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Adhesive�gbonding�gis�gideal�gfor�gjoining�glightweight�gcomponents�gmade�gof�gcomposite�gmaterials.�gHowever,�gthe�g
reliability�gof�gthese�gstructural�gbonds,�gparticularly�gin�gterms�gof�gfatigue�gcrack�ggrowth,�gis�ga�gmajor�gconcern.�gTo�g
mitigate�gthis�grisk,�gstructural�ghealth�gmonitoring�gof�gthe�gbonding�gis�gdesired.�gThis�gcan�gbe�gachieved�gby�gmeasuring�g
strains�gat�gdifferent�glocations�gin�gthe�gadhesive�gbondline.�gHere,�gwe�gpresent�gscreen-printing�gon�gpolyetherimide�gto�g
realize�ga�gsmart�ginlay�gthat�gcan�gbe�gplaced�ginto�gthe�gadhesive�gbondline�gduring�gCFRP�gintegration�gand�gcan�greplace�g
cleanroom-fabricated�gcrack�gpropagation�gsensors�gdemonstrated�gearlier.�gThe�gsensor�glayout�gis�gdesigned�gto�genable�g
crack�gmonitoring�gby�gevaluating�gstrain�gdifferences�gbetween�gtwo�gsensor�grows.�gFor�gthe�gfirst�gtime,�gsmart�ginlays�gwere�g
fabricated�gand�gencapsulated�gentirely�gon�gpolyetherimide,�gwhich�ghas�gexcellent�gadhesion�gstrength�gto�gthe�gepoxy�g
matrix�gof�gCFRP.�gFor�gstrain�gdetection,�gwe�gused�gscreen-printed�gcarbon�gsensors.�gWe�gselected�gscreen-printing�ginks�g
that�gcould�gwithstand�gthe�gharsh�gconditions�gduring�gCFRP�gfabrication.�gFor�gthe�gcharacterization�gof�gour�gsmart�ginlay,�g
we�ganalyzed�gthe�gscreen-printed�gcarbon�gsensors�gbefore�gand�gafter�gintegration�ginto�gcomposites.�gAfter�gintegration,�g
the�gsensors�gwere�gfully�gfunctional.�gAs�ga�gstriking�gresult,�gafter�gthe�gentire�gfabrication�gand�gintegration,�gthe�gsensitivity�g
of�gthe�gscreen-printed�gcarbon�gsensors�greached�ga�ggauge�gfactor�gof�gup�gto�g49.

1.�gIntroduction

Reducing�gthe�goverall�gweight�gis�gan�gimportant�gapproach�gto�glowering�g
the�genergy�gconsumption�gin�gall�gmoving�gvehicles,�gparticularly�gin�gthe�g
aviation�gindustry.�gFor�gthis�greason,�gthe�guse�gof�gcarbon�gfiber-reinforced�g
polymer�g(CFRP)�gand�gits�gadhesive�gbonding�gis�gbecoming�gmore�gand�gmore�g
important.�gCFRP�gcan�gmeet�gmechanical�grequirements�gdue�gto�gits�ghigh�g
strength,�ghigh�gstiffness,�gand�gdurability.�gAdhesive�gbonding�gis�gideal�gfor�g
joining�glightweight�gcomponents�gmade�gof�gcomposite�gmaterials�gas�git�gis�g
mechanically�gsuperior�gto�gbolted�gjoints.�gHowever,�gthe�greliability�gof�gthis�g
structural�gbonding�gis�gan�gimportant�gconcern,�gand�gfailure�gdue�gto�gfatigue�g
is�ga�gstochastic�gphenomenon�gand�gdifficult�gto�gpredict.�gTo�greduce�gthis�grisk,�g
approaches�goften�gaccept�glower�gmaterial�gefficiency,�gresulting�gin�ghigher�g
weight.�gStructural�ghealth�gmonitoring�gcan�gbe�gthe�gsolution�gto�gexploit�g
the�gfull�gcomposite�glightweight�gpotential.�gFor�gadhesively�gbonded�gCFRP�g
structures,�gthe�gdetection�gof�gcrack�ginitiation�gand�gcrack�gpropagation�gin�gthe�g
bondline�gis�gparticularly�gimportant,�gas�gthese�gdamage�gmechanisms�gaffect�g
the�gstructural�gintegrity�gunder�goperational�gloads.�gThe�grelevant�gstate�gof�g
the�gart�gon�gcrack�gdetection�gnot�gonly�gincludes�gthe�gperspective�gof�gsensing�g
capability,�gbut�galso�gaspects�gof�gmaterial�gcompatibility,�gintegration�ginto�g
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the�gstructure,�gmanufacturing�geffort,�gand�gpossible�geffects�gon�gadhesive�g
performance,�gsuch�gas�gbond�gstrength.

Since�gthe�ginternal�gstrains�gare�grelevant,�gexternally�gapplied�gcommer-
cially�gavailable�gstrain�gsensors�gare�gunsuitable,�gand�gmay�gnot�geven�ghave�g
sufficient�gfatigue�gresistance�gfor�glong-term�gmonitoring�g[1].�gAlthough�gex-
situ�gmethods�gsuch�gas�gultrasonic�gtechniques,�gX-ray,�gand�gthermography�g
are�gstill�gused,�gthey�gare�gusually�glabor-intensive�gand�gsometimes�gonly�g
applicable�gafter�gdisassembly�g[2].�gTherefore,�gseveral�gresearch�ggroups�g
are�gworking�gon�gstrain�gmeasurement�gin�gthe�gadhesive�gbondline�gbetween�g
two�gcomposite�gadherends.�gSo�gfar,�gmainly�gfiber�goptical�gsensors�g[1,3–
6]�gwere�gused.�gThey�ghave�gthe�gdisadvantage�gthat�gthey�gusually�grequire�g
additional�goptoelectronic�gcomponents�gand�gcomplex�gmathematical�geval-
uation�gfeatures.�gMore�grecently,�gfunctionalized�gadhesive�gfilms�gby�gadding�g
nanoparticles�glike�gcarbon�gnanotubes�g(CNTs)�gwere�gstudied�g[7–10].�gThese�g
films�gcan�gdirectly�gdetect�gstrain�gthrough�gchanges�gin�gelectrical�gsignal.�g
However,�gadding�gthe�gCNT�gcan�greduce�gthe�gfailure�gstrain�g[11].�gAnother�g
method�gis�gto�guse�gso-called�gz-pins�gcombined�gwith�gresistance�gmeasure-
ment�g[12].�gThe�gz-pins�gare�gshort�gmetal�grods�garranged�gin�gthe�g𝑧-direction�gof�g
a�glap�gjoint�gacting�gas�ga�gcrack-arrest�gmechanism�g[12].�gThe�gadditional�geddy�g
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current�g(EC)�gsensing�gfilm�gcan�gdetect�ga�gpotential�gcrack�g[13,14].�gHowever,�g
it�gis�gquite�gtime-consuming�gto�gembed�gthe�gz-pins�gand�gEC�gsensing�gfilms.�g
In�gaddition,�gthe�gdata�gevaluation�gis�gcomplex,�gand�git�ghas�gnot�gyet�gbeen�g
investigated�gwhether�gthe�gmechanical�gperformance�gis�grestricted�g[2].�gSo,�g
crack�gdetection�gconcepts�gdiffer�gnot�gonly�gin�gsensing�gprinciple,�gbut�galso�g
in�gtheir�gmaterial�gsystems,�gprocessing�groutes,�gintegration�geffort,�gand�g
cost�g[15].�gMethods�gfor�gmeasuring�gcrack�ginitiation�gand�gpropagation�g
should�gprovide�gdirect�gin-situ�ginformation�gfrom�gthe�gbondline,�grequire�g
only�gmoderate�ginstrumentation�gand�gdata�gprocessing,�gbe�gcompatible�g
with�gscalable�gand�gcost-efficient�gmanufacturing,�gand�ghave�glittle�gor�gno�g
adverse�geffect�gon�gthe�gadhesive�gjoint.�gExisting�gapproaches�gonly�gpartially�g
meet�gthese�grequirements.�gFiber-optic�gsystems�gare�gsensitive�gbut�grelatively�g
complex�gand�gcostly�gin�gterms�gof�ginstrumentation�g[16].�gFunctionalized�g
adhesive�glayers�goffer�gdirect�gelectrical�gsensing,�gbut�gthe�gconductive�gfillers�g
may�galter�gthe�gmechanical�gproperties�gof�gthe�gadhesive�g[17].�gZ-pins�gcom-
bine�greinforcement�gand�gmonitoring,�gbut�grequire�gcomplex�gintegration�g
steps�gand�gmay�gaffect�gstructural�gperformance�g[18].�gEC�gsensing�gdoes�gnot�g
detect�gcracks�gthat�gdo�gnot�gcross�gor�ginterfere�gwith�gthe�gcurrent�gand�gthus�g
may�gcompromise�gthe�gintegrity�gof�gthe�gcomponent�g[19].�gThese�glimitations�g
show�gthat�gthe�gintegration�gstrategy�gitself�gstrongly�ginfluences�gboth�gsensing�g
reliability�gand�gadhesive�gjoint�gbehavior.

Our�ggroup�ghas�gresearched�gsmart�ginlays�gbased�gon�gstrain�ggauges�gthat�g
can�gbe�gplaced�ginto�gthe�gadhesive�gbondline�gduring�gCFRP�gintegration�gto�g
detect�gand�gmeasure�gpotential�gcrack�gpropagation�gduring�goperational�g
load.�gCombined�gwith�ga�gsurface�gtoughening�gmethod,�gthis�ginlay�gshould�g
stop�ga�gpotential�gcrack.�gIn�gaddition,�gthis�ginlay�gshould�gnot�gweaken�gthe�g
adhesive�gbondline.�gIn�gour�gprevious�gwork,�gwe�gdeveloped�gsmart�ginlays�g
where�gmicro-strain�gsensor�gstructures�gwere�gdirectly�gapplied�gon�gcrack-
resistant�gpolyvinylidene�gfluoride�g(PVDF)�gfilms,�gso-called�gdisbond�garrest�g
features�g(DAF)�g[20].�gHowever,�gwithout�gmechanical�greinforcement,�gthe�g
thin�gmetallic�gmicrostructures�gcould�gfloat�gin�gthe�gsurrounding�gmelt�gduring�g
CFRP�gintegration�gin�gcomposites�gand�gthus�gbe�gdeformed�gand�gdestroyed�g
after�gcooling.�gRecently,�gpolyetherimide�g(PEI),�gwhich�ghas�ga�gsignificantly�g
higher�gmelting�gpoint,�gwas�gused�gas�ga�gcarrier�gfilm�gfor�gmicrosensors�ginstead�g
of�gPVDF�g[21].�gSubsequently,�gPVDF�gwas�gused�gmultifunctionally,�gon�g
the�gone�ghand�gto�gencapsulate�gthe�gsensors�gand�gon�gthe�gother�ghand�gas�g
DAF.�gIn�gthis�gway,�gthe�gcrack�gdetection�gcapability�gof�gthe�gapproach�gwas�g
demonstrated.�gIn�gcyclic�gcrack�ggrowing�gtests,�gcrack�gdetection�gwithin�gthe�g
first�g50,000�gcycles�gand�gdetection�gwhen�gthe�gcrack�greaches�gthe�gDAF�gcould�g
be�gshown�g[21].�gHowever,�gthe�ginterfaces�gbetween�gPEI�gand�gPVDF�gof�gthe�g
integrated�gsmart�ginlay�goften�gled�gto�gthe�gfailures�gof�gthe�gfabricated�gcom-
posites�g[22,23].�gMoreover,�gthe�gentire�gmicrofabrication�gand�gintegration�g
process�gwas�gunsuitable�gfor�gproduction�gscale-up.

