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Gal,ina Terl,ecka 1, Zane Zelča 1 and Aleksandrs Okss 1
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Abstract: In many smart textile development studies, sensors and electro-conductive yarns have
been widely investigated and used as essential components, especially in the fields of medicine, sport,
work wear, and special applications. Wearable sensors provide a means to monitor the wearer’s
health through physiological measurements in a natural setting or are used to detect potential hazards
and alert users and/or caretakers. The aim of the research is to develop a prototype of wearable
electronics that consists of high-performance clothing with an integrated energy harvesting system for
converting the mechanical energy of human movements into electrical energy. Within the framework
of the research, a system for determining human physiological and/or environmental parameters
and transmitting data was developed and integrated into clothing modified with sol–gel technology
for indoor and outdoor use. Although the created flat inductive elements of the energy harvesting
system retain their performance during the hydrothermal treatment process, at the same time, the
other elements of the smart clothing system (especially electro-conductive yarns) rapidly lose their
electrical conductivity. The modified knitwear provided a longer time between washing cycles to
protect the embedded wearable electronics, and the impact of surface modification with sol–gel on
wearing comfort was evaluated.

Keywords: smart clothing; electromagnetic energy converter; sol–gel technology; cotton knitwear

1. Introduction

In recent decades, more and more studies around the world have focused on inte-
grating diverse functional electronic systems, both in vitro and in vivo. Their control and
execution components are typically sensors and actuators connected to information trans-
mission, storage, and power supply systems, generally forming an efficient autonomous
complex capable of responding to changes in a controlled object (Figure 1) [1,2].

In many smart textile development studies, sensors and electro-conductive yarns have
been widely investigated and used as an essential component [5], especially in the fields of
medicine, sport, work wear, and special applications. Wearable sensors provide a means to
monitor the wearers’ health through physiological measurements in a natural setting or
can be used to detect potential hazards and alert users and/or caretakers [2,6,7].
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Figure 1. Smart clothing system. (1) Communication links components of the clothing, transferring 
information and energy; (2) sensors provide information from wearer, devices, or the environment; 
(3) microprocessor refers to memory and data processing; and (4) energy source; (5) actuator—en-
ergy management relates to energy supply and storage [3,4]. 

In many smart textile development studies, sensors and electro-conductive yarns 
have been widely investigated and used as an essential component [5], especially in the 
fields of medicine, sport, work wear, and special applications. Wearable sensors provide 
a means to monitor the wearers’ health through physiological measurements in a natural 
setting or can be used to detect potential hazards and alert users and/or caretakers [2,6,7]. 

However, to date, such textiles have generally used sewn-in sensors, but the energy 
supply system solutions are not easily incorporated into wearable textiles, as their ele-
ments generally have not been adaptable enough in design to create the variety of shapes 
and sizes needed for most useful applications [8,9]. It is made clear that conventional 
methods for electronics fabrication are insufficient for the creation of the next generation 
of smart textiles, and the pursuit of new solutions is topical [10]. As all electronic devices 
require electricity, much attention is paid to developing new energy harvesters for wear-
able electronic systems that can be integrated into clothes. 

One of the most attractive and inexhaustible energy sources is the person himself, his 
movements, and the warmth of the body. In the past, attempts to create human motion 
energy converters based on piezoelectric, triboelectric, and electromagnetic mechanisms 
have been reported, but the disadvantages to these solutions are either that the integration 
of a converter into clothing elements is prevented by a three-dimensional structure or an 
insufficient amount of energy generated [8,11]. 

Authors have previously shown that it is possible to use flat spiral-shaped coils [12] as 
inductors in electrodynamic human motion energy harvesters and induce a current in such 
inductors by the motion of permanent magnets along them. This is a very important ad-
vantage to the above-mentioned inductors for wearable applications, where parts of clothes 
also move along with each other and can be integrated into parts of conventional clothes. 

Since in most applications, the entire complex moves with its carrier, there are several 
limitations depending on the environment in which it is to be placed. If it is a garment or 
casual accessory, it should be considered how comfortable the wearer feels, how much it 
weighs, how well it fits with the visual image, and to what extent it must be subjected to 
the regular care required for clothing or textiles. Until now, no universal set of compo-
nents has been developed that would provide for its intended functions, implementation, 
and environmentally compatible configuration, while providing other user-important fea-
tures [12,13]. 

