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Resumo 

Atualmente, as novas tecnologias “wearable” estão a mudar a maneira como comunicamos 

uns com os outros e com as máquinas. Neste trabalho é explorada a ideia da utilização de fibras 

têxteis comerciais, funcionalizadas com Polipirrole como material ativo, para a construção de 

dispositivos electrónicos capazes de gerar energia a partir de movimentos mecânicos. Polipirrole 

faz parte da família dos polímeros conjugados. A principal ideia por detrás do funcionamento dos 

dispositivos criados neste trabalho é o mecanismo de tranferência de cargas e tranferência de 

energia, que se foca na interface entre o polímero conjugado em contacto com metal (elétrodo), 

quando existe uma força externa aplicada no sistema. Com isto, foi possível a criação de tecidos 

utilizando as fibras têxteis funcionalizadas com polipirrole, que geram currente quando sofrem 

ação de movimentos mecânicos humanos. Os melhores resultados conseguidos neste trabalho em 

relação á densidade de potência e densidade de corrente foram 2.29 W/m2 e 23.9 mA/m2, 

respectivamente. Com o melhor dispositivo produzido fomos capazes de acender 

instantaneamente 50 LEDs ligados em série. Com este dispositivo também fomos capazes de 

carregar 1 V num condensador de 33 µF em 225 segundos. Os dispositivos criados demonstraram 

estabilidade eléctrica durante os 6 meses de testes a que foram submetidos e como principal 

aplicação foram utilizados na deteção de movimentos humanos. 

 

Palavras-Chaves: Conversor de energia mecânica; Polipirrole; Dispositivos Electrónicos 

“Wearable”; Mecanismo de Tranferência de Cargas; Polímeros Conjugados. 
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Abstract 

Nowadays, from lifestyle to sports and health to security, wearable technology is an inevi-

table trend that, through the human-machine interaction, has the capability of transforming busi-

nesses by making them smarter, more informative, and more communicative. In this study, com-

mercial textile fibers have been functionalized with Polypyrrole (PPy) to achieve an electronic 

system that can convert external mechanical energy into electrical energy. PPy is a biocompatible 

π-conjugated polymer. The main principle behind the devices’ operation is the charge transfer 

mechanism that occurs between the π-conjugated polymer and the metal (electrode) layer when 

the system suffers mechanical stress. Furthermore, the PPy functionalized textile has been weaved 

to an e-cloth, through a custom-built weaving machine. This e-cloth can generate current under 

human-motion interaction. The best results achieved in this study, in terms of power density and 

current density, were 2.29 Wm-2 and 23.9 mA m-2, respectively. Considering the best device, we 

were able to light up to 50 LEDs connected in series. With this device, we were also able to charge 

a 33F capacitor up to 1V, in 225 seconds. All the devices built have kept electrical stability 

during the six months of the work. The main application explored in this study was the detection 

of human movements through motion interactive energy harvesting technology. 

 

Keywords: Mechanical Energy Harvester; Polypyrrole; Wearable Electronics; Charge-Transfer 

Mechanism; Conjugated Polymers.
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Motivation and Objectives 

Today we live in extraordinary times, with unprecedented advancement and development in science and 

technologies. In the last decades, the increase of the human population and our mass consumption lifestyle, 

backed by new powerful technologies, has led to some massive environmental problems and an economic 

crisis that the world had never witnessed before. Henceforth, it is of uttermost importance to find and invent 

new solutions and technologies that can enable us to have the same lifestyle as today, while having a powerful 

but positive impact in terms of environmental sustainability. 

Most of the energy used today come from conventional fossil fuels! The energy consumed in industry, 

services, households, and transportation are the largest source of green house gases (75%) [1].  Therefore, it is 

an urgent requirement to take a step towards green and sustainable power source technologies, while support-

ing a circular economy. European Green Deal Investment Plan will mobilize at least €1 trillion in sustainable 

investments over the next decade, indicating a serious demand for green technology [2]. The majority of the 

renewable energy sources are based on solar, wind, hydroelectric, geothermal or biomass [3]. But, with the 

increasing usage of flexible and portable devices, there is a great demand for finding smart and green ways to 

create and store energy so that we can use our low power wearable electronics in the most variable ways. 

Therefore, the biggest technical challenge is to manufacture sustainable and portable power source that can 

feed electrical power uninterruptedly at the power levels of micro-to-milliwatts. This situation projects the 

next generation of self-powered technology, that will operate without any external power! Such self-powered 

devices are integrated with energy harvesting and transducing systems, where energy is harvested from ambi-

ent sources (mechanical, solar, humidity, thermal, wind, fluid flow, etc.), by directly transforming these ener-

gies into electrical energy [4]. Among them, mechano-responsive energy harvester is considered as one of the 

most available and ubiquitous energy sources, because it can harvest energy from daily wastage of mechanical 

energy in form of any kind of motion, vibration, and touch, independent of seasons and weather. It can be used 

spontaneously without using storage device, which can be very useful for wireless signal mechanism or track-

ing system. In the last few years, there has been a lot of research in this area and there are promising results 

that take advantages of human motions and heat to harvest energy [5]. 

This study is a contribution to the investigation of fresh and greener renewable energies. Here we explore 

the habilities of some materials that can harvest mechanical energy, powered by human motion and move-

ments. This is a new step for us, as humans, to be able to produce energy by ourselves to power small gadgets 

that everybody uses every day, like cellphones, cameras, music players, and even power banks. In this type of 

technology, it is important that the devices are totally self-powered, that is, they produce their own energy to 

work and do not need other external energy supplies. 
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1 Introduction 

1.1 e-Textile: 

In the 21st century, technology is emerging more stylish, where the new generation is paying more at-

tention towards trendy and fashionable wearable gadgets. At the same time, essential sectors like health and 

defense are demanding ultra-advanced, flexible, and smart textile technology for more prosperity [6]. Tech-

nologists are using a combination of sensors, machine learning and big data analysis to provide consumers 

data about their bodies and lives, more than ever before. On the other side, the human body is rich in mechan-

ical energies that are being wasted in form of body movement. Power generation that comes from breathing, 

heating, blood transport, arm motion, and walking can reach over 100 W for an average 68 kg adult’s daily 

activities [6]. Therefore, this wastage energy can be converted into electricity, through smart textiles, for pow-

ering various electronics. This can open a new door for electronic textiles (e-textile) which will accumulate 

energy dissipated by the daily body movements and convert it into sustainable electrical energy through high-

performance e-cloth systems and embedded high-performance human-machine interface systems.  