In�gthis�gwork,�gwe�gaim�gto�gachieve�gprogress�gin�gthe�gsmart�ginlay�gin-
tegration�gand�grobustness�gto�gimprove�gcrack�gdetection.�gBy�gcompletely�g
encapsulating�gthe�gsmart�ginlay�gwith�gPEI,�gwhich�gis�gknown�gfor�gits�gexcel-
lent�gadhesion�gstrength�gto�gthe�gepoxy�gmatrix�gof�gCFRP�gdue�gto�gdiffusion�g
during�gthe�gcuring�gprocess�g[24–27]�gand�gless�ginfluence�gon�gthe�gtensile�g
strength�g[28],�gthe�gintegration�gof�gthe�gsmart�ginlay�gshould�gbe�gimproved,�g
and�gthe�gprecision�gof�gcrack�gdetection�gshould�gbe�gincreased.�gMoreover,�g
using�gcost-efficient�gscreen-printing�gof�gthe�gstrain�gsensors�gopens�gup�gthe�g
opportunity�gfor�ga�gmore�gstreamlined�gproduction�gprocess.�gIn�gaddition,�g
screen�gprinting�gnot�gonly�gspeeds�gup�gproduction�gcompared�gto�glithographic�g
fabrication�gbut�gcan�galso�gbe�geasily�gscaled�gfor�glarger�gproduction�gquanti-
ties.�gThe�guse�gof�gstretchable�gand�ghighly�gsensitive�ginks�gin�gscreen�gprinting�g
further�gimproves�gthe�gprospects�gfor�gapplications�gunder�gdynamic�gload�g
conditions.�gResearch�ginto�gthe�gelectromechanical�gproperties�gof�gscreen-
printing�ginks�gand�grequirements�gplaced�gon�gthe�gmaterials�gby�gsensor�g
integration�gin�gharsh�genvironments�gcould�gprovide�gvaluable�ginsights�gfor�g
future�gdevelopments�gin�gthis�garea.�gThus,�gthe�gpresent�gwork�gfocuses�gon�gim-
proved�gsmart�ginlay�gintegration�gand�grobustness.�gA�gdedicated�gmechanical�g
assessment�gof�gbonded�gjoints�gcontaining�gthe�gsmart�ginlay�gwas�gnot�gpart�gof�g
the�gpresent�gstudy;�gthe�gcorresponding�gbonded-joint�gbehavior�ghas�gbeen�g
investigated�gseparately�gusing�gbonded�gDCB�gand�gENF�gspecimens�gand�gwill�g
be�greported�gelsewhere.

2.�gExperimental

2.1.�gSmart�ginlay�gdesign

The�gsmart�ginlay�gdesign�gconsisted�gof�gfour�gsensor�gbridges,�geach�gar-
ranged�gin�gpairs�gin�gtwo�grows.�gDAFs�gwere�gplaced�gin�gthe�garea�gof�gthe�gsensor�g
rows�gto�gstop�ga�gpotential�gcrack.�gThe�gsmart�ginlay�gand�gthe�gDAFs�gwere�g
integrated�ginto�gthe�gCFRP�gcomponent�gso�gthat�ga�gpotential�gcrack�gfront�g
through�gthe�gadhesive�gbondline�gfirst�greached�gthe�gfirst�grow�gof�gsensors.�g
The�gsensor�grows�ghad�ga�gdistance�gof�g10�gmm�gand�gwere�geach�g10�gmm�g
wide;�gthe�gfunctionality�gfor�gthese�gdimensions�ghas�galready�gbeen�gshown�g
previously�g[29].�gEach�gsensor�grow�gin�gthe�gscreen-printed�gsmart�ginlay�g
consisted�gof�gtwo�gWheatstone�gbridges�g(Fig.�g�g1).

2.2.�gMaterial�gselection

PEI�gwith�ga�gthickness�gof�g125 �m�gwas�gused�gas�gthe�gsubstrate�gmate-
rial�gfor�gthe�gsensors�gto�gensure�gsufficient�gstability�gduring�ghandling�gin�g
the�gscreen-printing�gprocess.�gFor�gencapsulation�gof�gthe�gsmart�ginlay,�gPEI�g
with�ga�gthickness�gof�g25 �m �gwas�gutilized.�gThe�gcompatibility�gof�gPEI�gfor�g
integration�ginto�gCFRP�gin�gterms�gof�gprocessing�gcompatibility,�gthermal�gsta-
bility,�gand�gadhesion�gto�gepoxy�ghas�galready�gbeen�gdemonstrated�gin�gearlier�g
works�g[24,28].�gIt�gshowed�ga�ghigh�ginterfacial�gadhesion�gon�gepoxy-based�g
CFRP�gwithout�gaffecting�gthe�gstrength�gof�gCFRP.

The�gprimary�gselection�gcriterion�gfor�gthe�gscreen-printing�ginks�gwas�g
the�gsensor�gfunctionality�gafter�gannealing�gdue�gto�gintegration�gwith�gthe�g
prepreg-autoclave�gprocess.�gThe�gselection�gwas�gmade�gfrom�gthree�gavailable�g
commercial�ginks�g(Saral�gStretchCarbon�g100,�gDuPont�gPE�g671�gand�gDycotec�g
DM-CAP-2101).�gSaral�gStretchCarbon�g100�gwas�gselected�gbecause�gof�gits�g
reliable�gperformance�gafter�gintegration.�gAn�gink�gwith�glow�gresistance�g
was�gselected�gfor�gthe�gconductor�gtracks,�gand�gone�gwith�grelatively�ghigh�g
resistance�gfor�gthe�gsensors,�gto�greduce�gthe�ginfluence�gof�glonger�gconductor�g
tracks�gon�gthe�gsensor�gsignal,�geven�gin�gsensor�gnetworks�gwith�glong�gtracks.

2.3.�gSmart�ginlay�gfilm�gfabrication�gand�gintegration

For�gthe�gsmart�ginlay,�ga�g125 �m�gthin�gPEI�gfilm�g(ULTEM�g1000B,�gVink�g
König�gDeutschland�gGmbH,�gWuppertal,�gGermany)�gwas�gused�gas�gsubstrate�g
material.�gScreen-printing�gwas�gused�gto�gfunctionalize�gthe�gfilm�gwith�gstrain�g
sensors.�gAs�gthe�gsurfaces�gof�gPEI�gfilm�ghave�gdifferent�gsurface�gquality,�gthe�g
next�gsteps�gwere�gcarried�gout�gon�geither�gthe�gsmooth�gor�gthe�grough�gsurface�gto�g
evaluate�gthe�gmore�gsuitable�gsurface�gquality�gfor�gscreen-printing.�gAll�gprint-
ing�gsteps�gwere�gdone�gunder�gambient�gconditions�gwith�ga�gsemiautomatic�gflat�g
screen-printing�gmachine�gSirimac�g6080�gE.�gScreen�gprinting�gwas�gcarried�g
out�gat�ga�gprinting�gspeed�gof�g106�gmm⋅s* 1�gusing�ga�gmachine�gpressure�gsetting�g
of�g2.5�gbar,�ga�gsqueegee�gangle�gof�g45◦,�gand�g15�gprinting�gpasses.�gA�ghigh-
strength�gstainless-steel�gmesh�g(KOENEN�gGmbH,�gOttobrunn-Riemerling,�g
Germany)�gwith�gdifferent�gpatterns�gwith�ga�gmesh�gsize�gof�g53 �m �gand�ga�gwire�g
thickness�gof�g24 �m �gwas�gused�gfor�gthe�gscreen�gprinting.�gTo�gprevent�gthe�g
substrate�gfilms�gfrom�gshrinking�gduring�gthe�gcuring�gsteps,�gthe�gsubstrate�g
films�gwere�gpre-treated�gin�gan�goven�gat�g130�g◦C�gfor�g90�gmin.�gFirst,�gthe�g
conductive�gpaths�gwere�gprinted�gin�gthe�gdesired�gpattern�gusing�gsilver�gink�g
(DM-SIP-2006,�gDycotec,�gCalne,�gUnited�gKingdom)�g(Fig.�g�g2a).�gThe�gprinted�g
silver�glayer�gwas�gcured�gat�g120�g◦C�gfor�g5�gmin�gin�gan�goven.�gThen,�ga�gcarbon�g
layer�gwas�gprinted�gfor�gthe�ghigh-resistance�gresistors�gusing�gcarbon�gink�g
(Saral�gStretchCarbon�g100,�gSaralon�gGmbH,�gChemnitz,�gGermany)�g(Fig.�g
2b).�gThe�gink�gwas�gdried�gat�g120�g◦C�gfor�g5�gmin�gin�gan�goven.�gThe�gthickness�g
of�gsilver�gand�gcarbon�gink�gon�gPEI�gwas�gexamined�gin�gthis�gpaper.�gThe�g
sensor�gstructures�gwere�gencapsulated�gwith�ga�gsecond�g25 �m �gthin�gPEI�g
Ultem�g1000�gfilm�gusing�gdiffusion�gbonding�gat�g230�g◦C�gin�ga�gpreheated�g
oven�gfor�g60�gmin�gunder�gvacuum�g(Fig.�g�g2c).�gSubsequently,�gthe�gsmart�ginlays�g
were�gintegrated�ginto�gthe�gcomposite�gcomponents�gduring�gco-curing�gin�gthe�g
prepreg-autoclave�gprocess.�gThe�gapplied�gcuring�gcycle�gwas�gdescribed�gin�g
earlier�gwork�g[20].�gAfter�gintegration,�gsamples�gwith�ga�gcross-section�gof�g
25�gmm�g• �g200�gmm�gwere�gseparated�gby�gsaw�gcutting.
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Fig.�g1.�gPhotograph�gillustration�gconcept�gand�gdesign�gof�gscreen-printed�gsmart�ginlays�gintegrated�gon�gCFRP.�gThe�gzoom�gon�gthe�gright�gshows�gour�gWheatstone�gsensor�gbridge�g
with�ga�glongitudinal�gand�ga�gtransversal�gsensor.�gThe�gvariable�glongitudinal�gsensor,�gin�gparticular,�ghas�gan�ginfluence�gon�gthe�gchange�gin�gour�gsensor�gsignal.

Fig.�g2.�gSchematic�gillustration�gof�gsmart�ginlay�gfabrication:�g(a)�gscreen-printing�gof�gsilver�glayer�gon�gpretreated�gPEI�gfilm.�g(b)�gscreen-printing�gof�gcarbon�glayer�gon�gcured�g
silver�glayer.�g(c)�gencapsulation�gof�gfunctionalized�gPEI�gfilm�gwith�gsecond�gPEI�gfilm�gon�gtop�gusing�gdiffusion�gbonding.