In smart clothing, human aspects arise from the integrated properties of clothing and 
electronic devices. As shown in Figure 2, the characteristics of electronic devices include 
ease of use, functionality, durability, and safety, while the characteristics of clothing in-
clude comfort, fashion, durability, and safety. Therefore, smart clothing should simulta-
neously provide the usability and functionality of electronic devices and the comfort and 
fashion of clothing, in addition to the safety and durability that clothing and electronics 
have in common. 

Figure 1. Smart clothing system. (1) Communication links components of the clothing, transferring
information and energy; (2) sensors provide information from wearer, devices, or the environment;
(3) microprocessor refers to memory and data processing; and (4) energy source; (5) actuator—energy
management relates to energy supply and storage [3,4].

However, to date, such textiles have generally used sewn-in sensors, but the energy
supply system solutions are not easily incorporated into wearable textiles, as their elements
generally have not been adaptable enough in design to create the variety of shapes and sizes
needed for most useful applications [8,9]. It is made clear that conventional methods for
electronics fabrication are insufficient for the creation of the next generation of smart textiles,
and the pursuit of new solutions is topical [10]. As all electronic devices require electricity,
much attention is paid to developing new energy harvesters for wearable electronic systems
that can be integrated into clothes.

One of the most attractive and inexhaustible energy sources is the person himself, his
movements, and the warmth of the body. In the past, attempts to create human motion
energy converters based on piezoelectric, triboelectric, and electromagnetic mechanisms
have been reported, but the disadvantages to these solutions are either that the integration
of a converter into clothing elements is prevented by a three-dimensional structure or an
insufficient amount of energy generated [8,11].

Authors have previously shown that it is possible to use flat spiral-shaped coils [12]
as inductors in electrodynamic human motion energy harvesters and induce a current in
such inductors by the motion of permanent magnets along them. This is a very important
advantage to the above-mentioned inductors for wearable applications, where parts of clothes
also move along with each other and can be integrated into parts of conventional clothes.

Since in most applications, the entire complex moves with its carrier, there are several
limitations depending on the environment in which it is to be placed. If it is a garment
or casual accessory, it should be considered how comfortable the wearer feels, how much
it weighs, how well it fits with the visual image, and to what extent it must be subjected
to the regular care required for clothing or textiles. Until now, no universal set of compo-
nents has been developed that would provide for its intended functions, implementation,
and environmentally compatible configuration, while providing other user-important
features [12,13].

In smart clothing, human aspects arise from the integrated properties of clothing and
electronic devices. As shown in Figure 2, the characteristics of electronic devices include ease
of use, functionality, durability, and safety, while the characteristics of clothing include comfort,
fashion, durability, and safety. Therefore, smart clothing should simultaneously provide the
usability and functionality of electronic devices and the comfort and fashion of clothing, in
addition to the safety and durability that clothing and electronics have in common.
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Figure 2. Human aspects in smart clothing [14]. 

For real wearability, maintenance and durability active research must address inte-
grating system components into clothing items. To ensure user comfort, it is necessary to 
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• Thermophysiological comfort relates to the way in which clothing affects heat, mois-
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technique is effective for the modification of cotton and mixed fiber textiles. Using a mul-
tifunctional textile finish in one process can give it the ability to repel water, creating an 
unfavorable habitat for microorganisms, weakening dirt bonding to textiles, and provid-
ing improved UV protection [18,19]. 

Given the above, not only the functional relevance of each component but also the 
impact of their interaction affects the sustainability of the final product. 

The aim of this study is to modify cotton shirts or yarns before the electro-conductive 
systems are integrated into knitwear and develop an autonomous power converter. This 
research demonstrated for the first time the possibility of creating a human motion energy 
harvester with energy-generating elements that can be integrated into clothing and with 
sufficient energy production to be efficiently accumulated and used to operate the con-
nected sensors. This research is divided into two phases, including the fabrication of the 
energy harvester and converter and the modification of the shirt surface to improve per-
formance. The experimental part includes the testing of the electrical elements and the 
evaluation of the modified surface properties and wearer comfort. 
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was an electromagnetic human motion energy converter (EMC) integrated into the garment. 
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tromagnetic induction and consisting of four flat inductive elements connected in se-
quence and magnets moving along them (Figure 3, panel 1). 

