DCU

OIIscoiIlCthhoir
Bhaile Atha Cliath
Dublin City University

DUBLI N CITY UNIVERSITY

SCHOOL OF ELECTRONI C ENGI N

Se-Pbwer ed, Sdsetxaiinaebsl & oF

Devices I n the I ntern

by
Sanjaya DinuwanK&Gunmawao dihypwaMBagal a

De c e nth0e2r 5

A thesis submitted in fulfil ment of the requi
( PhD)
from
Dublin City University

Scho&ll eet ronic Engineering

Supervised by Dr. Shirley Coy



DECLARATI ON

I hereby certify that this material, whicl
study | eading to the award of Doctor of Ph
exercised reasonable care to ensarmedhno
regul ations on the use and declaration of
knowl edge breach any | aw of copyright, and
and to the extent that suckPdwwrkhhastbeen
wor k

SignSadnj:aya Dinuwan Gunawardhana Karnasoor

| D R@266343 Datle2Z 2025



REPORTI NG OF GEN Al TOOL USE I N RESEARCH T

Tools: ChatGPT 4.0, 5.0Grammarly from Jul 2025 to Sep 2025

Outputs: I used ChatGPT and Grammarly to improve the clarity and academic writing stylé
grammar throughout the thesis.
Also, ChatGPT habeenused to improve some parts of the codes generated in app

C,D.,EF,I, andJ

Prompts: I asked Chat GPT to Al mprove this text
with previousp ar agr apho.

To i mprove the appendi x codes after g
you assist with converting this code to show changing frequency(or amplitude)
maintaining fixed amplitude (or frequency) for a given interval (ex: 1 to 5 Hz frexyu

with 5 mm amplitude and 5s time for e

Iterations: Mostly once for some parts of the thesis where a better flow is reqdifted.a prompt
wasgenerated each and every paascarefully read and manually edited to fill the gg
while maintaining the awect theoretical background supported with literature.

For codes sometimesa few iterations (2 to 3 timesyererequired to improve thénal

version as required. All codes are manually checked line by line and valiatedning

each block

Critical Reflection: As a ron-nativeEnglishspeakerthe role ofGen Al hadeen vital with assisting improve
the clarity andgrammar in some parts of the thesis develop ahigh quality and
academically soundhesis Furthermorethe use of Gen Al to improve the codes |
assisted to focus more on the core objectives of the project while meeting the deadli

deliveringhigh impacted outputs.




Ti omanta do na c8in2oc-ir?2 I n £l rinr
n 2 hamh8i n mar t hhacaz2ocht don obair

f8s, foghlaim agus mo bhriongl

Dedicated to the taxpayers of Ilrela
supported this work but also gave |

pur sue my dr eams.



ACKNOWLEDGEMENT

I express my sincere gratitude to my supe

her invaluable guidance and encouragement
extend my appreciation to her for dhueri ngat
ti mes when | found the project challenging
me with my project was commendabl e. Dr . C
necessary resources and contimiueed tany hfeu
assistance. Her wunwavering support was in

her contributions to my project.

I wish to express my gratitude to my sec
i nval uabl e guidance and insightful sugges
project. Our cordi al conversationsmpr 6wi d
approach my PhD resear cAl §a0,0mwlae meower nluatn:
t eencour ahgee ngeante, t o me was one of the bigge
with highly competitive research area.

Il would |Iike to show my kind gratitude tow
for providing valuable insights to further
and are invaluable to twhelprdodgkesds oofexmy er
to Prof. StephenhPadi elffs t he School of EIl
gui dance as my transfer reportguexdamceera

suggestions has been and r ie megquaoleist ys eogpfp omyt
worAl.slo,wi sh to express my gratitude for Dr
viva examination as the committee chair.

Il woul d I i ke to express my kind gratitude f
Data Anal yshiod afrsrhiashsa rsst alniced t hr oudhout hey
management and assistance staff from the |
make my journeWw a hosweccgdaufrulsupmert this wi

I would | i ke to express my, gtatith
Mechanical fBmrgimiessrimgal uabl e supp and
el ectrospinning. Hi s assistance and acces

conduct my experiments with ease and effic

I am fortunate to have the support of a hi

Prof Brian Rodriguez and Dr. Waseem Wani i
Brendan O'Flynn and Dr. Roy Simorasagd&ir af
Durham University, UK). Their expertise he
on product development and commerciali zat

in the future.

| woul d l i ke

to thank, School of El ectr «
Engineering tech

ti

t e

ni cal staff for bearing me
tude towards my estveemadg C
ntive ear during both my t

express my gr a
support and at

Findl lwanertdend my sincere gratitude to my
| ove, support, and encouragement throughol
constant presence and support whenever I
appreci anedsecvargy and thoughtfulness thr o
express a deep gratitude to al/l of you.

iv



RESEARCH OUTPUTS

Jour nal Publicati ons

Gunawardhana. ,K.SiRmorSangki r R. B. V. B. , M
Col orado L. A. M, Baber wal S. S. , Ward T.
el ectrospinning and textil e engi-anueteon onngo utsi
wear abl e wsepBrbeBg Ssystems. ACS )

https://doi .org/l10Léd@1AwtclBormano. 3¢c09077

Gunawar dhana, K., REhoSianHaanyga, DGarret't B. M
Magre Colorado, Sonal Santosh Baberwal , \
Robert O6Connor, Ciara Smullen, Tom8s E. V
Se-Pbwer ed Sensing: i ghaontientndl EOE®CctBraachsgmun
Tri boelectric Nanogenerator for Joint Bi o
https://doi . or g/ 1(0L.ela0d0 2A/us rhlolr.)202506 36 3

Santosh Baberwal, Son@Unawauz hAlnaj, a nkd, r aR .M.
Mi chael Par ki nson, Tom8s War d, and Shirl e
Virtual Real ity, Audi o and Screen. o Jour
https://doi .-2552/1&cCGADBdhOLE )41

Patent

AFabri gamiSahgmsycar Dimyuwan Gunawar dh&mauKar |
Fang, Garrett B McGuWiKnmpadsgsentSHiirndlley MoCo )2l

Conference papers

Karnasooriya Ragal aHpenz aS aQujdeeyea ,D.GaG.r et t B
War d, and Shirley-PMwecCeg| Bred@aORBR4MoASEDF I N
Bi odegradabl e and Bi ocoiMpadtni IO 4T d xetEiEl € 03
Conference on Bo(dBS N)e.nsllodtddN.eAtuw chrokr s)

K. R. Sanjaya D. Gunawardhana, Garret. B.
FIl exi bl e, bi ocponpated!| wparmabdl| esedg it moni t
using parallelly electrospwmneChaandnRVDEOI
El ectrospinning 2024 at AGH Un28Buseetp0d#f
(Lead Author)

Saunde@Guwnawar,d hRaR®l. . Ma€el or ado, L.A.; Baber
S. Hit the &WeamablRean©tramgor s to Measure Fo
2023, hB80ps6//doi .org/10(C6ELPDeéespopdiong O0ARBONR

Baber wal S. SGundMwgrdhéanaAKWamRd TB..; DCoyl e
design and testing to investigate Motor I
pilot study,o in 2023 20th International
Science and Automatiec oG@onktlrecclt r(i €@HE) ,a nildn sktl
(Il EEE), Det6.D021002. 31,1 0pp/.CCIE6 00 4BCARWt2M0o r1)0 3 3 2 8

Coul terK. RRai rSianj aya. Di nnuwamd Gsmiawlae yd h &
ADesign and Devel opment of a Nylon Based A

16182 in 2024 International Conference on t
Applications i n -TEelxdadtbresnl iB® RTietxuttiel eosf, HEHl ect
EngineéfCesrtaesponding Aut hor)

Vv


https://doi.org/10.1021/acsnano.3c09077
https://onlinelibrary.wiley.com/doi/10.1002/smll.202506363
https://iopscience.iop.org/article/10.1088/1741-2552/ad775e
https://doi.org/10.3390/engproc2023030006
https://doi.org/10.1109/CCE60043.2023.10332874

Magre Col arado LGuna wa rBdahbaenrawlld.r &R.SKS. ; DCo
AUnderstanding Barriers in Physical Engag
Cruciate Ligament Rehabilitationo 20@8%, | EE
Oct. D025,10. 1109/ STARG6(6CABUOt.h200r2)5. 11264789.

