainability regulations demand new design and manufacturing methods, as well as
new technological developments that create new possibilities for creation. This asks for a
wave of new-generation designers that are trained and literate in new digital technologies
and sustainable thinking. While, at the same time, taking the heritage and knowledge of
traditional textile craftsmanship into regard. Finding a healthy, productive, and innovative
balance between philosophical questioning and existential pragmatic thinking within the
design domain is key, keeping the bigger sustainable picture in mind while not losing the
aesthetic values we create in design practice.
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Abstract: As an emerging technology, smart textiles have attracted attention for rehabilitation pur-
poses to monitor heart rate, blood pressure, breathing rate, body posture and limb movements.
Compared with traditional sensors, knitted sensors constructed from conductive yarns are breathable,
stretchable and washable, and therefore, provide more comfort to the body and can be used in
everyday life. In this study, knitted strain sensors were produced that are linear with up to 40% strain,
sensitivity of 1.19 and hysteresis of 1.2% in absolute values, and hysteresis of 0.03 when scaled to the
working range of 40%. The developed sensor was integrated into a wearable wrist-glove system for
finger and wrist monitoring. The results show that the wearable was able to detect different finger
angles and positions of the wrist.

Keywords: knitted strain sensor; health monitoring applications; smart textiles; wearable textiles

1. Introduction

Flexible and wearable sensors have gained attention in recent years for a variety of
applications, including human–device interfaces and the monitoring of health indicators
such as respiration rate, heart rate and body position [1–3]. Conventional sensors are often
integrated into structures as an external element or attached to the surface, but these create
discomfort for the user due to the bulky and rigid nature of electronic devices such as
IMUs for health monitoring purposes [4]. In this context, textile-based strain sensors offer
a new generation of devices that combine wearability, lightness, comfort and stretchability
with strain-sensing functionality. They can be comfortably worn and sense a wide range
of body strains for a vast number of health monitoring applications, thus making them a
good alternative to traditional bulky electronic sensors and making wearable systems more
feasible [5].

By using textile-based strain sensors, it is possible to investigate and identify the
ideal rehabilitation posture by analyzing the physiological properties of finger and wrist
movements. For these wearable sensors, several materials and methods have been inves-
tigated to monitor the different parts of the body such as the finger, wrist, arm and leg
for rehabilitation purposes. Ryu et al. investigated the performance of the knitted strain
sensor in a glove by using silver-plated yarns to distinguish the finger movements, and the
electrical responses of the compressive strain demonstrated strong stability and linearity
through various finger rolling angles [6]. Lee et al. also concluded that the developed
glove might be useful to amputees as a tool that allows them to rehabilitate or regulate a
myoelectric prosthesis by putting the sensing elements into the glove and producing the
whole-garment knitting technique for ease of commercialization [7]. Isaia et al. evaluated
the performance of strain sensors knitted with various conductive yarns in terms of their
sensing properties, hysteresis and comfort for joint motion-tracking applications during
repetitive flexion–extension cycles [8,9]. Textile-based and knitted strain sensors have
been proposed in many studies but have been less useful in practical applications due to
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the differences in measured strain during loading and unloading (hysteresis). In recent
work [10], however, we were able to develop knitted strain sensors with extremely low
hysteresis values. In this study, we integrated those sensors into a wrist-to-finger wearable
demonstrator, the performance of which was tested.

2. Materials and Methods

In the previous study [10], a textile-based strain sensor was developed with a specific
knitting technique, and its electromechanical performance was tested and reported as a
hysteresis of 0.03 and a gauge factor of 1.19; in the following study, this newly developed
strain sensor was integrated into a wrist-to-finger wearable system. A 1 × 1 rib-knit
design was chosen for the strain sensor design and knitted on a Stoll CMS 530 machine
using conductive yarn from Shieldex with a yarn count of dtex 235 and initial resistance
of ≤600 Ω/m, and elastic yarn from Yeoman of Nm 15. Utilizing the plating technique,
knitted strain sensors were produced by positioning the conductive yarn inside and the
elastic yarn on the outside of the knitted structure (See Figure 1). In the second stage of the
study, this developed knitted strain sensor was integrated into the wrist-to-finger wearable
system to monitor the movements of the finger and wrist, as shown in Figure 2. Apart from
the knitted sensor part in the wearable system, woven cotton fabric was selected for the rest
of the design to be able to have a non-elastic and adjustable structure. A Bluetooth Arduino
Nano and a power supply were integrated into the wrist-to-finger design using conductive
yarns. According to the finger and hand size, the design can be easily modified, and this
helps with ease of manufacturing in the later stages. The electromechanical performance
of the knitted strain sensor was tested in the course-wise direction by performing four
test cycles at 30 mm/min, using a custom-made tensile tester, and the resistance response
during tensile extension–relaxation tests was assessed. The performance of the wrist-to-
glove design during finger and wrist movements was evaluated and the movements were
recorded.

Figure 1. (a) The developed knitted strain sensor; (b) optical images of the sensing region which shows
the conductive yarns (yellow) positioned inside and elastic yarns outside (white); and (c) illustration
of the conductive and elastic yarn positioning within the knitted structure.

Figure 2. The wearable sensor-glove system with a knitted strain sensor to monitor (a) finger
movements and (b) wrist movement.
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3. Results

3.1. Electromechanical Performance of the Knitted Strain Sensor

The electromechanical performance of the knitted strain sensor was investigated and
is illustrated in Figure 3. The sensor works linearly over a range of 40% with a hysteresis
value and gauge factor of 0.03 and 1.19, respectively. The hysteresis along the strain axis
amounts to 1.2% (absolute value) and 0.03 when scaled to the working range of 40% [10].
Because of the high linearity and low hysteresis, this developed sensor is found to be
promising for monitoring finger or wrist movement, and the sensor is integrated into the
wearable system to test its performance.

Figure 3. The developed knitted strain sensor graphs under four cyclic tests: (a) relative resistance
change versus strain and (b) resistance versus time.

3.2. Performance Evaluation of Wrist-to-Finger Monitoring System

Bending the finger and wrist deforms the fabric, causing the sensor to change resis-
tance. In this way, finger and wrist movements can be directly detected and monitored.
Figure 4a shows the results of finger motion detection at different bending angles by the
wrist-to-finger wearable system, targeted at 30◦, 60◦ and 90◦. This shows that with the
increase in the bending angle of the finger joint from 30◦ to 60◦, and then to 90◦, the
change in the relative resistance value increases. To investigate the wrist monitoring, the
same test was applied to the wrist-to-finger wearable system, and the plot also provides
distinguishable patterns in the flexed and unbent positions, as shown in Figure 4b. Note
that tests were performed to demonstrate the effects, and the bending angles were not well
controlled. However, the observed signal changes were seen to be measurable.

Figure 4. The wrist-to-finger wearable system: (a) finger movement monitoring at different angles of
30, 60 and 90◦, and (b) wrist monitoring.
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4. Discussion

For applications such as posture monitoring, VR and rehabilitation, it is desired to
have integrated, soft and stretchable strain sensors. We used a novel knitted sensor to
construct a wrist-to-finger demonstrator. The measurement showed that it is possible to
distinguish between the bending angles and loads of the fingers and the wrist [10]. When
the sensor is implemented into the wrist-to-finger system, overall, it performs linearly. The
small differences observed in peak values during the tests can be attributed to both the
slipping of the garment with respect to the skin and the reproducibility errors inherent to
manual movements. In a future study, these irregularities could be amended by fixing the
wearable system to the joints of the body.

5. Conclusions

We produced a linear knitted strain sensor with low hysteresis and a working range
of at least 40%. The developed knitted sensor can easily be utilized as a part of a wearable
system to monitor finger and wrist movement without interfering with the existing fabric
performance and appearance. The adjustable wearable system demonstrates the useful-
ness of the newly developed sensors and has the potential to be used for rehabilitation
purposes in health monitoring applications.
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Abstract: Touch Craft Ltd completed a feasibility study to understand the market position, technolo-
gies and user requirement for a smart sock sensing system designed to help monitor foot problems for
people living with diabetes. The proposed system would involve a non-invasive, low-cost approach
to gathering and measuring skin and foot data considering parameters such as pressure, temperature,
and activity levels. The smart sock sensing system would enable both clinicians and patients to have
a broader view of foot health and assist in improving the quality of life for patients and their carers.

Keywords: wearable technology; sensing system; diabetic foot; healthcare; biofeedback

1. Introduction

This paper describes a feasibility study undertaken by Touch Craft Ltd to develop
a smart sock sensing system, which was supported by the Challenge Fund awarded by
eHealth Productivity and Innovation in Cornwall and the Isles of Scilly [1]. The study
was established to understand three key areas: the market position, technologies and user
requirements for a smart sock sensing system that would be designed to help monitor
foot problems.

The perspectives of clinical staff were critical in defining those people living with
neuro-diabetes and foot problems as the patient population that would most benefit from a
smart sock sensing system. The proposed system would help monitor foot problems in
those people at high risk to help prevent ulcers and skin lesions as well as providing a
foot management system to prevent re-ulceration. Healthcare professionals acknowledge
the benefits of reducing foot pressures as a mechanism by which foot ulceration can be
prevented [2]. Monitoring the temperature of the foot is an evidence-based preventive
practice for patients at risk of diabetic foot complications [3]. The functionality of a smart
sock would need to involve a non-invasive, low-cost approach to gathering and measuring
skin and foot information involving pressure and temperature data.

2. Materials and Methods

The feasibility study adopted Public and Patient Involvement and Engagement as
a method of engaging patients and public in the research, referencing values and princi-
ples that should be followed to reflect good practice and guide project development [4].
Additionally, interviews with medical specialists and healthcare professionals addressed
requirements for a smart sock from a clinical perspective. There was agreement from
clinicians around the type of data to capture, adherence and compliance issues and the
identification of monitoring and rehabilitation as significant applications for assessing and
treating patients.

The researcher used PPIE methods including questionnaires, interviews and group
discussion to collect data from the Lay Panel at Barts Hospital in London. The group con-
sists of 25 members made up of patients, nurses, voluntary representatives, and clinicians
that meet quarterly to improve research for the benefit of people with diabetes, giving
valuable on-line feedback to researchers and refining study design and delivery [5].
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2.1. Preliminary Prototypes

Touch Craft Ltd worked with Marina Toeters from By-Wire.Net [6] to design and
produce innovative textile prototypes as an initial proof of concept that demonstrated core
functionality (see Figure 1). They were designed to collect, process and display pressure
and temperature body data using off-the-shelf technologies to illustrate the possibilities of
a wearable ‘smart sock’ to physiotherapists and orthopaedic clinicians.

 

Figure 1. Preliminary prototypes.

Further funding would support the development of more refined, robust prototypes
if the project were supported in future studies. At this stage, the preliminary prototypes
are presented as rough sketches using ‘lo-fidelity’ technology to prompt discussion and
help outline more specific features and functionality. A feasibility study was not extensive
enough to test all the different fabrics and sensors that could be used to construct a smart
sock. Prototyping helped the team understand the possibilities, limitations and outcomes
that could then be experienced by clinicians and patient groups.

2.2. Printed Electronics

Printed electronics are part of an emerging market for flexible and printed sensors
and components that are flexible and offer seamless integration. Printed electronics are
usually screen-printed in multiple layers and fused onto fabric substrates. Touch Craft Ltd
worked with Marina Toeters from the fashion and technology company By-Wire.Net [6] to
demonstrate the viability of printed electronic components that could be included in future
prototypes (see Figure 2).

 

Figure 2. Printed electronics.
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3. Results

A summary of themes that emerged from interviews and questionnaires are presented
below and have been organised into sections depending on their overall theme.

3.1. Remote Consultations

• Patient groups wanted to maintain in-person consultations with clinical teams as a
move against the increased interest in remote sensing and remote consultations.

• Patient groups were concerned that the increased prevalence of remote consultations
would replace the foot health checks and examinations conducted by professionals
using a variety of methods; e.g., filament, ultrasound, colour checks and circulation.

