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ABSTRACT

Abir, Sk Shamim Hasan, Force spun PVDF and TPU nanofiber based triboelectric nanogenerator

for energy harvesting and sensor application. Master of Science Engineering (MSE), August

2021, 44 pp., 23 figures; 95 references.

Flexible triboelectric nanogenerator (TENG) is the next generation potential candidate for
wearable and portable electronics. In this study, nanofiber based TENG has been demonstrated
for energy harvesting and biomechanical sensing applications. The TENG was prepared by force
spun polyvinylidene fluoride (PVDF) and gold (Au) sputtered thermoplastic polyurethane (TPU)
nanofiber (NF) layers. The experimental characterization of the PVDF-TPU/Au NF-TENG
revealed that surface modification by creating extra frictional area of the TPU fiber membrane
resulted the maximum open circuit voltage (254 V) and short circuit current (86 pA) output at
240 bpm (beats per minute) load frequency which was respectively 112% and 87% greater than
bare PVDF-TPU NFs based TENG with the active contact surface area 1.25 x 1.0 in?,
Furthermore, the TENG was able to light up 75 LED of 1.5 V each by hand tapping at 240 bpm
frequency. The results of the resistive loads and capacitor tests exemplified that our proposed
TENG offered a viable prospect for a simple and high performance self-chargeable electronics.
Consequently, the possible chest, thigh, forearm, and bicep muscle sensors with different body

movement, illustrated the possibility of flexible and cost-effective body motion sensors as well.
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CHAPTER |

INTRODUCTION

In order to create a triboelectric nanogenerator, two electrostatic material is essential and
selecting this material is very important as the performance the TENG cell depends on the
material’s inherent polarity difference and charge ejection/acceptation capabilities. For making
the TENG cell flexible and stretchable, polymer is the most proper material which serves all the
requirements [1], [2]. Though TENG can utilize various modes of available energy however
considering cost effectiveness and ease of fabrication we focused on scavenging mechanical
energy with contact and separation mode of the TENG. Making high performance TENG serve
for long time without damaging the layer, polymeric nanofiber based TENG is a good choice in
this consideration. Compare to the polymer film/composite which are often thick and face low
quality mechanical stretchability, the nanofibers serve much better as they provide porous

morphology and rough surface area to cause friction to generate triboelectric effect [3], [4].

In this study, we have synthesized PVDF nanofiber with by Forcepsinning® technique as
negative layer with high affinity toward electron. PVDF has gained lots attention over the years
due to its high piezoelectric coefficient and dielectric constants. Besides, continuous and
homogeneous PVDF NFs result in B phase over other phases, yields very good electroactive
characteristics special high polarizability and dielectric properties which promote significant

electrical output of the TENGs [5], [6]



Compare to other positive polymer with good electron ejection capability, TPU has been
studied very little in this regard. In this experiments, we have fabricated heterogenous and
flexible TPU nanofiber mat as a positive layer by forcespinnig technique as well due to good
charge density difference with respect to PVDF [7]. However, bare polymeric nanofiber doesn’t
high performance triboelectric effect. To overcome this drawback, in this manuscript we have
reported for the very first time a very simple and straight forward technique to enhance the
conductivity and discharge effect of TPU with coated gold (Au) nanolayer by plasma sputtering
technique on the TPU nanofiber surface as gold amplify charge transfer property of a surface
while making the nanofiber layer mechanically flexible with high rough surface area with
enhanced frictional contact area which is the imperative requirement to boost up the performance

of TENG [8]-[11].

The experimental characterization illustrated that the embedded Au layer on the TPU
surface resulted high open circuit voltage and short circuit current output in compare to bare
PVDF/TPU nanogenerator cell. The nanofiber based triboelectric nanogenerator (NF-TENG)
showed a very good potential of charging small electronics within a short period of time and very

sensitive and effective biomechanical motion sensor.



CHAPTER II

REVIEW OF LITERATURE

Over the last few years, with the expansion of the flexible and stretchable wearable
electronic devices, portable power storage for powering small electronics have seen great deal of
attention by the researcher [12]-[15]. However, conventional power source like batteries often
face limited life span, heavy weight and not eco-friendly [16], [17]. To resolve these issues,
various modes of nanogenerators have been introduced that can convert solar, thermal,
mechanical, chemical energy into continuous and maintenance free electricity [18]. These
nanogenerators typically utilize following phenomena such as piezoelectricity, pyroelectricity,
photoelectricity, electromagnetic effect to harvest [19]-[21]. Though they have shown great
prospects till now however they often lack high power output. Another highly energy efficient
mechanism is the triboelectric effect that can harness electricity from mechanical energy [18],

[22], [23].

