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5479526 reliability @f €hese €ructural Gonds, @articularly th @rms Gf Gatigue Grack growth, @ g Ghajor Goncern. o g
Keywords: mitigate €his sk, Efructural Bealth Ghonitoring 6f Ghe Bonding § Gesired. This €an Be Echieved By Bheasuring J
Screen-printing strains @ @ifferent @cations G Ghe @hesive Bondline. Gere, e Present §reen-printing Gh Golyetherimide & g
Carbon igk realize @ §nart Ghlay €hat Chn B Placed Gpto Ghe @hesive Bondline Guring JFRP Ghtegration Ghd €han Gplace J
Adhesive fndline cleanroom-fabricated €fack ffopagation §nsors Gemonstrated €prlier. Ghe §nsor Byout § Gesigned @ €hable g
Composite crack @onitoring B €aluating rain §fferences Getween Gvo Gnsor @ws. Bpr Ge Tst e, Gnart Ylays Gere J

Structural alth Gonitoring fabricated @hd Ehcapsulated €htirely 6h folyetherimide, @hich Bas Excellent @dhesion Efrength € €he €poxy g

matrix 6f OFRP. Epr §rain Getection, @e Gsed Green-printed Carbon §nsors. Ye Elected Green-printing Ghks J
that €uld @ithstand e Barsh €pnditions Guring OFRP Gbrication. Bpr Ghe Eharacterization 6f Gur Gnart Glay, g
we ghalyzed Ghe §reen-printed Garbon §nsors Before €hd Efter Gptegration Bito Epmposites. Gfter Ghtegration, g
the @nsors Gere @lly @nctional. § §Griking @sult, §ter Ghe €htire Gbrication ghd Gtegration, Ge Gnsitivity g

of Ghe Green-printed Garbon §nsors Gached @ Gauge Gctor 6F Gp 6 @p.

1. @ntroduction

Reducing the @verall @eight § @n gnportant @pproach ¢ Gwering g
the @nergy @onsumption @n @ll ghoving §ehicles, @articularly @n @he g
aviation @hdustry. gor this @eason, Ghe gse gf Garbon Gber-reinforced g
polymer (FFRP) ghd @s @dhesive Bonding § Becoming Ghore gnd Ghore g
important. @FRP @an @heet @rechanical Gequirements gue @ @s @igh g
strength, gigh fiffness, gnd gurability. @dhesive gonding @ @leal ¢pr g
joining gightweight gomponents ghade @f gomposite ghaterials gs @ & 0
mechanically §uperior ¢ Golted @ints. Bowever, the eeliability of this §
structural Gonding @ @n @nportant goncern, @nd Guilure Gue @ Chtigue g
is g gochastic ghenomenon ghd @jifficult @ gredict. Jo Gkduce this gsk, g
approaches @ften gccept Gwer @haterial gfficiency, €sulting ¢h gigher g
weight. @tructural Gealth ghonitoring @an Ge Ghe Golution @ @xploit g
the @ll Gomposite gghtweight @otential. gor gdhesively gonded GFRP g
structures, the @gtection 6f ¢ack Gyitiation gnd €rack Eropagation ) Ghe g
bondline § garticularly @nportant, g these Gamage @hechanisms gffect g
the @fructural ghtegrity gnder Qperational ¢pads. Jhe glevant rate gf g
the @rt gn ¢rack Getection @ot gnly Ghcludes the Perspective Gf €knsing J
capability, gut glso @spects gf Ghaterial Gompatibility, Ghtegration ghto g
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the @tructure, @hanufacturing @ffort, gnd @ossible @ffects gn gdhesive g
performance, g§uch @ Bond §rength.

Since €he thternal gfrains @re €elevant, gxternally @pplied Gommer-
cially gvailable €frain €ensors gre gnsuitable, gnd €hay got gven gave g
sufficient Gitigue Gsistance Br Hng-term Ghonitoring PL]. Flthough ex-
situ €nethods uch @s gltrasonic €chniques, g-ray, gnd Chermography g
are @till gised, @hey @re Gisually gabor-intensive @nd gometimes @nly g
applicable @fter @isassembly §2]. Jherefore, @everal Gesearch @roups g
are @orking gn §train @heasurement gh ¢he @dhesive gondline Getween g
two gomposite gdherends. o Gar, Ghainly @fber @ptical Gensors @1,3
6] @ere Qsed. Jhey Gave the disadvantage Ghat Ghey gsually Gequire g
additional gptoelectronic gpomponents @hd ¢pmplex Ghathematical gval-
uation @atures. §lore Gcently, @inctionalized gdhesive Gims By gdding g
nanoparticles like €arbon Ganotubes (ENTs) @ere Gudied [y 10]. These g
films @an @irectly @etect @train @hrough @hanges @h @lectrical gignal. g
However, gdding ¢he NT Gan €:duce €he €hilure gtrain @L1]. gnother g
method @ @ gse §o-called @-pins Gombined @ith @sistance heasure-
ment [1.2]. The gpins e ghort Getal Gds &ranged G the Gdirection ¢f g
a @p Pint geting & @¢rack-arrest Gechanism PL2]. The goditional €ldy g
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current (EC) §nsing film ¢an @etect gEptential Gack PL3,14]. However, g
it @ guite me-consuming € gmbed €he @pins gnd GC €:nsing gIms. g
In gddition, ¢he Qata gvaluation ¢ gomplex, gnd @ @as got et Geen g
investigated @hether the Ghechanical @erformance § @stricted {2]. §o, g
crack @etection Goncepts @iffer got gnly ¢h €ensing @rinciple, Qut glso g
in @heir @haterial @ystems, @rocessing goutes, Gntegration @ffort, gnd g
cost @15]. @Methods @or Gneasuring @rack Gnitiation @nd @ropagation g
should @rovide @irect @h-situ ghformation Grom Ghe Gondline, Gequire g
only @noderate @nstrumentation @nd @ata @rocessing, e Gompatible g
with Gcalable gnd @ost-efficient Ghanufacturing, gnd Gave fttle gr go g
adverse €ffect gn the @dhesive @int. Bxisting @proaches gnly gartially g
meet Ghese @quirements. Efber-optic §stems e Gnsitive igut Glatively g
complex gnd dostly ¢h Germs @f ghstrumentation §16]. Gunctionalized g
adhesive Quyers Offer @irect gectrical §nsing, But the cpnductive fillers g
may @lter ¢he Ghechanical @roperties Gf the @dhesive @L7]. B-pins gom-
bine @einforcement gnd @nhonitoring, Gut Gequire gomplex Ghtegration g
steps @hd Ghay @ffect §tructural @erformance @L8]. GC €pnsing Goes @ot g
detect @racks €hat go got Gross @r thterfere @ith ¢he Qurrent gnd €hus g
may ¢pmpromise The Gtegrity 6f Ghe ¢pmponent PL9]. These Bmitations g
show That Ghe Gtegration Grategy @@self Grongly Gfluences iBpth §nsing g
reliability gnhd @dhesive @int Behavior.

Our group Bas gesearched gnart Ghlays Gased gn §frain Gauges Chat g
can @e @laced ghto €he gdhesive gondline uring GFRP Ghtegration @ J
detect @nd @neasure @otential @rack gropagation @uring @perational g
load. Ggombined @ith g Gurface @ughening €hethod, this ¢hlay €hould g
stop g @otential @rack. ¢h gddition, ¢his ¢nhlay ehould got Geaken the g
adhesive @ondline. ¢h gur @revious @ork, @e geveloped gmnart ¢hlays g
where @nicro-strain Gensor @tructures @ere directly gpplied gn grack-
resistant golyvinylidene @uoride (PVDF) @ilms, §h-called @isbond rest
features (PAF) R0]. Bowever, @ithout Ghechanical @inforcement, the g
thin getallic @icrostructures ¢puld fJoat B Ghe Girrounding elt Guring g
CFRP @ntegration ¢h gomposites gnd Ghus @e geformed gnd gestroyed g
after ¢poling. Becently, golyetherimide (PEI), @hich Bas g¢Jgnificantly g
higher @elting gpint, @as Gsed & g¢hrrier ffim §r Gicrosensors Ghstead g
of @VDF 21]. Gubsequently, @VDF @vas Gised @nultifunctionally, @n g
the @ne @and @o @ncapsulate @he Gensors Gnd @n @Ghe @ther Gand @s g
DAF. th this Gay, the Orack Qetection Gapability @f ¢he @pproach @as g
demonstrated. Oh Gyclic Grack Growing @sts, Grack Getection Githin the g
first 50,000 ¢ycles gnd Getection @hen the ¢rack Gaches the DAF ¢puld g
be ghown (P1]. gowever, the thterfaces Getween GEI ghd GVDF of the g
integrated gmart Ghlay gften Gd @ €he Chilures gf ¢he Epbricated gom-
posites {£2,23]. §loreover, the gntire Ghicrofabrication gnd Ghtegration g
process @as gnsuitable @r @roduction §rale-up.

