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WEARABLE TEXTILE PDMS-PPy/NYLON FIBER-BASED TRIBOELECTRIC 
NANOGENERATOR

Abstract. Scavenging energy from alternative renewable and widespread resources is considered as one of 
the effective approaches to meet the ongoing energy demand for sustainable development. Among many types 
of energy, mechanical energy is abundantly available in our daily surroundings and its conversion to electricity 
is considered to be a promising approach to meet the needs of human life. The triboelectric nanogenerator 
(TENG) is a promising technology for converting ambient mechanical energy into electricity. Textile-based 
TENGs are attracting huge attention due to their light weight, flexibility and scalability. Conductive fibers 
coated with triboelectric materials can be applied for fabricating TENG to harvest the energy of human 
motions, but current nanogenerators are mostly prepared from metal wires/foils coated with a dielectric, thus, 
lack durability and wearability. In this work, we developed a unique composite triboelectric yarn comprising 
polypyrrole (PPy) coated fiber electrode coated with polydimethylsiloxane (PDMS). We show that the PPy 
adheres extremely well to the nylon fiber producing a uniform and stable conductive coating. Moreover, 
PDMS coated polypyrrole/nylon composite yarn exhibits remarkable triboelectric energy harvesting during 
testing with a peak-to-peak open-circuit voltage (Voc) of about 11 V and short-circuit current (Isc) 130 nA. In 
addition, we demonstrated the dependence in output performance using various fabrics with motion relative 
to a PDMS-PPy/nylon-based TENG textile and the ability to charge capacitors. 

Key words: triboelectric effect, nanogenerator, textile electrode, polypyrrole, polydimethylsiloxane.

Introduction. Nowadays tremendous research efforts are committed to finding alternatives to fossil 
fuels energy sources and technologies for their conversion into electrical energy. The supply of energy is 
crucial for smart mobile electronics, sensors, and wearable devices and most of these devices are powered 
by batteries, but batteries have drawbacks like the need for recharging, short life, safety issues. Therefore, 
the supply of sustainable energy from clean and indispensable energy sources is the key to solve the energy 
supply problem, which is of vital importance for smart electronic devices. Mechanical energy is an infinite 
source of energy and converting it to electricity is viewed as a promising energy conversion approach [1, 2]. 
Among many suggested technologies triboelectric nanogenerators (TENGs) based on triboelectric effect and 
electrostatic induction successfully demonstrate efficiency in transforming ambient mechanical energy into 
electrical energy [3, 4]. 

The working mechanism of TENGs is based on contact and then separation or sliding against each other of 
two different triboelectric materials with opposite polarities (Figure 1) [5]. Electrostatic charges of opposite 
polarities are developed on the surfaces of tribo-materials due to charge redistribution during the contact. 
Generally, sliding motion and vertical contact-separation motion are two main motions that can be used in 
a TENG to convert mechanical energy into electrical energy. Lateral sliding and freestanding designs of 
TENGs are based on sliding type, whereas pressure and vibrations are converted into electricity in vertical 
contact-separation and single-electrode modes [6].
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Figure 1 – Four basic operation modes for TENG

The triboelectric effect takes place during the contact between any different in natural materials 
and we daily experience it, but the causes of triboelectricity are still not fully investigated. The main 
suggested cause of triboelectricity is the redistribution of surface charges during the contact between 
two materials which stems from different electron affinities in molecular and material structure, thus, 
one material loses electrons and the other material gains them leading to the generation of triboelectric 
charges on the surface [7]. The materials were classified according to their relative ability to provide or 
gain electrons into triboelectric series [8]. Generally, non­conductive materials easily maintain a charge 
and are thus are often used as triboelectrification layers, on the other hand, metal wires or foils and 
ordinary natural or synthetic yarns/fabrics coated with conductive metals, carbonaceous particles have 
been used as an electrode in TENGs.