In 2012, triboelectricity phenomenon was explored first by Wang et al. for scavenging
ambient mechanical energy and since then triboelectric nanogenerator (TENG) has caught great
interest among the researchers due to its light weight, easy fabrication, durability, robustness,
and cost effectiveness [24]. Currently TENGS are being highly exploited as energy harvesters
and self-powered sensors. TENG works based on the principle of the electrification of two layers

followed by triboelectric effect [14], [25], [26]., after they get separated from their initial contact



mode. Charges are generated while top and bottom layer of TENG being continuously separated
and contacted, results a potential difference between two layers yields into flows of current back
and forth in the external circuit to balance the surface potential through electrodes which is
already connected to the triboelectric layers. As a result, selecting triboelectric material with
good charge generation capability is the main consideration to fabricate a TENG [18], [24].
Polymer has been widely used for making layers of the TENG cell due to its flexibility and free
of environmental corrosion [27]. Usually polymer with functional group inclined to eject
electron during mechanical bending and stretching used as positive layer while functional group

prone to accept electron tend to be negatively charged layer [28].

The performance of nanogenerator depends on the frictional contact area, surface
chemical properties, charge density, dielectric properties of the TENG materials. Among
versatile materials PVDF [29], polytetrafluoroethylene (PTFE) [30], polydimethylsiloxane
(PDMS) [31], polyimide (PI) [25], poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE)
[32], poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-HFP) [33], polyvinyl chloride
(PVC) [34], poly propylene (PP) [35], polyacrylonitrile (PAN) [36] polymers of various forms
like thin film, nanofiber, nanocomposite and aerogel [23], [30], [37], [38] have been widely used
as negative layer owing to high charge affinity, flexibility, high dipole moment, durability which
are very important parameters not only to harness mechanical energy as hanogenerators but also
as UV detector [5], antibacterial application [26], air filtration [39], facial respiration [40],
biomechanical motion and pressure sensing application [41], [42]. To harness mechanical
energies and capitalize this TENGs in wearable electronics and human motion detection
application selecting a positive material has similar importance. However, compare to the

negative material, tribo positive materials are relatively limited such as aluminum (Al) [43],



copper (Cu) [31], silver (Ag) [44], polymeric materials (e.g., nylon [28], TPU [35], cellulose
[45], poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [6], polyvinyl alcohol (PVA) [26])

are commonly used.

Compare to polymer film based triboelectric layer which favors brittleness results
absence of mechanical robustness, whereas fiber based TENGs offers more distinctive and
inherent advantages like flexibility, breathability, stretchability, and most importantly effective
contact surface area [35]. In addition, due to great flexibility and breathability, nanofiber based
TENGS can also be used as active sensor to detect mechanical response of human motion [46]—
[48]. The main advantage of the TENG sensors is that they can perform without an external
power supply [49], [50]. Typically, sensors are employed to detect target signal but this
multifunctional TENG can serve both as an energy harvesting device as well as a self-powered

sensor [51], [52].

One of the most challenging devices to develop for wearable electronics application.
Though fiber based TENG has offered many advantages for highly attractive potential for
energy harvesting and medical sensors [53]-[55], there are various modes of making fibrous
structure like on various core and shell fiber structure [56], woven and knit fiber structure [46],
[57], and membrane like structure [58]. Compare to the other modes, the nonwoven based
membranous structure nanofiber mat is the most promising medium for fabricating wearable
TENGS. It has been widely studied not only for its good mechanical properties; rather nanofibers
based TENG can offer better electrical properties as well [14], [35], [59]-[61]. Moreover, the
prime consideration of the wearable electronics is to offer stable but repeated signal with same
time interval, nanofiber based TENG offers string potential [13], [33], [55], [62]. Considering the

excellent electrical and structural properties of nanofiber based TENG, these can be easily



attached to human skin and moreover, can easily distinguish different bending angle of human

body parts according to their posture [31], [63], [64].

Currently, nanofiber based TENG layers using electrospinning technique has been
applied recently which aid nano to micro scale fiber diameters, smaller porous structure, and
large surface area to volume ratio [27], [31], [32]. Electrospinning process uses electrostatic
forced to make nanoscale fiber and quite successful in lab scale production. However, this
procedure has intrinsic drawback most importantly costly experimental setup and low fiber
output. As a consequence, in this study we have used forcespinning technique, a very cost-
effective technique to prepare the nanofiber for both triboelectric layer which uses centrifugal
force to synthesis nanofiber [65], [66]. Forcespinning method of making fiber favors high
production rate 1g/min compare to 0.1 g/hr. in electrospinning results high yield and moreover,

output is 600 time greater.

Nevertheless, though there has been noticeable output achieved in TENGs field, the
power output is not up to the mark to use it in real-time wearable electronics. So, there is still
room to improve further of their performances. Currently, many researchers are trying surface
modification to boost up the performance by incorporating various functional groups with
different materials such as metal oxides [36], [40], nanoparticles [12], carbonaceous material
(e.g., graphene oxide (GO) [6], multiwall carbon nanotube (MWCT) [32], silver nanowires (Ag-
NW) [26], MXene materials [28] in TENG material matrix. Though surface modification of
these triboelectric layers with different filling materials stated above to improve dielectric
constants and high charge density difference between two layers for better output has been

emphasized mostly, the methods of introducing these filler material often suffers difficulty due to



required expensive equipment, complicated synthesis procedure as well as agglomeration and

precipitations during making of polymer solution to produce fibers [16].