 

 

 

 

 

 

 

 

The “e-Textile” or “e-Cloth” is defined when traditional textile products (such as fibers or yarns forming 

woven, knitted, or non-woven structures) are combined with electronics either through integration or function-

alization that can interact with the environment or user [7]. Wearable electronics based on textiles refer to a 

wide area of research and technologies that enhance the versatility of fabrics. Due to the specific features of 

textiles such as flexibility, light weight, and wearability, as well as their intrinsic warm and fit properties, 

electronic textiles seem to be highly appropriate to be implemented in the next generation of smart electronic 

communications and energy harvesting applications. The implementation of electronics in common fabrics 

can be very important for the creation of smart materials. These types of materials have a broad variety of 

functions and applications such as microprocessors, batteries, sensors, communication units, displays and en-

ergy harvesting. In this way, smart materials can help us to have a better life quality and to have a better 

management of our time, economy, and resources, meanwhile helping in environmental sustainability [8]. Due 

to all these advantages and opportunities, it is expected that the smart textile market will increase exponentially 

its valor in a near future. The latest reports claim that the global market value of smart textiles in 2019 was 

802.3 million US$ and it is expected to reach the value of 8139.2 million US$ by 2027, even with the COVID-

19 lockdown impact [9].  

One of the most important aspects and major challenge about e-textiles technology is how these smart 

devices communicate between themselves and with other external devices. Since the goal of the e-textiles is 

to implement electronics in our fabrics in a comfortable and practical way, there are some problems in using 

wired connections. Therefore, the best option to use in this type of devices is wireless communication [10], 

something that was implemented in the applications sector of this work (sector 3.5.3). 

Figure 1.1 Schematic of possible applications of electronic textiles. 
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1.2 Mechanical Energy Harvester: A Concept of Green Energy   

With advent of smart technologies and materials (e.g. e-Textile), portable devices and related power 

supplies have become a centre of research nowadays. Whereas it is also important to develop green energy 

systems for a better and sustainable future. Both these priorities are being quite fulfilled through energy har-

vesters. Among various types of such energy harvesters (solar, thermal, etc.), the mechanical energy harvesters 

are our point of interest during this thesis work.  

There are mainly two mechano-responsive energy harvesting systems that are trending for smart 

eletronics investigation: piezoelectric and triboelectric effects. The nature of the piezoelectric effect is closely 

related to the generation of electric dipole moments in solids upon exerting external stress that generates elec-

tricity [11]. The dipole moments may either be induced by ions on crystal lattice sites or by their own asym-

metric charge distribution structure. The most common materials that are being used for piezoelectricity 

are lead zirconate titanate (PZT), barium titanate and lead titanate. Gallium nitride and zinc oxide are also 

hugely used as piezoelectric semiconducting materials due to a relatively wide band gap, that can generate an 

instantaneous polarisation inside their lattice on the application of a force. On the other hand, the fundamental 

working principle of the triboelectric effect is a kind of contact electrification and electrostatic induction be-

tween two different materials when rubbed, forced, or slid to each other [12, 13]. Contact electrification can 

be described by the process of charge transfer between two materials that are brought together and separated, 

providing static polarized charges and electrostatic induction between two materials that convert mechanical 

energy into electricity [14]. Based on the materials, the contact-separation triboelectric is mainly divided into 

two categories: dielectric-to-dielectric and conductor-to-dielectric. However, the triboelectric phenomenon is 

not yet totally understood by the scientific community. The thecnology sometimes differs from materials to 

materials. 

 

 

 

 

 

 

 

 

 

 

 

In the past few years, scientists have devoted considerable work into the development of triboelectric 

nanogenerators (TENGs). It is a new research trend related to power supply and energy harvesting that can 

offer a lot of new possibilities and has already some applications. The most important thing is that this nano-

generator device architecture can easily be combined with textile fibers or cloth that can be further incorporated 

into everyday life. This combination has a lot of potential advantages because it blends the versatility, light 

weight, biocompatibility, and flexibility of the textiles with good electrical performance [15-16]. There are 

Figure 1.2 Mechano-responsive energy harvester: wasted mechanical energy that 

has been used into electrical energy and applied to various smart applications. 
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two different types of textile-based TENGs: the fabric-based TENG (the structure is a common fabric that is 

modified at its composition level to be electrically active or to be the substrate of electrically active material) 

and the fiber-based TENG (the structure can be only one or more individual textile fibers that are modified to 

be electrically active) [17]. 

In terms of fiber-based mechanical energy harvesting devices, the past few years have brought a great 

variety of investigations. Apart from the fiber-based TENGs (referred to in the previous paragraph), other 

types of promising devices also incorporate textile fibers that is the fiber-based piezoelectric nanogenerators 

(FPENGs), the fiber-based thermoelectric generators (FTEGs), and even the fiber-based electret nanogenerator 

(FENG) that harvest mechanical energy through electrostatic induction. A lot of research is being done on 

fiber-based mechanical energy harvesting, with promising results among all the different kinds of devices, as 

can be seen in Table 4 (Annex 1. section) where demonstrates some recent state-of-the-art devices and respec-

tive output results.  

1.3 Charge Transfer Mechanism 

 

 

 

 

 

 

 

 

                 

 

Figure 1.3 Schematic of the charge transfer mechanism proposed in this work. 

 

In this study, we used conjugated polymers (which are not conventional triboelectric materials) as the 

mechano-stimuli energy harvester. Generally, undoped PPy shows an insulator behavior with a large band gap 

of approximately 3.16 eV. Upon oxidation (doping of PPy), the formation of two narrow bipolaronic bands  

decreases the energy gap approximately from 3.16 eV to 1.4 eV (Figure 6.1 in Annex 2.) [18].  
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The energy harvesting system of this work is focused on the charge transfer that occurs in the surface 

between the π-conjugated polymers and the metal (electrode), upon a mechanical response. When mechanical 

stress is applied to the system, there is a molecular structure deformation in the polymer chains which results 

in a local squeezing between molecular chains, causing an excessive density of electrons. This rise in electrons 

density causes a local Fermi level pinning. Hence, the pinned electrons will migrate to the nearest energy level 

available, which is the metal, creating a peak current. Moreover, and when the mechanical stress is released, 

the polymer networks expand and there is a local shortage in electrons (depinning of the local Fermi level). As 

PPy now behaves like a conductor, the localized electrons scarcity will be compensated by the electrons in the 

adjacent regions through hopping mechanism, creating a smaller current peak with the opposite polarization 

from the first, since this carriers transfer is done in the opposite direction. By the end of this process, it is 

possible to start a new mechanical stress cicle that originates a new peak current [14,19]. Figure 1.3 represents 

a visual schematic of the charge transfer mechanism. 

1.4 Conjugated Polymers 

Conductive polymers are very interesting for both industrial and research applications due to their ex-

cellent electrical conductivity, thermal stability, easy synthesis, and ecological stability [20-21]. These types 

of polymers are conductive due to delocalized π-electrons arising from the overlapping of p-orbitals [22]. 

Because of this special and unique chemical characteristic, many scientists and researchers are interested in 

conductive polymers and their present and future applications [23]. Up to this date, conjugated polymers have 

been used for applications like PLEDs (Polymer Light-Emitting Diodes) [24], field emission [25-27] and elec-

trochromic displays [28-29], sensors [30-31], biosensors [32-33] and biomedical applications [34-35], among 

others [36]. Also, some of them, like polypyrrole and polyaniline, are reported to be used for energy harvesting 

purposes namely in supercapacitors, pseudocapacitors, rechargeable batteries, and flexible storage devices 

[32,37]. In most of these reports, those polymers were applied in the different systems as electrodes, but in 

some recent research, they are also being used as an active layer material [14,19]. 

