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ABSTRACT OF THE THESIS 

 

Air-permeable textile bioelectronics for wearable energy harvesting 

and active sensing 

 

by 

 

Austin Chang 

Master of  Science in Bioengineering 

University of  California, Los Angeles, 2022 

Professor Jun Chen, Chair 

 

 

Advances in wearable bioelectronics enable changes in the current reactive and disease-centric 

healthcare system to a personalized model, focused on disease prevention and health promotion. 

Harnessing the body’s biomechanical forces is a unique way to develop wearable bioelectronics for 

personalized healthcare. The research advancements in triboelectric nanogenerators and their ability 

to produce electrical signals in the presence of  deformation, compression, and bending, among other 

movements have made it very favorable for miniaturized biomechanical motion sensors. In this work, 

we developed a soft triboelectric nanogenerator (S-TENG) formed with a liquid metal electrode 

treated with Nickel (Ni-EGaIn) encapsulated between two layers of  Polycaprolactone (PCL) 

electrospun textiles. The Ni-EGaIn liquid demonstrates more tunable characteristics with a viscosity 

of  2,786 Pa·s at a shear rate of  1 s-1. The PCL cloth effectively wicks moisture keeping the sensor dry 

and cool with a drying rate of  5.07 % min-1 compared to conventional fabrics such as polyester with 
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a drying rate of  3.93 % min-1. Operating as a single-electrode, the 4x4 cm2 patch demonstrated its 

ability to produce an open-circuit voltage of  12 V with a short-circuit current of  0.12 mA, ultimately 

outputting a power density of  7.975 W m-2. The S-TENG exhibited stable performance over many 

cycles and demonstrated its capability in producing electrical output under varying degrees of  

deformation in the form of  stretching and bending. It has the potential to be integrated into all aspects 

of  wearables such as patches, bracelets, and even clothing. The capabilities of  the S-TENG given its 

power output efficiency, economical practicality, as well as user-friendly structure establishes itself  as 

a promising approach to sustainable, wearable bioelectronic devices. 
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1. Introduction 

 

Wearable bioelectronics have increased in popularity over the last decade with the rapid 

advancement of  Internet of  Things. This improvement in wearable bioelectronics raises the 

practicality of  achieving personalized healthcare. While personalized healthcare is difficult to 

accomplish for a large population, it has a lot of  attractive individual benefits elevating the patient’s 

health[1]. Rather than intermittent monitoring and diagnosing patients during hospital visits, wearable 

bioelectronics opens the path to continuous monitoring[2], which can assist with the prevention of  

illness through early diagnostics and detection of  problems. It can also provide a wealth of  data for 

analysis across all sorts of  conditions related to the patient. With the advances in wearable 

bioelectronics raising our ability to continuously monitor the body’s conditions, there is promising 

potential for innovation in both tracking and communication, enhancing personalized healthcare.  

The increase in demand for wearable bioelectronics capable of  monitoring physical 

performance, in-home care, patient health assessments, and all sorts of  applications in connected 

health has motivated the development of  various sensing and power generation approaches[3]. 

Flexibility to mechanical deformation from biomechanical motion, noninvasiveness, light-weight 

systems, and portability are all qualities that are highly desired in wearable bioelectronics[4]. Over the 

last two decades, meeting these criteria has evolved wearable bioelectronics into a newer platform of  

bioelectronics in the form of  wearable textiles[5]. Having been so fully integrated into the daily life of  

humans for thousands of  years, wearable textiles are a very attractive area to explore given their 

potential to not only perform sensing but also avoid interfering with the activity of  the individual due 

to their comfort and flexibility as well as intrinsically breathability [6-10]. Sensing is very achievable in 

fabric-based textiles as deformation caused by biomechanical motion can result in electric signal 

generation. Popular approaches involve electromechanical wearable bioelectronics utilizing 
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piezoresistive, capacitive, triboelectric, piezoelectric, and magnetoelastic sensing mechanisms[11-18]. 

Piezoresistive sensors, currently the most prevalent mechanoelectrical sensor[13], perform sensing by 

making use of  yarn[19] or thread [20, 21] as well as textile-based sensing[22, 23] in order to achieve 

monitoring applications in garments and clothing. Recent studies in capacitive sensors have been 

applied to respiration monitoring[24], a myriad of  body motion activity recognition instances[25], and 

noncontact health care monitoring in the form of  textiles in the shape of  a rings[26]. Triboelectric 

nanogenerator devices have been demonstrated to perform real-time respiration monitoring[27], 

active gesture sensing[28], and even influenced devices capable of  eyeball motion capture [29]. 

Similarly, piezoelectric bioelectronics have been applied to joint sensing [30] and extensive examples 

of  sensing through electronic textiles [31]. 