In @his @vork, Qve gim @o @chieve @rogress Gh Ghe mart Ghlay Gh-
tegration gnd @obustness @ gnprove @rack @etection. @y gompletely g
encapsulating ¢he gmnart ¢hlay @ith gEIl, @hich @ gnown €r gs gxcel-
lent gdhesion §trength @ Che @poxy @hatrix gf GFRP due @ @iffusion g
during @he @uring @rocess §24 27] @nd @ess Ghfluence @n Ghe @ensile g
strength (28], the thtegration @f the §mart thlay €hould @e @nproved, g
and @he @recision gf grack getection Ghould @e @hcreased. Gloreover, g
using gost-efficient §creen-printing @f ¢he €train €ensors gpens gp ¢he g
opportunity @or @ ghore Gtreamlined @roduction @rocess. ¢h gddition, g
screen grinting @pt Ghly gpeeds Gp groduction €pmpared @ Bthographic g
fabrication @ut ¢an @lso ge asily €taled @r Girger @roduction Quanti-
ties. Jhe Qgse Of §fretchable @nhd Bighly gpnsitive Ghks Oy §reen @rinting g
further @mproves @he @rospects Gor gpplications gnder @ynamic @pad g
conditions. @esearch @hto The glectromechanical @roperties gf €creen-
printing @nks @Gnd @equirements @laced @n @he Gnaterials ¢y Gensor g
integration @h garsh gnvironments Gould @rovide galuable Ghsights ¢r g
future @evelopments G Ghis &ea. Thus, the Present Gork Bcuses Gh On-
proved gnart Ghlay Ohtegration ghd Epbustness. g Gedicated ghechanical g
assessment Of Bonded fPints ¢pntaining the §nart Ghlay Gas ot Part Of g
the @resent tudy; €he Qorresponding gonded-joint @ehavior gas @geen g
investigated §parately @sing Bonded OCB @hd BNF §pecimens ghd gill g
be geported €sewhere.
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2. @xperimental
2.1. Gmart Glay Gesign

The gmart @nlay @esign @onsisted @f @ur Gensor Gridges, gach gr-
ranged O PRirs O) Gvo thws. DAFs Gere placed O the grea OfF the §nsor g
rows @ Gtop @ @otential grack. @he Gmart ghlay gnd the QAFs Grere g
integrated ghto Ghe @FRP gomponent Go @hat @ @otential @rack Gront g
through the gdhesive gondline §rst @eached €he Grst Gow @f Gensors. g
The @ensor gows Gad @ @istance @f 0 ghm @nd Qvere ach dO &m g
wide; Ghe @Gunctionality @r Ghese gimensions gas glready geen €hown g
previously 29]. Gach @ensor Gow @n Ghe gcreen-printed mart Gnlay g
consisted of Gvo Wheatstone Bridges Grig. 0P

2.2. Mlaterial §plection

PEI @vith @ @hickness @f 325 m @vas @sed @s @he Qubstrate Ghate-
rial @or @he Gensors @o @nsure Gufficient Gtability @uring @andling Gh g
the €creen-printing @rocess. Gor @ncapsulation gf the gmart ¢hlay, §EI g
with g @hickness gf @5 m @as gtilized. §he Gompatibility gf GEI €r g
integration Ohito QFRP ) @rms Of processing €pmpatibility, Ghermal §a-
bility, ghd @dhesion @ €poxy Bas @ready Been Gemonstrated Th gprlier g
works @4,28]. ¢ ehowed g gigh ¢hterfacial gdhesion gn gpoxy-based g
CFRP @ithout @ffecting the §rength Gf gFRP.

The @rimary @election @riterion @or @he gcreen-printing Gnks Gvas g
the @ensor @unctionality @fter @nnealing @ue @o Ghtegration @vith Ghe g
prepreg-autoclave grocess. The glection @as Gade fjom Tree grailable g
commercial Bks (paral StretchCarbon §00, QuPont BE €71 ghd Oycotec g
DM-CAP-2101). Garal @tretchCarbon @00 @vas Gelected @ecause gf ¢s g
reliable @erformance Gfter dntegration. G\n @nk Qvith Jow @esistance g
was Gelected @or @he @onductor Gracks, gnd @ne Qith @elatively §igh g
resistance @r the €ensors, @ Geduce the Ghfluence gf Ghnger Gonductor g
tracks @n the €gnsor §gnal, §ven Gh §pnsor Getworks @ith Gng Gacks.

2.3. Gmart Glay @lm @hbrication @nd Gptegration

For ¢he gmnart ¢hlay, g @25 m ¢hin GEI ¢§lm QJLTEM @O00B, §ink g
K nig Qeutschland @mbH, Wuppertal, Germany) @as Gsed & ghbstrate g
material. §creen-printing @as @sed @ @inctionalize the Gim @ith grain g
sensors. @s €he gurfaces gf GEI gIm Gave Gifferent urface Quality, ¢he g
next geps Gere Carried Gut Gh ther the gnooth ¢ the Bugh Girface @ g
evaluate The Ghore ghitable Girface Guality ©r green-printing. gll grint-
ing feps @ere @pne Ghder gnbient €hnditions Gith §Gmiautomatic at g
screen-printing €hachine Girimac 080 §. Gcreen @rinting Qas Garried g
out & g@rinting peed OF OO6 Gim-s” ! Gsing gGhachine Pressure getting g
of @.5 @gar, g §gueegee gngle gf g5°, gnd @5 @rinting @asses. @ @igh-
strength €fainless-steel ghesh GKOENEN @mbH, Qttobrunn-Riemerling, g
Germany) @ith gifferent gatterns gith ggpesh §ze of 63 m ghd gFire g
thickness @f @4 m @as @sed @r €he creen @rinting. o @revent he g
substrate ¢lms ¢rom ehrinking @uring ¢he @uring Gteps, the Gubstrate g
films @vere @re-treated Gh gn @ven @t 330 gC Gor QO Gnin. Girst, Ghe g
conductive @aths @ere @rinted ¢h Che Gesired @attern gsing €flver ¢hk g
(DM-SIP-2006, Qycotec, Galne, gnited Bingdom) (Fig. @8). Ghe Printed g
silver Giyer @as Gured @t g20 ¢C Gr g Ghin Gh gh Gven. Ohen, g Carbon g
layer @vas @rinted @or @he Qiigh-resistance @esistors @sing @arbon Ghk g
(Saral gtretchCarbon @00, Garalon @mbH, Ghemnitz, Germany) ¢rig. g
2b). Ohe thk @as Gried gt 20 ¢C ¢r g ahin th @n Gven. Jhe thickness g
of gilver @nd @arbon Gnk @n GEI @vas @xamined Gn Ghis Gaper. Jhe g
sensor @tructures @vere @ncapsulated @vith @ @econd @5 m @hin GEI g
Ultem @000 @Im @sing giffusion Gonding @t @30 gC th @ Preheated g
oven f§r 60 Gin ghder gacuum @Fig. gO). Subsequently, Ghe gnart Gplays g
were Optegrated Bito Ghe Gpmposite pmponents Guring ¢p-curing O the g
prepreg-autoclave @rocess. Jhe gpplied Guring Gycle @as gescribed ¢h g
earlier @ork §20]. @fter @htegration, Gamples @ith g @ross-section gf g
25 hm g @00 ghm @ere Epparated By Shw Cutting.
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carbon
= silver

10 mm

Fig. § @hotograph Qjustration €pncept &hd Gesign 6 Green-printed §nart Blays Bitegrated 6h GFRP. The ghom 6h the fght §hows Gur Yheatstone §nsor Bfidge J
with @ @ngitudinal ghd @ Gansversal §nsor. The @ariable @ngitudinal €nsor, By Garticular, Bas @h Ghfluence Gh Ghe €hange G Gur &nsor fgnal.

a) screen-printing
of silver ink

ink screen mask

squeegee

“-‘/;;

printed pattern "\ PE] film

b) screen-printing
of carbon ink

¢) encapsulation using
diffusion bonding of a
second PEI film
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Fig. @ Qchematic @lustration 6f §nart Ghlay Gbrication: @) €kreen-printing 6f §)lver Giyer 6n Pretreated GEI @Im. (b) €reen-printing 6f Carbon Gyer 6n Eured g
silver Qyer. @) €nhcapsulation 6F @inctionalized GEI GIm @ith €cond BEI GIm Gh Gp Gsing Giffusion Bonding.

