
１．Introduction

Tactilesensoryevaluationofstiffnessplaysan
importantroleinvariousfieldssuchasmedical
diagnosis,rehabilitation,food production,
industrialmaterialinspection,etc.Fortactile
diagnosisinmedicine,however,theaccuracyof
tactilesensationhasnotbeenfullydiscussed
because an objective stiffness measurement
techniqueforsuchsoftandviscousmaterialsas

skinhasnotbeenestablishedyet.
Various viscoelastic measurementdevices

have been developed during the pasthalf
century1).The recentmainstream of skin
elasticitymeasurementisbasedonthesuction
method2)orhigh-frequencyvibration3).Because
oftheirprinciplesandmechanisms,theyarenot
availabletoobtainthebasicelasticmodulus
directly.Furthermore,becauseoftheirmannerof
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Abstract

Theevaluationaccuracyoffingersforassessingtactilestiffnesswasconfirmedbycomparing

resultsofafingersensitivitytestwithobjectivemechanicalmeasurementsobtainedusinganewly

designeddevicethatsimulatesthemannerinwhichfingerspressagainstmaterials.Theprobeofthe

mechanicalmeasurementsystem waspushedagainstthematerialwithveryslightforceina

sinusoidalmanneratafrequencyof0.5Hz,andmillinewton-orderloadingforceandmicrometer-

orderdisplacementweremeasuredusingacombinationoftwodifferentialtransformersandacoil

spring.Sensorystiffnesswasthenmeasuredbyhumanfingersusing10elastomermodelswith

variouslevelsofelasticitynearlyequaltothatofhumanskintissue.Sensoryevaluationwas

performedusingninefemalesubjectswhowereaskedtorankthe10modelsinorderofsoftness.The

distanceofeachmodelfromthesoftestonewasmeasured,andnormalizedassoftest=0andhardest

=100.Thenormalizedsensoryvaluesandthevaluesoftheelasticityindexobtainedusingthe

mechanicalsystemshowedacorrelationcoefficientof0.994.Tactilesensingbyhumanfingerswas

thereforefoundtohavepracticalaccuracy,andthenovelmeasurementdeviceusedinthisstudywas

foundtobeusefulforobtainingdatacorrespondingtosubjectivesensing.
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touchingandprobingtheskin,whichisquite
dissimilarfromtypicalcontactbyfingers,they
arenotappropriateforquantificationofsensory
stiffnessevaluation.Moreover,asDawes-Higgs
etal.4)summarized,reproducibleresultscannot
beobtainedusingsomeofthesemethods.
Thebasicandgeneralexpressionofelasticity
is the strain-stress or displacement-force
characteristic curve5).Regarding the skin,
however,theforcetodeformthetissueandits
displacementistooslighttomeasurebecauseof
itsthinnessandsoftness.Anovel,simple,but
highly sensitive probe was designed for
displacementandforcemeasurementusingtwo
differentialtransformersandacoilspringwhich
wasabletoachievemeasurementofmillinewton
forceandmicrometerdisplacement.Theprobe
sensing method simulates the manner of
palpatingskinwithfingersbyloadingontoit
slowly.Through comparison with this
mechanicalmeasurementsystem,theaccuracyof
sensorystiffnessevaluationusingfingerswas
assessedusingasetofelasticmodelswhose
softnessisclosetothatofskin.

２．Methods

2.1Mechanicalmeasurementsystem

Thenovelinstrumentforassessingaccuracyof
thesensorystiffnessevaluationwithfingersis
presented schematically in Figure 1.Two
differentialtransformers(NobleIndustryCo.,
Ltd.,Tokyo)thatcanmeasuredisplacementfrom
0to3mmwitharesolutionof30μmorless
werecombinedusingacoilspring(10mm
length)whosespringmodulusisdeterminedas
0.029N/mm.Thespringwasselectedfrom
amongvariousspringmoduli,whosecontraction
within3mmcausesabout1-mmdepthhollowin
theskinwhenthespringispushedontotheskin.
One differentialtransformer was setfor
measuring the object's deformation
(displacement);theotherwassetforevaluating
theappliedforcebymeasuringthecoilspring
displacement.The force wasapplied in a
sinusoidalwaveform usingapulsemotorand
crankmechanismwithvariousfrequencies.The
frequencyinthisexperimentwassetto0.5Hz,
simulatingthemanneroftactilesensingusing
humanfingers.
Thedifferentialtransformerswerecalibrated

usingthesimultaneousmeasurementwitha

Figure1 Constructionoftheviscoelasticmeasurementprobeandsystem
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micrometer with resolution of 0.001 mm
(Mitutoyo Corp.,Kawasaki).From the
calibration,thedifferentialtransformerswere
confirmed to be sufficiently accurate for
micrometer-ordermeasurement(Figure1).
TheprobeprototypeisdepictedinFigure2.