Figure 2. Human aspects in smart clothing [14].

For real wearability, maintenance and durability active research must address inte-
grating system components into clothing items. To ensure user comfort, it is necessary to
consider its three aspects [15]:

• Thermophysiological comfort relates to the way in which clothing affects heat, mois-
ture, and air transfers as well as the way in which the body interacts with clothing.

• Sensorial or neurophysiological comfort relates to how the user feels when clothing
comes into contact with the skin.

• Body movement comfort relates to the ability of clothing to allow free movement,
reduce burden, and support the body.

Thus, special care is required when integrating electronic components into textiles,
as they are easily damaged by hydrothermal treatment, especially if clothing is in con-
tact with human skin. For the first base layer of clothing moisture, temperature and
nutrient abundance are the main factors leading to an increase in bacteria growth [16,17].
Metabolic products of microorganisms are a source of contamination and odors requiring
frequent washing, which can significantly reduce the overall products life. Textile function-
ality can be complimented using nano-scale coatings. As concluded in previous studies,
the sol–gel technique is effective for the modification of cotton and mixed fiber textiles.
Using a multifunctional textile finish in one process can give it the ability to repel water,
creating an unfavorable habitat for microorganisms, weakening dirt bonding to textiles,
and providing improved UV protection [18,19].

Given the above, not only the functional relevance of each component but also the
impact of their interaction affects the sustainability of the final product.

The aim of this study is to modify cotton shirts or yarns before the electro-conductive
systems are integrated into knitwear and develop an autonomous power converter. This re-
search demonstrated for the first time the possibility of creating a human motion energy
harvester with energy-generating elements that can be integrated into clothing and with suf-
ficient energy production to be efficiently accumulated and used to operate the connected
sensors. This research is divided into two phases, including the fabrication of the energy
harvester and converter and the modification of the shirt surface to improve performance.
The experimental part includes the testing of the electrical elements and the evaluation of
the modified surface properties and wearer comfort.

2. Materials and Methods
2.1. Development of an Electromagnetic Energy Converter

Within the framework of the research, an external energy source for a battery-independent hu-
man physiological and/or environmental parameter measurement and data transmission system
was developed and integrated into clothing. The used source of energy was an electromagnetic
human motion energy converter (EMC) integrated into the garment.

The system seen in Figure 3 consists of the following:
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(1) The transducer of human motion into electricity, operating on the principle of elec-
tromagnetic induction and consisting of four flat inductive elements connected in
sequence and magnets moving along them (Figure 3, panel 1).

(1.1) Each inductive element consists of five-layer coils in series (number of turns
50). The inductive elements are connected in such a way that the generated
voltage pulses have opposite polarity, and the distance between the coil edges
is 0 mm. The inductive elements are positioned so that the side seam of the
long-sleeved shirt lies between the inductive elements (Figure 3, panel 1.1).

(2) Module of the generated very low AC voltage conversion to the higher and more
usable DC voltage (Figure 3, panel 2).

(3) Module of energy storage, consisting of electrolytic capacitor, (Figure 3, panel 3).
(4) Wireless data transmission module (Figure 3, panel 4).
(5) Microcontroller unit to supervise work of data transmission and measurement mod-

ules (Figure 3, panel 5).
(6) Module for measuring physiological and environmental parameters, consisting of

temperature and relative humidity sensing units, placed on the inner surface of the
shirt next to the induction elements and determining the corresponding parameters
in the sub-cloth area (Figure 3, panel 6).
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Figure 3. Electronic system structure scheme.

The manufactured coils were tested for electrical resistance compliance before and
after one, five and ten washing and drying cycles. Motion capture technology provided by
the Qualisys system (camera parameters: ProReflex MCU 240 Motion Capture) (Göteborg,
Sweden) [12] was used for the speed of movement when walking. EMC electrical voltage
measurement and data recording were carried out with a digital oscilloscope Tektronix
TDS 2014 and Picoscope 2205 (Pico Technology), Cambridge UK) to observe the change of
electrical voltage in a certain period of time.

