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Programmed shape-morphing into complex target
shapes using architected dielectric elastomer actuators
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Dielectric elastomer actuators (DEAs) are among the fastest and most energy-efficient, shape-morphing materi-
als. To date, their shapes have been controlled using patterned electrodes or stiffening elements. While their
actuated shapes can be analyzed for prescribed configurations of electrodes or stiffening elements (the forward
problem), the design of DEAs that morph into target shapes (the inverse problem) has not been fully addressed.
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Here, we report a simple analytical solution for the inverse design and fabrication of programmable shape-
morphing DEAs. To realize the target shape, two mechanisms are combined to locally control the actuation mag-
nitude and direction by patterning the number of local active layers and stiff rings of varying shapes, respectively.
Our combined design and fabrication strategy enables the creation of complex DEA architectures that shape-
morph into simple target shapes, for instance, those with zero, positive, and negative Gaussian curvatures as well

as complex shapes, such as a face.
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Animallocomotion,optimized overmillionsofyearsofevolution,
involvescomplexmotionsandshapechanges.Batwings,forexam-
ple, reduce drag forces during upstroke by twisting and folding
theirwingsandincreaseliftduringdownstrokebykeepingthelead-
ing-edgevorticesattachedtothewingusingcomplexshapechanges
generated by more than two dozen joints and highly deformable
bonesthatareoverlaidbythinelasticmembranesandmuscles(¥),
or when a bluegill sunfish swims, its pectoral fin twists, bends
chordwiseand spanwise,and morphsintoacuppedshapeduring
abduction(X).Biomimicryofthiscomplexlocomotionisanelegant
engineeringsolutionforhigh-performancerobots,butthisrequires
actuators that produce these complex shape changes with power
densitiesakintoskeletalmusclesandinversedesigntoolsthatpre-
dictthearchitectureofshape-morphingactuatorsneededtogener-
atetargetedcomplexshapechanges.
Dielectricelastomeractuators(DEAs) (M) haveenabled several
examples of bio-inspired locomotion, includingartificial muscles
withperformanceakintohumanmuscles(X),flyingwing-flapping
robotsthatwithstandmechanicalimpactsandcollisions(X),swim-
mingrobotsthattoleratehighhydrostaticpressureswithprospec-
tivefor deep-seaexplorations (¥),and softcrawlingand climbing
inchwormrobots(®, X).DEAsaresoftcapacitorsthat,intheirsim-
plestconfiguration,consistofdielectricelastomerlayerscoatedby
compliantelectrodes. When subjected toavoltage,each dielectric
layerissqueezedinthicknessinresponsetotheattractiveCoulombic
forcesbetweenoppositelychargedelectrodesandexpandedlaterally
duetoitsincompressibility. Amultilayerstackofelastomerdielectric
layersandinterdigitatedelectrodesgivesrisetolinearactuationsof
interestforapplications,suchasartificialbiceps(¥ ~ ).Alternately,bend -
ingactuationsnecessaryforcrawlingand swimmingrobots (X-X)
canbegeneratedbyattachingaso-calledpassivelayertotheactive
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DEAthinsheet.Linearandbendingactuationsarethepredominant
modesobservedforDEAstodate. However.thepotentialdesignspace
forcreatingnoveldevicesthatexhibitmoresophisticated formsof
actuationisverylarge. Forexample, DEAscanbeusedtocreatetunable
opticallensesthatchangetheirfocallengthviacurvaturemorphing( ).
Localizedcontrolledactuationsarethebasisofgeneralizable
shape-morphingactuators. Forexample, hydrogel-based shape-
morphingarchitectureshavebeenfabricatedthatharnessdifferential
shrinkage(®¥)orswellingofd  -isopropylacrylamidepolymerencoded
withlocalizedstiffnessanisotropyusingbiomimeticfour-dimensional
(4D)printing(M¥)orhalftonegellithography(l).Elastomer-based
shape-morphingarchitectureshavealsobeendevelopedincluding
thosebasedonpneumaticinflationthatcontainaspecificnetwork
ofembeddedairways (M) and multimateriallatticeswithlocally
controlledstiffnessandcoefficientsofthermalexpansion(XX).Each
of these actuators exhibits spatially distributed deformations that
areessentialforchangingtheGaussiancurvaturefield. Theinverse
designproblemsfortheseshapechangeswereaddressedtodeter-
minetheactuatordesignsthatmorphintodesiredtargetshapes. These
solutionsare specificto theiractuation mechanismsand produce
actuationshapesthatapproximatethetargetshapeswithinreason-
ablerangesoferror,e.g.,maximumerrorof8 mmfortheout-of-
planedisplacementforanactuatormorphingfromflatintoahuman
facewithamaximumheightdifferenceof30 mmandlateraldimen -
sionsof112 mmby 165 mm (KX). Theshape-morphingactuators
basedontemperaturechangesorswellingrequirealteringtheenvi-
ronmentsurroundingtheactuatorandshowrelativelyslowactua-
tionspeedsontheorderof0.01 Hz[see,forexample,movieS1 in
(¥ ],makingthemunsuitableforroboticapplicationssuchasswim -
mingandflyinglocomotionthatrequirehigh-speedshapechanges
andimperviousnesstothesurroundingenvironment. Thepneumatic
shape-morphingactuatorscan providehighactuationstrainsand
forcesandhavehigherfrequencyresponses;however, theiractua-
tionsrequire pneumatic pumpsand tubingand additionally their
largethicknesses,e.g.,3.8 t06.7 mm( [KX),preventingthemfrom
beingusedasartificialmembranemuscles.
DEAsareoutstandingcandidatesforcreatingshape-morphing
actuatorsforroboticsapplicationssincetheycanbeaddressedusing
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appliedvoltagesand,imperviouslytotheirenvironmentparameters
such astemperature, they provide fastand reversibleactuations
withfrequencyresponsesuptol kHz(®  ),highenergydensities,
e.g.,19.8]/kg,whichareonaparwithnaturalmuscles(0.4to40J/kg),
andrelativelyhighenergyconversionefficiencies (X). DEAshave
reliedontwomethodsforshape-morphing((,  KX):onebasedon
spatiallycontrollingthemagnitudeofequi-biaxialactuationsthrough
thedesignofinterdigitatedelectrodesinmultilayerstructureswith
varyingnumberoflayers(i)andanotherbasedoncontrollinglocal
actuationdirectionsusing, forexample,stiffrings patterned by
extrusion-based3Dprinting(}).Simpleshape-morphingactuators
havebeendemonstrated usingthesetwomethods,suchasdome-
like,saddle-like,and torus-likeshapes,cones,andanti-cones. The
forwardproblemofmodelingtheactuationshapegivenadesignof
theelectrodesandstiffringshasbeensuccessfullydemonstrated
usingnonlinearfiniteelementsmethod (¥,  KX).
Creatingmorecomplexactuation shapesrequiresinverse de-
signtoidentifytheoptimumlayoutoftheelectrodesandstiffener