2.4.�gSensor�gcharacterization

The�gtopography�gof�gthe�gscreen-printed�glayers�gwas�gmeasured�gby�g
LSM�g(confocal�glaser�gscanning�gmicroscope�gVK-X260,�gKeyence,�gOsaka,�g
Japan).�gRoughness�gwas�gmeasured�gat�g150x�gmagnification�gaccording�gto�g
DIN�g25178.�gOptical�gevaluations�gof�gthe�gmorphology�gand�gmanufacturabil-
ity�gof�gthe�gscreen-printed�glayers�gwere�ganalyzed�gusing�gan�goptical�gmicro-
scope�g(VHX-5000,�gKeyence,�gOsaka,�gJapan)�gand�gSEM�g(scanning�gelectron�g
microscope�gPhenom�gXL,�gThermo�gFisher�gScientific�gInc.,�gWaltham,�gMA,�g
USA).�gResistance�gand�gcurrent–voltage�gcharacteristics�gwere�gmeasured�g
between�gsilver�gink�gelectrodes�gusing�ga�gsource�gmeter�g(Keithley�g2450,�g
Tektronix,�gInc.,�gBeaverton,�gOR,�gUSA)�gin�gtwo-point�gmode.�gHere,�gthe�g
measured�gvalues�gwere�gin�gthe�gk𝛺-range,�gso�gthe�ginfluence�gof�gthe�gcontact�g
and�gline�gresistances�gin�ga�gtwo-point�gconfiguration�gwas�gnegligible�g[17].�g
Silver�gink�gelectrodes�ghave�gpractically�gno�ginfluence�gon�gthe�gcarbon�gsensor�g
resistance,�geven�gafter�gencapsulation�gand�gintegration.�gAll�gmeasurements�g
were�gperformed�gunder�gambient�gconditions.�gSheet�gresistance�g𝑅𝑠�gwas�g
calculated�gas�g𝑅𝑠 = 𝑅 ⋅𝑤_𝑙�gwith�gscreen-printed�gline�gwidth�g𝑤,�gand�gline�g
length�g𝑙.�gFor�gpiezoresistive�gcharacterization�gof�gsensor�gpaths�gwere�gloaded�g
to�ga�gmaximum�gstrain�gof�g2305 �m⋅m* 1�gwith�ga�gstrain�grate�gof�g2.46�gmm⋅s* 1.�g
For�gthis�gpurpose,�ga�gcustom-designed�gtensile�gtesting�gmachine�gwas�gused�g
in�gwhich�gthe�gspecimens�gcan�gbe�gclamped,�gelectrically�gconnected�gwith�g
spring-loaded�gpins,�gand�gstretched�gusing�ga�gstepper�gmotor;�gthe�gstep�gsize,�g
maximum�gstrain,�gand�gstretch�gspeed�gcould�gbe�gadjusted.�gThe�ggauge�gfactor�g
𝐺𝐹 �grepresenting�gthe�gpiezoresistive�gsensitivity�gis�gdefined�gas�g𝐺𝐹 =
𝛥𝑅_𝑅0

𝜀 ,�gwhere�g𝛥𝑅�gis�gthe�gchange�gof�gresistance,�g𝑅0�gthe�ginitial�gresistance,�g
and�g𝜀 = 𝛥𝑙_𝑙0�gthe�glongitudinal�gstrain�gcalculated�gbased�gon�gcrosshead�g
displacement�g𝛥𝑙,�gevaluated�gusing�ga�gposition�gsensor.

2.5.�gTensile�gtests�gof�gPEI�gfilm,�gsmart�ginlays,�gand�gintegrated�gsmart�ginlays�gin�g
composite

The�gmechanical�gtests�gwere�gcarried�gout�gin�ga�gthree-stage�gsequence�gof�g
static�gtensile�gtesting�gas�gillustrated�gin�g(cf.�gFig.�g�g3).�gIn�gthe�gfirst�gstage,�gpure�g
PEI�gfilm�gand�gfusion-bonded�gPEI�gfilm�gwere�gtested.�gPEI�gfilm�gwas�gcut�ginto�g
specimens�g(ASTM�gD638�gType�gV�gspecimen)�gusing�ga�gfemtosecond�glaser.�g
The�gmeasuring�glength�gwas�g25.4�gmm.�gThe�gtensile�gtesting�gmachine�gwith�g

a�gload�gcell�gup�gto�g5�gkN�g(zwickiLine�gZ.5.0,�gZwickRoell�gGmbH�g&�gCo.�gKG,�g
Ulm,�gGermany)�gwas�gused�gfor�gthese�gtests.�gThe�gPEI�gfilm�gsamples�gwere�g
first�gpreloaded�gto�g1�gN�gand�gthen�gthe�gsamples�gwere�gstretched�gat�ga�grate�g
of�g0.033�gmm�gs* 1�guntil�gthey�gfailed�gmechanically.�gThe�gtensi,le�gtest�gwas�g
performed�gand�gthe�gresults�gwere�gevaluated�gaccording�gto�gthe�gASTM�gD638�g
standard.�gA�gtotal�gof�gfour�gto�gfive�gsamples�gof�geach�gspecimen�gwere�gused�gfor�g
evaluation.�gYoung’s�gmodulus�gwas�gcalculated�gby�gapplying�gHooke’s�glaw�g
to�gthe�gmeasured�gstress–strain�gcurve.

In�gthe�gsecond�gstage,�gthe�gnon-integrated,�gpure�gsmart�ginlay�gfilm�gwas�g
stretched�gin�ga�gtensile�gtesting�gmachine�guntil�gthe�gsensors�gfailed�gelec-
trically.�gThe�gtensile�gtesting�gmachine�gwith�ga�gload�gcell�gup�gto�g1�gkN�g
(zwickiLine�gZ1.0,�gZwickRoell�gGmbH�g&�gCo.�gKG,�gUlm,�gGermany)�gwas�g
used�gfor�gthese�gtests.�gFor�gthis�gpurpose,�gthe�gsmart�ginlay�gfilms�gwere�gcut�g
out�gslightly�glarger�gso�gthey�gcould�gbe�gclamped�ginto�gthe�gtest�gmachine�gat�g
the�gtop�gand�gbottom.�gIn�gthis�gway,�gthe�gmeasuring�glength�gwas�g75�gmm.�gThe�g
footprint�gof�gthe�gsmart�ginlay�gwas�gelectrically�gconnected�gto�ga�gZIF�gcon-
nector.�gA�gmulti-channel�gstrain�ggauge�gamplifier�g(QuantumX�gMX1616B,�g
HBM,�gDarmstadt,�gGermany)�gwas�gused�gfor�gpiezoresistive�gsensor�gsignal�g
evaluation.�gThe�gbridge�goutput�gwas�grecorded�gat�ga�gsampling�grate�gof�g
200�gHz�gand�glow-pass�gfiltered�gusing�ga�g20�gHz�gBessel�gfilter.�gThe�gsmart�ginlay�g
films�gwere�gfirst�gpreloaded�gto�g2�gN,�gand�gthe�gsensor�gsignal�gwas�gset�gto�gzero.�g
Then,�gthe�gsmart�ginlay�gfilms�gwere�gstretched�gat�ga�grate�gof�g0.8�gmm�gs* 1�guntil�g
they�gelectrically�gfailed.

In�gthe�gthird�gstage,�gthe�gencapsulated�gsmart�ginlay�gintegrated�ginto�gthe�g
composite�gwas�gloaded�gin�gtension�gand�gunloaded�gten�gtimes.�gThe�gCFRP�g
samples�ghad�ga�gcross-section�gof�g25�g• �g200�gmm�gand�ga�gmeasuring�glength�g
of�g160�gmm.�gAs�gin�gthe�gprevious�gtest,�gthe�gfootprint�gof�gthe�gsmart�ginlay�g
was�gelectrically�gconnected�gto�ga�gZIF�gconnector.�gFor�gpiezoresistive�gsensor�g
signal�gevaluation,�gthe�gmulti-channel�gstrain�ggauge�gamplifier�gfrom�gthe�g
second�gstage�gwas�gused.�gThe�gforce-controlled�gtensile�gtesting�gmachine�g
with�ga�gload�gcell�gup�gto�g25�gkN�g(Amsler�gHC�g25,�gZwickRoell�gGmbH�g&�g
Co.�gKG,�gUlm,�gGermany)�gwas�gused�gfor�gthese�gtests.�gThe�gsample�gwas�gfirst�g
loaded�gonce�gup�gto�ga�gmaximum�gforce�gof�g3.033�gkN�g(corresponding�gto�gan�g
elongation�gof�g1,196 �m⋅m* 1)�gwithin�g10�gs,�gthe�gforce�gwas�gheld�gfor�g20�gs�g
and�gthen�gunloaded�gup�gto�g0�gN�gin�g10�gs.�gThe�gsensor�gsignal�gwas�gset�gto�gzero�g
after�gthis�gcycle,�gand�gthe�gsame�gcycle�gwas�gthen�gcarried�gout�gautomatically�g
ten�gtimes.
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Fig.�g3.�gThree-stage�gtensile�gtesting�gsequence:�gIn�gstage�g1,�gPEI�gfilm�gsubstrate�gwas�gtensile�gtested�gwith�gpreload�gof�g1�gN�gand�gthen�gwith�ga�gstrain�grate�gof�g2�gmm⋅s* 1.�gIn�g
stage�g2,�gthe�gPEI�gsmart�ginlay�gwas�gtensile�gtested�gwith�ga�gpreload�gof�g2�gN�gand�gthen�gwith�ga�gstrain�grate�gof�g0.8�gmm⋅s* 1.�gIn�gstage�g3,�gthe�gintegrated�gPEI�gsmart�ginlay�gin�gthe�g
composite�gwas�gloaded�gin�gtension�gand�gunloaded�gten�gtimes.�gThe�goutput�gwas�gmechanically�gfor�gstage�g1�gand�gmechanically�g&�gelectrically�gfor�gstage�g2�g&�g3.

The�gresults�gof�gthe�gsecond�gand�gthird�gstages�gwere�galso�gused�gto�ginvesti-
gate�gsensor�gproperties�gsuch�gas�gsensitivity,�glinearity,�gand�ghysteresis.�gThe�g
sensor�gsignal�gwas�gdefined�gas�g𝑆 = 𝑉𝐷_𝑉𝑆 ,�gwhere�g𝑉𝐷�gis�gthe�gsignal�gof�gthe�g
Wheatstone�gbridge�gand�g𝑉𝑆 �gis�gthe�gsupply�gvoltage.�gTwo�gsensor�gpaths�gare�g
arranged�gorthogonally�gto�gone�ganother.�gWhen�gsubjected�gto�ga�gtensile�gtest,�g
one�gpath�gis�gstretched�glongitudinally,�gwhilst�gthe�gother�gis�gstretched�gtrans-
versely.�gThe�glatter�gtherefore�gcontracts�gas�ga�gresult�gof�gthe�gPoisson�geffect.�g
The�gsensor�gsignal�gthus�gincorporates�gthe�glongitudinal�gstrain�g𝜀�gof�gone�gpath�g
and�gthe�gtransverse�gstrain�g𝜀 ⋅ .1 + 𝜈/�gof�gthe�gorthogonal�gsensor,�gwhere�g𝜈�gis�g
the�gPoisson�gratio�g(0.36�gfor�gall�gsetups�gtaken�gfrom�gdata�gsheet�gfor�gULTEM�g
1000B�gand�gderived�gfor�gthe�gCFRP�glayup�g[21]).�gFor�gthe�gimplemented�g
Wheatstone�ghalf-bridge�gcircuit�gwith�gtwo�gorthogonal�gstrain�ggauges,�g𝑉𝐷
can�gbe�gexpressed�gas�g𝑉𝐷 = 1

4
⋅𝐺𝐹 ⋅𝑉𝑆 ⋅𝜀⋅.1+𝜈/�g[25]�gand�g𝐺𝐹 �gwas�gcalculated�g

as�g𝐺𝐹 = 4⋅𝑆
𝜀⋅.1+𝜈/

.�gThe�glongitudinal�gstrain�g𝜀 = 𝛥𝑙_𝑙0�gwas�gcalculated�gbased�g
on�gcrosshead�gdisplacement�g𝛥𝑙.�gThus,�gthe�gstrain�gvalues�gused�gfor�gthe�g
gauge�gfactor�gcalculation�grepresent�gengineering�gstrain�gestimates�gbased�g
on�gmachine�gdisplacement�grather�gthan�gdirect�glocal�gstrain�gmeasurements�g
at�gthe�gsensor�gposition.�gThis�gapproach�gmay�ginvolve�guncertainty�gdue�gto�g
machine�gcompliance,�ggrip�geffects,�gand�gpossible�gnon-uniform�gstrain�gfields�g
within�gthe�gspecimen.�gFor�gthe�gintegrated�gsmart�ginlays,�gadditional�glocal�g
strain�gmeasurements�gshowed�ga�g12�g%�glower�glocal�gstrain,�gindicating�gthat�g
the�greported�ggauge�gfactors�gfor�gthese�gsamples�gare�gslightly�gunderestimated�g
and�gshould�gbe�ginterpreted�gas�geffective�gvalues�gunder�gthe�gapplied�gtest�g
conditions.�gFor�gthe�gother�gspecimens,�gthe�gerror�gis�gestimated�gto�gbe�gsmaller,�g
since�gthe�gtest�gspecimens�gare�gorders�gof�gmagnitude�gless�grigid�gthan�gthe�g
machine.�gSince�gall�gsamples�gwere�gevaluated�gusing�gthe�gsame�gsetup�gand�g
procedure,�gthe�gcomparative�gassessment�gof�gthe�gsensor�gresponse�gremains�g
valid.

