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Abstract: This research was conducted to develop a textile electrode-based TENS module, as an
alternative to overcome the shortcomings of current conventional electrodes used in TENS enabled
pain therapy products, such as kneecaps. The existing TENS devices were studied to carry out
a comparative analysis of their features and shortcomings. Three sets of textile electrodes were
developed using conductive yarn knitted structure, conductive yarn embroidered fabric, and coated
conductive fabric. In addition, the smart kneecap was developed with the aim of providing an
electrical stimulation to the knee using a TENS module. The TENS module was actuated using a
switching circuit of MOSFET and textile electrodes for the smooth conduction of electric stimulation
into the body. These electro stimulations have been proven to be helpful in relieving the pain in the
knee, as well as in giving the knee, thigh, and leg a sense of relaxation. Testing was conducted and
subjective feedback was collected for the developed prototype.

Keywords: transcutaneous electrical nerve stimulation (TENS); textile electrode; smart wearables;
conductive textile; kneecap

1. Introduction

Transcutaneous electrical nerve stimulation (TENS) is a method of electrical stimula-
tion, which primarily aims to provide pain relief. It works on the principle of exciting the
sensory nerves, and stimulating the pain gate mechanism. TENS device is a safer mode of
treatment without any side effects [1]. TENS knee brace provides pain relief and muscle
relaxation by stimulating the muscles and motor points, enabling better blood circulations.
This research work utilized the concept of TENS therapy for pain and muscle relaxation.
Using this concept, a handheld TENS module device was developed using textile electrodes,
unlike conventional carbon rubber and hydrogel electrodes.

An electric circuit integrated with MOSFET was developed for the generation of
electric pulses, which was controlled via a microcontroller. This helped in the generation
of symmetrical biphasic waveforms. The frequency and pulse width of waveforms were
adjusted by changing the variables in the microcontroller program. The intensity of electric
pulses was adjusted by varying the input voltage.

TENS modules used in kneecaps have been found to be efficient, noninvasive, and
with no side effects for overcoming chronic pains. However, the existing modules are found
to be uncomfortable. This was explored further to realize the shortcomings of the current
existing electrodes used in TENS modules, such as hydrogels and carbon rubber electrodes.
Three types of frequency modes are used in TENS. (1) High frequency (90-130 Hz), which
initiates the pain gate mechanism by activating the A beta sensory nerves thus reducing
the transmission of pain stimulus to reach the brain (2) Low frequency (2-5 Hz), which
activates the opioid mechanism and causes the release of an endogenous opiate in spinal
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cord. This acts as a pain killer and helps in relieving the pain [2]. (3) Burst frequency is
the third variant, which is a combination of high and low frequencies [3]. Any electric
stimulation using the skin surface electrode with the intention of stimulating nerves that
provide symptomatic pain relief can be referred to as TENS [4]. The burst frequency
activates both mechanisms and provides an effective result. Electrodes are used to conduct
these electric pulses into the body. The positioning of the electrodes is important. Electric
stimulation works effectively if placed appropriately at the required location of the body. It
should be near the location where the highest intensity of pain exists and near the nerve
trunk trigger position in order to block the signal’s transmission to the brain. Notably, the
electrode needs to be attached to the proper dermatome.

Textile electrodes were developed to overcome the existing drawbacks of conventional
electrodes using conductive fabric, as well as integrating conductive yarns through knitting
and embroidery. Four different conductive fabrics were selected for the development of
textile electrodes, which resulted in four different kneecaps as the final prototype. The
final testing and user feedback were considered to evaluate the performance of the TENS
module and textile electrode performance.

2. Materials and Methods
2.1. TENS Frequency

Herein, it is possible to give a low frequency range or high frequency range, depend-
ing on the end user’s requirements, although the present study has utilized the burst
frequency methodology for the TENS module. In addition, the module can be controlled
via a microcontroller.

2.2. Comparative Analysis

A comparative analysis was conducted by studying the commercially existing TENS
products while considering the electrode. The summary of same is provided in Table 1. The
textile electrodes were found to overcome major drawbacks of the conventional electrodes.
One shortcoming of textile electrode is its reduction in conductivity when dry, which states
that wet electrodes will be more comfortable than dry electrodes [5,6]. In addition, they are
found to be durable, washable, breathable, and flexible [7]. Therefore, the textile electrode
was selected for the study.