Before this study, our work group explored polyaniline as an active material to generate electrical power, 

achieving very promising results [14,19]. But there are other conjugated polymers that can generate energy, 

like Polypyrrole, PEDOT (poly(3,4‐ethylenedioxythiophene)), and polyacetylene. 

Polypyrrole (PPy) is the conductive polymer that is explored during this study, for energy harvesting 

applications. It offers electrical semiconductor/metal properties and at the same time has the physical proper-

ties of normal polymers like flexibility and elasticity [38]. The chemical and physical properties of PPy can be 

easily controlled through doping-dedoping processes. Furthermore, the pyrrole monomer has good environ-

mental stability and great redox properties that make it easy to oxidize. It is also soluble in some common 

solvents including water, and easily available product in the market. Besides, PPy is also reported to have a 

high conductivity value as polyaniline. All these properties make PPy one of the most studied conductive 

polymers and a great contender for organic electronics materials [39]. 
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2 Materials and Methods 

2.1 Main Reagents 

Pyrrole monomer (98%, Sigma-Aldrich), ammonium persulfate (APS; 99.99%, Sigma-Aldrich), and 

hydrochloric acid (HCl; ~37%, Alfa Aesar) are the main reagents used in the synthesis of polypyrrole (PPy). 

All the reagents were used as received without any further purification. Throughout all the experiments and 

washing procedures, only deionized (DI) water was used (obtained from Millipore Elix Advantage 3 purifica-

tion system). 

2.2 Polypyrrole (PPy) Synthesis 

Two precursor solutions were prepared to synthesize PPy: the monomer solution and the oxidant solu-

tion. To make the monomer solution, we added 200 µl of pyrrole monomer to 20 ml of DI water and stir for 

10 minutes. For the oxidant solution, we added 1.3 g of ammonium persulfate (APS) to 10 ml of DI water and 

let it stir until the solution became homogeneous in about 5-10 minutes. After the solution became homogene-

ous, we added 125 µl of hydrochloric acid (HCl) and let the solution stir again for 10 minutes. The two solu-

tions were put in an ice bath for 20-30 minutes to reach 0ºC. After that, the monomer solution was added to 

the oxidant solution with gentle stirring, and the mixed solution was placed in the ice bath again for a deter-

mined time, which will be further explained below.  

 

 

 

 

 

 

 

 

2.3 Functionalization of Textile Fibers 

After the optimization of the PPy synthesis process, the goal was to functionalize textile fibers with PPy. 

For this purpose, silver-coated commercial textile fiber was used as a substrate, with a diameter of 400 µm. 

Small pieces of silver-coated commercial textile fibers (11 to 12 cm average length) were dipped into the final 

PPy mixture solution (as obtained following the process above) for functionalization through in-situ polymer-

ization technique. Not all the fiber’s length was inside the solution, leaving some spare space to create a metal 

core contact. Given that, an average length of 1.5 cm was left above the reactant solution, using Kapton tape 

to glue this part of the fiber to the beaker’s inner wall. During the current study, we used three different func-

tionalization times for the fibers: 30 minutes, 60 minutes, and 90 minutes. After the stipulated time, the fibers 

were removed from the reaction vessel. A uniform black coating throughout the surface of the fibers was 

clearly observed, demonstrating the successful chemical deposition of PPy. Later, the PPy coated fibers were 

washed with DI water (to remove the excess of PPy material and unreacted reagents as well) and were stored 

Figure 2.1 Polypyrrole neutral chemical structure. 
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in the lab for a few days to dry them properly before making the energy harvester system. Moreover, it is 

important to note that the remaining PPy aqueous solution was filtered and then the filtrate was kept in the 

normal oven at around 60ºC for 24 hours, to finally collect the PPy powders to perform chemical analysis with 

it. 

To see if the above procedure could be easily upscaled, 1-meter average length fibers were also func-

tionalized through in-situ polymerization technique. The chosen PPy functionalization time was 30 minutes. 

2.4 Fabrication of the Fiber-based Energy Harvesting Devices  

After the PPy-functionalized fibers were completely dried, we started assembling the energy harvesting 

devices. Each functionalized fiber was wrapped up with a different number of windings with another commer-

cial silver-coated conductive textile fiber (125 µm diameter). This way, the uncoated metallic end of the thicker 

fiber (part of the fiber that was above the PPy solution) was used as one electrode to reach the polymeric part, 

and the other electrode was obtained from taking contact to the thinner metal-coated fiber on the other side. 

To cover and protect the functionalized fibers, we used PDMS (polydimethylsiloxane) elastomer to curing 

agent considering a ratio of 10:1. The curing was performed at 60°C. The fibers were attached with copper 

tape to make extended contacts out of the PDMS cover for connecting the device to the electrical measurement 

systems. 

2.5 Characterization Techniques 

Morphological and compositional analyses were conducted by using a field emission scanning electron 

microscope (FESEM-FIB, Carl Zeiss Auriga Crossbeam microscope) with energy dispersive x-ray spectros-

copy (EDS, Oxford XMax 150). The chemical structures of the samples were also characterized by Raman 

spectroscopy (Renishaw Qontor InVia Raman microscope), using the 532 nm excitation laser line with 10% 

of the maximum laser power (50 mW) and 1s exposure time for every 10 accumulations. The mechanoelectri-

cal studies were performed by recurring to a standard oscilloscope (TektronixTBS 2022). 
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3 Results and Discussion 

3.1 Chemical and Morphological Analyses   

In this study, one of our main objectives was to properly functionalize textile fibers substrates with 

polypyrrole (PPy). The properties of synthesized PPy can be manipulated through the amount of oxidization 

of the monomer to form the polymer chain and that can be achieved by different methods, like using different 

oxidants or changing the time of polymerization of the monomer (one of the variables studied in this work). 

Synthesized conjugated polymers are normally insulators and the essential mobile charge carriers for 

electrical conduction are produced only via oxidation (p-doping) and, more rarely, through reduction (n-dop-

ing). This doping is achieved by chemical or electrochemical methods. In the reduced state, PPy acts as an 

insulator, but in the oxidized state, PPy is positively charged [40]. 

 

With a 3.6 eV band gap, the undoped PPy is a dielectric. When oxidated, the p-electrons are extracted 

from the upper level of the valence region with a simultaneous change to lower energies of the boundary p-

levels (the highest occupied and the lowest vacant). The band gap decreases to around 1.4 eV and the PPy 

gains the electrical properties of a semiconductor [40]. 

