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Abstract—The global energy crisis has become a prominent more, the patches introduce the concept of personal thermal
issue in part due to the large amounts of energy unnecessarily management, a critical part of decreasing the overall energy
used to heat inanimate objects in buildings, rather than directly consumption in buildings and residential areas.
heating human bodies. An innovative solution to reducing this
Personal thermal management is the idea that heating can be
energy waste is silver nanowire (Ag NW) patches which localize
the transfer of thermal energy to the human body. The patch localized to a person. The wearable fabric-based heaters using
heats the human body using two distinct methods: passive Ag NWs can achieve this by dissipating heat throughout the
insulation and active heating. Passively, the Ag NW patches reflect fabric of the user’s clothing in order to heat the human body
infrared radiation back to the body. Actively, a voltage can be without wasting energy by heating the rest of the room.
applied to the Ag NW patches to create heat. The relationship
The Ag NW patch also has significant reflective properties
between power and increase in temperature was investigated,
and the results showed that 0.25 W was optimal for heating that contribute to its overall efficiency because it allows heat
at a constant voltage. The heat transfer to a polyester shirt to be retained. The human body loses large amounts of heat
and ballistic gel were tested for overall effectiveness, and it was throughout the course of the day. Containing the heat radiated
determined that heat spread no more than 2 mm away from each from the human body can keep it warm while reducing the use
patch. The process of cyclic heating was also tested using both
a temperature-based and time-based system. After testing their of energy from external sources. The design of the Ag NW
thermal properties, the patches were integrated into a system patch is such that the NWs are spaced at a distance less than
with a LilyPad Arduino and temperature sensor that allows for the wavelength at which the body radiates heat (approximately
a user-compatible shirt with customizable preferences. The Ag 9 µm) [2]. Therefore, some of the thermal losses from the
NW shirt can save households approximately 2920 kWh per year, body are reflected back towards it instead of escaping, thereby
making it a promising solution to the energy crisis.
transforming the body’s own heat radiation into a source of
thermal energy.
I. INTRODUCTION
In addition to the reflective properties of Ag NWs that
Currently, the world uses 47% of its global energy on indoor contain body heat, Ag NWs can also be used to directly warm
heating, and 42% of this energy is wasted on unnecessarily the body by attaching a small cell battery to the patch. This
heating inanimate objects such as tables and chairs [1]. This would allow for a current to be run through the patch to
is largely due to a property of matter known as specific heat generate heat through Joule heating. This is the process by
capacity, which is the heat required to raise the temperature which electricity travels through a conductor to generate heat.
of one gram of a given substance by one degree Celsius.
II. BACKGROUND
Although the specific heat capacities of inanimate objects
typically found in buildings and residential settings are lower A. Silver Nanowire Patch
than that of the human body, the collective specific heat
Potential materials for wearable fabric-based heaters include
capacity of surrounding objects often supercedes that of the carbon nanotubes (CNTs), graphene, and metallic NWs. Howhuman body alone. As a result, the majority of energy used to ever, electrically conductive fabrics made of graphene and
heat buildings is undesirably used on inanimate objects rather CNTs have high resistance, which results in low thermal perthan specifically heating the human body.
formance during Joule heating, which occurs when a current
Generally, human beings are satisfied with a temperature of is present and energy is given off as heat. Other metal NWs
approximately 22◦ C in order to comfortably inhabit a building such as gold NWs and copper NWs are viable options, but
[3]. Buildings, however, are not always this temperature due Ag NWs are more cost effective than gold NWs and are more
to weather conditions. The silver nanowire (Ag NW) patches stable against corrosion and oxidation than copper NWs [2].
attached to clothing present a practical solution by heating the The metallic NW spacing with silver also gives rise to many
human body in a comfortable and efficient manner. Further- useful thermal properties such as its thermally insulating and
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electrically conductive abilities. The NWs are spaced 200300 nanometers (nm) apart, significantly less than the peak
wavelength at which the body radiates heat, approximately 9
µm. This allows the NW patches to be highly reflective of
infrared (IR) radiation, letting the patch reflect about 97% of
IR radiation [3]. Since a water molecule is 0.2 nm wide, the
NW network leaves enough space for perspiration to evaporate
and cool the body. Other materials known for their radiative
insulation, like alumninized Mylar blankets, typically do not
have this property, making Ag NW the more optimal choice.
The Ag NW patches are made on polyester fibers which
are dip-coated in order to completely saturate the fabric with
the nanomaterial. Dip-coating is a method of incorporating
the NWs onto fabric. This method enhances the durability
of the patch and ensures a complete layer of Ag NWs. The
durability of the patch is further augmented through a process
known as intense pulsed light (IPL) sintering under a xenon
lamp. The patch undergo the sintering process for 100 to 500
microseconds to amplify its properties of greater conductivity
and ability to withstand mechanical wear [2]. The number of
dip-coating cycles and the amount of IPL sintering time are
varied in order to test the efficiency of different patches.
The patches themselves are highly conductive because of
the fusion of the NW into one network of NW mesh. In
addition, the patches demonstrate a high mechanical durability
that allows them to retain their conductive properties after
cycles of being washed in the washing machine. Another
important property of the Ag NW patch is its lower electrical
resistance in comparison to similar materials such as gold or
copper NWs. Electrical resistance is further reduced through
IPL sintering and is consistent throughout the patches despite
the variation in sintering timing.
The NW patches warm up through the process of Joule
heating. When current flows through a conductor such as a
wire, some energy is naturally dissipated as heat when excited
electrons transfer kinetic energy to surrounding conductor
atoms. For the purposes of this project, the heat dissipated by
the NW patches are applied to heat the human body instead of
being a waste product. Efficiency of the Joule heating method
to warm the human body can be calculated with the following
equations, where P is power, I is current in amperes, V is
voltage, Q is energy in Joules, m is mass, c is specific heat,
and ∆T is temperature change in Celsius:
P = IV