Based on the four basic working modes, a variety of structures have been developed for TENGs 
to harvest different types of mechanical energies: vibrational, rotational, sliding, pressing and bending, 
energies of water drops, wind, ocean, and acoustic sound waves [9]. In particular, wearable TENGs 
have gained attention due to the possibility of their integration with personal mobile electronic devices 
and the harvesting energy of human motions [10]. Textile TENGs can be fabricated by applying textile 
manufacturing techniques such as weaving, knitting, and sewing. Weaving and knitting are the most 
common techniques for textile manufacturing, and many reported textile TENGs are fabricated through 
these processes [11]. The structures of textile TENGs can be classified into the following categories: 
1D fiber TENGs, 2D and 3D textile TENGs [12]. The characteristic of 1D fiber TENG is that every 
single fiber/yarn is an electricity­generating TENG; these TENGs with 1D configuration have been 
reported to generate electricity when stretching, bending, or pressing the fibers [13]. The textile 2D 
TENGs have a planar textile structure; therefore, they expose more surface area for the 
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Figure 1 – Four basic operation modes for TENG

The triboelectric effect takes place during the contact between any different in natural materials and we 
daily experience it, but the causes of triboelectricity are still not fully investigated. The main suggested cause 
of triboelectricity is the redistribution of surface charges during the contact between two materials which 
stems from different electron affinities in molecular and material structure, thus, one material loses electrons 
and the other material gains them leading to the generation of triboelectric charges on the surface [7]. The 
materials were classified according to their relative ability to provide or gain electrons into triboelectric 
series [8]. Generally, non-conductive materials easily maintain a charge and are thus are often used as 
triboelectrification layers, on the other hand, metal wires or foils and ordinary natural or synthetic yarns/
fabrics coated with conductive metals, carbonaceous particles have been used as an electrode in TENGs.

Based on the four basic working modes, a variety of structures have been developed for TENGs to harvest 
different types of mechanical energies: vibrational, rotational, sliding, pressing and bending, energies of 
water drops, wind, ocean, and acoustic sound waves [9]. In particular, wearable TENGs have gained attention 
due to the possibility of their integration with personal mobile electronic devices and the harvesting energy 
of human motions [10]. Textile TENGs can be fabricated by applying textile manufacturing techniques 
such as weaving, knitting, and sewing. Weaving and knitting are the most common techniques for textile 
manufacturing, and many reported textile TENGs are fabricated through these processes [11]. The structures 
of textile TENGs can be classified into the following categories: 1D fiber TENGs, 2D and 3D textile TENGs 
[12]. The characteristic of 1D fiber TENG is that every single fiber/yarn is an electricity-generating TENG; 
these TENGs with 1D configuration have been reported to generate electricity when stretching, bending, or 
pressing the fibers [13]. The textile 2D TENGs have a planar textile structure; therefore, they expose more 
surface area for the triboelectrification and, thus, usually have better performance compared to 1D TENGs. 
Moreover, 2D TENGs can be directly realized on the fabrics as planar single/multi-layered structures with 
large-scale production [14]. The textile TENGs with the 3D structure are produced by the spatial formation 
of 2D warp- or weft-knitted fabrics, 3D braiding [15]. 

The main challenge in developing textile-based TENGs is the lack of durability when using ordinary metal 
wires or foils as an electrode, moreover, many suggested methods for fiber-based electrodes coated with 
metal nanoparticles are time-consuming and involve expensive techniques which can restrict the large-scale 
production and application of TENGs.

In the present work, we developed a new textile TENG based on polypyrrole coated nylon fiber as an 
electrode and PDMS as a triboelectrification layer. Polypyrrole (PPy) was deposited on nylon fiber through 
single-step low-temperature in-situ polymerization. Afterward, PPy coated nylon fiber was coated with 
polydimethylsiloxane (PDMS) and lastly composite PDMS-PPy coated nylon yarn was utilized for knitting 
PDMS-PPy/nylon fiber-based textile TENG. The proposed TENG demonstrated an electrical output while 
tapping with the human hand. The output electrical characteristics were examined relative to different fabric 
tribo-materials, further, the possibility of charging capacitors was shown which is vital for the application.
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Materials and methods. Textile TENG preparation: an experimental part of the conductive fiber 
preparation has been carried out by the well-known in situ polymerization process which is an easy, cost-
effective, large-scale, single-step, and low-temperature process technique (Figure 2). The preparation of the 
conductive fiber has included fiber pretreatment (removing impurities) and polymerization. Nylon fiber was 
initially scoured with 4% NaOH and 2% Na2CO3 solutions at 80°C for 4 h to remove the impurities from the 
surface. After that nylon fiber was immersed in a 0.5 M pyrrole solution and then 1M FeCl3, 0.02M p-toluene 
sulfonic acid were added to this solution. Subsequently, the resulting solution and the impregnated fiber 
were then left for 20 min at 0-4°C for polymerization. Lastly, the PPy coated nylon fiber was washed with 
deionized water (DI water) and dried in an oven at 60°C for 2 h.