Table 1. Comparison of different electrodes.

Electrode Category Functional Advantages Shortcomings
e Adhesive property Hygiene problem owing to the gel used
Hydrogel electrodes . No external conductive gel solution is required Adhesive property is lost after repeated usage,

thus requiring frequent replacement

Skin irritation

Carbon rubber electrodes

Durable

Repetitive use is possible

Conductive gel may cause some irritation
Less conductive
Higher thickness

Textile electrodes

Durable
More flexible

Thinner and attached/adhered to apparels, such

as wearables

More conductive

Textile electrode has to be moisturized for dry
skin types, as dry skin offers less conductivity
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2.3. Electrodes

Three methods were used to manufacture the textile electrodes. First, the electrode
was developed by knitting using conductive yarns integrated with nonconductive yarns.
Second, the conductive yarn was embroidered to make the fabric conductive and utilize it as
an electrode. Finally, the conductive coated fabric was used to develop the textile electrode.
Based on the comparative analysis one of the method was selected for further studies.

2.3.1. Conductive Yarn Knitted Electrode

Conductive yarns are used to create a 1 x 1 square size patch knitted with nonconduc-
tive yarn. A single jersey (10 gauge fabric) is knitted in a hand flat machine. The conductive
yarn used was a blend of 20% stainless steel and 80% polyester, of English Count (Ne) 28/2.
The wales per inch (wpi) is 19 and the courses per inch (cpi) is 21 (Figure 1).

Figure 1. Knitted electrode.

2.3.2. Conductive Yarn Embroidered Electrode

Here, the conductive yarn (20% stainless steel and 80% polyester) of English count (Ne)
28/2 was used for embroidery. Two 1 x 1 square inch shape patches were embroidered on
a 100% polyester base fabric. The embroidery machine speed was 1000 stitches per minute
(SPM) and the number of stitches per square inch was 1025 (indicates less density) and
1710 (indicates more density), respectively. Both patches were tested separately, but gave
similar results. Images of both the patches are given in Figure 2.

Embroidery electrode sample 1 Embroidery electrode sample 2
Number of stitches: 1025 Number of stitches: 1710

Distance between stitches: 0.50mm Distance between stitches: 0.50mm
Stitching speed: 1000 SPM Stitching speed: 1000 SPM

Figure 2. Embroidered electrode patches.
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2.3.3. Fabric with Conductive Coating

This textile electrode was constructed by a conductive fabric patch with a silver coating
of 99.9%. The patch was attached to the Velcro strap, as shown in Figure 3.

Elsetrodus sitachad on body and

Electrodes atinched to body

Figure 3. Sample textile electrode.

By improving the conductive properties of textile material, the electrode impedance
can be reduced, thus improving polarizability. This further increases in conductivity, which
leads to an improvement in the efficiency of TENS module [8].

2.4. Prototype Development

The prototype consists of a TENS module with textile electrodes attached to the
kneecap. TENS module is connected to the electrodes in the kneecap using wires and a
metal snap button. These kneecaps can be worn on the knee. In this way, electric pulses
generated by the TENS module will be transferred to the skin via electrodes. A schematic
representation of the module is shown in Figure 4.

Smart kneecap with TENS device connection structure

TENS module

Electrode
connecting wire

Electrode connectors

Fabric layer for mounting and

fastening TENS module 9
Textile Electrode

Human skin/body
Figure 4. Smart kneecap with TENS structure.

2.4.1. Final Textile Electrodes Development

The knitted textile electrode, prepared through knitting of the conductive yarn, was
found to be uncomfortable during testing due to irritation and a tingling effect. Further-
more, both sides of the electrode were exposed. As a result, this led to the chance of
experiencing an electrical pulse on the external side. Moreover, it involved the high cost
of manufacturing.

The textile electrode, prepared through conductive yarn embroidery, was found to
be aesthetically appealing with a softer feel and lower manufacturing cost. However,
irritation and a tingling effect were reported, as well. Furthermore, with repetitive and
prolonged usage, the chances of fraying around the edges of the embroidered conductive
yarn were anticipated.

Herein, it was observed that conductive coated fabric patches were the most efficient
and suitable textile electrode among all of the textile electrodes developed. Therefore,
this category of textile electrode was selected for further prototype development. Four
different conductive coated fabrics were sourced for developing the textile electrodes. The
commercial names have been replaced and coded as brands P, Q, R, S for confidentiality.
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The specification and properties of these fabrics are furnished in Table 2. The sample textile
electrode given in Figure 3 was prepared using the ‘P’ fabric.

