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ABSTRACT

SePbwer ed, Susetxaiineabsl & oBE Wear abl e Devi ces
Sanjaya Dinuwan Gunawardhana Karnasoa

Wi t h t he advancement technol ogi es/ t hemes
communi cations and t hweorinnteerencettr omfi ¢cT hdienvg sc

|l i festyle monitoring have become |Ii#f1o©omeas:i
battes as the primary power source for th
emi ssi owmastammdgener ation. Triboelectric nan

alternative by converting body movements
el iminating the use of battgpowesind®duabiloi t
are -sweiltled for monitoring joint biomechani
and sports injury preventi osustTaiirsalrlees eanrd
TENBased sensors for monitoring joint bi
materi al engineering with el ectrospinning
parameters |ike joint angle, speed and mo\

omprehensive |iterature review identif
|l ighted opportunities for C o Albnisnpiinrge de
ri gami 0 ar ebhaisteadc tsierness rf alre vfed boepenicer nots. p ul n
ul ose acetate (CA) and polycaprolactor
l' i mited sensing performance. Subsequ
with polyvinylidene di f | uvoirtiydea n(dP VdDuFr)a,

rther enhancement was achieved by incor |
bres, i mgmrawpipnagcladbride ty, fibre morphol
ti mMiiCAOPXDPF TENG ephiebistued s emisgh i witpn
ast response and stable durability, |
nitoring. For the first time, integrat.
actwecaalalbyl emerleaée motion sepeing,anagktas:;
d frequency, with wireless data transmi s

—h

i S research demonstrates a synergi stic
timization with fabri gami structur-al d
wer ed, wireless, and highly sensitive
rfroocena and healthcare monitoring.

XVi



CHAPTER 1

1.1 NTRODUCTI ON

1. Motivati on

Rapid advances i n wearable technology h a
heal t hcar e, sports, safety, environment al
transportation amBdomedhuanirac all measu mgment

assessing human health and performance b
ki nemati cs. Assessing joint bi omechanics
affected Dby condi tiisonosr sduucrhi nags roesctoeveea ryt hfr

pocedures such as knee surgery or hip rep

following knee or el bow injuries and sur ge
and treatment plans. Beyond cliondaimeapapali
sports science, as well as comprehending
techniques, thereby enhancing athletic pei
riSiWs

Technol ogi cal advancement s have greatly
assessments while transitioning from bas
systems. Madaertmurmantgi sryst ems now provide d
andeqfurency of human movements, whi ch -are
enhancement applications. However, they c¢
need for a substanti al financi al i nvest me
Additionall vy, these systems require consi
controlled environment. Further mor e, [ i mi

di fferent settings makes them chadleagi hg
actilWweareable technology, which has the f|I

physi ol ogical a nHlo wbe voenre,c htahnel cianlc rdeaatsai ng up

1
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for innovative means of poweaunhgnomeums Wea

wireless sensing systems providing conti nt
requiring external power soéofilWhed eorafrid ¢ q we
sensors focused mainly on simple sensing

movement andlfst dbenbudeveygpopments have en

functi oem.ad .irtd amis Mul tipl e physiological p
tracking, machi ne l earning augmemtbha e ntbr
environmental sensing).

Recent developments i n selnrsiolro etleecchtrolco gNa

(TEN@s a promising alternativeé?trTENGESS$
the tri boedgeneelaecceterfifceaclt stiognal s from mech
advantages such as high sensitivity, I 1 g
traditionlanll i kyes taedwsanced motion capture s
accessi bkéfaondicessol uti on for weahamde a

athleticsle’lAvironment

Since Z. L. Wangb6s research group first
advancements have been made in TENG techn
for detecting basic humdndlacandviandcsfi rsge
det eldt;i'dlmody gestidtlephyeciogali t e b®r téhear mo mi
moni tlié¥iammd respi Ma%olrry momdntoryeagr s, expe
explored the use of TENGs f o'lumppssal e nfdu nl

recoveryul monaryl?3 ehmdi bt heti mapplications

rehabilitation caused by poor pbdsRalnmekey aetc
al . hi ghlight that despite their precisio
rehabilitation applicationsl!?2ITENGs still f
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The characteristics of the human body, S U ¢
concerns, present chall enges to th&BMevel
moni tapphgcati ons. To assure comfort and
flexible, l i ght wei ght , breat habl e, bi oc omj

of the hidvhamy bEEINSGe d Bs®ead offsr mekabubrreati g

and heavy, which hindweorsl @2heéd WMo rpamavceari,c atl H e

detecti-omegided# ®ow,cel ommvements, crucial for
l i ke speed, frequency, and joint angl es,
TENG séd&mugdrher more, these devices require 1
for scal abl e producti on whil e mai nt ai nin

necessitates the exploration of different

t herseequi rements andemeabla¢i s amlfedshei mpylst

b o d3p!

Researchers have been experimenting with
technigdesedss t hesederveegnugprNeGmebmatsserdaml e  wi r
sensingMayst eambks riempcolrudeed ttroa ddiattieon al poly
and functi,amal pmacesisalss| i ke | ithography,
mechanical [#SWhifli eathesns met hods typically
and sensing performance, there are stild]l C
comfort during everlymayyambtoidygulmayve memhanc
breathability is eseemti@ddonf & pe aw@devhecarriva byl ge
devi ces, experts are exploring advanced n:
concepmpr tocian oW’ ddhnyi gues that aseatempakt
manufacturing processes are essenti al t o

feasi bl e production | ines.
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One approach 1is to use nanofabrication t

properfi®sandt 6babrics. Among these met hod:
pl ausible cantdndaandmbd oaip\duincdant fidotnesr e st i ngl
el ectrospinning techniqgue offers a multit:!
by creating a fmiBarrau/cnauroe pgorrousha@aud eneimopm
wear abl e sensing sysftemse gintmealklsows ufsd o mn
targeting flat alf#nas yromesttrsi daw shhingiha c s tf iac
sustainabl el3fMamufmaltcavorillnaga.l i gnment reduces
processing t echanmsiiqguue s f orsmiacthi oms ofi n pi ezoe
Pol vy (vidfiylluioddmdee) (PVDFD)¥¥Arddiittionadgd ol ymer
component nanofabrication [3%n®dampsirregll et omi
techniques such as photolithography, c¢hemi
etching, el ectreddiercrtiinvgeg ianmdmerfd i coetint n
among the sciéhEFuftbercmommanifeibercaamspen e a
formed into yarn via twisting and braidin
fabrics through weaving, knitting, or embi

with the current teXtliA¥l mamutfmeseri agt @r:

positive i mpact of electrospinning, ma K i
applications.

l ntegration of such nano fabrication | ayer
confor mal shape of the body is a chall eng

mai ntaining contact sepasadt iomp dedsyvEaife n T EN
required innovative sQOrriwcatnmir,ala nd easnicgine nap p.
centred on the meticulous folding of papeil
for its blend of simplicityramceériemomi @adt @

ori gami has transformed into a contempor

4
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eng

i nv

Thi

app

ma t

Thi

fab

of

ineeri nyd! Erxipramiddinegs on this tradition,
entive adaptation, wutilizing thel4lame
s advancement facilithbesihnhlgestreat uome:
l ications in f{%] dwe alriakbd é&%%ciéta h o o baodtaipct
elrbP:2tls

S thesis aims to bridge thibaasgapllayers

rigamiired textile sdutucnamesst of dewielh log
sing systems for joint biomedlamsiensimor
TENGs, the scalability of electrospinni
rent |l imitations in wearable sensing te

.Pr ob8fteant e ment

hough TENG based systems provide a wi
itoring there are some significant ar e

diness of such systems.

Many are bulky, rigid, or heavy, reduci
The accur at e -fdeetgeucetniceyro manfd |jl aowvn t mo v e me
rehabilitation and performance assess me

Existing fabricationfmethbdesafolrayeategr

compromise conformality, robustness, ar
Mechani cal durability and adaptive str
| ovgr mworéal applicati ons.

Measuspeaegd, j oint angle and frequency
rehabilitanidosysyememswi th such badel o

i nvestigation
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Thus, there is a clear r esaeaaromh npaups:, tamed |
wearabl e sensing systems that i ntegrate 1
textile architectures for reliabnge. and cor
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2. lntroducti on

I n adtdadvamced sensing functionalities, th
surroendingnment has been addressed in ord
operation while wirelesslly®: [rkacBky miptotritregl o .
the market for wearable sensors i $%,e xwiatnhd i
a projected7.v2al ue 861°pWiISPOdemonstrates the
for wearable technologies across multiple
aut onomouisn sgyrsdermst o comply. wirhb abstatpab

or reduce the need for battery replacement

convenience, usability and sustainability,
and indaosmeeesthi-gedemandonnegarabl e syste
fully-aem@emgys platforms rather t hpowerreeldy i

architectures.

Creati nggutemmreomgyus wearable wireless sensin
sever al essenti al buil ding blocks (Figure
energy storage devices, iii)sens®rsg’dmit
Energy harvesters are responsible for cor
energy that can be used to power the wear a
from sources including solar (Org@P$C) Sobwce
Sensitized Sol%medcrdni caD$PCle)zoel ectric I
TENG)r thermalTheneemgegrgy storage device
supercapacitors and hybrid systems store t
is unav&hiabkaesures the continuous operat.
a cruci al role in collectioomdgi dgp haynsiveool dosgti b

signals from &ahde wetwaethsindg dynattehe envi r
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2

conditions around the wearer

wearer 6s

Moreover, t
status for various applications
addi tional i nput methods for human machi ne

Wearable reconfigurable patch

Dye-sensitized solar cell (DSSC) based

woven fabric
Pt coated carbon yarn

Photoanode supporting
Nylon warp

Glass yarn

Counter electrode supporting

Photoanode coated metal ribbon
Nylon warp

Wearable near field communication antenna

~——=Top layer
antenna
S Insulator layer
Spiral coil
Chip &LED
PDMS substrate
. =~

Piezoelectric Nanogenerator (PENG)

based hand band
Cotton thread

Cu Wire-B

3D printed Li-ion battery

Wearable organic solar cell (OSC)

Silver paint
PEDOT:PSS
P3HpT:PCBM

— Poly(ethyleneimine)
Cu Wire-A PEDOT:PSS
= polyimide
BaTiO; nanowire Seperator rinted Perovskite solar cell (PSC) based
- PVC fiber Wenibls alsstrods yarn
substrate

Chitosan/ MnO, @ MnCO; coated supercapacitor
‘ﬁ* ( BMIMB )

Carbon fabric vg

Figurexamples of recent devel opment s

i ncluding

communi cat

( PENGrepr

Copyright E2015, ERS€epreirnt 8d\V1i o im

ChltO

meso- TiO,
CNT fiber

Ag nanowire

Triboelectric Nanogenerator (TENG)
based electrospun sensor

Cloth B

PVDF/PDMS -

i n e
wear abl e -peormeerrgeyd hsaernvse sntgi,n g ¢ n esr

ion devices.

nt ed®%fnrdo M Ir@edr i nt e d®%fi rt dym pree fmi s

pef mi s
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| mportantly, the performance of wearabl e
materials and fabrication strategies, whic
generation. Addressing these c hnaalnloesntgreusc thu

materi al s and advanced fabri catSioone tod c htnh
advantages of using electrospinning for fe&

as foll ows.

Fi breesed stlecttumeaspi nning enables the fabr
di meng$i mea&lwor ks with diameters ranging fr
fi®drean be easily <collected as nonwoven r
wearable propertiesi®lwashaldd® i dbgr oenaptdhtai bbiilli
stretchabil il{yhefaitir ddne xsdrivd tays construct
of component s, including sensolr*dlln eplaercttircouc
due to the wultrafine fabrication natur e,

transparent antaddddxelb@#tet gb hppsh emempar ati ve
compared with Ag or Au bTahsee dh ingahn essat o fuaccheu r ae
rati o of feaelbaatrroovsipduens enhanced sensitividt

efficient chargel sted@deviocesenergy

10



CHAPTER 2

Controllabilifyhweofprpcepsritciams be eafibiye mc

mor phol ogy, composition, and alignment. B
di fferent material §) &1 &i tits tpaislsorbeé & [ roo pce
porosity, high surface areld* ‘&&Faflt besmoe
advances i n some &electrospinning techni g
el ectrospinning and blow electrospinning
manufactWfFiilAdgitsi mersatility renders el ectr

of wearable el B¥t4?oi’® dpplications

I ntegration wi t h Wd aerxa bbll ee  esluebcsttrroantiecss: r e
conformable substrates to ensure comfort
performed directly onto flexible substrat
without requiringscompéexepubbtbagnaeonieps
the substrate's surface, all owing for sea
directly onto the human body. Thear &inlfiotry
the el ectlh*édlBidd edevingesui ttd¥dsendgi bilédmmane
mul ticomponent el etibospiinmi ngdutce ailgni fqure!
met H8ds$ exi bility, elasticity and other re

enhanced.

Mul ti funcElieoemtarldagp/ii:nning all ows for t he i
materi alf s preBy tbembining different polymer
mol ecul es,fielrecamosepbnbit mul tiple functi
bi ocompatibility and Dbiodegradability. Th

attractive technique for fabricating com

[34,42,55,74,76,87]
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To dat e, there have been some review pap:

technol ogy and its I mpéeemadhdmpgri @emen fFiowe ley
process of elfeicdyometi mod .1 g mkenae ptidityd & fh.io n s
Babeut [%@hd Jeotsh®8lave provided comprehensi ve

el ectrospinning in piezoelectric, triboel

-

especGuinvaewayr.dhamadededeitpt h review of how
contributes to the development of differe
autonomous devices and consider s how to
engineeringl! tlemc hadidgueson to the i mproveme.
storage, sensing and transmission, equal

aesthetic performance i mprovements using ¢

Among these building blocks, sensing stand
i nterface between the weHoweveand ftohre sdeingsii
useful, 1t must be seamlessly transmitted
for storage, -tamel yfseiesd,b aacrkd rTénals hi ghl i ght
sensors with | ight weuilgehst acnodmmaifnfi icalité:dth pmr

TENGsertatresugh contact electrification an

are transferred via an external el ectrode
detectabl e signal. The sbeansseidt i sva nt syo rasn da raec
i nufelnced by the triboelectric substrate. A
optimizing sensor perfor mance, including
material composition tol°BlnAddicei drhal Ityr,i ba

efficiency of charge transfer bet ween the
el ectrildqlfPaudtrgmtg careful consideration o

i nter alEtin tomesr. mor e, ensuring effective me

12
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triboelectric |layers is crucial, asl®3lt di
Coll ectively, these factors ar e awietdals einms oc
This chapter I's structured into seven 1int
theoretical and technological foundati on.
technol ogy, detailing its historli csglstdceansel
advanced techniques enabling nanostructur

section explores how electrospu#daumahnhemoast

wear able sensing systems, withlaoparetecuol
related applications in piezoelectric, t h
three introduces the structur al design pr

fabrjfgalbbas<ed folding systems t hat of fer
I ntegration. The fourth section delves i
fabri gami, focusing on materi al and stru
functi dbeal Sextion five rlewvi gansibtl e d&EWNIs
their relevance i n monitoring joint bi ome
anatomical conformity, and enet¢gewedut oant ey
strategi es, -biamsceldu dfi anlge | teesxsti iclmemmwnr cati on,
power management . Finally, section seven
wear abl e technol ogies and discusses emergi

in the field ofsydteemmgs.ospun fabri gami

2. Rl.L.ectrospchningge

2. 2Blihafst ory

El ectrospinning can be categorized as a fo
applies a small charge to an aerosolized

El ectrospinning utilizes tihdosehlhmpuplmchet o
13
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Theéei preoperties are determined by the vis

pol ymer [l ttehroiuaglh. t he hi story of electrosp
it wapo pnud tatri | 1902 that Mortan and Cool e
el ectrospi h*Mimgl P3I&o,cesbe Soviet Union be;
avail able electrospun product to capture a
l ngram Tayl or conducted a series of =exper
shape pol ymererdrappl ¢ t*d 1Ml g 96eItRagegert ed
possibility dfibprmeduwmgi nnghenanoectrospinni n:

interest of scientists worl dwild®¥ as a pror

z
[
a . . End of straight 5
egative connection segment Onset of the first E
bending instability J &
High voltage supply
~Nla - Loop Trajectory of an
5=y
1 Hailf angle of the ‘ element of the path
e envelope cone > Onset of the
N\ second bending
Onset of the third instabjlity g
<
bending instabilit iy
g N T o
Whipped nanofiber P p ) Small coils
e : SA/RAAAAT Y
N q ¥ Blunt needle ..’ ! N
~Syringe pump Syringe collector U j

Axis of the straight segment extended

d . Collector e ‘ Collector
Electrospinning

Collector

= z i Electrospinning
solution Disk spinneret Ball spinneret seiiiion
Electrospinning
solution
f g  coltect - Grounding

Collector e ¥
e — Collected fiber

Close-up view

Electrospinning
solution

Ejected fiber

+—— Ultrasound fountain
[~ Ultrasound focus
Polymer solution

Cabling for
electrode —
Ejected fiber
Chamber walls
Polymer solution
Mylar membrane
Distilled water

Ultrasound Focus
Electrode

Ultrasound beam

Ultrasound transducer
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Figare&rinciple and evolution of electrosp

a)
Wi t
Nee
tec
tec
Cop
[78 u

mat

c al

Basic el eupt,r cbs)piEnneicntgr ossepti nni ng Wh $°pi n
h per mi ssi on Copyri ghAm@rmil®anan@h epmi poyarl
dl el ess electrospinning with rotating,
hniques (c, d, é%°3dndghh aleracapinead emhha
hnique wuse with polymeBPubhambed wephi
YVE2@h8 The Authors. Pubhioskeedigur8pciopg

bl i sheBY wCdmyrCiCQht E2024, The Authors.