Beyond sensing limitations attributed to the different respective mechanisms, an important 

consideration for sensors is the power source. Batteries introduce countless issues including a limited 

lifespan and toxicity to the environment. Also, given their rigid and bulky nature, batteries can 

introduce weight and discomfort from the sensor to the user [32]. Ideally, sensors need to be flexible, 

lightweight, and comfortable to properly adapt to the needs of  its user. Thus, a replacement for 

batteries in the form of  self-powered energy harvesting devices is desired. Independent, scalable 

power-generating sources would be the goal as they would be able to sustain the sensors and provide 

information and data continuously without having to recharge and get in the way. Wearable textiles 

employing triboelectric nanogenerators [33-39], especially stand out along with piezoelectric 

nanogenerators [40-44] as both can perform energy harvesting, introducing the opportunity for 

sustainable, continuous monitoring. Triboelectric nanogenerators are an appealing approach as these 

sensors make use of  simple fabrication methods, cheap material costs, and availability of  triboelectric 

series materials and device designs [45]. Triboelectric generators have gained popularity in the last 

decade, with research demonstrating their capability of  transforming biomechanical motion into an 
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electrical power [11, 35, 46-49]. Additionally, TENG has the potential to overcome some common 

sensor challenges such as the ability to perform high-dynamic detection as well as performing static 

monitoring.  

In the process of  merging triboelectric nanogenerators (TENG) with our clothing, the selection 

of  the appropriate textile to complement these wearable devices is an important consideration. The 

soft textile TENG is capable of  converting biomechanical motions into electrical signals through the 

contact and separation of  two distinct triboelectric materials [50]. This is an achievable and simple 

structure that can effortlessly be applied with a wide range of  available materials. The flexibility of  

source textile materials opens the door for more selective criteria focused on comfort and 

performance. Of  the many materials used for fibers including wool, cotton, silk, and linen as well as 

synthetic textiles from Polyester and nylon, polyethylene (PE) textiles stand out offering a competitive 

functional performance [9]. Comparable in mechanical properties [51, 52], polyester textile, 

Polycaprolactone (PCL) is also a promising material. Woven PE and PCL fabrics are economical, have 

exciting functionality such as cooling capabilities, and have excellent mechanical properties. Both 

textiles are also biodegradable, biocompatible, and non-toxic making them good candidates for 

wearable textile consideration.  

Similarly, the deliberate selection of  an electrode is important for the electric signal and current 

conduction of  the system. It must also be compatible with the wide availability of  choices capable of  

meeting the TENG energy harvesting mechanism requirements. An agreeable approach to match the 

flexibility desired in the soft textile TENG involves the implementation of  an electrode made up of  

some form of  liquid metal. Liquid metal alloys gallium, gallium-indium-tin, and eutectic gallium-

indium have gained popularity given their viscoelastic as well as metallic properties at room 

temperature [53]. They are also a low-toxic alternative to mercury. The liquid metal functions well in 

its liquid state as it can effectively mold to the design of  the sensor [54]. Additionally, the formation 
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of  a stable outer surface oxide layer of  “skin” protects the electrode and helps the liquid metal body 

mechanically stabilize [55].  

In this work, we present a flexible, sustainable power source in the form of  an air-permeable 

soft bioelectronics device that is easily reproducible and made out of  economically viable materials. 

The device is lightweight, flexible, and also breathable developed from a fabrication strategy utilizing 

electrospun technology to form the textile out of  polycaprolactone [56]. In terms of  sensing and 

power generation, the device acts as a triboelectric nanogenerator, producing electric signals through 

the triboelectric effect. The device can easily be implemented into a network of  sensing systems in the 

PCL electrospun cloth achieving biomechanical sensing given its sensitivity to deformation. 

Combining simple PCL nanofiber mesh cloth with a Ni-doped light liquid metal layer Eutectic 

Gallium-Indium (EGaIn), a 4 cm by 4 cm air-permeable textile is capable of  reliably providing an 

output power of  7.975 W m-2. The lightweight PCL nanofibers when considered with their air-

permeability, flexibility, biocompatibility[57], and biodegradability[58] offer a favorable material to 

house the liquid metal. The PCL itself  is appealing as it is nontoxic[59], durable[60], and stable with 

desirable rheological properties[61, 62]. This device can be adapted to clothing and patches to function 

not just as an energy harvester, but more importantly, as a biomechanical sensor. Given its discreet 

and subtle appearance, it can easily be integrated into everyday wear serving its sensing and energy 

harvesting functions as well as providing comfort and effective moisture wicking away through its 

breathability and flexibility [63]. 
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1. Results and Discussion 

2.1 Characterization of  liquid metal 

To optimize the liquid metal’s performance in the overall structure of  the S-TENG as a wearable 

sensor, it is important for it to not only be flexible but also for it to adhere well to the cloth and 

maintain some semblance of  shape and form. In order to do so, the surface tension and adhesivity 

need to be addressed in the liquid metal composition. This augmentation was done by implementing 

Nickel (NI)-doping on liquid metal which has been demonstrated to increase oxidation of  the 

EGaIn[64]. This increase in oxidation brings about two main benefits. The accelerated oxidation 

lowers the surface tension of  the EGaIn liquid metal. Additionally, Ni-doped EGaIn can induce 

greater adhesivity compared with that of  regular EGaIn[65]. This adhesivity plays a role in increasing 

the viscosity of  the liquid metal. While the liquid flexibility of  the metal electrode leads to greater 

flexibility in the sensor, there needs to be a balance. A degree of  viscosity must also be considered as 

it is necessary to maintain some form and shape in the electrode. Hence, by adding nickel the viscosity 

increases, providing another valuable characteristic to the electrode. This behavior is shown when 

testing the mechanical properties of  the Ni-EGaIn. We started by mixing the Nickel with the EGaIn 

liquid metal (Fig. 1a). We compared the Ni-EGaIn with purely just the EGaIn liquid metal itself  

through a series of  mechanical tests by rheometer (Fig. 1b). The apparent viscosity increases in the 

