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Abstract

Methods summarized by the term Traction Force Microscopy are widely used to quantify

cellular forces in mechanobiological studies. These methods are inverse, in the sense that

forces must be determined such that they comply with a measured displacement field. This

study investigates how several experimental and analytical factors, originating in the realiza-

tion of the experiments and the procedures for the analysis, affect the determined traction

forces. The present results demonstrate that even for very high resolution measurements

free of noise, traction forces can be significantly underestimated, while traction peaks are

typically overestimated by 50% or more, even in the noise free case. Compared to this

errors, which are inherent to the nature of the mechanical problem and its discretization, the

effect of ignoring the out-of-plane displacement component, the interpolation scheme used

between the discrete measurement points and the disregard of the geometrical non-lineari-

ties when using a nearly linear substrate material are less consequential. Nevertheless, a

nonlinear elastic substrate, with strain-stiffening response and some degree of compress-

ibility, can substantially improve the robustness of the reconstruction of traction forces over

a wide range of magnitudes. This poses the need for a correct mechanical representation of

these non-linearities during the traction reconstruction and a correct mechanical characteri-

zation of the substrate itself, especially for the large strain shear domain which is shown to

plays a major role in the deformations induced by cells.

Introduction
Themechanicalinteractionof cellswith their surroundinghasbeenshownto beakeycompo-
nent in variouscellularprocesses,suchascellproliferation,differentiationandmigration[1,
2]. Thequantitativeanalysisof this interactionis relevantfor investigationsin mechanobiology
andabroadpaletteof correspondingmethodshasbeendevelopedduring thelastdecades,
gatheredundertheterm TractionForceMicroscopy(TFM) methods[3, 4]. Mostof these
methodssharethesamefundamentalidea:microscopeimagingisemployedto visualizethe
displacementfield inducedby thecellon asubstratewith knownmechanicalpropertiesand
this information issuccessivelyfedinto amechanicalmodelof thesystem,allowingto solve
theinverse,ill-posedproblemandto retrievethetraction forcesoriginallyappliedby thecell.
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TFM hasnowadaysbecomeaversatiletool for studyingcellularforcesin variousfields,e.g.
durotaxis[5], collectivecellmotility [6] andcancerresearch[7].

Thetwo mostprominentTFM platformtypesarebasedon arraysof elasticmicro-posts(or
pillars)[8, 9] or exploitflat continuous,softandhighlydeformablesubstrates[10±12].While
pillaredsubstratesleadato simplemechanicalsystemfor whichtheforcesappliedby thecells
to thepillarsthroughtheir FocalAdhesions(FAs)canbecomputedusingbeamtheory,the
topologyof thissubstrateshasbeenshownto influencethebehaviourof thecell[13,14]and
couldthereforepotentiallybiastheresults.This issue,togetherwith thesignificantlymore
complicatedsubstratemanufacturing,hasledto thebroadacceptanceof TFM platformsbased
on continuousflat substrateswith knownmechanicalproperties.For thesemethods,themea-
surementof theforcesexertedby thecellon thesubstratesurfacecanbesubdividedinto two
mainsteps:�� Thedeterminationof thedisplacementfield inducedby thecellon thesubstrate
surface,oftenmeasuredwith thehelpof fluorescentmarkersandimageprocessingmethods
and��� thesubsequentcomputationof cellulartraction forcesbasedon thesolutionof the
inversemechanicalproblem.Thelatterrequiresasuitablematerialmodeldescribingthesub-
stratebehaviour,andanappropriatenumericalframework.

Asdelineatedin Fig1,bothstepsconsistof differenttasks,whichareassociatedwith factors
thatpotentiallyinfluencethefinal resultsof thetraction forcereconstruction.Dueto themany
applicationsof TFM, theeffectof thesefactors,bothon theexperimentalsetupandthesolu-
tion of theinverseproblemhavebeeninvestigatedin severalworks.Sabassetal.analysedthe
performanceof FourierTransformTractionCytometry(FTTC)andBoundaryElement
Method(BEM) [15], two differentnumericalmethodsfor solvingthelinearisedinverseTFM
problembasedon theBoussinesq-Greenfunction [16] for 2D traction fields.An extensionof
thissolutionapproachto 3D traction fieldshasrecentlybeenproposedbydelAÂlamoetal.and
employedto investigatethedifferencebetween2D and3D TFM reconstruction,aswellasthe
influenceof substratethickness[17]. Hur etal.evaluatedtheinfluenceof measurementnoise
on thereconstructedtractionstressesfor linearFiniteElementAnalysis(FEA)basedTFM
method[18]. While thesestudieswerebasedon thelinearisedsolution,softsubstrates
employedin TFM canundergodeformationsbeyondthelinearelasticregime,thusrequiring
alargestrainTFM approach[4]. Thecomparisonof smallto largestrainimplementationsof
theTFM approachreportedbyToyjanovaetal.highlightstheneedfor thelatter,astheerror
in thetractionstressesdueto thelinearisationexceeds30%for moderatecellinducedsubstrate
deformations(strainsin theorderof 50%)[19]. Errorsin asimilar rangewerereportedby

Fig 1. Main steps in TFM analyses and associat ed influentia l factors.

doi:10.1371/journal.pone.0172927.g001
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Boudouetal.for TFM on polyacrylamidegelswhenneglectingthenonlinearmechanical
behaviourof thesubstratematerial[20].