(1)

Q = mc∆T

(2)

B. Electromigration
Silver NWs are susceptible to a phenomenon known as
electromigration. Electromigration occurs when a high enough
current and voltage is run through the NWs and the ions
experience random thermal diffusion [4]. This causes the silver
atoms to move away from the junctions of the NWs and redeposit themselves elsewhere. When enough migration occurs,
the junctions can break, causing the resistance of Ag NWs
to increase significantly after repeated usage. This process
substantially limits the lifespan of the patch. Therefore, when
using the Ag NW patch, the limitations due to electromigration
must be considered.
C. Thermal Cameras
In order to properly measure the heating of the NW patches
and the spread of thermal energy throughout various clothing
materials, temperature sensing devices such as thermal cameras must be used. It is important to note that measured temperatures from the thermal camera may not be representative of
the true temperature. Thermal cameras do not directly measure
the heat of an object, but rather the thermal radiation in the
form of infrared waves that are emitted. Higher temperatures
generally result in greater radiation that can be detected by
the thermal camera. This is because the camera detects the
wavelength of the incoming radiation and assumes that is
emitted from the source instead of reflected.
D. Ballistic Gel
Polydimethylsiloxane, commonly known as PDMS gel or
ballistic gel, is a silicone based organic polymer that has
similar thermal properties to human skin [2]. In particular, the
specific heat capacity of PDMS gel is 1.46 kgkJK compared
to the specific heat capacity of human skin which is 3.47
kJ
kg K [5]. Therefore, PDMS is useful as a safe substitute to
human skin while testing in the lab. Ballistic gel is a material
comprised of a 1:10 gelatin to water ratio. It only retains its
properties under certain temperatures and cannot be heated to
a great extent. Ballistic gel was used in this study as a way to
the test the Ag NW patches on a substance that would react
in a manner homologous to human skin.
E. Testing of the Ag NW Patches
During testing, a piece of copper tape is attached to opposite
sides of the Ag NW patches in order to run a current through
the patch from the power source. As seen in Fig 3, the power
source is connected to the copper tape by means of alligator
clips in order to conduct the heat into the Ag NW patch.
The patch heats up when the power source is turned on. This
process simulates the use of a small battery in the heating of
the patch and is versatile as it allows for a thorough evaluation
of the patch’s extensive properties.

A large range of temperatures may be reached when heating
the Ag NW patches with this technique. Certain voltages
display an ability to heat the patches to temperatures reaching
about 70◦ C. This guarantees that the patches will be able
to supply the human body with a sufficient amount of heat.
Overheating is also possible, and a solution to this issue using
a temperature sensor and Arduino is discussed in further detail
later on.