2. 20R@er apgriinmgci pl e

asic electrospinning setup consists of
| ection mechanism, [4%&i ghee h2gh. vDYia

mati on mechani simoadmgdrisyes nge pwl y mema

jority of materials used in electrospi:

solve some of t hesel vpeonlty nmeerest si nt haen | aepapc
|l ementi ngol heaiscendewenospi h'MCagt apirnoceasls
erials have high chemical resistance,

| ed melt electrospinning. This technigq

medbt owi ng and spinni ngfibbanedTlihneg ptool ypmrea d uicse

t hr

nee

Wh e

ough this needle using a controll ed me
dl e tip and coll ector causes charges to
n the electrostahycamelpal sdooh&donges €xda

sion defined for afparwbdiegulnart op caltytmearc

| ector, followed by solidificatli*dn%%&nc
tially, the repulsive forciekeoakhapes ¢ob
erred to as Tayler's cone. Even though

15
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rigorous whipping due to bending instabil

par ameters, and ambient environment al pa
performance of thell®hectefdéepitsniongdpdocess

formation are summari zed in Table 1.

I n 1969, Taylor derived an equati onkktvg app

required to overcome thel%¢rface tension i

© — Gi— pd PR Y VB w (E1)

I n Equation 1, H (cm) is the distance betyv
L(cm) is |l ength of the needle (o0or spinner
(Dylmncm) is the surface tension of the poly
proportional relationship between the sur
formation. The value of 1.3 was Haestenmsanai
vertical angl e with al.v3)l.ueF aocft 049 .03 00 9( 2w acs
outcome in KkYV. Vi scoelastic properties of
contifniubnuespasses the Rayleigh IS i3t iaf wer
noting that one of t hfei Borepmattiacnt ipsh ernaodrieanla

which all ows for whipping action.

TablltEef fect of soluti on, process and ambi en

nahodbr e

Par amet er Ef fect dn &trree nano

Solution parameters

Sol vent eviDetermines the solidificat

rate el ectrospinning. Clogging

16
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volatility i1s very hifgihfr #&d
form at the collectolf, res

Solvent dijlnfluences the magnitude o

constant the higher the dielectric
required for stable jettin
t he -fiing ra d'%ng.

SolubilityHigh solubility is always
fisoPe

Pol ymer ty Determines the selection o
solution type and concentr
par ameters.

Pol ymer <co/Determines the consfiishbtesenwoyr

depending on the type of m
the concentrati$®neesdtobo ¢
di scontinue or merge.

For instance, Po-I5wt¥Virreysiu | A
beatdedy i resul teli pbnetsoni f
resul ted -uni ¢foiddisee non

Pol yami d6avtf PRAe)s6u |l t ed widh rde g
in mdrided®b i n §mddeh
I f the concenetlreacttiroom ssipg rawoyon
with discontinuofuisr enermr greals
el ectrospinning techniqgues
completely halts the elect
I n CAf inkajnedt he tensil e stren

modul us increase with i ncr

17
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Vi scosity

Mol ecul ar

Depending on material type
decreasing viscosity and s
fidre

Hi gh viscosity complicates
viscosity is always né&%ess
Af fects the viscosflyowf t
mol ecul ar weight and | i mit
nahbdrwith beadédd bst@armedteur
with mol ed¥Il ar weight.

Conducti vi

| f the solutio

possible. High
The Tayl or

hi g%h.

cone

n is compl et
conduct i % e

wi || not d

Process pa

rameters

Applied vo

Sufficient
force caused
decreases as t
chand@gebmtiase
favours energy

vol tage

vol tage i s

by

whi |l e

requ
sfuirlfiaecme tt e
he voltage i
hi gh vol

harvesting

r es uli tha eiank sb edaudes tao

drawi ng®stress.

I n needl el ess

di ameter

& i dp riendcur cet®flsoens

el ect r ofsipbd rnen

rat g

Needl e gau

Af fect s

gauges can

thef ddaemkdaeirt iodnalh

redtll t in

mul t i
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Spinneret

Conventi onBalunme tnheoedd | e
Advanced d-enveeeldd perheenstss; cy |l i
tube, di s k, coi |, cone, st

chain, BBoSvé¢e sédtti on 1. 4)

FIl ow rate

A high fl ow r aftieprreecswdttison
fi®drehowever an excessivel
dropl ets wit hofuite rtenFd ofwo rrnaa
the critical valwue (value
Tayl or cone), on the other

tip with an unstable jet,

fi®tle
Col l ector Variations in collector de
Met al pl ate collector: A s

mor ph@®l ogy

Doubl e plate collector: be
coll ector
Circul ar el ectrode coll ect

separation of membranes

Rotati ngFicgrlai gment 1 s hig
di ameter and high physichl
phase of materials such as
harvesti-pgwanddssgémhsing ap
Rotating disk collfeicédowi:t H

enhahbPkka$% .
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There are some other techn
wire, rotating wWi%vhdrchmca

used t o pfriabdruecne cnoannto nuous

Tip to col|Mainly affects the evapora
di stance (|[the higher the evaporation
optimum value, electric fi
a higher value wilfigrewvten
collector. A lower dist a¥%
I n needl el ess electrospinn
i nterconhedredt haoot standi

propédties.

Ambi ent environment parameters

Rel ative hlLow humidity is prefefhble

Temperatur|l ncreasing the temperature
volatilization and decreas

resulting in the ffoiréd¥da i on

2. 2M38teri al s

In literature di me% wyimkeo hma @iCde ratqeDibiig Y H!1 c ot
formic acid, ["dflett ahy dEthth onm ot Do el bitile x a

fluor i $0drmepanylliRdidf oneithanel *Fdhlef ovmide | gc i

as solvents for electrospinning. Despite
el ectrospinning due to its high dielectri:«
out wW=ii mgwazteéd: Fdlrt her mor e, a wider varie

bi ocompati bl e polymers can be electrospun

utilizing electrospinning, It I s possi bl
20
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bi odegradabl e

when

mater i

Di fferent

al s for

mater i

al s,

electrospinning,

el ectrospinning

i ncluding i

compatbhadedo sldbiatriact e2. summari zes

techniques

applications using these material s
Tab2 eProminent electrospinning materials
ApplicalMechani|El ectrobpyEl ectrospinn
TENG, Triboel ect/ PVD¥)
TENG -s e Polyi mide (Pl
power ed polyvinyl i-de
sensor s trifl uondVdth
TrFE), and B
flueride
hexafl uoropr
( PVBIFF§IPol y
Energy Lactic Acid
Har vest PA6, PA66BY% M

El ectrode

Pol y-(é€8h+l en
thi ophene) (
Car bon

nanot ub®4 ( CN

PENG, P
sepdwer

sensors

Piezoel ect

PVDF, -PRPE,
PVDHF P,
Polyacryl oni

Cellul 88e, H
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El ectrode [PEDOT, CNT,
( PARA )
DSSC El ectrode |[Pt, ZnDi202Zn(d
SupportingdgPLA, PVDF an
Polyvinylpyr
PVP CA
Cu (1i.xn x5 &e
CuZnSmSand
CuZznsSnbBe
OSscC Electrode |[PAN, BANI
Functionallpoly(methyl
materi al met hacH¥¥ | at ¢
Pol ycaprol acg
pol-y (3
hexyl thiophe
Ce-butyric ac
ester (PE¥AT:
PSC SupportindgPVESP| | Poly
for perovg( Py
SupportindgPLA, PVDFI®in
for electr
Storage|SupercalEl ectrode [PEDOT, PANI ,
Polypyrrol e
nahodr e NF)
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Li on baEIl ectrode |PEDOT: PSS,
Pol ydopami ne
nanofill er r

cel I8 ose

SupportingPLA, PVDF an

Cen

app

t ha

per
hi-g
Ear

and

mo v

app

non

2. 2Advanecleedct r ots@c mmii qpge s

trifugal spinning has been empl oyiebd ef or
regul ating parameters such as the radi.
tance from the centre ofretlhnd edr ipfairaene:
i ronment al conditions. CentrcHiiutgad t verl ee
|l ies an electrostatic field to the trai
ults demonstrate thadughaheepeotuospbdbnnt
t of conventional electrospih®finngqdgdydt e
trifugal el ectrospinning promotes an
formance and, in conjuncti on-fwihtetb omel t

hte supétécu’fhcitors.

l i er advances in electrosmpizahieng|l eetho
mul t i eloanptornesmgznhabl e esul t i n i ncreas
ctional matleéf Fali ngemeimpdlpdnealtesct rospi nni
ing collector apparatus, such as rotat:i
hly orfiiebateedthi maomtour es wi t h hi gh me c h a
l i cations. I n addition, mul ti component

conductive surface samples necessary fo

il t8e 9!
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Even t hough t hadietdi omlaé¢ctmeosplieani ng S

nanofabrication technique, | ow production
|l imited its prlf3Mdieaverappttheatapingl.y grow

mar ket necessitates a hi gher producti on

techniques. Needleless electrospinning 1is
sur face with edopepkcispl hyperdeety t hat i s p
el ectrospinning solution. As spinnerets fo

di sks (Figure 2d), balls (Figure 2e), spr

i ncreaspguwlgdry. pAll these spinnerets can cre
a resul t-i mduaced adgiotnati on. Based on the ir
spi ke is formed towards the col |lexgeri merets
provide evidence that ball anfdi i e ke tser na
productivity, whereas changing the el ectri
fidrewith a | alrfgle surface area.

I n 2016,etLafldim®dd a patent for an ultrasoul
(Figub®®ihag) method used a focused and hig
ultrasonic fountain when a precursor solut
and acoustically conducting) membrane. Con
sdficient electric field towards the <coll

properties, giving greater prol@peédtls for f

Typically, el ectrospinni nglof aQLl/smiwi,t hwhni céh
chall enges for scaling up producti on. Ho we
unexpl ored metfhiosr @&th aat ntuacnh ihnijgehcetr r at e of
|l everages gas pressure to propel the polyr

combines it with the polymer dissldiBRown p
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spinning has shown prsocnaflsebr éd ar pweduabhg

appli €%@tli ons.

Mostl y, el ectrospun membranes feat wmaltli gl
di amedfeodr eHowever, by transitioning from

l i quid baths (using a nonsolvent of el ect

l' i quid phase <collection with specific fu
mor phgbi32 *A%l's met hod, known as wet electro
relatively wunexplored in wearable electro

that the 3D morphology of this techniqgue

stgeadevices, resdischarge fameseracld®Pgeghe
2. Bl.L.ectrosmiechiasggdadwer ed systems

This slecsttcuemses the application of electro
compati ble material s -dowereacergendiiam gy efsu n mtg
23. 1. provides an introduction and wor ki ng
technique with theo3 €t iacnadl 3Indcde éosnp | 268reec t 1 |
el ectrospinning for mechpowenédesengiynmpar
using triboel ect Bidc. tseucnhmairag uzee.s Sehcet iuosne 2o.f
building bl ocks; Piezoelectric, sol ar, t h

storage devices and communication devices.

2.3l htroduction to TENG and operation g

Movement from the human body is a pertinen
For instance, the ankl e, ar m, knee, shoul d
W, 60 W 36.4 W 2L92 W &f. le g ri@3itller6e ®maMm i

wi del vy used met hods of wear abl e energy F
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tr

ar

i boelectric principles/ TENG and. PEN&sde

e pioneering mechantipcoade reende rsgeyn shianrgv e setcihn

nvert i rrfergad we nta nldu niaonw omoevleentelngtisc ohyer s
chani cal motion into electrical power/ si
i spl acemelAY"P#ENGriemta concept that was de

search group, which works on the stress
ezoel ect!PP¥ewmaterinears | ater, Fan, Tian
2012 Dbased on contact el é¢t%t irfeiceatti osnu
ows that over 6000 scientists wworclhd vaisd e
pidly evol vmaignigt e sae agrcdmiasrienag met hod f o
wenkss'ifurther mor e, based on materi al S
chnique, and power management met hods,
wer outputs of piezoelectrild*amddlittriiobnoaell
ilizing the electrospinning technique t
vantages due to the natur al pol ari zati o

wer generation and sensitmeihlgts bthpar ed
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a

Vertical contact separation Lateral sliding mode
mode -

Triboelectric layer 1 Triboelectric layer 2 [ial G

Single electrode mode

electrode __p
—)

== OQutput negative charge == Triboelectric negative charge ‘——-I w
+ Output positive charge <+ Triboelectric positive charge R |
Freestanding triboelectric-layer mode

b

. = C Triboelectric Series for Textile Materials
Maximum released Pressing

* - * s & Polylactide (PLA)
g z z g Polyimino hexamethylene(Nylon 66)
z g z z Polyurethane (PU)

d - i Silk

Polycaprolactam (Nylon 6)
Lyocell (Cellulose fibre)
Wool

Fiberglass
releasing Maximum pressed

1383 ¢« B3% |

° Cations © Anions < Poyimide (P)

Conductive material Piezoelectric material coaEnEs—— " ©'YPropylene (PP)

Beta-poly- D-glucosamine (Chitosan)

Ramie

Cotton

Polyacrylonitrile (PAN) &
Polyethylene terephthalate (PET) &
Kevlar @

Ll

L&

-1.5 -1 -0.5 ) 0.5 1
charge density (nC/cm?)

Fig3rerinciple and working mechanism of m

a) Schematic of TENG and main working mode
fromi4%thofpi ed 'poml irefed8YwiCbhbyCiCght E2®@24, T
Triboelectric series folrpukbkishedmatehi &C:

Copyri ghrthie2 ®21@ ,hor s.

Tri boelectric nanogenerators function t h
i nduction, resulting in a relative movemer
process of triboelkldtlvi ieoaei eahai sissthht

through l®Ekargedsiifdtoersi, alog, a combildélni on
addi tietn, aékkoami ned the electron transfer

process and concluded that there is a posi
and stuck charges are the foulhld®&ttiroinb ofeolrec
series has been developed based on an empi

negatively clhé&ligemamatieali salsuch as wood or
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mat er i

hi gher
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negati ve.

a l

s that

Ther e

ar e

ar e

charg

publicaet,aml|l Ay G a

we | |

ch-apge f e p armrataina

within the TENGNd@dwitaveent d hese
Y, I n esleupdairnagt icoonn,t alcatt er al sliding
single electrode mode. TENG cont
chitecture. cUsuirneg tthhies TtErNaGd idteivoi nc:
tive (orthehbercondncbhdectainde) m ¢
s which are connected to an exte
|l ose contact and separation movVve.
t rinc oeff freecltat iReep emamemt of t he ma
el ectrodes, creating electron f|
| ENGOWhENI bbel ectric material s
flow goes in one direction, t he
flow in the opposite direction,
on of suitable materials further
nt of the electrostatic induction
echnique.

ort to understand the generation
t hat the current out put can be ¢

(E2)
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I n Equatison h?2, di spl acement current densit:

E is the —ele®ctthme cpénmiltdti vity of the diele

field. I n t his equatpiroonv,i debi lvei t ahe | héom

el ectromagnetic waves—iisn dvirredtelsys rceolmuend c

of nanogenéti@t'adt'adevicesn, the PENG and TEN
capacitive ildddeti ENGevimeehani cal moti or
substrates modul ates the capacitance bet we
surface creating high i npediamcifecaPEN&hgy eh a
the initial conversion relies on the piezc
dev@®@ ceexternal el ectrical ahalt aager sopuuirce
with an intedfWabacapheltphate capacitor me
separation mode TENG architecture to expleé

( Q) and | ayer separation of nanogXxxner at

rel atilohdhdlp.
W -0 ( E3)

I n eqE3atiCon ndi cates oweratdlcafaepact hanopew
of nanogenerator devices. Dhapamdsemae edl ead
( DDEF) mo d e | to overcome the I imitations
complexity of the peltarisehecboni offdektebeh
plates and induction behavi bfThils t hede@lut
devel oped considering the finite di mensio
di stance (y) from the charged surface. Ac:
fieldd ge&Enerated from such a chargedUgsurfeé

permi ttUdlvong wifth the di mensions of width
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The DDEF model can be used not only for cft
out put behaviour of the electrodes. Conct
behaviour of the TENG devices. Fur tof ert meer e
power output with materi al parameters, su
constant, and structur al par ameters, such

results were conclusive thaeltatibaoshept wit
output, thus determining charge dendit3y as
This implies that an increase in surface

| ayer are favourable for higher power gen

surface area reduces the interm&lneismpedara
to stabilise the accumul ation of triboel ec
devices to increase the surface contact al
hi gh power output. | n naadndoiftaiban,cadue nt d hteh

| ayers produced by electrospinning can be

generation.