3.2. Foot Health, Mobility and Compliance

• The study highlighted a general lack of concern for foot health, not just in diabetic
patients, and the technical difficulties involved in older adults monitoring their own
foot issues.

• Clinicians were keen to stress the importance of patients taking a more active role to
identify and deal with problems relating to their own foot health.

• Mobility is a crucial part of wellbeing and overall good health, and there was some
concern that sensing technology embedded within a smart sock would not be able to
detect mobility issues and alert patients.

• There was optimism among clinical professionals that the device (particularly tem-
perature sensing) could have practical applications for remote monitoring and self-
management of diabetic feet at risk of re-ulceration.

3.3. Practical Considerations, Design, Ergonomics and Fit

• Patient groups wanted a smart sock to be comfortable to wear and a good fit, preferably
seamless, so that seams would not chafe on the toes.

• Patient groups requested more details on washing cycles and the standard length of
time advised for smart sock use.

• Respondents questioned if the device would be suitable for wearing inside a shoe.

3.4. System Design, Technical Features and Data Transmission

• Many respondents wanted to know if a smart sock would be able to detect excesses of
foot heat, cold, numbness, sweat, smell and fragrance.

• Patient groups were concerned with issues of intermittent signal or signal loss during
data transmission or communication with clinicians.

• Respondents were keen to know more about the kind of feedback provided by the
system to alert patients or clinicians, perhaps a ‘bleep’, an alarm or colour change on
the sensor to indicate loss of feeling in the feet.

• Clinicians reported on the position and number of the pressure sensors on the foot.
For more accurate pressure sensing, the sensors would need to be embedded across
the whole forefoot.

3.5. Funding, Development and Future Studies

• Respondents raised concerns around the project being a beneficial investment and
requested more information about methods of funding smart sock development.

4. Discussion

Many of the findings outlined themes that could be explored in future studies but
were outside the scope of this limited feasibility study. Patient and clinical perspectives
emphasized technical as well as practical elements, which emerged as strong themes
and demonstrated a concern with the design of the sock to maximise comfort, fit and
performance. More details were requested regarding the technical features and how these
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could be more seamlessly embedded into the sock. Much of the future work in this area
would concentrate on integrating printed electronics that are discussed in Section 3.2.

What emerged from the feedback was that many of the respondents were interested
in the idea of collecting foot information and biofeedback to indicate issues around foot
health. Patients were particularly interested in the idea of exploring further the idea of
developing a ‘digital health assistant’ that could support patients in managing their own
foot care.

5. Conclusions

Patient feedback indicated that a future smart sock should not replace in-person consul-
tations but would complement the personal, reassuring meetings with health professionals.
This would be enhanced with data gathered from home monitoring and self-management
of foot problems. This might include conducting virtual foot checks as well as regular
manual foot checks to monitor changes and risk factors.

To conclude, it is worth noting that more robust, hi-fidelity prototypes would not have
been produced at this stage in the development cycle. The feasibility study aimed to present
information to support the proposition for the smart sock concept being technically and
clinically viable and identifying patient support for the idea. The study was successful in
determining a clinical and patient need for a smart sock sensing system and suggesting that
further funding and research could progress the idea into a robust and beneficial product.
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Abstract: This study explores the effect of different types of bandages on the performance of an
epidermal antenna. Three identical dipole antennas are designed on three different types of bandages,
and the measured reflection coefficients, S11, show that the antennas resonate at the same frequency
despite the different types of fabric bandages. However, the antennas resonance frequency shifts to a
lower frequency when the antennas are mounted on the body. The transmission coefficient, S21, over
a 60 cm link with a standard RFID antenna is at least −30 dB, and −34 dB in free space and on the
body, respectively, demonstrating that the antenna is suitable for communication and wireless RF
power transfer in wearable applications.

Keywords: epidermal antenna; dipole; smart bandage; e-textiles; wearable application

1. Introduction

Smart bandages incorporate various types of sensors to continuously monitor of
wound−related parameters, such as temperature, moisture level, pH level, and wound
oxygenation, in chronic wound care and management [1,2]. They provide wound data to
health practitioners, which allows them to remotely assess the healing of chronic wounds
without removing the bandage. The smart bandage requires a power source for embedded
electronics, and an antenna for wireless data transmission to an external device. An antenna
design is critical in the development of a wireless smart bandage since it can be used to
transmit data and harvest RF energy.

Several antenna designs for smart bandages have been presented in the literature.
In [3], a via free planar antenna, similar to an adhesive bandage, for medical telemetry
service is proposed. However, the antenna includes a ground plane, which increases the
thickness of the antenna and, therefore, is less suitable for wearable applications. Similarly,
in [4], a planar rectangular loop antenna is implemented in a battery−powered smart
bandage for wireless monitoring of wounds. The antenna is small in size but operates at
a higher frequency of about 2.4 GHz. Furthermore, near−field communications (NFC)
antennas are also being investigated for wireless smart bandages [5]. Such bandages have a
very low reading range, and need the bandage to be in close proximity to the reader, which
is especially undesirable for applications requiring continuous monitoring.

In this study, we proposed an all−fabric epidermal antenna operating at 915 MHz for
smart bandages in healthcare applications. The study also explored the effect of different
types of bandages on the epidermal antenna resonance frequency. Three identical dipoles
were designed on three different types of bandage materials. The performance of the
antennas in terms of the reflection coefficient in free space and in the presence of body were
investigated. Measurements demonstrate that the different types of bandage material have
no discernible effect on the antenna performance.
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2. Antenna Design

The epidermal antenna design is based on an electrical dipole with bending radiating
arms to reduce the antenna size. The radiating arms of the antenna were tuned to resonate
at 915 MHz in the presence of human tissue. The antennas were made of silk coated
Litz wires with a diameter of 0.36 mm. A PFAFF creative 3.0 sewing machine was used
to embroider Litz wires into three types of bandages: (i) cotton crepe bandage made of
cotton, (ii) self−fixing cohesive support bandage made of cotton/elastane with latex, and
(iii) adjustable cohesive bandage made of polypropylene and elastane, as shown in Figure 1.

 

(a) (b) (c) 

Figure 1. Manufactured prototype of the embroidered all−fabric epidermal antennas: (a) cotton
crepe bandage; (b) adjustable bandage; and (c) self−fixing bandage.

3. Measurements and Results

3.1. Reflection Coefficient

The reflection coefficient, S11, of the antennas were measured with a vector network
analyser (VNA) in free space and in the presence of the body, Figure 2a. Figure 2b shows
that the antennas resonate at around 1.10 GHz in free space, and 915 MHz when the
antennas are mounted on the body. It is observed that the different types of bandages have
no significant effect on the antenna resonance frequency, as shown in Figure 2b. However,
the resonance frequency shifts to a lower frequency of 915 MHz in the presence of the body.
This is due to the high dielectric constant and conductivity of human tissue.

 

(a) (b) 

Figure 2. (a) All−fabric epidermal antenna mounted on the human arm; (b) measured reflection
coefficient, S11, of the three identical antennas in free space and on the body.

64



Eng. Proc. 2023, 30, 12

3.2. Transmission Coefficient

The experimental setup, Figure 3a, was used to measure the transmission coefficient,
S21, between the fabric antenna and an external antenna. A circularly polarized antenna,
with 8.2 dBi gain and operating at 915 MHz, was placed about 60 cm away from the
bandage antenna. Both antennas were connected to a vector network analyser (VNA)
and the transmission losses were measured. The measured S21 frequency responses are
depicted in Figure 3b for both cases with and without human tissue. The results show
that S21 is about −30 dB in free space, and −34 dB when mounted on the body. This
shows that for a 30 dBm RF input power, at least −4 dBm will be received by the receiver
antenna, indicating that the bandage antenna is suitable for RF power harvesting over a
short distance at the UHF band.

 
(a) (b) 

Figure 3. (a) Experimental setup for measuring transmission performance; (b) measured trans-
mission coefficient, S21, between the all−fabric antenna and an external antenna, showing that the
transmission losses for the antenna in free space and on the body are −30 dB and −34 dB, respectively.

4. Conclusions

All-fabric epidermal antenna fabricated on fabric bandages is demonstrated in this
paper. The resonance frequency of the antenna shifts to a lower frequency when it is
mounted on the body due to the high relative permittivity and conductivity of human
tissue. The measured results show that the different types of bandages have no significant
effect on the antenna resonance frequency. Transmission losses, S21, of the antenna is
−34 dB in the presence of human tissue when the external antenna is 60 cm away from the
arm on which the antenna is mounted. This means that the receiver antenna will receive at
least −4 dBm for an input power of 30 dBm. The antenna is flexible, lightweight, easy to
fabricate, and comfortable to the body, and, therefore, can be used to develop wireless and
battery−free smart bandages. The objective of our future work is to closely investigate all
fabric dipole array for RF information and RF power transfer for wearable applications.
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Abstract: Functional electrical stimulation (FES) aims to improve the gait pattern in case of foot drop
of people suffering chronic diseases, e.g., multiple sclerosis. The fibular nerve can be stimulated
by electrical impulses sent through electrodes on the skin, which leads to the contraction of the
corresponding muscles. One major disadvantage of commercial FES devices is their bulky design.
The paper presents an alternative approach of weft-knitted strain sensors that are directly integrated
into the knee area of a functional legging suitable for daily use. To initiate electrical impulses for FES
at the right time, the textile strain sensors are used as soft triggers.

Keywords: weft-knitted fabric; textile-based strain sensor; functional electrical stimulation; multiple
sclerosis; functional electrical stimulation; FES

1. Introduction

Wearables have developed very rapidly over the last decade and have become integral
parts of our daily lives. Due to their convenience and flexibility, they are used for gesture
and posture tracking in healthcare and biomechanical and physiological monitoring sys-
tems [1]. An important functional therapy method for multiple sclerosis (MS) related foot
drop or stroke patients is functional electrical stimulation (FES), in which the muscle is
functionally activated by electrical nerve stimulation and can thus perform its physiological
movement [2]. Neuro-prostheses are one of the advances that have been made in the field of
FES therapy. They detect the gait phases through inertial measurement units (IMU), which
then trigger electrical impulses to stimulate the corresponding nerve at the appropriate
moment so that the foot rises [3,4]. Commercially available assistance systems for people
with foot-lift weakness are, e.g., L100/300 Go® [5,6] from Bioness, innoSTEP-WL [7] from
Heller Medizintechnik, or WalkAide® from Pro Walk [8]. In these bulky devices, the sensors
and electrical signal generator are integrated directly into a cuff that is fixed with Velcro
straps around the knee. However, the size and mass, the built-in hard electronics (inflexible,
non-bendable areas), and the limited washability are comfort-limiting factors of these
devices for daily use. Therefore, the aim of the current research at ITM is the realization
of a textile-based sensory and therapeutic stimulative functional system integrated into a
weft-knitted fabric in the form of functional leggings.

Electrically conductive yarns are suitable for the realization of resistive strain sensors,
whose electrical resistance changes in correlation to the applied mechanical strain and can
be integrated into a weft-knitted fabric during manufacturing. In addition to that, the joint
movement according to the natural degrees of freedom that causes a corresponding strain
state in the textile can also be measured. Due to the loop structure, knitted fabrics are
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stretchable in both horizontal and vertical directions, resulting in a low bending modulus
and shear. The user comfort of weft-knitted fabrics in terms of freedom of movement make
them a suitable choice for use as supporting structures of wearable healthcare products [9],
e.g., for both future textile-based strain sensors and dry electrodes for FES therapy purposes,
respectively. Due to the loop structure, weft-knitted fabrics are also characterized by
excellent permeability and flexibility. The gait analysis for FES devices requires a real-time
diagnostic function to determine the movements based on the deformation measurement,
for which integrated textile strain sensors are predestined. The textile-based strain sensor
is positioned on the kneecap and is intended to determine valid motion-induced strain
data without restricting the freedom of movement of the functional leggings. The textile
structure is stretched accordingly by the bending movement of the leg during the gait phase,
and the measurable change in ohmic resistance can be correlated with the movement phase.
Based on previous investigations using weft-knitted structures, the maximum expected
elongation in the knee area is determined to a max of 50%.