elements,suchasrings,sothatthefabricated DEAsshape-morph
intoadesired targetshapewhensubjected toanapplied voltage.
Topology optimization methods ({X) are often adopted for such
problems.Forinstance,tomaximizein-planedisplacementof
severaldiscretepointsonaprestretched DEAthinsheet,thelevel -
setmethodhasbeenusedtooptimizetheinternalelectricfields
(H¥). Recently, Martinez- Frutosi{MY (M) havedevelopedanovel
topologyoptimizationmethodtooptimizeelectrodemesoarchitec
turesthatmaximizeandminimizetheout-of-planedisplacements
ofseveralpointsonashape-morphingDEA. Separately,Ortigosa
and Martinez-Frutos (BX) have developed a method to optimize
thelayoutofstiffeningelementsforshape-morphingDEAsbased
onsolidisotropicmaterialwithpenalization. Analyticalsolutions
oftheinverseproblemarepossiblewhenmorelocaldegreesof
freedomforthelocalactuationarecontrollable. Forinstance,a
bilayersoftactuatorcanbeexactlymorphedintoanytargetshape
usingananalyticalsolutiontotheinverseproblem,providedthat
theactuation ofbothlayerscanbecontrolledinbothdirections
(M¥).Suchanalyticalsolutionsarepreferabletothetopologicalop-
timizationmethods,whichare,bynature,iterative. Thelattercan
alsobeprohibitivelycomputationallyexpensiveforlarger-scale
problems,andtheresultsdepend onthestartingdesignsofthe
optimizations.
Here,wepresentanintegratedinversedesignandfabrication
method forcreatingarchitected DEAsthatrapidly and reversibly
shape-morphintopredefinedtargetshapesbylocallycontrollingtheir
actuation magnitudesand directions. In the following sections,
first,thestructureoftheshape-morphingDEAsthatallowforthe
localcontrolofactuationmagnitudesanddirectionsisintroduced.
Then,ananalytical solution for the inverse problemispresented,
leveragingthelocalcontrolofactuationmagnitudesanddirections.
Next,morphingofaflatsheetintomathematicallywell-definedshapes,
includingconesandaxisymmetricsinusoidalandcosinecaps,is
demonstrated, havinga maximum slope 0of29°, corresponding to
10%actuationstrainoftheparticularelastomerused.Subsequently,
morphingintomorecomplexshapesisdiscussedusinganexample
ofmorphingintotheshapeofahumanface. Theassumptionsand
limitationsofthisshape-morphingmethodarediscussed. Thepaper
concludeswithadiscussionofmeritsandpotentialapplicationsof
analyticallydesignedshape-morphing DEAs,aswellasthelimita-
tionstobeaddressedinfutureworks.
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Flatsheetsofelastomercanbemorphedintopredefinedtargetshapes,
aswillbeshowninthefollowing,whenboththelocalactuationdi-
rectionsand magnitudesare controlled. Figure 1A presentsan
explodedviewschematicofthearchitecture ofashape-morphing
DEAdesignedtomorphintoahemisphericalcapshowninFig. 1B.To
controlthelocalin-planeactuationdirection,stiffringsofvarying
geometryare3D-printedontothesurfaceofthemultilayerelasto-
mersheet. Thehighstiffnessoftherings(fig. S1B), relativetothe
elastomer(fig.S1A),constrainsthedeformationssothattheactuations
arelocallyuniaxialandnormaltotherings. Fortheshape-morph-
ingDEAexampleshowninFig. 1A,theringsareconcentriccircles
constrainingthehoopdeformationsandonlyallowingradialactu-
ations.Tocontrolthelocalactuationmagnitudes,theshape-morphing
DEAsaredesignedtohavemultilayerstructureswithinterdigitated
electrodesandthelocalactuationmagnitudesarecontrolledbythe
localnumberofactivelayers.Alayerisresponsivetothelocalelectric
fieldintheregionwheretheadjacentelectrodesoverlap.Thedistri-
butionofthenumberofactivelayers,therefore,determinesthedesign
oftheelectrodes.Fortheshape-morphingDEAexampleshownin
Fig. 1A, forinstance,therearethreeactivelayersneartheedgeof
thecircularelastomerdisk,causinglargerdeformationsaroundthe
edge. Moving toward thecenter ofthe disk, the number ofactive
layersreducestozero,sothatthereisnoactuationnearthecenter.
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For a desired target shape, the analytical solution to the inverse
problemdeterminesthepatternofthestiffeningelementsandthe
designoftheelectrodesoneachlayer. Deformationmappingsthat
morphaflatsheetintoatargetshapearenonunique. Tomorphan
initiallyflatsheet,definedby(¥, ,and K=0),intoatargetshape,
definedby (¥, K MK, ¥)),thedeformationmappingischosensuch
thatthelateraldisplacementsarezero X% ,and®¥-¥,andtheout-
of-planedisplacementis®=KX, ) (Fig. 1B).Thischoiceofthe
mappingimposeszerochangeinlengthalongthecontourlinesof
constant K, ®),whilemaximizingthechangeinlengthnormalto
that,i.e.,alongthegradientvector VR, R).Inotherwords, the
actuationsarelocallyuniaxialwiththefirstprincipalstretch[1  be-
ingalongthegradientvector VR, ¥)and thesecond principal
stretch [J=1alongthecontourlines.Fortheexampleofmorphing
intoasphericalcapofFig. 1B,thearrowsinFig. 1C(left)showthe
requireddistributionofin-planeactuationdirections.
Thedistributionofin-planeactuationdirectionsisprovidedby
thepatternof3D-printedstiffrings.Since,ononehand,themap-
pingischosensuchthattheactuationsareuniaxialnormaltothe
contourlinesoff{®¥, M)and,ontheotherhand,thestiffringscreate
locallyuniaxial actuations normal to the rings, the pattern of the
3D-printedringsmustbethesameasthecontourlinesoftdX, ®).
Aninfinitenumberofinfinitelythinandstiffringscanexactlyreproduce
thisuniaxialactuationfield.Inpractice,however,thecontinuousdis -
tribution ofactuationdirectionscanonlybeapproximated witha
finitenumberofstiffrings.Forexample,Fig. 1C(right)showshow
asetofconcentriccircularringsisusedtoregeneratetheuniaxial
radialactuationsinFig. 1C(left).
Forthedeformationmappingchoseninthiswork,thedistri-
bution oftheactuationmagnitude[] ;canbedeterminedfrom
therelativechangein localsurfaceareausingthefirstftundamental
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RAERRORACTART CIARFREIRE B | FRFIRRE () RACREFR I R | (6] R RH FIER X RN FRH MR ERARE | REH R AR RIRNEY B HARAEE ) Schematicexploded view of the structure of the
shape-morphingDEA,designedtomorphintoahemisphericalcap,consistingofamultilayerofelastomers,separatedbyinterdigitatedgroundandhigh-voltageelec-
trodes,andasetofstiffringsthatare 3D-printed ontothe multilayer.(®) Theinitially flatelastomersheetmorphsintoahemispherical shapethroughadeformation
mappingwithzerolateraldisplacementsandpredefinedout-of-planedisplacement. (#) Thedeformationmapping(left)formorphingintothesphericalcapconsistsof
uniaxialactuationsthatarelocallyuniaxialalongtheradialdirection,andtheirmagnitudeincreasesfromzeroatthecenteroftheelastomerdisktothemaximumatthe
edge.Thistargetdeformationisapproximatedbyasetofstiffringsandactivelayers(right).Actuationsalongtheringsare prevented, producinglocallyuniaxial defor-