2. 3EI2ect r osepianbil EeMiGs f or energy harvest.i

El ectrospinning can manufacturebasaedl| devi
architectures tol°Hrimat ahTENGi deestegat ed
devel oping TENG dewirecas aepined eRIt rrosmpa nni n
4a) . I n this experiment, the PI | ayer was
was used as the triboppsdemorsti agteed ami op
(¥9 of 66.1 V andsghoftlcbBc O®Atwhiulteensi (I

Subsequentl vy, the commercia-pr iPht &gd | Bl wfisl
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resul ted i noctadl 5 .e@l udttemodl . V6 1 OA. Conversel

nahbbiém demonstratedocafsB§BicVi a@ds52 yOA, gt
i ncreasing the performance of the TENG de
commercially produced PI film and screen
compared to electrospun svaanpd emso nat ii cse avolr
in the static electricity of all three sar
attributed to being the main factor in cre

induction wheadsutoi magldk® output power.

The choice of materials is an i mportant f:
pol ymers, namdlryERVDRM&FE PPWERFe widely wuwsed

based TENG devices given their higéctfrlaumor
affinity resultindg! Phett.rallbbaones gmu b lvies lseud f a
review on the progress of PVDF as a funct
sepdwer ed!gtmssogmarize their findings, b
affinity, utilizing various electrospinni:
el ectrical gual br pe o da teetd hadi\ WPl evel oped

PVDF (tribonegative) and PAG6 (triboposit
performance ukilbhgepagameatlt Bmagaired throuc
4b). During electrospinning, PVDF was col |l
argament by changing the rotati on sfpieberde.

di ameter and increased the tensile streng:
Hz i mpact frequency with separatioedswfofl64 n

V,scdf 392 nA and power? dewhsicthy wafs 1s3Q.nd d i

100, 000'&ctber meteadlBomgved that increas
el ectrofsipwmiemamar all el way can i mprove the
thus i1 ne¢edsiamg Yower density 0.5, 2.6 a

31



CHAPTER 2

occurrence of t his phenomenon i s hi ghly

piezoelectric ffedtrede gofs WVDR nédmocharge

result, the surface polld¥ilzation is signif
(?) Aluminum - t t t ' 1
(") + + + + + + + + ol
‘ B o o o o o o SRR ‘
Plnanofibers | === 000l === === -=---- ]
—

Contact Releasing

t*
Top lctrods 1111

e
P + + + + + + + +
] . Friction layer 1
+ + +
Pressing Released

(i)

SVDE PVDF 0 rpm PVDF 4000 rpm

0 Aluminum foil

Fig&arelsing electrospinning single and dua

harvesting applications.

a) Schematfiickhmd @I tbmiamidu MM ENG r e p'fg nbtleids hf erd
with CC BY Copyri ghtbB2 0020 eTrheed Aeultehcotrrso.s p un
i mages of O and 4000 rfpimbrre(tia)r,y (cioil)l,e ca nod

reprint @d8F r lo mp eGadig ysrsii pmt E2020, American C

I n addition to pristine materia@fheeé elvce e s
along with electrospinning precursors to

exampl et. &8ave published a f 1l exi/bANT T(BWQ
32



CHAPTER 2

|l oaded 12% PVDH ieblreectrridsomweng antanvoe) and nyl ¢

(Figure 5a). Kelvin probe forcefmibcreaosdcbdfe
|l oaded PWVND&r elmaomws t hat MC can i mprove th
nahodrenhancing electrical performances. T

Vocof 300sdfarmd.B5 OA under 50 N contact a
frequency. Fur tidpeomwmor elenk34 ymWars acori eofe d
100qrMesi stor and could charge a 10 OF cap:
further increase of MC content creates a
neutralizing some charges i ne tnheee dssu rtfoa cbee.
thickness for charge accumul ation and tra
increased from 0.04 to 0.08 mm (Figure b5a

thickness reduced thlee pPDEBr maudaesr enwsii agunsvle

di scussed. However, the device output was
exposure to normal indoor humidity [&%H ter
Aside from MC, MXene materials can be us:
el ectromagnetic interference shielding,

volumetric capacitance propetlt®Weesn f MX®mue ai
used as thin films, there are some chall en
brittle nature, and surface roughness. Ho
problems by maintainingnhanosaog!|l érsatfaoa
i ncreasi-th@golswmd acat i o, thus | empradengl 6pe
wear abt emag eghs moni toring fsiybsrtée3dm % sMxagn eM
Negative) and 19% CA s ollhuet idoenv i (cpeo s(iwi3tvhe )d i
cr could generate a maxi mum volxlag36 ofwn4
2t hroug¥Yl aa® Mesistor. High tribonegativit

significantly reduced the internal i mpeda
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out puts. TFweorrdgedt iampgp lriecaalt i ons, al ong with a

attached t o a shoe i nsol e, t he o dCeNvFisc e

heteropasedi senceotreldiilogmMHe 5b (ii)).

El ectrospinning can be used to develop hi
suitable for wearable TENGadlemomrmetsr atFeod 4
TENG using Janus struct uridadsewirtihboRel Ae,c tPrMIxF
PEDOT to achieve conductivity with respec
PEDE@PILA havoand -PEDOTNHF wasx2e@dr th8dd ms

xX66. 67 mSrempectivel y.-l iThtt Weidg Rtma (mhlse uwit t
25.8 mg) andocdémarhetivast.el8Bd OV A, a charge of

of 0.75 mW Yondeghp&bODoMic contact and sefj
the device could be used to I|ight up 50

swal |l owi ng and g rhiupnpainn lghWffdicstti hoenr nosfrt @ tuhcel a n e
el ectrospinning creates a breathabl e, I i gl
to wear. |t al so improves adhesion betwe

reducing del aminati on.

34



CHAPTER 2

Q
—_
=

-
=

g

g

2

Current (pA)
-
T
! o |
A ¥
£
\ =
;9

0 10 20 30 40 50

e

M Electrode
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7 -P\-IDF-TRFE Pl

| PVDF-HFP NFs

PEDOT-coated PVDF-HFP NFs

B PET

P Aluminum foil
F’jf_/ B Composite nanofibers

Fi gbrFeurt her i mprovements and devel opment

applications using the electrospinning prc

a) Ef fect of el ectros-poht YEUF r(eiait e rb ethhaiva |k

Mo®% CNT ((iiij)gurvrodnta)gegoncentration over

from>wefth peCGaompysrsiigplmt E2022, Amer ibda nScthheemait
electrospun PpBMWGras NHt eel hg sensbPwirterpr i
permi Gepymi ght E202 2, American SChematak 8s
PVDF based composite TENG [!&&lvtihc e p erremirsi:

CopyERHR® WI LEY VCH Verlag GmbHd& Gahek6a

singdzzI| e, -noxrejlkregaared zheabmeedl | el ectrospi n

reprint @dwWk r lo mp e@adig ysrsii pmt E2021, American C
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Anot her factor to optimise power output fr

fabrication process parameters. Power out |
drive commercialisation of thir©ostpeamnamlgo ¢\
has a significant i mpact onethadposeeveodut Ip

of power out put based on t he Si Angolzez | B 0 2
el ectrospinning systTeRW H Fci ognuprbes bbedenh n am & | W a
devel oped during the experiment using al/l
evidence that Pl has ability to retain mol
Evidence from energy dispetbatveuspagtaosc
producebyayleayesrnruct urTeRFfEorsePlarandel VDN
empl oying conppaogate aadhmuiguées res-URFE i n

nahodrehroughout the onapgemeratls tem albd | mrge D&

Based on the results, there was an increa
mul ti nozzles rather than single nozzl es,
better alternatofecompdfdiietree i g reeodadti itd o n L
coll ector instead of anoplzdrerel eclt r@ecstpo mn

enhance the power oubtagpsuead oTf E NGCrfbeovsii ctees .mat e

2. 3EBectrospinning b#aoever Brdi lsealse mtgr.i ¢

A number of studies have developed sensor
human boidny ,ardo huist mg el ectrospun membrane
relying on a separ at ep opaeweerd ssuepnpsliyn gmewa ntsh t
investigated area in thé&lfaigelamt. alfawe aprabdyV i
comprehensive review on the possi-poWwetgdo
sensing, providing mor le!®Phatthhwea yrse sfto ro ff utt tui

examples of el ect r opsopwenr ewde asreanbsl oer sT EANQ |s ebl ef

36



CHAPTER 2

J

&@&n. ahave developed a TENG sensor for (

Ti2@OPAN el ectrospun membrane and nyl on filn

r

e

spectively and a AgNW TPU composite el ec
ese | ayers, t he( PpToBER)h e wr ahkedold agtehylien e
ectrospun electrode and the tribonegat.

i sture. The upper mensatn ol paayretri ccloenst aciannii nggo st

and act-chsami mge, fanti bacteri al agent . Fur

efficient production method amdverovihee sP;/

el

S

t wor k, which is quite challenging with
nsitivityiomftBe 2rdendkiPdarm aonfd?000.r6 pnmrVe sRsaur e

rther more, the device could detect and
nni ng, sqguatting andea.s kM@rpe cmwge r ,a st hseh odnveny

gnal s r e gpuoiweerde df opre dab h8&tlefr sy st em.

curity is becoming one of the significan
technol ogy-baBedsssee sendhiemgi cati on i s
me and appliance control syst enmesr.abTrlee
chnol ogies for authentication signal i no
to sophisticated gar ment s. Primarily st
pacitive, resistive and psierzgriesfi st mati o
ess time and hold time is <challendying

proaches are needed tthbeubhddees®Onéhappr ohce
Bleat tadases hybri difzdbdaesceodnpToEENG ea mda nmapac
nsors to measure dynamic and static pres
ed in the same precursor to produce an e
ectrospun | ayegvdiisl awseaed &9 g tcrhiabge den

| oxane and high surface camaatta wei stioa ted reic
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sendgo@wno the standar d 5s emrs oarn ds ihzyeb rafd i5z emmvi

technique with a maxi Mmum38 &n KiPtai vietgy omf ah?
'in i255 kPa range. The rectified output of
I n a-p osweelrfed approach. Finally, t hewasenso

demonstrateddt wisted a wti itfhy 98 u6bg e’ ur acy ( Fi gu

a (il (iii)

" K,=0.507 mV Pa

K;=5.190 mV Pa!
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alUltrdaprotectcilveea,ni ngl,f andf aihaseac tTeErNIGals er

out put voltage vs applied pressure (i), di
devi ce (ii), Sensitivity wi t h wal ki ng (i@

reprint dd4Witompe@dnp srsii @mt E2021, Ameri ®dn

Neur al net waunkhéoébratsiedatsiedrdn system, schemat.
(i), accuracy matrix for capacitive based
based pressure sensor (iii), (acvcuraancdy choanpt
of static, dynamic and hybrli2ddi t & c hpneirgmiess:

CopyERB®2 Wiley VCH GmbH

2.3U4e of Electrospinning in PENG techr

The piezoelectric property is a natural p
l i near coupling bet ween a specific mat er
pol arisation, which is inherenurliye roebvseerrsvie
piezoelectric property of certain inorgani
barium titsanaweee ( Ba€idOTfor i ndustri al and

piezoel ect F%Ebv etne a hmalgchgyt.he piezoelectric
crystalline material s, it i's also inheren
pol ymers (PVDF) , PA, pol ypeptides and pol
area 4as na Cesult of applied mechanical for
coeffijg,i et , pdezoel ectric material s, wher

propagation and j i s[8 h'é3uf retc tdlo.n hoav ea popd

from understanding the charge density, Cc a|
external force over [pSfrzobleembriec-N&maypah
hee@rovided detailed information on the sy

and further processing rel%fletloweov epri, e zao etl |

understanding of the piezoelectric mater:i
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concept. Wang has derived equations wusing
through an external | o ®) ( P)f &PrEdN Gt odteavli s e &
bel IdW.

0 —Qwn —o6 Y ( E5)

o —- (EB6)

I n equatigbes HhanidmebpgkmEss,t henegwit srnhhe boana
ar ®as the-tsmehandermittivity of the mater
oficdan drastically enhance the power outpl
provide evidence that surface nanostruct ul

the cross section of the surfkldtle weasalbfl

applications, polymer materials are favour
regions. However in comparisaopftéOoB@ep&nic
initial polymer material's coefficildh® is

I nterestingly, ¢élidcknospunsiBVDEYH agh@M e P VI
film exhi#fhitsshomda ngCM significant [SBEwpernov e
though PVDFUmabph@#seéMphhaasshee i s the most pro
the highest spontaneous polarisati®d 25 el

El ectrospinning can be us edbpahsa sae pcod nitnegn tme

in higher [gdwexl Bt put .

Amorndnost prominent polymers used to creat
appli aalFeMDdmsand its copol ymer s, PAN, Cel l u
wi t h el ect hesprbgivnigh ghal ance bet ween el ect
perfofMAlddeti onally, a high voltage field

enhance and adj ust t he el ectric poling
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comprehensively reviewed el ectr ospauwerRHENDC

sen

app

el e

sec

Rec

el e

et

obs

bes

pre
di f

hda

Eli2zhlyd Yu et al. have providedf iabrreeowi ebw
| i €%iini otnksi.s section, foremost consider a
ctrofsipppmeamdanoomposi te PENG s tTrhwec tf worl d 0 ww
ti on tdiescaikbwseaerst age of the electrospinn

formance can be further I mproved with ¢

ent advancement s I n PENG devi cPeVsSDF mo st
ctrospinning precursors to increase the
al . andad € de dmuclatribon nanotubes (MWCNT) t
erved tensile and pi ezfoiebdremdrmra corpieagftoe (

poke | i#dhasedcacoVvéyart i on miepchhaasnda ,hs nt, e n ancci

itial modules of el asti ciwttl§ .c alnh ei a chFyer aesaes

46%, tenacity of 0.70 N 0.01 g/d and ir

ed on tensile testing carried out with
300 mm/ min crosshead speed.T |pgerwaesn toak
ond w®. O0p0e8r f or mance was reduced. Whi | e

zoel ectripg, tWet%sd MWECNT gsuamp | ecorfe sQu.l7tle dV,i m

a 343% increase compared wiftihblfpefli stine

example of such a device w-aasaseewerelrfeead
sor was used for gait pattern monito
ermining metatarsalgia complidoaeidons.ac
nesium Niobate/ LeadPMNTARPYDE)basasd uB¥DF
el ectrospinn%ngoa@diei€gxr(avbXreie2 .I15amet | ae
cursor has increasedPMNRE/ PVRE o0 bXready O %c
f raancatl iY®Mpsspe(ct rometry odevadeamel ¢ h@mtov ihe

polycrystalline perovskite structure
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hi ghest pecdaphasel atTde temcorporati ami of mdXe

i mpact on the morphology of the electrosp
characteristics. l ncreasing applied force
x 7 W 1t20 Vx Ga.nAd5 xQA 2t OA, respectively. The de
to a shoe insole in five ditk{(iférenmmtpepoeisti
was a distinguished difference in signal ¢
backwards and faVb(inp) forwaaddi( Figonyethe
posture abnor madtioedeorsusph algd optvgdadh ogor i

be sufiorabtlhee cl inical prognosi7s iovf)’fmet at ar

2.Bl.L.ectrospinning Applicati onmsedmanNeaalabl

energy harvesting

Whil et hdhdsiss focuses on electrospinning aj
acknowledge the broader wutility of this t
el ectronics domains. The inherent propert,|
S uvaibtl e met hods among all energy applicatio

2. 4Ebhergy harvesting applications

Sol ar ener gharhwe sryteisrtg ngner gy from sunlight
another sustainabl e approach to generati ng
irradiating sunlight or other suitable | i.g
tdh release of sufficient free el éFThiend t
generation photovoltaildl ¥/"®@SKHalgde 508 Cnreamel
promi nent in wearable electronic applicat
PSC SEHG device structures, el ectrospinni

Ehr mann have provided a comprehensive r e\
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enhanced by usi hgbrdeetntos phuinghnasnuor f ace a

strucétédre

a - -
i 1 ‘
D 4}-.\,»-—1, [ -M‘ [ ] D
[ z LN | wd | ! Ny ] wp | ]
'— 1‘}6'" —'\ ;Zcmk “\‘ '— 10 cm
/ nitial = Frecccecseeeeene--—-— e e e . RElease state
/ nitial state % ' Bending state = :
I \ ] - -
T TTTI L L L REET - 2 2 TR
l'.’l’ll-fluf.:: g BTy T AWK I 20 |
|’ ' ry | r .: < " . . . . > :
: ' + & i
1 + :
¢ Hydrogen
(iv)

40 [ Healthy

[ Metatarsalgia

A

Voltage (v) Voltage (v)
8o

M1 M2 M3 M4 M5

FiguUreel ectrospinning modified amEN@socellals e d

sendiewg ces

a)Schematic of MWCNT | oaded PENG device e
reprinteld’plubolm srhefd. with CC BY CopyrHigghht E
performance piezoelectric composite based
insole (i), identification of gait monitor
complication prognolsigst b(liivs)h erde pwiitnht eCdC fBrYo n

The Aut hor s.