Theprobeshaftpressestheskinoramaterial
repeatedlywithafrequencyof0.5Hz,justasa
fingermightpushitforprobingstiffness.The
stroke,whichisadjustableusingthecrank
mechanism,isusuallysetat3mm.Thecoil
spring stroke and softness determines the
displacementof the materials;they are
tentativelyselectedforskinmeasurement.For
measuringhardermaterials,stifferspringsare
appropriate.
Severaltypes(flatandconcave)andsizesof

theprobeheadweremadeofplasticmaterialand
assessedforuseinsoftmaterialmeasurements.
Theprobehead wasfinally determined as
simulatingthefingertipsoffemalevolunteers
who participated in the sensory evaluation
describedbelow.Thefinalprobeheaddesign
wasconcave,with6mm diameterand3mm
thickness.Itwassensitivetoskinandsufficiently
stabletoenablerepeatedmeasurements.
Theprobeoutputs(namelydisplacementxand

yinFigure1)wererecordeddigitally(ModelDL-
750;YokogawaElectricCorp.,Tokyo).They

werethentransferredtoapersonalcomputerto
calculatetheviscoelasticproperty.

2.2 Calculation of elastic index in the

mechanicalmeasurement

Whensomeforceisappliedonapartofan
elasticobject,itseffectusuallyextendsthree-
dimensionally.Inthisstudy,however,theapplied
forceandthedisplacementaresominutethatwe
hypothesized the one-dimensionalforce-
displacementmodel.Thus,thepropertycan
generallybeexpressedbythefollowingequation
ifthemeasurementobjecthasanelasticproperty
withoutaviscouscharacteristic,as
f/A=Ex/L (1)

where
f:force[N]
A:areaforapplyingforce[m2]
E:Youngmodulus[N/m2]
x:displacement[m]
L:materialthickness[m]
f/A:stress
x/L:strain

Equation(1)positsthatthethicknessLisfinite
andthebottomofthematerialisfixedbyahard
material.

InthemodelofFigure1,forcef is
calculableusingthefollowingequation:
f=k(y-x+a+b) (2)

Figure2 Viewandsizeofthenovelprobetomeasureviscoelasticproperty
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where
k:springmodulus[N/m]
xandy:displacementsofthecoilsprings[m]
a:errorordifferencebetweenxandyatthe
initialposition[m]
b:initialerrorordisplacementbytheweight
ofsensorshaftwhentheprobeisused
vertically[m]

Therefore,thefollowingpertainsfrom(1)and
(2).
k(y-x+a+b)/A=Ex/L (3)
Theprobehead areaA isconstant;in

biologicaltissuesthematerialthicknessLis
technically considered constantalthough the
valuecannotbedeterminedinvivo.Thepractical
elasticindexisdefinedase=EA/L,sothat
whenbothAandLareconstant,as
y=(e/k+1)x-a-b (4)
whichmeansthatecanbedeterminedbythe
slope(dy/dx)ofthex-yrelationshiplineas
e=k(dy/dx-1). (5)

2.3Comparisonwithsensoryevaluation

Themeasurementmethodwascomparedwith
sensoryevaluationsusing10elastomermodels.
Ninefemalevolunteers,whowereinformedof
theexperimentalobjectandagreed,participated
in thecomparison test.Fourwereexperts,
employed in cosmeticproductdevelopment,

accustomedtoevaluatingskinstiffnesswell.
Theelastomermodels(speciallymadeby
BeulaxCo.,Ltd.,Tokyo),eachwithadifferent
levelofelasticityproducedbychangingtherate
ofthehardenercomposition,wereconvexand15
mm high,with48mm diameter(Figure3a).
Theirlevels ofhardness were chosen by
comparingthemwithtactilesensingofvarious
human skin and tissueswhich includethe
undelyingfatandmuscletissues.Theelastic
propertiesofthemodelswereevaluatedusingthe
newlydevelopedprobebycalculatingthevalue
oftheelasticindexedescribedabove.
Eachpanelvolunteerwasaskedtoarrange

these10modelsinlineonadesk,asshownin
Figure3b,inorderoftactilesoftnessfromthe
softesttothehardest.Asidefromtheorderofthe
models,the distances between them were
deliberatelydeterminedaccordingtothegradeof
softness.Thedistanceofeachmodelfromthe
softestonewasmeasuredinmillimeters,andwas
normalizedasthesoftest=0andthehardest=100.