2.4. Gensor Characterization

The @opography @f @he Gcreen-printed Jayers Qvas @neasured by g
LSM @confocal @aser §canning @nhicroscope §K-X260, Geyence, @saka, g
Japan). Goughness @as Gheasured gt §50x Ghagnification gccording € J
DIN £5178. gptical ¢aluations ¢f The Ghorphology &hd Ghanufacturabil-
ity of €he gcreen-printed Gryers @ere @nalyzed gsing @n gptical hicro-
scope (¥HX-5000, Keyence, Qsaka, fapan) ghd GEM @canning €ectron g
microscope §henom @L, Jhermo Gisher Geientific Che., Qvaltham, YA, g
USA). @esistance @nd @urrent voltage @haracteristics @vere @neasured g
between @ilver @nk @lectrodes @sing @ Gource Gneter @Keithley @450, g
Tektronix, gnc., Geaverton, PR, YSA) th Gwo-point Ghode. Gere, Ghe g
measured Galues Gere Gh the gQ-range, p the Ghfluence Of the ¢pntact g
and gne €esistances th g @vo-point gonfiguration @as gegligible §L7]. g
Silver Gpk gectrodes Bave Practically go Ghfluence on the Carbon §nsor g
resistance, €ven @fter ghcapsulation @hd Ohtegration. §ll Gheasurements g
were @erformed @nder @mbient @onditions. Gheet @esistance R, Gvas g
calculated @ @, = R - w_I @ith €creen-printed gne @idth @, gnd gne g
length O Bpr Bfezoresistive Characterization 6f §nsor aths Gere Maded g
to @ @aximum §rain 6f @305 m-m" ! @ith ggrain chte of B46 gm-s* 1. g
For €his @urpose, g Gustom-designed @nsile @sting €hachine Gas gsed g
in @hich @he Goecimens gan e @lamped, @lectrically @onnected @ith g
spring-loaded @ins, @nd §fretched Qsing @ §tepper Ghotor; the §tep §jze, g
maximum §}rain, ghd §fretch gpeed puld Be 8djusted. Ghe Gauge Ghctor g
GF Qepresenting @he @iezoresistive @ensitivity @s @efined @s GGF =
@, @here @R § the thange Of Eesistance, &y the thitial epsistance, g
and g = Al_ly @he ®pngitudinal Gtrain dalculated Gased @n @rosshead g
displacement @/, @valuated gsing g gosition gensor.

2.5. Qensile @sts 6f GEI glm, §nart Ghlays, @nd Gutegrated §nart Ghlays ¢h g

composite

The @hechanical @sts @ere Garried gut Oh g three-stage §quence Gf g
static @nsile @sting 6 Olustrated Gh Gf. Big. gY Oh the frst §age, Pure g
PEI §lm gnhd @usion-bonded BEI GIm @ere Gsted. BEI §Im @as gut Ghto g
specimens GASTM 0638 Jype Y epecimen) gsing g Gemtosecond Grser. g
The @heasuring Bngth @as @5.4 ghm. Jhe @nsile Gsting Gachine Gith g

a Gpad ¢ell gp & g N GwickiLine 8.5.0, BwickRoell gmbH § Jo. §G, g
Ulm, @ermany) @vas @sed @pr Chese Cests. he GEI §lm Gamples Grere g
first greloaded @ @ @ gnd ¢hen the Sgmples Gere Etretched gt g Cate g
of §.033 gim § * gntil €hey Gpiled Gechanically. he Ensi,le Gst @as g
performed ghd The Gsults Gere €valuated gccording @ the §STM D638 g
standard. g @tal 6f ur @ five Shmples 6f €ach §pecimen Fere Gsed Hr g
evaluation. oung’s Ghodulus @as Galculated @y @pplying glooke’s Ghw J
to the Gheasured €fress strain Gurve.

In €he €pcond §fage, the Gon-integrated, Gure §nart thlay gIim @as g
stretched @n @ @ensile @esting Ghachine @ntil Ghe Gensors Giled @Glec-
trically. ghe @ensile @esting gnachine Qvith G Joad @Gell @p Jo d GN g
(zwickiLine @1.0, @wickRoell @mbH @ @o. &G, @Im, Germany) §vas g
used €pr Chese Gests. gor Chis Gurpose, the §mart Ghlay ¢lms Gere Qut g
out glightly Garger € €hey gould @e Glamped Ghto €he Gst Ghachine gt g
the @p gnhd Bottom. Oy this Gay, the Gpeasuring Bngth Gas @6 Gim. The g
footprint @f ¢he mart ghlay @as @lectrically gonnected @ @ gIF Qon-
nector. @ @hulti-channel §frain gauge gmplifier QuantumX §1X1616B, g
HBM, @armstadt, Germany) @as Qsed @r Giezoresistive gensor €ignal g
evaluation. he @ridge @utput @vas Gecorded @t @ gampling gate @f g
200 gz énd @w-pass filtered Gsing 2P Gz Bessel filter. The gnart Ghlay g
films @ere Qrst greloaded @ @ §, ghd the §nsor Ygnal Gas skt B gero. g
Then, the gnart Gplay Gims @ere §retched & g cate 6F 9.8 gm g * gntil g
they @Jectrically Giled.

In the third §tage, the ncapsulated §mart thlay thtegrated thto the g
composite @as ¢haded ¢h nsion gnd Gnloaded n Gmes. Jhe GFRP g
samples gad g Gross-section gf g5 € @00 ehm @nd g Gheasuring Gngth g
of @60 ehm. @s th The @revious Eest, the Epotprint gf the mart ¢hlay g
was @ectrically @onnected @ @ BIF gonnector. Bor Piezoresistive gnsor g
signal @valuation, ¢he ghulti-channel @train gauge gmplifier Grom ¢he g
second @tage @vas @sed. @he @orce-controlled @ensile @esting Grachine g
with @ @pad @ell @p @ @5 GN @Amsler GIC @5, GwickRoell mbH @ g
Co. 8G, QIm, Germany) @as Jsed @r these @sts. Jhe Spmple @as @rst g
loaded gnce dp @ @ Ghaximum Gree Gf §.033 BN Gorresponding @ @n g
elongation @f @ 196 m-m"1) githin g0 § €he €rce Gas Geld €r g0 §g
and then Qnloaded Gp @ Q9§ Oh @0 § The §nsor §gnal Gas gt @ gero g
after this ¢ycle, ghd the shme Cycle as then Carried Qut Gutomatically g

ten @mes.
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Stage 1:

PEI substrate

Stage 2: Stage 3: .
Integrated PEI sensor >
PEI sensor inlay inlay

Experimental setup

0.2+

Load profile

0.1

displacement (mm)

0.0

0 2 4 6 0 1
displacement (mm)

mechanical output

displacement (mm)

2 3 0 100
time (s)

mechanical & electrical output

Fig. @. Jhree-stage @nsile @sting Epquence: Ch €tage @, GEI GIm bstrate Gas Gnsile Gsted Fith Greload 6f G § Ghd Chen Fith @ Etrain Cate 6f @ Gim-s™t. th J
stage @ €he BEI Enart Ghlay Gas Gnsile Gsted Gith 6 Greload 6F @ § end then Gith € §rain Cite 6F 08 Gim-s" 1. Gh Sage @ the Ohtegrated BEI fnart Ghlay G Ghe g
composite @as Baded G Gnsion hd Ghloaded @n Gmes. The Butput Gas Ghechanically Gr Gage @ Ehd Ghechanically € €Jectrically @r fage g & 6