The data processing of the experimental studies of the energy converter placed in
the clothing, the generated energy and power calculations, and the statistical analysis
and graphic visualization of the data were carried out using OriginPro 8.5 (Originlab,
Northampton, MA, USA) and Excel computer programs (Microsoft, Redmond, WA, USA).

2.2. Nano-Scale Cotton Shirt Modification to Improve Wearer Comfort and Smart Shirt Sustainability

Sol–gel technique of film preparation is a comparatively low-cost process and is
attractive as the coating properties can be tailored conveniently for a given application.
In this paper, we present a discussion with the purpose of modifying a single jersey knitted
cotton shirt (cotton 95%, elastane 5%). Nanosol coating with tetraethyl orthosilicate, TEOS
(Acrōs Organics, Geel, Belgium) as the precursor was used since it allows the formation
of coatings on such thermally unstable materials as textiles. Modification of cotton shirts
has been conducted using a sol–gel reaction with TEOS. Ethanol (Sia Enola, Riga, Latvia)
and water were added for the hydrolysis and condensation process, and hydrofluoric
acid, HF (Sigma-Aldrich, Darmstadt, Germany) was used as a catalyst for the process.
Zinc acetate dehydrate, ZAD 7.5 wt.% (Lach:ner, Neratovice, Czech Republic) was applied
as a functional modifier [18].
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For our studies, infrared-spectroscopy (ATR FT-IR) was adapted since analysis of the IR
spectra has given important indications on the microstructural evolution with temperature
and the influence of processing parameters. The spectra analysis is based on changes in
absorption intensities and their differences between groups of samples because the complex
composition of sample vibrational bands and peaks specific to the cotton cellulose overlap
with the deposited nano-scale coating chemical compound’s vibrational bands and peaks.
The spectra of the samples were taken with the Bruker Tensor II (Bruker, Billerica, MA, USA)
spectrometer using the attenuated total reflection (ATR) method. Ten parallel measurements
were performed in each set. Spectra processing was performed with the SpectraGryph
Spectroscopy Software v1.2.16.1. (Dr. Friedrich Menges Software-Entwicklung, Oberstdorf,
Germany) online program.

Micrograms of the surface of the samples were taken with a scanning electron mi-
croscope (SEM) with “SEM Mira Tescan H F”. The chemical composition analysis of the
samples was performed using the “SEM Mira Tescan HF with Oxford Inca X-sight EDX”
detector (Tescan, Brno, Chez Republic).

The air permeability was evaluated using the air permeability coefficient, measuring
the amount of air that passes through a 5.07 cm2 sample area each time and at an air
pressure difference on both sides of 50 and 100 Pa. The test was performed with the SDL
Atlas Air Permeability device (SDL Atlas, Rock Hill, SC, USA) according to the standard
(ISO 9237:1995) [20]. For each sample, 10 measurements were taken at different locations.

The wetting angle was determined with the optical tensiometer Theta Attention (Biolin
Scientific, Gothenburg, Sweden) using the drop method with an accuracy of ±0.1◦. The device
automatically performs and records all measurements, recording droplet volume changes and
wetting angle. For each sample, 3–5 measurements were made at one-minute intervals.

The Permetest Skin Model (Sensora, Liberec, Czech Republic) device determines
relative water vapor permeability in the range of 0.5 to 100%. Before testing, the device is
calibrated with standardized cloths (ISO 11092:2014) [21]. The temperature of the device
and the air is set to 35 ◦C, and the relative humidity should be around 40%.

The processing of data obtained by following the appropriate standards of air perme-
ability, wetting angle, and relative water vapor permeability was carried out by applying the
appropriate methods of mathematical statistics using the EXCEL technological environment.