Posters

GunawardhanaMK®&SiDnness G, Warskepbwefegpser S,
andteextiles for heal t hcare applications,

research day, held at Dublin City Universi
GunawardhanpaM&B8%SDnness G, Ward T, Coyl e S
candidate for in situ wearabl epewmergd dDarmrs
l nsight smart surrounding showcase, hel d &

SaundeGwnawar,dhana;, Mad®kre.®oI|l orado, L. A.;
Hit the GrdWear Rulneni SIS gnsors to Measure Foo
E Textile 2022ht tNodet/it/neg easm,0 nl Ko,r eerseard ad m/om

Gunawar dhanaC®&RIS® S, El ectrospinnipogvefr@ed ¢
healthcare monitoring system, Research on
of fice Dublin City University (27/09/2023)

Demonstrations

Presenpewesetdfsmart insole and breath sens
for data analytics, Gal way, Il rel and, / 1C
Presented pressure sedWwmar addlte tSheen sGrrosu ntdo
Pl ant ar Pressure., I ndus tDryi vfeanc uFsuetdu reevse n t
centre for data analytics, The Hel i x, Dubl

Presentations

Towards optimi-pedewedi pblesensgéd at Sensor

organi zed by I nsight SFI centre for data &
Se-Pdbwer ed SuTFBert inlads ef &r Wear abl e Devices
presented at I nternational Summer School

University of Applied Sci elftcok™SE&ptMEmizdreny0 2
GunawardhanaSelRbRe®ed.,, Suetxdiildeaelsl ef oE Tru
Devices in the Internet of Things, Faculty
Applied Sciences, : Menthengl a6BdachkHonGeam
for the research institute)

Vi


https://e-textilesconference.com/poster-presentations-3/

TABL

De
Re
Ac
Re
Ta
Li

Ta
Li

Ab

oON

C

P
k

S

I

0
n
e

bl
st
bl
st

N

N N N DN NN DNDNDN
—

N N NN DN DNDDN

o -
o — o oo oo oo A< MWW wWwwmNdNDNDDN

rom Or i gami
. Ori gami as
.Rimitations
. Babri gami
. Electrospin
. Structur al
.Bynergy Bet

.Eabricati on

ECONTENT

= O = T O O o RSP PPPUPPPPRRR i..

rting of Gen Al T.o.al..Us.e...n.Reseanch T

O Wl €.0. 0.8 ME.N.L. e rnrn s Y

AT C N DU L Pl S N

€ 0.0 G0N B L Voo
Of  Abr.e V. al 0SS X i

€ O . F QU B S X1 i
O.f T A D B S XV

L SO - T o PP X. Vi

(O o T o O o3 S o T RS UURPPPP 1

Y T A VA= U A O o o OSSPSR 1

Probl em .St.at.ementd. .. 5

(O - W A U O = T A T VA O - 1 7

I T o I o T o S Y 1 o U 8

El ectrospi nni.ng..t.echni.g.u.e........ 13

2. Bri ef i S 0 Y 13
.Pperationge.prilonCioploea 15
CBlAa Tt e rhe Al S 20
.Advanced el ectros.pi.nni.ng..t.e.c.hni3gues
l ectrospinningoiwrermdac.lysi.ecals..s.eld S
.Lntroduction to TENG..and..o.p.er.a2ih on g
. El ectr oesmpamina hgTENGs f a.r...ener.g80haryv
. Blectrospinning paowed edr.islkeasliagBf. ri c
. Wse of Electrospinni.ng..i.n.. . .RENGXechr
| ectrospinning Applications in Wear ab
.S Ll L G ——————————— 42
.Energy harves.t..ng..ap.pl..cat.i.o.nsg?2
. Wear abl e ener.gy...st.0r.agesS. ... 45

to Fabrigami: Smar.td6Mor pt
a Design To.a.l... L.n...,.Euh7T ti or

of Tr ad.i.t.i.o.n.al...0Or.i48 mi \
The EvBadsuedoQr.Tgamrdd Fabr
ning and..Fabur.i.gami..S92nt egr
and Ma.t.eur.l.al..Cons.i.de2 at i c
ween Ori gami Str.uc.thudr e ar

. Towar ePoSveelrfed Joi nt Bi o.me.c.h.a.n.i.cdsf Mo n
ntegration St-ktavelgi Esn.aind.e.ISyts.it.em
ceand. . As.s.emblly 58

vii



2.6. 2ommunication and..Rowe.r..ManagemBnt

2. 7Testing and..Mal..dat. .00 ... a7
2.80verview of Li.t.er.at.ur.e..l.eVx.i.eW...... 69
2. 9Met hodol ogy .and..Qb.j.e.cl.i.V.€.Seennnn. 70

. Triboelectric performance anal.y.s.l.s74f el
3.1l nitial mat er i.a.l...s.c.r.e.e.n.i.ng...p.r.o.c.ern5s

3. 1. Lntroduc.t.d.on..t.o. .. CA . 75
3.1.Pntroduct.i.on..t.a.RCL.......iiiinnnd 7
3. 1. Bly POt N SihS e 77
3. 1. Electrospi.nni.ng..s.el.. . . UDnnennennn, 78
3.1. Blectrospi.nni.ng..of  CA . 79
3.1.BCL El ect.r.os.p.i.nni D g, 80
3.1.Fnitial screening process .f.or..8doeterr
3.1. 8ummary and rational e..f.ar..c.henB4 al r

3.2SePbwer ed Breath Monitoring Using E

Bi ocompati bl e..Text.l.l.e..SN0S.0.lS ... 85
3.2. Material devel opmeunt..f.or..btr.eat8hq ng =
3.2. RMorphology and Ch.emi.c.al...Ma.d..f.i&7ati or
3.2. Sepbdbwered Sensuaa.r..PRPer.for.manc.e...»89
3.2.Biscussion on .hbr.eat.h..man.i.t.o.r.i.n%Q2
3.2.Bearni Ng..oUt . CoOMB.S i ercreriiria e 95

. Triboelectric performance a.n.al.ysi.s98&f el

72 N N o T S o T o T O o O o K o 99

4. 2El ectrospinning..of...RVDE..Nanof..hdes$§
4. 2. PVDF in Tri.boel.ect.ri.cil.t .y ... 100

4. BHY POt N e S S 101

4. 4Wor ki ng mechani sm and..t.heotr.et.i.c.dl02si mt
4. 4. Wor ki ng me.c.hani.s.M. ... 102
4. 4. Zheoreti cal..si.mul.at.i.on......... 102

4. 5Sampl e pr.epar.al. .0 ., 105

4. 6 Material char.act.er.i.z.at. g .o . ... 107

4. TEl ectrical .c.har.ac.t.eur.i..z.at.i.on.......108

4. 8Theoretical-PwbH.e.l.l.i.ng. . .CA. ... 110

4. 9Mechani cal and wea.r.ahl.e..char.actdidilzat.i
4. 9. Contact angl.e..meas.urement........112
4. 9. Zensil e . Pr.op.er .t it Sa i, 114
4. 9. Bir perumeab.d.l it Y. 116

4. 10Sensitivi.duy..env.al.uat.i.an. ... 116

4. 1Application..dev.el.opme.nt. ... 118

viii



4. 12Lear ni Ng.. 0l CoOMEe. S iieieeieieieeniea e eaneeee 120
5. Triboelectric performance analysis of el

PVDFE BAMACnro0 .. 0. 0 B S e e 122
LS YRVt T N TN N G o T o LN T o0 G O o T RO RPRORN 123
5. 2ZHY POt Nl S S 124

5. 3Materi al fabricat.i.on....,.and...char.actl@di zat

. Belvin probe f orCPe smaincprl.oessc.a.p.y..18B Ag

5.3. Agcell ul ose acet.at.e..el.ect.r.os.p.iln2ndi ng
5. . 3EM and EDS &LMalaysi PVOF. . Ag.nof.lbbes.
5.3.BTIR Anal-@aiandfPVOF. ... 130

5. . XRD anal yCsAl sa ndf..PAQD.E.........oooocceiiie 132

5. . BPS anal xAL.S..Qf Al 134

5.

5.

. Mechanical prope.r.ty..charact.er.l38tior
5.4TENG Energy hapowetedgsansdi s.g.l.t.i&8Qact e

= W W ww ww

5.4. New testing mechan.i.s.m.dev.el.opmh8&Bt
5.4. ZENG char act.er.i.z.at l.oN .. 140
5.4.3heoretical si mul.at..an...wi.t.h..DDEB moc
5.4. 8epbwered sens..ng..ev.al.walt..on..147
5.4. bearni Ng. ..ol COMEB. S s 149
6. Devel opment of fabr.i.gami..s.t.r.uct.ur.d5flor
6. 11 Nt r 0dUColid Dl 153
6. 2Fabrigami str.uct.ur.e..geome.t. Y. 154
6. 3Devel opme fta scefd fsalrruicc. u.r.e.......ccooovnnnnnns 159
6. 4Fabrigami sensor ..dev.el.opment..f.aol6lBM
6. 4. TENG sensor attachment..t.o..t.thelBadbr i
6.4. Circuit devel.opmenti o ... 162
6. 5Assessing JBM using t.he..f.abr.i.gamb5TENC(
6. 6Learni Ng..oLl CoO e S 167
7. Conclusion a.nd. .. . Eut.ur.e. .. Wo.lrK. ... 170
7. L C0NCI Sl 170
1.1Future work r.ec.oomme.n.dat.i.ons.......176
AP P & N QX A 184
AP P e ndi X B e ————————— 185
AP P €N Qoo X G 187
AP P N ubeaXeo e Do 190
AP P e N i X E e 193
AP P e N A X F e e 195
AP P €N Qi Xeo e G 197
AP P en i X Ho e 199



Append.i.
Append..i.
Append.i.
Ref er.e.n.