Among various tribo negative polymer nanofiber (NF), PVDF NF was employed in this
study due to its lightweight, ease of fabrication, flexibility [14], [28]. Among a, B, v, 6, and €
phases of the PVDF fiber, the § phase has better polar response with an orthorhombic unit cell
crystalline structure [28], [67]. Thus, its dipole orientation along the polymer chain makes it
suitable piezo and triboelectric nanogenerator application. This B induced more effectively by
stretching the polymer and making fiber out of polymer solution yield better stretch on the
polymer morphology [55]. Furthermore, compare to other electro positive polymer, TPU
polymer based NF has good mechanical stretchability, and better electron ejection capability
[13], [35]. Moreover, due its high rough surface structure, it makes ideal candidate to investigate
as a tribo positive layer. Both PVDF and TPU nanofibers in this experiment were synthesized by

forcepsinning technigque at ambient condition.

Fabricate a TENG with cost effective point of view at the same time increasing the
performance by simple techniques has not been studied much. The prepared fiber mat exhibited
excellent flexibility and stretchability which is favorable to harvest mechanical energy. To
upgrade the TENG performance, later an inexpensive thin layer of gold was coated for further
making the surface coarse and rough, eventually resulted more frictional area. This plain and
facile technique of improving TENG performance was further utilized to charging electronics,

lighting up LED and detecting biomechanical motion.



CHAPTER IlI
EXPERIMENTAL TECHNIQUES
Forcespinning (FS)

Over the few decades, there has been a noticeable demand for polymeric nanofibers
which has been widely used for various applications including tissue engineering [68], drug
delivery [69], antibacterial application [70], filtration [71], Li/Na ion battery anodes [72],
photoluminescent nanofiber [73], nanogenerators [74] and sensors [75]. To address this
demand, scientist have developed various techniques to fabricate nanofiber. Among them

electrospinning techniques has been extensively introduced for fiber production.

The main obstacle from moving synthetic nanofibers into end products faces several
limitations. One of the main concerns is the very low productivity and very high operating
expense. Electrospinning as production platform utilizes high levels of solvents with solution
concentrations of up to 94% solvent and 6% polymer which hinder industrial level production,
Furthermore, commercially viable electrospinning is limited to high dielectric solvent for its

production [76].

Forcespinning® Technique is the new platform for commercial nanofiber production. It
uses a very straightforward procedure, centrifugal force to process a polymer solution/melts into
micro to nano scale fiber [65]. Moreover, the ability to spin variety of materials from low to high
electric constants through revolutionizes the nonwovens techniques of making fiber at high

production rate. As the machine revolves the centrifugal force push the viscous solution towards



the orifices on each side of the spinneret. When this the polymer jet exits from the orifices, it
forms polymer jet which then stretches to deposit on the prolonged metal collector. Eventually
the ejected jets turn into fiber while solvent evaporates from the polymer jet. The main important
factors that significantly affect for fiber creation are viscosity of solution, humidity and

temperature of the room, evaporation rate, rotating speed, solvents used, distance from collector

Liquid jet Fibers Spinneret Fle"iblle air  Collector

foi! ﬁ/

FORCESPINNING

Figure 1: Forcespinning® machines (Cyclone) setup and mechanism of making nanofiber.

Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) is a microscopy technigue which uses a high-
energy electrons focused beam to generate signals at the surface of solid specimens. The sample
information for example morphology, chemical composition, crystal structure and orientation of
solid surface obtained by the interaction between high beam electron and sample surface.
Typically, data are obtained over a specific area of the surface and then morphology is captured
in 2D images. The SEM is capable of determining chemical compositions by EDS as well as

crystalline structure, and crystal orientations through ESBD.



The SEM has following important components: Electron source/Gun, Electron lenses,
Sample stage, Electron Detector, Data output representation device. Electrons are produced from
electron gun at the top then it is accelerated down through a combination of single/multiple
lenses. The sample is mounted in a chamber area which is vacuumed before magnifying the
sample. The electron beam position on the sample is controlled by scan coils which are usually

mounted

Electron gun -

Y
First condenser lens — 1 X C t : o E
I

Electron beam

Spray aperture —————

Second condenser lens — i g

Deflection coils

~——+- X-ray detector

Final lens aperture - il X Objective lens
P4

Backscatter —|— ' -

electron detector

Sample 7—77\
Secondary

Vacuum pump electron detector

Figure 2: Schematic of a Scanning Electron Microscope.
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Position Knob

Magnification Knob at
stigmator X and Y
direction for the sample

Briahtness
Contrast

Sample Chamber  raquced knob
ocusina Knob
Maanification Knob

Figure 3: Field emission scanning electron microscope (FESEM) (Sigma VP, Carl Zeiss, Jena,
Germany) set up.