mationsnormaltotherings,andthenumberofactivelayersdeterminesthelocalmagnitudeofactuation.(®

)Theactuationshapefortheactuatordesignin(A),simulated

usingfiniteelementmethod(FEM),resemblesthehemisphericaltargetshape.(®)Quantitativecomparisonbetweenthefiniteelementsimulationoftheactuationprofile
andthetargetshape.(®)Finiteelementsimulationofthedisplacementofthecenterofthediskasafunctionofthenondimensionalizedelectricpotentialshowsthata
criticalstrainisrequiredforthe DEAtobuckleoutofplaneandmorphina3Dshape,resultinginashiftinnondimensionalizedelectricpotential.

form of the surface (H¥). The relative change in surface area is

RY/RRER= X — &2 \(0R/aR)> + (OaR)> + 1= V|‘V’E@,E)|2+.l

where K=0(K, K K)/oH. (K, K K)/oK, K=o, K K)/oX. (X, X, K)/oK,
and M=0(®, X K)/oK. o, K K)/oK¥.Sincel],=1,therelativechange
in surface areais MK/ MWEX =[1,[} =[,, and therefore, [, =

2
\ ﬁ')E{E,E )| +.IThatis,thelocalmagnitudeoftheuniaxialac -

tuation [ isnonlinearly proportional to the gradient vector
?@E ,¥).TheshadesofredinFig. 1((left)showstherequiredactuation
distributionformorphingintothesphericalcapofFig. 1B.

Forthe multilayer shape-morphing DEA schematically shown
inFig. 1A,locally,thefirstprincipalactuationstretches[ ] ~ j,normal
tothestiffrings,arethesameasthatofauniaxialactuator,ifthe
bendingstiffnessesand momentsareignored. Therefore,witha
neo-Hookeanmodel,thelocalactuationmagnitudecanbeexpressed
asafunctionofthenormalizedelectricpotential o, =0- Tj}
(M). Thenondimensionalizedelectricp otentialcanbeloca]lyco n-
trolled with the number ofactivelayers %as = /Kg/K M hax
where K isthetotal number oflayersand = \e/O00BR
which [stherequiredvoltageande , Dand@ paretheelectrical

-1/4

permittivity,shearmodulus,andinitialthicknessofeachelastomer
layer,respectively. Thelocalnumberofactivelayers,therefore,isa
functionofthelocalmagnitudeofthegradientvectorofthetarget
shape

_V)EE,E)as

N 2
5 @& @)=£ﬂ%{1—(|mm)|z+1> ) )

El,]ﬁdetermmedfromthﬂnammumo estretchdistribution
adlymay = gl ( 1-2/K ) Eim) ,conslderlngthattheouter
encapsulatinglayersareinactive.Thisleadstod  grangingbetween0
and @ —Z(Flg lA) Wlthoutthetwoencapsu.llatlnglayers,tl'lerelatlon
i1 max = Eﬁm{ - A’Slncethenumberofactlvelayersmust
beaninteger. g(ﬂ K)isroundedtothenearestinteger. Aninfinite
numberofinfinitelythinelastomerlayerscanexactlyregeneratethe
distributionoftheactuationmagnitudes.Inpractice,however, the
continuousdistributionofactuationmagnitudescanonlybeapproxi
matedbyadiscretenumberofactivelayers. Thediscreteshadesof
redinFig. 1C(right),forexample,showthedistributionofthe
active layers, approximating the continuous actuation magnitude
ofFig. 1C(left).