The method of charge transfer is of particular importance in PPy electrical conduction. Polarons and 

bipolarons produced upon doping are the charge carriers (Figure 3.2). In chemical terms, the formation of a 

polaron is equivalent to the formation of a radical cation, as well as the bipolaron formation is equivalent to 

the dication formation. The polaron and bipolaron in PPy are extended structures spread over three to four 

monomeric units of the chain. 

 

Figure 3.1 Schematic of the chemical reaction of polypyrrole reproduced in this work. The red 

“A–” in the schematic represents the dopant anion. 
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Figure 3.2 a) Formation of the polaron; b) Formation of the bipolaron [39] 

 

The  energy of the system is affected by the separation of the positive charges in the bipolar configura-

tion. The further away the positive charges are from each other, the greater is the decrease of system stability, 

as it produces more unstable quinoid rings. Recent investigations have found that the polarons and bipolarons 

have the same mobility in the PPy chain, so they contribute similarly to the conductivity of PPy [40]. 

In this study, we used APS as the oxidant agent, although there are other oxidant agents reported to work 

as well, such as ferric chloride and iron sulfate [41]. The purpose of choosing APS as oxidant was because of 

its high oxidation potential. The oxidant not only compensates the charge of the free charge carriers but also 

enhances the probability of interchain charge transfer due to a strong overlap of the atomic orbitals of the 

oxidant, with the p-orbitals of the carbon atoms. 

Herein, we also added HCl that according to some reports greatly enhance the conductivity of PPy at 

low concentrations [42]. 

 

3.1.1 Raman Spectroscopy 

Raman spectroscopy was performed to check the chemical properties and the structure fingerprint of the 

synthesized polymer. The samples used in the Raman tests were the powder collected from the precipitate 

produced during the fiber functionalization process. Three different powders were tested, each one with a 

different time of polymerization (30 minutes, 60 minutes, and 90 minutes). 

Figure 3.3 shows the Raman spectra of the powders collected from the different polymerization times. 

It is clear from the spectra, that the chemical phases from all the polymerization times are similar in character-

istics and correspond to the successful formation of PPy having all its typical characteristics peaks [43], as 

expected. The strongest peak is observed at 1576 cm-1 wavenumber which corresponds to the symmetric 

stretching of aromatic C=C ring of PPy, that represents the oxidation state. Other peaks were around 928 cm-

1 and 967 cm-1 which are associated with the ring deformation caused by the bipolarons and the polarons 

species, respectively. It was possible to observe two more peaks, one associated with the C—H in plane de-

formation of the oxidized PPy (1047 cm-1) and the other associated with the ring stretching mode of the PPy 

chain (1331 cm-1). 
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Figure 3.3 Raman Spectroscopy results of PPy powders with different polymerization time i.e 30,60 and 90 

minutes. The symmetric spectra show that as a chemical structure all the PPy was in same phase. 

 

3.1.2 SEM Images 

Figure 3.4 shows the SEM images of the PPy-functionalized textile fibers for different polymerization 

times and the corresponding high-resolution images from the PPy nanostructure surfaces. From the high-res-

olution SEM image, it can be observed that the textile fibers were coated with PPy that has granular nanostruc-

tures, with 80-120 nm in average size. However, no significant morphological difference was noticed for PPy 

with different polymerization times. The only possible difference is in the thickness of the coating (that is not 

shown in the figure), which can eventually increase with polymerization time. It is worthy to mention that 

during present thesis work no study related to the thickness of this coating was performed, as our group (in its 

previously published work with polyaniline [14,19]) has noticed that the charge transfer process in such poly-

mer/metal interface systems is a surface phenomenon and presumably happening in the localized surface area 

where the pressure or stress is implemented or released. 

The corresponding EDS elemental mapping (using Oxford XMax 150) of the typical PPy functional-

ized fiber is illustrated in Figure 3.5. A strong presence of Ag (silver) was noted because of the commercial 

conducting textile fiber which has been used as the core substrate for functionalization. Chlorine was also 

present in great quantity because of the addition of HCl during the synthesis of PPy, which increases the 

presence of anionic Cl— dopant in the polymeric chain. Carbon is one of the components of PPy. Oxygen 

(although in lower quantity) came from the environment and sulphur was also present because the oxidant 

agent used in the synthesis of PPy was APS. 
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Figure 3.4 SEM images of the PPy functionalized textile fibers. The different times of functionalization are 

represented: 30 minutes, 60 minutes, and 90 minutes (from left to right).  On the top, is represented the fi-

bers coated with PPy, and at the bottom, the corresponding high-resolution SEM images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 EDS test performed in the 60 minutes textile fiber functionalized with PPy. a) EDS spectrum, b) 

EDS layered image, c) EDS elemental mapping. 
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3.2 Electrical Analysis of Textile-based Energy Harvester 

For the textile-based energy harvester design, a series of steps were performed: the functionalized PPy 

fibers were wrapped up with another silver conductive fiber (with lower diameter) and then integrated in par-

allel. The thinner conducting fiber was implemented to act as a stress-deliverer and charge-collector (SDCC) 

electrode. Another electrode was created as back electrode (the metallic layer of 400 diameter textile fiber, 

where the PPy has been functionalized). The commercial copper tape was used to extend the connections 

related to thinner and thicker electrodes. All the harvesting devices have the same PDMS packing area (around 

120 cm2), the fibers used have 11 cm in length, and the copper electrodes length varies from 7 to 9 cm. Figures 

3.6 (a) and (b) show the schematic design of the energy harvesting device and a schematic of a single wrapped 

fiber. Figure 3.6 (c) shows the image of a prototyped device. 

 

 

 

 

 

 

 

 

 

 

 

 

 

To obtain the main electrical parameters of the fibers, we constructed a harvesting application platform. 

Also, we recorded the open-circuit output voltage (Voc) and short-circuit output current (Isc) of the devices. 

Thus, the device was put under stress and release sequences, pressing it with the hand at a constant force and 

frequency (hand patting). When stressing the conductive fibers, a forward output signal is generated. This 

happens due to the mechanical stress that the metal/PPy interface layer suffers. The charge transfer mechanism 

will be initiated in the interface by localized fermi level pinning caused by the charge density accumulation in 

the stressed area, where the PPy chains get shrunk together. Contrary, when releasing the mechanical stress, a 

reverse output signal is produced. This can be explained according to the localized Fermi level depinning stage. 

There is a local scarcity of charge carriers (that were transferred during the stress-induced period) and to obtain 

the electrostatic stability, the charge carriers will hop from the ruptured polymeric area (through the back 

electrode) or nearby polymeric areas through tunneling process. Therefore, the generated voltage/current is in 

the opposite polarity since the flow of this charge carrier is in opposite direction. However, the voltage gener-

ated at this stage have lower and irregular values when comparing to the forward output signals. 

