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ABSTRACT

20% of people in North America suffer from chronic muscle pain and have difficulty performing daily activities. To manage the pain,
they often use bulky and uncomfortable heating packs that have to be heated in the microwave, which is particularly inconvenient in
the workplace. In this work, we report an all-textile heating element using conductive threads. It is thin, soft, and comfortable to wear
and could be discreetly integrated into a variety of wearable products. It has been tested to provide 30 minutes of controlled heating and

on-the-go pain relief.

INTRODUCTION
Pain is the leading cause of disability among adults in North Amer-
ica (Council for Disability Awareness, n.d.). It is responsible for
more disabilities than heart disease, diabetes, and cancer com-
bined (Council for Disability Awareness, 2021). Additionally, it is
estimated that approximately one in five adults in North America
suffers from some form of chronic pain (Brigham and Women’s
Hospital, 2021), which results in approximately 100 million peo-
ple. Using statistical cluster analysis and patient body pain patterns,
researchers have found that patients suffering from chronic pain
can be classified into nine groups: axial low back pain; abdominal
pain; lower back pain radiating to the thigh; upper and lower back
pain; neck and shoulder pain; lower back pain radiating below the
knee; neck, shoulder and lower back pain; widespread pain — light
and widespread pain — heavy (Alter et al., 2021). It is not just one
specific part of the body that hurts, but rather a significant region
of the body that is typically affected. For example, the shoulder and
neck areas are present in seven of the nine types of chronic pain,
which is the most common localization, according to (Alter et al.,
2021). Thus, we aim to develop a heating technology in the form of
a scarf that reduces chronic pain in the neck and shoulder regions.
Particularly, we focus on a flexible textile heating technology.

There is a lot of information in the literature about the effects
of heat on the body. Among the negative effects, we note dehy-
dration, physical exhaustion, and burns (PatientsLikeMe, n.d.;
National Institute of Environmental Health Sciences, n.d.; Earth
Networks, 2017; WebMD, 2020).

In this work, we focus on the healing properties of heat that
can reduce muscle and joint pain in patients (Inverarity, 2020;
Battisti, 2021; Nordik, n.d.; Physiopedia, n.d.). Particularly, heat
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causes a phenomenon called the vasodilation of blood vessels
(Battisti, 2021; WebMD, 2022; Ramanlal & Gupta, 2022; Quora,
2022). In other words, blood vessels expand due to the relaxation
of muscle cells, which, in turn, increases blood flow. This leads to
the relief of pain caused by conditions such as muscular tension
and arthritis. Moreover, the use of heat to treat chronic pain offers
an alternative to “pain medication”- which has led to opioid epi-
demics (HHS, 2021) and the overuse of powerful, addictive, and
organ-damaging non-steroidal anti-inflammatory drugs (NHS,
2019) - which are to be used with extreme caution.

To manage chronic pain, people often use bulky, uncomfort-
able heat packs that need to be heated in the microwave (Health-
line, n.d.). Athletes also use heated jackets with built-in weak
heating elements powered by batteries of relatively small ener-
gy capacity (Anseris, n.d.; Gobiheat, 2020). Such jackets require
strong thermal insulation (i.e., bulky padding) to prevent heat loss
and are mostly used for maintaining body temperature at comfort-
able levels. However, heat therapy requires higher temperatures
(between 38 and 66°C depending on the heat therapy product
type) and shorter exposure times of 20-40 minutes (Spine-Health,
2021a). These solutions, which are good for the environment, are,
however, less effective for professionals such as teachers, office
workers, or professionals on the go because the heating elements
are large, obvious, and unesthetic, and such heating elements can
be used discretely. While analgesic creams can be used to treat
minor pain, it is usually not recommended to use these products
for prolonged periods (ex., more than seven days) without con-
sulting a doctor (GlaxoSmithKline Consumer Healthcare Inc.,
2017). Given that chronic pain is persistent, one cannot rely on
analgesic creams for daily pain relief, whereas heat therapy can
be used long term multiple times per day without significant side
effects (Spine-Health, 2021b). To gauge the extent of the prob-
lem, office workers alone constitute approximately 1 million of
the United States’ workforce (Zippia, 2021). Among those, a sed-
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entary lifestyle leads to significant health problems, with affect-
ed individuals suffering mainly from neck and lower back pain,
where the occurrence of these ailments has been shown to range
from 42% to 69% and 31% to 51%, respectively, within one year
(Akkarakittichoke, 2022).