The triboelectrification layer was prepared by coating above prepared PPy coated nylon fiber with PDMS. 
The first PDMS solution was prepared by mixing the base and curing agent (Sylgard 184) at a ratio of 10:1. 
Then PPy coated nylon fiber was immersed into viscous PDMS solution for coating, lastly, after immersion, 
it was placed into a hot oven to allow PDMS to be cured at 130 °C for 1.5 h. 
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The PDMS-PPy/nylon fiber-based TENG textile was prepared by knitting PDMS-PPy/nylon fiber-based 
TENG yarns into planar fabric TENG.  

Characterization and Measurements.
The morphology of the fibers was studied with scanning electron microscopy (Zeiss Crossbeam 540) and 

the stress-strain behavior of the composites was studied using a Universal Testing Machine (model WDW-3).
The output short-circuit current and open-circuit voltage of the textile TENG were measured by a Stanford 

low-noise current preamplifier (SR570) and a digital oscilloscope (Tektronix 2002C), respectively. 
Results. In Figure 3 the images obtained using SEM of the initial and composite PDMS-PPy/nylon fibers 
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Figure 3 - SEM images of the a) initial, b) coated with PPy nylon and c)-d) PDMS-PPy nylon fiber.

A tensile-strength test was performed to evaluate the mechanical properties of the PDMS-
PPy/nylon composite yarn. Representative stress-strain curves for pure nylon and composite PDMS-
PPy/nylon yarns are presented in Figure 4.

Figure 3 - SEM images of the a) initial, b) coated with PPy nylon and c)-d) PDMS-PPy nylon fiber.
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A tensile-strength test was performed to evaluate the mechanical properties of the PDMS-PPy/nylon 
composite yarn. Representative stress-strain curves for pure nylon and composite PDMS-PPy/nylon yarns 
are presented in Figure 4.
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Figure 4 - The stress-strain curves of pristine and composite PDMS-PPy/nylon fibers under tensile 
loading.

The open-circuit voltage and short-circuit current of PDMS-PPy/nylon TENG were measured. 
Since any two different dielectric materials exhibit a triboelectrification, therefore, for demonstration, a 
series of different fabrics have been tested with motion relative to a PDMS-PPy/nylon-based TENG 
textile. 

Figure 5 - Output voltage of the as-fabricated PDMS-PPy/nylon textile TENG interacting with various 
commercial fabrics.
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The peak-to-peak short-circuit current during the relative motion to PDMS-PPy/nylon-based TENG textile 
of cotton, polyester, wool, nylon fabrics is shown in Figure 6.
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TENG generates AC electrical pulses and therefore an energy storage unit like a capacitor or 
battery is needed to power electronic devices. The capability of the PDMS-PPy/nylon fiber-based 
TENG to charge the capacitors is shown in Figure 7. Here, a circuit integrating the TENG with a full-
wave bridge rectifier and a capacitor was constructed. 

Figure 7 –Charging a capacitor by PDMS-PPy/nylon fiber-based TENG: a) Typical charge-discharge 
curve for capacitor b) Voltage-time relationship at different load capacitances.
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Discussion. SEM image of bare fiber clearly demonstrates that it comprised the interlaced microfibrous 
network and the surfaces of microfibers of bare fiber appear almost smooth (Figure 3a). Whereas, the 
macromolecules of PPy could be seen between the interlaced microfibrous network of nylon fiber after coating 
as shown in Figure 3b. Figure 3c demonstrated the PDMS coating on PPy/nylon fiber, it can be seen that fiber 
was smoothly uniformly coated, moreover, Figure 3dshows a cross-sectional image of composite yarn which 
confirms the coating of PDMS on PPy/nylon fiber. As shown in Figure 4 the pure nylon experienced the 
stress of 5.4 MPa and demonstrated a strain limit equal to 2.7%. On the other hand, PDMS-PPy/nylon yarn 
has shown lower stress resistance, 3.3 MPa, this physical deterioration is due to thermal treatment taking 
place while coating PDMS layer on PPy/nylon, but composite yarn demonstrated higher elasticity with a 
strain limit equal to 3.5%. The results of tensile strength evaluation suggest the composite yarn possesses 
considerable elasticity and, thus, is suitable for TENG fabrication.