Todesign.fabricate,andthenevaluatetheshape-morphingDEAs,
aMATLABcodewasdevelopedwithtargetshapes,materialproper
ties,andtotalnumberoflayersandringsasinputs,andthedesign
oftheelectrodesandthepatternofthestiffringstobe3D-printed
asoutputs. ThecodeisprovidedintheSupplementaryMaterials.
Thefabricationprocessoftheshape-morphingDEAsisalsodescribed
indetailin the Supplementary Materials. Briefly, elastomerlayers
aremadebyspincoatingandultraviolet(UV)curingofaurethane
acrylateprecursorfollowedbystampingofcarbonnanotube(CNT)
electrodes,createdusingavacuumfiltrationmethod. Theprocedure
isrepeatedforthenumberoflayersofthemultilayershape-morphing
DEA. TocharacterizetheactuationperformanceoftheDEAelastomer
andelectrodes,fig.S1Cshowstheuniformequi-biaxialactuation
ofamultilayer DEA withidentical electrodesonalllayersand no
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3D-printedstiffrings. Thestiffringsweredepositedontothe DEA
surface by direct ink writing of a viscoelastic acrylate-based ink.
Immediatelyfollowingink depositionalongtheprescribed print
path,theprintedfeatureswereUV -curedunderflowingargon.The
shearmodulusofthe3D-printed filaments(1.17 GPa; fig. S1B)is
morethanthreeordersofmagnitudelargerthanthatoftheelasto-
mer(327kPa;fig.S1A).Thewidthandheightofthefilaments,0.20
and0.05mm,respectively,arenearlyoneorderofmagnitudesmall-
erthantheaveragespacingbetweenthefilaments(1 and2 mm)and
thetotalthicknessoftheelastomers(0.72mm)fortheshape-mor-
phingDEAsdemonstratedinthefollowing.
Nonlinearfiniteelementanalysis(FEA)(  K),whichhadpreviously
beenshowntogiveexcellentagreementwithactuationprofilemea-
surements(X, [¥),wasusedheretoverifythedesignoftheshape-_
morphingDEAsbeforetheirfabricationandtoexaminethevalidityof
theassumptionsandapproximationsofthepresentedshape-morphing
method.Figure 1Dshowsthefiniteelementsimulationfortheactu -
ationprofileoftheshape-morphingDEA ofFig. 1A,al-mm-thick
flatdiskofelastomer,15 mmindiameter,designedtomorphintoa
hemisphericalcap(Fig. 1B),witharadiusofcurvatureof30 mm.As
thevoltageappliedtotheinterdigitatedelectrodesincreases,theflat
sheetofelastomer graduallydeformsoutofplane,and,at e/
K = 1.08,theactuationshape closelymatchesthetargetshapeas
showninthecomparisoninFig. 1E.However,thevoltageatwhich
theactuation shape isachieved differs from the voltage from the
analyticalmodel, ye/[IJ® = 0.92.Figure 1F,showingtheout-of-
planedisplacementofthe center ofthe DEA asafunction ofthe
nondimensionalized electricpotential,explainsthereasonforthis
difference:theinitiallyflatelastomersheetrequiresacriticalstrain,
atabout \e/[1J% =0.2,tobuckleoutofplaneandmorphintoa3D
shape. Following the out-of-plane buckling, the analytical model
closelyfollowsthefiniteelementsimulation,withalinearshiftwith
thenondimensionalized voltage. Since mechanical inhomogeneities
andanisotropiesareincorporatedintotheshape-morphingDEAs,
morphingintotwofundamentallydifferentshapeswithoneshape-
morphingDEA i.e.,reconfigurability,isnotpossible.Adjustingthe
appliedvoltageresultsintheactuationshapesthatarethesameas
thetargetshapebutscaledintheheightdirection.
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AnyshapecanbecharacterizedbyitsGaussiancurvaturedistribu-
tionastheintrinsic characteristicofthesurface,and therefore,
beingabletomorphintotargetshapeswithzero,positive,andnega -
tiveGaussiancurvaturesiskeyforshape-morphingactuators. This
sectiondemonstratesshape-morphingDEAsthataredesigned
to actuateintowell-defined targetshapeswith zero, positive,and
negativeGaussiancurvatures. Theseincludeconicalshapedefined
by HE.H)=HK(1 - \)E]Z + K /K )forthezerocurvature,acosinecap
definedby HX,X)=K cos 2 + ®? /2K forthepositivecurvature,
andasinusoidalshapedefinedby KEK)=K sin ? + &’ /) for
thenegativecurvature,inwhich¥ andXarethemaximumout-of-
planedisplacementsandtheradiioftheinitiallyflatelastomerdisks,
respectively.Fortheeaseoffabrication Xwaschosentobel5 mm.
Theactuationamplitude K waschosensuchthatthemaximum
actuationstrainremainedbelow10%,abovewhichelectricalbreak-
downcanoccurforthematerialcompositionused(fig.S2).
Forthezero-curvatureconicalshape(Fig. 2A,columnl),thecon -
tourlinesofconstantd (¥, M)andthereforethestiffringsareconcentric

circles,thelocalactuationsbeinginradialdirection.Themagnitude
ofthegradientvector | V. H(¥, K) | fortheconicalshapesisconstant
| V ¥| =K /¥,leadingtoauniformnumberofactivelayersevery-
whereontheactuatorasexpectedforazero-curvaturetargetshape.
ThedesignoftheDEAtomorphintoconicalshapeisshownsche-
maticallyinFig. 2B(columnl left).Itconsistsofaconstantnumber
ofactivelayers,representedbytheconstantcolorintensity,that
producelocallyuniaxialactuationsintheradialdirection,represented
bytheblackarrows.Thisactuationiscreatedbythe DEAshownin
theimageinFig. 2B(columnl,right),consistingofl 2layers(X &=10)
and 10rings. When thevoltageisapplied, the flatactuatormorphs
intothetargetconeshapeasdesigned(Fig. 2C,columnl).Theac-
tuationprofilecloselymatchesthetargetshapeexceptattheapexof
theconewherethesingularpointofthetargetshapeisapproximat-
edbyaroundedtip. Thevoltageatwhichthetargetconicalshape
with ¥ =6 mmisachieved(2.1kV)isshifted fromthecalculated
voltageusingtheanalyticalmodel (1.9kV),onceagainduetothe
requiredcriticalactuationtobuckleoutofplaneandmorphintoa
3D shape. Theforward problem of DEAswith uniformactuation
magnitudeand3D-printedconcentricstiffringsmorphingintoconi -
calshapeshasbeenstudiedpreviously,showingtheshiftinvoltage
(B¥),thenearlyzeroGaussiancurvatureeverywhereexceptnearthe
apex[seefigure 2in(}X)],andtheinsensitivityoftheactuationshape
tothenumberofrings[seefigures 3and4in(iX)].

Forthe positive curvaturecosinecap [Fig. 2A,column]II], the
contourlines,andhencethelayoutofthestiffrings,arealsocon-
centriccircles.Themagnitudeofthegradientvectorincreaseswith
radius,from zeroat thecenter tothemaximum of [ /2K toward
theedgeas |V KE,X)| = % sin ? + ¥*/K.Thiscontinuousradial
actuation (Fig. 2B,columnlLleft)iscreatedusingaDEA with12
layersand10rings(Fig. 2B,columnlL,right).Thecolorintensityin
Fig. 2B(columnll left),showingtherequirednumberofactivelayers
toexactlyreproduce the targetdeformation field, matchesthatof
Fig. 2B(columnlIL,right),representingthenumberofoverlapping
CNTelectrodes.Thedesignofeachelectrodeispresentedinfig.S3.
Whenvoltageisapplied totheelectrodes’interconnects,the DEA
morphsintoacosinecap(Fig. 2C,columnlIL top).Comparingthe
actuationprofileandthetargetshapeshowstheirremarkableagree -
ment(Fig. 2C,columnll,bottom).Theactuationshapeisachieved
ataslightlyhighervoltageof2.1kVthanthe2.0kVcalculatedfrom
theanalyticalmodel,adifferenceattributedagaintotheinitialbuck -
lingoftheactuator. MovieS1showsreversiblemorphingintothe
cosineshapeatl Hz.