11 cm 

Figure 3.6 The schematic design of (a) the prototyped device (b) single wrapped fiber; and (c) the digital 

image of a prototyped device. 
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In this study, five different devices were obtained (Table 1.): three of them had 7 conductive fibers 

each, one with 19 conductive fibers (as shown in Figure 3.6c) and another with 3 conductive fibers. Each 

device with 7 fibers had conductive fibers with different times of PPy polymerization. One device had the 30 

minutes conductive fibers, the other had the 60 minutes and the last one had the 90 minutes. The conductive 

fibers present in the devices with 19 and 3 fibers had a PPy functionalization time of 30 minutes. Hence, we 

could compare how the results changed according to different PPy polymerization time of the fibers, and with 

a different number of fibers per device.  

Table 1. List of the harvesting devices produced during this work. 

Device Name Time of Polymerization Number of Fibers 

7f_30 min 30 minutes 7 

7f_60 min 60 minutes 7 

7f_90 min 90 minutes 7 

3f_30 min 30 minutes 3 

19f_30 min 30 minutes 19 

 

Concerning the measurements of the Voc, each device was directly connected to an oscilloscope, while 

the Isc measurement demanded each device to be first connected to a current-to-voltage converter. The evalu-

ation of instant power and current output was done by connecting each device to various loads and examining 

the voltage while patting. This type of measurement was carried out during a time span of 5 months, to test the 

stability of the devices. 

 

 

           Figure 3.7 Open-circuit output voltage from the 7f_30min device. 

Regarding the 7-fibers devices, the average recorded output signals were slightly different depending 

on the PPy functionalization time. The 7f_30min device average open circuit voltage was 125.6 V, and the 

short circuit current was 8.5 µA, for the 7f_60min minutes device the average output signals were 129.3 V and 
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8.3 µA, and, for the 7f_90min device 124.9 V and 6.7 µA. From these results, we can see that the 7f_60min  

device had the higher average Voc and the 7f_30min device had the higher average Isc, although the difference 

to the 7f_60min device is very small. 

For the 19f_30min device, the average results of Voc and Isc were 244 V and 15 µA, respectively. For 

the 3f_30min device, the Voc is 49.8 V and the Isc is 3.2 µA (Figure 3.8). Comparing these results with the 

7f_30min device, for the 19f_30min device the Voc almost doubled and the Isc also increased consistently. 

Comparing the 3f_30min device with the 7f_30min device results, the Voc decreased more than half and the 

Isc was aproximately one third. All these results were quite expected, demonstrating that with the increase of 

the number of fibers in one device, the corresponding Voc and Isc increase as well. In this study, we could not 

conclude if there exists a specific function between the number of fibers per device and corresponding Voc and 

Isc. To reach that conclusion, we would have needed a vast amount of data, which we do not have due to time 

concerns. To find the behavior function between the number of fibers and the outputs Voc and Isc, more devices 

with different number of fibers should be constructed. 

 

 

 

Figure 3.8 Average output voltage and current graphs of the devices namely, 3f_30min, 7f_30min, and 

19f_30min, respectively from left to right. 

 

The real applications of any electrical device are associated with its power density and efficiency. A 

rectifier was added to the circuit to obtain a DC output signal, since the energy harvested directly from the 

device is an AC signal. To calculate the power density of the devices, we added different external resistances 

to the rectifier circuit and recorded the instantaneous output voltage of the system. The load added ranged from 

55kΩ to 150MΩ (twenty-eight different loads). By having each voltage value associated with a different load, 

it is possible to calculate the power by the relation P=V2/R, and then each result was divided by the area to get 

the power density. The area considered in these calculations was the external surface area of the fiber that is 

3f_30min 7f_30min 19f_30min 

7f_30min 19f_30min 3f_30min 
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coated with PPy. It is also important to note that the current density increases with the decrease of the external 

load in the circuit.  

So, from the equation described above, the maximum results of power density and current density for 

the 7f_30min device are 0.85 W/m2 and 22.4 mA/m2, for the 7f_60min device are 0.52 W/m2 and 14.2 mA/m2, 

and for the 7f_90min device are 0.23 W/m2 and 9.3 mA/m2, respectively. Once more, we can observe that the 

7f_30min device had a better performance in terms of power density and current density as well, while com-

paring with the other 7-fiber devices (Figure 3.9). 

 

 

 

 

Figure 3.9 Power density and current density graphs of the 7f_30min, 7f_60min, and 7f_90min devices. 

 

Considering the 19f_30min device, the maximum value recorded for power and current densities were 

2.29 W/m2 and 19.5 mA/m2 respectively, whereas for the 3f_30min device, 0.23 W/m2 and 23.9 mA/m2 re-

spectively (Figure 3.10). By including the 7f_30min device, we can conclude that the maximum power density 

increases with the number of fibers and the maximum current density is approximately the same for all these 

three devices. 

7f_30min 7f_60min 

7f_90min 
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Figure 3.10 Power density and current density graphs of the 3f_30min, 7f_30min, and 19f_30min devices. 

Using the rectifier circuit to have a DC output we charged a commercial 33 µF capacitor. With simple 

hand patting on the 7-fibers devices, the power delivered from our 7f_30min device can charge the 33 µF 

commercial capacitors to 1 V in 306 s (5 minutes and 6 seconds), while the 7f_60min device took 449 s (7 

minutes and 29 seconds) and the 7f_90min device took 930 s (15 minutes and 30 seconds). The 19f_30min 

device managed to do the same in just 225 s (3minutes and 45 seconds). Again, as expected, the time to charge 

the capacitor was way less for the 19f_30min device while compared to the 7-fibers devices. 

Thirty (30) commercial blue LEDs (20 mA rating, 5mm diameter and 8.6mm height) were also powered 

by instantaneous hand patting, using the 7f_30min device (Figure 3.11), without the need of a commercial 

capacitor. Moreover, ten (10) blue LEDs were also powered by the 7f_60min and 7f_90min devices, sepa-

rately. Using the 19f_30min device, fifty (50) LEDs were powered by instantaneous patting as well. All the 

LEDs were connected in series during these experiments. 

 

Figure 3.11 Snapshot of LEDs lighting up during performance tests of the 7f_30min device. 

3f_30min 7f_30min 

19f_30min 
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3.3 Stability Test 

Throughout the study period, the different 7-fiber devices were continuously tested in terms of Voc and 

Isc, to check their stability in the ambient environment. All the devices were tested the same way (with the 

same testing setup and the same time intervals in-between tests for each device). The first measurement was 

right after the creation of the device, the second was one week after, the third three months later, the fourth 

four months later, and the fifth five months later. Table 2 and Table 3, presented below, show the average 

results corresponding to each measurement done for Voc and Isc of the 7f_30min, 7f_60min, and 7f_90min 

devices. The discrepancy between the second and third tests was due to the Covid-19 lockdown. Ideally, after 

the first week, tests were planned to be performed every month up until the last month. 

The numbers of Voc fluctuated ± 30 V for the 7f_30min device, ±50 V for the 7f_60min device, and ± 

40 V for the 7f_90min device. Considering Isc, the values fluctuate ± 4 µA for the 7f_30min device, ± 6 µA 

for the 7f_60min device, and ± 3 µA for the 7f_90min device. Since this fluctuation did not have a decreasing 

tendency with time, it could be caused by external factors such as humidity in the air or room temperature at 

the time of measurements. These factors can change/affect the resistance of the PPy [44] that eventually can 

change the performance of the devices. 