3. Results
3.1. Electromagnetic Energy Converter

Other studies have shown that the flat spiral shaped inductors can be used for con-
verting human and apparel motion energy into electric energy [12]. An examination of
the various coil placements has shown that preference has to be given to the set, where
four induction coils are placed at the corners of a square and connected in a series circuit.
Such an arrangement allows the use of all the coils in a useful space, and a series circuit
ensures the mutually generated voltage impulse reinforcement. Effective operation of the
electromagnetic energy converter (EMC) requires several conditions to be met [14]:

• Parts of the converter must be positioned so that they move in relation to each other
along with the corresponding parts of the clothing during its movement (Figure 4);

• The surfaces with EMC parts should move along each other as closely as possible;
• The location of the inductive elements should be as flat as possible and should not be

subjected to deformation during movement;
• The parts of the converter must not alter the characteristics of the garment and its appear-

ance;
• It is desirable to provide the maximum speed of magnet movement along inductive

elements because the amount of energy generated is directly proportional to the energy
of the magnet movement.
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right, (a)) was placed at position 2, and the magnet set was placed on the wearers hand 
(Figure 5, right, (b)). Generated pulses of voltage were verified for various speeds (Figure 
5, bottom). In the experiment, a test person was moving hands as during walking, making 
about 85 hand strokes per minute. The magnet moving along the stationary inductors cre-
ated alternating magnetic flux, inducing a voltage in the inductors (Figures 4 and 5). 

The raw signal from flat inductor coils is further rectified, smoothed, and stored in 
the output capacitor that acts as a power source for measuring and data transmission 
blocks. Figure 5 illustrates the voltage on the output capacitor (1 mF, element 3 in Figure 
3). It starts fully discharged, and after reaching 1.8 V, the microcontroller starts up and 
controls further processes. Figure 6 (bottom) shows how the voltage in the storage element 
changes during marching. 

To minimize power loss and thus decrease charging time, the microcontroller does 
not initialize any module until a voltage level of above 3 V is achieved (Figure 7 (A)). Upon 
reaching a level with enough energy stored in a capacitor to safely initialize the data trans-
mitter, the entire startup of the power control and energy accumulation system is com-
plete (Figure 7, voltage drop at (B)), and the transmitter is put into sleep mode. The mi-
crocontroller maintains voltage monitoring and performs temperature and relative hu-
midity measurements in regular intervals of 15 s, sending the data immediately to the 

Figure 4. Placement of four flat inductive elements connected in sequence and magnets embedded in
the sleeve of the shirt and moving relative to inductive elements when the wearer marches.

The most suitable EMC element placement is for a set to be about 8 cm under the
waist (Figures 4 and 5, left) of an upper or whole-body garment and the level of the wrist
base [12]. The volume of the EMC is about 4.8 cm3, and the weight is 45 g.
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Figure 5. Selected locations of the electromagnetic energy converter components and testing.
(a) Placement of flat inductors; (b) placement of permanent magnets. (2) Chosen position of en-
ergy converter and it components and (3, 4, 6) other possible positions.

The set of flat inductive elements integrated into the cotton shirt (Figures 4 and 5,
right, (a)) was placed at position 2, and the magnet set was placed on the wearers hand
(Figure 5, right, (b)). Generated pulses of voltage were verified for various speeds (Figure 5,
bottom). In the experiment, a test person was moving hands as during walking, making
about 85 hand strokes per minute. The magnet moving along the stationary inductors
created alternating magnetic flux, inducing a voltage in the inductors (Figures 4 and 5).