Forthenegativecurvaturesinusoidalshape(Fig. 2A ,columnlII),
thelayout ofthestiffringsisalsofound tobeasetof concentric
circles,creatinglocallyradialactuation. Themagnitudeofthegra-
dientvectorhasamaximumof{ K /Ratthecenterandneartheedge
andaminimumofzeroat¥/2fromthecenter: | VR, )| = % cosl
\)E] 2 R/R .Figure 2B(columnlILleft)showstheactuationdirec-
tionandnumberofactivelayerswheni — co,comparedtothefabri -
catedDEAinFig. 2B(columnlIL,right)thatapproximatelygenerates
thistargetactuationfieldusingl 2layersand10rings.Theactuation
shapeisshowninFig. 2C(columnlIl,top)andiscomparedtothe
targetshapeinFig. 2C(columnIIl,bottom). Thedesignofeach
electrodeisshowninfig.54. Thelargernumberofactivelayersat
thecenterleadstoseparatedislandsofelectrodesthatarebridgedto
theelectrodeinterconnectsusing 1-mm-wide CNT channels.(We
notethattheseaddedbridgesdonotcauseanynotablechangein
theactuationshape,asshowninfig. S$4C,duetotheirnegligible
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R () 4 R ) CR) AR ) ) () P ] ) e e e et I e T R R ) (R BRI () BRI o) (B T R PRI ) Thecone,
cosine,andsinusoidaltargetshapeswithzero,positive andnegativeGaussiancurvatures,respectively () Theactuatordesignsforthethreetargetshapes.Theschemat-
icsontheleft-handsideshowtheneededcontinuousactuationfieldtogeneratethetargetshapeexactly,inwhichthearrowsandcolorintensityrepresentthedirection

ofthelocallyuniaxialactuationandthecontinuousnumberofactivelayers(®

— oo) respectively.Theimagesontheright-handsideshowthefabricatedDEAsapproxi-

matingthesedeformationfieldsusing 10concentricstiffringsand 1 1designedelectrodes(12totallayersincludingtwoprotectiveouterlayers),inwhichtheshadeof
grayrepresentsthenumberofoverlappingCNTelectrodes,andtheactuationdirectionislocallynormaltotherings.(®)Theactuationshapesforthethreeactuators.The
imagesonthetoparephotographsoftheactuatedDEAandthegraphsonthebottomcomparethecrosssectionoftheactuationprofiles(bluesolidlines)tothetarget

shapes(blackdashedlines)andFEA(orangesolidlines).

overlapwithadjacentelectrodes.) Furthermore, theringsnearthe
centerare3D-printedontotheflippedsideofthe DEA film,since
thedisplacementfieldatthecenterisreversed (X
radius)comparedtothedisplacementfieldattheedge(®decreases
withradius).FigureS5showsthattheactuationaroundthecenter
wouldhavebeenmirrorediftheringswereprintedonthesameside
everywhere.Definingthedirectionoftheout-of-planedeformations
byprintingtheringsontoonesideortheotherisonlyasecondary
function of the rings, their main function being to define the in-
planedirectionoftheactuations. MovieS2 showsreversiblemor-
phingintothesineshapeatlto2 Hz.

BB (R XGRS (30 X R ) R R ] (MEEEX)
Toillustratethattheshape-morphingDEAscanactuateintomuch
morecomplextargetshapesthantheaxisymmetriconesstudiedin
theprevioussections,itisdemonstrated in thissection thataflat
sheet can be morphed into the shape of a face. The target shape,
definedbythell, KandX-oordinatesof200x200surfacepoints,is
showninFig. 3A.Thepatternofthestiff,narrowstripswasdefined

increaseswith

bythecontourlinesofthetargetshape,shownwithblacklinesin
Fig. 3B.UsingEq. (1,thelocalnumber ofactivelayerswasdeter-
minedfromthelocalmagnitudeofthegradientvector,shownusing
acolormapin Fig. 3B.Fifteen strips were used to reproduce the
localactuationdirections.Twelvelayerswereusedtoreproducethe
localactuationmagnitudes. Thedesign ofeachelectrodeisshown
infig.56.Usingthisdesign,aDEAwasfabricated(Fig. 3C),following
theprocedureoutlinedinMaterialsandMethods. Whenthevoltage
wasappliedtotheelectrodeinterconnects,theinitiallyflatsheetof
elastomermorphedintoa3Dface(Fig. 3D)thatcloselyresembles
thetargetshape,demonstratingtheDEAs’capabilityformorphing
intocomplexpredefinedtargetshapes. Surfaceprofilemeasure
mentsreveal howtheinitially flatsheet of elastomer morphsinto
thetargetshapeasthevoltageincreases(Fig. 3E).Theoverallactu-
ationsurfaceprofileat2.5kV(Fig. 3E left)mimicstheprofileofthe
targetshape(Fig. 3E,right);however,thedetailswithsharpchanges
inheightarenotcapturedaccuratelyduetothebendingeffects. A
contourplotoftheerrorfortheout-of-planedisplacement,X
®ictuation — Bargets normalized by themaximumheightofthetarget

ZZOZ *01 19quIDAON U0 S10°00ua10s" mmay//:sd1y woly papeojumo



SCIENCE ADVANCES | RESEARCH ARTICLE

siake| angnvg

of, 10 % 0
Target shape

10 20

Actuator design

C D
Fa
S5
€
I
10 mm )
Before actuation, 0 kV Actuated shape at 2.5 kV
Em Z(mm) F e/l
mm 6  mm 0.20
0.2 2
50 5 50 B
. 0.15
40 4 40 @ F@ 0.1 z
| =
30 3 30 b :jt-ml 0 Gouo
Q@r) S S
20 2 20 % - 0 01 &
L/ 0.05
10 1 10 & o2
0 0 0 0
-20mm 0 20 -20 0 20 -20mm 0 20 02 0, 02
e, /1