Ni-EGaIn in comparison with regular EGaIn (Fig. 1c). This indicates that the Ni-EGaIn will be easily 

processed as an electrode since it is more viscous. As shown in the storage modulus (Fig. 1d) and loss 

modulus (Fig. 1e) tests, doping liquid metal with Ni particles increases both the storage modulus as 

well as the loss modulus. It is worth noting that as the shear stress approaches 100 Pa, undoped EGaIn 

experiences a more drastic drop in its storage modulus falling lower than its loss modulus while the 

doped EGaIn maintains a steadier storage modulus value and sees significant drops closer to shear 
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stresses of  just under 1000 Pa. These results indicate that beyond simply being able to conduct 

electricity for the sensor, the sensors also gain structural benefits. In this form, the liquid metal will 

have an improved material mechanical strength while simultaneously still maintaining an elastic-

material-like quality given that the storage modulus is higher than that of  the loss modulus. 

 

2.2 Characterization of  the PCL electrospun cloth 

 One of  the key components of  the S-TENG is the fabric material that acts as the primary 

interface between the user and the liquid metal electrode. The intention of  this cloth is to be able to 

enable triboelectrification when interacting with the electrode while simultaneously retaining desirable 

wearable fabric qualities such as air permeability, drying capabilities, and flexibility. For this experiment, 

Polycaprolactone (PCL) was dissolved and underwent the process of  electrospinning to prepare the 

PCL microfibers for use (Fig. 2a). To investigate the mechanical properties of  the cloth itself, stress-

strain tests were performed (Fig. 2b). In terms of  mechanical strength and performance and resistance 

under stress, the Young’s modulus of  the fabric was measured to be 1.58 MPa. The fabricated PCL 

cloth is depicted in the photographic image in Fig. 2c, exhibiting soft, flexible, and lightweight physical 

qualities. We also investigated the microstructure of  the PCL electrospun cloth by fluorescence 

microscope, which indicates the dispersion of  the microfibers (Fig. 2d). In the process of  the 

development of  the PCL cloth for the S-TENG , varying mesh sizes of  the woven cloth were tested. 

The morphology of  these iterations of  the PCL cloth was then examined through scanning electron 

microscopy (SEM). Imaged mesh cloth sizes with18, 35, and 70 mesh were demonstrated at an 

unstretched state (Fig. S1).  For the 18-mesh cloth, the lateral dimensions were measured to be 630 

µm by 710 µm (Fig. S1a). The lateral dimensions for the 35-mesh cloth were 300 µm by 250 µm (Fig. 

S1b). And finally, the lateral dimensions for the 70-mesh cloth were 140 µm by 140 µm (Fig. S1c). For 

the assembly of  the S-TENG, 120 mesh PCL cloth was selected for its finely-designed micro-structure 
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with enhanced contact area to increase triboelectrification[66]. The microfibers are evenly dispersed 

in these magnified views and nicely stacked on top of  each other (Fig. 2e, 2f). The measured average 

diameter of  the fibers is approximately 1.6 µm (Fig. 2g). A final adjustment to the cloth was to improve 

its drying properties. Removing sweat from the skin provides comfort and is typically a two-step 

process in which the moisture on the skin is wicked by the fabric before evaporating from the cloth. 

Untouched and unchanged, the PCL cloth without any sort of  treatment will not have efficient 

wicking capabilities (Fig. S2). Due to high surface energy, water in the form of  droplets will stick to 

the cloth and not easily evaporate. To enhance the drying ability of  the PCL cloth, the fabric was put 

through plasma treatment to lower the surface energy. The subsequent behavior resulted in a droplet 

wicking within 5 seconds (Fig. 2h,2i). This efficient spreading of  the droplet through wicking would 

then increase the area in which the water droplet is exposed accelerating the rate of  evaporation. When 

used in modern applications, this would increase the comfort of  the fabric making it more suitable 

for wear as it can more easily remove sweat from the body through the process of  wicking and 

evaporation. 

As previously mentioned, the EGaIn liquid metal was mixed (doped) with nickel particles. For 

the implementation of  the electrode into the S-TENG , polyethylene terephthalate (PET) was used 

to pattern the liquid metal electrode. A PET mask was placed on a surface over a magnet (Fig. 2j). A 

laser was then used to burn through the PET mask patterning grooves into the thin film acting similar 

to a mold (Fig. 2k). Finally, a layer of  the PCL cloth was placed underneath the PET mask and the 