Thepresentstudyprovidesasystematicanalysisandquantitativecomparisonof theinflu-
enceof all factorsindicatedin Fig1,usingthesameTFM platformandtakinginto accountthe
non-linearcharacteristicsof theproblem.In particular,wequantifytheinfluenceof thedis-
placementmeasurementquality(resolutionandnoise)aswellason theimpactof different
interpolationstrategiesfor thereconstructionof thesubstratedisplacementfield,startingfrom
thedisplacementof themeasureddiscreteopticalfeatures.Our analysisis independentof the
opticalmethodappliedto quantifyof thesubstratedisplacementssuchastheoftenusedParti-
cleImageVelocimetryor themoreadvancedFreeFormDeformationalgorithm[21].Wealso
do not considertheinfluenceof differentregularizationschemesusedto reducetheeffectof
measurementnoise,whicharewidelydiscussedin literature[15,22±24].Focusingon TFM for
flat,continuousandhighlydeformablesubstrates,wewill assesstheimportanceof anappro-
priatesubstratematerialcharacterizationrequiredto parametrizeconstitutiveequationsand
thenecessityfor performinganon-linearmechanicalanalysisto computecellulartraction
forces.Theresultsidentify critical aspectsof theprocedurefor thereconstructionof traction
forces,whichneedto beaccountedfor in orderto avoidsignificanterrors.

Methods

In-silico generation of TFM input data
For theinvestigationspresentedin thiswork, theinput dataneededfor TFM wasgenerated
in-silico,mimicking acellactingon asofthyperelasticplanarsubstratewith finite size(Fig2)
andaYoung'smodulusof approximately10kPa.Forsimplicity,it wasassumedthat thecellis
only applyingtractionstroughreasonablysizedFAs,neglectingothertypesof interactionsuch
aspodosomesandverysmalladhesionareas[25,26].A totalof 25FAsweremodeledasellip-
ses(2�� x 1��) randomlydistributedaround,andpulling towardsthecellcenterwith homo-
geneoustractionstressmagnitudesup to 8kPa,equivalentto amaximumof 12nNperFA (Fig
3A).Thesevalueswerechosenbasedon datareportedin literaturefor differentcellsanalysed
with TFM on substrateswith similarstiffness[27±30].To emulatetheout-of-planetractions
thatcellsexerton flat substrates[31±33],eachtractionvectorwasinclinedbyanangleof 10Ê
with respectto thesurface.To equilibratethosetractioncomponents,thecellwasassumedto
pushthesubstratedownwardsin thecenterregion.Thiseffectwasmodelledwith atraction
stressactingin negative� directionappliedto acircularareawith 6�� radius(Fig3A).

Fig 2. Visualizat ion of the in-silico testcase: A cell deformin g a substrate with finite size.

doi:10.1371/journal.pone.0172927.g002
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Theresultingtractionforcefield (referencetraction field) wasappliedon thesurfaceof a
rectangularsectionof thesubstrate(80�� x 80��, thickness:30��), modelledwith tetrahedral
finite elementsin Abaqus6.10EF.While all displacementdegreesof freedomwerefixedon the
bottomfaceof thesubstrate,thelateralfaceswereconstrainedbysymmetryboundarycondi-
tions,restrainingthedisplacementof thosenodeswithin their original verticalplanes.The
resultingdisplacementfield (Fig3B)wascomputedusingtwo differenthyperelasticsubstrate
materialsbothcharacterizedbyashearmodulusof 3.33kPa:aneo-Hookeanmaterial(A), and
a2-termOgdenmaterial(B) (Fig4A),with pronouncednon-linearstress-straincharacteris-
tics.Theeffectof themateriallawon thedisplacementmagnitudeswithin eachFA in thein-
silicotestcaseisshownin Fig4B,whichcorrelatesFA displacementandtraction forcemagni-
tudes.Notethat thereportedFA displacementsconvergeto afinite valuefor low tractions
sinceweakFAsaredraggedalongbystrongerneighbours.To investigatetheinfluenceof the
volumetricbehaviour,differentvaluesof Poisson'sratio wereused(� = 0.45,� = 0.499).Except
for theinvestigationspresentedin section��	
����
� 	� ��	������ �

 �������� 
	
��
���������,
it wasassumedthat thesubstratematerialusedin thein-silico computationisknown,sothat
themechanicalbehaviourof thesubstrateiscapturedexactlyduring thereconstruction.