3.�gResults�gand�gdiscussion

3.1.�gScreen-printing�gof�gsensor�gstructures

The�gcommercial�gPEI�gfilm�gused�ghad�ga�gsmooth�gand�ga�grough�gsurface.�g
This�gis�gdue�gto�gthe�gproduction�gprocess,�gas�gone�gsurface�gcomes�ginto�gcontact�g
with�gthe�gcooling�groller�gafter�gthe�gextrusion,�gwhile�gthe�gother�gside�gis�g
exposed�gto�ga�glower�gcooling�grate�g[30].�gWe�gmeasured�gthe�gline�groughness�g
of�gboth�gPEI�gsurfaces�gand�ginvestigated�gits�ginfluence�gon�gthe�gfabrication�gof�g
screen-printed�gsensors.�gThe�groughness�gcharacterization�gof�gthe�gsmooth�g
and�grough�gsurfaces�gof�gthe�gPEI�gfilm�gis�gshown�gin�g(Fig.�g�g4a�gand�g4b).�gThe�g
measured�gaveraged�groughness�g𝑅𝑎�gis�g0.406�g, �g0.080 �m�gfor�gthe�grough�g
surface�gand�g0.047�g, �g0.012 �m�gfor�gthe�gsmooth�gsurface,�gwhich�gis�gless�g
rough�gby�gone�gorder�gof�gmagnitude.

The�groughness�gcharacterization�gof�gthe�gprinted�gand�gcured�gsilver�gand�g
carbon�ginks�gon�gsmooth�gand�grough�gPEI�gfilm�gsurfaces�gis�gshown�gin�gFig.�g
4c�gand�g4d.�gThe�gR𝑎�gof�gsilver�gink�gwas�g0.93 �m �gand�g0.91 �m �gon�grough�g
and�gsmooth�gsurfaces,�grespectively.�gThe�gR𝑎�gof�gcarbon�gink�gwas�g2.4 �m
and�g2.2 �m �gon�grough�gand�gsmooth�gsurfaces,�grespectively.�gConsidering�g
the�gsignificant�gdifference�gin�gsurface�gquality�gbetween�gthe�gtwo�gPEI�gfilm�g
sides,�gsubstrate�groughness�gdid�gnot�gappear�gto�ghave�ga�gsignificant�geffect�g
to�gthe�gink�gfilm�groughness�gduring�gscreen-printing.�gThe�gmorphology�gof�g
silver�gand�gcarbon�ginks�gon�grough�gsurfaces�gis�gshown�gin�gSEM�gmicrographs�g
at�gvarious�gmagnifications�g(Fig.�g�g5).�gThe�gcured�ginks�gformed�gan�girregular,�g
grainy,�gand�gopaque�glayer.�gIn�gthe�gcase�gof�gsilver�gink,�gthe�glayer�gconsisted�g
of�gmonodisperse�gsilver�ggrains�gof�gthe�gsame�gtype�g(0.5–5 �m ).�gThe�gcarbon�g
ink�gwas�gpolydisperse.�gThe�glayer�gconsisted�gof�glarger�gflakes�g(6.5–16 �m)�g
and�gsmaller�ggrains�g(0.2–5 �m )�ganalyzed�gfrom�gthe�gSEM�gimages.�gSmaller�g
particles�gcould�gnot�gbe�gfound�gat�gthe�gchosen�gmagnification.
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Fig.�g4.�gRepresentative�gcolor-coded�gtopographies�ggenerated�gby�gLSM�gof�g(a)�grough�gPEI�gfilm�gsurface.�g(b)�gsmooth�gPEI�gfilm�gsurface.�g(c-d)�gcarbon�gink�gon�gsmooth�gand�g
rough�gPEI�gfilm�gsurface.�g(e-f)�gsilver�gink�gon�gsmooth�gand�grough�gPEI�gfilm�gsurface.

Fig.�g5.�gScanning�gelectron�gimages�gshowing�gthe�gmorphology�gof�g(a)�gcarbon�gink�gat�g860x�g(top)�gand�g4400x�g(bottom)�gmagnifications�gand,�g(b)�gsilver�gink�gat�g860x�g(top)�g
and�g4400x�g(bottom)�gmagnifications.

In�gaddition�gto�gthe�groughness�gand�gmorphology�gof�gthe�gscreen-printed�g
inks,�gthe�greal�gline�gwidth�g𝑤�gand�gline�gheight�gℎ�gon�gthe�gdifferent�gsurfaces�g
are�galso�gimportant.�gFig.�g�g6�gshows�gthe�grespective�gmeasurement�gresults�g
for�gthe�gsilver�gink�glines.�gThe�gminimum�gline�gwidth�gthat�gwas�gpossible�gwith�g
the�gused�gscreen-printing�gmask�gwas�g100 �m�g(see�gFig.�g�g6a).�gThe�gmeasured�g
line�gwidth�gfor�gsilver�gink�glines�gwith�gnominal�gwidths�g𝑤𝑛�g(as�gdefined�gin�gthe�g
screen)�gbetween�g100�gand�g400 �m�gis�gshown�gin�gFig.�g�g6b.�gIt�gcan�gbe�gseen�gthat�g

the�gmeasured�gline�gwidth�gis�galways�glarger.�gThe�gdifference�gbetween�gthe�g
measured�gand�gnominal�gline�gwidths�gdecreases�gfrom�g41 �m �gto�g13 �m �g(40�g~
to�g3�g~ )�gas�gthe�gline�gwidth�gincreases.�gThe�gheight�gprofile�gof�gthe�gsilver�gink�g
shows�ga�gplateau�gin�gthe�gmiddle�gof�gthe�gline,�gwhich�ggets�gwider�gas�gthe�glines�g
get�gwider.�gThere�gare�gno�gsteep�gedges,�gbut�gflat�gsloping�gedges.�gFrom�g200 �m
onwards,�gthe�gplateau�gbecomes�gwavy.�gFrom�g100–300 �m,�gthe�gaverage�g
line�gheight�gincreases�gfrom�g8 �m �gto�g16 �m �gas�gthe�gline�gbecomes�gwider.�g
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Fig.�g6.�gOptical�gmicroscope�gimages�gof�gsilver�gprints�gwith�gdifferent�gnominal�gline�gwidths�gon�grough�gPEI�gfilm�gsurface.�gFrom�gtop�gto�gbottom:�g75 �m ,�g100 �m,�g150 �m,�g
200 �m,�g300 �m,�gand�g400 �m,�gand�gthe�gcorresponding�gheight�gprofile�gobtained�gwith�gLSM�gusing�ga�gprofile�gplot�gwith�gmultiple�glines�gat�ga�gdistance�gof�g1 �m �gacross�gthe�g
image.�g(b)�gMeasured�gsilver�gline�gwidth�gon�gsmooth�g(red,�g𝑛 = 2)�gand�grough�g(green,�g𝑛 = 3)�gsurface�gover�gnominal�gline�gwidth�g(mean�g, �gSD,�g𝑛 = 5).�g(c)�gMeasured�gaveraged�g
silver�gline�gheight�gon�gsmooth�g(red,�g𝑛 = 1)�gand�grough�g(green,�g𝑛 = 2)�gsurface�gover�gnominal�gline�gwidth�g(mean�g, �gSD,�g𝑛 = 3).�gThe�gcolored�gdata�gpoints�ghave�gbeen�gshifted�g
slightly�gto�gthe�gright�gso�gthat�gthey�gremain�gvisible�gnext�gto�gthe�gmean�gvalues.

At�ga�gline�gwidth�gof�g500 �m,�gthe�gaverage�gline�gheight�g(15 �m)�gbecomes�g
thinner�gagain,�gwhere�gthe�gstandard�gdeviation�gis�ghigher�gthan�gfor�gsmaller�g
line�gheights.�gNo�geffect�gof�gPEI�gsubstrate�groughness�gon�gthe�gline�gheight�g
can�gbe�gobserved�gsince�gthe�gheight�gdeviation�gbetween�gsmooth�gand�grough�g
surfaces�gis�glower�gthan�gthe�gaverage�gstandard�gdeviation�gof�gline�gheights�g
(7.6�g~ �gcompared�gto�g8.1�g~ �gfor�gcarbon�gink�glines�gand�g5.3�g~ �gcompared�gto�g
6.7�g~ �gfor�gsilver�gink�glines).

Fig.�g�g7�gshows�gthe�gmeasurement�gresults�gfor�gthe�gwidth�g𝑤�gand�gheight�gℎ
of�gthe�gcarbon�gink�glines.�gThe�gminimum�gline�gwidth�gthat�gwas�gpossible�gwith�g
the�gproduction�gparameters�gused�ghere�gwas�gagain�g100 �m�g(see�gFig.�g�g7a).�g
The�gmeasured�gline�gwidth�gfor�gsilver�gink�glines�gwith�gwidths�gbetween�g100�g
and�g500 �m�gis�gshown�gin�gFig.�g�g7c.�gIn�gcontrast�gto�gsilver�gink�gexperiments,�gthe�g
measured�gline�gwidth�gwas�galways�gsmaller�gthan�gthe�gnominal�gline�gwidth�g
𝑤𝑛.�gFor�g100 �m,�gthe�gactual�gline�gwidth�gwas�garound�g83�g~ �gof�gthe�gnominal�g
line�gwidth.�gFor�gall�gother�gcarbon�gline�gwidths,�gthe�gmeasured�gline�gwidth�g
was�gbetween�g93�g~ �gand�g94�g~ �gof�gthe�gnominal�gline�gwidth.�gThe�gstandard�g
deviation�gwas�gvery�glow�gand�gwas�g≤�g1�g~ .�gThe�gheight�gprofiles�gof�gcarbon�gink�g
lines�gwith�gdifferent�gline�gwidths�gare�gshown�gin�gFig.�g�g7a.�gFor�g100 �m�gand�g
150 �m,�gthere�gis�ga�gclear�gmaximum�gwith�gsteeply�gsloping�gedges.�gFrom�g
200 �m�gonwards,�ga�gplateau�gforms,�gwhich�gbecomes�gmore�gwavy�gwith�g
increasing�gwidth.�gFor�g100 �m,�gthe�gline�gheight�gis�gsignificantly�ghigher�g
(18 �m)�gthan�gfor�g150–400 �m�g(16 �m ,�g16 �m ,�g16 �m ,�g15 �m).�gAt�g500 �m,�g
the�gline�gheight�gwas�gsignificantly�glower�g(11 �m).�gThere�gwas�gno�gsignificant�g
difference�gin�gthe�gheight�gprofile�gon�gsmooth�gand�grough�gsubstrate�gsurfaces.