The output voltage during the relative motion to PDMS-PPy/nylon-based TENG textile of cotton, polyester, 
wool, nylon fabrics is shown in Figure 5. When the PDMS-PPy/nylon-based TENG textile exhibits motion 
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relative to a common cotton textile an open-circuit peak-to-peak voltage (VOC) of ∼3.5 V can be generated. A 
slightly higher Voc of about 4 V was observed when using polyester fabric. Wool fabric demonstrated Voc equal 
to 5 V, while the maximum output peak-to-peak voltage of about 11 V was demonstrated by nylon fabric.

The output current when using different fabrics as a counter tribo-layer follows the same trend observed 
for the output voltage. The lowest output current of nearly 60 nA demonstrated PDMS-PPy/nylon-based 
TENG textile against the cotton fabric, on the other hand, the highest peak-to-peak Isc of about 130 nA has 
PDMS-PPy/nylon-based TENG textile with nylon fabric. When the PDMS-PPy/nylon-based TENG textile 
exhibits motion relative to a common polyester textile a short-circuit peak-to-peak current of ∼90 nA can 
be generated, while Isc of about 110 nA was observed when using wool. The variations in Voc and Isc coincide 
well with the triboelectric series, where two materials with large differences in the tribo-series cause high 
charge density, therefore, a higher output. Thus, PDMS and nylon fabric are two pairs with large opposite 
triboelectrification properties. The charge-discharge curve under periodic motion is illustrated in Figure 7a, 
where a 0.1µF capacitor was charged up to about 1 V in 4 seconds. Furthermore, the TENG was able to charge 
the capacitors with different capacitances, here, as shown in Figure 7b the higher the value of the capacitor, 
the slower the voltage will rise. Initially, the capacitors were charging at the highest speed followed by a 
gradual decrease which is due to the difference in time-constant values of capacitors.

Consequently, it is safe to anticipate that the TENG textile based on PDMS coated conductive PPy/nylon 
fiber is universally applicable in terms of fabrication knitted TENG and can work with various tribo-surfaces 
and can easily charge capacitors. Because of the unique structure of the developed knitted textile TENG and 
output electrical profiles the potential portable, flexible TENG can be further studied to scavenge energy from 
different human parts.

Conclusion. In conclusion, an inexpensive and easily fabricated flexible TENG on the base of nylon fiber 
coated with PPy and PDMS was demonstrated. Herein, as an alternative to metal nanoparticles, the PPy was 
utilized for coating nylon fiber for electrode fabrication. Further, PPy coated nylon fiber was coated with 
PDMS, such PDMS-PPy coated nylon fiber was knitted into fabric TENG. Corresponding TENG exhibited 
maximum Voc and Isc values of 11 V and 130 nA, respectively. On the other hand, the ability of PDMS-PPy/
nylon TENG to charge capacitors was also revealed which is promising to power small-scale devices and 
sensors. The developed TENG can be applied for upcoming wearable electronic applications because of its 
potential to harvest small mechanical energies of human motion.  
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КИІЛЕТІН ПДМС-ПП / НЕЙЛОН ЖІБІНЕ НЕГІЗДЕЛГЕН ТЕКСТИЛЬ 
ТРИБОЭЛЕКТРИКАЛЫҚ НАНОГЕНЕРАТОРЫ 