Dueto theextremelyhighmeshdensityof thefinite elementmodel(100nmelementsize
aroundtheFAs)andthecorrespondingnumericalresolution,thecomputeddisplacement
field (Fig3B)andits correspondingtractionstressfield areinterpretedasa������� ��	�


�����, i.eanexactreferencecasenot affectedbyanyerror.Thein-silico generateddisplacement
fieldsareusedto extractthedisplacementvectorsat thediscretelocationsof ������� ���	�����
�
�������, asit wouldbethecasein arealTFM experiment.Forsimplicity,thesemarkersare
distributedon aregularlyspacedtriangulararraywith markerdistance� 0 (in referenceconfig-
uration),asactuallyrealizedin [30] usingnanodripprinting technologyto print themarker
arraydirectlyon asilicone-basedTFM substrate[34]. � 0 is thereforecoupledto theareaden-
sityof thefluorescentmarkerson thesubstratesurface,definingthemeasurementresolution
of thedisplacementfield during TFM. In orderto accountfor therandomnessof therelative
positionof themarkerarraywith respectto theFAs,thedisplacementvectorswereextracted
multiple timesfor thesame� 0 (5±25testcaserepetitions),shiftingrandomlythetriangular

Fig 3. A) Reference traction field applied to the substrate, simulating a cell with 25 focal adhesions. The white
arrows indicate the in-plane direction of the resulting traction force of each FA. B) Displacement field of the
substrate surface resulting from the applied tractions. Both fields are plotted in the deformed configuration for
material A and �� = 0.499.

doi:10.1371/journal.pone.0172927.g003
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grid, allowingarobustevaluationof thereconstructionquality.If not specificallynotedother-
wise,theresultspresentedin thisstudyareobtainedfor displacementfield measurementswith
� 0 = 1��. Therelationbetween� 0 andtheaveragenumberof fluorescentmarkersthatare
positionedwithin afocaladhesionis reportedin Fig5.

Notethat thepresentinvestigationassumesthat thefield of viewis largeenoughto visualize
thecellin its full extentandextractthedisplacementfield underandnearthecell.In cases
wherecellsareverycloseto theboundariesof thefield of view(or partiallycrossthesebound-
aries),traction forcedeterminationisaffectedby theinteractionwith thesystemsboundaries,
thusleadingto additionalreconstructionerrors.

Contraryto our in-silico case,experimentallymeasuredmarkerdisplacementsareaffected
bynoise.To investigatepotentialconsequences,randomnoisewasaddedto thevirtually

Fig 4. A) Stress-Stretch response for uniaxial tension (UA), pure shear (PS) and equibiaxial tension (EB)
deformation modes for neo-Hookean (Material A, blue) and Ogden (Material B, red) materials for �� = 0.499. B)
Displacement magnitude within each FA measured in the in-silico test-case plotted against traction. Reported
are means (diamond shaped marker) with minima and maxima (errorbar) of each FA for the computations
with both materials A (blue) and B (red).

doi:10.1371/journal.pone.0172927.g004

Fig 5. The relation between fluorescent markers distance (L0) and the quantity of fluores cent markers
that are positioned within a focal adhesion (nFA). Reported results have been evaluated numerically for
25000 elliptical focal adhesions (2��m x 1��m). The black solid line marks the average, the area shaded in grey
the maximum and minimum.

doi:10.1371/journal.pone.0172927.g005
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measureddisplacementvectorsprior to thetractionreconstructionin our studyfor theresults
presentedin section�����������
� ����
 
	����. Theaddednoisevectorshavenormallydistrib-
utedmagnitudewith astandarddeviationof 30nm(cf. [15,30]) andanhomogeneouslydis-
tributedorientation(in 3D).

Nonlinear FEM based TFM
Thevirtually measureddisplacementvectorsareusedasinput datafor thereconstructionof the
surfacetractionfield.To thisend,amodifiedversionof our previouslydevelopednon-linear
FEM-BasedTFM frameworkcontainedin theconfocalTFM (cTFM) Package[30] wasused.
Briefly,thealgorithmiscomposedof threeprincipalparts:�� A 3D modelof thesubstrateiscre-
ated,with thesamein-planedimensionsasthedomaininvestigatedin themicroscopyandfull
substratethickness,whichisheregivenby thesectionusedto createthein-silico testcase.This
modelis thenmeshedadaptively,in orderto improvemeshrefinementin regionswith largedis-
placements,i.e.theregionswherethefocaladhesionsareexpectedto belocated.�� Theinput
displacementvectors,consistingof two in-planeandoneout-of-planecomponents,areusedto
generateacontinuousdisplacementfield basedon aninterpolationscheme.In particular,either
alineartriangularinterpolationor aRadialBasisFunction(RBF)basedinterpolationare
applied.Comparedto piecewiselinearinterpolation,RBFinterpolation[35] not only considers
datafrom neighbouringbut alsofurther remotedatapoints,generallyleadingto abetterapprox-
imation of thefield betweenmeasurementpositions.Additionally, thechosenthin-platespline
RBFsallowfor acontinuouslydifferentiableinterpolationof thedisplacementfield.According
to theinterpolateddisplacementfield,displacementboundaryconditionsareappliedto all
nodeson thetop surfaceof thesubstratewhicharelocatedwithin thefluorescentmarkerarray.
�� Thesolutionof thefinite elementproblemiscomputedusinganimplicit non-linearFEA
solver(Abaqus/Standard),takinginto accountthenon-linearmaterialbehaviourof thesubstrate
andtheappliedboundaryconditions.Thecomputedreactionforceson thetop surfacenodes
arethenrelatedto thedeformedsurfaceareasof theconnectedelementsto computetherecon-
structedtractionfield (Fig6),definedin thedeformedconfiguration,i.e.Cauchystressvectors.