X
X
X
c

..... R SUURRRPPPPPPPRPR N O I 0
..... PP UPPPPPPRTRZ N O B
...... SRR RRURRRPPPPPRRD~ N  J-'
S F PP 2009



LI' ST OF ABREVI ATI ONS

AA
AATCC
ADC
Ag-CA
ASTM
BLE
CA
CNT
CPD
DDEF
DMF
DSSC
EDLC
EDS
EEG
F(b)
FA
FTIR
IEC
IPC

Isc
ISO
JBM
KPFM
MW
MWCNT
OSC
PA
PAN
PANI
PCB
PCE
PCL
PDMS
PEDOT
PEDOT
PENG
Pl

PLA
PP
PSC
PSC
PTFE
PU

Acetic Acid

American Association of Textile Chemists addlourists
Analog to Digital Converter

Silver Nanopatrticles dopedelluloseAcetate
American Society for Testing and Materials
Bluetooth

Cellulose Acetate

Carbon Nanotubes

Contact Potential Difference
Distancedependenceglectric Field
Dimethylformamide

Dye Sensitized Solar Cells

Electric DoubleLayer Capacitors
EnergyDispersive Xray Spectroscopy
Evaporative Energy Generation
percentage of b phase
Formic Acid

FourierTransform Infrared Spectroscopy
International Electrotechnical Commission
Institute of Printed Circuits

Short Circuit Current

International Organization for Standardization
Joint Biomechanics Monitoring
Kelvin Probe Force Microscopy
Molecular Weight

multi-walled carbon nanotubes
Organic Solar Cells

Polyamide

Polyacrylonitrile

Polyaniline

Printed Circuit Board

Power Conversion Efficiency
Polycaprolactone
Polydimethylsiloxane

Poly (3,4(ethylenedioxy) thiophene)
Poly (3,4(ethylenedioxy) thiophene)
Piezoelectric Nanogenerator
Polyimide

Poly Lactic Acid

Polypyrrole

Perovskite Solar Cells
PerovskiteSolar Cells
polytetrafluoroethylene
Polyurethane

Xi



PVA

PVDF
PVDFHFP
PVDFTrFE
PVP

Qsc

SEHG
SEM

SPI

TBAB

TCD

TEG
TENG

TRL

Voc

XPS

XRD

Poly Vinyl Alcohol

Poly(vinylidene fluoride)
Poly(vinylidene fluoridehexafluoropropylene)
Polyvinylidene fluoridetrifluoroethylene
Polyvinylpyrrolidone

Charge Density

Solar Energy Harvesting

Scanning Electron Microscope

Serial Peripheral Interface

tetra butyl ammonium bromide

Tip to Collector Distance
Thermoelectric Energy Generation
Triboelectric Nanogenerator
TechnologyReadinessevel

Open Circuit Voltage

X-ray Photoelectron Spectroscopy
X-ray diffraction analysis

Xii



TABLE OF

T

-_——p - —— @0 0T —® —— —0 35 —

T TMTTTMMY® MTTTTTTMY T MSTTTTOo —
QO SO IO SO heO SO oSOOQTOQ TQQ 3 0@

T

me

Tn
(@]

cccCccCccCccCccCccCccCcCccCccCcCc TTcccccooccoccoccocow

nwcCccoccoc oo
e B B o Wi B M B |

CcC CcCc
@ D D

CCCC(DCC_C<CCC3_C

D =S =S =Scc =
D D®D®D®>Dd®Dd®ODdnDdOmDS O

e e e e e e e B

q“q,—*q“qqqmqqqq

et e e e e e e e B B ]

D

T

=]

D @D DD

M D DD

—

D D®Dd®D®D®DDD®DDMDOQODDODDDD D

g9
a

AWNO S K-

i n
5:
toi
6 :
7

FI GURES

Examples of recent devel opments
wear abl e -peormeerrgeyd hsaernvse sntgi,n g g n esr
L o YO Y o B =TV IO o - S PP 9
Principle and eva.l.ut..an..0fl5%]| ect
Principle and working mechZami sm
Using electrospinning single an
g...a.p.p.ll.Cat l. 0.0.S e 32
Further | mprovements and devel
ons using .t.he..el.ecdt.r.os.p.i.nnidnbgy pr c
Applications of el-peawenasgd.I@&nnign
El ectrospinning modifi @@gdbwPEBNG

o T o =T O o = N TP PPURRRRPPPY S

2

5

CA.)(.A)OO(.DI\)I\)I\)I\)I\)I\)BII\)I\)
OQI\)I—‘O@OO\ICDU'I#&)I\)I—‘

Or i gami i.n.s.p..r.ed..r.e.cent..didscover
Fabric 3D geomet.r.y..devel.opbMent t
Use of Origami...f.ar. .. . T.ENG..sEehsor

Communication and -pasved omeinfadger

0 1o ORI 6.5

Chemical structures and t#6 boel
El ectrospinning proce.s.s..am8d set

2

3:

4: Output comparison of ..CA..ahld PCl
5.

Thickness and -gll®tce r acodl robhar
) Electrospinning samp.l.e.86 epart
Triboelectric perfar.manced®f mc
Breath monitori.ng..s.ens.or.9d2evi ce
: Sensitivity performance analy
o B = T = o O PP 93
Representation of parametl@B8s f
Sampl e mor phol.o.gy..anal.ysil®60f (
ectric perfor man.c.e.. of LCAL@Md P
DDEF model S i m.u.J...a..t..e..d.....r...e.s..ll Les fc
Contact angl e and..t.ens.i.l.Ad4ldesul
Sensitivity char.act.er.i.zaflil8n of
Application devel opment..&ilOh C/
Materi £IA amar VYDEr iIsampil.e8.2df Ac
E DCSA asnaanb.pyl.selss....0.f . AQoiee. 128
EDS col out..maps..aof...RVDE.480pl ec
FTIR a64 XRdD BRYBEysasppédARQ
X RGA asnampylsd.ss....0nN..., AQiiiiiiieeceee, 135
KPFM analysis, tensi-CA and dR \eBF

m
6 :

7: SEM and FTIR anal.y.s.i.s....af.88di fi
8 .

9

0

PP PP 1.36

Bespoke setup us.ed..f.or..c.aB8Bact
Energy har vesi1dAn ga npde rPfVoDrEmh ds@acnep | €

34
35:
36: DDEF modeCAsamd!| AVYBH..s.250d0U6Es5. f C
D v

erdl fsensing per fCAr mandc eVOFabaate]

andAgPVDF sensor per.f.or.manc.d48t abi
: Fabrigami JBM..mon.i.t.or.i.ng.l5dnsor
Mo d el used to .dewvel.op..andgbés fc

Xiii



gu 41 a) Schematic vi ew..of..t.he.lBilnal
Figure 42: FIl ow chart of the data.cd4bBect
i g 4 3 Application devel opment by eval

XV



LI'ST OF TABLES

Table 1: Effect of solution, process and a

T T T T O o N O = USSR 16

Tabl e 2: Prominent electrospinning .nmal eri ¢

Tabl e 3: CA weight dissolved in a DMF: ace:

concentrations rangi.ng..f.r.am..1.8.%..1.0...22% ( w/

Tabl e 4 PCL weight di ssolved in a FA: A
Q

concentrations rangi.ng..f.r.am..1.4.%..t.q. 1800 ( w/
Tabl e 5: Comparison of fabri gami Seaaseod w

I T S =Y G- T S 1 U PO < TP 174

XV



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 i njury preventi osnustTaiimalrlees eand
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 mMiiCAOPXBDF TENG esphiebistued 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 and i ndustri al sensing. B

aessing human health and performance by
ki nemati cs. Assessing joint bi omechanics
affected by conditions such as osteoarthr

pocedures such as knee surgery or hip rep

following knee or el bow injuries and sur ge
and treatment plans. Beyond cliondaimeapapl
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
andqfurency of human movement s, which -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
actilWweamreable technology, which has the f|I

physi ol ogi cal and biomechanical dat a. Ho we

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

functional i-ti ms mel gi pl erephysi ol ogi cal p
tracking, machi ne l earning augmented br
environmental sensing).

Recent devel opments in sensor technol ogy

( TENG) as a promising alternal3% TIEONGsa susse
the triboelectric effect to generate el ect
advantages such as high sensitivity, I 1 g
traditional Ssystems. Unl i ke TaEdWGsn cperdo vmadtei
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'®dmody gestidtlephyeciogali t e b®r téhear mo mi
moni tlié¥iammgd respi Ma%lolrry momdntoryamar s, expe
explored the use of TENGs f of'umppsal e nfdu nl

recoveryul monaryl?3 ehmdi bt heti mapplications

rehabilitation caused by poor pbd’staPrae,deagca
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 the devel
monitoring applications. To assure pbemfor
flexible, l i ght wei ght , breat habl e, bi oc omj

of the hidvhamy bEEINSGed sensors used for reha
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 sensors. Further mose, anlles el dabil ee$ at
for scal abl e producti on whil e mai nt ai nin
necessitates the exploration of different

these reqguirements emantenabolne osfeatmlessy gt

b o 03Pl

Researchers have been experimenting with
techniques to address these requirements
sensing systems. Materials reported to dat
and functional materials, and processes |
mechanical [#SWhifli eathesns met hods typically
and sensing performance, there are stil]l C
comfort during everlymdayabtoidyulmayv,e memh an c
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 candidate for hurmdnfadltnervdsttriongd
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#h 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 icoetint n
among the sciéhFuftbercmommanifeibercaamsipen 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.

Il ntegration of such nano fabrication | ayerl
confor mal shape of the body is a chall eng

mai ntaining contact sepasadt iomp dedsyvEaife n T EN
required innovative structur al design app
centred on the meticulous folding of papeil
for 1ts 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 alriakhd é&%2¢iéta h o o baodtaipct
elrbP:2tls

s thesis aims to bridge thibasgapllaayers

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

.Probl em Statement

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 fabricationfmetbhbdesafolrayeategr

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

addition to advanced sensing functional
rrounding environment has been addressed
eration while wirelesslly®: PP aaambrotritregd d,
e mar ket for wearable sensors i &%,exwiatnidi
projected7.val be 867°pWiISRPOdemonstrates the
r wearable technologies across mul+tiple
tonomous systems in order to comply witd!l
reduce t he anceeende nftosr ibmtweearryalbrleepldevi ces
nvenience, usability and sustainability,
d industries. Tgemeebttbhnswdamabte BEgStE
| | y-aeme@emgys platforms rather t hpowerreeldy i

chitectures.

eati ngutemreomyus wearable wireless sensin
ver al essenti al buil ding blocks (Figure
ergy storage devices, iii)sens®irsg *dwit g
ergy harvesters are responsible for cor
ergy that can be used to power the wear a
om sources including solar (Org@P$%C) Sobwce
nsitized Sol%medctdndi caD$PCle)zoel ectric |
NG)lor thermalTheneemgegrgy storage device
percapacitors and hybrid systems store t
unav&@lhi abkasures the continuous operat:
cruci al role in collecting data from tnh

gnals from the wearer's body and outwar
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conditions around the wearer

Moreover, t
wearer 6s status for various applications
addi tional i nput methods for human machi ne

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
Wearable reconfigurable patch
~——=Top layer
antenna

S Insulator layer

Spiral coil

Chip &LED

PDMS substrate

<> o

Piezoelectric Nanogenerator (PENG)
. based hand band
Cu Wire-B

Cotton thread

Wearable organic solar cell (OSC)

Silver paint
PEDOT:PSS
P3HpT:PCBM

3D printed Li-ion battery

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

meso- TiO,
CNT fiber
Chitosan/ MnO, @ MnCO; coated supercapacitor

Carbon fabric T

oS

Ag nanowire

Triboelectric Nanogenerator (TENG)
based electrospun sensor

Cloth B

PVDF/PDMS -

Figurexamples of recent developments in e

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

communication devices.