2. Materials and Methods

For the gait analyses, suitable conductive yarn-based resistive strain sensors on the
knee area are needed. Based on investigations using weft-knitted structures, the maximum
expected elongation in the knee area is determined to the max of 50%. It is essential that
the textile sensor is flexible and does not restrict free movement. With dynamic movement,
the knee or bent angle changes continuously. Bending is defined here as the direction of
motion, which leads to the reduction of angle and stretching, causing an increase of the
angle. To determine the expected length change of the weft-knitted structure (leggings)
above the kneecap, the knee is bent in 45◦ steps from the unbent to full-bent state and
the lengths L1 to L4 are measured. Based on the observations, the expected elongation of
weft-knitted structures over the knee joint during walking is determined at a range from
23 to 50%. This represents the measuring range of the textile strain sensor (cf. Table 1).
Although other gait analyses come to similar conclusions that the bending/flexion of the
knee joint during normal walking reaches max. 60◦ (max. elongation/extension 0◦), for
the further development steps [10,11], a maximum elongation of 30% is assumed as the
average deformation to be expected during the normal gait phase.

Table 1. Determined elongation of a weft-knitted structure fixed over knee joint during leg angulation.

Leg Position, Bent Angle Length Knit Structure Li [cm]
Expected Strain

εm = Li-Li-1/Li-1 [%]

Basic length L0 9.2 -
Pre-stretched, unbent 0◦ L1 12 23

Bent by 45◦ L2 15.1 26
Bent by 90◦ L3 16.3 36

Full bent (140◦) L4 18 50

Weft-knitted strain sensors are realized on a conventional weft-knitting machine (Karl
Mayer Stoll ADF 530-32 BW knit & wear, E14 machine gauge) available at ITM. The basic
knit structures have been developed, and material combinations were evaluated. The
investigations were based on a plated, plain, right−left weft-knitted structure (single jersey)
made of a material combination from TENCEL™ lyocell fibers (fineness 25 tex) plated with
a polyamide and elastane twine PA/EL 78/78f23x1. The strain sensors are integrated into
four different bindings in wale-wise (A, B) and course-wise directions (C, B). The strain-
sensor pattern was realized by intarsia knitting or platting, respectively, using different
silver coated/plated conductive yarns Silver-tech+ 150, Elitex 235/f36 PA/Ag. Table 2
shows the investigated materials and bindings of the weft-knitted basic structure and the
textile-based sensors.
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Table 2. Overview materials and bindings of basic weft-knitted structure and textile sensors.

Sensor Yarns (Red Area)
Binding Basic Knit and

Material
(Yellow Area)

Sensor Binding

I: Silver-tech+ (Silver coated
pol- yamide yarn; 150 tex)
II: Elitex 235/f36 (Silver

coated pol- yamide yarn)

Plated right left single jersey
Tencel 25 tex plated with
PA/EL single cover yarn

78/78f23x1

Wale-wise plating of sensor yarns
A: 4 wales × 200 courses
B: 1 wale × 200 courses

course-wise plating of sensor
yarns

C: 100 wales × 4 courses
D: 100 wales × 1 course

For characterization of the strain sensor’s cyclical tensile behavior, specimens (cf.
Table 2) were tested on a ZwickRoell Junior Z2.5 tensile tester. The tensile strain is increased
from 0 to 50% successive in 10% steps after 10 cycles while measuring the change in
resistance of the textile-based strain sensors simultaneously with a Keithley DAQ 6510
precision multimeter in a 4-wire method.

3. Results and Discussion

As observed in Figure 1a, the sensor binding A with yarn I has a good correlation
between change in strain and resistance compared with sensor C (cf. Figure 1b) with the
same yarn (cf. Figure 1b). The hysteresis increases for strain levels above 25% significantly,
as Figure 1c shows, and the cross-correlation coefficient was calculated to 0.83. Furthermore,
a latent signal drift after each load cycle within a constant elongation level can be observed.

  

(a) (b) (c) 

Figure 1. Electromechanical behavior of sensor yarn I during cyclic straining: (a) change in resistance
with binding A; (b) change of resistance with binding C; (c) resistance-strain correlation for binding A.

Figure 2 shows that sensor binding A with yarn II also has a good correlation between
the change in resistance and applied strain with a cross-correlation coefficient 0.94 (cf.
Figure 1c). For sensor binding C (cf. Figure 2b), which means the course-wise integration
of the sensor yarn in a single wale over 100 courses, the resistance-strain correlation is
remarkably low.

Figure 3 shows that the sensor binding B with yarn I (cf. Figure 3a,c) has the best
correlation between strain and resistance. The cross-correlation coefficient was calculated
to 0.99. For all investigated sensor yarns, sensor bindings C and D (cf. Figure 3b) show the
lowest resistance-strain correlation of the investigated test series. It can be stated that the
course-wise platting of conductive yarns is not suitable for reliable strain sensing.
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(a) (b) (c) 

Figure 2. Electromechanical behavior of sensor yarn II during cyclic straining: (a) change in resis-
tance with binding A; (b) change of resistance with binding C; (c) resistance−strain correlation for
binding A.

  

(a) (b) (c) 

Figure 3. Electromechanical behavior of sensor yarn I during cyclic straining: (a) change in resistance
with binding B; (b) change of resistance with binding D. (c) resistance−strain correlation for binding B.

4. Conclusions

This work presents a novel approach for the integration of conductive yarns into
weft-knitted fabric acting as strain sensor for monitoring and detecting the gait phase for
FES applications, e.g., for patients suffering from MS. Two conductive yarns in wale-wise
and course-wise directions have been integrated into a plated plain right-left weft-knitted
structure, and the electromechanical behavior was determined during cyclical tensile tests.
It can be concluded that the strain sensor made of silver-coated yarn Silver-tech+ 150
plated with PA/EL elastane twine in a plain right/left wale-wise binding structure B
(1 wale × 200 courses) shows the best result concerning a change of resistance under an
applied cyclic tensile strain up to 30% with cross-correlation coefficient calculated to 0.99.

Author Contributions: Conceptualization, B.A., H.W., and E.H.; methodology, B.A. and M.W.;
software, M.W.; knitting design, knitting, specimen preparation, C.S.; validation, E.H., A.N., and
M.W.; formal analysis, M.W.; investigation, B.A. and H.W.; resources, B.A.; data curation, M.W.;
writing—original draft preparation, B.A.; writing—review and editing, E.H.; visualization, B.A.;
supervision, E.H.; project administration, C.C.; funding acquisition, E.H. All authors have read and
agreed to the published version of the manuscript.

Funding: The project is funded by the German Research Foundation (DFG. Deutsche Forschungsge
meinschaft) as part of Germany’s Excellence Strategy—EXC 2050/1—funding Nr. 390696704—Cluster
of Excellence “Centre for Tactile Internet with Human-in-the-Loop” (CeTI) of Technische Universität
Dresden. The ZIM project “SmartMediTex”, funding Nr. KK5090906SK1, is funded through the AiF
within the “Central Innovation Program for small and medium-sized enterprises (SMEs)—Zentrales
Innovationsprogramm Mittelstand (ZIM)—Cooperation projects” from funds of the Federal Ministry
for Economic Affairs and Climatic Action (BMWK) by a resolution of the German Bundestag. Funding
of the named institutions is gratefully acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available from authors by request.

Conflicts of Interest: The authors declare no conflict of interest.

70



Eng. Proc. 2023, 30, 13

References

1. Isaia, C.; Mcnally, D.S.; Mcmaster, S.A.; Branson, D.T. Effect of mechanical preconditioning on the electrical properties of knitted
conductive textiles during cyclic loading. Text. Res. J. 2019, 89, 445–460. [CrossRef]

2. Miller, L.; Mattison, P.; Paul, L.; Wood, L. The effects of transcutaneous electrical nerve stimulation (TENS) on spasticity in
multiple sclerosis. Mult. Scler. 2007, 13, 527–533. [CrossRef] [PubMed]

3. Gorman, P.H. An Update on Functional Electrical Stimulation after Spinal Cord Injury. Neurorehabilit. Neural Repair 2000, 14,
251–263. [CrossRef] [PubMed]

4. Creasey, G.H.; Ho, C.H.; Triolo, R.J.; Gater, D.R.; DiMarco, A.F.; Bogie, K.M.; Keith, M.W. Clinical applications of electrical
stimulation after spinal cord injury. J. Spinal Cord Med. 2004, 27, 365–375. [CrossRef] [PubMed]

5. Hausdorff, J.M.; Ring, H. The effect of the L300 neuroprosthesis on gait stability and symmetry. J. Neurol. Phys. Ther. 2006, 30,
198–199. [CrossRef]

6. Improved Mobility. Made Easier. Bioness Inc., NC 27703, United States: 2022. Available online: https://www.l300go.com/
(accessed on 21 November 2022).

7. HELLER MEDIZINTECHNIK GmbH & Co. KG: Weak Foot Dorsi Flexion—Foot Drop System innoSTEP-WL Provides Mobility.
Available online: https://www.heller-medizintechnik.de/produkte/innostep_wl/?lang=EN (accessed on 12 November 2022).

8. Pro Walk Rehabilitationshilfen und Sanitätsbedarf GmbH: The WalkAide®—System. Myo-Orthetic Technology for the Treatment
of Centrally Caused Foot Lift Weakness. Available online: https://www.prowalk.de/produkte/walkaide/ (accessed on 20
November 2022).

9. Euler, L.; Guo, L.; Persson, N.-K. Textile Electrodes: Influence of Knitting Construction and Pressure on the Contact Impedance.
Sensors 2021, 21, 1578. [CrossRef] [PubMed]

10. Watson, A.; Sun, M.; Pendyal, S.; Zhou, G. TracKnee: Knee angle measurement using stretchable conductive fabric sensors. Smart
Health 2020, 15, S.100092f. [CrossRef]

11. Götz-Neumann, K. Understanding Walking—Gait Analysis in Physiotherapy, 4th ed.; Thieme; Georg Thieme Verlag: Stuttgart,
Germany, 2016; ISBN 9783132401549.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

71





Citation: Komolafe, A.; Gakas, M.;

Beeby, S. Developing

High-Resolution Thin-Film

Microcircuits on Textiles. Eng. Proc.

2023, 30, 14. https://doi.org/

10.3390/engproc2023030014

Academic Editors: Kai Yang,

Russel Torah and Theodore

Hughes-Riley

Published: 31 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Proceeding Paper

Developing High-Resolution Thin-Film Microcircuits
on Textiles †

Abiodun Komolafe 1,*, Michael Gakas 2 and Steve Beeby 1

1 Centre of Flexible Electronics and E-Textiles, University of Southampton, Southampton SO17 IBJ, UK
2 TE Connectivity, Chem. des Chapons-des-Prés 11, 2022 Bevaix, Switzerland
* Correspondence: a.o.komolafe@soton.ac.uk
† Presented at the 4th International Conference on the Challenges, Opportunities, Innovations and Applications

in Electronic Textiles, Nottingham, UK, 8–10 November 2022.

Abstract: Scaling down the form-factor of printed electronics is one of the methods for improving the
reliability of printed e-textiles. This also enhances the wearability of the printed e-textile. However,
the surface roughness of textiles and the low resolution of current printing methods, such as screen-
printing, often present significant challenges for directly realizing microcircuits on textiles that are
developed for printed e-textile applications. This work reports the planarization of a polyester
cotton textile with a screen-printed polyurethane (PU) smoothing interface layer to enable the micro-
patterning of the textile with conductive thin films using microfabrication techniques. Thermally
evaporated copper structures with features sized from 800 μm down to 10 μm are patterned on
the planar textile, demonstrating a printed resolution that is otherwise difficult to achieve through
screen-printing even with the aid of specialized screens.