Fig 6. Magnitud e of the reconstructe d traction stress field for an in-silico generated displacem ent
field on material A, with a displacem ent measureme nt resolutio n of L0 = 0.5��m.

doi:10.1371/journal.pone.0172927.g006
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Quality measures for the traction force reconstruction
Similarlyto themeasurespresentedbySabass[15], wedefinedqualitymeasuresfor aquantita-
tiveassessmentof thetractionreconstructioncomparingthereconstructedtraction field to
thereferencefield appliedin thein-silico testcase.

Thefirst measureis theTractionMagnitudeRatio(TMR)

��� ˆ
jj~ �� � jj

jj~ ��� jj
ˆ

jj
R

O��
~� ��� 
 Ojj

O�� jj~� ��� jj
;

describingtheability to reconstructtheoriginallyappliedtraction forcevectorof theFA.The
reconstructedtraction forceisobtainedfrom theintegralof thetractionstressfield overthe
FA surface,whichisnumericallyevaluatedbysummingup theproductsof thepolygonalareas
enclosedby theFA boundary(seeFig7) with their correspondingtractionstress.Complemen-
tary to this integralmeasure,thePeakTractionRatio(PTR)indicatestheunder-or overesti-
mationof themaximaltractionstresswithin thefocaladhesion.

	�� ˆ

��…jj ~� ��� …O�� †jj†

jj~� ��� jj
:

TMR andPTRaredefinedlocallyat thelevelof eachFA andarethereforeevaluatedfor
eachof themseparately,assumingthat locationandshapeof thefocaladhesionsareknown,
whichis thecasefor thein-silico computation.In realTFM experimentsthis information is
typicallyavailablefrom theanalysisof fluorescentsignalsof FA proteinsin microscopyimages
(cf. [15,22,30,36]).

FinallytheStrainEnergyRatio(SER),aglobalmeasureof thequalityof reconstruction
whichrelatestheamountof elasticwork ! of theexternalforceson thesubstratein therecon-
structedsystemto thework in thereferencecase.Forahyperelasticsubstrate,thestrainenergy
isgivenby thevolumeintegralof thestrainenergydensityfunction definedby theconstitutive
equationof thematerial.Alternatively,for non-dissipativematerials,thestrainenergycanbe
computedsummingup thework of all externalforces,i.etheforceswhichthecellinduceson
thesubstrate.


�� ˆ
! ���

! ���

:

Fig 7. Examp le of the reference and reconstructe d traction fields in the region of a single focal
adhesion . The white contour marks the border of the FA as defined in the in-silico model. The total traction
force ~�4of the FA is plotted in both cases with a black arrow, whereas the white cross-shaped marker indicates
the location with the highest traction stress within the FA.

doi:10.1371/journal.pone.0172927.g007
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All proposedqualitymeasuresaredefinedsuchthat their valueis1 for aperfectreconstruc-
tion, whereasvalues< 1 and> 1 indicateunder-or overestimation,respectively.

Results

Displacement field resolution and interpolation
Fig8 presentsthereconstructedtractionstressfield in theregionthreenearbypositionedfocal
adhesions.

While for � 0 = 0.5�� thereconstructedtractionsarecloselywithin thecontoursof theorig-
inal FAs,thereconstructedtraction fieldsbecomeprogressivelyblurredwith increasing� 0.
For � 0 = 2��, which isequivalentto anaverageof 0.5markersperFA, thereconstructionfails
to resolveall threefocaladhesions.

Thequalitativeobservationsareconfirmedby thequantitativeevaluationsof thequality
measuresreportedin Fig9.Generally,thereconstructedFA tractionforcemagnitudeunderes-
timatestheappliedreferenceforce.High resolutionmeasurementsof thedisplacementfield
significantlyreducestheunderestimationof thetraction forcereconstruction(Fig9A),but the
minimum error is in therangeof 15%of thereferencetraction forcevalue.While high

Fig 8. Detail of the applied (A)) and reconstructe d (B)) traction field (x 2 [0 6.5]��m, y 2 [�í15 �í8.5]��m) with material
A (�� = 0.499) for different displacem ent field resolutio ns and interpo lation scheme s. The white contours indicate the
borders of the FAs.

doi:10.1371/journal.pone.0172927.g008

Fig 9. Effect of different displacem ent field resolutions and interpolation methods for material A (�� = 0.499).
Reported are mean and standard deviation for 5 testcase repetitions (N = 125 FAs).

doi:10.1371/journal.pone.0172927.g009
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resolutionalsoresultsin amoreaccuratelycaptureddeformationenergy(Fig9C),it isalso
associatedwith asubstantialover-predictionof thereconstructedpeakstresseswithin theFAs
andlargefluctuationsof thisvalue(Fig9B).Forverylow resolutions(� 0 > 3��), themean
valueof PTRandTMR stabilizeswhile thescatterincreaseswith � 0.

Fig9alsounderlinestheinfluenceof displacementfield interpolationappliedduring the
reconstruction,showingthatboth theTMR andtheSERbenefitsignificantlyfrom ahigher
order interpolationschemesuchasRBF,while thePTRsarefound to belessaffectedby the
interpolationmethod.A qualitativecomparisonof thereconstructedtractionstressfieldsfor
thetwo interpolationschemesisgivenin Fig8B.