Table 2. Specification and properties of conductive fabrics used as an electrode (data published by brands).

Name of Fabric

P

0 R S

Stretch conductive knitted
fabric coated with

Silver (Ag) plated knitted polyester copper and

Silver plated knitted fabric

Description . -
medical-grade silver fabric nickel woven
Plating: 99% pure silver
Coating 99.9% silver coating Coatlnga(;'a]?:iﬁ?(l)}r’;fﬁhane plated with real silver Nickel-copper-nickel-plated

protective coating

Polyester-based

Fiber Composition Not disclosed 94% nylon + 6% elastomer 83% nylon + 17% silver
woven cloth
Fabric Thickness 0.40 mm 0.022” (0.56 mm) + 10% 0.50 mm 0.1 mm
Operational o ° ° o °
Temperature Range —30to0 90 °C —30t0 90 °C/—22 to 194 °F —30to0 90 °C —30t090°C
e <2 Q)/sq. 1 ohm per foot in
Surface resistivity <0.5 Ohm/sq. (unstretched) (front/visible side) any direction 0.05t0 0.1 )/sq

The fabrics were cut into rectangular pieces (size 7 x 4 cm) and attached as a double
layer to the kneecap in suitable positions. The metal snap button was used to connect the
electrode with the external wires. Positions were selected near the motor points located
on the upper side of the knee (Figure 5). These electrodes were attached to the respective
positions in the kneecap (Figure 6). A Velcro strap was attached to the external side of
the kneecap, which can be wrapped around the kneecap for better fastening of electrodes.
Similarly, all of the four fabric patches were attached to different kneecaps resulting in four
variants, as shown in Figure 7.

Electrode position marking

Electrode
positions
selected

Figure 5. Electrode position selection for attachment in the kneecap.

Textile electrode 0

N

Weétalsnap |
Button .~

Metal snap
buton

Vi

Textilo
olactrode

Figure 6. Textile electrode attached to the inside of kneecap.
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Figure 7. Developed kneecaps with attached textile electrodes.

2.4.2. TENS Module Development

A MOSEFET switching circuit that works on the H-bridge concept was used for electric
pulse generation, which was controlled through an Arduino Uno microcontroller. The
frequency and pulse width were adjusted through microcontroller programming. The power
supply was drawn from a rechargeable 3.3 V LG MJ1 18650 3500 mAh cell, which was
amplified using a voltage booster circuit through LD38050 PU IC, with an amplifying voltage
from 0 to 56 V. This variable defines the intensity of the electric pulses. The voltage applied
to the microcontroller was regulated to 3.3 V using the voltage regulator circuit—LM25775
IC. The current flowing to the body through the electrodes was controlled using a current
limiter circuit developed using LM317T IC. It was used to limit the flow of current into
the body within a permissible range. The printed circuit board was prepared based on
the designed circuit. The assembly was placed in a customized 3D printed case. The
components of the module are shown in Figure 8. A schematic representation of TENS
module and kneecap on the knee are shown in Figure 9a and the kneecap worn on the knee
and TENS module held in hand are shown in Figure 9b.

TENS module componen'fs

—  Arduino Micracontroller

voltage
circuit, yoltage
regulator circuit,
current regulator
clrcult

Case: Protective and covering case Fower SUpBlY: LG M1 18650 3500 mAh cell is used

Figure 8. TENS module components.

The developed TENS module was compared with two other brands of TENS modules,
marked as brands X and Y for confidentiality. The user feedback and average rating were
used for the evaluation.

Output electric pulses were passed through the electrodes to the human body. Three
different waveforms (Figure 10) were selected. Different burst waveforms were created,
which could be modified for the attainment of different comforts and feels, depending on
the user. The waveform specifications are presented in Table 3.
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Textile electrodes attached
to inner side of knee cap
(Attached on symmetrical _
postions of kneecap,
here vissiblle only one side)
Textile electrodes coducting
the electric stimulation to body

TENS module for
electric pulses generation
(Can be clipped to kneecap)

Metal clips for connecting wires from

—
TENS module to textile electros = Sarryieg shelte sigoals bom

TENS module to textile electrodes

Knee cap, madeof
circular knitted fabric
using Nylon, coton and spandex

(a)

Figure 9. Schematic representation of the subject wearing the TENS module. (a) Schematic diagram
of TENS module placed on kneecap, which is worn on knee. (b) Subject wearing kneecap and holding
the TENS module in hand.