F. Lilypad Arduino and Temperature Sensor
Arduino is an open electronics platform used for interactive
projects. It perceives and interprets the environment through
various sensors and is able to respond through lights, motors
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and other actuators. The Lilypad Arduino is designed to be
implemented in in e-textiles and other wearable projects. The
device can run anywhere from 2V to 5V which is a suitable
voltage range for the Ag NW patches. In addition, because the
Lilypad Arduino is designed for implementation into clothing
products, it is washable and durable to other mechanical wear
the clothing may experience. In this project, a Lilypad Arduino
was used in conjunction with a temperature sensor. The corresponding temperature sensor calculates ambient temperature
by measuring an increase in voltage across a diode and relating
it to a proportional increase in temperature. It is able to conduct between 2.7V and 5.5V. It has three pins, positive, signal,
and ground, that are wired into a breadboard. The device is
capable of sensing temperatures ranging from 5◦ C to 65◦ C
which is more than sufficient for the application of a wearable
fabric based heater shirt [6]. The code implemented in this
application offers a time based cyclic heating, a temperature
based cyclic heating, and constant heating based on the users’
preferences.

III. P ROCEDURE
A. Testing Temperature Change of Patches
In order to test the range of temperature of the Ag NW
patches, a patch was placed onto a polyester shirt. It was then
connected to a variable voltage source (Protek 18020M) by
means of alligator clips attached to the copper electrodes, as
shown in Fig 3. This setup replicates an application of a patch
that would be connected to a small battery in practical uses. A
thermal camera (Micro-Epsilon TIM 400) was placed above
the patch to accurately measure the temperature. The voltage,
current, initial temperature, and type of patch, including the
IPL sintering and amount of dip-coats were recorded. The
voltage source initially supplied the patch with 0.1V. Over the
course of the next ninety seconds, the temperature of the patch
was recorded every ten seconds to test the temperature change
of the patch at each interval. After this initial test, the voltage
was increased to 0.2V and the same test was conducted up
to 0.9V at 0.1V intervals. This method demonstrates how the
effectiveness of the patches changes at different voltages and
characterizes the temperature increase over time.

Fig. 1. General Setup of the Ag NW Tests

Fig. 3. Heating fabric connected with alligator clips

B. Using Ballistic Gel
A major factor contributing to the energy wasted in indoor
heating is the fact that the collective specific heat capacity of
inanimate objects in buildings is typically significantly larger
than the specific heat capacity of humans. Therefore, it was
important to note how the patch would dissipate heat on
substances of a certain specific heat. In this portion of the
research, ballistic gel was tested in conjunction with the Ag
NW patches to consider how the patches would interact with a
substance of a similar specific heat to the human body [2]. Due

Fig. 2. Lilypad Arduino with temperature sensor and breadboard
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to the fact that ballistic gel accurately replicates the thermal
properties of human skin, it was essential to test the ballistic
gel not only with the patch alone, but also with a shirt. In
order to test the range of temperature of the Ag NW patches
on ballistic gel, a patch was placed on top of a polyester shirt.
A 45 mm by 45 mm by 1 mm slide of ballistic gel was placed
on top of this setup, and the thermal camera was aligned to
properly measure the temperature of the system, as detailed
in Fig 4. The voltage, current, initial temperature, and type
of patch, including the IPL sintering and amount of dip-coats
were recorded.

C. Cyclic Heating
1) Temperature-Based: Cyclic heating is an important aspect of the Ag NW patches because the clothing on which the
patches are implemented should have to maintain a comfortable body temperature of 30◦ C to 40◦ C by heating up when
necessary and turning off when a desirable temperature is
reached. In order to test the Ag NW patch’s ability to maintain
consistent cyclic heating patterns, the patch was placed directly
on the ballistic gel with the thermal camera positioned in the
same manner as the original ballistic gel testing. The power
was then set to 0.39W and the battery was turned on to
allow the patch to heat up. The time it took for the patch
to warm up to 50◦ C was recorded. The patch was then left
to cool until it reached 30◦ C and the time it took to reach
this temperature was also recorded. This process was repeated
for three periods to simulate cyclic heating and to assess the
patch’s ability to maintain consistency in supplying thermal
energy. This process was repeated for 0.54W, 0.69W, and
0.75W to understand how the power input affected the patch’s
ability to retain a regular pattern of heating.
2) Time-Based: In addition to heating in cycles based on
high and low temperatures, cyclic heating based on time was
also tested to further characterize the heating of the patches
to determine the optimal settings for a user. The setup was
the same as the temperature-based cyclic heating testing. The
voltage source was set to a voltage and current corresponded
to 0.32W for the first trial. First, the initial temperature was
recorded. Then, the voltage source was turned on and the
temperature was recorded for every ten second interval. After
twenty seconds, the voltage source was turned off for another
twenty seconds. This cycle of twenty seconds on and twenty
seconds off was repeated for three periods to simulate the
cyclic heating in practical applications of pulsed heating in
clothing. In order to test the differences in the effect of
different time intervals of heating, the heating and cooling
cycle was tested at thirty seconds on and thirty seconds off, and
then at forty seconds on and forty seconds off. The different
time intervals were also measured with 0.15W and 0.40W of
power to determine the ideal power needed for the patches.