Fig. 3. Morphing into complex target shapes. (A) The target shape of a face is defined by 200 x 200 surface points. (B) The actuator design consists of 15 rings shown
with black lines and 12 layers, for which the color map enumerates the local number of active layers. (C) Using this design, a shape-morphing DEA is fabricated. Before
actuation, the DEA is flat, and the gray shadings are because of the local number of CNT electrodes. (D) When actuated by a voltage of 2.50 kV, the elastomer sheet morphs
into a 3D face (right) that closely resembles the target shape. The light is shone from the left to use shadows for the visualization of the out-of-plane deformation of the
actuation shape. (E) Height contour plots of the surface profile measurements of the initially flat DEA, actuated with applied voltages of 2.5 kV (left), compared to the
target shape (right) shows their overall resemblance, but differences in details with sharper height changes. (F) Contour plots of the absolute error for the out-of-plane
displacement, e, = Z,ctyation — Ztarget, NOrmalized by the maximum height of the target shape as the length scale Bl(left), and the probability distribution of the error (right),
neglecting the zero displacement points (Ztarget < 0.01 mm).

shape as the length scale I, is shown in Fig. 3F (left). The probability
distribution of the normalized error is shown in Fig. 3F (right).
While the errors are comparable to other programmed shape-
morphing actuators, e.g., figure 5 in (14) showing a maximum error
of ~8 mm when the maximum out-of-plane deformation is ~30 mm,
the programmed shape-morphing DEAs described herein show fast
and reversible response using applied voltages and are relatively in-
susceptible to their environmental conditions such as tempera-
ture. Movie S3 shows reversible morphing into the face shape at
0.5to 1 Hz.

Hajiesmaili et al., Sci. Adv. 8, eabn9198 (2022) 15 July 2022

DISCUSSION

Implicitly, two limitations were imposed on the target shapes that
DEAs can morph into: First, the target shapes must be defined by
(x, y» z(x, )); i.e., the shapes for which the out-of-plane height zis a
function of the lateral positions x and y. A full sphere, for instance,
cannot be defined in this manner. Second, the maximum gradient
vector of the target shape is limited by the maximum actuation that
the DEAs can produce before electrical breakdown. The DEA mate-
rial used in this study shows a maximum uniaxial actuation of near-
ly 10% (fig. S2), which limits the steepness of the target shapes to
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[HFE MR ) ForaDEAwithfiveringsand 10layers, desginedtomorphintothesphericalcapof

Fig. 1,thefirstandsecondprincipalstrainsaredirectedalongtheradialandhoopdirections,respectively.(®)FortwoDEAsmorphingintothesphericalcapusing5and
15rings,bothwith10layersandatotalthicknessofmm,theradialstretchesaresimilar,betterseenusingthesmoothedmovingaveragecurves,averagedover10%of

thediameter.(® JTherequiredunityhoopstretchisbetterreproducedforthehighernumberofrings.(®
10layers,andwith5and 15layers,bothwith 10rings,comparedtothetargetshape(blackdashedlines).[®

JActuationprofilesforDEAswith5and15rings,bothwith
JComparingtheradialactuationoftwoDEAswith5and

15layers,bothwith10rings,showsjumpsinradialstretchfortheDEAwith5layersandsmoothchangesinradialstretchfortheDE Awith15layers.(H) Thehoopstretch
forthetwoDEAswith5and15layershasasimilaroffsetfromthemodel.(® ) TheradialactuationofaDEAwith15layers,10rings,andathicknessoflmm,morphinginto

thesphericalcap,showstheincreaseinradialstretchatthemidplane @

=0.5mm,andtopplane®

ontowhichthestiffringsaredeposited.(® )Similartotheradialstretch thehoopstretchshiftsawayfromthemodelasBincreases.[ActuationprofileofthreeDEAs,one
withthesamethicknessastheDEAinFig. 2(columnlll),onewithtwicethethickness,andonewithhalfthethickness.

|_V)E| = 0.46,correspondingtoaslopeof29°. Targetshapeswithgreater
steepnessrequireDEAmaterialscapableoflargeractuations.Forin
stance for60°slopes,anactuationstrainofl 00%wouldberequired.
Threeapproximationswerealsomadethatcancausedeviations
oftheactuationshapesfromthetarget,twoinherenttotheshape-
morphingmethodandonestemmingfromthesimplificationsused
forthesolutionoftheinverseproblem.Theshape-morphingmethod
approximatelyreproducesthedesired continuousspatialdistribu-
tionofactuationmagnitudesanddirectionsusingafewactiveand
inactivelayersanddiscretestiffrings. Theanalyticalsolutionofthe
inverseproblemassumesthatallthebendingeffectsarenegligible,
includingboththebendingmomentsfromthedistribution ofthe
activelayersalongthethicknessandthebendingstiffnesses.Atthelimit
ofinfinitenumberoflayersandrings,eachinfinitelythin,thecon
tinuousdistributionsofactuationmagnitudesanddirectionscanbe
exactlyreproduced,andthebendingtermswillbezero. Therefore,
thevalidityofthethreeapproximationscanbeexaminedbyincreasing
thenumberoflayersandringsandchangingthefilmthickness. Thisis
doneinthefollowingusingFE Athataidsinvisualizingnotonlythe

effectofnumberoflayers,stiffrings,andthicknessontheactuation
profilesbutalsotheinternalstretchdistributions.Examplesofmor-
phingintothesphericalcapofFig. 1andsinusoidalshapeofFig.
(columnIII)willbedemonstrated.

ForthesphericalcapofFig. 1 thetargetactuationfieldasdescribed
bytheanalyticalmodelisacontinuousdistributionofuniaxialac-
tuationalongtheradiuswithzerohoopstrain.Figure 4Avisualizes
theFEAresultsforthefirstandsecondprincipalstrainsonthemid-
plane(®=0.5)ofaDEAwithfivestiffringsand10layersdesigned
tomorphintothesphericalcapofFig. 1,showingthatthefirstprin-
cipalstrainiseverywheredirectedalongtheradius,andthesecond
principalstrain,alongthehoopdirection,ismuchsmallerthanthe
radialstretch,althoughnonzero.