The�gdirect�gcontact�gof�gthe�gmesh�ginfluences�gthe�groughness�gand�gheight�g
profile�gof�gthe�gscreen-printed�gink�g[31].�gThe�gheight�gprofile�gcan�gbe�gex-
plained�gby�gthe�gmesh�gthat�gis�gpressed�gonto�gthe�gsubstrate�gduring�gthe�g

screen-printing�gprocess.�gWith�ghigher�gshear�gviscosity�gand�ga�gsteeper�gshear�g
profile,�gthe�gmesh�gpattern�gcan�gbe�gtransferred�g[32].�gFilaments�gcan�gform�g
when�gthe�gmesh�gis�gseparated�gafter�gthe�gprinting�gprocess,�gcausing�glocally�g
increased�gthickness�g[33].�gIn�gthis�gstudy,�gthe�gmesh�gsize�gwas�g53 �m �gand�gthe�g
wire�gdiameter�g24 �m ,�gresulting�gin�gan�gopening�gsize�gof�g29 �m .�gSo,�gwith�g
wider�glines,�gthere�gare�gmore�gwires�gper�gline�gwidth�gthan�gwith�gnarrower�g
lines,�gand�gfilaments�gare�gformed�gmore�gfrequently.

Our�gresults�galso�gshowed�gthat�gthis�geffect�gis�gmore�gnoticeable�gwith�gthe�g
carbon�gink.�gAccording�gto�gthe�gdata�gsheets,�gthe�gused�gcarbon�gink�ghas�ga�g
higher�gviscosity�gof�g18�gPa⋅s�gthan�gthe�gsilver�gink�g(10-15�gPa⋅s).�gIn�gaddition,�g
as�gwe�gobserved�gin�gSEM�gimages,�gthe�gcarbon�gink�galso�ghas�glarger�gparticles�g
than�gthe�gsilver�gink.�gThe�glower�gviscosity�gof�gthe�gsilver�gink�gmeans�gthat�g
it�glevels�gslightly�gafter�gprinting.�gOther�ggroups�ghave�galready�gshown�gthat�g
the�gviscosity�gof�gthe�gink�ginfluences�gthe�guniformity�gand�groughness�gof�gthe�g
printed�gfilm�gon�gthe�gPET�gsubstrate,�gas�gless�gviscous�ginks�gcan�gstill�gequalize�g
once�gthe�gscreen�ghas�gbeen�gremoved�g[34].�gThis�gis�galso�gthe�greason�gwhy�gthe�g
measured�gline�gwidth�gof�gthe�gsilver�gink�gis�gwider�gthan�gthe�gnominal�gone�gand�g
for�gthe�gcarbon�gink�gonly�gslightly.�gIf�gthe�gmesh�gopenings�gbecome�gsmaller�g
than�gthe�gline�gwidth,�gcomplete�glines�gcan�gno�glonger�gbe�gdeposited.�gWhen�g
comparing�g75 �m -lines�gfor�gsilver�gand�gcarbon,�git�gis�gnoticeable�gthat�gthe�g
carbon�gink�gshows�gmore�ginterruptions�gthan�gthe�gsilver�gink.�gAgain,�gthis�g
can�gbe�gexplained�gby�gthe�ghigher�gviscosity�gof�gthe�gcarbon�gink.

Fig.�g�g8�gshows�gthe�gcalculated�gsheet�gresistance�g𝑅𝑆 �gfrom�gmeasured�g
electrical�gresistance�gfor�gcarbon�gand�gsilver�gink�gon�grough�gand�gsmooth�gPEI�g
surfaces.�gIn�gcontrast�gto�gthe�ggeometric�gparameters�gline�gheight�gand�gwidth,�g
the�gresistance�gof�gthe�gcarbon�gink�gwith�ga�gwidth�gof�g400 �m�gand�glength�gof�g
2.5�gmm�gdiffers�gdepending�gon�gwhether�git�gis�gscreen-printed�gon�ga�grough�g
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Fig.�g7.�g(a)�gOptical�gmicroscope�gimages�gof�gcarbon�gprints�gwith�gdifferent�gnominal�gline�gwidths�gon�grough�gPEI�gfilm�gsurface.�gFrom�gtop�gto�gbottom:�g75 �m ,�g100 �m,�g150 �m,�g
200 �m,�g300 �m,�g400 �m�gand�g500 �m�gand�gthe�gcorresponding�gheight�gprofile�gobtained�gwith�gLSM�gusing�ga�gprofile�gplot�gwith�gmultiple�glines�gat�ga�gdistance�gof�g1 �m �gacross�g
the�gimage.�g(b)�gMeasured�gcarbon�gline�gwidth�gon�gsmooth�g(red,�g𝑛 = 2)�gand�grough�g(green,�g𝑛 = 3)�gsurface�gover�gnominal�gline�gwidth�g(mean�g, �gSD,�g𝑛 = 5).�g(c)�gMeasured�g
averaged�gcarbon�gline�gheight�gon�gsmooth�g(red,�g𝑛 = 1)�gand�grough�g(green,�g𝑛 = 2)�gsurface�gover�gnominal�gline�gwidth�g(mean�g, �gSD,�g𝑛 = 3).�gThe�gcolored�gdata�gpoints�ghave�g
been�gshifted�gslightly�gto�gthe�gright�gso�gthat�gthey�gremain�gvisible�gnext�gto�gthe�gmean�gvalues.

Fig.�g8.�gInfluence�gof�gsurface�gquality�gon�gscreen-printed�ginks:�g(a)�gcalculated�gsheet�gresistance�g𝑅𝑆 �gof�gcarbon�gink�gwith�ga�gnominal�gwidth�gof�g400 �m�gand�glength�gof�g2.5�gmm�g
(n𝐶 , 𝑠𝑚𝑜𝑜𝑡ℎ=51;�gn𝐶,𝑟𝑜𝑢𝑔ℎ=70).�g(b)�gcalculated�gsheet�gresistance�g𝑅𝑆 �gof�gsilver�gink�gwith�ga�gnominal�gwidth�gof�g400 �m�gand�glength�gof�g7�gmm�g(n𝑆,𝑠𝑚𝑜𝑜𝑡ℎ=4;�gn𝑆,𝑟𝑜𝑢𝑔ℎ=7).�gThe�g
unfilled�gdot�grepresents�gthe�gmean.�gThe�glower�gand�gupper�glimits�gof�gthe�gbox�gare�g25th�gand�g75th�gpercentiles�gand�gthe�gmedian�gis�gbetween.�gError�gbars�grepresent�gthe�g
smallest�gand�gthe�glargest�gvalue�gwithin�g1.5�gtimes�gthe�ginterquartile�grange�gbelow�g25th�gpercentile�gand�gabove�g75th�gpercentile,�grespectively.�gFilled�gdots�gare�goutsider�g
values.
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Fig.�g9.�gInfluence�gof�gthe�gline�gorientation�gagainst�gthe�gsqueegee�gmotion�gdirection�gfor�gcarbon�gink�g(a)�gmeasured�gline�gwidth�g(mean�g, �gSD,�g𝑛 = 5),�g(b)�gmeasured�gline�g
height�g(mean�g, �gSD,�g𝑛 = 5),�gand�g(c)�gresistance�g(mean�g, �gSD,�g𝑛 = 5).

or�gsmooth�gsurface.�gOn�gthe�grough�gsurface,�gthe�gresistance�gis�g10�g~ �gsmaller�g
(6.5�gk𝛺�gcompared�gto�g7.2�gk𝛺).�gThe�gsheet�gresistance�gon�gsmooth�gand�g
rough�gPEI�gsurfaces�gis�g1.1�gk𝛺�gand�g1.0�gk𝛺,�grespectively.�gFor�gsilver�gink,�g
there�gis�gno�gsignificant�ginfluence�gof�gthe�gsurface�gquality�gon�gthe�gaveraged�g
resistance�g(see�gFig.�g�g8b).�gHere,�gwe�gmeasured�gsilver�gink�glines�gwith�g400 �m
width�gand�g7�gmm�glength.�gOnly�gthe�gstandard�gdeviation�gseems�gto�gchange�g
depending�gon�gthe�gsurface�gquality.�gIt�gbecomes�gsignificantly�glarger�gwith�g
smooth�gsurfaces�g(6�g~ �gcompared�gto�g3�g~ ).�gOn�gboth�gsurfaces,�gthe�gresistance�g
is�gsignificantly�glower�gthan�gthe�gresistance�gof�gthe�gcarbon�gsensor�gelements,�g
which�gis�gimportant�gif�gsilver�gink�gwiring�gis�gused�gto�gconnect�gthe�gcarbon�g
sensor�gelements.

Fig.�g�g9�gshows�gthe�ginfluence�gof�gthe�gline�gorientation�grelative�gto�gthe�g
squeegee�g(ink�gdistribution�gtool)�gmotion�gdirection�g𝛼�gon�gthe�gcarbon�g
line�gwidth�gand�gheight.�gCarbon�glines�gwith�g400 �m�gnominal�gwidth�gand�g
7�gmm�glength�gwere�gexamined.�gAs�gthe�gangle�gbetween�gthe�gline�gand�gthe�g
squeegee�gmotion�gdirection�gdecreases,�gboth�gthe�gline�gwidth�gand�gthe�gline�g
height�gshow�ga�gtrend�gto�gdecrease.�gWhile�gthese�gtwo�gtrends�gdo�gnot�gappear�g
significant�gthemselves�gdue�gto�gthe�glarge�gerror�gbars,�ga�gsignificant�gtrend�g
emerges�gin�gthe�gresistance�gwhen�gboth�ggeometric�gparameters�gare�gconsid-
ered�gsimultaneously.�gThe�gaverage�gresistance�gincreases�gwith�gdecreasing�g
printing�gangle�gfrom�g10�gk𝛺�gto�g19�gk𝛺.�gThis�gmust�gbe�gconsidered�gin�g
the�gsensor�gdesign,�gparticularly�gin�gthe�gdesign�gof�gmeasuring�gbridges.�gA�g
similar�gtrend�gwas�gnot�gobserved�gwith�gsilver�gink.�gThe�gobservations�gcan�g
be�gexplained�gby�gthe�gfact�gthat�gmore�gmaterial�gis�gstripped�goff�gat�gedges�g
perpendicular�gto�gthe�gsqueegee�gdirection�gunless�ga�glow�gviscosity�gleads�gto�g
rapid�gequalization.