Above the objective lens, allow the beam to be scanned over the surface of the prepared
samples. Accelerated electron dissipated as variety of signals (secondary electrons, backscattered
electrons, X-ray) and among them secondary electrons are used to interact with sample and then
detect in the detector to capture the morphology. The samples that are not conductive usually

sputtered with metal coat before mounted in sample holder for SEM analysis.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a technique which use an infrared
spectrum of absorption or emission to analyze a solid, liquid and gas. It applies the Fourier

transform to translate the raw data into the actual spectrum. FTIR can be employed to collects

11


https://www.sciencedirect.com/topics/materials-science/fourier-transform-infrared-spectroscopy

data with high spectral resolution over a wide range, usually between 5000 and 400 cm™* for

mid-IR region, and between 10,000 and 4000 cm™* for near-IR region wavelength.

When infrared radiation is passed through a sample of interest, some portion of the
radiation is absorbed by the sample while some passes through other words transmitted. The
resulting signal received in the detector representing a spectrum which eventually a molecular
‘fingerprint’ of the sample. The spectra with distinctive pattern illustrate structural characteristics

if the sample molecules.

#, Cixed Mirror

Beamsplitter
IR Source

<>
=00 S o

Moving Mirror
i Detector

Figure 4: Schematic illustration of FTIR working mechanism.
Oscilloscope

The oscilloscope is a graph-displaying device. Generally, it converts the electrical signal
into graphical output. The oscilloscope has two axes. The vertical (Y) axis represents
voltage/current output signal and the horizontal (X) axis represents time. There are two types od
oscilloscope- analog and digital. Compare to analog oscilloscope, digital oscilloscope uses
analog to digital converter (ADC) to convert the output signal for example voltage/current into
digital information. The signals are generally showed as wave form. Typical oscilloscope has

four different systems — the vertical system, horizontal system, trigger system, and display

12
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system. All these systems combinedly provide the information about a signal and helps to

determine predictability and reliability for different applications.

— —— = n k4 "

Figure 5: Image of Tektronix TDS 1001B Digital Oscilloscope.

Potentiostat

Potentiostat is actually a voltage sources which vary their output potential in favor to
change the resistance across the circuit. Eventually they supply more or less current, yields
potential difference across a cell constant thus follow the Ohm’s Law. Potentiostat can precisely
control the potential of the Counter Electrode (CE) against the Working Electrode (WE) as a
result the potential difference between the working electrode (WE) and the Reference Electrode

(RE) is fully defined and then the potential difference is showed to the user in a specific value.

13



Cell ONVOFF ) Counter electrode (CE)
Ein Vo) D b G L h
-=CE] s
PSTAT/GSTAT ?] ] Reference electrode (RE)
switch
: iffa -FE
Working electrode (WE)
1 I Switc
o Sense (S)
HCRACR ¥
switch
-

Ground connection (=)

VersaSTAT 3

Figure 6: Basic working diagram of a potentiostat, cell cables of a potentiostat and image of

VersaSTAT 3 potentiostat.

Here the CE is connected to, Control Amplifier (CA) which is output of an electronic
block. Current to flow through the cell due to the force of CA. A Current Follower (LowCF) or
Shunt (HighCR) for low and high currents respectively to measure the current flow. The

potential difference is measured across the RE and Sense (S).
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CHAPTER IV
METHODOLOGY
Fabrication of Nanofiber

The fabrication of a nanofiber involves four important steps: (1) Solution preparation, (2)
Injecting the polymer solution in spinneret, (3) Solution spinning, and (3) Collection of prepared
nanofibers. All processes are done in controlled environment to avoid environmental

contamination.

- =

Collector Rod

Rotating
Spinneret

Figure 7: The schematic diagram of fabrication nanofiber by Forcespinning technique and

collection of nanofibers.
Materials

Poly [4,4'-methylenebis (phenyl isocyanate)-alt-1, 4-butanediol/di (propylene
glycol)/poly caprolactone] which is a methylene-diisocyanate (MDI) thermoplastic
polyester/polyether Polyurethane (TPU) was obtained from Sigma-Aldrich. KYNAR 741
polyvinylidene fluoride (PVDF) powder was purchased from Arkema Inc. HPLC grade Acetone
(CsHeO) and N, N,
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Dimethylformamide (DMF, > 99.7%) and Dimethylacetamide (DMA, CsHgNO) all were

obtained from Fisher Scientific. All the materials were used without any further treatment.

Solution Preparation

In order to make PVDF polymer solution, 1.1 gm PVDF powder was first dissolved in
mixture of 2.35 gm DMA and 1.96 gm acetone in 20 ml glass vial. The polymer solution was
vortexed for 2 minutes and then mechanically stirred using magnetic stirring at 60°C in silica oil
bath for 24 hr. at 800 rpm to ensure complete dissolution. In a similar fashion, to obtain
homogenous solution of TPU, the polymer was dissolved in DMF to make 16 wt% mixture.
After that the mixture was stirred with magnetic stirrer at 1000 rpm for 48 hours by placing it on

silica oil bath at 105°C.