Displacement field noise
Theeffectof noisein thedisplacementfield isclearlydependenton themeasurementresolu-
tion itself,sincefor aconstantnoisemagnitude,therelativedisplacementerror increaseswith
smaller� 0. At high resolutions,this leadsto highnoise-inducedtractionstresspeaksandto a
largeoverestimationof themechanicalenergystoredin thesubstrate(Fig10C).

Theresultsindicatethat thenoiseleadsto completelyunreliablePTRsfor astandarddevia-
tion of thenoiseamplitudeabove0.02�0 (� 0 � 1.5��, Fig10B),thereconstructedTMR values
deviateonly slightlyfrom theonescomputedfor thenoise-freecase(Fig10A).While thelatter
observationisbasedon themeanTMR of 25FAs,thenoiseinducedlargervariationsin the
resultsof singleFAs,leadingto significantlywiderscatterof theTMRsfor noisytraction fields
indicatedby largevaluesof thestandarddeviation(Fig10A).

Out-of-plane displacement data
Themeasurementof theout-of-planeplanedisplacementof fluorescentmarkersusingdigital
imageprocessingof microscopyimagesismarkedlymorelaboriousthantheextractionof the
associatedin-planedisplacementcomponents.Importantly, for cellsresidingon planarsub-
strates,theout-of-planedisplacementcomponentisusuallysmallerthanthein-planedisplace-
mentmagnitude.While it is clearthat theout-of-planedisplacementsneedto bequantifiedto
determinethecorrespondingtractionstresscomponents,theeffectof neglectingthemin the
determinationof thein-planetraction field is lessevident.Theinvestigationsperformedon
thein-silico testcase,with out-of-planetractionstresscomponentsthataresignificantly
smallerthanthein-planecomponents(10Êout-of-planetractionangle),showedthatarecon-
structionperformedonly with thein-planedisplacementdataleadsto resultsthatarevery

Fig 10. Effect of noise affected displacem ent vectors (Gaussian noise, 30nm standard deviation) for
different displacem ent measureme nt resolutio ns for material A (�� = 0.499), solid red line. The results for the
noise-free case are shown in blue. Reported are mean and standard deviation for 5 testcase repetitions (N = 125
FAs).

doi:10.1371/journal.pone.0172927.g010
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closeto areconstructionaccountingfor the3D surfacedisplacementfield (Fig11Cand11D,
bluebars).For thiscase,themaindisadvantageof areconstructionbasedon 2D displacement
fieldsis thereforethelossof theability of theTFM platformto detecttractioncomponentsin
theout-of-planedirection(Fig11B).

However,theerror madein thetraction forcemagnitudebyneglectingtheout-of-plane
displacementsincreaseswith increasingmagnitudeof theout-of-planetractionstresses,lead-
ing to verystrongunderestimationof strainenergywhentheout-of-planeandin-planetrac-
tionsarein thesameorderof magnitude.This is reflectedin asignificantunderestimationof
tractionforcesin during thereconstructionof suchtractionstressfields(45Êout-of-planetrac-
tion angle,redcolor in Fig11).

Thecomparisonof thereconstructionqualityof theout-of-planetraction forcecomponent
andtheTMR from 3D displacementmeasurements(continuousbarsin Fig11Band11C,
respectively)indicatesthat theunderestimationof theout-of-planecomponentis largerthan
in thecorrespondingin-planecomponents,revealingthedirectionalsensitivityof TFM plat-
formsbasedon flat continuoussubstrates.

Constitutive behaviour of the substrate material
Thepresentedframework,togetherwith thein-silico generationof TFM input data,enables
investigatingtheinfluenceof differentmechanicalbehavioursof theTFM substrate,with the
objectiveto identify favourablemechanicalmaterialcharacteristics.Theseobservationscould
thenbetakeninto accountduring theselectionprocessof asubstratematerialfor TFM
experiments.

Deformation modesin the TFM substrate. In eachfinite elementof thecomputational
domainrepresentingthesubstratedeformedby thetractionstressesmimicking thecellular
forces(in-silico testcase),thethreeprincipalstretches(��1 > ��2 > ��3) wereevaluated.Each
valueof ��2 and��3 wasplottedagainst��1 in Fig12.Theresultsshowthat,for theproposedcom-
binationof tractionmagnitudeandsubstratestiffness,thesubstratematerialiseffectivelysub-
jectedto verylargestrains.Additionally, independentof thematerialtype,thehighlystretched

Fig 11. Compa rison of the traction reconstructio n quality measures for the reconstr uction includi ng the out-of-pl ane
displacem ent field on the substrate surface (3D applied displacem ent field, continuou s bars) and without (2D applied
displacem ent field, dashed bars). The comparison is shown for a substrate of material A (�� = 0.499) and original traction fields with
different out-of-plane traction angles: 10Ê(blue color) and 45Ê(red color).

doi:10.1371/journal.pone.0172927.g011
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substrateregionsaremostlysubjectedto a(pure)sheardeformationmode,indicatedbyaclus-
teringof theprincipalstretchdataaroundthe��2 = 1 andl 3 ˆ l � 1

1 lines.Thenon-linearityof
thestress-strainrelationshipof thematerialinfluencesthemagnitudeof thedeformations,
hereshownby thelowermagnitudeof theprincipalstretchesexhibitedin materialB.