3.2.�gCharacterization�gof�gsensor�gpaths

Fig.�g�g10a�gshows�gcurrent–voltage�g(I-V)�gcurves�gfor�gthe�gcarbon�gsensor�g
structures.�gCurves�gshow�ga�glinear�gI-V-relationship,�gin�gwhich�gthe�gslopes�g
represent�gthe�gelectrical�gresistance�g𝑅�gvalues,�gwhich�gare�ggiven�gin�gde-
pendence�gof�gthe�gnominal�gline�gwidth�gin�gFig.�g�g10b.�gWe�galready�gknow�g

that�gchanging�gthe�gcarbon�gconductor’s�gline�gwidth�gcan�galso�gchange�gthe�g
conductor’s�gline�gheight.�gHowever,�gthis�geffect�gis�gnegligible�gfor�gwidths�gof�g
150–300 �m�gand�ga�gdirect�gproportionality�gof�g𝑅�gto�g1_𝑤,�gin�gother�gwords,�g
a�gconstant�gvalue�gfor�g𝑅 ⋅ 𝑤�gcan�gbe�gassumed�gif�gthe�gresistivity�gof�gthe�g
conductive�gmaterial�gdoes�gnot�gchange.�gThe�gdashed�gline�gillustrates�gthis�g
ideal�gbehavior.�gAlthough�gthe�gexpected�ghyperbolic�grelationship�gappears�g
in�gFig.�g�g10b,�gcomparison�gwith�gthe�greference�gcurve�greveals�gsignificant�gde-
viations�gfor�gline�gwidths�gof�g100–300 �m,�gwhereas�gthe�g300�gand�g400 �m�gline�g
widths�gshow�gmore�gsimilar�gbehavior.�gIt�glooks�gmore�glike�gthe�gresistivity�g
of�gthe�gmaterial�gchanges�gwith�gthe�ggeometry.�gThe�gdistribution�gof�gcarbon�g
particles�gin�gthe�gpolymer�gmatrix�gis�gstochastic,�gand�gthe�gformation�gof�g
conductive�gpaths�gcan�gshow�ginterruptions�gwith�ghigher�gprobability�gwhen�g
conductor�gtracks�gare�gthin�g(around�g15 �m �gaccording�gto�gFig.�g�g7c)�gand�gtracks�g
also�gget�gvery�gnarrow.�gIn�gthis�gsituation,�gthe�gnumber�gof�gchains�gconnecting�g
the�gconductive�gparticles�gwithout�ginterruptions�gno�glonger�gscales�glinearly�g
with�gresistor�gwidth,�gand�gconductivity�gwill�geven�gcompletely�gbreak�gdown�g
at�gthe�gpercolation�gthreshold,�gwhen�gthe�gconductor�gcross-section�gbecomes�g
extremely�gsmall.�gThis�gresults�gin�ga�gfar�ggreater�greduction�gin�gresistance�gat�g
very�gsmall�gline�gwidths�gthan�gcan�gbe�gexplained�gby�gthe�gcross-sectional�garea�g
alone.

The�gresistance�gchange�g𝛥𝑅_𝑅0�gwas�grecorded�gin�gdependence�gof�glongi-
tudinal�gstrain�g𝜀�gof�gthe�gscreen-printed�gcarbon�gconductors.�gHere,�gseven�g
conductors�gwith�gdifferent�gline�gwidths�g𝑤𝑛�gwere�gmeasured�g(Fig.�g�g11a).�g
The�gdata�gshow�ga�glinear�grelationship�gbetween�g𝛥𝑅_𝑅0�gand�glongitudinal�g
strain,�gbut�gfor�gthinner�glines�gthe�gvalues�gscatter�gslightly�gmore.�gThe�gslopes�g
representing�g𝐺𝐹 = 𝛥𝑅_𝑅0 ⋅ 𝜀,�gfor�gthe�gtested�gnominal�gline�gwidths�gare�g
given�gin�gFig.�g�g11b.�gThe�gline�gwidths�ghave�gno�gsignificant�ginfluence�gon�gthe�g
sensitivity.�gThe�gmean�ggauge�gfactor�gfor�gall�gline�gwidths�gis�garound�g12�gwith�g
a�gstandard�gdeviation�gof�gless�gthan�g12�g%.�gThe�gmaterial�gdata�gsheet�gfor�gthis�g
carbon�gink�gprovided�gby�gthe�gvendor�ggives�ga�gnon-linear�gbehavior�gwith�g
a�gmaximum�ggauge�gfactor�gof�g14�gat�ga�gmuch�ghigher�gstrain�gof�g100�g~ �gfar�g
beyond�gwhat�gwas�ginvestigated�ghere.
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Fig.�g10.�gElectrical�gcharacterization�gof�gcarbon�gscreen-printed�gconductors.�g(a)�gCurrent–voltage�gcharacteristic�gof�gfive�gnominal�gline�gwidths�gfrom�g100�gto�g400 �m;�g(b)�g
Electrical�gresistance�gfor�gdifferent�gnominal�gwidths�gfrom�g100�gto�g400 �m�g(mean�g, �gSD,�g𝑛 = 3).�gThe�gdashed�gline�grepresents�ga�greference�gcurve�gillustrating�gthe�gdirect�g
proportionality�gof�g𝑅�gto�g1_𝑤.

Fig.�g11.�gElectromechanical�gbehavior�gof�gscreen-printed�gcarbon�gconductors.�g(a)�gResistance�gchange�gof�gthe�gscreen-printed�gcarbon�gconductors�gwith�gline�gwidths�gfrom�g
200–500 �m�g(three�gsamples�gper�gline�gwidth)�gversus�gapplied�gstrain.�g(b)�gRelationship�gbetween�ggauge�gfactor�gGF�g(mean�g, �gSD,�g𝑛 = 3)�gfor�gall�gnominal�gline�gwidths�gin�gthe�g
measured�gstrain�grange�gas�gfunction�gof�gthe�gnominal�gline�gwidth.

Table�g1
Young’s�gmodulus�gand�gyield�gstrength�gfor�gpure�gPEI�gsamples.
�gSample Young’s�gmodulus Yield�gstrength�g Elongation�gat�gyield�g�g
�g (GPa) (MPa) �g(�m �gm* 1) �g
�g1 3.5 109.1 49,200 �g
�g2 3.3 109.3 51,900 �g
�g3 3.3 109.0 51,600 �g
�g4 3.3 109.5 51,500 �g
�g5 3.4 109.1 51,300 �g
�gMean 3.4 109.2 51,100 �g

3.3.�gPEI�gsubstrate�gbehavior

Fig.�g�g12�gshows�gthe�gtensile�gtest�gresults�g(stress�g(𝜎)�g-strain�g(𝜀)�gcurves)�gof�g
five�gpure�gPEI�gspecimens�gand�gfour�gencapsulated�gand�gthus�gannealed�gPEI�g
specimens.�gThe�gstrain�gwas�gcalculated�gbased�gon�gcrosshead�gdisplacement.�g
The�gpure�gPEI�gspecimens�gshow�gan�gaverage�gyield�gstrength�gof�g109.2�gMPa�g
(Table�g�g1)�gand�gthe�gencapsulated�gPEI�gspecimens�gof�g123.5�gMPa�g(Table�g�g2).�g
The�gYoung’s�gmodulus�gincreases�gfrom�g3.4�gGPa�gto�g3.6�gGPa�gafter�gannealing�g
during�gencapsulation.

During�gencapsulation,�gthe�gpure�gPEI�gwill�gbe�gtreated�gabove�gthe�gglass�g
transition�gtemperature�g217�g◦C�g(cf.�gdata�gsheet)�gbut�gbelow�gthe�gmelting�g
temperature.�gFor�gthermoplastics,�git�gis�gassumed�gthat�gannealing�gabove�gthe�g
glass�gtransition�gtemperature�gincreases�gthe�gcrystallinity�gof�gthe�gpolymer,�g
as�gthe�gamorphous�gregion�gis�greconstructed.�gHigher�gcrystallinity�gtends�g
to�gresult�gin�ga�gbetter�gtensile�gstrength�g[35],�gas�gis�galso�gevident�gfrom�gour�g

Table�g2
Young’s�gmodulus�gand�gyield�gstrength�gfor�gencapsulated�gPEI�gsamples.
�gSample Young’s�gmodulus Yield�gstrength�g Elongation�gat�gyield�g�g
�g (GPa) (MPa) �g(�m �gm* 1) �g
�g6 3.6 123.3 54,600 �g
�g7 3.5 124.0 51,300 �g
�g8 3.6 123.2 54,200 �g
�g9 3.6 123.5 53,600 �g
�gMean 3.6 123.5 53,425 �g

tests.�gConsequently,�gthe�gpre-treatment�gof�gthe�gPEI�gfilm�gat�gthe�gindividual�g
production�gsteps�gdoes�gnot�gresult�gin�gany�greduction�gof�gthe�gmechani-
cal�gproperties�gbefore�gthe�gmaximum�gload�gis�greached.�gThe�gmechanical�g
properties�gafter�greaching�gthe�gmaximum�gload�gare�gnot�grelevant�ghere.

3.4.�gPEI�gsmart�ginlay�gbehavior

The�gstrain-sensing�gperformance�gof�gthe�gPEI�gsmart�ginlays�g(cf.�gFig.�g�g13a)�g
was�gtested�gby�gstraining�g0.8�gmm�gs⋅* 1.�gAccording�gto�gFig.�g�g13b,�gthe�gsensors�g
are�glabeled�g1L�gand�g1R�gfor�gthe�gtwo�gsensors�gin�gthe�gfirst�gsensor�grow�gand�g2L�g
and�g2R�gfor�gthe�gtwo�gsensors�gin�gthe�gsecond�gsensor�grow.�gAn�gexample�gof�gthe�g
sensor�gsignal�gover�gapplied�gstrain�gis�gplotted�gin�gFig.�g�g13b.�gIt�gcan�gbe�gseen�g
that�gthe�gsensor�gsignal�gincreases�gmonotonically�gwith�ggrowing�gapplied�g
strain.�gAt�glow�gstrains,�gthe�gslope�gof�gthe�gsensor�gsignal�gis�gvery�glow,�gas�ginitial�g
settlement�geffects�goccur�gin�gthis�grange.�gAs�gthese�gsettlement�geffects�goccur�g
particularly�gwith�gsensor�g2R�gand�gnot�gin�gthe�gtensile�gtests�gof�gthe�gpure�gPEI�g
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Fig.�g12.�gMechanical�gtesting�gof�gPEI:�g(a)�gPEI�gsample�g(ASTM�gD638�gtype�gV)�gwith�ga�gthicknesses�gof�g125 �m�gfor�gpure�gand�gof�g150 �m�gfor�gencapsulated�gPEI�gsamples�gand�g
clamping�glength�gof�g25.4�gmm.�g(b)�gMeasured�gstress–strain�gcurves�gof�gpure�gPEI�g(𝑛 = 5).�g(c)�gMeasured�gstress–strain�gcurves�gof�gencapsulated�gPEI�g(𝑛 = 4).

film�g(Fig.�g�g12),�gthe�gweight�gof�gthe�gconnector�gappears�gto�ghave�gresulted�g
in�ginsufficient�gpreload.�gWith�gmechanical�gfailure,�gthe�gsensor�gsignals�g
show�ga�gsharp�gjump.�gThe�gsignals�gfrom�gthe�gindividual�gsensor�gbridges�g
show�gthat�gthe�gcrack�gruns�gfrom�gright�gto�gleft,�gat�garound�g30,000 �m⋅m* 1.�g
Therefore,�gthe�gcrack�gstarted�gat�gthe�gconnector,�gwhere�gthe�gweight�gand�gthe�g
sample�gdesign�gcaused�gstress�gpeaks.�gFig.�g�g13c�gshows�gthe�gdamage�gpattern�g
of�gthe�gPEI�gsmart�ginlay�gafter�gtesting.�gTo�gcompare�gour�gresults,�gultimate�g
design�gloads�gfor�gCFRPs�gin�gthe�gaviation�gindustry�gare�gdefined�gas�gstrains�g
between�g2,500�gand�g4,000 �m⋅m* 1�gand�gfor�gbonded�ghoneycombs�geven�gas�g
5,000 �m⋅m* 1�g[20].�gSo,�gour�gPEI�gsmart�ginlay�gcan�gclearly�gwithstand�gthese�g
strains,�gas�gmarked�gin�gFig.�g�g13b.�gAfter�g30,000 �m⋅m* 1,�git�gis�gnot�gthe�gcarbon�g
sensor�gstructures�gand�gsilver�gconductive�gtracks�gthat�gbreak,�gbut�gthe�gPEI�g
substrate�gfilm.�gAs�gwritten�gabove,�gthis�gis�gdue�gto�ggeometry.�gThis�gcan�galso�g
be�gseen�gin�gthe�gpure�gPEI�gfilm�gtensile�gtests,�gwhere�gelongations�gat�gbreak�g
between�g90,000 �m⋅m* 1�gand�g340,000 �m⋅m* 1�gwere�gachieved�g(Fig.�g�g12�g
and�gTable�g�g1).�gOverall,�gthe�gmeasurements�ghave�gshown�gthat�gthe�gselected�g
screen-printing�ginks�gare�gfunctional�gmaterials�gwith�gsuitable�gmechanical�g
properties�gfor�gPEI�gsmart�ginlays.�gTherefore,�gfunctional�gscreen-printing�g
inks�gcan�gbe�gused�gas�gstrain�gsensors�gthat�gcan�gdetect�gsmall�gto�glarge�gstrains.