The @esults 6f the §gcond @hd third §ages Gere @so Gsed @ Ohvesti-
gate §ensor Properties §uch 6 gpnsitivity, Onearity, Ghd Bysteresis. §he g
sensor §jgnal @as Gefined & § = V,_Vy, Ghere g, § the §gnal of the g
Wheatstone Bridge @nd §s § the §upply Joltage. Gwo Epnsor Gaths gre g
arranged @rthogonally © Onhe ghother. @hen §hibjected @ g Gnsile Gst, g
one Path § gretched Bngitudinally, @hilst the other § gretched Gans-
versely. §he Gitter ¢herefore Gontracts @ @ eesult of the Goisson €ffect. g
The g@nsor ggnal Ghus Ghcorporates Ghe @ngitudinal Grain 6f Ghe Path g
and the Gansverse §rain g-.1+ v/ of the Orthogonal gensor, here g3 g
the Boisson eatio (P.36 Gr @l Stups Giken om Gata Sheet Ghr JLTEM g
1000B gnd derived @or @he GFRP tayup §21]). Gor Ghe @nplemented g
Wheatstone @alf-bridge Gircuit @ith @vo @rthogonal €train gauges, ¥
can ok €kpressed & O, = %{VGF~VS~5~.1+ vl (5] @hd GF @as Ehlculated g
as gF = —+5_. ghe @ngitudinal grain g= 4/_l, @as Galculated Gased g
on @rosshead @isplacement @/. @hus, @he @train alues @sed @or Ghe g
gauge Gactor Galculation @present gngineering €train gstimates Gased g
on ghachine @isplacement ather than direct cal §rain Gheasurements g
at €he €ensor @osition. Jhis @pproach Ghay ghvolve gncertainty gue ¢ J
machine ¢pmpliance, @fip €ffects, ghd gpssible Gon-uniform Grain fields g
within €he gpecimen. gor €he fhtegrated gmart Ghlays, @dditional @hcal g
strain Gheasurements ghowed @ U2 & Bwer Bcal Grain, Ghdicating that g
the @ported gauge Bctors r Ghese ghmples e gightly Ghderestimated g
and ghould @e @nterpreted gs @ffective Galues gnder ¢he gpplied @est g
conditions. Epr Ghe Gther pecimens, Ghe €ror @ timated © I Gnaller, g
since ¢he @est Goecimens gre @rders @f Ghagnitude @pss Gigid Ghan Ghe g
machine. Gince gll amples @ere @valuated Qsing Che €ame tup gnd g
procedure, the @pmparative gssessment ¢f the gensor gesponse ggmains g
valid.

3. Results @nd @iscussion

3.1. Gcreen-printing 0f §pnsor Gructures

The gommercial §EI gIlm Qsed gad g §mooth gnd g €ugh €urface. g
This @ @ue © the production Process, & One ghrface ¢pmes Bto Epntact g
with @he @ooling goller @fter Ghe @xtrusion, @vhile @he @ther gide G5 g
exposed @ @ Bwer poling cate PBO]. Qe Gheasured the One Gughness g
of Both BEI §urfaces ghd Tpvestigated @s Ghfluence Gn the Gibrication 6f g
screen-printed €ensors. @he goughness Gharacterization gf €he §nooth g
and @ugh gurfaces gf the GEI gIim @& hown ¢h (Fig. gg gnd gb). Jhe g
measured gveraged @oughness @, & 9.406 g §.080 m €r The Gough g
surface gnd 0.047 g Q.012 m @r Ghe §mooth Gurface, Gvhich @ Cess g
rough By @Gne @rder Of Ghagnitude.

The €pughness Gharacterization @f the @rinted gnd Gured §jlver gnhd g
carbon ghks gn gmooth gnd @ough GEI §Im Gurfaces ¢ hown ¢h gig. g
4c gnd gd. @he &, @f Gilver Ghk Qvas Q.93 m gnd .91 m @n Gough g
and gmooth @urfaces, @espectively. @he &, df darbon ¢hk @as .4 m
and @.2 m @n @ough gnd gmooth Gurfaces, Gespectively. Gonsidering g
the gfgnificant Qifference @h gurface Quality @etween ¢he gvo GEI §im g
sides, Gubstrate @ughness gid got gppear @ Gave g Egnificant gffect g
to Ghe ¢hk GIm @ughness guring €creen-printing. Jhe €horphology @f g
silver ghd garbon Ghks Gn Gugh Surfaces § hown Oh §EM Ghicrographs g
at Garious @hagnifications ¢Fig. 8 Jhe Gured thks @rmed gn Gregular, g
grainy, gnd @paque Gyer. th the Gpse Of §jlver thk, the Gryer Consisted g
of ghonodisperse §lver @rains Of the Shme @pe P.5 5 m). Jhe Carbon g
ink @as @olydisperse. Jhe Giyer Gonsisted Of Garger Qakes (6.5 16 m) g
and maller grains 0.2 5 m) @nalyzed Gom the 8EM @nages. §maller g
particles ¢puld got Be Gund @t the Ghosen Ghagnification.
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Fig. @. Gepresentative €plor-coded @pographies Generated By OSM 6f Gr) €bugh GEI @Im €hrface. (b) §mooth GEI @Im €urface. §-d) Carbon Ghk Gh §nooth @hd J

rough B! GIlm Sirface. @-f) flver Gk Gh Enooth Ghd Gugh BEI GIm Ehrface.

Fig. 8 Qcanning €lectron Gnages €howing the Bhorphology 6f Gv) Carbon Gk & 860x Jop) Ghd @400x (hottom) Ghagnifications @hd, () Ellver Ghk & 860x Gop) J

and @400x (ottom) Bhagnifications.

In gddition @ €he Epughness @nd Ghorphology of the §treen-printed g
inks, €he €al gne @idth @ gnd gne Geight @ @n €he different urfaces g
are @lso @nportant. gig. ggghows @he Gespective Gheasurement Gesults g
for the glver Bk Ones. The Ghinimum Lne @idth that Yas Gossible Gith g
the Q@sed §preen-printing Ghask @as §00 m Gee Gig. 6@). Ohe Geasured g
line @idth ©@r glver Gk Gnes Gith Gominal Gidths @, Gs @efined O the g
screen) Between 000 ghd 00 m @ ghown Tp Big. 68 @ ¢hn Bk Gen That g

the Gheasured gne @idth @ @lways Girger. Jhe gifference getween ¢he g
measured ghd Gominal ne Gidths @ecreases ffom gL m @ O3 m @0 ¢

to G g) & the One @idth Ghcreases. The Beight Grofile of the §lver thk g
shows @pllateau Oh the Briddle Of the ne, Ghich Gets @ider & the nes g
get @ider. There &e o Peep €ges, But fat Joping €dges. Brom 2P0 m

onwards, ¢he @lateau gecomes Gavy. §rom @00 300 m, Ghe gverage J
line @eight @hcreases fom @ m € @6 m @s Che Pne Gecomes Yider. g



A.-K. Qein & 6.

a)
75 pm

100 pm

150 pm

200 pm

300 pm

400 pm

100 pm |

b)
500

400 &
2300
N .

2 2004 &

1004

200 300 400

Wi (m)

100 500

Composites Part C: Open Access 20 (2026) 100775

20.0 pm
16.0 um
12.0 pm
8.0 pm
4.0 pm
0.0 um
18
h (um)
V)
18
16 i
14 {
\%12- (A
= .
101 I
8 t
6 . , , :
100 200 300 400 500
Wy (nm)

Fig. 6. @ptical Gicroscope Gnages 6f §lver Grints Gith Gifferent Bominal Gne Gidths Gh €pugh GEI GIm urface. rom Gp & Gottom: @ m, 0O m, @50 m, g
200 m, @00 m, ghd @00 m, @nhd €he Eprresponding Beight Grofile Gbtained @ith OSM Gsing g Profile Glot Gith Gultiple Gnes 6k @ Gistance 6f § m @cross the J
image. @) Yeasured §iver Ohe Gidth 6h Gnooth [Fed, = 2) &hd Bugh @Green, G= 3) firface Gver Gpminal Bhe Gidth @nean J P, H=5). @) Yeasured &eraged J
silver One Beight 6h §nooth @ed, @= 1) 8hd Bugh Green, G= 2) Girface Gver Gominal One Fidth Gnean J EP, G= 3). The Eplored Gata Epints Bave Been fhifted g

slightly @ Ghe Gght & Ghat Ghey Gmain Jsible Gext @ the Ghean Galues.