Fig. 4. Experimental setup to heat ballistic gel

In order to accurately simulate the patch on human skin, the
patch was placed directly onto the ballistic gel. This ensured
that placement of the plastic backing of the patch did not
interfere with the testing of the ballistic gel. The initial test
was conducted using 0.25W of power. This amount of power
is significant because it generates an adequate amount of
thermal energy to reach a temperature of 37◦ C, the average
body temperature. The patch was allowed to heat up for
ninety seconds to let the temperature stabilize. From there, the
temperature of the patch itself, the ballistic gel, and the shirt
were recorded. A temperature profile of the system was also
taken from the thermal camera which showed the dissipation
of heat through the ballistic gel and the shirt. It also provided
insight into the differences of how the ballistic gel responds to
the patch versus the shirt. This process was then repeated three
times with the patch directly touching the gel and with the shirt
in between the patch and the gel. This was meant to simulate
the patch being inside and outside of the shirt and compare
which design is more effective. Overall, this procedure allowed
for greater understanding about how these materials responded
to a consistent source of heat from the patch and assessed the
feasibility of the implementation of Ag NW patches onto a
shirt. Additionally, it tested two possible positions of the patch
on a user-compatible shirt design.

D. Determining the Radius of Heating
The Ag NW patch was placed on a polyester shirt to test
how extensively the heat dissipated throughout the fabric.
Alligator clips were connected to the voltage source and to the
copper tape on the patches. The thermal camera was turned on
and positioned over the patch in order to accurately monitor
temperature changes. The voltage source was then turned
on at a voltage of 0.9V. At this voltage, the patch reflects
the most comfortable temperature for the human body. Once
the temperature plateaued after ninety seconds, temperature
readings were taken at intervals of 1 mm. The heat was
measured out to 10mm away from the center of the patch
to determine how effectively the patch heated the surrounding
area. This test was conducted for additional power settings
to determine the effect on the radius given more current and
voltage flowing through the NWs.
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Fig. 6. Integrated shirt design with patches attached to Arduino and temperature sensor by means of alligator clips

IV. R ESULTS
A. Key Findings

Fig. 5. Experimental setup for testing the radius of heating

The Ag NW patch demonstrated important properties which
have significance for potential applications. Different types
of patches, characterized by their IPL sintering time and
number of dip-coats, generally had similar responses to the
different tests that were performed. While similar behavior
patterns were shown, it was noted that the effectiveness of the
patches was slightly affected depending on type of patch. The
exception to the pattern of similar behaviors was the fact that
more consistent and greater conduction of heat was shown
for the patches with greater IPL sintering time and a larger
number of dip-coats [2].

E. Measuring the Lifespan of the Ag NW patch
One of the most substantial properties of the patch is its
ability to heat the user in a manner that provides consistency.
Therefore, it was important to understand the lifespan of the
patch. Heating consistency was tested by connecting the patch
to the voltage source using alligator clips, as shown in Fig 3.
The voltage was set to 0.9V and allowed to heat up. The time
was recorded when the current dropped by 0.1 amps in order
to characterize consistency with a constant voltage. The test
was stopped when the current reached zero which indicated
that the patch stopped conducting heat. This test has significant
implications on how the device functions effectively in regards
to its lifespan.