EGaIn liquid metal was poured on top in the patterned spaces of  the PET, consequently coming into 

contact with the PCL cloth and oxidizing (Fig. 2l). The magnet below the surface was used to keep 

the liquid metal in place given its fluidity. Finally, the PET is removed, and a second PCL cloth is 

placed over the liquid metal. Altogether, after optimizing the PCL electrospun cloth with plasma 

treatment and implementing the Ni-EGaIn liquid metal consisting of  roughly 10% of  the overall 
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fabric area, the S-TENG textile was constructed (Fig. 2m). The assembly of  the S-TENG is made up 

of  printed EGaIn liquid metal electrodes sandwiched between two PCL electrospun cloths. The PCL 

textile has a high negative electron affinity; thus, it can provide desired characteristics of  wearable 

electronic textiles. Its electron affinity allows for the potential difference between the cloth and the 

liquid metal to promote the process of  triboelectrification. The electrospun cloth structure while 

holding the electrode between the two cloths, can maintain the desired flexible and adaptable shape 

while simultaneously retaining its porous, breathable attributes. 

 

2.3 Characterization of  S-TENG as a Power Source 

The S-TENG relies on two main motions to generate electricity (Fig. 3a). Under pressure from 

skin contact, bending, or tapping will induce vertical contact separation of  the triboelectric 

nanogenerator. Contact between the two triboelectric materials, the electrode, and the PCL cloth will 

cause coupling of  triboelectrification and electrostatic induction. When the skin puts pressure on the 

S-TENG , the contact between the electrode and PCL will induce more negative charges in the cloth 

closer to the metal and more positive charges in the zone of  the electrode closer to the cloth. The 

continuous separation and contact of  the two materials will then result in a change in potential 

resulting in which electrons can flow in and out of  the electrode which is connected to a wire to 

ground. This flow of  electrons results in a current, thus creating the mechanism for power generation. 

As illustrated in Fig. 4b, the atoms of  the two different materials will start with different charges, but 

we expect that under the external mechanical forces, as the two atoms draw closer together, the 

electrons will in turn transfer to a more balanced state.  

To understand the capabilities of  the S-TENG and its electrical output with different materials, 

the S-TENG was subjected to contact from various sources including Aluminum, Steel, PET, Kapton, 

and FEP. (Fig. 3c). Each of  these materials has a distinct affinity to either lose or gain electrons through 
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contact and separation of  said materials with the electrospun cloth. The contact and separation induce 

the triboelectric effect on the PCL giving it varying initial charges which can vary the electrical output 

of  the S-TENG as it then comes in contact with the EGaIn liquid metal electrode. From these tests, 

the S-TENG demonstrates the capability of  having unique signals for different materials in the 

triboelectric series. In the same way, when human skin meets the S-TENG , it can induce electron 

transfer as the two surfaces have different electrification, inducing electrification beyond simple 

mechanical motion between the PCL and the EGaIn electrode. The triboelectrification and 

electrostatic induction from this simple contact show great potential for application in wearable 

bioelectronics. 

To investigate the conversion from mechanical motion to electrical output, several scenarios 

were implemented to better understand the S-TENG ’s performance. Short-circuit current was 

measured at increasing frequencies (Fig. 3d). From 1 Hz to 6 Hz tapping frequency, the current 

increased from 0.008 mA to 0.08 mA. On the other hand, mechanical motion at higher frequencies 

did not result in any noticeable difference in voltage amplitude and remained within the same range 

between 2.91 V to 3.62 V even as the tapping frequency sped up from 1 Hz to 6 Hz (Fig. 3e). The 

electrical output is characterized by increasing current as a result of  increasing the frequency of  the 

mechanical motion applied to the fabric over time.  This behavior can be explained by the working 

principle of  the bending triboelectric nanogenerator motion. By increasing the rate at which the 

materials come into contact and then separate, the charges are forced to travel at a faster rate resulting 

in a greater measured short-circuit current (Fig. 3d). On the other hand, TENG has a restrained 

inherent material property as well as a range of  motion; the charged surfaces due to the triboelectric 

effect will have an inherent limit to how high they can go. With the same force of  tapping, the 

separation of  charges will not increase, thus keeping the open-circuit voltage practically the same, even 

at higher frequencies (Fig. 3e). To gauge the durability of  the device, the S-TENG was placed under 
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mechanical compression and tapping for 6000 cycles (Fig. 3f). The device demonstrated excellent and 

consistent performance throughout the entire duration, speaking to its ability to perform over long 

periods.  

The power density was also investigated by looking at the changes in voltage and current under 

different load resistances. From 0 MΩ to 1000 MΩ, the voltage increased to 11.6 V. With the increase 

in resistance, the decrease in current falls from 0.12 mA to 0.27 mA (Fig. 3g). The power distribution 

of  this structure was measured, and the device demonstrated its ability to reach a peak power of  12.76 

mW. Based on the dimensions set to a 4x4 cm2 cloth, the device would be capable of  generating a 

peak power per area of  7.98 W m-2 at the matched load resistance of  ~100 MΩ (Fig. S3).  