At g gne @ridth @f G00 m, €he gverage Pne Geight gl5 m) Gecomes g
thinner ggain, @here the gandard Qeviation § gigher than Gr gnaller g
line Geights. Qlo gffect gf GEI Gubstrate Goughness gn Ghe Gne Peight g
can Be Observed §nce the Beight Geviation Between gnooth @nd ebugh g
surfaces @ @pwer €han ¢he gverage §tandard @eviation gf gne geights g
(7.6 g Cpmpared ¢ 8.1 g§ Gr Garbon thk Ones @nd §.3 § Gompared & g
6.7 g Gr glver thk Ones).

Fig. g@hows the Gheasurement Gesults @r the gidth @ gnhd Beight g
of Ghe Carbon Bk Ones. The Grinimum One @idth hat Gas Gossible Fith g
the @roduction @arameters gsed @ere @as ggain 00 m ee gig. @g). g
The @easured @ne @idth @r glver thk Ones ith @idths Getween GO0 g
and §00 m @ ghown O Ejg. O Oy Gpntrast @ flver Bk €kperiments, Ge g
measured gne @idth @as glways §maller €han ¢he gominal gne idth g
w,. Bor OO m, the @ctual One Gidth Gas @round 3 § Of the Gominal g
line @idth. gor @ll gther Garbon gne @idths, the @heasured gne idth g
was getween g3 g @nd g4 g of the Gominal gne idth. Jhe §tandard g
deviation @as gery @w ghd @as g §49. The Beight grofiles 6f Gairbon Bk g
lines @ith gifferent gne @idths gre hown ¢h gig. @d. Gor oo m @nd g
150 m, @here @ @ Qlear Ghaximum @ith Gteeply Gloping gdges. §rom g
200 m @nwards, @ @lateau @orms, @hich @ecomes ghore Gvavy Qvith g
increasing @idth. Gor 00 m, Ghe Gne Peight ¢ Gignificantly Gigher g
(18 m) than @r @50 400 m @6 m, @6 m, U6 m, 05 m). Gt 500 m, g
the Bne Beight @as flgnificantly @wer @1 m). There @as @p ggnificant g
difference ) Ghe Beight profile 6h g§nooth ghd Ghugh Yibstrate Gurfaces.

The @direct ¢pntact f the Ghesh Ghfluences the Gpughness @nd Beight g
profile @f @he Gcreen-printed Ghk §31]. Fhe Geight Grofile Gan Ge Gx-
plained Gy @he Gnesh @hat Gs Gressed @nto Ghe Gubstrate @uring Ghe g

screen-printing grocess. @ith Bigher ghear @scosity ghd g §eeper ghear g
profile, the Ghesh @attern Gan @e Gansferred @B32]. Gilaments Gan rm g
when the @hesh @ €pparated @fter ¢he @rinting @rocess, Gausing Bcally g
increased Thickness [B3]. Oy this Gudy, the Gesh Pze Gas 88 m ghd the g
wire @iameter @4 m, @sulting €h gn @pening §ze F g9 m. o, Yith g
wider gnes, €here gre €hore Qires @er Pne Yidth Chan @ith Garrower g
lines, ghd @llaments @re Gprmed Ghore Gequently.

Our @esults @lso ghowed Chat this €ffect § Ghore Goticeable gith the g
carbon ¢hk. @ccording @ €he Jata Gheets, €he gsed Garbon ¢hk Gas g J
higher @iscosity of 08 Ba-s than the glver Thk @L0-15 Ba-s). Oh gddition, g
as @e Observed Oh 8EM Onages, the Carbon Thk @lso Bas Girger Particles g
than @he @ilver ¢ghk. Ghe Gpwer giscosity @f ¢he Gilver ghk gheans ¢hat g
it @vels glightly gfter @rinting. Qther groups Gave @lready 6hown €hat g
the @iscosity Of the thk thfluences the gniformity ghd €pughness of the g
printed @lim on the BET §hbstrate, & §ss @iscous Ohks ¢an gill ehualize g
once the §reen Bas Been Gtmoved [B4]. This § gso the Gpason ghy the g
measured One @idth 6f the glver Ghk § Gider Than the Gominal Ghe ghd g
for ¢he Garbon Ghk anly gightly. ¢ the Ghesh gpenings Become §maller g
than he @ne @idth, gomplete Anes ¢an go Bnger Ge Geposited. Yhen g
comparing @5 m-lines €pr €flver gnd Garbon, @ @ @oticeable ¢hat the g
carbon ghk ghows gnore ghterruptions ghan the Gilver thk. @gain, this g
can Be ekplained By the Bigher Giscosity of the Garbon thk.

Fig. @oghows @he @alculated @heet @esistance QRg @rom @neasured g
electrical @sistance r Carbon ghd §lver Tk on Bhugh gd §nooth BEI g
surfaces. Oh €pntrast @ Ghe Geometric Parameters fne Beight ghd Gidth, g
the gesistance @f the Garbon thk @ith g @idth §f @00 m @nd Gngth Gf g
2.5 ghm @iffers @epending @n @hether ¢ @ €creen-printed gn g €ugh g
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Fig. @ @a) Jptical Bjicroscope Bhages 6F Chrbon EFints Gith Gjfferent Gpminal Ghe Gidths 6h Bpugh BEI im Girface. Brom @p @ Bpttom: @6 m, PO m, B0 m, J
200 m, 800 m, G00 m Ehd BP0 m €hd Ghe Cprresponding Beight rofile Gptained ith OSM Gking @ Erofile Got Gith Gpultiple Gnes 6} 6 Gfstance 6F § m Ekross J
the @nage. () Mleasured Eharbon Gne @idth Gh Enooth Ged, G= 2) @hd Eugh Green, g= 3) Ghrface Gver Gominal Gne Gidth gnean g §D, §=5). @) Yleasured g
averaged Ghrbon Gne Beight Gh §nooth Ged, g= 1) @hd Bugh Green, G= 2) Girface Gver Gominal Gne Fidth Gnean g €D, G= 3). The Eplored Gata Goints Bave J
been Ehifted fightly & €he €ght 6 Ghat Ghey Bmain Gsible Gext & Ghe Ghean CGhlues.
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Fig. 8 (hfluence 6F §irface Quality Gh §reen-printed Bhks: @) Chlculated €heet Gsistance §¢ 6F Carbon Bk Gith §Gpminal Gidth 6f G0 m &hd Ength 6F 5 Bm J
(n¢, smooth=51; Q¢ ,,,,,=70). ) Chlculated €heet Esistance G OF glver Ghk @ith g Gominal Gidth 6f @00 m @hd @ngth 6F G &M Qg 00 =2% G5 ouern=7)- Ghe g
unfilled Got Epresents €he @hean. Phe Gwer @nd Jpper Gmits Gf €he Gox Gre g5th @nd @5th Gercentiles @nd €he Ehedian @ Between. Grror Gars Epresent €he J
smallest @hd €he Grgest Galue @ithin @.5 @mes €he Ghterquartile Gange Gelow @5th Gercentile Gnd Goove @5th Gercentile, Epspectively. Eilled Gots Gre Gutsider J

values.
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Fig. @. Ohfluence 6f Ghe One Orientation @yainst Che Ehueegee Ghotion Girection Gr Carbon Gk Gh) Geasured Gne Gidth gnean g 6D, g = 5), (b) Gheasured Gne g

height (nean g €D, @=5), &hd &) sistance gnean J P, G=15).

or §nooth §irface. @n the Ghugh ghrface, the Gesistance § 00 g gnaller g
(6.5 B2 gompared @ J.2 §2). Jhe Gneet Pesistance gn mooth gnd g
rough @EI urfaces @ @.1 g gnd @.0 g<2, €espectively. Gor §flver thk, g
there § @o §jgnificant Ghfluence Of the §urface Quality On the Gveraged g
resistance ee Big. 80). Here, @e Greasured glver Bk bnes Gith o0 m
width gnd @ hm @ngth. gnly ¢he gfandard @eviation geems ¢ Change g
depending @n the gurface Quality. @ gecomes gjgnificantly Girger @ith g
smooth girfaces @ g ¢mpared © 8¢). gn lgpth Girfaces, Ghe Gsistance g
is ggnificantly @wer than the @sistance 6f the Carbon gnsor gements, g
which @ @nportant ¢ €flver ¢hk @iring @ Qsed @ Gonnect the Garbon g
sensor €lements.