Keywords: e-textiles; microfabrication techniques; polyurethane interface layer; micropatterns;
surface roughness; reliability

1. Introduction

The challenge of manufacturing lightweight e-textiles that are unobtrusive and robust
against external stresses continues to drive the research and applications of e-textiles.
Meeting this need necessitates a reduction in the geometry and size of any integrated
electronics on textiles down to the micron scale (<100 μm) [1]. However, the feature
resolution of current e-textile manufacturing methods such as printing [2], embroidery [3]
and weaving [4] is insufficient to achieve such microcircuits on textiles. Microcircuits for
e-textiles are currently manufactured using traditional microfabrication techniques such as
photolithography and etching or lift-off processes to create flexible electronic strip circuits
suitable for weaving into fabrics [5]. During the weaving manufacturing stresses, this
method frequently introduces stresses into the microcircuit. The weaving process further
complicates the integration of these strip circuits in fabrics [6].

This study offers preliminary research into an approach that combines low-cost screen-
printing with standard microfabrication processes to directly deposit and localize microcir-
cuit patterns on textiles, minimizing integration challenges and benefiting the reliability
and wearability of e-textiles. This method also ensures that micropatterns are not strained
by the manufacturing process. The proposed e-textile shown in Figure 1 consists of a screen-
printed polyurethane (PU) interface layer, which planarizes the textile surface and allows
copper micropatterns to be deposited onto it through a combination of photolithography,
thermal evaporation deposition and etching processes.
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Figure 1. Proposed e-textile fabricated using screen-printing and microfabrication techniques.

2. Materials and Methods

Polyester cotton fabric supplied by Klopmann Ltd. was chosen as the textile substrate
due to its suitability for garment manufacture. Screen-printable UV paste, UV-IF-1004,
supplied by Smart Fab inks was used for printing the smoothing polyurethane (PU) inter-
face layer on the fabric because of its good adhesion to printed films [1]. Table 1 lists the
solvents used in the lift-off or etching microfabrication processes for patterning the textile.

Table 1. List of solvents for lift-off and etching processes.

Microfabrication Process Chemicals/Solvents Purpose

Etching process

AZ nLOF 2070 photoresist Negative resist solution
AZ 726 MIF Developer solution To develop AZ nLOF 2070 after UV-exposure
Ferric Chloride solution To etch copper film
Chrome etchant UN0398 To etch chromium film

Lift-Off process

AZ 9260 photoresist Positive resist solution
AZ 400K developer To develop positive resist after UV-exposure
N-Methyl-2-pyrrolidone (NMP) To strip positive resist after metallization of substrate
Acetone To strip positive resist after metallization of substrate

General De-ionized water To clean substrate after developing

2.1. Screen-Printing and Metallization Processes

Figure 2 shows a 10 cm × 10 cm PU interface layer screen-printed onto the textile using a
semi-automatic DEK248 screen-printer with the printing process described in [1]. The average
printed PU thickness was 200 μm. The 2D surface topography of the printed textile obtained
from a Tencor P11 surface profiler, as shown in Figure 2, clearly indicates a significant reduction
in the average surface roughness of the textile from an initial value of 35 μm to 1 μm.

 

Figure 2. Morphology and surface topology of printed fabric.
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The printed fabric was metallized with 500 nm thick copper film using thermal evapo-
ration deposition. A 10 nm thick chromium film was initially thermally deposited on the
PU film to improve the adhesion of the copper film, as shown by the tape test in Figure 3.

  
(a) (b) (c) 

Figure 3. (a) thermally evaporated copper on interface layer; (b) adhesion of copper without and
(c) with chromium layer after tape-test.

2.2. Evaluation of Solvents

To investigate the viability of the lift-off and etch processes in enabling microcircuit
patterning on the interface layer, 10 by 85 mm samples of the untreated textile (i.e., without
PU) and the PU-coated fabrics were prepared. The samples were immersed in the solvents
listed in Table 1 between 5 min and 20 min to determine if the fabrics and PU coating would
survive the solvents and their processing times.

2.3. Patterning Proccesses—Photolithography and Etching

To pattern the fabric, a 6 μm-thick negative photoresist, AZ2070, was spin-coated and
baked at 110 ◦C for 3 min before and after UV exposure through a mask containing the
different patterns with feature sizes, line width and spacing ranging from 10 μm to 800 μm
as shown in Figure 1. The exposed resist was developed for 75 s in AZ726 developer
solution, rinsed in de-ionized water and etched for 10 s in ferric chloride (FeCl3) solution.
Figure 4 shows the etched sample and the pattern resolutions achieved.

   
(a) (b) (c) 

Figure 4. (a) Etched copper patterns on PU-coated fabrics; (b) feature quality of copper squares of
different sizes; (c) resolution of different line width resolution.

3. Results and Discussion

Results comparing the various solvents demonstrate that they attack the PU coating,
and this is especially noticeable in the lift-off process. N-Methyl-2-pyrrolidone (NMP),
for example, severely degrades the PU coating after 20 min, as shown in Figure 5. The
solvents for the etch process had minimal curling effect on the PU coating; hence, it was
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chosen for this work. For the wet stages of the lift-off and etching methods to be practical
for micropatterning e-textiles, polymer friendly and gentle solvents are still required.

Figure 5. Effect of solvent on screen-printed PU coating on fabric after immersion.

Figure 4 indicates that feature sizes down to 40 μm can be reliably etched on the
PU-coated fabric, with linewidths and spacings of 10 μm also clearly defined. The yield
and feature quality remain inadequate due to the poor adhesion of the copper film onto the
interface layer, as indicated by the cracks in the patterns. The poor definition of the 10 μm
copper squares further suggests that optimization of the fabrication process is required for
higher resolutions.

4. Conclusions

This paper shows that microfabrication processes can be used in tandem with tra-
ditional screen-printing processes to reduce and improve form-factor and reliability of
printed e-textiles, respectively. Feature sizes down to 10 μm have been realized on the
PU-coated textile with this hybrid process. To achieve high yield and fine microcircuits, the
defects and defect areas on the printed PU interface layer must be minimized. Furthermore,
the adhesion of the thermally deposited films on the printed PU layer will need to improve
to enhance reliability. Future work will also explore dry etching to mitigate the effect of
solvents during fabrication.
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Abstract: An e-textile system was developed, allowing USB reprogramming of miniature, flexible,
integrated microcontroller circuits which allows for easier development of complex and configurable
e-textile circuits. This prototype consisted of a series of five exposed pads on the edge of the PCB and
a corresponding clip connector. Mounted onto the clip are a micro-USB port and necessary additional
components to facilitate USB programming meaning that no additional components are required on
the microcontroller board thus increasing flexibility. This system has the potential to make software
development and reconfiguration of the e-textile easier while the small size and flexibility of the
connector allow improved textile integration. This work provides a platform for future e-textile
system development and increases the operational lifetime, thus reducing waste due to product
obsolescence.

Keywords: e-textile; embedded microcontroller; e-waste; sustainability; flexible electronics

1. Introduction

Microcontrollers are vital components in many e-textile devices [1,2]. Their
re-programmability and wide range of peripheral functions means that they can fulfil
the digital processing requirements of almost any small electronic product while their small
size makes them possible to include in e-textile devices.

The ability to be re-programmed is key to a microcontroller’s utility, and most provide
some means of uploading new programs while in situ, for example, AVRs’ SPI-based “ICSP”
protocol [3]. However, such systems typically only work on one brand of microcontroller
and require specialised programming circuits to use. The connectors required to use
these systems also occupy a large area: the pin header needed to connect the ATMEL ICE
programmer to a QFN ATtiny occupies 4 times the area and 12 times the height of the chip
itself, see Figure 1.

 

Figure 1. A standard 2.54 mm, 6-pin programming header (left) compared to the ATTiny85 micro-
controller it programs (right).
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The first problem can be solved using a USB bootloader. This is a small program which
is used to load new software via a USB connection.

However, even micro-USB connectors are relatively large components in the context of
e-textiles and restrict the textile integration of a microcontroller circuit. A potential solution
to this is to use an edge connector. These consist of a series of exposed pads near the edge of
the circuit board. The board itself is then inserted into a receptacle with contacts arranged
to connect with the pads. However, existing solutions are for typically thicker (0.3 mm) flat
flexible cables (FFC), therefore connections can be difficult and unreliable.

2. Design

The system developed here uses five, 1 mm pitch, pads which need only protrude
a few millimetres from the body of a flexible circuit board connect to an external clip.
The five connections are used for power, ground, positive and inverted USB data and a
button-operated reset line which prompts the microcontroller to run its bootloader. The
clip contains all the additional components needed for USB programming: the micro-USB
connector, a 3.3 V voltage regulator, a reset button and several passive components. A
diagram of this system is shown in Figure 2.

 

Figure 2. Design of the microcontroller and programmer. Placing the components needed for USB on
the programmer clip means that only the microcontroller’s IC needs to be integrated into the textile.

The contacts on both sides are tinned with solder to prevent corrosion This system
was tested using an ATTiny85 microcontroller [3] with the micronucleus bootloader [4].
Both the flexible microcontroller circuit board and the programming clip’s PCB were made
using a standard photolithographic etching process described previously in [5].

The contacts on both sides are tinned with a thin layer of solder to prevent corrosion
and to raise the contact point slightly, making the connection more reliable.

3. Applications

The test implementation was incorporated into both woven (Figure 3, top left) and
stretchable, knitted fabrics (Figure 3, right) by couching the conductive thread soldered
to the general purpose input/output (GPIO) pins for the controller. Another version was
made by inserting the device and its connecting wires into woven pockets in a custom-made
fabric (Figure 3, bottom left).

Because of its small size, the impact on the flexibility and stretchability of the fabric is
minor. This is a major improvement over existing prototyping boards designed for e-textile
which are much larger and used rigid PCBs (Figure 4).
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Figure 3. Microcontroller circuit integrated into the collar of a garment (top left), a stretchable knitted
fabric (right), and a custom woven textile (bottom left).

 

Figure 4. Existing prototyping boards designed for e-textiles, left to right: an Arduino Lilypad
(diameter 50 mm [6]), an Adafruit Gemma (diameter 28 mm [7]) and this work (10 × 12.5 mm).

This programming system can easily be adapted to other microcontrollers which are
reprogrammable via USB.

4. Conclusions

This work presents an easy-to-use programmer, compatible with many different
types of microcontrollers. It occupies significantly less circuit board space than existing
commercial equivalents, the prototype displayed here is 80% smaller than an Adafruit
Gemma and requires no additional components on the microcontroller board itself.

This is important in e-textile applications where a large size or additional rigid compo-
nents can compromise the textile’s properties of comfort and flexibility.

The small connector size and minor impact on integration mean that, when moving
beyond the prototyping stage, the connector footprint may not need to be removed, and if
it is, only a small change to the circuit layout is needed. The initial demonstrators also show
that this methodology of flexible microcontroller integration and flexible connection point
works with both couching into existing garment structures and integration during weaving.
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Abstract: This work presents the design and test of an e-textile based functional electrical stimulation
system for post-stroke upper limb rehabilitation. The prototype was tested on five stroke survivors
to assess stimulation comfort, the stimulation intensity required to achieve hand opening, and ease
of use. Wrist extension was measured using two inertial measurement units. The wearable e-textile
prototype achieved similar stimulation comfort compared to high-quality hydrogel electrodes with a
score difference of between 0 and 1. The stimulation intensity to achieve full hand opening was the
same for the hydrogel electrodes and the e-textiles for all five participants. A second design based on
a knitted sleeve has been assessed in terms of usability. Additional new designs have been proposed
to improve the usability.