B. Correlation Between Temperature and Power
The temperature increase rate of the patch was generally
consistent and was not dependent on the type of patch (IPL
sintering and number of dip-coats) that was tested. However,
the increase from initial to final temperature was reliant on the
type of patch. Patches with greater IPL sintering time and more
dip-coats showed a greater ability to conduct heat in the same
amount of time. As shown in Fig 7 and 8, the temperature
plateaued at around 90 seconds and only increased slightly
after this time. For each of the patches tested, larger voltages
generated greater amounts of heat when starting at the same
initial temperature.

F. Integration of patches with Arduino
The ultimate goal of the research was to manufacture a
prototype shirt that would serve as a useful application to
conserve energy in buildings and residential areas. In order
to do this, the patch would have to be able to detect a change
in temperature and provide the proper amount of thermal
energy to adequately heat its user. It must also be able to stop
heating its user when the temperature reaches a certain point.
This was achieved by connecting several Ag NW patches to
a Lilypad Arduino and temperature sensor as shown in Fig
6. The patches were then connected to the voltage source by
means of alligator clips and the thermal camera was positioned
and turned on in such a manner to ensure that all patches
were visible. An image of the patches with the shirt was
taken with the thermal camera after the patches were heated
for ninety seconds. This image served an important purpose
by demonstrating the effectiveness of connecting the Arduino
to the patches and understanding if the patches continued to
heat at a rate consistent with connection to the voltage source.
By conducting this test, the overall effectiveness of Ag NW
patches spread across a larger area was observed.

C. Radius of Heat
The radius of the heat dissipated by the patches was shown
to be very limited as demonstrated by the thermal camera
images in Fig 9. This shows that there was no significant
increase in temperature past 2 mm away from the heating
patch. These results imply that multiple patches must be
used on an integrated application of the patches in order to
adequately warm a user. Furthermore, these patches must be
placed strategically in order to optimize the heating properties
that the patch has. However, it is important to note that the
value of the patch is not necessarily undermined by this
fact because the patch is effective in reflecting the infrared
radiation of the human body [2].
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0.25W. It uses even less power, even though the heating was
constant. For maximum energy savings, a constant 0.25W to
maintain a skin temperature of 32◦ C is optimal. However,
if the user is especially cold or wants to warm up quickly,
then the cyclic heating option with 0.39W would be the
preferable option. Multiple settings of cyclic heating should
be incorporated into the final design to ensure that all of the
user’s preferences are taken into account.

Fig. 7. Temperature (◦ C) of oldest patch based on time and voltage supplied

Fig. 9. 3D Thermal Graph Showing Dissipation of Heat from the Center of
the Ag NW Patch

Fig. 8. Temperature (◦ C) of 300 microseconds IPL sintered patch based on
time and voltage supplied

D. Cyclic Heating
The powers 0.39W, 0.54W, 0.69W, and 0.75W were tested.
The average time spent heating and cooling per cycle was
calculated for each power setting. From this, the percentage
of the time that the patch was actually on and heating was
calculated. Then, this value was multiplied by the power
to determine the energy consumed for each patch. This is
described by the following equation, where P effective is the
effective power consumption, η is the percentage of time the
patch is heating, and P is the power setting.
P effective = η P

Fig. 10. Each power setting and its calculated effective power

Cyclic heating was also tested based on time rather than
temperature in order to develop a better understanding of
how this process may be most effectively used. The power
settings tested were 0.13W, 0.15W, 0.30W, 0.32W, 0.34W, and
0.40W. Similar settings were tested to account for the change
in resistance that occurred from usage of the patch. As shown
in Fig 11, 12, and 13, the power settings had a significant
effect on the change in temperature, but they did not change
the general shape of the graph. This implies that greater power
settings heat the patches similarly to lower power settings, but
at a faster rate. Additionally, the consistency in upward and
downward slope of the graph means that the patches cooled
down at a rate roughly proportional to the amount that it was
heated.

(3)

It was found that the most efficient cyclic heating happens
at 0.39W, the lowest power setting. Its effective power consumption is 0.312W, meaning that it will, on average, operate
at 0.312W over a given period of cyclic heating.
In Fig 10, the effective power values of each power setting
can be compared. The last row shows the control setting of
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the patch placed on top of the shirt. The temperatures of the
ballistic gel using each method were compared as shown in Fig
15. It was determined that putting the patch inside the shirt,
directly on the gel, transferred heat much more effectively.
Specifically, having the patch inside the shirt caused the shirt to
increase by 9◦ C more than having the patch outside the shirt.
Using equation (3), the heat that transferred to the PDMS gel
was calculated to be 1.60 × 10−2 J on an area of 0.758 cm2 ,
J
with the specific heat and density of PDMS equal to 1.46 g·K
−4 g
and 9.7 × 10 cm3 respectively [5].