In terms of Voc, the 7f_30min device has the lowest fluctuation of them all, but in terms of Isc, the device 

with less fluctuation was the 7f_90min device. With this scenario, we looked at the overall performance of the 

7f_30min and the 7f_90min devices and found that the 7f_30min device had a higher average Voc and Isc than 

the 7f_90min device. After the first measurement, the 7f_30min device had always a higher Voc and Isc than 

the 7f_90min device, and in the last three measurements (from the third month to the fifth month) it had the 

best results of the three devices. Furthermore, the 7f_30min device was much more cost-effective than the 

other devices because it took less time to functionalize the fibers.  

Having in mind all the factors described above, it is possible to conclude that all the devices are quite 

stable during the time of the study and every device was working properly until the end of the tests. However, 

it is also possible to observe that the 7f_30min device was the best in this test since it not only remained stable 

but improved its performance overtime, having the higher values of the Voc and Isc from all the devices, during 

the last three measurements. 

Table 2. Average results obtained in open circuit voltage (Voc) tests performed for the 7-fiber devices throughout the 

work period. 

Devices 1st test 1 week  3 months 4 months 5 months 

7f_30min 113 V 113 V 140 V 126 V 137 V 

7f_60min 160 V 122 V 134 V 107 V 123 V 

7f_90min 147 V 109 V 134 V 112 V 123 V 
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Table 3. Average results obtained in short circuit current (Isc) tests performed for the 7-fiber devices throughout the 

work period. 

Devices 1st test 1 week  3 months 4 months 5 months 

7f_30min 5.6 µA 8.8 µA 9.5 µA 9.3 µA 9.3 µA 

7f_60min 11.5 µA 7.5 µA 8.5 µA 5.4 µA 8.6 µA 

7f_90min 5.7 µA 5.9 µA 8.1 µA 5.5 µA 8.4 µA 

 

3.4 Bending Test 

To test the sensing ability of the textile fibers functionalized with PPy, a very simple bending test was 

performed. Herein, a PDMS encapsulation was made to support just one functionalized fiber. The fiber with 

the PDMS encapsulation was attached to the finger (using lab gloves) and then was connected to an oscillo-

scope to check the instantaneous output voltage variation with opening and closing of the hand. Figure 3.12 

shows the peaks formed upon the bending of the fiber, when the hand was closed.  

The test consisted in bending the fiber into different angles to see how the sensing ability was affected 

by different types of bending. The angles of bending used in this test were 45°, 90° and 180° (closed hand). 

The average Voc result of the 45° bending is around 495 mV, with a maximum recorded of 1 V. The average 

Voc result of the 90° bending was around 570 mV, with a maximum recorded of 1 V. For the 180° bending, 

the average Voc result was 830 mV and the maximum peak recorded went up to 2 V. These are very promising 

results, considering that this test was carried out with just one fiber and not a system of multiple fibers. Most 

importantly, this feature can be further developed for gesture monitoring. 

 

 

 

 

 

 

 

 

 

Figure 3.12 Output voltage graph from the 90° bending test where the peaks represent the maximum volt-

age obtained with the bended PPy functionalized fiber (fixed with finger). 
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3.5 Real-Field Applications 

3.5.1 Fabrication of the Weaved fabrics  

Two different devices were made using the 1-meter PPy functionalized fibers.  

The first device, namely D-MM (Device Metal Metal), was composed of one thicker (400 µm diameter) 

1-meter PPy functionalized silver coated fiber that acted like the base of the fabric and one thinner conductive 

silver fiber (125 µm diameter) not functionalized (Figure 3.13 b). The goal was to weave the thinner fiber 

between the 1-meter fiber. Thus, a custom-made weaving machine, especially projected for this study, was 

developed in a 3D-printer (Ultimaker2+). In this system, the 1-meter fiber was stuck to the edges, in a snake-

like format. Then, with a needle, the thinner fiber is weaved in a perpendicular direction to the 1-meter fiber, 

also in a snake-like format (Figure 3.13 a). The thinner fiber is then used as the stress-deliver-charge-collector 

electrode and the 1-meter functionalized fiber as the back electrode.  

 

 

Figure 3.13 a) The custom-made weaving machine (green) and the process used to make the fabrics. Digital 

images of the created weaved devices: b) D-MM and c) D-MMC, respectively. 

 

The second device, namely D-MMC (Device Metal Metal Cotton), is composed of one 1-meter PPy 

functionalized fiber (400 µm diameter), that was the base of the fabric, and two other fibers that were weaved 

alternately in the 1-meter fiber: one thinner silver fiber (125 µm diameter) not functionalized, and one cotton 

fiber not functionalized (Figure 3.13 c). The thinner silver fiber acted like the electrode, while the cotton fiber 

was implemented (perpendicular to the 1-meter fiber and interspersed with the thinner fiber) to simulate a real 

fabric and to test the performance of the device in this condition. 
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3.5.2 Electrical Analysis of Weaved Fabrics  

For the weaved devices, we made the same measurements that were made for the harvesting fiber de-

vices: Voc, Isc, power and current density, and the capacitor charging test (Figure 3.13). 

In terms of Voc and Isc analyses, the average results of the D-MM device were 19.5 V and 1.02 µA, and 

the results of the D-MMC were 12.9 V and 0.62 µA, respectively. 

The maximum results obtained for power density were 0.028 W/m2 for the D-MM device and 0.04 W/m2 

for the D-MMC device. In terms of the current density, the maximum results were 9.17 mA/m2 for D-MM and 

11.6 mA/m2 for D-MMC. 

To charge 0.1 V on a 10 µF capacitor the D-MM device took 7min 30 seconds, whereas for D-MMC it 

took 5 min 22 seconds. 

Hence, the functionalized weaved fabrics did not lose any significant electrical properties while incor-

porated into a cotton structure, which is quite positive in this case, proving that our system has the potential to 

be integrated in an e-textile application. 

 

 

Figure 3.14 Average output voltage and current graphs of the weaved devices. 
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3.5.3 Wireless System Applications 

One of the main focuses of this master thesis was to exhibit the ability and/or prospects of fiber-based 

devices for several types of real-world applications. A particular electronics strategy was employed in the 

applications that will follow. First, I would like to go into the strategy employed.  

The overall strategy employed in all these applications was the use of a platform (either ESP32® or 

Arduino Uno®) to read the analog signals from the fibers prototypes and translate them to digital signals. It 

was always our goal to employ these applications into the IoT paradigm. For that, we used the ESP32, which 

is a platform like Arduino Uno that has larger specifications (for example, more analog pins, more internal 

memory, etc.) and an incorporated Wi-Fi and Bluetooth module.  Therefore, we used the ESP32 hardware to 

setup an HTTP communication system, to exchange data without connecting it to a World Wide Web protocol. 