Nonlinear elasticbehaviour. All the25FAsin thetestcasepull with differentreference
tractionvalues,allowingto report theresultsof thequalityscoresasafunction of thereference
tractionvalueto assesstheeffectof geometricalandmaterialnon-linearity.In generalterms,
theaccuracyof thereconstructiondecreasesslightlywith increasingreferenceFA traction
stresses.Theresultsreportedin Fig13underlinethat theuseof amaterialwith astrainstiffen-
ing behaviour(suchasmaterialB) increasesthequalityof thereconstructionbysubstantially
reducingthespurioustractionstresspeaksfor focaladhesionsexertinghigh forces.At the
sametime,theerrorsin thetraction forces(Fig13)of thereconstructionbasedon materialB
remainsin thesamerangeasfor MaterialA.

Volumetric behaviour. SinceTFM basedon 3D displacementdataleadsto aseverely
constrainedmechanicalproblem,it isexpectedthat thevolumetricbehaviourof thesubstrate
materialstronglyaffectsthereconstruction,particularlyin combinationwith noisydisplace-
mentfields.

Fig 12. Princip al Stretches ��2 (green cloud) and ��3 (violet cloud) vs. ��1 for the in-silico computa tion for material A
and B. The color intensity is proportional to the frequency. The solid, dashed and dotted lines indicate the relations of
��2(��1) and ��3(��1) for the cases of uniaxial tension, pure shear and equibiaxial deformation modes, respectively.

doi:10.1371/journal.pone.0172927.g012

Fig 13. Reconstr uction quality measures against nominal focal adhesion traction stress tReal for
material A and B with �� = 0.499. Reported is mean (solid line) and standard deviation (shaded area) for
N = 25.

doi:10.1371/journal.pone.0172927.g013
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Fig14reportstheinfluenceof noiseon thetractionreconstructionqualitymeasuresfor
increasingapproximationto incompressiblesubstratebehaviour(� = 0.45and� = 0.499).The
resultsindicatethatslightlycompressiblesubstratematerialsofferasubstantialadvantage
regardingthesensitivityto noise.Whensubjectedto noisewith equalmagnitude,thelesscom-
pressiblesubstratematerial(� = 0.499)leadsto significantlyhigherdeviationsfrom thenoise-
freetractionreconstruction.

Modelling of geometric and material nonlinearities
Thelargestraindeformationsandthecomplexmaterialbehaviourhaveto betakeninto
accountfor acorrectrepresentationof thephysicalprocessesoccurringduring TFM. In this
section,theerrorsinducedbyalinearisationof thelarge-strainTFM problemarequantified.
To thisend,for thesolutionof theinverseproblem,linearmaterialbehaviourandthelinear
solverof theFEAsoftwarewereused,thusneglectingboth,materialandgeometricnonlineari-
tiesinducedby largedeformation.

Thecomparisonof thereconstructionqualitybasedon eitherthenon-linearandthelinear
FEA(Fig15A)showsthat for low FA tractionstressmagnitudes(�3 kPa)bothanalysesyield
similar results.FormaterialB,with nonlinearstress-straincharacteristics,theresultsof thelin-
earFEAincreasinglydiffer from thenon-linearoneathighertractionstresses.MaterialA, on
thecontrary,leadsto similar resultsevenfor largetractionvalues.Interestingly,thelinearised
reconstructionhasasimilar influenceon thePTRfor bothmaterials,(Fig15B)underestimat-
ing up to 30%thetractionpeakscomparedto thenonlinearanalysis.

Fig 14. Influence of noise on the reconstr uction for compressib le (�� = 0.45, red bars) and nearly
incompr essible (�� = 0.499, blue bars) substrate s. The results are presented normalized to the respective noise
free cases to highlight the relative change induced by the noise. Note that the same volumetric behaviour (��Rec =
��Real) was assumed for generating the test case and its reconstruction.

doi:10.1371/journal.pone.0172927.g014

Fig 15. Comparis on of the reconstructe d traction force (TMR) and traction stress peaks (PTR) of
single FAs with different traction magnitud e for the linear TFM and the fully non-linear TFM for
materials A and B. Reported is mean (solid line) and standard deviation (shaded area) for N = 25.