Keywords: electrode; functional electrical stimulation (FES); inertial measurement unit (IMU) stroke
rehabilitation; e-textiles; healthcare

1. Introduction

Stroke occurs when there is a blockage or bleeding of the blood vessels affecting the
supply of blood to the brain. There are 1.3 million stroke survivors in the UK [1] and stroke
costs the UK National Health Service and wider society £26 billion per annum [2]. Over
half of stroke survivors have weak arm/hand movement affecting their independence
and quality of life. Functional Electrical Stimulation (FES) is a technology used for stroke
rehabilitation. It applies a safe electrical impulse through electrodes placed on the skin
to strengthen weak muscles and improve movement functions. FES has been used to
exercise muscles and assist walking for people with mobility issues since the 1960s [3].
Systematic reviews with meta-analysis have concluded that FES improves the ability to
perform activities [4–6]. Existing FES products are difficult to set-up by stroke survivors
without help from their carers or healthcare professionals which significantly constrains
usage. Our previous work has received positive feedback regarding wearable e-textile
FES for home-based stroke rehabilitation [7]. This work presents the test results of a fabric
electrode based wearable FES in terms of user comfort, stimulation intensity, and functional
movement (wrist extension for hand opening) on five stroke survivors (ethics approval ID:
University of Southampton ERGO 70296). Ease of use has been assessed. A second knitted
design has been assessed and additional new designs to improve the usability have been
proposed for future study.

2. Materials and Methods

2.1. Electrodes

Wearable electrodes (5 cm × 5 cm) were fabricated by stacking in turn: a non-woven
fabric, conductive wires leading to a connector, a conductive carbon film and a carbon
rubber electrode layer. Encapsulating the edges holds the entire assembly together. The
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electrode was attached to a fabric arm band as shown in Figure 1. The wearable elec-
trodes were compared with commercial high quality hydrogel electrodes (PALS, Axelgaard,
Fallbrook, CA, USA).

   
(a) (b) (c) 

Figure 1. (a) fabric electrode arm band. (b) fabric electrode arm bands being worn by a stroke
survivor. (c) hydrogel electrodes being worn by a stroke survivor.

2.2. FES

The OML Microstim 2V2 neuromuscular stimulator (Figure 2) was used in this study.
Stimulation was set-up by a clinician to optimise the electrode positions and stimulation
intensity. Water was sprayed on the electrodes and the skin before applying the fabric
electrode to improve user comfort and stimulation effectiveness. Stimulation comfort was
rated in a scale from 0 to 10 with 0 is the most comfortable and 10 being very painful. The
stimulation intensity was recorded.

Figure 2. OML Microstim 2V2.

2.3. Inertial Measurement Unit (IMU) Sensors for Wrist Bending Measurement

The wrist angle was measured using a pair of BNO055 IMU sensor breakouts from
Adafruit (Figure 3) which reports the absolute angular position of the sensor. The IMUs
were attached to the user by using Velcro straps with one attached to the hand and the
other to the arm. An Arduino Micro was used to gather the data from the sensors and sent
it to the computer recording the data. The computer then calculated the wrist angle by
taking the difference between the two absolute positions from the sensors.

 

Figure 3. BNO055 IMU sensor.
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2.4. Usability Test

Participants were asked to put on and take off both the hydrogel electrodes and fabric
electrode arm bands to assess their capability of using the products independently.

3. Test Results and Discussion

Five participants were recruited for the testing. Age: 56–76, Years of stroke: 3–17 years.
Genders: 1 female and 4 males.

3.1. Stimulation Comfort

All participants reported the same or similar stimulation comfort with only 0 to 1 score
difference between the two electrode types as shown in Table 1. One participant (P1)
reported the fabric electrode was more comfortable than the hydrogel electrodes. One
participant (P4) reported the same comfort scale. The other three reported the hydrogel
electrodes were more comfortable than fabric electrodes. No pain sensation was reported.

Table 1. Stimulation comfort scale results by participant.

Participant Hydrogel Electrode Fabric Electrode

P1 3 2

P2 2–3 3

P3 5 6

P4 5 5

P5 2–3 3–4

3.2. Stimulation Intensity

There was no difference in the stimulation level required to achieve full hand opening
between the two types of electrodes (Table 2). The required stimulation levels vary from
40 mA to 50 mA. This indicates the fabric electrodes were as effective as the hydrogel
electrodes in generating a functional movement.

Table 2. Stimulation intensity required to achieve hand opening.

Participant Hydrogel Electrode Fabric Electrode

P1 50 mA 50 mA

P2 40 mA 40 mA

P3 40 mA 40 mA

P4 50 mA 50 mA

P5 45 mA 45 mA

3.3. Wrist Bending Measurement

Wrist movement was measured during the stimulation. All participants achieved a
similar movement for the two types of electrodes. Figure 4 is a representative example of
the wrist bending angle for the two electrode types.

3.4. Usability

Researchers observed that it was a challenging task for participants to peel off the
hydrogel electrodes from the protective plastic film because the hydrogel electrodes are
very sticky. It was even more challenging for them to take out the electrodes from the sealed
bag and put them back after use. With the electrode arm band, although all participants
were able to put it on and take it off independently, they found it challenging to keep the
electrode in place because it moved around before it was fastened and secured in place. In
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addition, it was challenging to put the Velcro hook fastener through a loop. All participants
were able to spray water on the electrodes and the arm using a single hand.

Figure 4. Wrist bending angle.

3.5. Second Design: Knitted Sleeve

Two pairs of electrodes were printed on a knitted fabric made of wool and Lycra yarns
to stimulate muscles for both hand extension and flexion (Figure 5). The electrode fabric
was assembled to form a pull-on sleeve. It was noticed the electrode sleeve was difficult to
put on or take off because of the strong friction between the electrodes inside the sleeve and
the skin. Discussions with the stroke survivors have indicated that an open, or partially
open structure, would allow the user to put on the electrode sleeve easily, then tighten the
sleeve to ensure the electrodes and skin contact sufficiently.

 
(a) (b) (c) 

Figure 5. (a) electrodes printed on knitted fabric. (b) electrode fabric with snap buttons. (c) electrode
sleeve worn on an arm and connected to a stimulator via snap buttons.

4. Conclusions and Future Work

This work has demonstrated the stimulation comfort and functional movement deliv-
ered by a wearable e-textile activated with the OML FES stimulator Microstim 2V2. The
fabric electrode achieved similar stimulation performance while providing the advantage
of being suitable for wearable application and offering a long service life. All participants
were able to put on and take off the fabric electrode arm bands independently, but it is
time consuming and a better design is required. A new design with electrodes printed on a
knitted stretchable sleeve was investigated but it was difficult to put on and take off due to
the friction between the electrodes inside the sleeve and the skin. New designs, required to
improve the ease of use, will be addressed in future work.
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Abstract: Approximately 80 percent of patients with limited mobility experience pressure ulcers
(PU). Electrical stimulation (ES) is an effective therapeutic approach for PU prevention and treatment.
This study reports the design of a custom-made adaptive garment as a wearable preventive pressure
ulcer system by using embroidered textile electrodes to induce electrical stimulation for the gluteal
muscles. Eight electrodes were embroidered using a satin stitch on a 100% cotton knitted fabric, only
the bobbin was loaded with conductive threads, and cotton/polyester thread was used for the top
stitch. An ES-induced protocol of 1:4 s on–off was applied for 3 min, with 17 min rest periods.

Keywords: pressure ulcers; electrical stimulation; textile electrode; embroidery; conductive thread;
adaptive apparel; patient garment

1. Introduction

Pressure ulcers (PU) are a frequent complication encountered by doctors and patients
and are a burden in terms of pain and treatment. They are localized tissue damage areas
arising from excess pressure, shear, or friction [1]. They are common in patients with limited
activity and mobility, such as paralyzed patients, surgical patients, and spinal cord injury
(SCI) patients. Prevention has focused on support surfaces of cushions and mattresses to
redistribute the interface pressure, but these passive methods do not address intrinsic risk
factors such as tissue ischemia and decreased circulation [2].

On the other hand, electrical stimulation is an effective therapeutic prevention ap-
proach that decreases the interface pressure and activates the muscles to potentially reduce
PU development [3]. The mechanism underlying the reduction is based on (i) changing
blood flow that increases tissue oxygenation, which helps muscles to survive [4]; (ii) a
decrease in tissue pressure caused by gluteal muscle contractions with the redistribution of
pressure from ischial tuberosities (ITs) to the direction of the knees [5]; (iii) improved local
circulation of muscle and skin and improved paralyzed muscle strength and mass [6]; (iv)
muscle hypertrophy [7].

Patient clothing can contribute to objectification with a focus on disease and symp-
toms, and by doing so also contributes to the optimal treatment of ill health [8]. Therefore,
textile-based electrodes can be ideal in medical high-tech applications; they are comfortable
in a non-intrusive way and create a natural harmony with the patient’s body. Textile elec-
trodes, also known as textrodes, can be integrated into a garment using conventional textile
production techniques by weaving, knitting, embroidery, etc. [9]. They are commonly used
for biosignal monitoring as well as electrostimulation. However, embroidery offers advan-
tageous characteristics of dimensional stability, rapid prototyping, better skin–electrode
contact, good reproducibility, and flexibility with electrode designs [10].
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2. Materials and Methods

2.1. Wearable Preventive Pressure Ulcer System Design

The electrical stimulation garment was designed to be adaptive and meet immobile
patients’ specific demands; it was designed with a seamless center crotch construction, to
avoid bulky seams and to allow the electrode connection traces to run smoothly and freely
without any interruption, as shown in Figure 1. The conductive thread, from Kitronik’s
(Kitronik’s Electro-Fashion®, Nottingham, United Kingdom), was used for embroidering
the electrodes using a conventional embroidery machine (JUKI LZ-271). A preliminary
sample was made with one layer of 100% cotton knitted stretch fabric; the top stitch and
bobbin were both loaded with conductive thread. A satin stitch was embroidered to a
(4.5 × 4.5) filling electrode (12 stitches per cm/1 cm wide) and the connection trace was
also created with a stain stitch (10 stitches per cm/4 mm wide), as shown in Figure 2.
Unfortunately, running the machine was not easy with this specific thread; it was cut and
jammed several times. As a result, the final electrodes were embroidered by simply filling
the bobbin with the conductive thread.

Figure 1. Illustration of the proposed electrical stimulation shorts.

 

Figure 2. Close-up of stitched samples using a conventional embroidery machine.

The study conducted a custom-made circuit with an electrostimulation protocol of
1:4 s on–off that lasted for 3 min, with a 17 min rest period, as reported by Smit et al. [5]
and shown in Figure 3; the gluteal muscle was activated for 1 s, and resting for 4 s resulted
in better pressure relief and comfort without marked muscle fatigue. Parameters for the
prevention of pressure ulcers that the circuit induced were set according to previous studies:
frequency >20–50 Hz, amplitude 20–50 mA, and pulse width 64 to 600 μs [3].
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Figure 3. The 1 h stimulation protocol of 1:4 s on–off for 3 min, and 17 min rest [5].

2.2. Electrical Resistance of the Electrodes

Experiments were applied for the manufactured electrodes to evaluate their electrical
performance. An AVO multimeter was used to measure the surface resistance of each
electrode before and after washing, followed by the Martindale abrasion test. The change
in resistance was compared with the number of washing cycles (up to 15 times with home
laundry washing, interval of 5 times between each measurement, resulting in a total of
3 measurements), and the surface resistance was measured between cycles. The Martindale
machine was used for up to 3000 rubs against raw wool, testing abrasion for the electrode
test. Two prototypes were provided, one for each test.

3. Results and Discussion

3.1. Wearable Preventive Pressure Ulcer System Design

Regarding the embroidery process, the conductive thread showed superior perfor-
mance when used on the bottom bobbin only of both the embroidery and sewing machine.
Therefore, eight electrodes (4 identical positives 4 × 8 cm, 4 identical negatives 2 × 8 cm)
were embroidered using a satin stitch, only the bobbin was loaded with conductive threads,
and cotton/polyester thread was used for the top stitch. On the opposite side of the fabric,
electrical traces were sewn with a lock stitch using the sewing machine; these traces were
connected to metal snaps to be connected to the circuit, as shown in Figure 4.