El ectrospinning provides promising resul-t
transparent el échirphley dfelveex iobplnmeé,m i beinodd oymp aht
conductive electrosel deévetl atpenealt e @th i’ Is’g tie

Furtheumone, tche perovskite material's con
garments as yastep usli egt raolsspiiWghirerad | pr SEHL

promi nent with techniques such as DSSC,
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El ectrospinning can be used to develop pho

SEHG targetingohi ghklampeoe tadut sdevel oped a h
average weight 4dm®ds8figiy @anti ve | ifeti me

perovskilt!@&®Imateri al

Thermoelectric dmer giyat uamav e pthiemgp:mena of n

core tempéC aanitleb@tW h7eat di ssipation from

the activity | evel causes the use of ther.|
wear able electronic applications. The di s
Seebeokedf dlyl t he Peltier effect in 1834 b

1851 by Gustav Magnus, were f untdmeanemndrad espt

TEGS" Y"HJdWdver, -tsdrnm eeflfoincgi ency of such TEC

wearing and abrading, Ewal dz et al . sugge
addition to their flexibility and dtnmetngha
technique possess natwurally high surface
thermal conductivity dAd%lulti mately higher
For exBHeplea, al . devel oped stretchable T
el ectrospinning with poly(ethylene i mine)

fidrwere collected in a CNT/PEDOT: PSS bat
Seebeck coefmpiroivendt coh@uctivity, and 350%

integftr®di on

Moi sture EnerWearGemleed agneomgy harvesting te
rapidly, and MEG is one of the concepts th
used as a fabrication techniqgue to opti mi
ef felcddi: &1 erials that ar e -fauentcitvieonard d ga orutr

hydr eOHy ,( caCOOKY,|] d&dnd sS3GH)gniacr eacciad abl e
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i sture mol ecules when prompted by an en
oups are ionized by the moisture, t hey
ructur e. This flow of protons frbmwan
ncentration creates a current f 1 bW WqHi c
order to enhance MEG devices, it 1I's ne
e hygroscopic materi al through techniqu
di filct82zhamg .et al. found that the MEG d
ructur al characteristics, including hyd
dress these aspects,-eftfhectaiumd owesarhalvlee cl
es tetra butyl ammonium bromidef i(&§BAB)
ectrospinning TBAB into CA creates a me
ri sti ne ecloencttarcots’paendgu Cewlli3t2b Be additi on
abling water molecule transport and i on
better moi sture absorption and higher
creasing por e fdgidaeanbeyt ecrh aanngdi nign cnraenaocs i n g

ntrolling these parameters, the device'
700 mV with a maxifmtmopéwer| akéf® ed H udmW
2. 4Wearable energy storages

percapauepemnecaspacitors play a ©pivotal r
vices with excellent cycle | iliieglowmer f
n§i®8lypercapacitors are currently categol
ulhlagger Capacitors (EDLC), pseudocapacit
pical EDLC architecture consists of a t
ectcrooaltyetde carbon form el ectrod@!CATRY vat

parator must serve as both an insul ator

viit®he energy storage mechanism of EDLC
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applied bet ween t he ¢ lagetrr odlleesgt rorse attii tg

electrode/electrolyte intéthaccconwi asoutto
pseudocapacitors have uzse® mendadRwAdmddewsctsi
pol ymers such al'®PWiNuh tPPes®EDOTeri als, a
i's prominent in the electrodecanmnddel gcctdruc
adsorption cations fremveeheseelpeotcreslsyt a,n
resulting iynw egoiery eaedg reducti oh®® n
Ari yampar ambi |l and Kandasubramanian have
the porosity and specific surface area of
for supercapaldidmr acpiptt i @emti enasannakumar
comprehensive review on the i mportance of

pol ymers for suplkitbapacitor application

FIl exi bl e | ma tatdedriiteiso:non fbaxi &t ieesiare prom
devices for wear abl e applications due t
el ectrochemi cld1 T?8la s tamiondieed n d fibtay it e rd erss ati ynp i
carbonaceous materials and electrolytes.

Pol ydopamine, PP and carbon nanofiller re
notabl€omnamd supercapd®oweverapptl heaticof
supercapac-i bar shaahneriLes noticeably depenc
properties of e'fF%¥ ot eodet imagtieyr,i amse st of

el ectrospinnable polymers and provide hig

by each device.

2.Brom Origami to Fabrigami: Smart Morph
The performance of TENG sensors is not sol
al so highly influenced by the mechanical e
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structur al engineering strategies have b
geometries, t hereby enabling tailored

mul tifunctionality. Specifically, Ib%%lst ru
mul til ayleéf*lsmaeki ong!ked s goeadosmedt rdiaenspi n§2me c h

3D prliithtliamg textil e elfgii®msRe i mgen ewihdheélgqw e

i mprove interfacial contact and triboelect

Among these techespqued, patitgams have bee

overcome the Ilimitations arising within |
foldabl e geometries, ori gami designseanahb
and i mproved mechanical adaptability, al/l
out put and durability in such sensors. Cor

summary oif nsopriirgeadmi appr oaches eSbor ngueanadblse

applications. I nitially, the role of or i
chall enges posed by traditional or-bgaed s
ori gami (fabri gami) have tbere,n tcHheeatnlny eq

el ectrospinning techniques and structur al
with the origami morphing techni gpureacitsi ccdle

wearable JBM with TENGi anhdoHBabedgami has

2.500i gami as a Design Tool in Functi on
Or i gami I's an ancient Japanese art form t
complex 3D geometries, traditionally prac
Some | iterature suggests ttheantwhreyn,s paeeh maké
was invented in China, which | ater i nfl u
Japdn®®Plrigami structures, as a variant of
freedom by incorporati ngHoswervatreig iaod vawmtcse mie
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fieldsciswiclh e@m®mgirmeeraicreg,engi neering, bi ome
met amaterials, and energy harvesting, scie
i nnovations inspired by origami to enhance

preci saomomaemdsust aAmabferappnbadhscoveri e:

NASA for compactiihlgi siodsapmir pdnelt®ent devel o

appl ilP4tFio®auyr eOr i gami i nspired f ol @d{@&mil gurse e
8) Self fJdPRIFNigy8up elmmtds or i gami i hX’Alr eed
pi oneering Mevebowpmentosr.i gami principles
unconventional structures at bol?®h®Ithe macr
Traditional wear abl e el ectronic devices

uncomfortable for t-hermeaser bBndconmi asng
and expansu onf behawygnami structures enabl es
conf ormal wearable el ectronilcrs pgadratti dwelt dre,r
i nspired designs can be used to develop pr

monitoring semesnocrsysednadacshaper s.

2.5LEPmitations of Traditional Ori gami \

Even thougms piri gdamidesi gns have shown S

el ectronics and other engineering applica
films present notable | imitati onds afnodr fprraagc
especially paper, making them unsuitable f
breathabil ity and fl exibiliterntcaweacrausWe

el ectronic systems also regqseing uhetsntegl
modul es, and power sources, al | i ntercon

ori gami materials are generally incompati
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gr owi ng i nterest in developing advanced

versatility of origami-lekhielecownwstcaminmng.tl

a)
System Configuration Advantages
A. Lever Shelter Module |. Wing Walls (2), Back | +  Simple module that
Wall, Roof, Lever folds out from a small
> Am packaged shape
. Y + Two or more + Highly modular and
modules for full reconfigurable
e structure + Interfaces with existing
> technologies (e.g.
- N latrines, kitchens)
o
3 B. Lever
T . «  Wing Wall, Back « Folding wall panels
a embieuboctatisdron Wall, Roof, Lever combine to form a
-] Arm, Roof Support Rhombcuboctahedron
Q » Posts, Roof Panel * Reconfigurable into
o X, Inserts different formations
5 «  Four Modules for full
= structure
: 0 >
1 2 3 4 5 6
Actuator pressure, P/P, C. Varying Lever Wall « Varying Height Back |+ Reconfigurable walls
é)’ - - . | : . Walls, Roof/No that form external and
Build Bake V Roof, Lever Arm internal walls
Dsign Algorithin for Mattiple:Stap Seif Foldiing Origani Self-Folding Origami | Self-Folding Origami ’J A + Two or more + Simple design with
modules for full few connections
5 ‘ structure required
N =
AR < =
AN oSH D. Single and Double +  Back Wall, Wing +  Similar to Varying
%) Elbow Lever Wall Wall (1 or 2), Lever Lever Wall, with
.o A A Arm different options for
74‘ x\_,\q < ’ > & « Two or more reconfiguring space
V,{ NSH ) : modules for ful
(R Sva) [AR% v structure
" o,
E. Rectangular Lever Wall|. gack wall, Lever + Similar to
3DModel  SimpliiedMesh  Origami Pattern  Self-Folding Pattern Self-Folding Origami Self-Folded 3D Origami é g qu“r - f:;';"”wma" "v'jmf"“’*
e = modules for full different wall sizes
& structure and configurations
3D Model Simplified Mesh Origami Pattern ~ Self-Folding Pattern Self-Folding Origami Self-Folded 3D Origami

a) Ki-tngpmied stent developegriot édWwdmbedi c
permi ssi on20QolpyrTihgghtAut hor (s), under excl i
Li mi,ted Origami inspired fepdiabi ed?8F®icthint e «
per miGo@dyrni ght E2014 cBEIl ©evigami Lti civs pieped n$ el

with pefrrmdm%Wdofnh per mi ssion Copyright E201E€

2.5F3@bri:galnmie Evol ut i oBhaslTedva®rdi darir i c

For thousands of years, fabric has served

maki ng it an i deal platform for wear abl e
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engineering have further enabled the inco

stages of textfiilbepéepmmidrug tti o Nfeagfarmam & tiind s hti
can sense environment al sti mul i and adapt
roles in protection, comfort, and aesthet
technol ogiweos ni retlcectadoynii ss gahmowmghi habeiass
i's mainly due to the f asvuocuhr adbd ef Iperipkeirltii
el asticity, Il i ght wei ght , and washabil it
syst®@y | everaging trlhbzassee dp reotpreg a thierse s faan
complex folding and wunfolding motions whi

comfort .

Hi storically, civilizations such as the
techniques, par(tAicmlyaewli t him pheatiexg i | e a
Early methods of fabric folding involved
patterns, followed by heat pressing to per
this approacrhedd mensdooad asttrhicture, i1t | ac

outcome was entirely dep®dlthenBurommet hea hlen
techiFg@®mwes traditionaldymessdonal i mpatrttr
through thermal anld®®melohanirealenptyceSsonag
i ntroduced tHe&itQauirme tUebcrgdmi the transfor
forms ustkmgs porriegdhhfileBénagsesof the mechani
substrates, this approach often requires
hold their Ffablrdegd ms hadamess .been successfully
hol der s, decorative fabric designs, and |
and reduced drapability associated with si

weabl e electronic systems.
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Rut zky and Pal mer i nt rsohdaudcoeydf @ah dtsehc hanpg pluiee s

i nspired geometric patterns to fabric sur
transferred onto the fabric, then specifi
together. This cons$r oo ineglddkeixmadirispiectnaat!i osnt rcurce
tension and compr eSshsaidoornhfaovlieédhsh e m hap pleix ¢ d | t
and functional items suctHeras, wt aldloevc Ihaatnhgs
pi eAeso, fabrigami was used for gar feengt.s t
as a chi DNd%%yorwewseryp wear abl e electronic ¢

patterning to ensure.l% kurate sensing or e

a) - b)

simulated result smocking pattern
4 CNLINLNY

simulated result

fabrication

Figardgabric 3D geometry devel opment techn

Fabric ragpprliantti enéddft t o mp e@drd ysrsiigplmt E2004, Sag
and b) srmeopcrkiimoge dipétb | i shed with EZO,BAA udt. 0o rCs
technique, <¢) Fabri gami s trreupcrtfiunroee dftvedrit st r |

per miGes@gyyrmi ght E2021,. Sage Publications

Recent advanchdasretds oirm gédmbr ihe ghl i ght a b

techni quesedaned ntautetrii nag engineering. I ni ti
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aesthetics and visual appeal. However,
dayodés fabri gami met hods are transfor min
ectronics. This evolution all owsr eaotri ofnls
ith technol ogy.

2. 5E#hectroaspBabiingamigrlati on

outlined in Section 2, electrospinning

nofi brous scaffolds with high surface ar

ich are highly desirable attomisbufTédse fpor:
cuses on depeWwepe - at seexdt § dslefns or for mo
omechanics, employing TENG technol ogy as:s
though el ectrospun membranes offer ideal
rformance of a TENG system isisspgnafic
chanism between the active | ayamsgpilas
proach aplpdsed dwbdtabaties, i s a practica
chani cal moti on. By incorporating el ect
ssive and rieppatabl en cont ac teanchecancamg b ¢

nsitivity and output of the TENG system.

tegrating fil&cevi 6 punabnagami folding e
formati on during j oi nt movement and i n
nctionality. Such a hybrid design repre
exi bl e, a+wpdwenteagrsabygsenresedftfd ro nn emetar abl e
r placement in multiple body | ocations,
2.5Sbructural and Materi al Consideratic

signinhgasaed abENG system requires careful

d materi al par ameters. Fateoms dsuahbi lais
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performance under repeated mechanical def
critical. Additionally, wma&tterningl ¢ ot lreants ua a|
whil e maintaining flexibility and integri:t
Mechani cal Behaviour Un ©ere ©d I dtihneg / gmif mmd rd
selecting materi al for fabrigami folds 1is
cyclic | oading, which includes both el ast
experiences stressgamaadstumdiohddng| ng eddi o
potential failure i f not properly engineer
materi al must recover to itstbeifgohhbwshagt
and separation cycl e. However, repeated f
mat erial gradually | oses its mechanical pr
even failure of theffudl d&l eTd i aodcddrod s snatt feirs
flexibility, and durability is necessary.
I ntegration of Conducti vel/l Flumtcd g roantail n gMad
materials into thefidltdddof ardbelerospyer
fabrigami systems. For wearable el ectronic
performance under mechanical deformati on,
after mul tipledcywyanlfeoed dohgfolding arequir ec
conductive pathways with mini mahle ifnapbarcitg a
structure. A key consideration in this ir
conductive materials within the folds. The
in various deformation sobades!iwitlgodurbn:i
requires careful design of the materi al C
in the opti mal |l ocations to support mechar
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Caredeadognt he fabrigami Gifwednmi hlye paos melrexi t

mechani cal i nte-bastedoeystiembabt hgamel ect i
pattern and the respective angles is cruc

these structurteesr n Tihef Ifuoelndciensg tphaet mec hani

functional integration of conductive mater
Properly chosen folds ensuriecitematl yt hbey TnEal
contact and separation during repeated de-"

electrical outputs of the device.

2.5S¢nergy Between Origami Structure ar

Since the fiTrEtNrGesd u cnt i200nl 20, researchers have
enhance their performance, -iinmrspliudidngs ttrhuect
notable example is the work by Higoshi et
based onmmitcamr raurgiagaed TENG a&0e(c)hfihtee ca voiagariF i
TENG uses p-apkdiang aubstfate, copper el eci
as the triboelectric materi al .a Tshpee cp a piecr sf
with inkjet printing, forming a hinge tha
This folding angle, controlled by the pri:H
or tensile soft senepds.uitder spféessetast b
into contact and generating electricity t]l
el astic energy restores the structure, C C
devel opment, nihxe <lhoaws stiloant malhe devel oped

f edvr opp e d( FoibgOercet isdi tih 198. 98 ' 3Accuracy

I n another example, Yang-peotweale.d deawslsaupged
a slinky awsidaped ddterbwogt ur e f alBt4 aatetl ison

figldh,e a stiff paper subst-irmasei wad Jloil dkey
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where the paper itself and a PTFE | ayer f
sensor exhibited distinct electrical sign
such as stretching, twisting,wand drbppad.
the sensor, it produced unique signal out |
capability to detect pressure valrn aamomnke
exampl e, Hu et al . -iennspplioryeedttFgagdsrtaemi Id&wv es$ loip
TENG <capable of l ighting up 28 LEDs and

programmabl e PP sensor node

2o (i)
Cu :z Ping-pong Rtibber Tennis
[ JPaper g s Z @ Y
o 4 .
g 2 i
S o
2
-4
0 0.1 02 03
Time [s]
b)
4 ; rs ‘\\ — c) Two spatlally folded chains
4 -I \‘. 35!
S \4-“‘. ,: A s Compressed
< [
: Y Strip A
, ; N
& ‘d ”“
! Paper 7 :
L B Unitcell ~ Multi unit as slinky Original flat Assembled origami  Single layered  Stretched state
stripes structure topography
d)
Horizontal Hortzontal LA™l

Adduction Abduction
e Drigami-TENG b\ f

Patient#1
Harvesting

FiglbbUse of OTENGMsem®»or devel opments.
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a) Constructiohamioa¢es @thmasrePddaRTEE NcGap (& r)

steps, (ii) experimental setup with vari ol
adapt edl ?fptlobm irsehfe d Covp v HEI2@EARFBeY Au.t hbo)r (Fabr i ¢
of a -tsylpenkyENG ar chitec-taltk, aadomubgnbiogar
adapted [f'Womhr epeCop prsii @gmt E2015, Amerci)can
| mpl ementation of a spati al |l yl2afirtahn goeedr nTi EsN
CopyERQRBHL EI| ske)VENG iLntdegr at eblas ed ogyuampy aatrtyi
device for shoul der rk?MEkihl ipteartmiosns 2@®@a& pQ oel

El sevi er Lt d.