( PENGreprinteld®®dfnrdo mdSr@edr i nt e déOWfi t dm pree fmi s

CopyrightE2015, ERS€epreirnt 8dVlivi oim 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 fabricati on t echn
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 based nanotsstalucmalr e
rati o of feaelbaatrroovsipduens enhanced sensitividt

efficient chargel sted@deviocesenergy

10
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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 funcEBlieoemtarlagp/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]

11
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To dat e, there have been some review pap:

technol ogy and its implementation. For ex;
process of elfeicdyometi mnod .1 g mienae ptl li ¢ 47 io n e
Babu [éddndl Jodhflawe mrovided comprehensi ve

el e

(@]

trospinning in piezoelectric, triboel
respectivel y. Gunawar-dbphh eeviaedw @froliode
contributes tto otfhediddwelemmgmerui | ding bl ock
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
interface between the wearer and the digi
useful, 1t must be seaml esslIsynatrrt ggrhsomietst eod
for storage, -tamel yfseiesd,b aacrkd rTénals hi ghl i ght
sensors with |ightweight communicadfi: 8% m
TENGs operates through contact electrific
are transferred via an external el ectrode
detectable signal. The sbeansseidt i svd ntdyd iagsnaa takc
influenced by the triboelectric substrate
optimizing sensor perfor mance, including
material composition tol°BlnAddicei drhal Ityr,i ba
efficiency of charge transfer bet ween the
el ectrildql®?foeugtupiurti ng careful consideratior

i nteractions. Further more, ensuring ef f e

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#aumahemoast

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

fabri ganbiaseflabfroilcdi ng systaedwantt magte s o ff foer
I ntegration. The fourth section delves i
fabri gami, focusing on materi al and stru
functional textiles. Sect bobongetnnavbe erde VvIi EENWGEss
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
wearabl e technologies and discusses emergi

in the field ofsydteemg.ospun fabri gami

2. Rl.L.ectrospinning technique

2.2BLief history

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

t was not popul ar unt il 1902 that Mort a

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 1°Mi W 960l Regeker et

possibility dfibprmeduwmgi nnghenanoectrospinni n:

Electrospinning
solution

nterest 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

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

14



CHAPTER 2

Figare&rinciple and evolution of electrosp

a) Basic el eupt,r dos)piEnneicntgr ossepti nni ng Whd $pi n
Wi t h permi ssi on CopyrightE2019 and copyr
Needl el ess electrospinning with rotating,
techniques (c, d, é°3dndgf) aleracapned emha
technique use with polymefubhambhed wephi
CopyrightE2018 The AuthorwWhoPebfighed bygpk

[7Bubl i sheBY wCdpyrCiCght E2024, The Authors.

2.20fgerating principle

A basic electrospinning setup consists of
collection mechanism, ![d%&i ghee h2a@ah. vDYia
formati on mechani sihoaedmgrisyes ngepwl y mema |
maj ority of materials used in electrospi:!
di ssolve some of 't hesel vpeonlty nmeerest si nt haen | aepapc
i mpl ementingol hieascendeoenospi h'MCeagt apirnoceasls)
materials have high chemical resistance,
called melt electrospinning. This technigqg
medbt owi ng and spinni ngfibbanedTlihneg ptool ypmrea d uicse
through this needle using a controlled me
needle tip and coll ector causes charges to
When the electrostalhycamepal sdooh&daogese e€x
tension defined for afparwbdiegulnart op caltytmearc
collector, followed by solidificatli*dn°%nc
I nitially, the repulsive forciekeosshapeés ¢0o

referred 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 ¥Brw (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 Haesenamsanai
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.

Tabll eEf fect of solution, process and ambi e

nahbdr e

Par amet er Ef fect dn &trree nano

Solution parameters

Sol vent eviDetermines the solidificat

rat e 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

fi®&%e

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 concentratis®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 RAe)s6u |l t ed widh rde g
in mdigped®b i n o md'eh
I f the concenetlreacttiroom ssipg rawoyon
with discontinuofuisr enermr greals
el ectrospinning techniqgues
completely halts the elect
I n CAf inkajnedt he tensil e strern

modul us increase withfl 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

restdl t i n

mul t i

18
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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

RotatingFicgrlad gument i s hig
di ameter and high physichal
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 ffoired¥da i on

2. 2M38teri al s

In literature di me% wyihkeo hma @iCde ratqeDibiig Y31 c ot
formic acid, l'"dflett ahy dEthth o it Do ert!, biile x a

fluor i $0drmepanylliRdidf oneithanel *Pdhlef 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 el ectrospinning, It IS 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

mai nl vy

techniques

applicationsiassnbpavkeebeematdet ail ed i
Tab2 eProminent electrospinning materials
Applica/Mechani|El ectrobpayEl 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
( PVBIF B$%pol vy
Energy Lactic Acid
Har vest PA6, PA66BY% M

El ectrode

Pol y-(é€8h+l en
t hi ophene) (
Carbon

nanot ub®4 ( CN

PENG, P
sepdwer

sensors

Piezoel ect

PVDF, -PRPE,
PVDHF P,
Polyacryl oni

Cellul 88e, H

21
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El ectrode [PEDOT, CNT,
( PARA )
DSSC El ectrode [Pt, ZnDi202Znd
SupportingdgPLA, PVDF an
Polyvinylpyr
PVP CA
Cu (11,xn x5 &,e
CuZnSmSand
CuZznSnbBe
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)

22
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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. 2Advanced el ectrospinning techniques

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 thadaughaheepeotduospbdbnnt

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 eloenptornempgenhabl eesult I n increas
ctional matleéf PFali 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
fidrwith a | alrfgle surface area.

In 2016, Laidm?*e et al. filed a patent f ol

(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 prolpeétls 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 dissldiBEown 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 phgdli32 *Ak%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.ectrosmiechiasgg@éiwer ed systems

This section discusses the application of
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. tseucnhmairagilzeeesl &ehcet oupspe 2 n |
buil ding 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 PENG de

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 ét%t irfeiceatti osnu
ows that over 6000 scientists worl dwi de
pidly evol vi nignigt e sae agrcdmiasrienag mmaekt hod f o
wer / 5'¢R®srnger mor e, based on materi al S
chnique, and power management met hods,
wer outputs of piezoel ectrild*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 triboel k@étlreiviiidceantcieo ncliasi nsst itlhlat

through l®Ekargedsiifdtoersi, alog, a combildélni on
addi tion, Ko et al . examined the electror
process and concluded that there is a posi

and stuck charges are the &oahid®ntiroinb ofeolre c
series has been developed based on an empi

negatively clhé&¥lgged nmmatteerriiaallss, such as wood
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scal e

tenden

triboe

—
o

—
=y

propos

with a tendency to positively charg
cy t o become negati ve. Ther e ar e |
| eld t@rhidc i sne roinees ,pr evi ous publication
l ectric series is [rFe gahi%e BENG| deed
|l ly uses two materials that are well

, targeting higher ch-apge f e p armrataina

al s

duc

eme

sl 34

within the TENGNd@dwitaveent d hese
ener gsye p arnactliuodni,n gl actoenrtaalc ts | i di ng
single electrode mode. TENG cont
chitecture. cUsuirneg tthhies TtErNaGd idteivoi nc:
tive (or one conductive and the
s which are connected to an exte
| ose conéemeht apndreeplariangonnmokl al
tric effect. Repetition of relati
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 inducti on
echnique.

effort t

ed

t helotrPly.

t hat

o understand the generation

the current out put can be ¢

(EZ2)
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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 nanog@xner 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 pelariseheconi 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 ameter s, 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. 3ERectroepiabhiedg TENGs for energy har\

El ectrospinning can manufacturebasaedl| devi
architectures tol®#imatte TBENG hdeei densv.est i ¢
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 andsdhoftlcbBc @At whulteenosi (I

Subsequentl vy, the commercia-pr iPht gd | Pl wfhisl
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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 electricityi mdr eadde tihm esu rsfaa
attributed to being the main factor in cre

induction which ultimatlét®y | eads to higher

The choice of materials is an i mportant f:
pol ymers, namdlryERVDRM&FE PPWERFe widely wuwsed
based TENG devices given their higéctfrlaumor
affinity resultindg!hetetbanhegataivee pabil i s

review on the progress of PVDF as a funct

sepdwer ed!g8mssogmarize their findings, b
affinity, utilizing various electrospinni:
el ectrical gual brpesdaotedheWPVPFet al . ha:

PVDF (tribonegative) and PAG6 (triboposit
performance ukilbhgepagameatlt Bmagaired throuc
4b). During electrospinning, PVDF was col |
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'¢yctbser more, Song et al. observed
el ectrofsipwmiem amar al | el way can i mprove the
thus i noe¢edsiamgl 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 ' ;
(") + + + + + + + + ol
‘ B o o .
PIaNGHGOTSIEN | 3 il ]
I

Contact Releasing

t*
Top lctrods 1111

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

PVDF 0 rpm PVDF 4000 rpm

PVDF

0 Aluminum foil

Fig&arelsing electrospinning single and dua

harvesting applications.

a) Schematfiichmd &I tbmismeiodu m ENG r e lpfplnbtleids hfer
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 e@adig ysrsii pmt E2020, American C

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

exampl e, Sun et al . have publish€dNTa( MCg x
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|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 lenk34 ymWam achieved
100qrMesi stor and could charge a 10 OF cap:
further increase of MC content creates a
neutrali airmessome tchhke sur face. Moreover, pl
thickness for charge accumul ation and tra
increased from 0.04 to 0.08 mm (Figumrme b5a

thickness reduced the performance as (gi Ve

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®me ai
used as thin films, there are some chall en
brittle nature, and surface roughness. Ho
problems by maintainingnhanosog!| érsotfaaoa
i ncreasi-th@golswmd acat i o, thus i mproving fl e
wear abt emag eghs monitoring fsiybsrt€ée3m %u sMxeagn eM
Negative) and 19% CA s ollhuet idoenv i (cpeo s(iwi3tvhe )d i
cm2) could generate a maxi mum v ollt. 8gel OMm 1
2t hroug¥Yl aa® M™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 TENG devices. For i
TENG using Janus struct uridadsewirtihboRel Ae,c tPrMIxF
PEDOT to achieve conductivity with respec
PEDE@PILA havoand -PEDOTNHF wasx2e@dr th8dd ms

x66.67 mSrempectivel y. iThlet weid ttm2wWaa mpll & |
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 lghWffdiucstti 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.
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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

FigbreFurther Il mprovements and devel opmen

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 permission CopyrightE2B22ScAment

electrospun pBMWGras NHt eel hg sensbPwirtenpr i

permi ssion CopyrightE2022,c)Am8chemat iChems

PVDF based composite TENG [!&&lvtihc e p erremirsi:

CopyrightE2019 WILEY VCH Verl ag d@gmbSt h& maad
singdzzI| e, -noxrejlkregaared zheabmeedl | el ectrospi n
reprint éd®ifrlomperemi ssi on CopyrightE2021, A
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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 on the power outop

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 NG rfbeovsii ctees .mat e

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

A number of studies have developed sensor
human body, both in vivo and in vitro usi.l
relying on a separ at ep opneweerd ssuepnpsliynlgmaeydritsh t
investigated area in thé&lfaigealimadl afi wearmdbl d
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
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Jian et al . have developed a TENG sensor

Ti2@OPAN el ectrospun membrane and nyl on filn
respectively and a AgNW TPU composite el ec
these | ayers, t he( PpToBER)h e wr ahkedold agtehylien e
el ectrospun el ectrode and the tribonegat.
moi sture. The wupper monsatn ol paayretri ccloenst aciannii nggb st
and act-chsami mge, fanti bacteri al agent . Fur
efficient production method amdverovihee sP;/
net wor k, which is quite challenging with
sensitivitdgiomftBbe 2rdendkiPdara aonfd!000.r6 pmr\e sRsaur e
Further mor e, the device could detect and
runni ng, sqguatting andoa.s kM@prped mwgee ,a s hdeld odere

signal s r egpuoiweerde df opre dad h8éetlefr sy st em.

Security is becoming one of the significan
of technology-baPedsssee sensviemgi cati on i s
home and appliance <contr ol syst enmesr.abTrlee
technol ogies for authentication signal i no
into sophisticated gar ment s. Primarily st
capacitive, resistive and psieragriesistmati o
press time and hold time is <challenging

approaches are needed to address these c¢h:
by Bhatta et al. us d3s ibmysberdi dTi EzNeGlI acnodm pcoaspi at c

sensors to measure dynamic and static pre:¢

used Iin the same precursor to produce an e
el ectrospun | ayesvadiisl awseead &9 ga tcrhiabge den
siloxane and high surface area due to el ec
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sensor down to the stianmdmrandemyslri il zee wif

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, the senso

demonstrated to identify inédilPldual wuser v

a (il (iii)

" K,=0.507 mV Pa

K;=5.190 mV Pa!
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a)
ou
de
re
Ne
(i
b a
of

Co

h a

an

c

n

Ul t-praocti eod teitveea,n i sngl, f and aditiskeactTeENGals er
t put voltage vs applied pressure (i), di
Vi ce (ii), Sensitivity withdwakkppgigi
print 4wkt oampe@dnpwrsiigmt E2021, Amer i dgn

ur al net waunkhéoébratsiedatsiedrdn system, schemat.
), accuracy matrix for capacitive based
sed pressure sensor (iii), (acc)uraancdy -cnoantp

static, dynamic and hybrli2ddi t & c hpneirgmiess:
pyrightE2022 Wiley VCH GmbH

2.3U4e of Electrospinning in PENG techr

e piezoelectric property is a natur al p
near coupling bet ween a specific mat er
| arisation, which is inherenurliye roehbvseerrsvie
iezoelectric property of certain inorgani
rium titspanaweee ( Ba€dOTf or i ndustri al and
i ezoel ect FSEbv ethe d thmaulghgyt.he piezoelectric

ystalline material s, it i's also inheren
l ymers (PVDF) , PA, pol ypeptides and pol
ea as na Chesult of applied mechanical for
effiig,i eot, pdezoelectric materials, wher
opagation and | i sl®% h'éSuwf Meetc talo.n hoadv ea pdpd

om understanding the charge density, Cc a|
ternal force over [pSRRzoObleembDriec-N&maypan a
ve provided detailed information on the
d further processing refllffleloweov epri,e zao etlt

derstanding of the piezoelectric mater.
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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 srnhe 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 comparisaopfté0fepaiwi c
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 [g®weézt Pt put .

Among the most prominent polymers used to
applications are PVDF and its copol ymers,
wi t h electrospinning, thereby provildd ng
perfofMalnAcdedi ti onally, a high voltage fiel

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

had

Eli2zhlyd Yu et al. have providedf iabrreeowi ebw
| i €%iini otnksi.s section, foremost consider a
ctrofsippmmeamdanoomposite PENG structures w
tion discusses the advantage of the e

formance can be further I mproved with ¢

ent advancements I n PENG devi cPeVsDF 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-asaseewerelrfeead
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 r ometry on a sample provid

a polycrystalline perovskite structur
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hi ghest pecdaphasel atTdée tmcorporation of MXe

i mpact on the morphology of the electrosp
characteristics. l ncreasing applirgdkenftorfaoe
x 7 W 1t20 Vx Ga.nAd5 xQA 2t OA, respectively. The de
to a shoe insole in five ditd(fie)r.enltntpersd stili
was a distinguished difference in signal ¢
backwards and f avbl(iing )f.orlwaradd d(iRiigonr,e t he
posture abnor madtiocede®rsusph Zig@ioipit @)l oa -d gwa 3

be suitable for the clinical @br(oigimjd)s.i s of

2.Bl.L.ectrospinning Applications in Wearabl

energy harvesting

While this thesis focuses on electrospin
acknowledge the broader wutility of this t
el ectronics domains. The inherent @rmopetrt |
suitable methods among all energy applicat

2. 4Ebhergy harvesting applications

Sol ar energy Hmawvesdst ingg energy from sunl i gl
another sustainabl e approach to generati ng¢
irradiating sunlight or other suitable Iig
the release of sufficient free el®Tkhirrods
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
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40 [ Healthy

[ Metatarsalgia

A

Voltage (v) Voltage (v)
8o

FigudreEl ectrospinning modified PENGwelrase d

sensing devices.

a) Schematic of MWCNT | oaded PENG device
reprinteld’pflubolm srhefd. with CC BY Copyni gHhitgg
performance piezoelectric composite based
insole (i), identification of gait monitor
complication pr ognolsigsh b(liivs)h erde paiitrht 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

Furthermore, due to the perovskite mater.
garments as yastep usli egt raolsspiiWghirerad | pr SEHL

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

SEHG targeting higher outputs. For exampl €
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 pitmritd a
technique possess natwurally high surface
thermal conductivity dAd%lulti mately higher
For exampl e, He et al . devel oped stretc
el ectrospinning with poly(ethylene i mine)