The output performance of  the S-TENG was systematically tested for its ability to sense the 

intensity of  tapping, sensitivity to bending, and finally its ability to charge a capacitor. The S-TENG 

was subjected to finger tapping increasing the number of  fingers from one finger to all five fingers 

(Fig. 3h). The measured voltage was lowest for one finger and increased with the highest voltage 

measured for five fingers. As demonstrated, within each cycle, there are distinct measurements across 

the different number of  fingers ranging from 1.4 V (1 finger) to 5.1 V (5 fingers). Additionally, across 

each of  these cycles in which the number of  fingers was repeated, the voltages were consistently in 

the same general range for distinct electrical signals at each respective number of  fingers (Fig. 3i). The 

output of  the TENG was also carefully examined through a controlled bending and releasing at 

various predetermined angles. The fabricated device was attached to the index finger to measure the 

finger joint angle. From a fully extended state of  180º, electrical output was measured at 150º, 90º, 

and 60º. 90º index finger flexion is defined to be when the proximal interphalangeal joint undergoes 

flexion to a 90º angle. 150º flexion would be partway between 180º and 90º. 60º is when the index 

finger is fully bent. As demonstrated in Fig. 3j, there were distinct measurements for the voltage for 

each of  the predefined deformations. At 150° flexion of  the finger, the measured voltage was about 
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0.94 V. At 90° flexion, the measured voltage increased to 2.1 V. Finally, at multiple measurements of  

the finger flexion of  60°, the S-TENG outputted 3.4 V. These distinct and consistent measurements 

for specific finger extension and flexion demonstrate the potential to apply the S-TENG as a sensor 

for biomechanical movement under physical bending. As for proof-of-concept application, the S-

TENG was explored as a human-machine interface to control a bionic robotic hand. As shown in Fig. 

3k, the objective of  this test was to demonstrate the ability of  the S-TENG to control finger bending 

in the mechanical hand. In the test, the robotic finger was successfully bent under the stimulation of  

a linked S-TENG. To complement this setup, more S-TENG could be implemented and linked to 

more fingers forming a control panel to produce more complex tasks. More sensing information can 

be gained from the S-TENG to control fingers individually. Different sensing information can be 

processed and translated into various outputs such as which finger is bent and the degree to which it 

bends. 

Finally, to examine the ability of  the S-TENG as a power source harvesting biomechanical 

motion, the S-TENG was connected to a capacitor augmented by a rectifier. Driven by gentle tapping, 

the S-TENG is capable of  charging 1µF, 2µF, and 10µF capacitors. (Fig. S4). While maintaining the 

same tapping motion and speed without intensive effort from the user, the capacitors were charged in 

14s, 19s, and 152s respectively. As a proof-of-concept application for this device, the S-TENG was 

integrated into a heartbeat sensor setup. The biomechanical work done by the tapping can be 

converted to electricity charging up the capacitors and in turn powering the sensor. More 

experimentation can be done to investigate the device's ability to simultaneously detect electrical 

signals due to the vibrations from the heartbeat and charge the capacitor to perform additional 

communication with other devices. 
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2.4 Evaluation of  fabric-drying performance 

Part of  the allure of  wearable sensors is derived from their practicality and minimal obstruction 

in the daily life of  the user. To accomplish this in a wearable device involving textiles like the proposed 

S-TENG , air-permeability needs to be involved. One common reason is that with sweat glands 

producing sweat throughout the day, a method of  wicking or evaporating the moisture at the site of  

the device would be very helpful for the user’s comfort [16]. Taking a closer look by assessing the 

performance of  the PCL electrospun cloth, in-depth moisture-wicking and evaporation tests were 

performed on the fabric in comparison with common commercially produced fabrics including 

Polyester, Cotton, and woven Polyethylene (PE). A droplet of  water was placed on the fabric and its 

evaporation rate was measured across the 3 fabrics in addition to the PCL cloth with mesh sizes 30, 

40, and 120 as well as 120 with plasma treatment (Methods and Fig. 4a). By inserting this water droplet, 

the processes of  perspiration wicking and the evaporation of  sweat are mimicked. Given that the 

objective of  the wearable textile is to be worn on the skin with the fabric directly in contact with the 

skin surface, these tests can be an appropriate representation of  the performance of  the materials. As 

discussed in other papers, this woven fabric has a justified advantage as there is more efficient 

moisture-wicking in the direction of  the yarn, spreading the droplet to the sides, and also elevating 

vertical moisture transport across the fabric [9]. Comparing all these fabrics in this paper, PCL at 120 

mesh with plasma treatment outperformed all fabrics but woven PE (Fig. 4b-c). Thus, in the 

perspective of  drying, the PCL textile has impressive qualities, superior to traditional materials such 

as Polyester and Cotton. Yet, it comes up short in comparison with woven PE. Temperature 

measurements were also taken beneath the woven PCL as well as cotton with four equidistant 

thermistors embedded to measure the lateral moisture and evaporative cooling performance of  the 

textiles (Fig. 4d). The efficient moisture transport laterally promoting droplet spreading is observed 

given the uniform temperature across all 4 thermistors after a drastic initial drop (Fig. 4e). A similarly 



13 

 

sharp transition is also observed speaking to the fast evaporation of  the material. This is contrasted 

by the cotton fibers which have exhibited uneven droplet spreading given the observably different 

temperatures between thermistors 6 and 8 which correspond to the same location as that of  

thermistors 2 and 4 in the PCL woven mesh. Additionally, the observed performance of  the 

evaporation of  the water droplet was much slower and gradual likely governed by the uneven droplet 

spread. Comparing these two fabrics, PCL’s evaporative capability makes it a favorable fiber decreasing 

drying time, increasing comfort in its even temperature distribution, and also reducing energy 

consumption during instances such as tumble drying making it all the more economical [67].  