Where�ga�glinear�grelationship�gwas�gpreviously�gobserved�gfor�gsmaller�g
strains,�gthe�gsensor�gsignal�gshows�ga�gnon-linear�gbehavior,�gwhich�gcan�galso�g
be�ginterpreted�gas�gmore�gthan�gone�glinear�grange,�geach�gwith�gan�gappropriate�g

gauge�gfactor.�gAlthough�gthe�gelongations�gachieved�gare�gin�gthe�grange�gof�gthe�g
linear-elastic�gbehavior�gof�gthe�gPEI�gmaterial�g(<�g51,109 �m⋅m* 1),�gas�gshown�g
in�gtensile�gtests�gof�gPEI�gfilms.�gFig.�g�g14a�gillustrates,�gwith�gthe�grepresentative�g
sensor�gsignal�g2L,�ghow�gthe�gbehavior�gof�gcarbon�gstrain�gsensors�gcan�gbe�g
divided�ginto�gthree�glinear�gregions.�gIn�gthe�gfirst�gregion�gwith�gstrains�gbelow�g
1,900 �m⋅m* 1,�ga�ggauge�gfactor�gof�gapprox.�g8�gis�gachieved�g(shown�gin�gFig.�g
14b).�gIn�gthe�gsecond�gregion�gwith�gstrains�gbelow�g12,100 �m⋅m* 1,�ga�ggauge�g
factor�gof�gapprox.�g20�gis�greached,�gand�gfor�gthe�gthird�gregion�gfor�gmaximum�g
strains,�gthe�ggauge�gfactor�gis�gapprox.�g9.�gTo�gverify�greproducibility,�gthe�g
same�gmeasurement�gwas�gcarried�gout�gon�gthree�gdifferent�gsamples.�gFor�gall�g
samples,�gthe�gaverage�ggauge�gfactor�gwas�g10�gin�gthe�gfirst�glinear�gregion,�g16�gin�g
the�gsecond�glinear�gregion,�gand�g9�gin�gthe�gthird�glinear�gregion.�gCompared�gto�g
thin�gfilm�gsensors�gmade�gof�gmetal,�gthese�ggauge�gfactors�gwere�gfor�gall�gthree�g
regions�gmuch�ghigher.

As�gdiscussed�gabove,�gthe�gcarbon�gink�gconsists�gof�gan�ginsulating�gpoly-
mer�gmatrix�gin�gwhich�gcarbon�gparticles�gof�gdifferent�gsizes�gare�grandomly�g
scattered.�gThis�gconductive�gfiller�gforms�ga�gconductive�gnetwork�gin�gthe�g
polymer�gmatrix�gwith�ga�gcombination�gof�gcontributions:�gthe�gresistance�gof�g
the�gconductive�gfiller,�gthe�gparticle�gcontact�gresistance,�gand�gthe�gtunnel�g
resistance.�gFor�gthe�gexplanation�gof�gpiezoresistive�gbehavior,�gtwo�gtheories�g
are�gused.�gIn�gthe�gfirst,�gthe�gpercolation�gtheory�gis�gbased�gon�gthe�gvolume�g
fraction�gof�gthe�gfiller.�gSo,�gpiezoresistivity�gdepends�gon�gthe�ggeometrical�g
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Fig.�g13.�gTensile�gtesting�gof�gthe�gsmart�ginlay�guntil�gfailure:�g(a)�gPEI�gsmart�ginlay�gclamped�gin�gthe�gtensile�gtesting�gmachine.�g(b)�gSensor�gsignal�gover�glongitudinal�gstrain.�g
Sensor�g1R�gwas�gnot�gworking�gdue�gto�ga�gconnector�gfailure.�gThe�gdotted�gbordered�garea�gbetween�g2,500�gand�g4,000 �m⋅m* 1�gmarks�gdefined�gultimate�gdesign�gloads�gfor�g
mechanically�gfastened�gCFRPs�gin�gthe�gaviation�gindustry.�g(c)�gPEI�gsmart�ginlay�gdamage�gpattern�gafter�gtensile�gload�gtesting.

Fig.�g14.�g(a)�gSensor�gsignal�g2L�gversus�gapplied�gstrain�g(red�gline)�gand�glinear�gfitted�gcurves�g(dashed�gblack�glines)�gwith�gcorrelation�gR2 =�g0.996,�gR2 =�g0.995,�gand�gR2 =
0.995�grepresenting�gthree�glinear�gregions.�g(b)�gGauge�gfactor�gof�gPEI�gsmart�ginlay�gfor�gthe�gthree�glinear�gregions�g(mean�g, �gSD,�g𝑛 = 3).

properties�gsuch�gas�gfiller�gaspect�gratio�gand�gfiller�gconcentration�g[36].�gIn�g
the�gsecond,�gthe�gpiezoresistive�gnetwork�gproperties�gare�gexplained�gwith�g
the�greorientation�gand�grearrangement�gof�gparticles�gduring�gelongation.�gRe-
cently,�gRitchie�get�gal.�gfurther�ginvestigated�gpiezoresistivity�gin�gstretchable�g
conductive�gcomposites�gwith�gan�gelastomer�gmatrix�gwith�gcarbon�gblack�gas�g
conductive�gfiller�g[37].�gThey�gassume�gthat�gthe�gchanges�gcaused�gby�gthe�g
restructuring�gof�gthe�gparticle�gnetwork�gare�ga�gmore�gsignificant�greason�gof�g
piezoresistivity�gthan�gonly�gthe�gvolumetric�gchanges.

Several�gstudies�ghave�greported�ga�gswitch�gin�gpiezoresistive�gbehav-
ior�gonce�ga�gcritical�gstrain�gis�greached.�gThe�gtwo�gtheories�gmentioned�g
above�gwere�gused�gto�gexplain�gthe�gnon-linear�gpiezoresistive�gbehavior�g
of�gcarbon-filled�gpolymer�gcomposites�gby�gdefining�gtwo,�gthree,�gor�geven�g
five�glinear�gregimes�g[38,39].�gIn�gaddition,�gthe�ginvestigation�gof�gcarbon-
nanotubes,�gcarbon�gblack�gin�gTPU�gmatrix�gor�gpolydimethylsiloxane�gmatrix�g
and�ggraphene�gnanoplatelets�gin�gepoxy�gcomposites�gfirst�gshowed�ga�glinear�g
behavior�gat�gsmaller�gstrains�gand�gthen�gan�gexponential/sharp�gincrease�gat�g
higher�gstrains�g[8,40–42].�gOthers�ghave�geven�gobserved�ga�gclear�gdecrease�gin�g
resistance,�gi.e.,�ga�gmonotonically�gdecreasing�gcurve,�gwhen�gusing�gcarbon-
nanotube-graphene�gnanoplatelet�gin�gepoxy�gcomposites�gabove�ga�gcritical�g
strain�g[43].�gHowever,�gaccording�gto�gthe�gliterature�g[37]�grestructuring�g

of�gthe�gparticle�gnetwork�gis�ga�gplausible�gmechanism�gunderlying�gthe�gob-
served�gpiezoresistivity,�gas�git�gcould�galso�gexplain�gthe�gnonlinearity.�gTo�g
fully�gelucidate�gthis,�gmicrostructural�ganalysis�gand�gelectromechanical�g
characterization�gare�gneeded,�gcombined�gwith�gdiscrete�gelement�gmodeling�g
to�gunderstand�gthe�gparticle�grearrangement�gand�gresulting�gchanges�gin�gthe�g
current�gpaths.�gFor�gthe�gpresented�gcarbon�gsensors,�gthe�gdivision�ginto�gtwo�g
or�gthree�glinear�gresponse�gregions�gis�gan�gempirical�gfinding.�gThe�gobserved�g
transition�gpoints�gare�gmost�glikely�gassociated�gwith�gstrain-dependent�gre-
configuration�gof�gthe�gconductive�gnetwork�gin�gthe�gprinted�gcarbon�gink,�g
including�gchanges�gin�gparticle�gcontact�gand�gtunneling�gdistances.�gIn�gaddi-
tion,�glocal�gmicrostructural�gdamage�gin�gthe�gsensor�glayer,�gsuch�gas�gthe�gonset�g
of�gmicrocracking,�gand�gpossible�gchanges�gin�gstrain�gtransfer�gwithin�gthe�g
PEI-supported�ginlay�gsystem�gmay�galso�gcontribute�gto�gthe�gchange�gin�gslope.�g
However,�gthe�gpresent�gexperiments�gdo�gnot�gallow�ga�gdirect�gand�gdefinite�g
assignment�gof�gthe�gtransition�gpoints�gto�ga�gsingle�gphysical�gmechanism.

3.5.�gIntegrated�gPEI�gsmart�ginlays

The�gCFRP�gsamples�gwith�gintegrated�gsmart�ginlays�gwere�gclamped�gin�g
the�gtensile�gtest�gmachine�gwith�ga�gfree�glength�gof�g160�gmm�gas�gpresented�gin�g
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Fig.�g15.�gSmart�ginlay�gcalibration:�g(a)�gSpecimen�gclamped�ginto�gtensile�gtesting�gmachine�gwith�gclamping�glength�gof�g160�gmm.�g(b)�gSensor�gsignal�gfor�gall�gsensor�gbridges�gand�g
applied�gstrain�gover�gtime.�gThe�gspecimen�gwas�gloaded�gusing�ga�gramp�gsignal�gup�gto�ga�gmaximum�gstrain�gof�g1,196 �m⋅m* 1.�g(c)�gRepresentative�gsection�gof�gthe�gsensor�gsignal�g
as�ga�gfunction�gof�glongitudinal�gstrain�gfor�gone�gloading�gcycle.

Fig.�g16.�g(a)�gMean�gsensor�gsignal�g1L�gfor�gloading�g(blue�gline)�gand�glinear�gfitted�gcurves�g(dashed�gblack�glines)�gwith�gcorrelation�gR2 =�g0.994�gand�gR2 =�g0.996�grepresenting�g
two�glinear�gregions.�g(b)�gGauge�gfactor�gversus�glinear�gregion�gfor�gall�gfour�gsensing�gbridges.
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Fig.�g17.�gResistance�gof�gscreen-printed�gcarbon�gsensors�g(400 �m�g• �g2.5�gmm)�gafter�g
screen-printing�gand�gcuring�gat�g120�g◦C�gfor�g5�gmin,�gencapsulation�gat�g230�g◦C�gunder�g
vacuum,�gand�gafter�gintegration�gat�g180�g◦C�gunder�gvacuum�g(𝑛 = 24).