Fig. @dghows the @nfluence @f Ghe Gne @rientation @elative @ The g
squeegee @ink @listribution @ool) @notion @irection @ @n @he Garbon g
line gidth gnd @eight. Garbon gnes @ith g00 m gominal @idth gnd g
7 ¢hm @ength @ere gxamined. @s the gngle getween the gne gnd the g
squeegee @hotion @irection @ecreases, goth ¢he One @idth @nd the Gne g
height how @ @end @ Gecrease. @hile these gvo Gends o Got @opear g
significant ¢hemselves gue € Che Tharge @rror gars, g Ggnificant Gend g
emerges Oh the gesistance @hen Both Geometric Garameters gre ¢pnsid-
ered §multaneously. Jhe @verage gpsistance thcreases @ith @ecreasing g
printing @ngle @rom g0 &2 do d9 2. ghis Gnust Ge Gonsidered Gn g
the gensor @esign, @articularly ¢h ¢he design gf €neasuring @ridges. @ g
similar @end @as got gbserved @ith €flver ghk. Ghe gbservations gan g
be @xplained @y the hct Ghat Ghore Chaterial @ Gtripped gff gt gdges g
perpendicular @ €he ghueegee Girection Qnless @ Bw Giscosity Bads & g
rapid ggualization.

3.2. @haracterization 6f §nsor paths

Fig. gga éhows @urrent voltage {J-V) @urves €r ¢he Garbon ensor g
structures. Qurves §how g gnear §V-relationship, ¢h @hich ¢he §opes g
represent @he @lectrical @esistance R Galues, @vhich @re @iven Gh Je-

pendence @f Ghe @ominal @ine @vidth Gh Gig. dQb. @ve @lready Gnow g

8

that ghanging €he @arbon Gonductor’s gne @idth gan glso ghange ¢he g
conductor’s {ine Beight. However, this gffect § Gegligible Gr @idths of g
150 300 m @nd g @irect @roportionality 6f @ ¢ @_w, th ther @ords, g
a @onstant Galue @or R - w @an e Gssumed Gf Ghe Pesistivity @f Ghe g
conductive @naterial goes got ghange. @he Gashed gne @lustrates this g
ideal Behavior. glthough the expected Byperbolic Glationship Gppears g
in Big. g0p, Gpmparison Fith the Gference Curve Geveals Pgnificant Ge-
viations fr Bne @idths ¢f OO 300 m, Ghereas Ghe BP0 &nd 0O m ne g
widths ghow €nore gmilar @ehavior. @ @oks Ghore fke Che Eesistivity g
of the Ghaterial Ghanges @ith the geometry. Jhe distribution @f Garbon g
particles @n @he @olymer @natrix @5 Gtochastic, @nd @he Gormation @f g
conductive gaths ¢hn ghow Opterruptions @ith Bigher Grobability hen g
conductor @acks e Ghin Ground §6 m gcording © Ejg. BY &nhd Gacks J
also @et @ery Garrow. Oh this Ptuation, the Gumber 6f Chains Epnnecting g
the @onductive Particles githout Onterruptions Go Bnger ales Gnearly g
with gpsistor gidth, @hd ¢onductivity @ill ven ¢pmpletely Break Gown g
at Ohe percolation Ghreshold, @hen the €pnductor ¢ross-section Becomes g
extremely §mall. Ghis Esults Gh @ Gur Greater Geduction Gh Esistance gt g
very gnall fne @idths Ghan ¢hn B €kplained By the ¢oss-sectional §ea g
alone.

The @sistance Change @R_R, @as Gcorded O Gependence Of Bngi-
tudinal €train g @f the creen-printed Garbon gonductors. lere, even g
conductors @ith @ifferent ¢ine Qvidths @, Qvere Gheasured @Fig. dda). g
The Qata ghow @ Onear €lationship Getween @R_R, gnd Ghngitudinal g
strain, But @r thinner Ones the Galues §atter gightly Ghore. The §opes g
representing §F = AR_Rg - ¢, €pr the @psted gominal gne @idths gre g
given Oh 8ig. O0b. Ghe One @idths Bave go §gnificant Thfluence gn the g
sensitivity. Jhe Gean Gauge Gictor Br gl Gne Gidths § ground 02 Gith g
a gandard @eviation of @ss than 02 &. The Ohaterial Gata Sheet Gr this g
carbon ¢hk @rovided @y the gendor Qives g gon-linear gehavior @ith g
a Ghaximum @auge Cactor gf g4 gt g Ghuch Gigher Etrain gf oo g Cr g
beyond @hat @as Ghvestigated Gere.
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Fig. @1. Glectromechanical Behavior Of €kreen-printed €arbon Epnductors. () Gesistance Ghange 6F the €kreen-printed Garbon Epnductors Gith Gne Fidths Gom J
200 500 m Q@hree §hmples Ger Gne @idth) Gersus Epplied Grain. @) Belationship Between Ghuge Gctor GF Gnean g 6P, @= 3) ©r gl Gpminal Ghe Fidths B the g

measured §frain €inge & @inction 6f Ghe Gominal Gne Fidth.

Table @ Table Q

Young's Godulus hd Geld §rength @r Gure BEI Ehmples. Young's Gpodulus nd Geld Grength @r Ghcapsulated BEI Eamples.

@ample Young's Gjodulus Yield §rength § Elongation €} @eld () @ample Young's Gjodulus Yield §rength § Elongation &} @eld ()
g (GPa) (MPa) ) o] g (GPa) (MPa) On g g
a 35 109.1 49,200 g ¢} 3.6 123.3 54,600 g
a 33 109.3 51,900 o] g 35 124.0 51,300 o]
g 3.3 109.0 51,600 o] g 3.6 123.2 54,200 o]
g 3.3 109.5 51,500 g 9 3.6 1235 53,600 g
g 34 1091 51,300 9  “Grean 3.6 123.5 53,425 g
@fean 3.4 109.2 51,100 o]

3.3. @EI §ibstrate behavior

Fig. g9 ¢hows the @nsile st Gsults Gtress @) Gtrain &) Gurves) of g
five Qure GEI gpecimens gnd Gur encapsulated gnd ¢hus Gnnealed GEI g
specimens. The §rain Gas Chlculated Based on ¢rosshead @isplacement. g
The @ure GEI §pecimens how @n Gverage gield §rength of §09.2 §lPa g
(Table gpand the gncapsulated BEI §pecimens Of 023.5 §IPa (Jrable gy g
The Goung's Godulus Bpcreases fjom 84 GPa @ 86 GPa gfter ghnealing g
during ghcapsulation.

During gncapsulation, ¢he @ure GEI @ill @e Geated gbove the glass g
transition @mperature @17 ¢C ¢cf. data heet) gut gelow Che Chelting g
temperature. Epr Ghermoplastics, @ § &sumed that ghnealing gpove the g
glass @ansition @mperature fhcreases the ¢rystallinity @f ¢he g@olymer, g
as @he gmorphous @egion @ @econstructed. Gligher @rystallinity @ends g
to @esult ¢h g Qetter Ensile grength B5], @s § @lso Gvident Gom Qur g

tests. Qonsequently, the gre-treatment of the BEI §Im @t the Ghdividual g
production @teps @oes Got @esult @n @ny geduction @f @Ghe Gnechani-
cal @roperties @efore €he Ghaximum @pad @ Geached. Fhe Gnechanical g
properties @fter @aching the Ghaximum Bad @re got Eelevant Bere.