Аннотация. Баламалы жаңартылатын және табиғатта кең таралған ресурстардан энергия алу 
тұрақты дамуға қажетті энергия сұранысын қанағаттандырудың тиімді тәсілдерінің бірі болып 
саналады. Энергияның көптеген түрлерінің ішінде механикалық энергия біздің айналамызда өте көп 
болғандықтан, оны электр энергиясына айналдыру арқылы адам өміріндегі энергия қажеттіліктерін 
өтейтін зор мүмкіндігі бар. Трибоэлектрлік наногенератор (ТЭНГ) қоршаған ортаның механикалық 
энергиясын электр энергиясына түрлендіре алатын перспективалы технология болып табылады. 
Бүгінде текстильге негізделген ТЭНГ салмағының жеңілдігіне, икемділігіне және ауқымды мөлшерде 
өндірілу мүмкіндігіне байланысты үлкен сұранысқа ие болып отыр.Трибоэлектрлік материалдармен 
қапталған өткізгіш талшықтарды адам қозғалысының энергиясын жинайтын ТЭНГ жасауға 
қолдануға болады. Алайда, ток наногенераторлары көбінесе диэлектрикпен қапталған металл 
сымдардан немесе фольгадан дайындалатындықтан, беріктігі төмен және тез тозады. Бұл жұмыста 
бізполидиметилсилоксан (ПДМС) және полипирролмен қапталған талшықты электродтан тұратын 
бірегей композиттік трибоэлектрлік жіптерді дайындадық.Біз полипирролдың нейлон талшығына 
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өте жақсы жабыса отырып, біркелкі және тұрақты өткізгіш беттік қабат түзетінін көрсеттік. 
Сонымен қатар, ПДМС қапталған полипиррол/нейлоннан тұратын иірілгіш жіп ТЭНГ тестілеу 
кезінде өте жоғары трибоэлектрлік энергияны жинақтау қасиеттерін көрсетті. Атап айтқанда, біздің 
дайындаған ТЭНГ ашық тізбектегі шыңнан шыңға дейін 11 В шамасында кернеу мен 130 нА қысқа 
тұйықталу тогын шығарды. Сонымен қатар, біз ПДМС-полипиррол/нейлон негізіндегі ТЭНГ тоқыма 
бұйымдарына қатысты қозғалысы бар әр түрлі маталарды қолдана отырып, өнімділікке тәуелділікті 
және конденсаторларды зарядтау мүмкіндігін көрсеттік.

Түйінді сөздер: трибоэлектрлік эффект, наногенератор, текстильді электрод, полипиррол, 
полидиметилсилоксан.
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НОСИМЫЙ ТЕКСТИЛЬНЫЙ ТРИБОЭЛЕКТРИЧЕСКИЙ 
НАНОГЕНЕРАТОР НА ОСНОВЕ PDMS-PPy/НАЙЛОНОВОЙ НИТИ 

Аннотация. Получение энергии из альтернативных возобновляемых и широко распространенных 
ресурсов считается одним из эффективных подходов к удовлетворению текущего спроса на энергию 
для устойчивого развития. Среди многих видов энергии механическая энергия в доступна изобилии в 
нашем повседневном окружении, и ее преобразование в электричество считается многообещающим 
подходом для удовлетворения нужд человеческой жизнедеятельности. Трибоэлектрический 
наногенератор (ТЭНГ) является перспективной технологией преобразования механической энергии 
окружающей среды в электричество. ТЭНГ на текстильной основе привлекают огромное внимание 
благодаря своему легкому весу, гибкости и масштабируемости. Проводящие нити – электроды, 
покрытые трибоэлектрическими материалами, могут быть применены для изготовления ТЭНГ для 
сбора энергии движений человека, но современные наногенераторы в основном изготавливаются 
из металлических проводов/фольги, покрытых диэлектриком, что не обеспечивает долговечность и 
износостойкость. В данной работе была разработана уникальная композитная трибоэлектрическая 
нить, состоящая из волокна, покрытого полипирролом в качестве электрода, далее – покрытого 
полидиметилсилоксаном (ПДМС). Мы показали очень хорошую адгезию полипиррола к нейлоновому 
волокну, образующего однородное и стабильное проводящее покрытие. Кроме того, композитная нить 
из полипиррола/найлона, покрытого ПДМС, демонстрирует значительный сбор трибоэлектрической 
энергии во время испытаний с двойным амплитудным напряжением около 11 В и током короткого 
замыкания 130 нА. Кроме того, мы продемонстрировали зависимость выходной мощности в 
зависимости от используемых различных тканей с движением относительно ткани разработанного 
ТЭНГ на основе ПДМС-полипиррол/найлона, а также возможность заряжать конденсаторы.

Ключевые слова: трибоэлектрический эффект, наногенератор, текстильный электрод, полипиррол, 
полидиметилсилоксан.
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