doi:10.1371/journal.pone.0172927.g015
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Discussion
Dueto thenatureof theinverseproblemof TFM, for afinite resolution,the(noisefree)recon-
structionalwaysunderestimatesthemechanicalenergyin theTFM substrate(Fig9C).This is
dueto thefinite distancebetweenfluorescentmarkerswhichdefinestheminimal wavelength
of perturbationsin thedisplacementfield thatcanberesolvedandthereforebetakeninto
accountduring thetractionreconstruction.Sincethereconstructionisadisplacementcon-
trolled mechanicalproblem,thisunderestimationof strainenergyis translatedinto anunder-
estimationof thetraction forcesinducedinto thesubstrateby thecell'sfocaladhesions(Fig
9A).Theunderestimationof FA traction forcesfor theanalysedresolutionsusingnonlinear
TFM iscomparableto underestimationsreportedbySabassfor thelinearTFM algorithm
FTTC[11] usingaslightlydifferenttestcase[15]. Besidestheunderestimationof strainenergy,
theunderestimationof FA traction forcesisadditionallyaggravatedby theinability to repro-
ducethediscretecontoursof theFA dueto thefinite resolution,leadingto aspatialblurring of
its tractionstresses.Fractionsof thereconstructedtractionstressesarethereforeerroneously
associatedwith areasoutsidetheFA area(Fig8) andnot takeninto accountfor theintegralFA
traction force.This isanintrinsic limitation of unconstrainedTFM methods,whichcanonly
besolvedtakinginto accountadditionalinformation, In particular,information on FA loca-
tion andshapeavailablefrom fluorescentmicroscopyimaging(cf. [15,22,30,36]) canbeused
to constrainthereconstructedtraction field to bezerooutsidetheFAs.An exampleof sucha
constrainedTFM implementationis theBoundaryElementMethodfor linearTFM proposed
byDembo[10]. In fact,constrainingthereconstructedtractionstressfield in our largestrain
TFM methodledto asignificantimprovementof performancein termsof traction force
reconstructionandit allowedto almosteliminatetheforceunderestimationfor resolutionsup
to � 0 = 1.5�� (Fig16B).However,theconstrainedreconstructionalsotendsto anoverestima-
tion of tractionpeaks(Fig16C).It shouldbementioned,that thelocationof theFAsismea-
suredin thedeformedconfiguration,whilethelargedeformationTFM problemis formulated
in thereferenceconfiguration.ThisrequirestheFA contoursto bemappedbackinto therefer-
enceconfiguration,whichisexpectedto resultin anincreaseddisplacementfield noisesensi-
tivity for constrainedlargedeformationTFM methods.It is important to notethatwhile the
presentstudyassumesthat thelocationandshapeof eachFA isexactlyknown,theexperimen-
tal uncertaintyon FA localizationisexpectedto inducecorrespondingerrorsin theevaluation
of FA traction forcesfor both,theconstrainedandtheunconstrainedmethod.

Comparedto theunderestimationof FA traction forcesdueto thefinite resolution,which
is in theorderof 25%for amarkerspacingof 1��, someof theanalysedfactorshaveonly little

Fig 16. A) Traction stress field reconstruction (resolution L0 = 1��m) achieved by additionally accounting for FA
position and shape (constrained method). The same region as reported in Fig 8 is shown. B) and C) Comparison of
the performance of the unconstrained (blue) and constrained (red) reconstruction scheme for the noise free case
and Material A. Reported are mean and standard deviation for 5 testcase repetitions (N = 125 FAs).

doi:10.1371/journal.pone.0172927.g016
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influenceon thereconstruction.While applyingalinearinterpolationschemeusedfor thedis-
placementfield insteadof RBFinterpolationresultsin anadditionalunderestimationof the
tractionforcesbyabout10%,neglectingtheout-of-planedisplacementfield componentresults
only in amarginaldeteriorationof TFM reconstructionwhencellsaremostlypulling in the
in-planedirections.While all thepresentedreconstructionresultswereobtainedfrom TFM
computationswith asubstratemodelthat reproducedthethicknessof thereferencecase,addi-
tional calculationswereperformedto quantifythereconstructionerror in caseof anassump-
tion of ahalf-spacesubstrate(suchasfor classicallinearTFM implementations).The
associatedrelativeerror on TMR andPTRwas-5%and-10%respectively.Significantlylarger
errors,in therangeof 10%for TMR and39%for PTR,wereobservedfor acasein whichthe
thicknessof thesubstrateusedfor thereconstructionwaslowerthantherealone(20�m
insteadof 30�m). Notehoweverthat theinfluenceof substratethicknessis relatedto thesize
of thecell.

Theperformedstudieshighlight that themeasurementresolutionof thedisplacementfield
in TFM, definedby thedensityof measurementpointson thesubstrate-cellinterfaceis thekey
factorfor highqualityTFM analysestogetherwith areliableresolutionof thefocaladhesion
attachmentsites(cf. [15]). However,theresultsalsohighlight thatwhilethereconstructedtrac-
tion forcesandstrainenergyconvergeto thereferencevaluesfor ahigherresolution,thepeak
tractionswithin thefocaladhesionsdo not follow this trendandaresignificantlyoveresti-
mated(Fig9B).Theresultspresentedin Fig13indicatethat themagnitudeof overestimation
of tractionpeaksdependson thereferenceFA traction forcemagnitude,increasingstrongly
for FAspulling with high force,andcanbesignificantlyreducedbyusingamaterialwith a
progressive(i.enonlinearstiffening)stress-strainresponse.Thissuggeststhat theissueis
relatedto thehighdeformationsassociatedwith largeFA tractions.A moredetailedanalysisof
thereferencedeformationpatternin theregionof asingleFA (reportedin Fig17)revealsthat
theincreasingsurfacetraction inducedby theFA causesthesubstrateto wrinkle at theleading
edge,dueto thecompressionof thesubstrate.Suchalocalizeddeformationfield cannotbe
reproducedby theinterpolationschemefor thedisplacements,thusleadingto alocalizedover-
estimationof thestiffnessat theleadingedge.Thedivergenceof thereconstructedtraction
peaksathigh resolutionreportedin Fig9Bastheaverageof all FAsis thereforedrivenby the
FAsassociatedwith suchlargedeformations.Further,thecentrepoint of thetractionstress
distribution overtheFA tendsto movetowardstheleadingedge(seeFig8), indicatingthat the
analysisof thestressfield distribution within theFA might besignificantlyaffectedby recon-
structionartefacts.