Solution Spinning

The polymer solution mixture was kept at scintillation vials and cooled down until room
temperature before using to make the fiber. Later, 2 Ml of independent PVDF and TPU polymer
solutions were injected into the Cyclone spinneret equipped with half inch 30-gauge regular
needle to spin the fiber. The solution was spined at 5000 rpm for both PVDF and TPU polymer
solution. The ejected polymer jet then dried and deposited fiber on the prolonged collectors were
then collected in a nonwoven fashion and subsequently stored in HDPE bags to avoid humidity

effect containing silica desiccant.
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Gold (Au) Coating on TPU Fiber

To fabricate TPU/Au nanofiber membrane, gold (Au) was sputtered using Denton
Vacuum Desk 11 at 50 millitorr pressure for 120 seconds to deposit very thin layer gold coating

on one surface of fiber mat.

Bare Nanofiber Au Sputtered Nanofiber

S Gold sputter coating
on fiber surface

Figure 8: Graphical representation Denton Vacuum DESK |1 sputter coater and the schematic

diagram gold (Au) sputtering on TPU nanofiber.
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Characterization

The nanofibers were characterized by Scanning electron microscope (SEM), Fourier
transfer infrared spectroscopy (FTIR) and Atomic force microscope (AFM) to investigate the

fiber morphology and transmittance properties of the fiber.
SEM Characterization

The morphology of the nanofibers was characterized by a field emission scanning
electron microscope (FESEM) at an acceleration voltage of 1.0 Kv (Sigma VP, Carl Zeiss, Jena,
Germany). To measure fiber diameter Image J software was used. For making fiber diameter

distribution 100 counts were taken from the SEM images.
FTIR Characterization

The Fourier Transform Infrared Spectra of the fibers membrane were obtained by using
133 VERTEX 70v FTIR Spectrometer (Bruker) in Attenuated Total Reflection (ATR) mode.
The transmittance data of the nanofiber samples were recorded from 450 cm™ to 4000 cm'™?

wavelengths.
AFM Characterization

AFM measurements were performed on a Bioscope Catalyst AFM (Bruker), mounted on
an inverted optical microscope (Ti, Nikon). AFM tapping mode was used for imaging the surface
morphology and roughness measurements. Silicon tips with a resonance frequency around 300
kHz, 10 nm in radius, and a spring constant of 40 N/m were selected, and measurements were

carried out under ambient conditions and at room temperature.
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PVDF-TPU/Au Triboelectric Nanogenerator (TENG)

Fabrication of the TENG

To fabricate the NF-TENG, 1.5 x 1.25 in? fiber mats were cut and attached to commercially
available copper (Cu) tape which were acted as electrodes for both positive and negative layer to
avoid any airgap between TENG layer and electrode. The two layers of NF-TENG was separated
by two polyurethane (PU) spacer of 1.25 x 0.25 in? on both ends of the NF-TENG that were
attached to the fiber membrane with carbon black tape prevents each layer from continually
touching each other. An extension of Cu tape was added with each electrode for attaching the
device with alligator clips. A layer of PLA was attached on the outer side of both electrodes to

impart structural support. All the experimental works were done in ambient condition.

@ PLA @ Electrode (Cu) @ TPU/Au Nanofiber () PVDF Nanofiber () Spacer (PU)

Figure 9: Schematic of PVDF-TPU/Au Nanofiber based Triboelectric Nanogenerator.
Mechanism of TENG

The working principle of NF-TENG showed in Figure 2. Usually a TENG require two
electrification layers and initially these two layers were in (a) contact mode with no with elector
flow [12]. However, later the two layers were periodically pressed and as the PVDF membrane is
triboelectrically negative than TPU, when the layers got released (b), the charge was ejected from
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TPU/Au layer [35]. Due to the high electron affinity of PVDF, the ejected electron flow to the
PVDF fiber leaving net negative charges in PVDF layer [77], [78]. This separation induced a
potential difference across the two layers resulted current to flow through the external circuit
connected to the Cu tape electrodes. When the fiber layers got fully separated (c) the open circuit
voltage were decreased and became zero [79]. The electricity flow became reversed (d) as the

layers again brought closer to each other [80].
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(b)
(e)
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(c)
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(d)

TTTTVT® 1588388

Pressing Mode t} Separation Mode

Figure 10: Schematic of NF-TENG energy generation process.

Measuring Electrical Performance of TENG

The open circuit outputs voltage of the NF-TENG were measured by Tektronix TDS1001B
digital oscilloscope. However, for recoding current output, the signal was measured using the

oscilloscope along with low noise current preamplifier (Stanford Research SR570). For capacitor
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and body motion sensing tests, the output voltage was measured using VersaSTAT 3 potentiostat

while electrical connectors were attached to the nanogenerator electrodes.
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CHAPTER V
RESULTS AND DISCUSSION
SEM Morphological Analysis of Nanofiber Membrane

The morphology of the force spun PVDF and TPU nanofiber can be highlighted by

scanning electron microscopy in figure 11 (a) and (b).

(c) Fiber Diameter Distribution of PVDF Nanofiber

(d)  Fiber Diameter Distribution of TPU Nanofiber
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Figure 11: FESEM images (a and b) and fiber diameter distribution (c and d) of PVDF and TPU
nanofibers.