Asthenumberofstiffringsincreases,thecontinuouslyvarying
actuationdirectionisreproducedmoreaccurately.FortwoDEAsthat
aredesigned tomorphintothespherical cap using 5and 15 stiff
rings,bothwith10layers,Fig. 4 (B and C)showstheradialstretch,
[i=KX/ ®¥,andhoopstretch,[] =K /H,onthebottomplaneof
theelastomer(B=0)ontowhichthestiffringsaredeposited. The

-
w

=1.0mm,oftheelastomersheet,comparedtothebottomplane @ =0,

(2% ]
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radialstretchesundertheinfinitelythin,stiffringsapproachunity,
balancedbythestretchesbetweentheringsthatarehigherthanthe
model. Theanalyticalmodelassumeszeroactuationstrainsinthe
hoopdirection,whichisbetterachievedwithhighernumberofstiff
rings(Fig. 4C).Althoughthestretchdistributionsforshape-morphing
DEAswith5and15ringsaredifferent,bothaccuratelymorphinto
thetargetshape(Fig. 4D),at (& —2)/H (3 = 0.78,where® =10
isthetotalnumberoflayersand /(¥ — 2)/Bhccountsforthetwo
inactiveencapsulatinglayers. Thisshowsthattheactuationshapeis
notsensitivetothechoiceofthenumberofrings,providedthatthe
ringsarestifferthantheelastomerbythreetofourordersofmagni-
tude. However,asshowninfig.S7,theactuationshapedifferssig-
nificantlyfromthetargetshapeifboththestiffnessoftheringsand
thenumberringsaresmall,e.g..iftheringsareonly500timesstiff-
erthantheelastomerandonlyfiveringsareused(fig.S7A).
Asthenumberoflayersincreases,thecontinuouslyvaryingac-
tuationmagnitudeisalsoreproducedmoreaccurately.FortwoDEAs
thatare designed tomorph into thespherical capusing5and 15
layers,bothwith10rings,Fig. 4 (E and F)showstheradialstretch
andhoopstretchonthemidplaneoftheelastomer (¥ =0.5mm).
Whenfivelayersareused, stepwisechangeintheradial stretchis
observed,whiletheactuatorwith 15layersshowssmoothervaria-
tionintheradialstretch.Thehoopstretcheshaveasimilaroffsetfrom
themodel. AlthoughthestretchdistributionsforthetwoDEAsare
different,bothaccuratelymorphintothetargetshape(Fig. 4D)at
V® —2)/8 [ = 0.78.
Toexaminetheeffectsofbending, Fig.
radialandhoopstretchesatthebottomplane(
0.5mm),andtopplane(¥=1.0mm)ofaDEAwith15layersand
10ringsat V(® —2) /K T = 0.78,designedtomorphintothespher
icalcap.Becauseofthehighstiffnessoftherings,theneutralplane
islocatednearthebottomplaneoftheelastomer(¥=0),andboth
thehoopandradialstretchesincreasewith® duetothebendingof
theelastomersheet.
Astheelastomerthicknessdecreases,thebendingtermsbecome
negligible,resultinginabetterresolutionofthetargetshape. Thisis
clearlyobservedfortargetshapeshavingsuddenchangesinslope,
forwhichthebendingtermsbecomesignificant,suchasthesingu-
larpointofthesinusoidaltargetshapeofFig. 2(columnlIl)atd=
K=0.Figure 4Hcomparestheactuationprofileswhenthethickness

4 (G and H)showsthe

oftheelastomeristwiceand halfofthe elastomer sheetin Fig. 2

(columnIII). Asexpected, the DEA morphsinto thetargetshape
moreaccurately,whenthethicknessisdecreased,makingthebending
termslesssignificant. Sincethereisaminimumtohowthineach
elastomerlayercanbefabricated,reducingthetotalthicknessofthe
actuator resultsin reducing the total number oflayers. The opti-
mumthicknessofanactuatoris,therefore,acompromisebetween
thebendingeffectsandthediscretizationqualityofthecontinuously
varyinglocalactuationsdefinedbythetotalnumberoflayers.
Insummary, morphingthinsheets ofelastomeractuatorsinto
desiredtargetshapesusinganappliedvoltagehasbeenrealizedby
couplinginversedesignwithdigitalfabrication. Weintroducea
simpleanalyticalsolutiontotheinverseproblembasedonlocalcontrol
ofuniaxialactuationdirectionsandmagnitudeswithintheinternal
architectureoftheactuator.Onthebasisofthesetargetdesigns,we
thenfabricatedarchitectedDEAsinwhichthenumberofactivelayers
islocallyprogrammedtocontroltheiractuationmagnitude,while
patterningstiffelements,suchasringsorstrips,using3Dprinting
isusedtolocallycontroltheiractuationdirections.Theversatilityof

¥=0),midplane( K=

thisintegratedstrategyisdemonstratedusingactuatorsthattrans-
formfromflatstructuresintoshapeswithzero,positive,andnega-
tiveGaussiancurvaturesaswellascomplexshapes,suchasahuman
face.Comparedtoothershape-morphingmaterialsreportedinthe
literature,shape-morphingDEAsprovidefastandreversibleactua-
tionsthatareimpervioustotheirenvironmentconditions,providing
auniquesolutionforbiomimicryofflyingandswimminglocomotion
thatrequirehigh—power density shape-morphingactuations. The
limitationsandapproximationsoftheshape-morphingDEAsand
thesolutiontotheinverseproblemwereidentified. Forsimpleand
smoothshapes,suchascosineandcosinecap, theerrorinout-of-
planeactuationswasnegligible. Whilelargererrorsweremeasured
forthemorecomplicatedshapes,suchasahumanface,theseerrors
remaincomparabletotheothershape-morphingactuatorspreviously
reportedintheliterature.Itisdemonstrated thattheselimitations
canbeminimizedbyincreasingthenumberofactivelayersandstiff
elementswhiledecreasingtheelastomerthicknesstominimizelocal
bending.Together,theseenabledthefabricationofarchitectedelas-
tomersthatfaithfullytransformedintothedesiredtargetshapewith
excellentresolution of spatialfeatures. Lookingahead, thiswillbe
instrumental for creating high-performance robotsbiomimicking
thecomplexshapechangesofswimmingandflyinglocomotion,taking
intoaccountfluid-solidinteractions.