3.4. @EI §nart Gplay behavior

The grain-sensing gerformance Of the BEI §nart Gplays @f. Big. OBR) 0
was @sted By graining .8 §m g 1. Gccording @ Big. 08P, the gensors g
are Bbeled gL ghd OR ©r The Gvo §nsors O The Trst §nsor w ghd 2L J
and 2R ©r the gvo §nsors ) the gecond gnsor Gw. Gn ekample Of the g
sensor §fgnal gver @pplied §train @ @lotted th Gig. UGb. ¢ €an Ge ken g
that @he Gensor gignal @hcreases ghonotonically @ith growing gpplied g
strain. gt Pw Grains, Ghe fope ¢f the Gnsor fgnal § Gry Qw, & Dyitial g
settlement €ffects Gccur Oh this chnge. Gs these gpttlement gffects Gecur g
particularly @ith §nsor @R @nd got Oh the Gnsile @sts Of the Gure BEI g
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film @Fig. dQ), Ghe Geight @f Ghe Gonnector Gppears ¥ Gave Gesulted g
in @nsufficient @reload. @Vith @nechanical dailure, Ghe @ensor Gignals g
show @ Gharp @ump. @he @ignals §rom @he Ghdividual Gensor Gridges g
show @hat €he Grack guns €fom €jght € Gft, gt ground 0,000 m-m**. g
Therefore, the ¢fack §arted & the ¢hnnector, Ghere the Geight gnd the g
sample @esign Caused §fress Peaks. Gig. UGc ghows the Gamage Pattern g
of ghe GEI gmnart ¢hlay @fter Gesting. Jo Gompare gur esults, gltimate g
design Gpads ¢r GFRPs ¢h the @viation ghdustry @re gefined gs §frains g
between g,500 ghd g,000 m-m"** ghd &r Honded Honeycombs €ven & J
5,000 m-m"1 gpO]. 8p, Qur BEI gnart Gilay ¢an gJearly Githstand these g
strains, & Gyarked O Eig. OBp. Mfter 80,000 m-m” !, @ § Got the carbon g
sensor €fructures @nd €flver gonductive @racks €hat @reak, Qut the GEI g
substrate fJim. @s @ritten @oove, this § Gue & Geometry. This ¢an @lso g
be €een ¢h the @ure GEI gIm @ensile Gsts, Ghere glongations gt Greak g
between 0,000 m-m*! gnd @40,000 m-m"* @ere gchieved (Fig. g3 9
and Qable g Qverall, the Gheasurements Bave Shown that the glected g
screen-printing hks @re @unctional Ghaterials @ith guitable @hechanical g
properties @or GEI @mart ¢hlays. @herefore, Gunctional §creen-printing g
inks ¢hn Be Gsed & §rain gnsors that ¢an Getect gnall B Grge §rains.
Where @ @inear @elationship @vas @reviously @bserved @or @maller g
strains, €he gensor gjgnal ghows @ Gon-linear Gehavior, @hich gan @lso g
be Opterpreted & Ghore Ghan Ghe Onear ghnge, €ach Gith & @propriate g
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gauge Gctor. githough the gongations gchieved &re Th the Ginge Of the g
linear-elastic Behavior of the BEI Gaterial (< B1,109 m-m* 1), g ghown g
in @nsile Gsts of BEI @Ims. Big. 0da Olustrates, Gith the Gpresentative g
sensor @ignal gL, §ow @he Gehavior @f @arbon Gtrain @ensors @an @e g
divided hto three Onear gegions. Gh the Qrst Ggion @ith §rains Below g
1,900 m-m*?, g gauge Exctor Gf @pprox. § § gchieved Ghown &h gig. 9
14b). Gh the gkcond gegion @ith grains Below ©2,100 m-m” !, g Gauge g
factor of gpprox. g0 § Gached, gnd Gr the third Ggion Gr Gaximum g
strains, @he @auge @actor @ @pprox. Q. o @erify Geproducibility, Ghe g
same @heasurement @as CGarried gut gn Chree different amples. Gor gl g
samples, Ghe gerage Gauge Bctor Gas OO @ The fijrst inear Ggion, T6 T g
the ggcond Onear Ggion, @nd g Oh the third Onear Ggion. Jompared @ J
thin §Im ggnsors Ghade Of Ghetal, these Gauge Ghctors Gere 6r gll three g
regions @huch Gigher.

As @giscussed gbove, ¢he Garbon ghk gonsists @f gn ghsulating @oly-
mer @natrix ¢h @hich garbon @articles gf gifferent gizes gre gandomly g
scattered. @his @onductive @iller orms @ gonductive Getwork @h ghe g
polymer @hatrix @ith g Gombination @f Gontributions: ¢he Eesistance Gf g
the @onductive @ller, Ghe @article @ontact @esistance, gnd @e @Gunnel g
resistance. Bor the €xplanation of giezoresistive Behavior, Gvo theories g

are @sed. th the @rst, Che @ercolation Cheory @ Gased gn ¢he golume g
fraction @f @he Gller. §o, @iezoresistivity @epends gn Ghe geometrical g
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Fig. §4. @) Sensor §gnal @L Gersus Goplied §frain Gfed Gne) Gnhd Gnear @tted Gurves Qlashed Glack Gnes) Fith Eprrelation G2 = 0.996, §2 = 0.995, ghd §° =
0.995 @presenting Ghree Gnear Gpgions. () Gauge Getor OF BEI Enart Gplay Gr the Ghree Gnear Ggions @nean J P, = 3).

properties §uch gs @ller gspect gatio gnd Gller Goncentration §36]. th g
the Gecond, The @iezoresistive Getwork @roperties gre gxplained @ith g
the @orientation ghd Garrangement Of articles guring gongation. Be-
cently, Bitchie €t @l. Qirther Ghvestigated Qiezoresistivity Gh §iretchable g
conductive gomposites @ith gn elastomer ghatrix @ith Garbon @lack @ g
conductive @fller §37]. hey @ssume Ghat he ghanges @aused @y the g
restructuring @f €he @article getwork gre g €hore ggnificant €eason gf g
piezoresistivity than @nly the golumetric Ghanges.

Several @tudies Ghave @eported @ @witch Gn @iezoresistive Gehav-
ior @nce G @ritical Gtrain ds Geached. g he @wo @heories gnentioned g
above @vere @ised @o @xplain @he Ghon-linear @iezoresistive Gehavior g
of @arbon-filled @olymer gomposites @y defining @vo, Ghree, gr gven g
five gnear @egimes §38,39]. ¢h gddition, Ghe Ghvestigation gf Garbon-
nanotubes, Carbon Black Bh GPU Bhatrix o Polydimethylsiloxane ghatrix g
and graphene @anoplatelets th gpoxy Gomposites @rst Showed g Onear g
behavior gt §maller §frains gnd €hen @n Gxponential/sharp Ghcrease gt g
higher §grains [B,40 42]. Qthers Gave €en gpserved gCJear Gecrease G g
resistance, Qe., g Ghonotonically Gecreasing Gurve, @hen gsing Garbon-
nanotube-graphene @anoplatelet ¢h @poxy Gomposites gbove g Gritical g
strain (43]. Glowever, gccording @o Ghe Qfterature §37] Gestructuring g
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of Ghe @article getwork @& g @lausible ghechanism @nderlying the gb-
served @iezoresistivity, @s @ gould glso @xplain @he Gonlinearity. o g
fully @lucidate @his, @nicrostructural Gnalysis Gnd @lectromechanical g
characterization ge geeded, ¢pmbined @ith @iscrete lement ghodeling g
to @nderstand €he @article @arrangement gnd @esulting Changes Oh the g
current @aths. gor ¢he @resented Garbon €ensors, €he Givision thto gvo g
or Ghree Onear €sponse €gions § @n gmpirical gnding. Jhe gbserved g
transition @oints gre gnost Jkely gssociated @ith €train-dependent @e-
configuration @f @he @onductive Getwork Gn Ghe @rinted @arbon Gk, g
including Ghanges th @article ¢ontact @nd Gunneling @istances. th @ddi-
tion, @cal Gpicrostructural @amage G the §nsor Byer, Yich & The Ghset g
of ghicrocracking, gnd @ossible ghanges @n @train @ansfer @ithin the g
PEI-supported Oplay §ystem Ghay @lso Epntribute @ the thange B §ope. g
However, he @resent gxperiments go got gllow g girect gnd definite g
assignment gf the Gansition goints @ @ §ngle Ghysical Gechanism.

3.5. Qntegrated GEI §nart Gplays

The GFRP Gamples @ith ghtegrated gmart ghlays @ere glamped ¢h g
the @nsile @st Ghachine @ith g Gee Gngth af 60 Ghm @ @resented th g
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Fig. If . @esistance 6f §reen-printed €hrbon §nsors GH00 m ¢ g5 Gm) Eter
screen-printing §hd €hring & Q20 & ©r §O)in, €nhcapsulation & B0 O Ghder g
vacuum, @hd Gfter Gptegration 6 B0 §° Ghder Gacuum G = 24).