Thisphenomenonisexpectedto affectthereconstructionof thetractionmagnitudewithin
eachFA in caseof largedeformations,thusevenapplicationof afully non-linearFEAbased
TFM algorithmisnot sufficientto avoidlocalizationeffectsoccurringin verysoftsubstrates.
Fromamechanicalperspective,thesubstratestiffnessshouldbeselecteddependingon the

Fig 17. Cross- section of the substrate (dark grey, xz-plane) underne ath the focal adhesion (coloured half-elli pse),
highli ghting the deformatio n and surface wrinklin g under increasing FA traction tRef.

doi:10.1371/journal.pone.0172927.g017
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magnitudeof traction forcesexertedby theanalysedcellin orderto avoidexcessivesurface
wrinkling. Thenon-linearanalysisofferstheadvantageof handlingcorrectlymaterialnon-lin-
earities,allowingtheuseof TFM substrateswhicharesoftin thelow-strainregimeandstiffen
with increasingdeformation.Suchmaterialnon-linearityallowsto combinethehigh traction
forcedetectingsensitivityof softsubstrateswith thebenefitof significantlyreduceddeforma-
tionsaroundstrongFAs,thusextendingtherangeof detectabletractionmagnitudes.Asa
result,thereconstructionqualitycanbemaintainedin termsof both traction forcesastraction
peaksoveralargerangeof tractionmagnitudes.It is important to notethat thisalsoimplies
theuseof anonlinearsolver,sincethelinearisedsolutionleadsto increasingreconstruction
errorsfor largeFA forces(Fig15).Thelatterresultson theinfluenceof geometricalandmate-
rial nonlinearitieshavebeenfound to bein goodqualitativeagreementwith previousstudies
[19,20].A combinationof theresultspresentedin Figs15and4Brevealsthat themaximaldis-
placementmagnitudethatcouldbetreatedbymeansof alinearisedsolutionmethodisabout
600nmand300nmfor thefairly linearmaterialA andthenonlinearmaterialB,respectively.

Anothermaterialcharacteristicwhichhasbeenprovenadvantageousfor TFM iscompress-
ibility. Fornoise-affecteddisplacementfields,a(slightly)compressiblesubstrateperformsbet-
ter thananalmostincompressiblematerialdueto thelowerstrainenergycontribution
associatedwith noiseinducedvolumetricdeformations.In TFM computations,noiseleadsto
anoverestimationof mechanicalenergyin thesubstrateandincreasesadditionallytheoveres-
timation of tractionpeaks(Fig10).Under theassumptionthat themagnitudeof thedisplace-
mentfield noiseis independentof themeasurementresolution,theinfluenceof noiseon the
qualityof thereconstructionincreasesstronglywith theresolution,sincethenoiseinduced
fluctuationshaveshorterwavelengthathigh resolutions,resultingin higherlocaldeformation
gradients.Noiseathigh resolutionshasthereforeto behandledwith regularizationschemes,
suchasL1or L2regularization[23,24] if tractionstresspeaksneedto beresolvedcorrectly.
Interestingly,thetotal reconstructedtraction forceexertedby thefocaladhesionsismarkedly
lessnoise-sensitive,enhancingtheconclusionthat theFAstraction force,definedasaninte-
gralmeasure,isamuchmorereliableindicatorof themechanicalinteractionof thecellwith
thesubstratethantractionstresspeaks.

Conclusions
Thisstudyinvestigatedin detailthemechanicalanalysisassociatedwith TFM, allowingto assess
theimportanceandquantifytheinfluenceof severalfactors.Wefound that theerrorsin quanti-
tativeTFM resultscanbesignificantandstronglydependon thedisplacementfield resolution,
i.e.on thequantityof measurementlocationswithin eachFA.High resolutionof themeasured
displacementfield increasesthequalityof thedetectedtractionsintegratedovertheFA (i.e.the
tractionforce),but stronglyaggravatesthemisestimationof tractionpeakswithin anFA in pres-
enceof noiseaswellaswithout noisein thecaseof largersubstratedeformation.Therecon-
structionerrorsof theFA forceandpeaktractionstress,inherentto TFM analyseshavebeen
found to bedependenton boththeresolutionandthemagnitudeof tractionstress,requiringa
carefulassessmentof TFM resultswhenusingthesemetricsto quantifythemechanicalinterac-
tion of acellwith asoftsubstrate.Wefoundthatalinearisedtreatmentof theTFM problemper-
formsreasonablywell for quasi-linearsubstratesin termsof tractionforcereconstructionalso
for deformationsbeyondthelinearregime.However,theuseof non-incompressibleandnon-
linearstiffeningsubstratesprovidesmorereliableresultsandallowsahigherqualityin recon-
structionoverawiderrangeof FA forces,but requiresanonlinearTFM solutionalgorithm.

In conclusion,experimentalTFM setupsandreconstructionalgorithmsneedto beselected
with respectto theexpectedcellforcesandsubstratedeformations.In this regard,platforms
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usingbothnonlinearsubstratesandanalysesbring anadvantagein termsof therangeof appli-
cabilityandreliability of TFM.
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