 
Figure 4. (a) The face of the fabric with cotton/poly; (b) the back of the fabric with the conductive
thread.
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3.2. Electrical Resistance of the Electrodes

The resistance of the embroidered textile electrodes was measured for each electrode
and it was slightly changed after each washing cycle, as shown in Figure 5a. Similarly, the
variation in resistance was almost stable before and after abrasion, as indicated in Figure 5b,
with no observed visible damage in appearance. This indicated that the electrodes had the
demanded flexibility and bendability for the purpose of electricity performance.

 

Figure 5. (a) Resistance value with washing cycle; (b) resistance change after abrasion.

4. Conclusions

Wearable technologies could offer promising tools as an alternative to physical therapy.
This study designed a custom-made adaptive garment as a wearable preventive pressure
ulcer system by using embroidered textile electrodes to induce electrical stimulation for
the gluteal muscles. We developed a cable-free system that is comfortable, lightweight,
flexible, easy to use for both caregiver staff and self-dressing patients, cost-effective for
mass production and less time-consuming, and fit for purpose with ensured contact of
the electrodes placed on the skin. Moreover, it eliminates the problems of conventional
Ag/AgCl electrodes, which cause skin irritation and feelings of discomfort, cannot be
washed, and are not hygienic.
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Abstract: The exigency of humans is boosting the necessity of Smart Textiles in this modern era.
A decade ago, envisioning sophisticated outerwear with several uses were considered a challenge.
This study aims to a jacket with 15 features; divided into 7 groups, including defense, sports, health,
medical, women, and children safety mechanisms, 4 out of these 15 functions can be controlled by an
Android app, “Smart Jacket BUFT”. To avoid nonrenewable energy sources, solar power and energy
harvesting technology to produce electricity from body heat and foot-powered energy were used,
Smart jacket has embedded circuits and sensors alone with AD8232, MAX30100, NEO6m GPS, and
ESP32 microcontrollers & voice and app-control. It is hopping that; his initial stage of growth and
improvement will pave the way for subsequent activities.

Keywords: smart jacket; 15 features; android application; medical; defense; conductive thread; energy
harvesting technology

1. Introduction

The invention of textiles roughly 27,000 years ago could be regarded as the first time
humans created a useful material [1]. Smart Textile can detect mechanical, thermal, mag-
netic, chemical, electrical, or other environmental variables and respond in a programmed
manner (stimuli) [2]. Electronics are made from conductive threads and fabrics, whose
limits and potential are determined by textile materials and production procedures [3]. In
the late 1990s, MIT and the Georgia Institute of Technology conducted a series of studies
on E-textiles in academia [4]. In the field of Textile Technology, it was hard to imagine the
concept of Smart Jackets with all sorts of features, including health and medicinal func-
tionalities, sports flexibilities, women’s safety options, children’s safety options, defense
options, and a lot more, in just one jacket. The wearable electronic jacket is nowadays
playing an important role in the medical world. New monitoring system support resources
have been developed because of recent technological advances in mobile devices and
wireless communications. A few years ago, the thought of a jacket that could seamlessly
communicate and converse with a personal assistant and deliver practical solutions to
everyday difficulties was simply a concept. This research paper brought the notion to life
by designing a practical smart jacket with a total of fifteen features. To assure the jacket’s
flexibility and efficiency, we developed our own conductive thread and fabric flexible
circuit. The Wearable MotherboardTM envisioned clothing that could monitor important
signals discretely [5]. Cooseman et al. described a wireless charging garment with a patient
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monitoring system [6]. The use of carbon nanotubes to convert cotton thread for use in
E-textiles was described in a 2008 study [7]. MyHeart, a 2009 EU (FP 6)-funded project,
created ECG- and breathing-sensitive smart textiles [8]. For energy textile solution, in 2007,
Qin et al. described energy harvesting utilizing Piezoelectric Zinc Oxide nanowires grown
around textile fibers [9]. Design Research Lab at the Berlin University of the Arts and
Telekom Innovation Laboratories designed the Smart Maintenance Jacket, which uses wear-
able technology for industrial maintenance work and predicts the future role of networked
wearables in these contexts for telecommunications carriers [10]. Muhammad Arsalan
et al. developed a next-generation tactical system for monitoring military health data. The
suit’s internal CPU receives and sends sensor data using LoRaWAN technology. The report
analyzes the suit’s system design and functionality [11]. Anurag Sharma et al. developed
an IoT-based smart jacket in 2022 with ECG, heart rate, body temperature, air temperature,
and oximeter sensors [12]. In the same year, Manibabu A and colleagues designed a Smart
Thermal Jacket with Wearable Sensors using IoT [13]. In addition, Paolo Visconti et al.
demonstrated a smart garment, in 2022, that monitors environmental factors and vital
signs to monitor workers in hazardous industries [14]. The University of Engineering and
Technology, Pakistan designed a wearable solar energy harvesting jacket for vital health
monitoring systems in the current year [15]. Dilber Uzun Ozsahin et al. used multiple
devices in one smart jacket [16].

2. Objectives

1. Design a multifunctional smart jacket from scratch.
2. To construct an energy-efficient jacket and to save non-renewable energy.
3. Utilize both hazardous and non-hazardous garbage, as well as clothes to decrease

waste and diminish the effect on the environment.
4. Add Electrical Components to Textile Clothing.

3. Materials & Methods

3.1. Materials

The jacket was made with 100% polyester fabric of 300 GSM.
Trims: Plastic Zipper, Metal Zipper; Sewing Thread: 20/2, 40/3 and Fabric Glue was

also used. Conductive thread and fabric flexible circuits maintain conductivity and add
flexibility. To make it eco-friendly and cost-effective, waste materials were utilized. Besides,
developed thermoelectric fabric was used which body heat into electrical energy. Table 1
shows the waste materials used in Smart Jacket.

Table 1. Waste Material Used in Smart Jacket.

Sl Material Form Waste

1 Liquid Carbon Paste Old dry cell battery Hazardous wastage
2 Aluminum Foil Old mobile phone battery non-hazardous wastage
3 Copper foil Old mobile phone battery non-hazardous wastage
4 Empty Matchbox Matchbox General Wastage

5 Cutting Fabric Apparel Industry Apparel Wastage
(Pre-Consumed)

6 Plastic bottle’s crock Plastic Wastage Minimum solid waste
7 Synthetic Rubber Old Rubber Gloves General Waste

3.2. Methodology

Figure 1 shows Jacket’s methodology according to units. The smart jacket’s heart
and brain work simultaneously. It collects data from NEO6M GPS module, MAX30100
Oxi-Pulse sensor, and AD8232 sensor circuit. An Android app was developed for Smart
Jacket’s brain and heart. Before starting the app, ESP32 was connected to a mobile hotspot.
The NEO6M GPS module sent a signal to satellites. GPS started when satellites sent data to
NEO6M GPS module. Firebase displays the user’s location, heart rate, oxygen level, and
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ECG via a mobile app after receiving ESP32 data. (Figure 2b) Despite using two 1000 mAh
3.7 V DC batteries for a total voltage of 7.2 V and an LM7805 MOSFET as a 5.0 V voltage
regulator, they were all turned on by 5.0 V. This 7.2-volt battery was charged by a 5.0-volt,
two-piece, 1-watt solar panel on the back of the jacket.

 

Figure 1. Flowchart of Jacket’s methodology according to units.

     

(a) (b) (c) (d) 

Figure 2. (a) Final Smart Jacket (b) Dual Display of automatic heat-warm system; (c) Jacket Defense
Unit (d) The Android application’s data of the smart jacket.

The body unit was equipped with an automated heating system, automatic light
on/off, a smart screen on the cuff, and a device charging system. Automatic heating used a
W1219 temperature controller circuit and an NTC sensor module. It was a heating/cooling
controller. First, a W1219 circuit was connected to a 14.8-volt power bank charged by a
shoe’s piezo element generated electricity. Three heating pads were on W1219. As the user
walked, mechanical energy was transferred to piezo components and converted to electrical
energy. The potential difference’s energy was then converted with a DC-to-DC converter
and sent to a 14.8-volt power source. Nichrome wire and cotton made a heating pad formed
a solenoid. The heating pad warmed. W1219 has two screens. The two displays showed
the current and set temperatures. The user could set the temperature to their personal
preferences. Moreover, the automated light on/off system constructed by a flexible fabric
circuit with a resistor, transistor, and LDR. The battery was 3.7 V, 800 mAh DC which
was charged by thermoelectric fabric. Thermoelectric fabric was formed from electronic
and textile waste. When light-dependent resistors detect more light, their resistance rises,
deactivating the circuit. When the LDR sensed no light, its resistance dropped, triggering
the circuit. This turned on the jacket’s hoodie LEDs.
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Electronic device charging system contained by a 3.7 volt, 3600 mAh Lithium-ion
battery with a voltage boost module. A 5-volt, 1-watt solar panel charged this battery. A
USB voltage booster was attached to the battery in the welt pocket. This study featured a
smart screen on the cuff of the smart jacket which was created with a fabric flexible circuit
using Arduino pro mini, HC-05 Bluetooth module, 0.96” OLED display, 3.7-volt 2800 mAh
battery (which can be charged by1 watt, 5.0-volt solar panel), and polyester fabric and
conductive thread. Figure 2c exhibits the methods of the smart screen the on cuff.

The jacket’s voice unit consisted of an old speaker PCB circuit, 3.7 volts and 1000 mAh
a lithium-ion battery (which can be charged by 1 watt, 5.0-volt solar panel), a speaker
(3 w) and a microphone. A Bluetooth circuit and an mp3 circuit were combined to from
this circuit whose connection was formed with the smartphone upon activation. Personal
assistants such as Google, Siri, and Alexa can be linked into smartphones.

In the jacket’s right-glove there is a shocking element. For that, a high-voltage trans-
former whose input was 3.7 to 6 volts and output were 400,000 DC volt, a metal shank
button, a 3.7-volt DC lithium-ion battery, and a 5.0-volt 1-watt mini solar panel. A high
voltage transformer was connected to shank button and placed on the glove’s two-finger.
The glove had to be waterproof and for extra safety we used synthetic rubber on the shank
button area. Upon pressing the switch shank button, 400,000 DC volts were produced,
allowing them to defend themselves easily. The left glove has a toxic gas spreader system
with an ultrasonic MIST module, a switch, and a 1000 mAh, 3.7-volt lithium polymer
battery, which was charged by a 5-volt 1-watt solar panel. For MIST, we made a liquid
reserve tank from plastic waste. MIST module had a piezo atomizer disc. When activated
by battery, the MIST module main circuit of IC sent data to the disc, which turned liquid
into gas. As a self-defense glove, chloroform (CHCl3) was used. So, users can easily spread
toxic gas (CHCl3) for defense or protection purposes.

4. Results

All this jacket’s functionalities were executed excellently. Figure 2a–c show the practi-
cal visualization of the jacket. An Android mobile application was developed and given
the name “SMART JACKET BUFT” for these four functions (GPS with emergency switch,
Oximeter, pulse meter, ECG). Figure 2d shows the Android application of the smart jacket.
These features can be accessed by multiple users who are using the same mobile appli-
cations as the wearer. the power unit uses solar system (which covers most functions),
piezoelectric shoe, and thermoelectric fabric (which is still under testing). However, during
this research we were unable to find any kind of flexible battery, so we used tiny-sized
lithium polymer and lithium-ion batteries.

Formatting of Mathematical Components

For the solar system,
Estimate voltage and current from the mini solar panel [17].

Charging time =
battery capacity (watt hours)

solar power (in watt)
× 2 (1)

On the back part of this jacket are five small solar panels that serve as the power
output’s charging mechanism. Each solar panel has dimensions of 90 mm by 90 mm (l × w)
and voltage of 5.00 volts. Table 2 estimated charging time according to unit.
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Table 2. Estimated charging time according to unit.