Unl i ke the -premkgpusesiggletheir approach
strips alternately and repeatedly folded
def or mati on. This design i mproved e86eprdrgy

conisa@ptaration cycles and surface area int

Bhati a et al . d envteelgopaet de da nT ENIGI gseemis or sy s
rehabilitation t h~F% uTghhe isnytsefpeedny tust il of draadeieenag
as the structur al base f or atlhuemi snédfugmamg ag «
tribonegative and tri(bFoipdadfiie)i)ivveo | saeynesrosr,s rw
to detect adduction and abduction movemen:
The ori gami structure, enhanced wiatslsi sd jeu
support to facilitaté&ildalrieiz,onk @il ) sdiopd dteg

a Pilmfied table tennis game that encour age

enhancing engagement. The energy harvest ec
as aoswerfed rehabilitation platf @rom. tkFeed
acceptance, with patients expressi-m@gsed wi

recovery.
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5Tdwar dPoSvedrfed Joi nt Bi omechanics Mon

I tative analysis of human kinematics
cial tool for human health and perfor
hcare providers to create merfonapate
movement patterns are | mpactseud ghyc ad:

tions ofl nt laedkne®nont ohicpi nical appl:i

senti al for sporatnssli nogideyn cree.c hlamd ecrss tcaa
l ques, enhance athletic performance,
te their recognized i mportance, conv
onstrained by bul ki ness, rigid form
nal power supplies or frequentctrbated

ttrerImo retnidmer eaét ti ngs where continuous
ssing this unmet need requires -new |
ed sensing platforms that mainnteaasniiln

chanical accuracy.

I's coinmexitrredrTiHMGI represent a -trans
Omous Ssystems. By synergistical-ly ¢
red fol dabl el EN&Ges metornif og ,m fi anld ri imgplt reil y
tures and movement , accommodating t|
al of knee and hip articulations. un
ain mechanical integrity andcfyehetsi o

l' y suited for dynamic biomechanical €

all y-TENGsbr ogmende débahctional ity: t he

movements with high accuracy and harvest |

sepdwered capability eliminates the relia
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uninterrdptrad) ohomg aiotrd rdi nsgc einmrn easl. By <coc

wasted biomechanical energy | fTItENGss dlalye t

foundation for a new generation ofiwear alb]l

joint dynamics in real time, seamlessly bl
I ntegrating these systems into JBM platf ol
medi ci ne, remote rehabilitati ogieneerladteiradny s

analytics. As the fi-stdf imoiverst, tbiadl dgeadiiaa
TENGs are a compelling solution at the int

wearable electroni cs.

2.6ntegration Str-aeegl eCGomanidd Siyastt ieonn s

2. 6 Fabrication and Assembly

Typically, devel opments have focused sol el
communi cation aspects rather than mechani c
these factors, the use of electrospgioohoeg
can ful fil the requirements of perf or manc
char actd il etcitc osgpsenchi sgstems can be seam
garments through meticulous selection at

fiboeflaXdri c

From a textile engiTiEdNdreivhigepercame btei \ge ,0 utpl
categories dependi ngf idry @trahsee dp rsoydsut cetmso n( csot
fabrics wusing weaving, knitting, bra-i di ng
based systems which are produced bybméect
considered as the fundament al buil ding b
i mprovements start dt btmkkios ysatrang e.atn@ domew eaftshi

process of spinning followed by twisting o
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as the primary spinning technique, and rec
become popul ar, providing additional func
strength ané?€lomfortability.

Sepdbwered wearable systems mainly use comn
core and adding a functional pollynfér’3s?hied

As an examphdkr,edtaead a pi ezoel ect rTiReF BEy)a rom tho

a copper wire. This yarn was then used as
i n a final product that exhibited exceptio
totomt, polyester, and wool fabphase, Toehided

a ovof 2.7 Moand@88anAlunder 15 N forcéeaAddi
basyeadr n offered excelémrintt emnsipladipi oyermanide

practile@]l use.

I n contrast, some recent developments hayv
produce yarns targetingl?iedadtb.l al eV e cd a wel

hi ghly stretchabl & i kayma n aicbnydc ulcot uabvliee ncaonnoj u

el ectrospinning technique. By -dopedt iPAQN
electrodpento a holl ow nanoweb on a funne
for med. To increase condukRoli yprt pyihdres iytaur
polymerizati on, resul ting litno aln0. BncT eame

el ectrospinning technique not bnfgy(gauogeat
of 4.08) contact poarndalbamtdatlbowkedtt he g¢gan

from 0.1% to 100% and repeatable t9?°°kto 10,

Targeti ng -fsapberciicf inta npuofsatct uri ng techni ques,
t wi st or plying, yarn thickness, yarn ten

stretchability and | ength.almi wemumnigeagdh
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to produce a fabric. Some of t haepsree vp @amuar

publ icataved fWorhiexawmpdl, Zhi et al. emp
t wist per meter affects both the geometry
bphase in specific materi al s. Thi s has i

harvesti-pgwengesei fig!®p3Plications

Weaving is a process of manufacturing fab
warp and weft, at the right angl e. Pl ain
structures in textile engineerimd.prTajaad tt

machines produce s uchha sset rourc tnurletsi pwiatshe stience
weaving techniques have gained attention t
di fferent [fdfhetni drhelrietiiess.a requirement to
yarns to produce the final device for wea
as a prominent technique due to [3%4%&24f>
Furthermore, the interlacing points and c
such as plain and twill. Based on the appl

decreased using salt?ihlaesds staheegpashriust go

materi al, it is advisable to use it as we
woven fabrics. This suggestion is based o
based yarns. Duaing &epeingnceahpgl tensioc

damage the electrospun coating.

I n contrast, the knitting technique wuses

weft knitted fafkkmictedtfabtrurcasl lay,e wa fgthl y
whi | ek wiarpped fabrics are mds$Cbmphakbdnwiethi
fabrics, knitted fabrics can take the huma
for manufacturing inteTENGeahdg®ENMSNE sc art

closely embedded i nto t he targeted area
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el ectr oensopdiinfniiendg yar ns. | n addition, t he

stretchabil ity makhanrgv eistt isnugl 2%apabpl lteih af aotmio oeese

techniques @ué&amiagsiingt aresihai que tllkeati oinsc o1

create distinct col our) aade asse awi te(sBaivtleh otpt

compl ete gar mentthe ndeovniec esst ecpdn be | ocali ze

mpact on the wearable and??d&dkhewni i gpedr f o

force in circular and fl atbed higher gau i
machine) it can | ead to delamination of d
knitting or | owek’gabgeqtiéatbed moietsogt .
yabased devices. Moreover, overcoming the
of electrospun yarns by producing the c¢omg
speed seamlersesd kne ttthenge ttoypes of intellig
Contrary to knitting and weaving, sewing
compl ete functioning yarns made with .an el
Thetseechni ques require high tenacity for th
during t he fabrication process. Furthermn
el ectrospinning it may be chall engi nsgt whi
exists after developing theryarnglehandt db
| ock stitch) I's an i mportant parameter fa
preparing thel22%Unctional device.

The electrospun | ayer can be used as the
functional material fabrication) based on
fabricati on, ease of e hr eeraa anteart is zparttoiltoens uasred
traditional pl atbasedr ehheotr r ccsomiemyildiragysearr r

preparati on t ebcahsne dg useyse ttf cormth afvaSuwdecmonstr at e

C

an be created using polymeelilculmage,y i il sk
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polyethylene oxideba3bdisystemtyiospdaedfabp

to counter casted films of the same mater.i

V. By adjusting the thicknesst,hepogwaeyegsutz ec, a

be further enhanced by increasing®3the absc
Al l these examples discussed above in th
selectidmborcabison chemical treatments to

TENG, PENG and SEHG devel opments, apei mhei

sensitivity or power out put s i s essenti e
(fabricating two functional materials intc
make it suitable for developomg tegtrbBldecd

| aypmarsed systems are mostly required to co

substrates in order to maih®ain the requir

From an application perspective, mechanic

membr aneset .Rashhodoughly examined the rel:

properties and appli cd¥o oinmmrfowéd etch & Des ppumo
the end application's requirements, variolu
or organic fillers. For i nlsdaatnid@3d MWEN,Er ewa

naholmae¢ ri ces can be created from pol ymer

creatiAg k& tsteecture MPRl ymBAB shrrauncc huerse.s

modi fied, such as electrospuni?BNatpeaiawied :
al so demons ttrraetaetdmetniiast Ipdkset anneal i ng, St
treat ment , post d4omKkouwmdicragmn e&md aarces s he n

el ectrospul®embranes.
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2.6C@mmunication and Power Management

Communication and power management r-emai r
powered wearabl e sensor systems. Bul at hsir
| evel archi tbheacsteud evse arna bTIEeENG s ensi ng plsat for
the sensing process can be categorized int
processingmadnagdedAsspoaviously discussed,
high voltage output s, of t en prno dtuhcei nrga nognel Yy
mi cro ampere | evel currents. I n contrast,
operate within a mui2hV) ocoavred nv®duiarge c¢cw@ammgen
to milliamperes range. Thitd omi crhattdlrengese
in terms of rectification, voltage regul a

and communicldt*lon modul es

When TENG devices are employed for ener g\
power managesmemavenobeedmr devel oped to enha
Cheng et al . successdapgdcogi tiort e(glr @)t eds ainl i
significantly i mproved charge transfer. I
chargeitnrcarafser of up to 2600 t i-wnaewe croenptair f
ci rletXit et al . empl otytelbeud pHENIC de NV e&w telpr

down the rewttihiedmpatatage and a met al 0 X

transi$hey effectivelsy imgptedmenc evt tifar oy 8t5e r

achieving approxi mately 80% energy transf e
one mF capacitor with a performance I mpr o\

rectifier setup, under a 1 Hz mechanical i

This research project -bfacsceuds essy s ewe & wed| seEil d

rather than energy harvesting. For-basamp |
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fab

ric keybaadd weixngiapl?2 architecture.

cotton swuwhatrat d , abliic as the conductive |

1la (

i)). A data aca26) twan boad dt d Nle P Is i

unit cells, with the datiecledThatpat aswasvi

of

fro

pr e

Thi

Ar d

t he

Z ha

100 Hz, and the pressed key was identi
m t he sampl da( isiiig)n)a.l Tk issfywsi téeynd dseut ect e
sses and demonstrated potential [@86la w
S system required a connection to the

h powerti @gmamslel] ong

uino microcontrol |l dasedreewedekh asddp
i r easesowfr cies ee,c osp/esrit e m, and compatibil
ng et al. devel oped a bionic artificia
tem was used to detect and communicate
used to power the Arduino boar 8 aAd di
ookup table in the microcontid olsltarmuma
ations. The devel opment board had a US

send commands based on output voltage,

actli?2dnls
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a) () s e (iv) Bim . (VD) Red: Vy=-1.5V,Blue: signal

® 3 e udone '?? KEYBOARD !
- % S e | R Cell 1
Monitor i i P — F— cail2
I T § 4 s Cell 3
b — g:: ; (loucb'o:& g 1 Cell 4
PC 3 4 ferton ™ i it Cell 5
p=
g #Ht Cell 6
l I (“l) § Cell 7
3 Cell 8
D.at.a. 3 Cell 9
“| acquisition g Cell 10
board e =] Cell 11
= cenl 12
0 6 12 18
Time (s)

(ii)
Healthy #1
3 ~==Healthy #2
B = Pationt 91 PR—
\ ——Patient #2
MAS:1+ | —Patient 83 | )
i Mot-cses sVM cssaier

Good Arm-Strength

@
MAS:1; Poor Arm-Strength

Flesut

time (sec)

Capacitor
Voltage

Rehab-TENG Patient #1

FigbteCommunication and power-bmsaedpsveab fetd s

sensing

a) Wear albhd e d abeylwoard. (i) Unit cell fabr
captured via a data acquisitionpi(i ®AL)desgygiss
making | ogelcl, Kewbhodrd | ay okuety,b o(avr)d pihnotteorgfr
on a PC, and (vi) detection results of all
Rel¥1 th per mi ssi ofl Leowiyabi)glhttph2er1d i mb r eha
system. (i) Circuit diagram for signal ac
(i) experi ment al setup showing sensor afrf
charging curvess,f arnddicfafte rnegn tv apraytiinegntl ev el
rdfplubl i shed with CC BY Copey)r iSihgnE 200a2m0g uTahge
system integrated with TENG and wireless
phot ograph of the asselnbveeld bslyosctke nd i aagirda nf i

TENG sensor, wireless atrmamgmiasd ggioo n t hZhfld dm:
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with perompiygsighn EQ020, The Author(s), under

Li miited

For wearable TENG devices, maintaining a ¢
smooth data transmission tBhapi @acedsianlg. ad
wear abl e TENG based exerci sd nsyshtiesm efxgre ru p
TENG signal was faimps tc ofnefdi gtuhrreodu gahs aan coopmp a |
testing. The comparator out puts were con
Arduino to detect the acetriyvaptdvoer Arfdwiarcd |
and Bluetooth BeEWeeommouai ciat € ki gliba €d )t) h e
It used a counter variable to track movem
and counting down with the other. Thi-s col
06 Bluetooth module to a-bhapdopgamededdctld
data to-scamrternolelermmeat sior e, the output of

rectifier and them usletdage «fhatrlgpe @a ga@iatco

through the Arduino and the inlbor matli on) ¥ e

I n another example, Zhou @atssalst ede TEINGp s
to detect sign | altquage igegstumed h(iBi gvom &, :
was first passed throughasms dmgltiefri rTLVRI3?
the signal and eliminate environmental noi
fed into tateedADWi timitrega mi crocontroll er, \
power management chip (TSP6%1a33&a) .waSu btsreagnu
wirelessly via BLE ué&ci(nig ia) )CC2T6h4e0 scyhsitpe nf Foi|
rate of 500 Hz and, with battery power, w:

hodt%3$!
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2. TTesting and Validati on

The scaling and commer-casé ¢poaverfpalt ems eme st
thoroughly investigated. Based on Technol o
are either in | evel 3 (applied resea+ch a
scale prototype ready ?dThaerkefboeat omoyst e
devel opments must Dbe 1 mpr awe i rwietdhe fvsitticaerischeer
be acasptemmercially viable product s. I n t

(Ameri can Soci ety f orBrTlesitsihng Staamad a Ma t € rr

(International Organi zation for Standar di
Textile ClCemiogtrsagead esponsi ble for [Fevel
Furthermore, I nternational El ectrotechnic

Circuits (I PC) provide some addietxifcifidels . s

Foll owing these standards to validate prop
and aesthetics will provide more opportuni
Shak Sadi and Kumpi kaite have provided a
procedures on durability testing, namel vy,
applications. I nterestingly, thereries pos
measure the washability and stabidbiasgedpe
sens?®d®4dln most cases, stability testwhnghwas

contact separation based architecture or |
with constant fréguenseyefral fTTtgwl ewcl eavhi) e
in a container/ beaker by stirring/ultraso
standard procedur-28606,uchS@s63ARAITCE76ar AAT
washability offoéoumesrdonael iddvilde€L. TMn 2a4d

(evaluation of resistance before andA6bafte
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(measure surface temperrmtwear alelsgppesenbbys

(specifications for wearable electronic w

el e

add

sen

c

r

S

prov

pro

d

u

o

ded fabrics) and | PC 8981 (quality an

recently developed telgt% ng standards

dity and temperature conditions can h
ai n e lbeacsterdo ddpéB/hinciersg.e coating or nanom:
trospinning substrates can favourably
ess t hwariindtlue nerev iorf lo?d$benmet anha tceornidai Itsi oun:
ors or modules have been redppieatdecx &
i ded a summary of textile testing tha
uce mar keThe eraadyi ow ogplueavti.ded by Patr a
ted substances related to fabrics and

esearchers to select a wider vari®ty

eB)ox example, electrospinning solvent
be fully evaporated and ensure that
ose of wearable applications.

her mor e, when characterizing t he per
urements must be carried out. The fir.
itecture. Al samples should thear be
ation system must be used to mimic hu
the Arkibis XMGV voi-mecconl pse¢ifpi omwl
system i s isepa cdmtisieeodnf FIENGormtradti t ect L
mum amplitude of 150 mm and operation
soi dsad paxroanttiaccrnt moti on profil e oiamulnat i
retical model s.
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Rasel et al . empl oyed an | MADA force gauc

measure forces up to 50 [N! Wietih hhepr 6&ildi
el ectrometers are commonly wused for -elect
circuit current and charge density due to
researchers have also opad cuhésevoeltagter om
However, measuring voltages above N200 V

their voltage | imitations, and al tveorlntaatgiev

measur ement s.

2. @verview of Literature review

This |Iiterature review summpoweesdtbensase
with particular emphasis on its applicati

such as TENG and PENG. To provi deami hedac

el ectr ebsapsiendnianpgpr oaches i n other energy ha
storage and communication devices. Coll ec
versatility of electrospinnirrmggeand si dienntqiuf
and structur al advantages to @onwemed tSka s

systems.