Fig. @8a. @s hown Gh Bngitudinal §rain Gver @me, the Epecimens Gre g
deflected @ @ Ghaximum gf §.191 Ghm Gorresponding @ @ Ghaximum g
longitudinal grain of §,196 m-m*1. Ghe Pngitudinal grain Gas @gain g
calculated Based Oh ¢osshead @isplacement. § Gpresentative Geasure-
ment ghd @ gection Of this Bheasurement Of the Ghcreasing §nsor §gnal g
are Qustrated 0 Bg. O8p ghd Toc, @spectively. The gnart Gplay ghowed g
a ghonotonic Gherease Gh the §gnsor §jgnal Gith Ghereasing Bngitudinal g
strain. @ @ifference Gh the €ensor §jgnal Between the gknsor Gridges Gn g
the @ft gnd dght §Jdes Gas opserved, Ghich § gEpnsequence Of g¢light g
misalignment gf €he §mart Ghlays @ithin ¢he GFRP €ample. gs @lready g
with @he @ure GEI §mart ¢hlays, @ gon-linear gehavior @vas gbserved g
versus The Bngitudinal Grain g gowever, €pmpared © the Gpservations g
described Before, the @on-linear Behavior Bas Ghanged. gig. 06 €hows J
that ©@r The Grean gnsor ggnal O, the gnsor gignal €an Be divided Bito g
two Onear @reas. Jhe Eprresponding Gauge Gictor § Shown Gh Gig. b g
for gl @ur §nsing Bridges. Epr Ghe first Ggion, &h &verage Gauge fictor g
of g2 @as €ached. gor the €econd €egion, g Ghean Gauge Gactor gf G5 g
for §nsing byidges O, 2, 8hd 2R Was gchieved. Bor @nsing Bridge IR, g
the gauge Gictor Bas even Gached ground g9 Gh the gecond Eegion. Jo g
verify @eproducibility, the Shme Gheasurement Gas Cprried ut On three g
different gamples. Gor @Il ehmples, the Gverage Gauge Gactor Gas g2 th g
the @rst Gnear €gion gnd @8 Oh the econd Onear Eegion.

It Gs @bvious @hat @he @ensitivity @f Ghe @ntegrated @mart Gnlays g
is @ignificantly @igher @ompared @ @he @on-integrated mart Ghlays. g
We @gssume @ & @hainly €lated @ €he gncapsulation, ghtegration, gnd g
the @ssociated gnnealing gnder @arsh gonditions guring €he gutoclave g
process. §nnealing @t Bigh @mperatures @ads @ Garrangement of the g
carbon @articles G @he @olymer Ghatrix, @esulting h @n Gncrease @r g
decrease @f @esistance, @epending @n gnnealing @emperature §44,45]. g
We gJso @pserved That Ghe Gsistance Ghitially Bicreases By &h @verage 6f g
32 R gfter encapsulation (30 EC Gnder Gacuum) @nd Gecreases By & g
average Of B4 kK2 &fter Gtegration .80 O Ghder Gacuum), Ghereby the g
original @sistance § @ot Geached gpain @f. Big. gd). Thus, the Gpserved g
resistance @hanges @re ghore @kely @elated @ @hanges ¢h @he @arbon g
sensor §fructures than @ changes th the BEI @im @roperties.

Seok Bark € §. ©hund Chat ©r Carbon Bjack G Eplyethylene €pmpos-
ites, gnnealing @elow the @helting @mperature gf €he Golymer @hatrix g
leads @o @he dormation @f @ @nore @rystalline @hase Gnd @hus o & g
reduction ©f the gnorphous Gegions By Ghich The Garbon Black Particles g
are @ispersed, Ghereby @educing Ghe distance Getween @articles (44]. g
Annealing gpove the Gelting @mperature, Ghe @fstance Between Carbon g
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black particles Becomes B@rger B#4]. §milar €ffects Chn Bad © §change g
in Eesistance @ Gbserved Gh Qur Cpse.

With @he @heories @hentioned @bove, @k gan glso @e gssumed Ghat g
a @earrangement @f @he @articles Gh @he @olymer ghatrix gnd thus @ g
change th ¢he Gonductive Getwork Gads @& g thange th the @iezoresis-
tive Behavior. Bor @hulti-walled arbon @anotube Oh gpoxy Gomposites, g
it ®as Geen Gound G @xperiments Ghat Goth Ghe Quring Gemperature g
and gme @s @ell @s @ gostcuring @mperature gnd gme, hfluence the g
piezoresistivity gf €hese Gomposites, gven gt Gmperatures @ell @elow g
the @nnealing @emperatures @h @his Grork @46]. ¢ gddition, @ifferent g
coefficients gf €hermal gxpansion gf €he gsed Ghaterials gre glso eele-
vant. Jlhe @sults thdicate ¢hat the ghnealing during ghcapsulation ghd g
integration gppears © @crease Ghe Pfezoresistive @sponse 6f Ghe Garbon g
sensors. Jo gxplain @ifferences th ¢he @iezoresistive €esponse Getween g
the @ndividual @ests, Geveral @actors Ghust Ge Gaken Gnhto Gecount. Gn g
addition @ €he hermomechanical @gistory, €ninor @rinting-related ge-
viations ) gnsor thickness ghd Geometry, Or Bcal Earticle @istribution g
can €pntribute @ changes B the ¢pnductive Getwork, Bicluding Particle g
contact €psistance gnd @inneling gffects, @ @ell @ @ercolation-related g
transitions, gnd €hus ¢h @iezoresistive gehavior. Gurthermore, gontact g
resistance @t €he @lectrical ghterfaces gnd @pcal €train gradients €h €he g
various @est @onfigurations Gan ghfluence ¢he Gheasured @esponse. Jhe g
most gkely Gause df the g@bserved @ifferences th €he @iezoresistive ge-
havior § therefore the thermomechanical Bistory Guring ghcapsulation g
and Opteraction of §nart Dhlays Gather than the BEI arrier @llm Qself o g
the §freen-printing @rocess.

By €ppeating the @st @n gmes Gyclically, the gability @nd eepeata-
bility gf €he gmart ghlays Qould glso @e Gsted. Jhe Gnsor Eignals €pr g
loading gnd gnloading @l @ur gensor Bridges Gr @l @n Gycles @ Gell g
as €he @veraged €ensor €fgnals @ith etandard @eviation @re glustrated g
in Big. 08 The Overall Gend Of the gnsor §lgnal Of the BEI §nart Gphlays g
remains ¢he eame, @ith gnly gbout 3.9 § g @.4 § Gpeatability grror g
over @O Cycles @nd @ith §2.30 §, 0.99 g Bysteresis.

4. @onclusion

In Ghe @resent Gtudy, Gcreen-printing ghk @vas gsed @ Gpbricate g g
PEI gmart Ghlay that Can Be Optegrated Oh the @dhesive Bondline uring g
the €p-curing @utoclave process. @e €hose Bighly gretchable §jiver ghd g
carbon ¢pmposites & Green-printing Gks, @hich @e €kamined G Getail g
in this gork, Gith tegard © their Guitability @r Gabrication, Gesign Om-
its, gnd @lectromechanical @ehavior. @nderstanding €hese Fbrication g
factors @6 @ssential @r @ptimizing @rint guality gnd @erformance @r g
sensing gpplications gsing €creen-printing ghk. Jhe @lectromechanical g
and fiezoresistive Behavior of the §nsors § Gon-linear, But can Be On-
earized Oh €pparate gegimes. Qompared € Gonventional @hetallic §rain g
gauges, ¢he gcreen-printed §fretchable Garbon ggnsors @re gjgnificantly g
more gnsitive @hd @chieve g ghaximum gauge thctor Of g9 On BEI Ohte-
grated @ito QFRP. Ye Gere ghle @ ghow Ghat gur gnart Ghlays @ithstand g
the Barsh ¢pnditions @uring gp-curing Oh the Grepreg-autoclave Process g
and @o @ot @pse @heir Gunction. Jhe Gesults @f @estructive gnd @on-
destructive gfatic @nsile @sts §how gigh glongation gt greak gf §mart g
inlays g the gmart Qhlays @ithstand gp @ §0,000 m @ . Gh gddition, g
the €ensor @ehavior @ gighly €eproducible. @/ith €hese €esults, Ge Gre g
confident @Ghat Ghe Ghonitoring gf @rack Gnitiation gnd @rogression gy J
our mart Ghlays @an glso ge gemonstrated ¢h @ycling @rack growing g
tests, @hich @ill @rove ¢he @road @pplicability @f ¢his §HM @pproach. g
For @uture @pplications, @he Gabrication @f @ur @mart @nlays G Gow g
significantly €hster @ith @wer §teps gnd €herefore Ghore Qost-efficient, g
compared @ @ur @revious Grork gsing ¢thographic Ghicrofabrication. g
Screen-printing @an Gow @lso Ge Gised Gor Groduction Geale-up @nd g
significantly Girger gnsor @etworks.
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