 

2.5 Outlook 

In comparison with other existing power-generating technologies, triboelectric nanogenerators, 

more specifically in this context, S-TENG is favorable. S-TENG makes use of  affordable material 

with a relatively simple build and structure. Its lightweight and small size as well as its high output 

power relative to its weight and size make it easy to integrate into everyday clothing and wearable 

mediums. 

Technically, the overall performance of  the S-TENG can be augmented by enhancing the fabric 

used. As demonstrated in Fig. 4b and 4c, the 120 mesh PCL with plasma treatment has more favorable 

characteristics in the context of  comfort in a sensor for a wearable device. While biodegradability and 

sustainability are important, the effectiveness of  a sensor should also require more consideration of  

its durability and ability to endure and serve its purpose. The experiments demonstrated that the S-

TENG had great durability in a lab setting when testing over many cycles with consistent results. 

However, more experimentation can be performed for other materials to optimize and balance 

between better durability and higher electrical power output. It is also worth noting that there may 

need to be more investigation and development in the circuitry to complement the development of  
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TENG in an industrial setting. Given that conventional electronics make use of  high currents and 

lower voltages, there is an imbalance or mismatch with TENG as the S-TENG produces higher 

voltages and much lower currents. Existing solutions to transform and increase current while lowering 

voltage are typically bulkier. So, increasing the application of  the S-TENG as a power source in a 

miniaturized system may require the development of  a more suitable approach. 

The triboelectric effect observed in the S-TENG enables energy harvesting and the production 

of  electrical signals when the structure is subjected to deformation and compression. This method of  

power generation presents multi-faceted applications and can contribute to healthcare sensing needs. 

Scaled-down, a network of  sensors can be employed to interpret complex motions and movements 

of  a human through translation and processing of  machine learning implementations. These small, 

light sensors can also be used to detect smaller, indiscernible, less obvious movements. This can be 

useful for patients with conditions such as muscular dystrophy who may lack the strength to press 

buttons or apply pressure on panels to communicate some of  their needs with machines or other 

communication devices. The application with the human-machine interface involving the bionic hand 

is an example of  an instance in which smaller, more subtle movements limited by the condition of  the 

user can be translated to bigger, more complex movements to help them accomplish tasks they might 

not normally be able to perform. In addition to sensors, the ability to harvest energy in this S-TENG 

can also be utilized for areas such as electrical stimulating treatment for wound healing. With such a 

light and breathable patch that is also flexible and easily applied as a patch, the S-TENG can be used 

to complement a system designed to apply electrical stimulation to injuries. 
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2. Conclusion 

In summary, we have successfully developed a soft textile TENG that is flexible, lightweight, 

and breathable while simultaneously capable of  generating electricity which can be utilized as a power 

harvester and sensor. The device can effectively distinguish between different contact materials, is 

sensitive to varying force impact, and can produce electric output with great durability. The S-TENG 

is capable of  harvesting mechanical energy in multiple forms including vibrations, impacts, bending, 

compressions, etc. The fabrication strategy that was implemented involving the electrospinning 

method is suitable for mass production and the materials itself  is low-cost. Thus, the reported low-

cost soft textile TENG introduces the comfortable appeal of  being breathable and lightweight with 

its flexible integrity maintained through the liquid metal. We expect that this device could be an 

attractive starting point for more biomechanical sensors or energy sources to sensors integrated into 

the daily motions of  an individual. In our demonstration of  various electric performances with the 

fabricated device, further complementary development in terms of  storing this energy can enable the 

S-TENG to power wearable electronic devices. 

 

4. Experimental Section 

4.1 Electrospinning process of  PCL micro-fibers 

Polycaprolactone was dissolved in a hexafluoro-2-propanol (HFIP) solution at 50°C through 

magnetic stirring, forming a viscous solution. The mass ratio of  PCL to HFIP was kept at 1:10. 

Performed at room temperature, the solution was sent into a 20 mL syringe for electrospinning with 

an applied voltage at 18 kV, with the feeding rate of  the solution set to 5 mL h -1, and the collecting 

distance of  15 cm. The electrostatically charged PCL microfibers were then collected on a stainless 

steel plate and subsequently removed for use. 
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4.2 Fabrication and Preparation of  Eutectic gallium indium (Ni-EGaIn) layer 

Gallium (99.99%) and In (99.99%) ingots were acquired from RotoMetals. A muffle furnace 

(ThermoFisher) was used to heat the EGaIn (74.5 wt% Ga and 25.5 wt% In) at 220ºC for 1 hour. A 

VWR mini vortexer was then used to thoroughly mix the liquid metal with 10 wt% Ni (99.5%, 5µm, 

US Research Nanomaterials) to the preferred rheological property for improved processability. 