However, despite these advancements, signi
sensitive, l i ght wei ght, and comfortable w
i ndicates a clear need for coOmbemed adp pmea
structural design strategies to enhance bo
As highlighted in the I atter pard nepi rtend
structures into fabricsifpigabapgéadmi) tokefset $

the |l imitations of previous bul ky and rigi
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The

hol

str

and

synthesis of these insights makes it e
ds the potenti al to transform wearabl e
uctures that are not only mesohamipaadll ley
ni ficantly enhancing triboelectric per
ectly addresses the prpeoswseirnegd ,d eammadn dr efloi
healthcare monitoring. tTheesneedefditee
ctr dfsghb rning anrgi integration as a pathway

eration wearable technol ogi es.

.Met hodol ogy and Objectives

i's project aims to develpopveaedEN@Ns$ech

mechani cAf tmrmmidaomrefngl.ly carrying out a
objectives are <castTehde acsor ce sntertihboeddo | ior
ctrospinning for functioniahspsiubesdt radle

uctures for mech-apvpaaht eapni TENGodevince.

i gned t opeacfhoirenvaen clei, ghwetaaiamad lel, e asa@i fien ¢
efits obhasgdedseedENGs are | i sted bel ow:
Converting body movements into el ectr.i
power source wil/ provide an opportuni
energy demand challenge.

Using biodegradabl e materials for the
and enhance sustainabl e practices.

Continuous monitoring of body movement
possi bl-eelpatsedrabnormal ities in the eal

i fe.
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T I mproving the wearable and aesthetic c

comfortable and easy experience for weeé

The field ofoweragd bd ensiedngd has seen a surg
to the emergence of bi odegradabl e TENG.

researched for developing such devimegs. A
Poly lactic acid (PLA), pol ycaprolactone
|l eading biocompati ble and biodegradabl e s

within the TENG and PENG sector. Hhaave e Wbere,n

l' ittle progress in developi ngowegrsdk madnsgol
possess excellent wearabl e charmaded i wdadrcas
el ectronic devices. Gi veennt itfhieesde tfhaec tfoorlsl,o w

A Perform a |literature review and feasi bi

achieve a higher triboelectric perform

A Analyse the feasibility of -pewegedl sehs
performance of the selected triboelectr
A Characterize and optimize t he triboel
properties of the developed el ectrospur
A Research textile origami structures fo
prototype with the devel oped sensors.
A Conduct a pilot study to evaluate the p

necessary adjustments.

This thesi s -poweaelrweat el[sENG selnfsor wi th enha
el ectrical outputs for wearable sensing afy

energy harveewemgd anensiehdg, t hey iovitteyn usnudf

71



CHAPTER 2

| oopvr essure stimuld.i and challenges in adap

address these | imitations, this work expl
highly sensitive tri bodlogcatefi elqgammyceyme nf o r
Secondl vy, the introddamtsipamr edf TENGoOgéEeFr udta
efficiently capture joint bi omechaniics du

separation mechani sms.

Chapter 2 of € thins etxhteesniss vpr dsdnmetr at ure r e

fundamentals of electrospinningowadedtsems

architectures. 't al so di scus soeftshaar ¢ c §1EN G& «
in the passt Plfagwigebar emphasis is placed
strategi es, and the choice of mechanical

applications for monitoring human joint mc

Chapters 3, 4, and 5 describe the develop

sensitilveesdENGevi ces to detect joint biome

range of materi al characteri zattihoen dneevtehl ood
materials for wearabl e applications by e
mechani cal properties. Il n parallel, the e

assessed using advanced testing procedur es

Chapter 6 i ntroduces a novel i f aibnrsipgiarnei do
structural design with TENG technology to

represents a departure from conventional

material design with innovative mechanical
functionality.

Finally, this thesis |l ays the groundworKk
el ectronic product s. Beyond advancing the
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performance, the outcomes have direct rel:

robotics, and the I nternet of Things. With
of appr &SDMm&L &ti w 8BS0 t hi s research highligh

generation wearable energy harvesters and

societa?ts .f4hpact.
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3. TRI BOELECTRI C PERFORMANCE ANALYSI S OF EL

PCL MATERI ALS
Publication sasatascorfuedrliersdedpaper

Part of this chapt el nitsermualtliiosnhad d caotn flel BB

Net wor kkEL7r O@mt obear ChOG 24 go, I L, USA

S. D. G. Karnasooriya Ragal age, H. Qadeer,
i SePlofwer ed Breath Monitoring Using El ectr.
Textile Sensors,o0o in 2024 | EEE 20th Inter

(BSN), Octi4aDp0 2140,. 1p1p0.9 /1IBSN63547.2024.10780
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Building on the gaps and opportunities ide

on the selection and evalwuation of el ect
selection of suitable materialopmeat elf e dti
sensitive TENGs. In line with future dem
emphasi zes the use of biodegradabl e and bi

were selected as the primasyraredoposespevw

chapter systematically evaluates the trib
and PCfLi maehe® to assess their potenti al as
outl ines t he met hodol ogi es empl oyed t o

devel opment pr &chamdaryst rasst iaon of applicatic
design and f apoweraegd omr ewdt m merdift ori ng sen

and fPIC&r e

3. 1lni ti al material screening process

3.1l atroduction to CA

CA was first discovered by Paul Sch¢tzenbe
and Miles in 1879 and 1903, respectively.
which is extracted from natur al siome cand s
eucal yptus), ga totdaurc t | iorft ecrost t(oan Ipy ocessi ng

based bi omass.

To produce CA, cellulose is typically reac

acid as a solvent and sul furic acid as a ¢

form acetyl sul furic acid,prandude sdid lplowltdes
acid ester. During t$&el @gradtwplsa tairoen rperpol caecse
groups. A subsequent hydrolysis step under
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acidity removes t el pderatauepnsi,n gt haecreetbyyl iammpdr o

and thermal stabilli2ty of the final CA proc
a) b)
\ / . CHa\
< 0]
O
OH CH, {
H & o
— Oo+— (o) (o) N
0 W
0 0o O HO
\ o:<
H3

c) ED ability

Triboelectric polarity (N
- Positive (+) !

CH,
Side \i
chain /Mo}_" /0{\/\0}*' O o Oy _O._CHy

0
Side /o\)ko‘ — B /N\rcm

chain o
"?' o o

Proteins and other Main 0. _{-_j Qo v or ~
nature polymers chain /{(\/ £ = \’t’::/%\/ b ﬁ - 2

Mai i i

ain more

SR m—— )j\o/ or \O)ko/
Poly (a-esters) and
Poly (a-carbonates) =

e more

chain r— —CH; or ey, o NS =

Main more /{'\/04\

chain a

Polyether and
other synthetic ! o other grou
polymers Main goos
chain "
d) O
O
n

Figlb2eChemical structures &nmd atnrdhdRddrl iexlt g .i
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a) Chemical structure of cellulose, b) Che

based on the ¢(hdmptaed!?kiotmt R@dremi ssi on Co|

El sev)ierddn€hemical structure of PCL.

As shdwmg 2x rabnldnost of the H groups in the
groups i n CA. Meng et al . have provided
performance of thel?bilbdegehtiabbseepdkeymensi
OH group the triboelectric polarity is ne

acetyl group the polarity tends to Re) .slic

3.1l Btroduction to PCL

PCL is a biodegradable and biocompati bl e p
used in packaging and tissue engineer-ing a
opening pol Yareepri @wlaad dtomn eo.f Duer teos ttehse odprmde sre

met hyl ene groups i2dh) ,i tBCLls texuhcithuirtes (gra ogdu rnee

hydrophobicity. Il ts physical and mechani c:é
and crystallinity. Addiitoinoncaan yenhamwcdeciet
adhesion, and biocompatibility, making it
According to Meng et al., PCL |iel?‘%methe
presence of ester groups, -Hlcoksisxygegnoat pi
the PCL surface to stabilize its negative

tribopositive material s.

3. 1H8pot hesi s

ATENGonstructed wusing CA and PCL wil!l ge
triboelectric output due to their opposit

tribopositive and PCL as a tribonegati ve

s
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demonstrate potenti al for dM:ae vest wegr alpgke

performance influenced by surface morphol c

3.1EAectrospinning set wup

Al l el ectrospinning experimenbsi | wer ebecso
el ectrospinning apparatus housed within

ventilation -aodt agéepgweA Bughply (Gamma Hi
capaodl edelivering up to 30 kV DC, was conf
resul ting i ni3tOhek Vaptpol itchaet isopni nonfer et , whi |l e
ground potential. The polymer sohuKDBAOWRS

programmabl e syringe pumpda) KD Scientific,

Insulator Electrode 2

Figu3eEl ectrospinning pr ofcoers se xapnedr ismeetnutps c @
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a) F| abtaspldateed ectrospinning setup, b) EIl

El ectr os pfuinmeCeA deammomsi ted on the flat coll e

at the spinneret tip during electrospinnir

I nitially, a fl at pl ate collector conf i gt
aluminium plate tdéi tweeiolsiittadtdn, (&) fgaDmer Ma g
fabricati on, an aluminiemmwdoipl ava@d a@an tthh
facilitate the easy removal and handling

characterization and testing.

3.1Ebectrospinning of CA

CA (molecular wei gitldf MWhE30, @@t oBiegmand

and wutilized as received for the prepara
(summari zed in table 3) of CA was dis,sol ve
and the mixture was magnetically stirred |

of solutions with corc2emt rTate on®!| utainogn nwa
syringe with a 20 G blunt needl é€ésfabl el &a\
cone was Vvisibla)at wihtihs al elvse lc nf iTgQuDr ea nld 1
1 hour. Initially samples were collected c
samples were dried inside the fume hood f
wer e kept deeascdat arhecabinet nearly 1 wee

perfor mance.

Tab33@A weight dissolved in a DMF: acetone s

concentrations ranging from 18% to 22% ( w/

Solution CA weight| CA weight| CA weight| CA weight| CA weight

weight for 18% for 19% for 20% for 21% for 22%
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10g

2.195 g

2.345 g

250

2.658 g

2.821 g

3.

PCL
used

4)

hour s
f r o ml 81%.

el ectrospinning

1PEL

wa s

at

received

di ssol vedFAn®#AMld dollutriaomoamd

The

50AC to

s ol

ut i

El ectrospinning

compl etely

on

wa s

di s

| oaded i

( MW 80 ,-010dr, i cSh Hf)RA ) FaonrdmiAc & MWea ea aicdjui r e

foprebemgpodép XICdt i( G monfa r i L

sol ve

altl a nf |ToOWD , r aatned alfé 2k Vmla/php,l

reenovedi &

acterizati c

Pr el nary paramet er sl iwteeareatsuerlee ca redd & djoun

unt i proper elceocnttridristife en nmemp r parncec ensass

manner as the CA and délmcfadialmy

hood r 24 hours prior to char

Tabd:e PWwdi ght di 970 IsKeldv einnt  ani xt ur e t

concentratiods tr@&n@w/ing from 1

Solution PCL weight| PCL weight| PCL weight| PCL weight| PCL weight

weight for 14% for 15% for 16% for 17% for 18%

10 g 1.628 g 1.765 g 1.905 g 2.048 g 2.195¢
3.1l@itial screening process for

As outlined i n thel Sleictte rpantt ldree3 trle)vbioeew ecch apt

TENG devices can be quantitatively

Isg &MmM&rTpge conduct these measurement s,

to uniform dimensions of 40 I 40 mm

conducti-wviedaldudbdleesi ve tape to ensure

80
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A cudbtuoint

conisemtar ati o

n cycl es

e X p e r(iFnmegiBerpel

bet ween

t heel eecltercotdreo.s

waetempl oyed

motion was actuateds0WSNDBOG hBor il MADAalMH&oOt o
The normal contact fporce selyi m@gtué aatt iedg uw a
ZTAON force gauge and maintained at
separation were performed at a speead of
El ectrical out puts were <char aedwarsi zneeda swir &
using a Tektr-BDW xdiT®iISt allO5@Bci | | oscope,
commaparated value (pOSovc)e sfsogre@a @ hTdregeerl @ 0 st
recorded using a Keithley 6517B el ectr ome
Kickstart s @frtowa rdee R lbagtnfi ocr m
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a) CA electrical o2 p¥Wt csormoenptamr atsiommn ,f oly) 1|

comp

20%

ari slo&h %oaordientrati on, <c¢)Voltage, d)

CA electrospun sample, f)Voltag®, PGL C

el ectrospun sampl e.

not

vari

ma X i

comp

char

Sinc

subs

prev

fibr

sur f

obse

uni f

el ec

hown 14an tFhieg uhrieg hoesft T .emair\ded. Bhangeand
nNnC were observed VWtor cbheeCAr abmphfe WO I
scV,f 1103. 6 7ChmAxfe andad4?2 nC vadr evilit&r ecor
entr atb)onAsFisghuorweidc-hi nt Fegoouerent and ch
consistent, which could be attributed
ati onsepar actaonotna cftr equency, andd. i ™he a"
mum frequency achievabl e wi ilh Hzhef orMAa
o-sepatation displacement. I n | MADA, t |
ng it challenging to maintardiognspeet
Start with the KUSB interflicZeaddné&si p
nd. Since triboelectric charge separat
ents challenges at bhrghet sfregmendij ean
arison of samples was performed wunde

acterization.

e the 20% CA and 16% PCL concentrat.
equent experiments and characterizati c
il ous | iterature suggesbae)d ctahna tp ruosdeu coef
e mats and that can subsequently assi
ace awtodl-tdbed felagct r Dspi ngi e peei mpr
rvedettbhhtckness of t he f |sattr actodsl-etcd ob
orm across the sbhrftabe.t Asckhewns pnoFi

trospun CA sample had an average of O
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thickness of the electrospun film is inv

performance.

I n contrast, the thickness profile of samj
more uniform distribution, withbcgn dwnerndg:
coll ector sample, theetndinmctkness ewaedhi gwa
resulting in a broader variation across

compamrsiasmphes wei ¢ hsehecke@dssel®.i06 tnme r an

_
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mechani sm.

83



CHAPTER 3

a) Bespoke rotary collector mechani sm. T

mechaniromarg) col |l ector mechanism coll ecte
Current and f) Charge comparison of fl at |

sampl es.

The only variable that changed between th
el ectrospinning parameters were kept cons
out put performaocack!| et weean ¢ b e afnh BFAe cstarmpd |

i's present édif .i nT hFel grue wBdctkssl sabrodwr ghebn e a e d

13.96% (1.78 V), 10.57% (137 nA), and 4.
coll ector sample. Given the I mpkmomesesd wvaripa
all subsequent experiments were conducted

3.1S8mmary and rationale for chemical r

Thienissdradeni ng of electrospun CA and PCL m
of both pol ymerf i dcoorecleencttri aotihi EdmG t abnodhpountgs .t h e
concentrat wtm CAt eamtthe B6L2 0 e monst rVadlescd arce |
Chawpd Farst hetrhmeuntgvas f ur t h&®wc hiammpgrionvge dt he ¢
mechani sm to rotary Tlrehei Quedifmgpa ddtaabl

el ectrospinning parameters and ctohil®cgtiwdy

Whil e optifmibraat plooml ooy wi th concentration

mechareindmnced t he baseline perfor mance,
nanogenerators is also intrinsicas$tuydiged
pol ymer s. I n particular, functional group:

of charge generatoperandonefenbnoacyalses.g
To further improve triboelectriot,petf awama

necessary to investigate chemical modi fi ceé
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I n the next section, NaOH treat ment of CA

with PCL are introdudé&dGa ® uFsuprutdhseergmoerse ,t oa
appl ihcaas iboene b yp ragpwildyeedng such devel oped el e
moni t.dhisgtransiti ohodused moptpihmil oagtyi on t
modi ficati on provi des a mor e comprehens

performance, biodegradabl e, and biocompat.

3.2e-Pbwered Breath Monitoring Using EI ect

Bi ocompati ble Textile Sensors

3.2Material devel opsgeemstorf or breat h

After characterizing the initial sampl es,
fabricated-busiilntg rao tcautsiEnbgencntarnodsrpei In nsientgu pia s

a custom I|l-aporatohgey $e@boratory which does

temperature and humidity conditions. The
¢m g% and p B0 respectively. The electrosp!
aluminium foil attached to a rotating mand

for 1 howa). (Ne@HresofLutions (0.05M to O0.:7:
prepared, and dried CA samples were cut, i

thoroughly washed with deionized watber anoa

c) .