Fig.�g�g15a.�gAs�gshown�gin�glongitudinal�gstrain�gover�gtime,�gthe�gspecimens�gare�g
deflected�gto�ga�gmaximum�gof�g0.191�gmm�gcorresponding�gto�ga�gmaximum�g
longitudinal�gstrain�gof�g1,196 �m⋅m* 1.�gThe�glongitudinal�gstrain�gwas�gagain�g
calculated�gbased�gon�gcrosshead�gdisplacement.�gA�grepresentative�gmeasure-
ment�gand�ga�gsection�gof�gthis�gmeasurement�gof�gthe�gincreasing�gsensor�gsignal�g
are�gillustrated�gin�gFig.�g�g15b�gand�g15c,�grespectively.�gThe�gsmart�ginlay�gshowed�g
a�gmonotonic�gincrease�gin�gthe�gsensor�gsignal�gwith�gincreasing�glongitudinal�g
strain.�gA�gdifference�gin�gthe�gsensor�gsignal�gbetween�gthe�gsensor�gbridges�gon�g
the�gleft�gand�gright�gsides�gwas�gobserved,�gwhich�gis�ga�gconsequence�gof�ga�gslight�g
misalignment�gof�gthe�gsmart�ginlays�gwithin�gthe�gCFRP�gsample.�gAs�galready�g
with�gthe�gpure�gPEI�gsmart�ginlays,�ga�gnon-linear�gbehavior�gwas�gobserved�g
versus�gthe�glongitudinal�gstrain�g𝜀.�gHowever,�gcompared�gto�gthe�gobservations�g
described�gbefore,�gthe�gnon-linear�gbehavior�ghas�gchanged.�gFig.�g�g16a�gshows�g
that�gfor�gthe�gmean�gsensor�gsignal�g1L,�gthe�gsensor�gsignal�gcan�gbe�gdivided�ginto�g
two�glinear�gareas.�gThe�gcorresponding�ggauge�gfactor�gis�gshown�gin�gFig.�g�g16b�g
for�gall�gfour�gsensing�gbridges.�gFor�gthe�gfirst�gregion,�gan�gaverage�ggauge�gfactor�g
of�g22�gwas�greached.�gFor�gthe�gsecond�gregion,�ga�gmean�ggauge�gfactor�gof�g35�g
for�gsensing�gbridges�g1L,�g2L,�gand�g2R�gwas�gachieved.�gFor�gsensing�gbridge�g1R,�g
the�ggauge�gfactor�ghas�geven�greached�garound�g49�gin�gthe�gsecond�gregion.�gTo�g
verify�greproducibility,�gthe�gsame�gmeasurement�gwas�gcarried�gout�gon�gthree�g
different�gsamples.�gFor�gall�gsamples,�gthe�gaverage�ggauge�gfactor�gwas�g22�gin�g
the�gfirst�glinear�gregion�gand�g38�gin�gthe�gsecond�glinear�gregion.

It�gis�gobvious�gthat�gthe�gsensitivity�gof�gthe�gintegrated�gsmart�ginlays�g
is�gsignificantly�ghigher�gcompared�gto�gthe�gnon-integrated�gsmart�ginlays.�g
We�gassume�git�gis�gmainly�grelated�gto�gthe�gencapsulation,�gintegration,�gand�g
the�gassociated�gannealing�gunder�gharsh�gconditions�gduring�gthe�gautoclave�g
process.�gAnnealing�gat�ghigh�gtemperatures�gleads�gto�grearrangement�gof�gthe�g
carbon�gparticles�gin�gthe�gpolymer�gmatrix,�gresulting�gin�gan�gincrease�gor�g
decrease�gof�gresistance,�gdepending�gon�gannealing�gtemperature�g[44,45].�g
We�galso�gobserved�gthat�gthe�gresistance�ginitially�gincreases�gby�gan�gaverage�gof�g
32�gk𝛺�gafter�gencapsulation�g(230�g◦C�gunder�gvacuum)�gand�gdecreases�gby�gan�g
average�gof�g24�gk𝛺�gafter�gintegration�g(180�g◦C�gunder�gvacuum),�gwhereby�gthe�g
original�gresistance�gis�gnot�greached�gagain�g(cf.�gFig.�g�g17).�gThus,�gthe�gobserved�g
resistance�gchanges�gare�gmore�glikely�grelated�gto�gchanges�gin�gthe�gcarbon�g
sensor�gstructures�gthan�gto�gchanges�gin�gthe�gPEI�gfilm�gproperties.

Seok�gPark�get�gal.�gfound�gthat�gfor�gcarbon�gblack�gin�gpolyethylene�gcompos-
ites,�gannealing�gbelow�gthe�gmelting�gtemperature�gof�gthe�gpolymer�gmatrix�g
leads�gto�gthe�gformation�gof�ga�gmore�gcrystalline�gphase�gand�gthus�gto�ga�g
reduction�gof�gthe�gamorphous�gregions�gin�gwhich�gthe�gcarbon�gblack�gparticles�g
are�gdispersed,�gthereby�greducing�gthe�gdistance�gbetween�gparticles�g[44].�g
Annealing�gabove�gthe�gmelting�gtemperature,�gthe�gdistance�gbetween�gcarbon�g

black�gparticles�gbecomes�glarger�g[44].�gSimilar�geffects�gcan�glead�gto�ga�gchange�g
in�gresistance�gas�gobserved�gin�gour�gcase.

With�gthe�gtheories�gmentioned�gabove,�git�gcan�galso�gbe�gassumed�gthat�g
a�grearrangement�gof�gthe�gparticles�gin�gthe�gpolymer�gmatrix�gand�gthus�ga�g
change�gin�gthe�gconductive�gnetwork�gleads�gto�ga�gchange�gin�gthe�gpiezoresis-
tive�gbehavior.�gFor�gmulti-walled�gcarbon�gnanotube�gin�gepoxy�gcomposites,�g
it�ghas�gbeen�gfound�gin�gexperiments�gthat�gboth�gthe�gcuring�gtemperature�g
and�gtime�gas�gwell�gas�ga�gpostcuring�gtemperature�gand�gtime,�ginfluence�gthe�g
piezoresistivity�gof�gthese�gcomposites,�geven�gat�gtemperatures�gwell�gbelow�g
the�gannealing�gtemperatures�gin�gthis�gwork�g[46].�gIn�gaddition,�gdifferent�g
coefficients�gof�gthermal�gexpansion�gof�gthe�gused�gmaterials�gare�galso�grele-
vant.�gThe�gresults�gindicate�gthat�gthe�gannealing�gduring�gencapsulation�gand�g
integration�gappears�gto�gincrease�gthe�gpiezoresistive�gresponse�gof�gthe�gcarbon�g
sensors.�gTo�gexplain�gdifferences�gin�gthe�gpiezoresistive�gresponse�gbetween�g
the�gindividual�gtests,�gseveral�gfactors�gmust�gbe�gtaken�ginto�gaccount.�gIn�g
addition�gto�gthe�gthermomechanical�ghistory,�gminor�gprinting-related�gde-
viations�gin�gsensor�gthickness�gand�ggeometry,�gor�glocal�gparticle�gdistribution�g
can�gcontribute�gto�gchanges�gin�gthe�gconductive�gnetwork,�gincluding�gparticle�g
contact�gresistance�gand�gtunneling�geffects,�gas�gwell�gas�gpercolation-related�g
transitions,�gand�gthus�gin�gpiezoresistive�gbehavior.�gFurthermore,�gcontact�g
resistance�gat�gthe�gelectrical�ginterfaces�gand�glocal�gstrain�ggradients�gin�gthe�g
various�gtest�gconfigurations�gcan�ginfluence�gthe�gmeasured�gresponse.�gThe�g
most�glikely�gcause�gof�gthe�gobserved�gdifferences�gin�gthe�gpiezoresistive�gbe-
havior�gis�gtherefore�gthe�gthermomechanical�ghistory�gduring�gencapsulation�g
and�ginteraction�gof�gsmart�ginlays�grather�gthan�gthe�gPEI�gcarrier�gfilm�gitself�gor�g
the�gscreen-printing�gprocess.

By�grepeating�gthe�gtest�gten�gtimes�gcyclically,�gthe�gstability�gand�grepeata-
bility�gof�gthe�gsmart�ginlays�gcould�galso�gbe�gtested.�gThe�gsensor�gsignals�gfor�g
loading�gand�gunloading�gall�gfour�gsensor�gbridges�gfor�gall�gten�gcycles�gas�gwell�g
as�gthe�gaveraged�gsensor�gsignals�gwith�gstandard�gdeviation�gare�gillustrated�g
in�gFig.�g�g18.�gThe�goverall�gtrend�gof�gthe�gsensor�gsignal�gof�gthe�gPEI�gsmart�ginlays�g
remains�gthe�gsame,�gwith�gonly�gabout�g3.9�g~ �g, �g1.4�g~ �grepeatability�gerror�g
over�g10�gcycles�gand�gwith�g12.30�g~ , 0.99�g~ �ghysteresis.

4.�gConclusion

In�gthe�gpresent�gstudy,�gscreen-printing�gink�gwas�gused�gto�gfabricate�ga�g
PEI�gsmart�ginlay�gthat�gcan�gbe�gintegrated�gin�gthe�gadhesive�gbondline�gduring�g
the�gco-curing�gautoclave�gprocess.�gWe�gchose�ghighly�gstretchable�gsilver�gand�g
carbon�gcomposites�gas�gscreen-printing�ginks,�gwhich�gwe�gexamined�gin�gdetail�g
in�gthis�gwork,�gwith�gregard�gto�gtheir�gsuitability�gfor�gfabrication,�gdesign�glim-
its,�gand�gelectromechanical�gbehavior.�gUnderstanding�gthese�gfabrication�g
factors�gis�gessential�gfor�goptimizing�gprint�gquality�gand�gperformance�gfor�g
sensing�gapplications�gusing�gscreen-printing�gink.�gThe�gelectromechanical�g
and�gpiezoresistive�gbehavior�gof�gthe�gsensors�gis�gnon-linear,�gbut�gcan�gbe�glin-
earized�gin�gseparate�gregimes.�gCompared�gto�gconventional�gmetallic�gstrain�g
gauges,�gthe�gscreen-printed�gstretchable�gcarbon�gsensors�gare�gsignificantly�g
more�gsensitive�gand�gachieve�ga�gmaximum�ggauge�gfactor�gof�g49�gon�gPEI�ginte-
grated�ginto�gCFRP.�gWe�gwere�gable�gto�gshow�gthat�gour�gsmart�ginlays�gwithstand�g
the�gharsh�gconditions�gduring�gco-curing�gin�gthe�gprepreg-autoclave�gprocess�g
and�gdo�gnot�glose�gtheir�gfunction.�gThe�gresults�gof�gdestructive�gand�gnon-
destructive�gstatic�gtensile�gtests�gshow�ghigh�gelongation�gat�gbreak�gof�gsmart�g
inlays�gas�gthe�gsmart�ginlays�gwithstand�gup�gto�g30,000 �m�gm* 1.�gIn�gaddition,�g
the�gsensor�gbehavior�gis�ghighly�greproducible.�gWith�gthese�gresults,�gwe�gare�g
confident�gthat�gthe�gmonitoring�gof�gcrack�ginitiation�gand�gprogression�gby�g
our�gsmart�ginlays�gcan�galso�gbe�gdemonstrated�gin�gcycling�gcrack�ggrowing�g
tests,�gwhich�gwill�gprove�gthe�gbroad�gapplicability�gof�gthis�gSHM�gapproach.�g
For�gfuture�gapplications,�gthe�gfabrication�gof�gour�gsmart�ginlays�gis�gnow�g
significantly�gfaster�gwith�gfewer�gsteps�gand�gtherefore�gmore�gcost-efficient,�g
compared�gto�gour�gprevious�gwork�gusing�glithographic�gmicrofabrication.�g
Screen-printing�gcan�gnow�galso�gbe�gused�gfor�gproduction�gscale-up�gand�g
significantly�glarger�gsensor�gnetworks.
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Fig.�g18.�gSensor�gsignals�gunder�gloading�gand�gunloading�gof�gall�gten�gcycles�gand�gaveraged�gsensor�gsignal�g(mean�g, �gSD,�g𝑛 = 10)�gfor:�g(a)�g1L.�g(b)�g1R.�g(c)�g2L.�g(d)�g2R.�g
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