To meet these challenges and help chronic pain patients
cope on the go, we developed a technological platform called
MOBILE & COZY using electrothermal textiles (see Fig. 1). The
prototype is a flexible heating scarf of a comfortable size that
covers the neck region. It is realized using conductive threads
sewn along the synthetic felt substrate. The scarf is powered by
a compact high-capacity Li-lon battery, which, together with an
electronic control block, can be placed into an enclosure the size
of a large cell phone (13cm x 9.5¢cm x 2.5¢m) for carrying inside
a pocket or a handbag.

HYPOTHESIS

All-textile conductive yarns could be used as a basis of a heating
element to develop a compact and discreet thermal insert in the
form of a scarf. The insert could provide heating and pain relief
to the neck and shoulder region for approximately 20-30 minutes.

MATERIALS AND METHODS

To develop the prototype, it was necessary to determine the tem-
perature needed to trigger vasodilation without burning the user.
It is also necessary to find the dimensions of the scarf relative to
the size of the neck and choose a material that is comfortable,
hypoallergenic, and easy to work with. From the technological
perspective, we must resolve several challenges: design a flexi-
ble heating element based on textiles, design a circuit to control
the amount of heat deposited on the scarf electronically and find
an energy source that could accommodate the prototype’s energy
needs.

Generally, at an ambient temperature of 32 °C, one can start
to perceive heat (Benjamin, 1954). For a clothed person, the
upper limit of homeostasis in a slightly humid environment is
52°C and 35°C at high humidity (Benjamin, 1954). At the same

Figure 1. The prototype of a heating scarf (top) and a power
control block (bottom).
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time, we want to ensure that the temperature of a scarf can reach
the temperatures of ~45-60°C for durations of 20-40 min, which
are the parameters often used by infrared saunas to achieve a
well-documented positive therapeutic effect (Cryospa, 2021). The
human body also emits energy and produces ~57 W/m? (LaBonta,
2014; MedicineNet, 2021), while the neck region alone emits =3
W (Disabled World, 2022; How it works, 2013). For a human
to perceive heat, we assume it is necessary to warm the targeted
body part with more energy than it emits. We, therefore, built a
scarf prototype for the neck treatment with a heat emission capac-
ity of up to 60W.

A key material for the project relates to the realization of a
heating element. Several materials can be used in flexible heating
elements, such as conductive paints (The Pi Hut, n.d.), conduc-
tive tapes (Kraftex, n.d.), or conductive wires (Mayata, n.d.). For
our project, we chose conductive threads over other materials as
such threads can seamlessly integrate into textiles using standard
sewing machines (Brother, n.d.). Importantly, such threads are
mechanically and electrically reliable, while novel conductive
threads are being developed and commercialized constantly due
to their growing popularity in the smart textile community. When
using a sewing machine, one has to choose a proper stitching pat-
tern that results in the lowest resistivity per unit length while also
being economical in terms of consumption of a relatively expen-
sive conductive thread.

To choose the stitch type for sawing conductive fibers, it is
possible to determine the rate of heat emitted by several resistive
wires put in parallel under electric tension by employing the fol-
lowing formula (Course Hero, n.d.):

P=N+VZ/R, (1)

Where P is the emitted heat in watts, N is the number of
wires, R is the resistance of each wire in ohms, and V is the bat-
tery voltage in volts.

Therefore, a sewing stitch with the smallest resistance, R , is
required to obtain the desired power with the smallest number of
wires. By trying all the main stitch types offered by our sewing
machine, we determined that the one best suited for our prototype
is the basic “straight stitch.” In Table 1, we present the photo of
an approximately 21 cm-long sample of stitches that we tried and
their respective resistances. Note that while stitch #13 appears to
have the lowest resistance, it is effectively made of two intercon-
nected simple stitches (stitch type #1).

Next, the scarf geometry was chosen to comfortably cov-
er the neck region of the body to treat chronic pain in that area.
Using the average data for the neck circumference (ranges be-
tween 36 — 48 cm), neck height (averaging between 10 — 12 cm)
(Disabled World, 2022; How it works, 2013), and choosing the
geometrical dimension to be somewhat larger than those indicated
above, we find that the scarf’s length of 58 cm and height of 22 cm
covers most of the standard neck sizes.