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

integlr®i 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 f elcdfi.v®&Materials that ar-£fuactiwveralandr corf

hydr eOHy ,( caCOOKYy,|] d&nd sSI@Hf)gniacr eacciad a(b! 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

percapauwpemwnecaspaci tors 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 fbati &t ieesciare 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- bar sbaaneéeriLas noticeably depenc
properties o f e'P%¥ ot eoest imagtieyr,i ams 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
also highly influenced by the mechanical €
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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 ¢ttheantt urhyi,s wheecrh npa
was invented in China, which | ater i nfl u
Japdht®®kKirigami structures, as a variant
freedom by incorporating strategic cuts i
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fields such as civil engineering, aerospa
met amaterials, and energy harvesting, scie
i nnovations inspired by origamedti@ evnhadanage

precision and a more sustainable approach
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 devel opment s. Mor eover, origa

unconventional structures at bolt?h°]t he macr

Traditional wear abl e el ectronic devices
uncomfortable for t-hermeaser bBndconmi asng
and expansion behaviour of origami ghtruct
conf ormal wearable electronics that better
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
>3 technologies (e.g.
i A latrines, kitchens)
o
3 B. Lever
= i +  Wing Wall, Back « Folding wall panels
a embieuboctatisdron Wall, Roof, Lever combine to form a
> -] Arm, Roof Support Rhombcuboctahedron
.06 |- Q > Posts, Roof Panel + Reconfigurable into
=1 o X, Inserts different formations
i > + 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)’ - - ] : T . Walls, Roof/No that form external and
Build Bake Roof, Lever Arm internal walls
esign Algorithm for Multiple-Step Self-Folding Origami I ORI | OO S o N , Tomormg | Sl g v
modules for full few connections
5 structure required
N =
AN ¢ 2
AN S D. Single and Double +  Back Wall, Wing +  Similar to Varying
Lq Elbow Lever Wall Wall (1 or 2), Lever Lever Wall, with
~ /\ A Am different options for
f J{A\ < ’ > & « Two or more reconfiguring space
7, S ) modules for full
€ lf(,f (AR"; v L7 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:;';"“w"wn“ "v'jmf"“"'
e >0 modules for full different wall sizes
& structure and configurations

e

3D Model Simplified Mesh Origami Pattern ~ Self-Folding Pattern Self-Folding Origami Self-Folded 3D Origami

Fig&r er i gami i nspired recent discoveries.

a) Ki-tngpmied stent developegriaot éldWwdmbdi c
permi ssion CopyrightE2021, The Author (s),
Li mi,ted Origami inspired foldabl el?8wlicthh t e«
permi ssion Copyright¢)E20ridg&miseiviepi Led . Sel

with pefrrmdm%Wdofnh per mi ssion Copyright E201E€

2.5F3@brigami: The EvoBasiednOfowamd Fabr

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 textfiilbepemmidrug tti o nf, agfarmam & tiind s hti
can sense environment al sti mul i and adapt
roles in protection, comfort, and aesthet
technol ogiwesni etecboadownwi cs through fabrics
i's mainly due to the f asvuocuhr adbd ef Iperipkeirltii
el asticity, Il i ght wei ght , and washabil it
syst®flsBy | everaging blassed progemii ed,rufca
complex folding and wunfolding motions whi

comfort .

Hi storically, civilizations such as the
techniques, partic@eal)ar Iwi tihn npltehaet itnegx t (i Hieg
Early methods of fabric folding involved
patterns, followed by heat pressing to per
this approatcihrdaemensdooad astructure, it | ac

outcome was entirely dep2fdemt Eonoper,e tkme

—
(¢]
(@)
p
5

I qOe) (Wagutrreadi ti ondli Imgnss e@ad atl o piampg a&mr
through thermal anld®®melohanirealenptyceSsonag
i ntroduced the t9e)mtbabdesgambe( Fhguteansf
forms ustkings poirriegddffleBdoagsesof the mechani
substrates, this approach often requires
hold their folded shapes. Fabri gami has Db
hol ders, fdeciocatdesegns, and jewellery boxc¢
and reduced drapability associated with si

wear abl e electronic systems.
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Rutzky and Pal mer introduced a technitque

i nspired geometric patterns to fabric sur

transferred onto the fabric, tthed smpegath

together. This control | eddinmaennispiuol naatli osnt rcurce
tension and compression within the textile
and functional items suctHeras, wt aldloevc Ihaatnhgs
pieces. Also, fabrigami was used for gar me
as a chilld°°gHoweveamp,) wearable electronic

patterning to ensure.l%%kurate sensing or

(o)}

a) - b)

simulated result smocking pattern

simulated result

Figard&abric 3D geometry devel opment techn

Fabric ragporliantiendd®#f t bompeemi ssion CopyrightE
and b) srmeopcrkiimoge dipétb |l i shed with CC BY 4.0 C
technique, <¢) Fabri gami s trreupcrtfiunroee dftvedrit st r |

per mi ssion CopyrightE2021, Sage Publicatic

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#Aectrospinning and Fabri gami Il ntegr
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 mov ement 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

signi ngasaed 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 | dtihneg / @Wmif nmd rd
selecting materi al for fabrigami folds 1is
cyclic |l oading, which includes both el ast

experiences stressgamaddstumndiohddog] ngeéddioc

potential failure i f not properly engineer
materi al must recover to iIitstbeifohhbhbwbshagt
and separation cycl e. However, repeated f
mat erial gradually | oses its mechanical pr
even failure of theffudl del eTd i achd rod s snatt leir s
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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Careful design of the fGdhlvreing anmie fcoolnpil negk i g

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-"

(9]
(9]
(@]
—
—

ical outputs of the device.

2.5S¢nergy Between Origami Structure ar

Since the introduction of TENGs in 2012,

enhance their performance, -iinmrspliudidngs ttrhuect
notable example is the work by Higgoddavi cd
based on -camr raurgiageendi TENG a0a¢ hi) ) ec tFhaee eodr F ig
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|
el astic energy restores the structure, CC
devel opment, nihxe <lhoaws stiloant malhe devel oped

few dropped Oab(jieic,t si i(iF)i)guwikt!hl 98. 9% accur a

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

figwbhb,e da stiff paper substmastpe rwas sfiolnkegd
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where the paper itself and a PTFE | ayer

sensor exhibited distinct electrical i gn
such as stretching, twisting,wand drbppad.
the sensor, it produced unique signal out |
capability to detect pressure variations
exampl e, Hu et al . -ienmsppltoryeedd sa &s )( rirti gjaud e Kl
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

FiglUse of OFTEN@msem®or devel opment s.
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a) Constructiohamioa¢es @thmasrePddaRTEE NcGap (& r)

steps, (ii) experimental setup with vari ol
adapt edl?fptlobmt irsefed Cwpy hi §&€t BX025, bTh & abutift
of a -tsylpenkyENG ar chitec-taltk, aadomubgnbiogar
adapted [f'wWomhr @eer mi ssion Copyright E2Q15,
| mpl ementation of a spati al |l yl2afirtahn goeedr nTi EsN
Copyright E202dTENGevheegrhatdieblas ed oguampy aatrtyi
device for shoul der r e2Hve it ihl ipteartmiosns i abcha 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 tribopidiit)i)v.e Tlway esresa,s orr
to detect adduction and abduction movemen:
The ori gami Sstructure, enhanced wiatslsi &d jeu
support to facilitaté&ildarieizonitial ) shoRadti

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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2. 5Tdwar dPoSwedrfed Joint Bi omechanics Mon

Quantitative analysis of human ki nema

tics

a crucial tool for human health and perfor

healthcare providers to create merbsonapate

whose movement patterns are | mpactseud ghyc ad:
conditions of the knee or hip. I n additio
iI's essenti al for sporatnssli nogideyn cree.c hlamd ecrss tcaa
techniques, enhance athletic performance,
Despite their recognized i mportance, conv
are constrained by bul kiness, rigid form
external power supplies or frequentctrbated
void ##Hrerimorethidmea eaét ti ngs where continuous
Addressing this unmet need requires -new |

powered sensing platforms that mainnteaasniiln

bi omechanical accuracy.

I n this connexitredbrTBHMGs represent a -

autonomous Ssystems. By synergistical-

t rans

l'y ¢

i nspired fol dabl el EN&Gs metomnif s ,m fi anld ri imgplt mil y

curvatures and movement, accommodating t|
typical of knee and hip articulations. Un
mai ntain mechanical integrity andcfyehetsi o
ideally suited for dynamic biomechanical €
Crucial |l y-TENGsbr ofgmende ddbahcti onal 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-etudf imoiverst, tbiwdl dgadfaa
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 engiTiEdNdbreivhg epercame btei \gea ,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 pollgnfér’3s?hea

As an example, Dai et al. createdR&EPIi @end &
a copper wire. This yarn was then used as
i n a final product that exhi bm/tse)d wehxecne pctoino
to cotton, polyester, and woolbphabeicachTE

a ovof 2.7 Moand@88anAlunder 15 N forcéeaAddi
basyeadr n of fered excellent drapability and

practile@]l use.

I n contrast, some recent developments hayv
produce yarns targetingl?iedHddbee el echaval

hi ghly stretchabl i layna ncobnyduaosi ng A a ndoo u

el ectrospinning technique. By -dopedt iPAQN
electrodpento a holl ow nanoweb on a funne
for med. To increase conductivity, the yar
polymerizati on, resul ting litno aln0. BncSF 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 weamvmnigeagdh
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to produce a fabric. Some of t hese parar

publication rki¥FaredxtmpthkisZworlkt al. emp
t wist per meter affects both the geometry
bphase in specific materi al s. Thi s has i

harvesti-pgwedn & esneslifng “apgp’ i cati ons.