The raw signal from flat inductor coils is further rectified, smoothed, and stored in the
output capacitor that acts as a power source for measuring and data transmission blocks.
Figure 5 illustrates the voltage on the output capacitor (1 mF, element 3 in Figure 3). It
starts fully discharged, and after reaching 1.8 V, the microcontroller starts up and controls
further processes. Figure 6 (bottom) shows how the voltage in the storage element changes
during marching.
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To minimize power loss and thus decrease charging time, the microcontroller does
not initialize any module until a voltage level of above 3 V is achieved (Figure 7 (A)).
Upon reaching a level with enough energy stored in a capacitor to safely initialize the
data transmitter, the entire startup of the power control and energy accumulation system
is complete (Figure 7, voltage drop at (B)), and the transmitter is put into sleep mode.
The microcontroller maintains voltage monitoring and performs temperature and relative
humidity measurements in regular intervals of 15 s, sending the data immediately to the
remote station via 2.4 GHz frequency (Figure 7, voltage at (C)). These intervals were chosen
for autonomous operation sustainability testing, showing that such an intensive operation
is maintainable without additional power sources. In real-life operation, intervals could
vary depending on specific tasks and energy stored in the capacitor; also, measurements
can be stored for later batch transmission to save energy. When stored energy is too low
and can result in unsuccessful measurement and transmission, the system stops operation
to wait for more energy (Figure 7 (X to D)). Upon reaching a low voltage, the power is cut
off (Figure 7 (E)).
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The data are received on a remote host and displayed on an e-ink screen (Figure 8).
The power source for the remote system is not limited to energy harvesters.
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Figure 8. Remote data receiver with one data packet on the screen; received information contains
temperature, relative humidity, and output capacitor voltage measurements.

It was shown during the experiments that it took 175 s to charge the capacitor up to
the first measurement at an average walking speed of about 3 km/h, accumulating about
4 mJ during this time. For energy usage, see Table 1.

Table 1. Energy usage.

Nr. Action Energy Usage

1 Microcontroller initialization 0.3 mJ
2 Transmitter initialization 2.8 mJ

3 Measurement and data
transmission 0.4 mJ

By interrupting the movement and thus the resulting power flow to the output capaci-
tor (at about 170 s, Figure 7), the system is still able to make a few measurements and only
then stop working (voltage drops between points C and D, Figure 7).

The experimental evidence suggests that an electromagnetic human motion energy
harvester with a flat structure can provide power for wireless data transfer and several
sensor operations. By making the whole system modular, the overall volume and mass
(20 cm3 and 150 g) do not use space as one block and can be distributed, allowing integration
without significant effect on clothing. The obtained energy density is thus higher than other
published motion energy harvesting solutions [12].
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3.2. Nano-Scale Cotton Shirt Modification to Improve Wearer Comfort and Smart Shirt Sustainability

Nowadays, the sol–gel method is widely used due to its use of simple equipment and
the possibility of using various precursors, and the method is relatively simple and allows
processing of bulky products at a relatively low cost [22]. It has become an important
method for obtaining nanoparticles and thin coatings based on inorganic or inorganic-
organic materials [23], as it is possible to cover a wide range of diverse materials: glass,
paper, wood, metals, polymers, and textiles [24].

Using this type of modification is expected to provide such additional functions as hy-
drophobicity, providing the self-cleaning effect that prolongs the product’s time between wash-
ing cycles, which is an important aspect to ensure the longevity of wearable electronic elements.

Nanosols were applied to the shirts using a pad-dry-cure process. As a result, a Zn acetate-
incorporated silica network formed, and subsequent heat treatment results in a smooth, even
hydrophobic film formation on fibers that is about 60 nanometers thick (Figure 9).
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Figure 9. Micrographs of coated cotton fibers from the knitted shirts. SEM mag.: (left) 5.00×, (right) 500×.

A comparison of the normalized spectra of unmodified and modified shirts (Figure 10
reveals that the spectra of the two sequentially modified shirts (Modif1 and Modif2) are
virtually identical, demonstrating good repeatability of the modification process. In contrast,
the spectra of differences allow estimation of the change in absorbance intensity of the coating
in the frequency areas where characteristic peaks of cotton and sol compounds overlap.
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Figure 10. FTIR absorption spectra of unmodified and modified single-jersey cotton shirts.

The decrease in the absorption band of modified samples in the range of 3200 to
3400 cm−1 as well out-of-plane C-OH bond oscillations in the 660–670 cm−1 wavelength
range indicate a reduced presence of intrinsic hydrogen bonds in comparison with the
unmodified shirt. It means the amount of water present on the knit surface decreases.

Infrared radiation (IR) bands at 1090–1010 cm−1 and 955–830 cm−1 characterize the
siloxane Si-O-Si and Si-OH groups, respectively, which are involved in the Si-O stretch.
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Alkoxy silanes, Si-O-R, are characterized by an out-of-phase stretch (1110–1000 cm−1) that
results in a strong IR band and an in-phase stretch (1070–990 cm−1) [24–27]; thus, in the
frequency range of 900–1300 cm−1, an almost complete overlap of the Si-alkoxy compounds
with those specific for cotton is observed.