CSFJ| Volume 5 | Issue 1 2
© Skorobogatiy 2023



THE CANADIAN SCIENCE FAIR JOURNAL

ARTICLE

Table 1. Resistances of different stitch types in order from top to bottom as they appear on the photo. The sample length is 21 cm.

Insert: stitch types as indicated in the sawing machine panel.
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Stitch Stitch
type # resistance
1 18.5
4 30.9
29 53.1
33 45.0
31 52.1
35 48.7
13 11.8
12 40.0

Moreover, from the detailed electrical analysis of the scarf,
as described in the following section, currents as high as approxi-
mately 5-10 A can flow through the scarf, and most compact bat-
teries cannot provide such high currents. To our knowledge, the
only batteries capable of doing so are LiPo batteries that come in
3.7V, 7.4V, and 11.1 V variants, which are extensively used by
hobbyists in electric models. 7.4 V LiPo batteries provide a good
compromise between compactness (battery size 1.5 cm x 3 cm x
10 cm) and energy storage capacity, which are important factors in
building a user-friendly device. Therefore, we will use a 7.4 V LiPo
battery with a capacity of 3500 mAh (maximum current is 30A)
which can deliver 7 A for up to 30 min.

Next, using a multimeter, we found that a single line sewn by
the straight stitch of length 58cm (a little larger than the average
neck size) has a resistance R, =54Q (see Fig. 2). By using a voltage
source of V=7.4V from Equation 1, we determined 59 heating lines
are needed to achieve a scarf heating power of 60W (Equation 2).

N=P+R /V?=59 )

To ensure that the current crossing a single conductor wire,
I, stays below the maximum current of 0.3A recommended by the
manufacturer to burn the conductive thread (SparkFun Comment,
n.d.). From Ohm’s law (Course Hero, n.d.), this condition is indeed
satisfied, with the current through a single conductor wire being
0.14 A, as seen in Equation 3.

1=V/R ~0.14A 3)

Finally, the total current, I, flowing through the scarf made of
N=59 heating lines connected in parallel is 8.4 A, as seen in Equa-
tion 4 (Course Hero, n.d.). This is below 35A recommended upper
limit for our LiPo battery.

I=N+=8.4A

For the fabrication of the scarf, the base of the prototype was
created by sewing together 3 sheets of felt (Trixes, n.d.). Next, the
top part of the sewing machine was threaded with a regular thread
(BlesSew, n.d.), while the bottom part was threaded with a con-
ductive thread (SparkFun, n.d.). Then, 59 heating lines were sewn
along with the scarf, as well as 30 conductive lines perpendicular
to the scarf (on each extremity), thus, forming two conductive
stripes that interconnect the main heating lines. Finally, the bat-
tery was connected using two heavy-gauge metal wires wrapped
in silicone and connected to metal snap buttons (Rosenice, n.d.)
sewn onto the conductive stripes.

For a two-cell LiPo battery, when the voltage drops below
70% of nominal voltage (5.2V), it short-circuits, rendering it un-
stable and not rechargeable. To prevent this from happening, we
implemented a LiPo Protection Circuit, which contains a relay
(Hoffart, 2008; Swe-Check, n.d.) (left of Fig.3). The relay acts as
a switch that turns the power on and off. In our case, it measures
the voltage of the LiPo (by presetting the battery to turn off at 5.2
V). When the voltage is lower than this, the relay receives a sig-
nal, it activates and turns off the LiPo battery.

To adjust the temperature emitted by the scarf, we must con-
trol the power delivered by the battery to the heating element us-
ing a control unit. The control unit has a pulse width modulator
(PWM) (Loflin, n.d.) (middle of Fig. 3), which is essentially an
electronically controlled switch, which is capable of reliable oper-
ation under high DC currents of up to 10A, and DC voltages of up
to 16 V (HW-070). The PWM is used to control power using elec-
tronic power switching. By turning the current sent to the heating
element on and off at very quick intervals, it is possible to control
the current sent. Thus, the “Duty cycle” (fraction of the ON time
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Figure 2. Closeup photo of a scarf heating element. Inserts indicate the main design parameters of an all-textile heating element.
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compared to a period) makes it possible to regulate the current
delivery. Therefore, allowing us to control the heat emitted by
the scarf.

Pulse Width
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1 Heating
Element

6684V 7

LiPo protection circuit

Prototype 1

Figure 3. Electronic power controller for the scarf heating
element and LiPo battery protection circuit. Top: schematic
of the controller. Bottom: photo of the controller.