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. D wrairmgs veexapweirnge,ncwarhp gh tensi

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 intelligent gar ment s. S
closely embedded i nto the hniagges edvi ahh e a
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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 such as intarsia (a knligttiiomg tte

create di stinct col our areas without str
compl ete garment in one step) , the devic

i mpact on the wearable and??@&sdfkheni di gar 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 enginsgt whi

exists after developing theryarnglehandt db

l ock stitch) i's an i mportant parameter fc
preparing thel?f%Ynctional 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 dqg useyss tfeorms .f aun cet al . h

can be created using polymeellculmage,y i il Isk
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polyethylene oxideba3bdisystemtyiospdaedfabp

to counter casted films of the same mater.i

V. By adjusting the thickness,tperpoweéerzeou

be further enhanced by increasing®3the absc
Al l these examples discussed above in th
selectidmborcabson 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
me mbr anes. Rashid et al . thoroughly exanm
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

creati Ag ke tsteacture WMPRIN yTmBAB shrraincc huerse.s

modi fied, such as el ectrospunl?2f¥aN peetr oaxli.d
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 prnodtuhcei 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 management modul es, have been devel
Cheng et al . successdapgdcogi tiort e(glr @)t eds ainl i
significantly i mproved charge transfer. I
charge transfer increase of up waveé6bdDeéctif
ci rletXit et al . empl otytelbeud pHENIC de NV e&w telpr

down the rewitihiedmpatatage and a met al 0 X

transi $hey effectivelsy imeptedmend evttifa oy MtSer

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| sEi d

rather than energy harvesting. For-basampl
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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 agrat ibfasce da
tem was used to detect and communicate
used to power the Arduino board and 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 - '?? KEYB OARD !
= i —r— S — Cell 1
Monitor i = = F— cail2
I I § 3 s Cell 3
b — g:: ; (loucb'o:& g 1 Cell 4
PC 3 | {orosen) i it Cell §
-3
g #Ht Cell 6
| 1 (iif) S Cell 7
3 Cell 8
D.at.a. 3 Cell 9
“| acquisition g Cell 10
board a =] 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
Rel31 th permi ssion Cop.yrbi)g hUp2edrl g i Eibs awiher
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
photograph of the asselnbveeld bslyosctke nd i aagirda nf i
TENG sensor, wireless atrmamgmiasd ggioo n t hZ%hfld dm:
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with permission CopyrightE2020, The Author

Li miited

For wearable TENG devices, maintaining a ¢
smooth data transmission to processing ar
wear abl e TENG based exercise sysereimmemotr, ue
TENG signal was faimps tc ofnefdi gtuhrreodu gahs aan coopmp a |
testing. The comparator out puts were con
Arduino to detect the activattloem Arfduwiarcd |
and Bluetooth (BLE) communicated bt weegn .t
It used a counter variable to track movem
and counting down with the other. Thi-s col
06 Bluetooth modul e to a-bhapdopgrafnaeches nutseead
data to-scareternolelcement s . Furthermore, the
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 i nto 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-basé hpoaveirend cfy se leenst
thoroughly investigated. Based on Technol o
are either in | evel 3 (applied vebed+s ¢B ma

scale prototype ready ?dThaerkefboeat omoyst e
devel opments must Dbe i mproved with standar
be accepted as commercially viable product

(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?®¥®dln most cases, stability testing was

contact separation based architecture or |
with constant frequency for few cyerlfesr. med
in a container/ beaker by stirring/ultraso
standard procedur-28606,uchS@s63ARAITCE76ar AAT
washability of f umucteironraell i v il Te€L . fTMm 2 éhrilc

(evaluation of resistance before a#d0@6Bafte
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(measure surface temperrmtwear alelsgppesenbbys

(specifications for wearable electronic w

br ai

mor e

Hu mi

ded fabrics) and | PC 8981 (qual ihtey an

recently developed telgt% ng standards

dity and temperature conditions <can h

certain elbeacsterdo SdpéB/hincieasg.e coating or nanom:

el ec

add

r

sens

prov

prod

u

o

trospinning substrates can favourably
ess the influence ofl2?2¢@dmeabnag eean\ail rso mun
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)diFor exampl e, electrospinning solve
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 paxroanttiaccrt 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 headac

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 I'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 cke 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 biocompatible 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 developed 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 wearabl e sensing afy

energy harveewemgd anensiehdg, t hey iovitteyn usnudf
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| 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 vepr dsdretr 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 fi f aibnrsipgiarmei 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 ks-17frOomt ober 2024 in Chicago, | L, U ¢

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(oen kpyr 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
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CH,
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Mai i i
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O
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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 shown 2anafmdghbhrmodt of the H groups in t
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 Yaoreepri @laad 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, -[lcoksisxyogegnoat 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
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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 o
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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 teeiolsiittadtdn, &) 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
were Kkept desscdat darhecabinet nearly 1 wee

performance.

Tab eCA weight dissolved in a DMF: acetone

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 fo

di ssol vedFAn®#AMld dollutriaomoamd

The

50AC

to

s ol

ut i

El ectrospinning

r the

compl etely

on

wa s

prepar

| oaded i

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

ation

di ssol ve

altl a nf |ToOWD ,r aatned d@fé XK &mla/phph

reenovedi &

acterizati c

Prel. nary parameters were selected

until proper elceocnttridristieien nemg r parncec evsass

manner as the CA and délmcfadialmy

hood r 24 hours prior to char

Tabd4:e PCL weight di ssolved in a FA: AA

concentrations ranging from 14% to

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 &mMédr gBo conduct these measurements,

to uniform dimensions of 40 I 40 mm

conduct i-wviedaldbudbdlreesi ve tape to ensure

80
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A cudtuo mt experi mem¢epnl waet empl(éygdr ¢ olf a

conisemtar ati on cycles between t hed eecltercotdreo.s
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 a con:

separation were performed at a spmpeeod of

El ectrical out puts were char aedwarsi zneeda swir &
using a Tektr-BDW xdiT®iISt allO5@Bci | | oscope, w h
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 %

el ec

not

vari

ma X i

comp

char

Sinc

subs

prev

fibr

sur f

obse

uni f

el ec

ari slo&h %oaordientrati on, <c¢)Voltage, d)
CA electrospun sample, f)Voltag®, PGL C

trospun sampl e.

hown 4an Fheuhegbwst lrshafo Vd23. &hangeand

nNnC were observed VWtor cbheeCAr abmphfe WO I

scMo,f 1103. 6 7ChmAfe and4?2 nNC werewtldr ecor
entr at®b)o.n (A9 guhheded ,i 1 hFei cwrrea ent and c
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 interf alk2 raemad iKreg ¢
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:i
equent experiments and characterizati o
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 sbhrfabe.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

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

_
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a)
me

Cu

Wh
me
na
po
of

To

ne

Bespoke rotary collector mechani sm. T
chani s m, c) rotary collector mechanism
rrent and f) Charge comparison ofodgpuan |

mpl es.

e only variable that changed between th
ectrospinning parameters were kept cons
tput perfor maoackl|l bet weeanh & b e aufnh @®YAe cstarnpd |
present &dif .i nT hFel grue £wdgt kgl sabrodavr heh B & a e d
.96% (1.78 V), 10.57% (137 nA), and 4.
|l l ector sample. Given the improved out pl

| subsequent experiments weetuponducted

3.1S8mmary and rationale for chemical r

e initial screening of electrospun CA ar
both pol ymerf i decoorecleencttriaotni onme tahnodd on TENC
ncentrat wtm CAt eamtthe ®6L2 A e monstr ad €t arhde |
anvgpd ues. Ftuhroduht gerareo rfeu,r t h & 1yc hiammpgri onvge dt he ¢
chanism to rotary technique from fl at

ectrospinning parameters andscofl ebtsont

Il e optifmibraat plooml oogfy wi th concentration
chanism enhanced the baseline perfor ma
nogenerators 1is also intrinsically govVc¢
l ' ymer s. Imnc tpiaorntailc ugraoypsf uand i nterfacial

charge generation and retention during
further i mprove triboelectriot¢t,petf waman

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

with PCL are introduced as strategies to
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 development for breathing s
After characterizing the initial sampl es,
fabricated-busiilntg rao tcautsitnogn mandr el setup. EI

a custom |l-aporatohg $a@boratory whoclodbes

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) .
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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

FigluB6e) EIlectrospi nnfionrg bsraengtl he nporneiptaaraitn go n

a) CA precursor, b) Electrospinning proces
o f al | sampl es, d) PCL + chitosan precur
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 e oPCIPCL
rati o FénARDolguti on and stirred magneticall
di ssolve théhePGIlpealiloemt svas | oaded into a

for electrospinning at a flow rate of 2 ml

The membrane was collected in the same man
al umifnaiulm then dried in a fume hood for 2
For the second trial, -ACHirti@csh&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

a l

a l

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 & oi nlc r2edaBs 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 direct7dpn Thimp arraead

i gnment may i mprove the consistency ani

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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mi nently vVvis

i bl e

0.06

O-H

——— 0.2M NaOH treated CA

stretching

Absorption

0.04

0.02

0.00 —— T T

1000 1500 2000 2500 3000 3500 4000
Wavenumbers (cm™)

Figu7TeSEM and FTIR
SEM i mages of a)-CKA,
e) CA and -©OA,2 M )N aPROGL
| EEE

88

in the treat®d?382mPl e,

:\

1723 —— PCL/Chitosan

o

o

o
L

0.02

\-——_-

0.00 T T
1000 1500 2000 2500 3000 3500 4000

Wavenumbers (cm™)

analysis of modified CA

ch)POL 2Mn dNadDH PCL/ Chi t

a ncdo pA CeLd/ [f Wity sraemj.h t E2 0



CHAPTER 3

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 mmihhe nc-eepacuation 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 mistaanrdhya,wgete hee rhei cgohredsetd [fCoAr t h e
sample, at 1.67 OA and 6.61 ncC, 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 o 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 ©) sl

y - i | Saenes |l | gl

D T = - M‘
2 ° T Y 1 & 0.2M NaOH-CA £ ‘ ' ([
= | et Wi "HN |
E—G:—CAOMY 1 53— 'WH ﬂ | 8 Eé:?f:;;{;g%HciA ‘

o] 00smNaoHca |l 2 M "7 o 15M NaOwCA

L B e : [t 0250 NaOW.CA

0.2M NaOH-CA il HI 1500

124 0.25M NaOH-CA ol z ; : ;

0 5 10 ) 15 20 25 30 ’!i‘ime‘(-"s) ’ ’ " 'l‘il;;e (s)zo ® ¥
d) Tlme(s) e) f)

S ._j, 1 1 % i l j gl =
: -

I W (s)i ) . Titne (5) ° ’ Times) =~ °
Figu8eTri boelectric performance of modi fi e
Change of a) wvoltage, charge and c¢c) cul
of CA with NaOH., Out put performance d) v
NaOBA sample contact and separated weth P(
copied!i@omyrieght E2024, | EEE
After achieving peak performance with NaOF

conduwit e

C miotddefBAQIL .