A crucial requirement for the use of sol–gel technology in textile-coating applications
is a sufficient strength of bonding with the textile fibers to prevent the coating from peeling
off during the hydrothermal treatment and use. Durability tests of modified cotton textile
coatings with two condensation regimes (temperature respectively 90 and 120 ◦C; time 30
and 2 min) under multiple hydrothermal treatments indicate that a very good bonding
strength was obtained between the coating and the cotton textile surface (Figure 11).
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The movement of air, water vapor, and heat depend on the air space within the fabric
and hence would obviously depend to some extent on the fabric structure guided by the
total air space, and its distribution as it can be seen in graphs NN of Figure 12.
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modified, washed.

Vapor permeability tests of single- and double-jersey cotton long-sleeved shirts show
an approximately 8–9% reduction in permeability after modification, but vapor perme-
ability recovery is seen after the modified shirts are subjected to the hydrothermal treat-
ment (Figure 12, left). A similar trend can be observed in graphs of Figure 12, right.
Specifically, after modification, air permeability is decreased by 20% and 14% in single-
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and double-jersey cotton long-sleeved shirts, respectively, and increases by 18% and 10%,
respectively, after hydrothermal treatment, during which the coating structure is completed.

4. Discussion

The voltage on the output capacitor is shown in Figure 5. This study demonstrates
that the amount of the energy obtained from the human motion energy harvester and
accumulated in a capacitor is enough to set up a system integrated into clothing for human
physiological and/or environmental parameters detection and data transmission without
dependence on an external power supply. The developed energy harvesting system for
the conversion of mechanical energy of human movement into electrical energy is easily
integrated both into clothing that comes into direct contact with the wearer’s skin and the
outer layers of clothing, thus ensuring a wide range of applications without increasing
the weight of the clothing significantly. By properly incorporating both elements of the
converter into clothing, their long-lasting performance and the wearer’s comfort during
body movement are ensured. This is especially important in smart clothing for work wear
and special applications, sports, and recreation.

Nano-level coatings on cotton clothing surfaces retain the characteristic properties of
cotton, including elasticity, lightweight, and breathability, and add multiple new features
that are important to users, such as protection against ultraviolet radiation throughout its
spectrum, antimicrobial activity, and resistance to wetting giving the effect of easy cleaning.
This ensures the possibility of significantly reducing the washing intensity and intervals
while increasing the overall performance of the entire smart clothing system. At the same
time, the wearer’s thermophysiological and sensorial comfort is ensured. Various tests were
conducted under the force of existing standards, displaying the new attribute of the efficiency
of cotton textiles and durability of coatings even after multiple washer-drying cycles.

5. Conclusions

It is expedient to place elements of the developed system in clothing modified to
provide comfortable outdoor use and simultaneous durability and physiological comfort
for the wearer. Applying sol–gel technology (modified with 7.5 wt.% ZAD), it is possible
to maintain such important properties for wearing comfort, such as water vapor and air
permeability, and improve the hydrophobicity of the treated surface by maintaining the
equilibrium angle of the surface above 100 degrees by applying a lower heating temperature
and a longer time (90 ◦C and 30 min). These features also represent important characteristics
for self-cleaning effects.

FTIR results indicate that the water amount decreased on the modified knitwear surface.
One of the challenges in modelling effective the operation of the electromagnetic

energy converter (EMC) is the requirement that several conditions are met: the converter
must be positioned perfectly, parts should move along each other as close as possible, and
the maximum speed of magnet movement should occur along inductive elements. We can
conclude that this electromagnetic human motion energy harvester with a flat structure
can provide power for wireless data transfer and several sensor operations.

The research has succeeded in obtaining an energy harvesting system for converting
the mechanical energy of human movements into electrical energy and integrating it into
high-performance wearable clothing by combining an electromagnetic energy converter and
nano-scale cotton shirt modification to improve wearer comfort and smart shirt sustainability.
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