85



CHAPTER 3

B

Electrospinning solution CA

d)

CA mat safely removing, drying
and dispersingin 0.2M NaOH

» f ’
Removing and drying electrospun
PCL+Chitosan

Electrospinning solution PCL +

Chitosan Electrospinning with rotary collector

FigluBe El ectrospinni hgrsamphéehpmepatatiagqg

a @Aec,br sblrectrospdnibDenagepybaesosn of CA w
o f all dsam@lLes, chitosan, pegcledsacnt rpgpepani
Removalal umofmdiulm and drying ofcdCiLed[fShb m or

CopyrightE2024, | EEE

PCI MV8O, 80 @-mladr), ctF®r mi c, and Acetic acid
received for the ppreeparsatri.orl. ® 05t ge oPCIPCL
rati o FénARDolguti on and stirred magneticall
di ssolve théhePGIlpealiloemt svas | oaded into a

for electrospinningT&D anfll ¢ k&t apetfti 2dml

The membrane was collected ihether emmeethah
al umifnaiulm then dried in a fume hood for 2
For the second trial, -ACHirticsh&En (wmed ipun cMW
conjunction with the PCL precursor. The
descri bed, and 0.3 g of Chitosan was mixe
fm 2 hours. Af t er di ssoluti on, el ectrospi

empl oyed for PCL and dried for 246dhdours be
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Th

10

co

N a

a l

di

at

al

al

An

Th

cm

3.2M@rphol ogy and Chemical Modi ficati or

e samples underwent Scanning El ectrDBn Mi
0 l nTouchScope -t$SBEMsf amm IFofurared spect
nducted using a Pe+#l KRi.nBEIEMMe rn mAmpech poud @ rCRw ¢
OHr eated -CA) (NdaHurdeembbnstftiabeeaethaitn td e s
I gnmetnrte apg onetn t . However, there i sfiabresig
ameter, from 0.615 OmCA.n Thi s oi nlc r2edeBs eOn
tritbuttedhce deacetyl ation process, where t
| 1 ul ose (I Thi s chemi bsewke | 1 i @gs faonrdmalt e ¢
vel opment of a rfoiulgitheefra @aen.d Tmoe e pmaoroptso |
dicative of the removal of acetyl groups:s

hancing thei$goeosity of the

e SEM i mage Tf) PENe@Fisgar substanti al en|

t he f or maan d fniamfeda frnlidcereox hi bi t an aver a

.501 Om, withi®dr@anchherny inmowowmeasing the s

t work structure is advantageous for TEN
arge generation and storage capabilitie
erfaigmi e@meter increasebsi $oexXhi7yiPt dam unmanedo
I gnment in a single direct7/dpn Tlhimp arraid

I gnment may i mprove the consistency an:i

mposite materi al ppaertfi crumhaanrde TSEUINGsa.bl e f

alysis of the FTI-BAspecvéeahbhsos$i CAI &Zeaxd.aNaC
e absorption peak at 1739 c¢cm T, associ a

T, correds pamnrcitrcdhitngg,C show a cl ear redu
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pea
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The FTIR spectra of the PCL/chitosan bl en

pure PCL/fFigdhe 1nteraction between the ¢
groups of chitosan has reduced the peak in

the ester groups of PCL and chilt?6%38%* has e

The peak at 3438 cm i1, associated with hyo
pronounced, i ndicating an interaction bet:
groups of chitosan. AdditionallyCLAchewopa
bl end, has appeared, demonstrating the ef

composite el ed¢t%®6lspun structure

3.2S8pdowered Sensor Performance

Initiall-€A sbmpNe®OHwere subjected to cont
PCL sample. | MADA test setup maxi mum speed
900 mmihe nc-eepachation cycle with the | MADA
moti on. Il nstead, a delay in separation we
forGoensi dering this factor, 10 N continuou
frequency with 5 mm amplitude.heForMAeDAwa sor
gauge. The correspondi Bg, rlesudand a@specldskd oavy
tpeak values increased with NaOH coneentr
CA sampl e. Si mistaanr@dhya,wgte hee rheicgohredsetd 1fCoAr t h e
sampl e, at 1.67 OA and 6.61 nC, respecti ve

for the CA onloyofs admp@b/é ,VaaildEmaoy¥ed. &8 nC.

As observed in the FTIR spectra, acé&hel gr

i ntroduction of hydr oxyl groups in treate
ot her interactions, enhancing the propens
charge compared to PCL[ 3]. Furt hretrimprreed ud
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from 63 Om to 57 Om, creating a more favo

ot her hand, fibeeswebhsayg folhea agap rledtuweeesn t

area. This might cause a reduction in el
deacetyl ation. Further experiments are rec
a) ¢ b) 7 ©) wo
:, ‘i 6 jg.ésoal);ﬂaOH-CA ’ M I]HH““““ ||
1 —— 0.1M NaOH-CA Py ndihl
o = G+ —oismnaorion g otk V“‘w‘ ‘
2’ H” i = 0.2M NaOH-CA £ * ('{i
&IHHH H E‘;“ 0.25M NaOH-CA T m ’
g | X wa R I ‘u
S +1—caony = | 5 0.05M NaOH-CA
- 0.05M NaOH-CA Q. (l s N 0160 NGOH.OA ‘
-84 ——0.1M NaOH-CA ”I ‘ | 02m Na(a)H CA
7 g ;:m%%t'éi" 1 ‘ ‘ 3 — 0.25M NaOH-CA
12 4 0.25M NaOH-CA i ‘ | z ; : ;
A P R IR = w om ' P st *”
d) Time (s) e) Time (s) f
WL "
84 —~
selbebd L L UL LA o 3
G 24 =
- &) o
-104 N 2
'5 0 1 2 3 4 5 ° 0 1 2 3 4 s ¢ o 1 é 3 4 5
Time (s) Time (s) Time (s)

Fi gu8Te i boel ectrimogiefrifod m@8A mendEPCL

Ch a n gaey od ftbapghea, r goeer tarnrde nt per f or mance with t
of CA with NaOH. ,6 d)®uut pustd apregrfeft aarmmieeamad e wh e n
NaOBA sample contact and separated with P(

copied!i@omyrieght E2024, | EEE

After achieving peak performance with NaOF
conduwi teld C hmiotdaefERQIL . Il ncorporati nghbecthtietro s
i mprovemesdr®acWhi nigca2 0 .38 1V,8hiHAge @an® nd8C ( Fi

d, e, f). Although adding chitosan did not

PCL | ayer, it significantly modified the
ali dnddencreased the surface area, | eadi n
samples. Additionally, the thickness of th
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34 Om (for the same electrospinning time),

This research has explored the feasibilit
out put perfor mance. Further mor ean tthoe tlhe el
net wor k enhances bi odegradability, of fer
devi?t@g:55]

I n practice, it was observed that the v

significantly hi gher t han during contact

separati on peaks -ianrdeu cceadu siemdp ublys iavdeh essei poanr a t

tirboel ectric output during detachment. Mo r
can have a substanti al i mpact on TENG pow
motion profile is therefore criduseadf fman.:
hand tianppinng i ailntexpeudcenke ntasri ability 1n tl

contributed to the observed fluctuations

dynamic inl2é%¥si stencies
Wang et al. devel oped a br RB&Fdn dnoGu twoirri en g:
triboelectric materials, which could det e«

accutr®Elélextr ospunf iPéCrLe fafnedr CaA h-i @bl smef aat
essential for enhancing the sensitlilvhitsy a
study ekplpoeential of fdldedetor o gpsoemneiriPeCds exdrried
monitoring sentshhirs. wdrpketihiev edtfilegdtse sof mo d
deacetyl ation with NaOH at concentrations

PCL with 3% chitosan

Final sensor samples were attached to con
paper H{rFagké&by $he sensor successfully 1iden

breathing patterns, demonstrating the fea:
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powered sensors. This research highlights

enhancing t he functi onmdwdrye dansgde nesfofrisci ebB
el ectrospinning conditi oins angenmat@adénictal
devel opment of highly sensitive, reliable,
be integrated into wearable health monito
these technologi es wi t h S i gonra | c opnrtoi cneusosui sn

monitoring.

b)
Electrospun 0.2M NaOH-CA

a) Conductive fabric

Electrospun
PCL+Chitosan

><Paper bracket

FigL9Be eath moni eorcegfakbnsoatidon process

ainal prototype sensor lkltpaped bboadhet |

attacbomeined [T%Cobmyriegdht E2024, | EEE

3.2DAscusrsimmeath monitoring

As shown (Oan KHiugumeg Dreathing, the contact
CA and PCL |l ayers result in an alternating
This output can be used as the primary si g
egeri ment s. The variation in current, cor
directly reflects the inhalation and exh

analyzing respiratory activity.

A series of experi ments were conducted t

monitoring applications and determine the
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recovery time. Adb, ltthhetsanedr peexatkii yivtl e da B¢

9.56 V at an applied force of 1 N, with a
Addi tionally, the device demonstrated a |

2.209 V/ kPa ange ealIpo0=6RRMadxc) Fi gure 2

a) Separating b) 20
Contacted
o ) } |H Hll
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a) The pwoirnkoifnpgt ee tri boelectric breath mol

change with different applied force, c¢) Li
d) Response and recovery time measur ement
respointshe sw ow, rapid, deep sl ocw panedd [dfeéldopm rr

CopyrightE2024, | EEE

Practical i mpl ementations for real wor |l d
performance of any devel oped t,t ihfleecaesl iebcitlriitc
usi@A@gand PCL for breath monwdori nyg.eslkinegatr
devel opmemntweafeds eslefnsors for health monito
wear abl e technol ogy. Tri boelectric perf ol
monitoring sensors are particul arnlfyorarauadio
early detection of di seas.édfshdeandemaehiatr act
demonstrate the feasibility of t hNosr map pr

br eat hing rates range from 12 to 20 breat

tachypnea, characterized by rapi d breath
characterized by slow breathing. Detiect i nq
cruci al and requires H?Xfhh es esnesnistoirvist yr etsop c

recorddnd d reach any 3JNvEeEanIbes i440i fder cpee.a k

Recovery 24mmed Mwere® Gasndd 0 rfM r(cFed gQdr)®h s e

results i ndi castue tftabbdtec d Mtei FEeNEDrrespirator
capable of detecting changes in respiratioc
To demonstrate the feasibility of this apfg
and evaluated using a model test rig, whic

at the mouth attached by tubiagedoom mae uf
the mannequin head in front of the air out

by controlling the airflow via the manual
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di fferent signal features with sl ow, rapi

shown i e .FiBiuoeo fp attiebrinm ietxyp ofsourr el canngd a f e
detection technigue need to be developed

participants.

3.2LBarning outcomes

LiteratQue Gapiew revealed a notable absen
CA paired with PCL in TENGs. Both CA and
bi ocompati ble polymers with triboelectric
PCL wihehr omaterials rdé¥e?®tYhhanidenhi éaeb

gap on the CA/PCL combination.

ConcentratiEorecEfbsespus: CA and PCL fibre ma
pol ymer concentrations asdpasatembhe@ENG ac

using a flat copper .\padraytien ga sc arhcee rctoruanttiean s

i n the output in the initial screening. T
fimoe phol ogy and strongly influenced surf
outputs. This is consistreoaspiwnnihndg hpauadet
flow rate, solution concentr dtiibombvedwer), |

even with opti mi zed rntouripth ovloa g ya,g ea uarn doupsehne n t
very | ow. Il n al l tested concentrati dgrs, t

volt output-scahd mucreampvatupscalUbbtitaaet at

PerformanceThemmeasupbpad output from the C,
orders of magnitude too | ow for practical
optimi zebapedd ymENGsSs can generate output Vv
volts and tchii20 é®Asrange. FdorasexamEkING, wath

nanowires achi ewgfe,d s~usfOf0i cM earnd tDOLPE°yOLUT hu
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CA/ PCL device, by contrast, produced only

confirms that the current bi odegradabl e s

power modern electronics fully. | ne pirsacftar
bel ow the milliwatt l evel needed by typic
materi al or structur al e nfhatntcermeind ¢ d id rsiuvaeh

doping) would be requir-9odwke tcdef &b it th ea o WCIAd
PCL needs to be replaced with a bett-er al

powered sensor for detecting human moti ons:s

Dynamic Testindg Reguiouémemes:i s recogni zin
under realistic dynamic condirtuinonnisn.g )Hunnda nt
produces epartatciton motions over &8Hz ahgre oIfc
to moder at%! RENGvoutyput i-dependegty &teboe
(42 Hz), the harvested poweswat sshni nwhal e &

frequency excitation can boost the energy

spectmomi oh frequencies and amplitudes. S
above) will reveal howl!l{w& output scales v
Experi ment al Setlutp wamprbewemdnt §at the cur
eval uati onbehaviigouamide ess t hi s, future ex|
equi pment, such as using-caonlelaed¢turaddynadami c
at controll ed, hi gher frequencies and amp

hiflhequenesye pcaornattaicotn cycl es beyond the cap
al so allow precise control ofencognt acnipr D&
measur ement accuracy. I n summary, an i mpr
priority to charact er i-rzaet es ecnosnodri to uotnpsu te xupne

applications.
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Met hodol ogi cal an@hifeclhghiocaal thesrgebkbear ch g

|l essons w.eFHier st earanedi gor ous experi ment al
el ectrospinning par ameters (solution ConNc
di stance) is criticaflrftiecmadbsa.adhi ng uohafobe
bi odegradabl e polymers were also noted (e.
emphasi zing t he need for car efcualt i env i rQonn
measurement side, the i mportance of <calib
recognized, as well as recor dilnng paarhteipd uolcae
c hapttoeresx pl ore ways t o,femrh aenxcaempclhea,r ghey- giemceo
onanopafrgppriosveesi mprovements on CA surfaces

the polymers.
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4 . TRI BOELECTRI C PERFORMANCE ANALYSI S OF EL

PVDF

Publicatioesendaedsas B poster in a confere

Part of this c¢hamtterr npartd soenmtle d oantf e& ence o

at AGH University of K28%owe ROAaKow, Pol an

FIl exi bl e, bi ocponpated!| vparmalbdl| esedg it moni t
using paral lCAahy eNVOEt mEsnp®RRan&8anj aya D. G
Garret. B. Mc Gui nness, T.om#lksn tdEe.r natridon adhiaq

on Electrospinning 2024 at AGH -M8J uwneer s2i0t2y4
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I nt

bal

and

par

tri

egrating sensors into intelligent gar m
ancing electronics, cphoaweetweisorueg  eesl, e @atnrdo
CA dowerseed fsensors in gai-t monitoring
ameters and rotary col |l ebtpdhras e ptaindi z@

b oiptoysimpwvoving perfor WiegdsGg€ h mmtnedi cpsr eisrsa

sensitivity. Both materials demonsttyr,atcad ct
for wearabl e applications. Mechani cal tes
their potenti-aff éotri gsealabdebi cosmpati bl e
4. lntroduction

I n the previous chapter it was evident th
bel ow the required power | evels needed for
finding, this chapter will explomantclee op o
device by changing the PCL materi al wi t h
chosen over PCL due to its more sustainabl
CA is derived from naturallbasedupdoédyimecel
PCL is synt hesidzeerd vferdo nt appertorloalcetuoome, | i mi t
PVDF i spear fhoirgthance fl uoropof2ymér t#ifbhaud9é&n0e

Hei j i Kawai discovered t hasty s#dElnhdavdlipcihe z o

ena

it

app

app

bled researchers to focus on asiaPglr PVOF
eratugectioni &wrt her mor e PVDF i s wi del
l i cations as a negatively <charged ma t

| ications duel??3%%ts biocompatibility
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4 . Rl.ectrospinning bafe PVDF Nano

Previous research on piezoelectric, pyroel
bphase wirtamsallonformati on witof @®@VO®Fheadrda
copolymers shows the highest output perfor
di fferent electrospimMphagepanametrggiss adbh i ni
the piezoelectric per f ofrinbarnecAen a fn cerleeacsterdo sap
bet ween the needle tip aenrd ocfo lclheacrtgoers caannd i
of mol ecul ar orientation favodrn ®dbleeHofwew et
i ncreasing beyond 20 kV can accelerate th
their orientation which results in a redu
Furthermore, TCD has a posiheveol nhpth@acres e
i n tihee T m regi on, beyond whi ch, it i's se
behaviour efafhecftfbowheapiezoelectric perf
t hat up to 2 mL/ hr increased flow rate i
decrease observed beyond this. Moreover, u
spevemo 1500beepm himswetechhgghase and crystalldi
to process parameter s, sol ut i onb pphaarseemed red
crystallinity. Such parameters incl dge mo
concentration (|l ower t he20b%®)t taenrd sbaultv eorptt iw
(moderate volatile content i's required, e
affect the characteristics, eatgQSmaimpeaini

can increase bphaspe)€ wviDaEglelddfer i al

4. 2PYDF in Triyboelectricit

PVDF i scray sstearlil i ne pol ymei( CEHORiIippmms ¢ &, ofwhre

presence of highly electronegative fluori
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behaviour. Fl uorine's str ongneedaetcitweohne haaf rf g

in contact and separation with more el ect
charge onl 7lin btersiubrofeal ceec t r ti & ntdossvsatir feles rPeVdaFt i v e
showing that atiti camegdatargyecasbatt atwet twheéenmn

mat elr?fadl s

Furthermore, the molecular polarity arisir
car-bbnoriFhea@hydr odgd)n HdChds <contri butes
separation during triboelectrilcy iennthearnaccetd O
el ect rbgpdhatsieveef PVDF, -whanonb adoposmani ahl
di pole moments align in the same directio
superior dielectric and aptiuerzeosdhpa@mlhsei cP VIDIF

especially suitabl e ofwerr ews e einrsiZBEN Gsp pd n dc as

Thus, the inherent electronegativity of fI
and gleapssendent di pole alignment, under pi n.
response and its effeldseenesar gys twemns adtl ie

4 . Bypothesi s

ATENGonstructedVski hy QGAnmgeowd eswast ai nabl e
out gcwtmpar ed to the @Ai/eP CtLo ctohmdiimabppensit
tendencies, with CA R\YDadsnga asr iab otnrei ghabtpievseh &
the potential to deliver an output high en

order t o -pdoeweerleodp ssuesltfai nabl e sensor s.
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4 . MWorking mechanism and theoretical si mul
4. 4War ki ng mechani sm
When the CA and PVDF | ayers initially c¢ome
t heir contrasting triboelectric propertie
becomes negatively charged. As an tweéemna
these two | ayers, the resulting increase |
separation, following Lenzés | aw. This ind
attached to the CA and PVDF | ayers.
Consequentl vy, electrons flow from the &ele
connected to PVDF to balance the potenti a
maxi mum, the electric field stopsedortr@ats,
the process reverses: as the |l ayers appr
redistribute, generating a reverse &elect
separation produces an AC signal
4. 4TReoretical simulation
To gain deeper i nsight i nto the <charge t
t heoretical model | i Agprepproauasdly wds campsledy ¢
section 2.3.1. the DDEF podedpmpuarst wrsietdy ftoa
out putesnpwirtilcaf'3mModel | i ng
Simul ation starts witehl eacppabcr vipiaetlihdeg mi e o
specific surface waltcdhnd eanng tahx iLs amedr pogd.ndd ihc W
Considering our experiment JLwhlW=dh cims pluad

medi um wi t h-tper msiitmpilviftiyed equation as gi v

be

f

ouhéd®)ith®lr ef
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0 —AOAGAL— —Q0 (B

whehwies the perpewidtilcurl eipaddctsataghed sur f ace.