Subsequently, to make a designed mask, the polyethylene terephthalate film was cut into a designed 

shape (outer length, 48.18 mm; inner length, 22.86 mm; line-width, 730 µm) with a laser cutting 

machine (ULTRA R5000, Universal Laser System). The Ni-EGaIn liquid metal was patterned into a 

thin substrate electrospun textile with the previously printed polyethylene terephthalate film mask.  

 

4.3 Assembly of  S-TENG 

The layers of  the EGaIn liquid metal were then patterned on the PCL textile. A second PCL 

textile was immediately placed on top to seal the liquid metal and allow it to oxidize and attach itself  

to both layers of  fabric. A copper lead wire was attached on one side for electrical connection/output. 

For the plasma-treated S-TENG , the textile was put into a plasma reactor (PDC-001, Harrick) for 

surface modification. The chamber was thoroughly cleaned before operation. The power was set to 

be at maximum, and the treatment time was set to be 2 minutes. 

 

4.4 Materials Characterization 

The fluorescence images were collected by using a Zeiss Axio Observer Z1 inverted 

fluorescence microscope. The fluorescent marker was prepared by adding 0.1 wt% fluorescein sodium 

salt (Sigma Aldrich) to the PCL solution. Through the same process as regular PCL solution, 

fluorescent PCL electrospun fibers were also fabricated. The fluorescent marker was excited using a 
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488-nm laser channel with the PCL fibers given a green pseudo-color to emit. In terms of  rheological 

characterization, all experiments were tested at a temperature of  25ºC. A rheometer (AR-2000, TA 

instruments) was used to measure the viscosity, storage modulus and loss modulus of  the liquid metal. 

The sample was held by a steel plate (20 mm diameter) with a shear rate applied from 0 s-1 to 100 s-1. 

A sweep of  stress ranging from 10 Pa to 10000 Pa was applied for the oscillation experiment. 

 

4.5 Electrical Characterization of  S-TENG 

A control experiment was performed to verify the presence of  the triboelectric effect converting 

the biomechanical motions into electric energy in the S-TENG. A Keithley system electrometer (6514) 

was used to measure voltage signals of  the TENG. For the current signals, a Stanford low-noise 

current preamplifier (model SR570, Stanford) was employed. To test for stability of  the S-TENG , 

the device was tested by a calibration electrodynamic transducer (Labworks, ET-126HF) at 20 Hz. For 

the standardized test, a flat plate with dimensions greater than that of  the device was used. This plate 

is connected to an electrodynamic shaker system. The shaker system consists of  a function generator 

(AFG1062, Newark), a linear power amplifier (PA-151, Labworks Inc.) as well as an electrodynamic 

transducer (ET_126HF, Labworks Inc.). 

 

4.6 Rectifier/Capacitor Preparation 

For measuring electrical output for power generation applications, a Schottky diode bridge 

rectifier (MBSK16SE) was used for a.c./d.c. conversion. Then, it was connected to electrolytic 

capacitors. 

 

4.7 Bionic robotic-arm application 

 To demonstrate the capability of  the S-TENG to work as a human-machine-interface 



18 

 

controlling a robotic arm, a mechanical hand (Hiwonder) was used. First, it was connected with the 

digital pins of  a micro-controller (Adafruit QT Py - SAMD2). Second, the S-TENG was connected 

to a low-noise amplifier (AD620,  Teyleten Robot), which was also connected with the the analog 

pins of  a micro-controller. Finally, a on-board programe was made to control the bionic robotic-arm. 

 

4.8 Preparation of  artificial perspiration 

To test the wicking abilities and performance of  the cloth under moisture, artificial perspiration 

was used. A combination of  0.465 g NaCl (Sigma Aldrich), 3.87g 1M lactic acid solution (Alfa Aesar), 

1.80 g Urea (Alfa Aesar), 1.37 g KCl (Sigma Aldrich), 0.756 g NaHCO3 (Sigma Aldrich), 0.546 g 1 M 

NH3ᐧH2O (Sigma Aldrich), 0.175 g Na2SO4 (Sigma Aldrich), and 0.0276 g uric acid (Alfa Aesar) were 

added in 3 L deionized water and mixed for 30 min. 

 

4.9 Characterization of  moisture drying properties of  different fabrics 

The characterization and testing of  drying properties in fabrics were performed with a modified 

procedure based on the ISO 17617 standard (method B). Circular fabric test cloths dimensions were 

85±2mm. The test cloths were kept at a maintained room temperature of  23.6 ± 0.3°C with a relative 

humidity of  40±5%. The ambient temperature and the relative humidity were measured for a day with 

a thermistor and hygrometer, respectively. Each sample was weighed in a Petri dish on a precision 

balance (Sartorius Secura 124-1S Analytical Balance). Using a micropipette, 0.25 ± 0.02 mL of  distilled 

water was inserted at the center of  the base of  the Petri dish and covered by the test fabric cloth. The 

Petri dish along with the components placed in it was then exposed to the environment. Temperature 

and humidity were then measured during the length of  exposure for this experiment. The change in 

weight due to the evaporation of  water was measured over 2 minutes, and the drying time and drying 

rate (percentage min-1) were calculated. 
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 To measure how the spatial temperature distribution of  the fabric is impacted by evaporation, 

these tests were performed once against using a Polystyrene plate with a temperature of  45° C. The 

dimensions of  the plate had an area of  10 x 10 cm2 and a thickness of  2cm. Four thermistors 