22



The images illustrate that PVDF fibers align more closely compare to PVDF fiber which
resulted less permeability and more surface area compare to TPU nanofiber. The surface
morphology of PVDF NFs were found smoother while the TPU fibers were more twisted in
nature. From figure 11 (c) and (d) the fiber diameter histogram, it can be accounted that the
average fiber diameter of PVDF nanofiber was 110 nm while TPU nanofibers were

comparatively thicker with average fiber diameter of 262 nm
FTIR Analysis of Nanofiber Membrane

The fibers were further investigated by Fourier Transform Infrared Spectroscopy (FTIR)
in figure 12. The characteristic bands of B phase PVDF in figure 12 (a) identified as 877 cm™,
1172 cm™tand 1401 cm™. The stretching around 877 cm™ and 1072 cm™ peaks were due to C-C
bond skeletal vibration of B PVDF [81], [82]. Peaks at 510 cm™ attributed to the —CF2 bending
[83]. The peaks observed at 1172 cm™ and 1401 cm™ were due to the stretching vibration C-F
and C-H group respectively while The band at 839 cm assigned to a mixed mode of -CH2
rocking and —CF2 asymmetric stretching vibration [81], [83]. These 3 phases of the PVDF
nanofiber escalated more triboelectricity in the nanogenerator. The spectrum in figure 12 (b)
revealed that TPU membrane absorption band at 3325 cm™ was due to the N-H stretching
vibration in the urethane group whereas 1415 cm™, 2862 cm™ and 2938 cm™ were
corresponded to — CH2— asymmetric stretching vibration [84]-[86]. The other characteristics
sharp peak at 1726 and 1701 cm-1 were associated with stretching vibration of the carbonyl
group (C=0) in the amide while stretching at 1597 cm™ caused by N-H group flexural absorption

[86]. The band around 1067 cm™and 1217 cm™* were identified by C—O bond stretching[85].
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Figure 12: FTIR spectrum of (a) PVDF and (b) TPU nanofiber.
AFM Morphological Analysis of Nanofiber Membrane

Fibers were imaged using AFM tapping mode, which produces three type of images,
height, deflection, and phase. Here we are presenting the deflection and phase images because they
provide more information about the surface morphology compared to the height image. Figure
13(a) is an AFM deflection image of the PVDF fiber, showing a smooth morphology made of
several nanofibers clearly visible on the phase image (arrow, Figure 13(b)). The inset in figure
13(a) is a 3D image of the fiber where the nanofibers are visible. The average value of the

roughness of the top surface of the fiber is 17.42 + 2.34 nm (n =10 measurements)

Figure 13(c) is an AFM deflection image of the TPU fiber, showing smooth morphology
as well without any visible nanofiber as in the PVDF fiber. This is confirmed in the phase image
(figure 13(d)), where the top surface of the fiber looks very homogenous. In addition, the 3D image
(inset figure 13(c)) does not show any specific features on the top surface of the fiber. However,
the average roughness of the fiber almost doubled compare to the PVDF one, 31.1 +2.73 nm (n =

10 measurements).
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e,

Figure 13: AFM morphology of (a-b) PVDF nanofiber, (c-d) TPU nanofiber and (e-f) gold

sputtered TPU (TPU/Au) nanofiber.

Figure 13(e), is an AFM deflection image of the TPU/Au fiber, showing a homogenous but
quite different surface structure compared to the two other fibers. The presence of the nanoparticles
on the surface of the fiber is clearly visible and are homogenously distributed. This data is
confirmed with the phase image (figure 13(f)), where a white structure is the most dominant. In

AFM, phase images the white areas represent harder structure that can be associated with the gold
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nanoparticles in our case. This is also visible in the 3D image of the fiber (inset figure 13(g)).

Accordingly, the average surface roughness of the fiber was also increased to 47.73 + 3.25 nm.
Measuring Open Circuit Voltage (Voc) and Short Circuit Current (Isc)

To inspect the electrical performance of PVDF-TPU/Au NF-TENG (PTA-TENG), we
used continuous finger tapping at 60 bpm (1 Hz), 120 bpm (2 Hz), 180 bpm (3 Hz), and 240 bpm
(4 Hz) load frequency [87], [88]. The vertical tapping movement of the TENG generated
triboelectricity effect resulted alternating current (AC) open circuit voltage (Voc) and short
circuit current (Isc) were highlighted in figure 14. The results indicate that both Vocand Isc
increased with the increasing load frequency[89]. The maximum Voc recorded for PTA-TENG
were 130, 165, 230 and 254 V for 60, 120, 180 and 240 bpm load frequency respectively while