E. Lifespan of the Patch
As shown in Fig 14, the lifespan of the patch was determined to be approximately ninety minutes when run constantly
at 0.25W. This deterioration in the patch’s heating ability
is due to a significant increase in resistance within the Ag
NW system. Electromigration contributes to the short lifespan
because it causes the junctions in the Ag NWs to separate
when the atoms move. Ag NW patches have not been tested
for long periods of time, and as a result, durability remains an
issue for their use as Joule heaters. One important consequence
of this experiment is that the patch may need to be replaced
or recycled after brief use in an integrated shirt design.

Fig. 14. Lifespan of Heating Patch Based on Current And Time Graph
Fig. 11. Heating of patches using 20 second cycles

Fig. 15. Temperature in Celsius of Ballistic Gel With Shirt Inside and Outside

Fig. 12. Heating of patches using 30 second cycles

G. Shirt Design
The integrated shirt design involved creating a circuit connected to a 3V coin battery cell (Energizer CR 2025). The
patches were placed in areas that would optimize heat transfer
to the body. The best areas to place the patch would be areas
with high heat loss, high blood flow, and thin skin to allow
warm blood to circulate throughout the body. One NW patch
was placed on each of the following: upper back, lower back,
wrists, and underarms. These were areas that fit the previous
criteria [7]. In future designs, the entire shirt would be made
of Ag NW cloth, and with active heating only in those specific
areas of the body where heat transfer is most effective.
Arduino code was written to implement time based cyclic
heating, which can be found in Fig 16 of the appendix, and
temperature based cyclic heating can be found in Fig 18 of the
appendix. Finally, the code for heating at a constant voltage
can be found in Fig 17.

Fig. 13. Heating of patches using 40 second cycles

F. PDMS Gel Testing
The patch was tested with the PDMS gel in two distinct
positions: the patch between the PDMS gel and shirt and
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at 25◦ C using equations (5) and (6). The wearable Ag NW
based shirt requires only 4 W of energy and uses passive
IR insulation to provide the same amount of heat loss. This
means the shirt saves 1036 W of power per person by focusing
heating. Assuming that a heater runs for 4 months a year,
this leads to about 2920 kWh of energy savings per year. For
comparison, the average US household used 10,766 kWh in
2016 [9].

H. Energy Savings
The energy saving potential of the Ag NW patches stems
from two properties: radiative insulation and active Joule
heating. Radiative insulation allows for about 97% of the IR
radiation to be reflected. Therefore, a shirt made with these
patches would retain a substantial amount of the human body’s
infrared radiation thereby providing a significant amount of
thermal energy to their users. The steady state power loss of
the human body can be modeled by two equations. The first
describes heat loss through conduction and convection and assumes a barrier thickness (d) of 5 cm and assumes the thermal
conductivity (k) of the air surrounding the human body to be
cal/s
[8]. Typically, the barrier thickness describes
5.7 × 10−5 cm·K
the distance of the material through heat is transferred, but for
this model is the distance into the surrounding medium where
the temperature has fallen to the ambient temperature. A is the
area of the human body, which is 2 m2 . T skin is the temperature
of the skin and T room is the temperature of the room.

I. Potential Limitations
There remain some limitations that restrict future applications and adoption by consumers. The limited lifespan of the
patch due to the increase in the resistance was significant. The
lifespan of the patch was 90 minutes at a constant 0.9 V which
implies that the patch may only be used for a brief period of
time, or that the patches would have to be replaced. In addition,
the radius of heat was about 2 mm from the center of each
patch, demonstrating that a single patch has the capability to
heat only a small part of the human body. This would require
the shirt to hold many Ag NW patches, which is an issue
that could be solved by changing the design of the patches
or by altering the way in which the Ag NWs are dispersed
throughout the shirt.