Considering equal positive, asdunefat mve di
at the surface of PVDF and CA substrates
configurheioharge ,onmiThe evercalrlodel ectric

and attached el ectwaosd ec aclosninlegctt& dng®. i nt er f ac
O 7 7 — QQ Qwu Q (8

Wher-eandade per mitthea vi hiyc kamedss ofw iPYDFher

separation bet weemi gPuDe 2alnd CA | ayer (

Fi ghtRepresentation of parameters for theor

Electric potenti al on the PYDF aan d ea tctad cchu

i ntegrating E7 as shown in E9
w — MO — Ow (9
Considering the analytical solutionby or 1

adapting the [%58dhmadiofrwiitnhgp p af mfmet eir s t@xper

generate the following E10 equation.
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B OOl DoGE—— ¢ pTaE——— ( ED
Considering al/l parametersccandbeaksBhg@uivene
in E 11,

W — — 0w — 0w (E}

Wher andarde per mitthtei vihi gykamds of CA, respec

Consi der i ngcosnhdatthieead,m clue t wasli aa@lin &fteeddu at i ons
When the attached el ectroWe=d arue itm ohaeret ¢
mo v e from one el ectrode to ot her el ectro

equilibrium state potenti al at the PVDF at

O — VO — Q6 Q6 (EP

Taking the same conditions at CA and attac
for V2 and finally considering ammecnhncilrec u

develaspegd ven in E 13, E 14 respectively

” ” - (ES
0 — (E14)
Selecting a contact and separation profile

the PVDF/ CA TENG devel opment.

According to ,thee®PDEtFo mbeleé¢xperi mentally e
the complete simulation. Il n order to addr e

were prepared as described in next sectior
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4. Sampl e preparation

PVDF (53WwadO0pMetBommiadr @difBar8Bd used as r ¢
20% of PVDF ascsetdosso( A@8 i maAledirti, c tOB®ON &7H 1
(HPLC, O99-A0%%hr i ShEDMEDMBE47 Ac(e3d)sdyd ,ut i on. A
adding PVDF pelletsagnebi thkl gott5a A®matdiilf o
al | the pell et sOmnea et feaul 4 ¢l wWltiiscsmo | veac hed

| oaded into a syringe with a 21 G bl unt |
temperat’CyeadONRl ativV® hNmi dpegi bi c5m8Bas
to control the environment al conditions)

rotary <coll ector. Tth-@o If Il @om orrat i sotfa nx emlo/ft
voltage of 18 kV waec edagon tsainmed dp sdeuprairnegd tbha
the collection mechani sm. One sampP¥DHmade
mat was coll ectednoat oo téuymilcboOlOmercpomo.t Af t e
t hesweatear efully removed from the aluminiur
h, and dried®i foan lovhemuratto8Confirm the c

Acetone residues.

20% CA was prepared as in the previous exp
I mprovement wi t h treating CA with NaOH
el ectrospinning procedur e Schampd reisb evee rien cwoH d

aluminium foil at 1500 rpm with rotary col
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Frequency

35

Frequency

Fi g22Seampl e morphof oGk amal DB

SEM i mages and correspondi mg fainkfr lemhtchitoadme t
coll ected RWVWDPE dgaolplfect ede )P VabAdo tfagmdyol fe gt ed
3D surface profiles obtainegd)!|-mieatod | & cCemndt c

hy ottaaoglyl ected CA sampl es.
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4 . Materi al characterizati on

The morphol ogi cal characteristics of the
assessed using SEM to evaluate their suite
a flat plate exhibited bead for mateonpfwt
0. 2nlF(iegua e RP, indicating a |l ess uniform |

using a rotary collector demonstrated sigr

The average fibre di aOmelt@e3F(icdacpe@edfoo 1wt
col |R¢éDgoarmpl es and the fibres appeared s mo
enhanced electrostatic performance due to
density. Similarly, CA fibres collected on
d ameter of (BilueNe B O chhmi s desirable for

generation in TENGs.

To further assess the surface topology, 3L
GT profil ometer f opl atdd Iseaantpd e sCA Tax hif diatte

orientation with a sufFfgouger @R2ghmeongd-raft ;

coll ected CA showed a compar aboil geu hspu. r 2 Batc ei

confirmed visually that the fibres are ar
compared with the f1l at coll ectod. nBhmhese al
mor phol ogy, par-tocbuékat ey s amprloetsa,r yar e cr

triboelectric output by enhancing charge

Al t hough 3D surface profiling wafs PuwbDsFu cwaess
possibly due to |imitations in optical cor
Overall, the results confirm that the useE®e

mor phol ogy and surface properties of bott
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suitable for TENG applications due to the

and i mproved nanoscale structure.
4 Hl.ectrical characterizati on
For el ectrical characterizati on?seCA iaomds R

mounted onto two copper electrodes wusing

copper plates were then fixed to Perspex
experiments establishedpahatteadyefl emalki enuanb |
the initial set upHwwaesyv amp,pr @iwwenh tdtelagtp Ln elalt i
as energy harvesting from human motion of't

material s’ perf or mances umasr.r enpuier eldf nami ¢

To simul ate these condiwadonismplaemamtdad et ap

separation cycles at an incr ea$0ed fwaeq wermpd
at a frequency of 2 Hz, with a displ aceme
|l ayer s. This setup was designed to mimic

I mproving the relevance of atnhe alex®wletrgyf
applications. Al l ot her el ecarancgui snietaisam

remai ned consi stent with those used i n the

The triboelectric -peltfecmaded Adofd tklcd le &l b tPE
samples was eval usé¢pdr atnidem mhcece cloWkaic ¢ th
film was papl®wd Wiech ed PIN&Fh acoojuendtle. ropdarntC,
of 28.64co0Y B8n&0lgOAe ( BvERre) i niti.alThyesab svearl
significantly increased following optimiza
reachGhnagodae 6 2.5z0M C1L00. 8oV aB3dBE OGAhaficemer
el ectrical out put I's attributed to I mprov

interfaci al contact enabled by the rotary
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40
[=—Flat collected PVDF-parallel CA
a b
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%40— s - l“r]]v[]r]] ]]
= o -20
[ o
e g
< o
o > -40 -
20
-60
: M UUJ VUJUUJUU,UUU oy . . S
0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s)
c
b . d)
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24
2 ( 0 -'-i
= s
o =
£ g
o -6 =
E o
E S 50
O g
10 -
Flat collected PVDF-parallel CA 46
12 Rotarry collected PVDF-parallel CA o
-14 T T T T T ) . k : : : v Y i y i
T T T T T T 0 5 10 15 20 25 30
0 2 4 - 6 8 10 Time (s)
ime (s) [—1Hz——1.5 Hz——2 Hz—— 2.5 Hz—— 3 Hz—— 3.5 Hz|

Fi g28Tei boel ectri CApand sawpkhes. of

a) C hoafomlhgeer gueg | taangle ¢) curr ent | apter taondoa car e/d f
coll ected PVDF when <contact , s@aparvoattecagwei t

di fferent fotequegnAPKVEODdEEDEd

Additionally, +skepaehtéeon décivequameegtsong¥te
constant contact force ofocvBs Nob#édeclVedr wt
frequency, indicating a direct relationshi
efficiency.ociSpercadsedlflygmvil3. 6 V at 1 Hz
Hz, d¢cpbaVeaued, with only marginal gains ¢
in charge transfer due to mki mirt antaitermrds ail n
measudced!| Mes across the tested frequenci es

(138.5 V), 2 Hz (154.0 V), 2.5 Hz ELGOr8& \
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24d) . These results-dependemt tiehafvrieoguure na f

demonstrate the st-¢cminigecptoetde nCA ap aiorf edr owiat
performance energy harvesting application
and cailftfyi wi th manual cont act separation

dependedggcsel ocddndwds si mul ated with previous

4. Bheoretical -PwWdbdrel | i ng CA
Before proceeding with theoretical simul at
to be specified. These parameters are,

Assumeed edctri eVOFNGt ant of

Assumeed edctri CAcB8hstant of

Me a s uhriecdk nte PV Ddb Em h e

Measured thisS&Emess of CA

Experimental charge densi taf 3malbmhed with I

After determining the parameters, the sim

shown i nCRARppendi X

Accor dAingguateo 24gr adual i ncrease in ch-arge
separation frequency i ncreased from 1 Hz t
3 Hz, the charge density plateaued, i ndi c

Figube ®@When the frequency was hesledpacgansto
amplitude was varied, the output i ncrease
relatively consci actr eadletdalbl Woit fhheaombdEa g i ©wm
frequency was varied at constant amplitud
frequency.
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As shdwmuicre 2dmul ati oniPVv&suptsrfoevehéeéeGA

pedipeakwads appr @xA,mawki e at 5 HZA.i tl n nc
comparison, when the amplitude was varied
Hz, dchecileasz2dA ftedAmF(i gude . 240 generalize

corresponding current demrse tZhfdgpl ots are pr

This behaviour can be attributed to the r
contsa@tar at ioeccnuarye lreaspi dl vy, resulting 1in gr

i ncreased charge transfer per u-s epartdtmea

amplitude | eads to a | arger physical displ
chargei srepamédtt hereby enabling more effec
amplitudes generate stronger electrostati:

bet ween t he triboelectric materi al s and

conbuting to the observed increase in out gy

The opecuit voltage remained nearly const

di spl acemerRi guagmdiBtdwenver, experiment al r
increase in voltage up to 2.5 Hz, after wh
to incomplete charge transfer or subopti me

Addi tiiodnawabsgr vedoct hateasved with hi ¢Fhegruraemp
2h) This can be explained by the greater m
di stance, both of which enhance the surfa

di fference, therebwycoaudmturti.buting to a hight

4 . dechanical and wearable characterizatd.i
I n wearable applications, mechani ctaérmr o]
durabil ity ahad ewelruactoemftored .suitability of
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such applications, a series of tests was

tensile testing, and air permeability anal

Free Charge Density Q_SC(t) over Time with Variable Frequency Free Charge Density Q SC(t) over Time with Variable Amplitude
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Fi g4 eDDEF model simulated results for CA

Charge density changes with a) frequency
c) frequency @&macritr)c ua mp lciutrurdeen,t changes w

amplitude, Open circuit voltage changes wi

4. 9Cahntact angle measurement

Accordi ngadt®aisd ngihé'"dgdraphilic surfaces te

frommimg fa thin watsehel ahar,guthhdteamgile o |
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substrates are preferred for TENG applica

charge refTlenasersssshe. hydrophobicity of t
influence triboels®tcdtriic whtaemgecortt @@t e an (g
per f arsmendy a First Ten Angstroms 200 cont ac
the electrospun membranes were carefully 1
curvature and provide a stdrbd e metalsaud ewsesn t
using an automated dosing system to dispe
eL/ s. Cont act angles were recorded i mmedi .
effects of evaporatiosebrnabwaspmanoal The
systembébs software <calcul asptetihealcofmittatcitn
account for surface heterogeneity, mul ti g

| ocations on each sasnmpWwer e amaepadarhtetedcdver age
Measured Static Contact Angl es:

CA membht2ande01lA (Best tribioguaeet2bc perforn
PVDF memhb0&8n682A (Best tribiogleet25c perfor

Both materials exhibited contact angl es ¢
natur e. This characteristic is beneficial
effective charge retention, theeebyr i-m@r loc

term use.
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a) b)

= -

PVDF - 106.02°

CA Only - 122.01°

d)

1.6
CArotary collected —— PVDF rotary collected
— CAflat plate collected —— PVDF flat plate collected

-
o
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0.0 0.5 1.0 1.5 2.0 25 3.0 0 5 10 15 20 25
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FigaseContact angle and tensile results fo

Contact angle results ofca)XACRVDIF) PVDF, 1T

4. 9Tensile Properties

Tensile tests were conducted using a Zwick
50 N | oad cell. The thicknemiscobdmenew ¢aungp
and the average of five measurements take

sample thickness.

Samples were cut into strips with a | engt
l ength set to 50 mm. To ensure secure gr
sandpaper was affixed to the gripsmplhAaesin

were stretched at a constant extension r at
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The test was terminated when the applied f

excessive deformation that coul d affect I €

CAi Random ( Maxi-fum48t rMPsas Ma Bi. hutm %9 t, r aP anr

( Maxi munrl .s%t7r eMPsa, Md2i g% uoa@mi 25

PVDFRandom ( Maxi-Aum3stMPass Max23nubm %)t,r aPar

(Maxi munrl .s8MPPass Maxi maB®o)Ft gadp 25

According to the results, CA exhibited an

fibre alignment compared to the random or
alignment of fibres and polymeel ebaronspah:i
which facilitates more efficient stress tr
t he maxi mum strain decreased slightly,

deformability due to a moretuonfolmadhdgc
structur al stiffening. Il n contrast, the r:
various directions, all owing them to reor

contributes to higher strain.

Similarly, PVDF exhibited a significant i
indicating enhanced tensile strength resu
tighter chain packing. The exact memhant &1
mat erial 6s ability to elongat e, whereas r
enabling greater def ormation wunder | oad.

enhances strength, it reduces the materi al

However, during triboelectric experiments,
rapi dly under-segppratieadn condlaed, i kely d

robustness and fatigue resi st anncteegrlint yc oonv
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significantly hi gher number of cy ctleersm d

performance in dynamic applications.

4. 9ABr permeability
I n addition to mechanical characterizati ol
| SO 9237 wusing a TexTest air permeability

under a pressure differential aoifnedOOf r ®an,
i nstrument . The results showed that CA (

permeability of 85.3 mJ/s, compared to PVI

This could be attributed to the way fibre
process. Due to the smaller fibre diamete
porous and | oosely packed fi bre nebtiwoirtky.,
whereas PVDF forms denser, more compact s
Nevertheless, this open microstructure may

faster degradation during envéddel @G@cnvers el

| ower air permeability is indicative of a
mechani cal robustness and prolonged durabi
From a functional perspective, hi gher air
applications that require breathability or
wear able sensors, which wil/l be considerec

4. 10.Sensitivity evalwuation

The primary objective of this experiment \
pressure sensor based on a TENG architect

determine the voltage response to applied
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Pressure was applied manually through tap

measured usingbOa\ diiMADAIDS2r ce gauger el ni

carr ibeyd mauntual 'y tapping, and there were s
force during the tapping. Neverthel ess, r
forces ranging from 1 N to 20 N, in 5 N i1
for each force I|IFkRivepla@anal6i s presented in

Sensor Output:

T At 1 N:peaxeknkvol tage = 100.8 V (Vrms = 9
T At 20 N: Maxi mum voltage = 416 V (Vrms
To assess the pressure sensitivity, 16 cm
were converted to pressure (kPa). A linear
response, withi gelmal 26 shown in

Pressure Response Characteristics

T Pressure imMande kP@. 625
T Linear regression coefficient: R|] = 0. ¢

T Sensitivity: 1.301 V/kPa

These findings demonstrate that, despite i
t he TTENGd senalorneeaxrhichoirtrsel ati on bet ween a
out put, confirming its -pehsehhpgaldeascean Eh

deviations in the results, which will be ¢
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Fi gk6Seensi tivity characterization of CA an

a) voltage response with respect to force,

with respect to pressure.

4. 11 . Application devel opment

After developing the triboel ectri cFilrasyter sa
mechani sm was i mplemented to detect finger
exooui rehadbpdlit@aaviomes ng finger. fllnexihars or
CA | ayer was mounted on 3M 1182 <conductiyv
glove. To complete the TENG circuit, a PVEL
corresponding finger of theondgamda hvand. tWh
detectable electrical signal was observed
potenti al of pbwesgdtemnasr afeelidentifyi.

harRdi guay 27

The second application thaAcwasdcogsidet ad
the average human wal king and running spe¢e
[22Lrt her more, the force acting on the foo

condition of thl¢’8mmgi ddrliartg otrh ensog mfad 9t or s
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