(TL1913SL) were placed onto the surface, and two were placed close and equidistant from the center 

(1cm). Another two were positioned radially outward spaced an additional 1 cm apart. At a sampling 

frequency of  one sample per second, all thermistor data was logged with digital data longer, OM-CP-

OCTPRO (Omega Instruments). 
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Fig. 1. Characterization of  the Ni-EGaIn. (a) Mixing and preparation of  the liquid metal electrode 
with the addition of  Nickel particles.  (b) Photograph of  mechanical testing, measuring for the (c) 
Apparent viscosity, (d) Storage Modulus, and (e) Loss Modulus of  the Ni-EGaIn liquid metal. 
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Fig. 2. Fabrication process of  S-TENG . (a) Preparation of  the PCL with a micro-mesh pattern. (b) 
Stress vs. Strain of  PCL cloth with Young’s modulus of  1.58 MPa. (c) Photograph showing the PCL 
cloth. (d) Fluorescent microscope image. SEM images of  PCL cloth with scale bar: 100 µm (e), 20 µm 
(f), 2.5 µm(g). Liquid droplet contact angle image on plasma-treated PCL at 0 seconds (c) and 5 
seconds (d). (j) Using the PET as a mold, laser cutting the shape (k) before inserting the liquid metal 
held down by the magnet (l). (m) Schematic of  the assembled S-TENG . 
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Fig. 3. Electrical and mechanical characterization of  the S-TENG sensor. (a) Visualization of  the S-
TENG current and voltage process with (b) atomic-scale-electron-cloud potential-well model to 
describe contact electrification between PCL and EGaIn. (c) Voltage vs. contact material plot 
illustrating the distinct electrical output based on different materials. The current (d) and voltage (e) 
output under different tapping frequencies on the S-TENG surface. (f) The durability of  the S-TENG 
output under continuous measurement over a period of  6000 cycles. The inset shows the enlarged 
view of  the cycles at different time points marked by the double dashed line in the main plot. (g) 
Dependence of  voltage and current on increasing resistance load conditions. (h) Voltage output of  
tapping under an increasing number of  fingers. (i) Voltage output for cyclic finger tapping from one 
to five for four repetitions. (j) Voltage output due to varying degrees of  finger bending angles. (k) 
Demonstration of  the S-TENG as a human-machine-interface to control the bending of  the bionic 
robotic hand. 
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Fig. 4. Comparative drying and evaporative cooling performance of  textiles. (a) Diagram of  the 
experimental set-up used to measure the drying rate of  water droplets placed into the fabric based on 
the weight change. Water residue (c) and drying rate (d) of  woven PE fabric along with different 
commonly used textiles. Corresponding rates of  commercial woven PE, Polyester, and Cotton used 
for comparison with the varying Mesh PCL textile. (d) Experimental diagram of  the set-up employed 
to measure the spreading of  lateral moisture and evaporative cooling performance of  the textile. (e) 
Temperature measurements beneath PCL 120 mesh (1-4) and Cotton (1’- 4’). 
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5. Appendices 
 

 
Supplementary Figure 1. Morphology of  PCL cloth at varying mesh sizes. SEM image of  PCL 
cloth with mesh size and scale bar: (a) 18, 240 µm (b) 35, 240 µm (c) 70, 200 µm. 

 

The lateral dimensions of  each opening in the 18-mesh cloth were 630µm by 710µm.  For the 35-
mesh cloth, the lateral dimensions were 300 µm by 250 µm. Finally, the 70-mesh cloth had lateral 
dimensions of  300 µm by 250 µm. 
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Supplementary Figure 2. Droplet test on untreated PCL without plasma treatment. This image 
is that of  a water droplet placed onto the PCL cloth without undergoing plasma treatment. Due to 
the high surface energies, the droplet will adhere to the textile for a longer duration and have a much 
more delayed wicking and evaporating rate. 
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Supplementary Figure 3. The power output under varying resistance 
Resistance was varied from 0 to 1 billion ohms and based on measurements of  current and voltage 
of  the S-TENG , this plot of  the S-TENG power output over the increasing resistance was 
measured. The measured peak power was at 390 mW m-2  
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Supplementary Table 1. Price of PCL electrospun fiber and liquid metal electrode 

Material Category Price 

PCL electrospun cloth fiber $11 / g 

Ni-eGaIn $0.52 / g 
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Supplementary Table 2. Water vapor transmission rate of  different textile samples.  
 
TEXTILE CATEGORY WATER VAPOR TRANSMISSION RATE 

COTTON 3.3% min-1 

POLYESTER 3.8% min-1 
WOVEN PE 7.2% min-1 

30 MESH PCL 0.37% min-1 
40 MESH PCL 0.98% min-1 
120 MESH PCL 1.29% min-1 

120 MESH-PLASM PCL 5.1% min-1 
 
 
The two textiles with the highest water vapor transmission rate was the woven Polethylene and the 
120 mesh PCL cloth that underwent plasma treatment. This 120 Mesh-Plasm PCL was the cloth 
employed for the S-TENG . 
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