The ESP32 creates its own Asynchronous Web Server, where other devices can access by using the correct 

password. We can program the board with the exact Wi-Fi server name and password we want (For example, 

SSID: “Polypyrrole Device Test” and Password: “CENIMAT/I3N”). Arduino IDE® software was used to 

write the code to program both the Arduino Uno and ESP32. During this process, some ESP32 modules did 

not upload the sketches automatically, giving out the following error: “Failed to connect to ESP32: Timed out 

waiting for packet header”. A 10 µF capacitor, with the positive side attached to the Enable pin and the nega-

tive side attached to the board’s ground, was used to correct this error. The ESP32 can only use 4 pins for 

analog to digital conversion while having the Wi-Fi network online. Therefore, for applications with 5 or more 

inputs, we have used an Arduino Uno to read and convert the analog signals, establishing a UART (Universal 

Asynchronous Receiver-Transmitter) connection with the ESP32. In other words, the ESP32 and Arduino were 

transmitting data to one another directly (through a wire).  That way, the ESP32 could send multiple sensor 

readings to the Asynchronous Web Server without the need to read them directly. For that, it was important to 

have the Transmitting Line of the Arduino connected to a Receiving Line of the ESP32 and vice-versa.  While 

going for a UART connection it was important to bear in mind that the Arduino Uno’s working voltage was 

different from the ESP32’s. So, the signal that came from the transmitting line of the Arduino Uno (5V), had 

to be converted, in this case using a voltage divider, to the working voltage of the ESP32’s (3.3V). Only then 

a stable UART connection was established successfully.   
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Figure 3.15 Schematic of the overall strategy employed for all the applications including an analog part 

(Polypyrrole devices), an analog-digital converter (Arduino or ESP32), Wi-Fi module (ESP32) and the final 

reading platform (PC). 

1. Sensing Security System with Human Interface – In this case, we used specific body parts (knee, 

elbow, and neck), and the devices produced during this thesis. We had one device attached to each body part 

and each device was also attached to its own Arduino board pin. By moving one body part (for example, 

bending the knee) the sensor reading will be associated with a particular pin. Readings from each pin will be 

either binary 1 (if the voltage reading > 100, which results from movement detection) or binary 0 (if voltage 

reading < 100, which results from no movement detection). The comparative value in the programming code 

Figure 3.16 Still image of the investigation of gesture monitoring control through wireless technology and 

textile-based energy harvesting system. 
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was 100 and not 0 to account for noise values. At this point, one binary value was associated with a variable 

that was associated with each pin GPIO. The ESP32 would then send these values to the webserver which was 

accessed by connecting to a particular link. Using Python software, we could access the mentioned link, get 

the binary values, and translate them to the desired output. This system could be used as a security system. For 

example, if you move four body parts in a particular order, it will unlock the system we want to have access 

to.  

2. Force Sensor – To fabricate a force sensor prototype, we programmed the ESP32 to read the voltage 

from the fiber-based devices that were produced in this work. As we know from previous studies, the electrical 

performance of the devices also depends on the mechanical pressure applied. More mechanical pressure (in 

magnitude) will result in higher voltage and current signals. The ESP32 will then send the voltage reading to 

an online network, which is then read and interpreted by Python software to give out a particular output, de-

pending on the magnitude of the voltage received (and consequently, depending on the magnitude of the force 

employed).  

3. Movement Tracking System – This system captures the movements of a small Hot Wheels® car. 

Some fibers were evenly spaced out on top of a table. When the car passed on top of the fiber, it sent out a 

signal to the ESP32, which then send out the reading through a Web Server to another user. By using the 

Python software, the readings of ESP32, sent to the online server, are translated to either: distance covered or 

average speed. This application was still in development by the time this thesis was written (Annex 3.). 
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4 Conclusions and Future Perspectives 

In this study, a new concept of mechanical energy harvesting and sensing system was made, with the 

purpose of being flexible, cheap, and convenient in day-to-day use, while generating renewable energy. Com-

mercial silver coated textile fibers were used as the base for the devices. The textile fibers were coated with a 

conjugated polymer, so-called Polypyrrole, that provided the charge carriers generation with movements, 

needed for the the mechanical harvesting system formation. 

Five harvesting devices were produced during this work, varying different factors. One of the factors 

was the functionalization time of the fibers with PPy. Three different times were tested in 7-fibers devices: 30 

minutes, 60 minutes, and 90 minutes. One conclusion that can be brought out after carefully analyzing the 

results is that the 30 minutes PPy functionalized fibers were more stable (in terms of electrical performance) 

and have better power and current densities (0.85 W/m2 and 22.4 mA/m2) than the 60 or 90 minutes PPy 

functionalized fibers. The stability was measured over the Voc and Isc values of the devices throughout the time 

of the study (five different measurements).  

Another factor that was studied during this thesis was the change in the electrical performance of devices 

with different number of fibers. Again, three different devices were made: one was composed of 3 fibers, the 

other with 7 fibers, and the last one with 19 fibers (all with 30 minutes PPy functionalized fibers). As expected, 

the electrical performance of the 19-fiber device was the best in terms of Voc, Isc and power density, while the 

3-fiber device was the worst in these parameters. With these results in mind, we can conclude that the Voc, Isc 

and power density increased with the increase of the number of fibers in one device. The maximum power 

density achieved in this study was 2.29 W/m2 (19-fiber device) and the maximum current density was 23.9 

mA/m2 (3-fiber device). The higher average Voc and Isc were 244 V and 15 µA, respectively (19-fiber device). 

The 19-fiber device was able to light up 50 commercial blue LEDs and charge a 33 µF commercial capacitor 

to 1 V in 225 s, by constant hand patting. 

To test the implementation of these type of devices in real fabric applications, two more devices were 

made: D-MM (device not incorporated within cotton) and D-MMC (device incorporated within cotton). Here, 

the best results recorded in terms of power and current densities were from the D-MMC device with 0.04 W/m2 

and 11.6 mA/m2, respectively, but the higher Voc and Isc average corresponded to the D-MM device (19.5 V 

and 1.02 µA). The results indicate that the devices are stable enough for e-textile applications. 

It is important to note that prototyped wireless systems for force sensing, sensing with human interface, 

and movement tracking, were made using the fiber-based devices, an Arduino board, an ESP32 microcontroller 

and Python programming.  

Even though the results of this study were positive and satisfying, there are always room for improve-

ment and new investigations that can be done for further and continuous development of this work. 

The merging of the fiber-based mechanical energy harvesting devices with fiber-based storage devices 

(such as supercapacitors) in an all-in-one device can have a lot of new and improved applications. This type 

of device is most likely to be used than the energy harvester device alone. This combination can bring a wide 

range of real-life applications that have a lot of demand in the current days. 
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Nanostructures where polypyrrole chains are organized are expected to have improved conductivity. So, 

trying to achieve other types of polypyrrole nanostructures, like nanotubes or nanowires and check how that 

affects the performance of the devices in opposition to the granular structure is another possible interesting 

study. 