the highest Isc obtained were 42, 52.5 ,72 and 86 pA for 60, 120, 180 and 240 bpm.
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Figure 14: Electrical performance of NF-TENG. (a) & (d) Open circuit voltage; (b) & (¢) Short
circuit current; (¢) & (f) Maximum peak to peak voltage and current output for PVDF-TPU NF-
TENG and PVDF-TPU/Au NF-TENG respectively for 60, 120, 180, 240 bpm load frequency.
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Furthermore, the outputs were then compared with bare PVDF-TPU nanofiber based
TENG. The highest AC open circuit short voltage and short circuit current reported was 120 V
and 46 pA at 240 bpm load frequency which signified that the effect of Au on the surface or TPU
nanofiber improved the output performance by 112% and 86% respectively for open circuit
voltage and short circuit current (Fig. 14 (d) & (e). From the figure 14 (¢) and (f), it can be
interpreted that maximum peak to peak voltage and current achieved for gold sputtered TPU

based TENG was 336 V and 114 Ma that significantly higher than normal TPU-PVDF nanofiber
based TENG, yielded only 159 V and 53 Ma at 240 bpm load frequency.

Measuring Constant Pressure Voc and lIsc

Moreover, to further investigate the PTA-TENG performance with constant pressure
using vertical punch machine (Fig. 15 (¢)), we varied the load from 10 Psi to 30 Psi (pound per
square inch) at 65 bpm frequency, the output signal showed similar results like finger tapping but
this time more uniform peak was evident [90], [91]. As the applied pressure got higher, the force
impact due to the punch increased on the triboelectric surface and the output AC Voc observed
were 24, 40, 66, 92 and 128 volts for 10, 15, 20, 25 and 35 Psi (Fig. 15 (a)). Besides, the output
current signals were also increased linearly and yielded 6.7, 11.4, 20.35, 27.75 and 35.6 uA short
circuit current for 10, 15, 20, 25 and 30 Psi respectively (Fig. 15 (b)). However, the output Voc
and Isc achieved during pressure test were quite smaller compare to finger tapping test as the
punch effective contact area was only 0.7854 in? with circular punch diameter 1 inch (Fig. 15
(d)), while during finger tapping, the active triboelectric surface area was 1.25 in? (1.25 x 1.0

in?).
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Figure 15: Electrical performance of PVDF-TPU/Au NF-TENG. (a) Open circuit voltage, (b)
Short circuit current output, (c) Experimental set up for fixed pressure test for different pressure

at 65 bpm load frequency and (d). Punch dimension.
Measuring Performance of Full Bridge Rectification

The output performance of the PTA-TENG was also examined attaching a full wave
bridge rectifier with it (Fig. 16 (a)) [33], [77]. The figure 15 (b) shows the ability to rectify the
output AC signal of the PTA-TENG to full wave DC voltage by finger tapping at 240 bpm load
frequency. The output voltage signals were uniform in nature with only positive voltage DC was

evident and the maximum voltage recorded was 152 V.
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Figure 16: Electrical performance of NF-TENG. (a) Full bridge rectifier circuit. (b) Rectified DC

voltage output
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Measuring Capacitor Charging Test

In contrast to electrical performance, the chagrining ability of the PTA-TENG was also
investigated with different capacitor to demonstrate future prospect of storing and charging small
electronic devices [12], [64]. Capacitor typically used for small electronic device and the Figure
17 (a) demonstrates the schematic view of the capacitor circuit with a full bridge rectifier
attaching to the TENG cell used in the experiment. The capacitor with 1.0, 3.3, 4.7, 6.8 and 10.0
uF capacitance were employed to charge the open circuit voltage for 30s at 240 bpm load
frequency with finger tapping (Fig. 17 (b)). The curves show that as the capacitance got higher,
the rate of charging capacity gradually decreased. The maximum output charged voltage

observed for above mentioned capacitors were 7.64, 6.03, 4.97, 3.26 and 1.95 V respectively.
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Figure 17: Electrical performance of NF-TENG. (a) Capacitor test circuit, (b) Charging ability of
NF-TENG with different capacitors, (c) Charging with 3.3 Mf capacitor for different bpm load

frequency.

Furthermore, after examining with different capacitors, the PTA-TENG was further
experimented with 3.3 pF capacitor but this time with varying load frequency. From the figure
16 (c), it can be highlighted that for constant 30s tapping mode, output charged voltage got

higher as load frequency varied from 60 to 240 bpm. The highest voltage recorded 6.03 V at 240
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bpm where 60 bpm load frequency derived only 1.89 V which illustrated that higher charging

voltage can be achieved with at high load frequency [87].
Measuring External Resistance Load Test

Figure 18 (a) represents the external resistance load connected in series with the full
bridge rectified nanogenerator. From the figure 18 (b), it can be elucidated that the instantaneous
average voltage output showed gradual increase while the average current output indicated
opposite trend with varying resistive load from 5 KQ to 10 MQ at a frequency of 4 Hz (240
bpm) following the Ohm’s law [77], [92]. According to the maximum power transfer theorem,
the maximum power output achieved when the internal impedance of the TENG sync with the
external load [33]. Very sharp voltage output rise was observed from 1IMQ to 6.5 MQ. As a
result, the power (P = U%R) increased initially (figure 18 (c)) and reached maximum 2.13 Mw at