Features (According to Unit) No of Solar
Num of
Battery

Battery Voltage
(V)

Battery Amphere
(mAh)

Charging Time
(Hour)

Heart and Brain unit 2 2 3.7 × 2 = 7.4 1000 14.8

Shocking glove (Defense unit)
+ Electrical device charging

system (Body Unit)
1 2 3.7 × 2 = 7.4 3600 53.28

Toxic gas spreader glove
(defense unit) + Voice unit 1 2 3.7 × 2 = 7.4 1000 14.8

Smart screen (Body Unit) 1 1 3.7 1000 7.4

5. Features

The jacket includes 15 features.

1. GPS with emergency switch: a Custom-built Android-app to determine GPS-enabled
user’s real time location, which will notify if the user presses the emergency-button.

2. Oximeter: this jacket’s oxygen meter allows the wearer to check their level via a
mobile app.

3. Pulse-meter: this jacket’s pulse meter can be monitored via app.
4. ECG: it has an ECG-measurement system that can be accessed via app.
5. Smart screen on cuff: Bluetooth lets users connect to the jacket’s smart screen that

displays the user’s phone’s time, SMS, and email.
6. Automatic Heat Warm System: this instantly warms the wearer. This feature maintains

user-selected temperature.
7. Automatic light on-off system: in the dark, two powerful LED torches on the jacket’s

hood turn on. The light turns off when the user goes from dark to light.
8. Charging system: It’s ‘belt’pocket has a charging mechanism for mobile devices.
9. Shocking glove: it is for women’s self-defense. The jacket’s 400,000 DC voltage will

likely shock an attacker.
10. Toxic gas spreader glove: it is used for self-defense. Jacket users can defend by

spreading narcotic gases like chloroform.
11. Fashion feature: jacket had many pockets, such as tablet, waterproof, hidden, pen

holder pockets etc.
12. RFID: by placing the phone in the RFID pocket, it enters ‘Flight-mode’.
13. Solar panel: solar panel on the back of the jacket powers most of its functions.
14. Thermoelectric fabric: it was used in the smart jacket for experimental purpose.
15. Piezo element shoe: this jacket has a pair of shoes with piezo elements.

6. Discussion & Conclusions

6.1. Discussion

This study sought to improve the adaptability of textiles and electronic components.
Conductive thread was utilized to connect both flexible fabric circuits and fabric-printed
circuit boards. To manufacture the most popular conductive thread, however, carbon
nanotubes, graphene, and silver were utilized, which was relatively expensive [18]. For
this study, a conductive thread was developed with a meager resistance (0.2 Ω/cm to
0.0164 Ω/cm). Therefore, many circuits in one jacket will not be a problem. The jacket
research encompassed all human requirements. This garment can be employed to construct
seven jackets in the future. Medical, Military, Women’s, Children’s, Tech-Tex, Cyberia
Survival, and Sports Jackets. E-textile research also requires Flexible Nanochips and
Nano electric particles which were not available in BD. In addition, the required chemical
composition for this experiment was not available in BD. Moreover, the financial crisis
was the most crucial truth about this research. Despite showing that entire jackets can be
developed with Fabric PCB shown in Figure 3 and Fabric Flexible Circuits. A piezo-shoe
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jacket attachment was also created for charging reasons. This feature aimed to construct
wireless electrical charging technology; however, it failed due to lack of resources, time,
and knowledge. This investigation was concluded despite a few flaws. Any researcher
working on e-textiles or intelligent textiles might benefit from this study.

 

Figure 3. Fabric PCB.

6.2. Future Outlook

Regarding the characteristics, this investigation discovered further revolutionary
concepts. Some of the jacket’s attributes may not have existed because of economic slump.
Among other innovations, there was power generated from human hair, a small, flexible
tab on apparel, a 20× magnifying camera, a poisonous gas detector, an air oxygen level
meter, and a button projector. In addition, there were several medical features, such as
an automatic blood pressure measuring system, a body temperature meter, and galvanic
skin resistance, and others. In addition to defensive functions, such as a web shooter,
laser burning system on the glove, CO2 spreading system, heads-up translating display,
100× magnification camera glasses, and several others, the smart jacket would be outfitted
with an assortment of extra functionality. This investigation also offers some original ideas
for the defense industry. As additions to robotics, two micro robots resembling Mr. Doctor
and Mr. Commander were proposed. These intelligent micro robots will be concealed
within the flap pockets. Importantly, jacket advancements include anti-bacterial fabric, ECG
electrode fabric, fire-prevention fabric, and bulletproof fabric. Energy-harvesting textiles,
such as solar fabric, would boost the value of clothing. The next generation of smart
jackets would be powered by artificial intelligence. In the medical and military industries,
this jacket improvement would be incredibly useful. Micro- and nanotechnology would
enhance the jacket’s performance, reduce its weight, and make it more comfortable.
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Abstract: Recently, gesture recognition technology has attracted increasing attention because it
provides another means of information exchange in some special occasions, especially for auditory
impaired individuals. At present, the fusion of sensor signals and artificial intelligence algorithms is
the mainstream trend of gesture recognition technology. Therefore, this article designs a machine-
learning-empowered gesture recognition glove. We fabricate a flexible strain sensor with a sandwich
structure, which has high sensitivity and good cycle stability. After the sensors are configured
in the knitted gloves, the smart gloves can respond to different gestures. Additionally, according
to the representation characteristics and recognition targets of sampled signal data, we explore a
segmented processing method of dynamic gesture recognition based on Logit Adaboost algorithm.
After classification training, the recognition accuracy of smart gloves can reach 97%.

Keywords: gesture recognition; flexible sensor; machine learning; Logit Adaboost algorithm

1. Introduction

As a method of nonverbal communication [1], standardized gestures play an important
role in the transmission of message on specific occasions, such as communication between
auditory-impaired individuals [2] and information interaction in AR/VR environments [3]
or military fields [4]. However, without long-term systematic learning, it is difficult for
most people to understand the meaning of gestures [5]. At present, gesture recognition
technology offers a feasible solution to this communication barrier, which can effectively
judge the specific movements of the hand.

Machine-vision-based image taking and processing has received extensive attention
as a means of gesture recognition due to simple equipment requirements [6]. However, it is
troubled by a series of problems in the process of application, including complex operation
mechanism and variable lighting condition [7]. Accelerometers and gyroscopes are widely
used in commercial gesture recognition devices, which can track the direction of the hand
movement in three-dimensional space [8]. However, rigid materials and excessive volume
limit the application scenarios of these devices, which bring inconvenience to users. Benefit-
ing from the rapid advancement of flexible electronics and artificial intelligence, wearable
flexible data gloves based on flexible sensors have been developed. Common flexible
sensors for gesture recognition include piezoresistive sensors [9], capacitive sensors [10],
piezoelectric sensors [11], triboelectric sensors [12] and EMG sensor arrays [13]. Through
the electromechanical performance of flexible sensors, the deformation degree of the hand
can be reflected correspondingly.

Furthermore, the classification of sensor signals and the extraction of gesture features
are the key factors to determine the accuracy of gesture recognition. It generally requires
intelligent algorithms to train sensor signals and generate appropriate classifiers [14]. How-
ever, due to the differences in gesture behavior patterns of individuals, the generalization
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ability of the trained classifiers is low if the sample capacity is limited [15]. A common
approach is to increase the number of people participating in algorithm training, which is
time- and energy-consuming [16]. Therefore, there is a new idea to remove the irrelevant
factors of sensor signals as much as possible through special designs.

In this study, we report on the machine-learning-empowered gesture recognition
glove. Flexible piezoresistive strain sensors with high sensitivity and cycle stability were
configured in knitted gloves. Then, in order to enhance the generalization ability of gesture
recognition model, a multi segment classification model of dynamic gesture recognition
based on Logit AdaBoost algorithm was explored. Static signals collected at intervals of
gesture changes are usually considered invalid signals because of unobvious characteristics
and uncertain duration. So, the model distinguished static signals from effective dynamic
signals due to finger movements. Additionally, subsequent training and classification was
only related to dynamic signals, avoiding misjudgment caused by static signals. With
sufficient training for the defined gestures, the recognition accuracy reached 97%, showing
great classification performance.

2. Materials and Methods

2.1. Materials

Reduced graphene oxide (r-GO) was supplied by Qingdao University. Polydimethyl-
siloxane (PDMS) was purchased from Microflu Co., Ltd. (Changzhou, China). N,N-
Dimethylformamide (DMF, 99.5%) was bought from Aladdin Co., Ltd. (Shanghai, China).

2.2. Fabrication of the Flexible Strain Sensor

The r-Go dispersion (6 wt%) was prepared by two steps. The reduced graphene oxide
powders were firstly dispersed in N,N-Dimethylformamide by mechanical shearing for 1 h
at 3500 r/min, and, secondly, it was necessary to remove air bubbles from the solution using
ultrasonic for 5 min. Then, the solution was poured onto the PDMS substrate (the volume
ratio of PDMS matrix to curing agent was 10:1 and the curing condition was 70 ◦C for 1 h)
and heated at 50 ◦C for 3 h using a hot plate. After the solvent evaporates completely, there
was a composite film containing the r-Go layer and PDMS substrate. Finally, two copper
wires were adhered to both sides of the r-Go layer with silver paste, which used as the
electrodes of the strain sensor. Additionally, PDMS was poured and cured on the top of
the composite film, resulting in a sandwich structure. The size of the final sample is about
35 mm × 4 mm × 1 mm.

2.3. Characterization

A scanning electron microscope (SEM, S-4800, Hitachi, Japan) was used to characterize
the surface morphology of the R-Go film. Additionally, in order to test the sensing per-
formance of the strain sensors, the flexible strain sensors were fixed between the metallic
clamps of a stretching machine (ZQ-CI701G, 1000 N, ZHIQU, Dongguan, China), and
a digital source-meter (Keithley 2400, USA) was used to measure the resistance of the
sensors continuously in the process of stretching. The stretching speed was maintained at
30 mm/min.

2.4. The Preparation of Data Gloves and Data Acquisition

The configuration of strain sensors in data glove is shown in Figure 1a. To monitor
the bending degree of fingers, the sensors were attached to the corresponding finger joint
position of knitted gloves. Figure 1b shows the gesture library of this article. When
making these gestures, the resistance signal acquisition of sensors was realized by the data
acquisition card (Ni-6211). In the detection circuit, sensors were connected in parallel, and
divider resistors were connected in series with the sensor on each branch. Based on the
differential mode of the data acquisition card, the voltage on both sides of the sensors were
collected completely and displayed in a laptop program designed with LabVIEW. The
resistance of the sensor can be converted by Ohm’s law.
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Figure 1. (a) Configuration of flexible sensor in data glove. (b) Gesture library.

2.5. The Design of Machine-Learning Algorithm

A flow diagram of the machine-learning process is shown in Figure 2. During the
training process, the change in voltage due to predetermined gestures was firstly merged
into a matrix as the input of mRMR algorithm to discard useless information and retain
relevant signals, which improves the generalization ability of the model and reduces the
complexity of the algorithm. Subsequently, the multi-segment classification model was
applied to classify gestures by using the extracted features with Logit AdaBoost algorithm.
Based on the training results of the previous weak classifier, the Logit AdaBoost algorithm
evaluated and redefined the parameter weights to update the classifier. Additionally, the
Logit AdaBoost algorithm was not sensitive to noise and outliers, which prevented the
model from over fitting to a certain extent. The classification process included two steps.
First, static signals and dynamic signals were effectively distinguished. Then, combined
with the sample characteristics and distribution, the motion trajectory of the finger was
further subdivided. Finally, 10-fold cross-validation method was used to evaluate the
model. It can make full use of the samples in the training process, which avoids over fitting.