Fiber-based power management strategies should be developed to promote the energy conversion effi-

ciency of the devices and provide a stable DC power supply for fiber-based self-powered systems. 

In our case, the devices were based on the fiber substrate, and the stability and electrical performance 

depended a lot on the contact between the fiber and electrodes. In this study, we used copper tape to make the 

external electrodes of the devices, but sometimes this tape would not glue properly to the fibers, and the per-

formance of the device was affected. If we find new ways to do better contact between the fibers and the 

external electrodes, we can bring a major improvement to the performances of such devices.  

Hybridization of different mechanisms should be introduced in fiber-based devices to improve the de-

vice performance, like combining piezoelectric, electrostatic, and triboelectric effects together to harvest me-

chanical energy.  

The study of the functionalization of other textiles is also important for future applications. Regarding 

this, a 1-meter cotton fiber was functionalized with PPy in this work. Even though the results were not in the 

same range as the ones from the silver-coated textile fibers, this topic deserves further studies and improve-

ment, since it brings a truly wearable alternative for real-life applications. Also, its easy scale-up process for 

mass production makes the functionalized cotton a very promising material for mechanical energy harvesting. 

With the continuous study and breakthrough in mechanical energy harvesting, it is possible to imple-

ment these devices in everyday life and harvest energy just by walking, for example. For this, the application 

investigation of future works can be towards this goal, giving emphasis to human motion detection and human 

motion energy harvesting on a large scale, through the implementation of fiber-based energy harvesting de-

vices in shoes, clothes, or even carpets and sofas and test their real-life application performances.  

Also, in the applications section of this work, the Arduino and Python coding can be improved to achieve 

better output results and the electrical circuits themselves can be improved to enhance the wireless system 

capability. 
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6 Annexes 

Annex 1. 

Table 4. Recent literature survey of fiber-based energy harvesting devices and respective output results of the signifi-

cant ones. 

Fiber-based energy 

conversion device 

Materials Open Circuit 

Voltage (V) 

Short Cir-

cuit Current 

(µA) 

Power Den-

sity (mW m-2) 

Year of Pub-

lication 

FTENG Rubber-Ni  380 11 869 2018 [45] 

FTENG PDMS-Au  40 210 204 2015 [46] 

FPENG PZT  209 53 - 2013 [47] 

FPENG P(VDF‐TrFE)  4 2.6 - 2015 [48] 

FTEG Bi2Te3–Sb2Te3  0.09 - 380 2014 [49] 

FENG PTFE‐AgNWs 0.66 0.02 0.0225 2017 [50] 

Charge Transfer 

Mechanism 

Polyaniline-Cu 116 16 600 2019 [14] 

Charge Transfer 

Mechanism 

Polypyrrole-Cu 

(Present Work) 

244 15 2290 2020 

 

The last two rows of Table 4 show the results of our group, where textile fibers were functionalized 

with polyaniline (previous work), and polypyrrole (present work). 

Annex 2. Charge Transfer Energy Diagram 

 

Figure 6.1 Charge Transfer Energy Diagram. 
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Annex 3. Movement Tracking System Application 

 

 

 

In Figure 6.1 we can see the system that was already built and the intented output. The goal of this 

application is that when the toy car passes on top of the fibers it will send a signal to ESP32 to then be processed 

into distance traveled or average speed of the car. This data is sent to a Web Server. By running the output 

code (in another PC) we get the “window” showed in the Figure 6.1. By clicking in the button “Get Velocity!” 

the average velocity of the car is displayed. As said before, this application is still in development.  

Annex 4. Python Code 

Python code of the Sensing Security System with Human Interface application is described below: 

 

import requests  

from PIL import Image     

import matplotlib.pyplot as plt 

import matplotlib.image as mpimg 

import time 

while True: 

  

    # api-endpoint  

    URL = "http://192.168.4.1/voltage1" 

    # defining a params dict for the parameters to be sent to the API  

    PARAMS = {'192.168.4.1':1} 

    # sending get request and saving the response as response object  

    r = requests.get(url = URL, params = PARAMS)  

Figure 6.2 Movement Tracking System constructed and preview of the desired output. 
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    # extracting data in json format  

    data1= r.json() 

     

     

    # api-endpoint  

    URL = "http://192.168.4.1/voltage2" 

    # defining a params dict for the parameters to be sent to the API  

    PARAMS = {'192.168.4.1':1} 

    # sending get request and saving the response as response object  

    r = requests.get(url = URL, params = PARAMS) 

    # extracting data in json format  

    data2 = r.json() 

     

     

    # api-endpoint  

    URL = "http://192.168.4.1/voltage3" 

    # defining a params dict for the parameters to be sent to the API  

    PARAMS = {'192.168.4.1':1}  

    # sending get request and saving the response as response object  

    r = requests.get(url = URL, params = PARAMS) 

    # extracting data in json format  

    data3 = r.json() 

     

     

    # api-endpoint  

    URL = "http://192.168.4.1/voltage4" 

    # defining a params dict for the parameters to be sent to the API  

    PARAMS = {'192.168.4.1':1}  

    # sending get request and saving the response as response object  

    r = requests.get(url = URL, params = PARAMS)  

    # extracting data in json format  

    data4 = r.json() 

     

    word=[data1,data2,data3,data4] 

    print(word) 
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    if word==[1,0,0,0]: 

        im = Image.open(r"C:\Users\Coalhon88\Pictures\Saved Pictures\rightknee.png")     

        im.show() 

    elif word==[0,1,0,0]: 

        im = Image.open(r"C:\Users\Coalhon88\Pictures\Saved Pictures\leftknee.png")     

        im.show() 

    elif word==[0,0,1,0]: 

        im = Image.open(r"C:\Users\Coalhon88\Pictures\Saved Pictures\rightelbow.png")     

        im.show() 

    elif word==[0,0,0,1]: 

        im = Image.open(r"C:\Users\Coalhon88\Pictures\Saved Pictures\leftelbow.png")     

        im.show() 

    else: 

        print('WRONG INPUT') 

     

    time.sleep(5) 

 

Annex 4. Supporting Real-time Videos 

1. Supporting Video SV1: Real-time video of instantaneous powering up 30 LEDs in series configuration 

by touch-interactive energy harvesting from self-powered device. 

https://drive.google.com/file/d/1KQ2cKtA35mhn0XhkORZmemX36dbgXsb-/view?usp=sharing 

2. Supporting Video SV2: Sensing security system with human interface application real-time test. 

https://drive.google.com/file/d/1iICQdUna7GD8MUJE27QjmIhB1-kiXuML/view?usp=sharing 

https://drive.google.com/file/d/1KQ2cKtA35mhn0XhkORZmemX36dbgXsb-/view?usp=sharing
https://drive.google.com/file/d/1iICQdUna7GD8MUJE27QjmIhB1-kiXuML/view?usp=sharing