RESULTS

The final prototype of the heating scarf is shown in Fig. 4. To test
the heating scarf, we conducted two experiments using a power
control block set to maximum output in both cases. In the first
experiment (left of Fig. 4), the Liquid Crystal thermometer was
placed over the scarf. When power was turned on, the thermom-

eter changed its colour from red (~25°C) to purple (~31°C) in
approximately 1 minute, which allowed us to estimate a heating
rate of a non-thermally isolated scarf as approximately 6 °C/min.

Next, the heating scarf was tested using a phantom of the

{ [ vz,

5 t=1 min R /
Figure 4. Test 1 (left): Heating of a Liquid Crystal Thermom-
eter from 25°C to 31°C in ~1min at the maximal power output
of a controller. Test 2 (right): Model of the neck in the form of
a standard 2L plastic bottle filled with water at 37 °C.

neck in the form of a 2L bottle filled with water at 37°C (average
body temperature), having a circumference like that of the neck.
A long glass thermometer was attached directly to the bottle, and
a heating scarf was rolled around the bottle with its conductive
threads toward the bottle. In contrast, an ordinary scarf was rolled
around the heating scarf as a thermal insulator (right of Fig. 4). Fi-
nally, the output power of the power supply was set to maximum.
After approximately 5 minutes, the thermometer’s temperature
stabilized at approximately 48°C. Then, the temperature varied
slightly between 47°C and 49°C during the next 23 minutes of the
experiment before the battery was discharged.
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DISCUSSION

The scarf is easy to make since it uses a standard sewing machine,
simple stitching, easily traceable electronics, and batteries popu-
lar among hobbyists. Our prototype is fully flexible and portable,
which is the primary goal of this project.

To make our prototype more user-friendly, we designed a
compact shell (similar in size of a large cell phone) to hold all the
electronics using free 3D modelling software Tinkercad and a basic
3D printer from MakerBot (Fig. 5). Additionally, we developed ro-
bust connectors designed to connect the control block to the scarf.

It has been approximately nine months since we started using
the second prototype at home, school, and in our skating lessons.
However, we noticed technical and aesthetic problems related to
the functionality and longevity of the scarf. The biggest problem
was the connectors, which got damaged frequently. Sweating also
caused a colour shift, as well as thread issues. As a result of the
high temperatures exerted on the scarf, the plastic melts, destroy-
ing the threads. Lastly, we observe that the resistance has grown by
three times, thus decreasing the heating considerably.

CONCLUSIONS
The hypothesis put forward at the beginning of the project is con-
firmed. Indeed, a thermal scarf could be developed with a heating
element based on all-textile conductive yarns.

The heating scarf is relatively straightforward to make since
it uses a standard sewing machine, simple stitching, simple pow-
er electronics, and LiPo batteries popular among hobbyists. Our

ARTICLE

prototype is fully flexible and portable, which is the primary goal
of this project. The scarf bulk temperature reaches approximately
490C, a typical temperature used by infrared saunas to achieve a
therapeutic effect. Finally, a compact 2-cell LiPo battery currently
lasts approximately 25 minutes at the maximum output power.
Longer heating times are possible by substituting the current bat-
tery with a higher-capacity one (although of a larger size).

To make our technology more user-friendly, we need to use
more compact electronics and more reliable connectors. We also
must continue searching for conductive threads that are more re-
sistant to perspiration and mechanical damage. Our technology
can be helpful to people suffering from chronic pain, by reducing
the discomfort of their daily tasks. It would also allow for discrete
wear as our flexible textile heating technology can be easily in-
tegrated into traditional clothing items. For example, the heating
scarf can be inserted into a fashionable scarf and worn as a part of
an everyday outfit.

For future studies, there are a couple of concerns that need
to be addressed. First, we must make sure that all the materials of
a scarf are safe to use under prolonged exposure to elevated tem-
peratures. Second, we need to study whether the scarf materials
can be used in direct contact with human skin, and if not, find al-
ternative materials or bio-friendly packaging. Finally, we need to
conduct clinical studies with real subjects suffering from chronic
pain to see if our scarf is comfortable to wear and whether it is as
effective at reducing pain as a standard heating pack.
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Figure 5. The second prototype of the power control module. (Left) 3D models of a compact shell to host power electronics, and
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various connectors. (Right) Photo of a 3D printed module with electronics.
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