6.5 MQ load resistance and then gradually started to decrease.
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Figure 18: Electrical performance of NF-TENG. (a) Resistance test circuit, (b) Average voltage

and current and (c) power output of PVDF-TPU/Au NF-TENG with different external resistance.
Light Emitting Diode Test

Moreover, to demonstrate the practicability of our nanogenerator, we illuminated 75 LED

with high brightness shown in the [93]. The TENG was attached with series of commercial LEDs
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(1.5 V each) through a full bridge rectifier with a 0.1 uA capacitor and the nanogenerator was
hand tapped to light the up the LEDs (figure 19 (a)). This high power output and LED test of the
TPA-TENG demonstrated a very promising potential to power flexible and wearable electronics

[94], [95].
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Figure. 19: Electrical performance of NF-TENG. (a) Schematic circuit diagram of LED test (b)

Photographic representation of lighting up LEDs with PTA-TENG
Bicep Muscle Contraction Sensing Test

After investigating the energy storage capability of PTA-TENG, the nanogenerator was
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Figure. 20: Signal of bicep muscle contraction for (a) 5 Ib weight lift (b) incline push up.
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explored for various biomechanical motion sensing applications as shown in figure 20. During
the 51b weight lift (figure 20 (a)) and incline push up (figure 20 (b)), the bicep muscle
contraction was recorded as AC open circuit voltage signal (~0.25 — 0.35 V peak) which

signified superior bending sense capability of the proposed sensor.

Respiration Sensing Test

The sensor was further examined to detect respiration rate at normal breathing and rapid
breathing during running (figure 21). The results show sinusoidal signal for the inhale and exhale
motion by attaching the TENG at the chest. As the sensor was prepared by nanofiber air could

easily penetrate the fiber membrane.
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Figure. 21: Signal of normal breathing and rapid breathing.

Forearm Muscle Contraction Sensing Test

Similar to bicep contraction, the PTA-TENG sensor was also investigated for different
hand gesture: one by one finger opening and then closing altogether (figure 22 (a)) and fist opening
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and closing (figure 22 (c)) at 1 Hz frequency. The distinct peak in figure (figure 22 (b)) clearly
showed for how many fingers were opened or closed at a given time. The output voltage signals
were generated by the pressure drop across two friction TENG layers. The fist opening and closing
responses were repetitive (~1.8 V peak) and distinctive and moreover, output looked like twisted
pulsed signal. The forearm muscle contraction test was also done for wrist rotation (clockwise
direction) in figure 22 (d) at 60 bpm load frequency and similar pattern of signal was depicted at

regular time interval.
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Figure. 22: Signal from forearm muscle contraction for (a) finger gradual open close (b)

magnified signal of finger open close, (c) fist open close and (d) wrist rotation.
Quadricep Muscle Contraction Sensing Test

The TENG sensor was then attached to the front part of the leg, just above the knee, near

the quadricep muscles, to capture the motion of the muscle contraction and expansion. The results

33



from the bending of leg to 90 degrees from standing position in figure 23 (a) was quite similar to
bicep contraction, but the peaks were intense (~2.4 V). The quadricep contraction was also
captured during slow jogging and running illustrated in figure 23 (b). In both cases the signals
were same but only varied in respect to Voc peak intensity as in case of running the Voc peaks
were ~2.0 V, double than slow jogging. The reaction from different body motion gestures clearly
indicated real life self- power sensor capability. Consequently, our proposed PTA-TENG was able
to evaluate physiological information meticulously while charging small electronics

simultaneously.
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Figure. 23: Thigh muscle (quadricep) contraction signal for (a) leg up-down movement and (b)

slow jogging and running.
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CHAPTER VI

CONCLUSION

In summary, Forcespinning technique has been introduced for the first time to synthesize
triboelectric fiber membrane layers. The improved electrification properties of force spun fibers
due to the B phase domination in PVDF nanofiber which resulted from the unidirectional
mechanical stretching during fiber formation. Apart from this, we sputtered gold coating on the
TPU nanofiber surface to further improve the electrical performance. This simple surface
modification with extra frictional surface yielded in noticeable electrical output of 254 V open
circuit voltage and 86 pA short circuit current which were 2.12 and 1.87 times greater than bare
TPU/PVDF nanofiber based TENG. Constant pressure tests were also done to illustrate the
capability of uniform signal output in comparison to finger tapping mode. The capacitor charging
test of the modified TENG offered a quick charging capability of maximum 7.64 volt within 30
seconds of period using 1.0 uF capacitor which indicates the great promise of the proposed
TENG for charging small electronics. Besides, varying external resistance load from 5 KQ to 10
MQ, we obtained significant 2.13 mW power from a small TENG with an active contact area of
only 1.25 in?which eventually implied prospects of our prepared TENG for small but high-
density power source. The real-life applicability of the TENG was explored by illuminating 75
commercial LED by only 12 seconds of hand tapping. The nanogenerator was further analyzed
for sensory application by connecting to different body parts namely forearm, quadricep muscle,
chest and it demonstrated an attractive capability for distinct human biomechanical motion

sensing application.
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