X RIRKKERN KA R [ X KX
() R0 R ] (X I RRRDIARK X
Architected DEAsarefabricated byalayer-by-layerscheme.Each
layer was fabricated by spin coating of a urethane acrylate-based
precursorat3000 rpmfor1min,followingal5-sramp-upat
200 rpm/s %, leading tolayer thicknesses of 60 [in. The precursor
wasmade 0£99.5% oligomer CN9028 (Sartomer Arkema Group)
and0.5%diphenyl(2,4,6-trimethylbenzoyl)phosphineoxide(Sigma-
Aldrich)asthephotoinitiator,mixedusingaplanetarycentrifugal
mixer(ARE-310,ThinkyMixer)at2000 rpmfor20min,followed
bydegassingusingcentrifugationat8000 rpmfor20 min(Sorvall
PrimoCentrifuge, ThermoFisherScientific). Thespin-coatedlay-
erswerecuredfor100 sunderanarrayofsixUVlampswithapeak
intensityof366 nm(Hitachi,F8T5-BL)insideanitrogenchamber
topreventoxygeninhibition.
Followingtheproceduredescribedintheappendixin (K),CNT
electrodesareformedbyvacuumfiltrationof2 mlofasuspension
offunctionalizedsingle-walledCNTs,1  + 0.5 [Inlong,indeionized
water,withaconcentrationofl5  [/ml throughpolytetrafluoroethylene
filtermembraneswitha0.2-[in poresize (T020A090C, Advantec
MFSInc.)andafiltrationareaof38.5  cm”.Thisproducesmechanically
compliantCNTelectrodeswithasheetresistanceof7
TheCNT electrodesweretransferred onto the CN9028 elastomer
layersusingstampsthatdefinethegeometryoftheelectrodes. The
stamps were made of Sylgard 184, at their stoichiometry ratio of
10A:1B,andtheelectrodegeometrieswerecutoutusingalasercut-
ter (Universal Laser Cutter VLS 6.60). Thesheet resistance of the
CNTelectrodewas10 kilohms/[ Jonthestamp,and17
aftertransferringontotheCN9028elastomersurface. Thesheetre-
sistancesweremeasuredbythefour-pointprobemethod(MX)using
aKeithley6221currentsourceandaKeithley2182 ANanovoltmeter.
ThestiffringsweremadefromaUV -curableacrylate-basedvisco
elasticink. Theinkwaspreparedbycombining9.5gofE-Shell300
Clear(EnvisionTEC)and0.665goffumedsilica(CAB-O-SILM5,

kilohms/[].

kilohms/[]
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Cabot Corporation). The components were mixed at 1800 rpm for
18 min (with 2 min breaks between every 2 min of mixing) in a
SpeedMixer (FlackTek Inc.). After preparation, the ink was loaded
into 10-cm” UV/light block amber syringes (Nordson EFD) and
centrifuged. The ink was deposited onto the DEA surface via direct
ink writing using a 100-um nozzle (Nordson EFD) and a print speed
of 1.5 mm/s. The motion of the printhead (ink and nozzle) was con-
trolled by a 3D motion control system (Aerotech). The pressure applied
to extrude the ink was controlled by an Ultimus V high-precision
dispenser (Nordson EFD). Immediately following deposition along
the prescribed print path, the printed features were UV-cured under
flowing argon for 1 min using an OmniCure $2000 with a 320- to
500-nm filter option at a power level of 100.

Actuation and characterization of shape-morphing DEAs

Uniaxial tension tests in fig. S1A were performed on dog bone-
shaped specimens with the geometrical parameters suggested by
ASTM D412-16 (die C scaled by half). The specimens are stretched
at a constant rate of 0.1 mm/s until rupture, and the tensile force
was measured using a load cell (FUTEK LSB200, 2 1b, Jr. S-Beam
Load Cell). To measure the stretch, the distance between two marks,
drawn on the narrow part of the dog bone samples, 10 mm apart,
was measured as the specimen was stretched. The distance between
these marks was measured from images recorded using a camera
placed 30 cm above the sample. The measured distance over the
initial distance gives the stretch. By fitting the Gent model to the
uniaxial stress-stretch curve, the shear modulus was determined to
be 327 kPa. For the numerical analysis, however, the neo-Hookean
model with a shear modulus of 327 kPa was used instead of the Gent
model. The two models agree well for the relatively small strains for
which the strain hardening effect is negligible, i.e., for the strains far
from the rupture. Since the actuation strains in the dielectric elasto-
mers studied here are only a fraction of the ultimate strain, the neo-
Hookean model accurately describes the actuation of the dielectric
elastomer sheets with less computational cost than the Gent model.

The dielectric constant of the elastomer was determined to be
8.0, characterized by fitting the equi-biaxial actuation equation (3)
to the measurements in fig. S2A. Figure S2A shows the in-plane
actuation of a multilayer DEA with 10 active layers and 2 inactive
protective layers on both sides, as a function of the applied voltage.
The thickness of each layer is 60 um, measured using a confocal
microscope. The equi-actuations were measured from images recorded
using a camera placed 30 cm above the sample. The sample was held
between two acrylic plates, 1 mm apart, to ensure that the actua-
tions remain in-plane. Soft electrical breakdowns were observed as
spikes in fig. S2A, resulting in self-clearing and formation of blisters
that decreases the capacitance, shown in fig. S2B. The capacitance
was measured using an LCR meter (Agilent E4980A) at 20 Hz in
parallel circuit mode.

The tensile mechanical properties of the cured acrylate-based
material used in the stiff rings were measured using an Instron 5969
Universal Testing Machine with a 500-N load cell. Printed filaments
were tested under tension at a rate of 50 mm/min with an initial gage
length of 30 mm. Cross-sectional areas of representative filaments
were measured from untested sections of the filaments imaged with
a Zeiss Discovery V20 microscope. Figure S1B shows the stress-stretch
measurement for the stiff rings. Fitting a neo-Hookean model to the
measurement data gives a shear modulus of 1.17 GPa, which is more
than three orders of magnitude larger than that of the elastomer.

Hajiesmaili et al., Sci. Adv. 8, eabn9198 (2022) 15 July 2022

The DEAs were actuated using a high-voltage power supply (Trek
610E, Trek Inc.), and the actuation profiles were measured using a
laser line scanner (MTI ProTrak, PT-G 60-40-58) and a precision
linear stage (GHC SLP35, GMC Hillstone Co. and MicroFlex e100
servo drive), synchronized, and automated using a LabVIEW virtual
instrument. The line scanner was mounted to the table, shape-morphing
DEAs were placed onto the linear stage, and the voltage was ramped
up in steps of 50 V. In each step, the surface of the elastomer was
scanned by moving the linear stage at 5 mm-s™" rate, while the volt-
age was constant, resulting in >10* points per cm” in 5 to 15 s. The
lateral, x, and height, z, resolutions of the laser line scanner are <50
and <10 um, respectively, and the longitudinal y resolution of the
linear stage is 1 um.

FEA of shape-morphing DEAs

Actuation of DEAs is a nonlinear, coupled multiphysics problem,
mathematically described by the balance of forces and the Gauss’s
flux theorem, together with a proper set of boundary conditions and
constitutive equations for the material models. Following the stan-
dard finite element formulation procedure (3), the governing partial
differential equations are converted into a system of nonlinear alge-
braic equations. This system of nonlinear equations was then solved
in Abaqus using Newton-Raphson’s iterative method. An Abaqus user
element (UEL) was developed to incorporate the coupling terms
into the residual vector and stiffness matrix. Details of the finite
element formulation and the UEL code are provided as the supple-
mentary materials of (3).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn9198
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