Figure 2. The process of a multi-segment classification model.
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3. Results and Discussions

3.1. Morphology Characterization

As shown in Figure 3a, based on a sandwich structure composed of a r-GO layer
and two PDMS layers, the overlapping state of graphene sheets can change during the
deformation of the sensor and recover under the constraint of elastic material (PDMS),
resulting in the electromechanical response of sensors.

Figure 3. Topography characterization of the sensor. (a) Cross-section of the sensor. (b) SEM images
of the r-GO film.

Figure 3b shows the that reduced graphene oxide is uniformly distributed in the r-GO
layer, which is the basis of ensuring the stable electrical performance of the sensor.

3.2. Piezoresistive Sensing Response

Figure 4a shows the relationship between the sensor resistance and applied strains,
from which the sensitivity of the strain sensor can be obtained. The sensitivity of the strain
sensor can be calculated by the following equation:

GF =
ΔR/R0

ε
(1)

ΔR = R − R0 (2)

where ε is the strain of the strain sensor, R represents the resistance of sensor after stretching,
R0 is the resistance of sensors at ε = 0%. Figure 4a shows the strain sensor provides high
sensitivity for detecting hand movements (GF~2.69 at strains below 12%, GF~5.05 at the
strain ranges from 12% to 36%). Furthermore, the strain sensors also show a stability
response over a large number of stretch–release cycles (above 1500 cycles), as shown in
Figure 4b.

Figure 4. (a) The relationship between the sensor resistance and the applied strain. (b) Sensor stability
under 1500 stretch−release cycles at 10% strain.

3.3. The Selection of Classification Algorithm and Feature

In order to find the data correlation, we extracted 10 characteristics as signal features,
which are related to indicators of time domain, frequency domain and entropy. Then,
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we used the mRMR algorithm to check the importance of the features in the two stages.
As shown in Table 1, waveform factors and skewness have the great correlation with the
classification results of the first stage. Skewness and waviness are of significance for the
classification of the second stage.

Table 1. Feature importance evaluation based on mRMR algorithm.

The First Stage The Second Stage

Features Importance Weight Features Importance Weight

waveform factor 0.8679 skewness 0.5681
skewness 0.1321 kurtosis 0.4319

other features 10−16–10−27 other features 10−17–10−25

RUSBoost, Logit AdaBoost and Bagging are the common machine learning algorithms
in data classification. Based on selected features through the mRMR algorithm, the classifi-
cation results of the three algorithms on gesture data are shown in Figure 5. Area under
curve (AUC) is a statistical concept. It represents the probability that the predicted value of
positive cases is greater than the predicted value of negative cases. Whether it is the first
stage or the second stage, the AUC of Logit AdaBoost algorithm is maximum. It shows that
the model generated by Logit AdaBoost algorithm is most effective for gesture classification.

Figure 5. Comparison of model performance by AUC for RUSBoost, Logit AdaBoost, Bagging.
(a) Performance of different algorithm models in the first stage. (b) Performance of different algorithm
models in the second stage.

3.4. The Gesture Recognition Modeling

In the first stage, dynamic signals are separated from all samples for subsequent
training. As shown in Figure 6a, the classification model can correctly classify most of
the static gesture data and dynamic gesture data. Table 2 further shows the classification
results of static signals and dynamic signals. Positive predictive value (PPV) is an index
to evaluate the level of correct classification. The lower PPV of dynamic signals, the more
sample capacity is lost in the second stage, resulting in unobvious and incomplete features
as gesture output. Additionally, false discovery rate (FDR) represents the probability of mis-
classification, which affects the interference degree of data directly. High PPV level (96.9%)
and low FDR level (3.1%) illustrate that effective gesture features are completely preserved.

The ROC curve after 10-fold cross-validation is shown in Figure 6b. Assuming that the
dynamic signal is positive, the AUC value of the model in the first stage is 0.99 and the ac-
curacy reaches 98.4%, indicating that the model can further eliminate invalid static signals.

Based on defined gestures, the movement of the hand is divided into the bending and
straightening of fingers. Figure 6c and Table 3 shows the accuracy of classification remains
at a high level. Additionally, Figure 6d illustrates the AUC value of the model is 0.97, which
only has subtle decreases compared with the first stage. The good classification results
of two stages indicates that the multi-segment classification model has the generalization
ability for gesture recognition.
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Figure 6. Test results for classification model of two phases. (a) Confusion matrix of dynamic gesture
and static gesture. (b) ROC curve of classification model assuming dynamic gesture is positive.
(c) Confusion matrix of straightening fingers and bending fingers. (d) ROC curve of classification
model assuming straightening fingers is positive.

Table 2. Evaluation of classification model to distinguish static signals and dynamic signals.

Index Static Signals Dynamic Signals

True Positive Rate 99.3% 94.0%
False Positive Rate 0.7% 6.0%

Positive Predictive Value 98.7% 96.9%
False Discovery Rate 1.3% 3.1%

Table 3. Evaluation of classification model to judge finger motion trajectory.

Index Bend Fingers Straighten Fingers

True Positive Rate 95.0% 95.0%
False Positive Rate 5.0% 5.0%

Positive Predictive Value 96.6% 92.7%
False Discovery Rate 3.4% 7.3%

4. Conclusions

This article reported a type of machine-learning empowered gesture recognition
glove. Combined with the electrical characteristics of flexible strain sensors and the signal
processing ability of machine learning algorithms, data gloves judged the specific actions
of hands accurately, which showed many commendable features, such as low weight and
good comfortableness. At the same time, we paid attention to the interference of invalid
static signals in the training and classification process. The model successfully extracted
effective dynamic signals from all signals through multi-segment classification based on
Logit AdaBoost algorithm. It is of significance to enhance the generalization ability of
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the recognition model and increase the accuracy of gesture recognition. However, not all
irrelevant factors have been excluded for this model, which requires further research.
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Abstract: This work presents a simple, scalable and flexible zinc-ion secondary battery, fabricated
on top of a textile substrate via standard fabrication processes. The proposed zinc-ion battery was
fabricated on top of a polyester-cotton textile using solution-based processes and inexpensive cathode,
anode and electrolyte materials. This battery achieved an area capacity of 19.1 μAh·cm−2 between
1.9 and 0.9 V.

Keywords: e-textile; flexible battery; zinc-ion battery

1. Introduction

Wearable electronics also known as e-textile are the integration of flexible electrical
devices in clothing and accessories. In these systems, sufficient electrical energy is required
for devices such as sensor nodes [1], microprocessors and transceivers [2]. At present,
such systems are typically powered using an external electrical connection, battery or
supercapacitor [3] which require frequent replacement [4] and/or need to be physically
removed before washing. Therefore, a flexible energy-storage device such as a zinc-ion
battery (ZIB) integrated on top of or inside a textile is important for e-textile applications.

ZIBs are rechargeable secondary electrical energy-storage devices. In comparison to
ordinary secondary batteries such as lithium-ion and aluminium air batteries. This type of
battery demonstrates distinct advantages, such as improving device safety by not using
aggressive or environmentally unfriendly electrolytes (in lithium-ion batteries) and can be
fully sealed without the requirement of oxygen access such as in an aluminium air battery.
In addition, the assembly of ZIBs can be performed in the air, offering reduced fabrication
complexity. Previously Yong et al. [5] presented a zinc-ion secondary textile battery. The
manganese oxide cathode, zinc anode and polymer separator were integrated into a single
polyester cotton textile layer. After vacuum impregnating the battery with an aqueous
electrolyte, the zinc-ion battery device achieved an areal capacity of 35.6 μAh·cm−2 be-
tween 1.9 V and 0.9 V. The use of the polyester cotton textile as the separator layer holder
increased the device thickness, introducing extra encapsulation challenges. Xu et al. [6]
reported flexible vanadium (V) oxide carbon-fiber cloth electrodes for potential zinc-ion
battery application. This electrode demonstrated an areal capacity of 154 mAh·g−1. These
examples demonstrate the capability of fabricated ZIBs within textile material. However,
the electrode material vanadium (V) oxide is corrosive and required extra consideration
during the device-encapsulation process. It can increase the device thickness and mechani-
cal inflexibility, introducing extra encapsulation challenges for real-world power source
units in e-textile systems.

This paper builds upon the previous works [5], the proposed zinc-ion battery was fab-
ricated on top of a polyester-cotton textile using solution-based processes and inexpensive
materials. The battery’s anode was a flexible zinc polymer film prepared via spray coating,
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and the battery’s cathode was a spray-coated manganese (II, III)-oxide (Mn3O4) polymer
layer on a polyester-cotton textile. The separator layers were implemented on top of the bat-
tery’s cathode with doctor blading or screen printing followed by a phase inversion process.
The battery was tested with an aqueous electrolyte to study its discharge performance.

2. Material and Methods

Figure 1 shows the fabrication process of the zinc-ion battery. Firstly, silver paste
(TC-C4001, Smart Fabric Inks Ltd., Southampton, UK) was screen printed on the hotmelt
PEVA encapsulation film that dried at room temperature for 24 h and polyester-cotton
textile where the silver paste soaked through the textile, forming the current collector after
cured in a box oven at 100 ◦C for 30 min. A thin film of nickel metal was sputter coated
on top of silver textile forming an inert layer. A Mn3O4/polymer (85:15 by wt.%) cathode
was spray coated onto the top of the nickel film. The coated textile was then dried in a box
oven at 120 ◦C for 30 min. The current collector and cathode layer were screen-printed
with a co-polymer solution and treated with a phase-inversion process to form a porous
membrane published previously [5]. This co-polymer membrane acts as the separator
of the supercapacitor that prevents electrical short circuitry but allows ions to transfer
between the cathode and anode electrodes. The anode layer used to evaluate the battery
performance was a spray-coated zinc/polymer (95:5 by wt.%) on top of silver that printed
on the encapsulation film. The current collector, cathode, separator combined textiles and
the zinc metal anode foil shown in Figure 2a were punched into circular shapes with a
diameter of 1 cm, added with an aqueous electrolyte containing 1 M ZnSO4 + 0.1 M MnSO4
through the hole before being heat pressed together to form the full device.

Figure 1. Schematic, illustration of the fabrication process.

Figure 2. (a) Photograph of manganese oxide cathode textile, cathode textile with membrane coating
and zinc anode layer with encapsulation film, (b) battery initial voltage reading under 90 degrees
bending.

3. Results

The manganese-oxide cathode textile, cathode textile with membrane coating and
zinc anode layer with encapsulation film are shown in Figure 2a. The device is assessed
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using a potentiostat Autolab pgsatat101(Metrohm Autolab, Utrecht, The Netherlands). Its
electrochemical performance was obtained from galvanostatic cycling (GC) at 1 mA·cm−2

and cyclic voltammetry (CV) at 10 mV·s−1 between 0.9 and 1.9 V.
The cycling test in Figure 3a was derived from the GC test at 1; this battery achieved an

area capacity of 19.1 μAh·cm−2 between 1.9 and 0.9 V after the initial test cycle. Figure 3b
shows the CV test results after the first test cycle for the zinc-ion battery on the textile. The
oxidation (charging) peak occurred at 1.72 V; it also demonstrated a reduction (discharging)
peak at 1.26 V. These are typical voltage peaks for the redox reactions in a zinc-ion secondary
battery with manganese-oxide cathodes.

Figure 3. (a) GC-derived voltage charge and discharge result of the zinc-ion battery at 1 mA cm−2

tested between 0.9 and 1.9 V, (b) CV tests between 0.9 V to 1.9 V at the scan rate of 10 mV·s−1.

4. Conclusions

This paper presents an encapsulated, flexible zinc-ion battery on a single piece of
polyester cotton. The operating voltage for this textile battery in this work was between
0.9–1.9 V and achieves an area-specific capacity of 19.1 μAh·cm−2 and demonstrates good
bending durability. In comparison with the previous devices [6], the proposed zinc-ion
battery is encapsulated and tested without tube fitting. Future work will include optimizing
the formulation and fabrication method of the polymer membrane in the textiles for better
electrochemical performances and durability. The final device can be applied in a wide
range in the e-textile system.
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