Figure 10. The images in (a—c) represent different symmetric waveforms selected as output electric
waveforms, which can be selected or varied by the modification of microcontroller programming.

Table 3. Waveform specifications.

Waveform Frequency Description

Normal burst of 1200 ms long pulses with a smaller burst

a 100 Hz
of 120 ms long; 330 ms gap

Positive and negative alternative bursts with 330 ms gap

b 100 Hz I
on each cycle; pulse duration is 1200 ms

c 60 Hz Burst (60 Hz burst with 300 ms gap); 1200 ms long pulses

3. Results and Discussion
3.1. Testing

The smart kneecap with electric stimulation using the textile electrode was successfully
developed, based on this study’s objective. The developed circuit was able to generate a
perfect symmetric waveform using the switching circuit and microcontroller. Three burst
waveforms of varying frequencies and pulse width (Figure 10) were generated and studied.
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Resistance of the textile electrode was found to be in the range of 0.4 to 2.1 ohm. The
resistance value for the case of TENS with the hydrogel and carbon rubber as an electrode
was found to be in mega ohm range. Therefore, the textile electrode exhibited higher
efficiency for the TENS module. Notably, it was observed that the textile electrode required
a voltage range of 20-25 V for the stimulation, which was in the range of 50-60 V in the
case of hydrogel or carbon rubber electrode. Figure 11 presents the graph with average
values of electric intensities for textile and hydrogel electrodes during the stimulation steps.
Textile electrodes were found to be more suitable as an electrode in the TENS module.

Electric stimulation intensity comparison of Textile electrodes and Hydrogel electrodes

w & U o N
© o o o o

Intensity (V)

~N
o

=
o

V2

Starting of electric  Initial feeling of  lightly improving proper stimulation High stimulation
stimulation electric stimulation  the stimulation starting stage

o

Stimulation stages

e Textile electrode(Conductive fabric patch) Hydrogel electrodes

Figure 11. Intensity comparison of textile and hydrogel electrodes.

3.2. Feedback from Subjects

The voltages required for textile, hydrogel, and carbon rubber electrodes were ana-
lyzed. Typically, this is stated as the intensity of input power of electric pulses, which is
required for the user to feel an effective stimulation. The input voltage requirements were
compared among the textile electrodes and other conventional electrodes. The underlying
challenge was the effect of individual user’s skin impedance and their sense to electric stim-
ulations. Therefore, a comparison of electrodes was conducted with respect to the voltage
range, which is effective and comfortable to each individual. As a result, a comparison of
all three types of electrodes (textile, hydrogel, and carbon rubber), was conducted for the
individual user for the input voltage specific to each of them.

Feedbacks were collected from 20 users (human subjects). They were advised to sense
the stimulation for a specific time of exposure for all the three TENS modules without
conveying the brands/category. The feedback was collected on the basis of comfort, skin
irritation, and sensitivity to electric stimulation. The developed module received better
acceptability with the highest average feedback rating of 7.77 (out of 10). Furthermore, the
four textile electrodes, prepared by the conductive fabrics from brands P, Q, R, and S, were
also tested using subjective feedback. Brands P and Q obtained an average rating of 7.5,
while brands R and S received an average rating of 3.5 and 2.5, respectively (out of 10).

4. Conclusions

In this research project, a smart kneecap integrated with a textile electrode-based
TENS module was successfully developed. The electrodes were attached to the kneecap,
which resulted in a wearable device. This study affirmed that a wide range of applications
of conductive fabrics and textile electrodes are wellness-related wearable products. The
developed TENS module was portable in handheld form or attached to the kneecap. In
addition, it can operate at lower voltage and power, thus enabling a longer battery life when
compared with hydrogel and carbon rubber electrodes. Symmetrical, stable waveforms,
as well as smooth textile electrodes can lead to a better comfort level during the electric
stimulation process on users (subjects).

As a future scope of this research project, a more compact structure could be attempted
for the development of TENS module using a self-powered module integrated with a
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smaller form factor of microcontrollers. In response to this, the microcontrollers could be
connected via Bluetooth technology through a mobile application for an interactive and
remote operation.
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