kA(T skin − T room )
(4)
d
The second equation is the Stefan-Boltzmann Law
and describes the power loss from radiation (P radiation ),
where e is emissivity, σ is the Stefan-Boltzmann constant
(5.67 × 10−8 m2W·K 4 ). A, T skin , and T room are the same as in
the previous equation. The emissivity is 0.97 for the human
body, because it is a near ideal radiator in the infrared region
[8].
P radiation = eσA(T skin 4 − T room 4 )
(5)
P conduction =

V. C ONCLUSION
A. Summary of Findings
After thorough research, the Ag NW patch has been proven
to be a viable solution to the energy crisis. This is due to
its properties that allow it to be an effective and sustainable
heating method. The patch shows an ability to reach and maintain its maximum temperature within ninety seconds, thereby
demonstrating the efficiency of the patch. In general, the patch
works most effectively at a power of 0.25W as it can retain
its emission of thermal energy consistently without increasing
resistance. Furthermore, the process of cyclic heating enhanced
the properties of the patch. This process involved the patch
rapidly increasing in temperature, and allowing it to cool
down. Therefore, the patch is not operating at maximum power
for the entire time that it is used in cyclic heating. More
significantly, the user may remain comfortable while the patch
undergoes cyclic heating patterns.
The shirt design showed promise for a future Smart Shirt in
its capability to form an integrated garment that is able to heat
the human body without wasting energy on heating the surrounding inanimate objects. The patches were able to function
with the Arduino code in a similar fashion to when connected
to the voltage source. For these reasons, the design showed
the potential for customizable preferences by implementing
an Arduino and temperature sensor in conjunction with the
Ag NW patches.

Together, conduction and radiation can be used to model
the power loss of the human body.
P heat loss = P conduction + P radiation

(6)

At 16◦ C, the human body loses 214.3 W from radiation
emission and 17.6 W from conduction and convection. Since
the entire shirt would be made from Ag NWs, NWs cover 50%
of the body. Along with the fact that the reflectance of the NWs
in the IR region is 97%, simply wearing the shirt reduces the
radiation loss to 110.4 W [3]. This reduces the total heat loss
to 121 W. The shirt design has 8 patches and each consumes
0.25 W of power, resulting in a power consumption of 4 W.
By targeting the right areas of the body, the user can feel warm
even when the power consumption is very low. This can be
achieved by allowing the patches to transfer heat to skin blood
flow, which can then be circulated to the rest of the body. The
cooling rate then comes closer to 90 W by heating the skin,
warming up blood flow, and warming the air inside the shirt.
This would slow the heat loss through convection. 90 W is
the ideal rate for the user to feel comfortable [8].
P heat loss becomes 90 W, the target cooling rate, at 25◦ C.
This would require conventional space heating, which would
waste heat heating up objects other than the human. If the
temperature outside is 15.6◦ C (60◦ F) and there are two light
sources (2 × 100W) and 1 person (90 W) in the room, then it
takes 1330 W - 290 W = 1040 W to maintain the temperature

B. Future Research
Within this research project, the patches were tested individually and in such a way that the patches were not fully
integrated into the shirt. The patches were only placed on top
of the shirts. Future testing would be necessary to determine
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the extent to which the practical application of the clothing
with NW patches would remain consistent with this research.
The shirt may also be modified in such a way that a larger
surface area of the shirt is covered with NWs. The shirt can be
dip-coated to cover a majority of the shirt in Ag NWs. Because
of the NWs’ inherent reflective properties, the material dipcoated with NWs would act as an insulator of the heat naturally
emitted from the human body. The distinct areas of the shirt
with the patches directly on it would actively heat the user,
supplementing the passive heat from the dip-coated areas.
Another consideration when designing this system is to use
conductive thread. It is compatible with a Lilypad Arduino,
but would require more power to heat the user.
Wearable fabric-based heaters can serve as a potential solution to the issue of energy being wasted on heating buildings.
Despite their limitations, there are major benefits to using
Ag NW systems in clothing. Thus, it would be valuable to
investigate and solve any issues with the patches in order
to make it even more of a feasible option in the future. By
providing a localized way to heat the human body, Ag NW
patches that can heat and maintain body temperature locally
could eliminate excessive energy usage for indoor heating.
APPENDIX

Fig. 18. Arduino code to cyclically heat all patches based on temperature
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Fig. 16. Arduino code to cyclically heat all patches based on time

Fig. 17. Arduino function to turn on all patches
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