Il ncorporati nghbecthtietro s

i mprovemead ®acWi nigca? 0 .38 1V,8hl®Age an @

d, e, f). Although addi
PCL | ayer, it

ali dnddencreased the
samples. Additionally,

significantly
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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 cont act

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%fsi 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 explores the pot &ntdirdlor o fypsoat edred ds @xdrpeu
monitoring sensors. Specifically, this wo
deacetyl ation with NaOH at concentrations

PCL with 3% chitosan.

Final sensor samples were attached to con
paper br ackébt)s. (THiegusensor successfully i
breathing patterns, demonstrating the fea:
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powered sensors. This research highlights

enhancing t he functi onmdwdrye dansgde nesfofrisci ebB

el ectrospinning conditions and materi al

devenleoap of highly sensitive, reliabl e, anc
be integrated into wearable health monito
these technologi es wi t h signal processin

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

3.2D#Ascussion on breath monitoring

As shown Oan H®KHiugumeg >reathing, the contact
CA and PCL Il 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

moni toring 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=6RRMadxe) Fi gure 2

a) Separating b) 20
Contacted
o ) } |H Hll
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Figkme Sensitivity performance analysis a

monitoring sensor.
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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.esTdheesnd e mochiat act
demonstrate the feasibility of this appr

breathing rates range from 12 to 20 breat

tachypnea, characterized ey owapiud gdedgteath
characterized by slow breathing. Detectingq
crucial and requires HfPFhTlBensenhsoity tes

recorded as 34 ms to reach any given posi

Recovery times were 24 ms for 1NOM)or ddeac

results i ndi castue tftabbdtec @ mtei MBSO rr espi rator
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 Mp 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 anrhcee 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 dtiibbeé'However

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

volt output-scahd mucr eampvoaw uteysp iscuabls tlaintteira

PerformanceThemmeasupbpad output from the C,
orders of magnitude too | ow for practical
optimi zebapedd ymENGsSs can generate output Vv
volts and tcli20 a®Asrange. FdrasexamMEING, watR

nanowires achi ewgle,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 requirpowbetcdfr®bEitt temu!| @/
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 conditions. Hu man
producesepartatciton motions over &8 Handge®rofs]|
to moder at%! RENGvoutyput i-dependegty &teboe
(42 Hz), the harvested poweswat §sni 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 weFier 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 recordilnng paarlt ipcruolcae
chapters to explore ways to enhance c-harge
onanopafrari cdewer | mprovements on CA surfac

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

PVDF

Publication status : Presented as a poster

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!| wparmalbll esedg it moni t
using parallelly electrospun CA and PVDF
Garret. B. Mc Gui nness, Tom8sntE.r nMatridonalhiaQ

on Electrospinning 2024 at AGH -M8J uwneer s2i0t2y4
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Il ntegrating sensors into intelligent garm
bal ancing electronics, cphoawgex® isorua < eel, e atnrdo
and CA dowerseed fsensors in gait monitoring
par ameters and rotary col |l ebtpdhras e ptaindi z@
tribopositivity, i mprovi nog spl@hm d mgaha rpa e s me
sensitivity. Both materials demonsttyr,atcad ct
for wearabl e applications. Mechani cal tes
their potenti-aff éotri gsealabdebi cosmpati bl e
4. 1lntroducti on

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 uoropof2pmér t@#irklaunr wled 6

Hei j i Kawai discovered t hasty s#dEnhdavdl i pcihe 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
spevwepd to 1500 rpm has Mbpbasehawd toyshal ki
to process parameter s, sol ut i onb pphaarseemed red
crystallinity. Such parameters incl dge mo
concentration (|l ower t he2O0b%)t taenrd sbaultv eonptt iw
(moderate volatile content i's required, e
affect the characteristics, eatgQSmaimpeaini

can increase bphaspe)€ wviDaEglelddfer i al

4. 2PYDF in Triboelectricity

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

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

in contact and separation with more el ect
charge on’linstmBsarfackoel ectric series PVD
showing that it can charge as a tribonega

mat elr?fadl s

Furthermore, the molecular polarity arisir
car-bbnoriFheao@hydr ogkd)n HdChnds <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

A TENG constructed using CA and PVDF wil/l

out put compared to the CA/PCL <combinatio
tendencies, with CA acting as a triibso phoass t
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 pmodedmpuoarst wrsietdy ftoa

out putesnpwirti caf3Model | i ng

Simul ation starts with approximating the
specific surface with | ength L and @) dth \
Considering our experiment JLwhlW=dh cims pluad
medi um wi t h-tper msiitmpilviftiyed equation as gi v

be fouhd*)ith®lref
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0 —AOA@#i: —"Qw® (E7)

whehwies the perpendicular distance with res

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 (E8)

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 (E9)
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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o OOl DogE—— ¢ pmais (E10)
Considering al/l parametersccandbeaksBhg@uivene
in E 11,

W — — 0w — 0w (E11)

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 (E12)

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

develaspegd ven in E 13, E 14 respectively

. . ———— (E13)
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 i n next sectior
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4. Sampl e preparation

PVDF (53Wwad®0pMecur el dmioenh B(i J4ma078) and
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 pellets into the solution it

al | the pellets were fully dissolved. Onc
|l oaded into a syringe winmnmi mg 2wa sG cba nudnutc ti
temperat’CyeadoN2l ative humidity of 50N10
to control the environment al conditions)

rotary <coll ector. Tth-@ o f tl @rw diasttea nocfe 20 f ml1/5F

voltage of 18 kV was maintained during thi

the collection mechani sm. One sampl e made
mat was coll ected onrtyo caolluneicntiourm aftoill5 0c0n r
the mats were carefully removed from the
h, and driedi M oan lovemuratt o8Confirm the ¢

Acetone residues.

20% CA was prepared as in the previous exp
I mprovement wi t h treating CA with NaOH
el ectrospinning procedure described ta cha

aluminium foil at 1500 rpm with rotary col
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Figk2eSample morphology analysis of CA and

SEM i mages and corresponding fibreplditamet
coll ected PVDF ¢cokheatnedd dPVDF, romdirgctand (
3D surface profiles obtained -pb&thd ext @an tac

h) r-oaealargcted 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@edf oo 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 Téax 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-tocbuéeat 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 botf
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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

materials' performances uma®rr enpuier eld/.nami ¢
To simulate these conditions, a manual tap
separation cycles at an increased frequenc
at a frequency of 2 Hz, with a dirsploateme
|l ayer s. This setup was designed to mimic

i mproving the relevance of the results fo
applications. Al l ot her el ecarancgui snietaisam

remai ned consi stent with those used i n the

The triboelectric -peltfecmaded Adofd dtelcd le &l b tPE
samples was eval us¢pdr aaitnidem mhece cloWkaice¢ tlh
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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£
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Fig2a8Tei boel ectric performance of CA and P

a) Choafngcehar ge, b) voltage and c¢) current
collected PVDF when <contact separated wit
di fferent frequenciP&DFfor rotary coll ectec

Additionally, ®Shkepaehteéeon édcivaqoameptsodongdte
constant contact force ofocvBs Nob#AaerctVvedr wi
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 FiLGOr & \
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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 simulat
to be specified. These parameters are,
Assumed dielectric constant of PVDF = 10
Assumed dielectric constant of CA = 3.3

Measured thicknbedans of t he PVDF
Measured thisS%&mess of CA
Experimental charge densi tdfy madchBedCwimt h I

After determining the parameters, the sim

shown i nCRARppendi X

Accor diingguateo 24gr adual i ncrease in charge
separation frequency increased 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 eadletdabl Woit hh ecaintdliy i wm
frequency was varied at constant amplitud
frequency.

110



CHAPTER 4

As shdwmuicre 2dmul ati oniPVv&suptsrfoevehéeéeGA

pedipeakwads approxA,mawki e 2at 5 HzA.i tl n nc
comparison, when the amplitude was varied
Hz, dchecleasedA ftredAnbE(iQQude . 240 generalize

corresponding current density plots are pr

This behaviour can be attributed to the r
conisa@ptar at ioeccnuarye lreaspi dl vy, resulting in gr

i ncreased charge transfer per u-s epartdtmea

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

bet ween t he triboelectric materi al s and

contributing to the observed increase in c

The opecuit voltage remained nearly const

di spl acemenRi guwmmdi2t4iowme v(er , experi ment al
increase in voltage up to 2.5 Hz, after wh
to incomplete charge transfer or subopti me

Addi tiionawabsgr vedoct hateasvedVwi th hi gFhegruraemp
2h) . This can be explained by the greater
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, mechanictérmr o]
durabil ity aha evwelruactoemftored .suitability of
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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, theeetdyri-mgr bc

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
1

1.2

0.8

Stress (MPa)
=)
Stress (MPa)

=
12
L

0.4

T
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Straln (%) Strain (%)
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 |l oad cell. The thicknemiscobdomenew ¢ 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 gripsmplAesin

were stretched at a constant extension rat
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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 dM%Fucd@i 25

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

( Maxi munl .s8 1r5e sMP a, Mialx3i nfo)ng (sdtler a2i 5n

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 mhemhant &
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 resistanncteegrlint 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 will 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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