３．ResultsandDiscussion

Figure4presentsatypicalsignalobtained
fromoneelastomermodel.TheLissajousfigure
(panelb)ofx (displacement)and y -x
(equivalenttotheforceappliedtothemodel)
indicatesaviscouspropertyofthematerial,in

Figure3 Elastomermodel(a),andtheexampleofmodelsarrangedinlinebysensorystiffness
evaluation(b)
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whicheachoftheloadingphaseandunloading
phasehasadifferentlocus.
Fromtheslopeofthemodellineattheloading

phase(panelc),theelasticindexiscalculable
from(5)as

e=k(dy/dx-1)=112.0N/m.

Theviscoelasticproperties(Lissajousfigures)
of10elastomermodelswereobtainedasshown
inFigure5.Thesoftermodelsshowedamore
prominentLissajou (viscous) characteristic.
Elasticitywasevaluatedbytheslopeofthe
loadingphase(thevaluebeloweachpanelin
Figure5).Viscositycanbeevaluatedbythe
differenceofwaveshapesbetweentheloading
andunloadingphase,althoughitisnotanalyzed
inthisstudy.
Figure6showstheresultofacomparison

between the novelprobe and the tactile
evaluation performed by the nine female
volunteers.Both methods correlate well
mutually;thecorrelationcoefficientis0.994.The
relationshipisnonlinear(logarithmic),whichisa
physiologicalphenomenon in sensory
evaluationsthatisgenerallyknownastheWeber-
FechnerLaw.Nosignificantdifferencebetween
thecosmeticexpertsandnon-expertswasfound
from dataintheseexperiments.Thetactile
sensingcouldbeexplained,asshowninthe
figure,bythemechanicallymeasureddatain
whichthesimpleone-dimensionalelasticmodel
ishypothesizedexcludingviscoelasticprofile.
Amongthevariousrolesoftheskin,its
elasticityisimportantnotonlyforabsorbing
mechanicalstressbutalsoformaintainingthe

Figure4 Typicalsignaloftheprobe(a),Lissajous
figure(b),andcorrelationbetweentwo
outputsofthedifferentialtransformers(c)

Figure5 Lissajousfiguresobtainedfrom10elastomermodels(samescaleasinFigure4(b))
andtheelasticindexvalues(numberbeloweachpanel,N/m)
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humanshape.Muchattentionhasbeengivento
theevaluationofviscoelasticityoftheskinin
clinicalsituations,suchasedemaevaluation6),
andindermatologicalandcosmeticfields,where
good correlation between the objective
measurementand the tactile evaluation by
palpationisoftennecessaryformedicaldoctors,
patients,andcustomers7).Theresultportrayedin
Figure6showsthatthepreviouspalpationhas
someaccuracy:itisaneasy,practicalmethodfor
stiffnessevaluationofskinandsoftmaterials.
Resultsobtainedthroughtheexperimentalso
suggestthatastandardreferencemodel,suchas
anelastomermodel,isnecessarytomaintain
palpationaccuracybecausesensoryevaluationis
accuratewhenusedforrelativecomparison.
Therestillexistthedoubt,ontheotherhand,

thattheresultofhighcorrespondencebeteween
tactilesensingandmechanicalmeasurementis
notgeneralbutuniquetothepresentelastomer
models.To solve the problem,the same
comparisonstudyshouldbeappliedtotheskin
andothervariousmaterials.
Resultsalso showed thatthemechanical

measurementsystemthatwasnewlydeveloped
inthisstudywassufficientlypracticaltoobtain
objective data corresponding to subjective

sensoryevaluation.Oneadvantageofthisdevice
is thatlowerfrequency characteristics are
obtainablethaninanypreviousdevice.The
simpleandbasicexpressionoftheelasticobject
isYoungmodulus;itsvaluecanbemeasured
directly through a low-frequency orstatic
experimentalprocedure.Themechanismofslow
back-and-forthmotionachievedgoodcorrelation
with palpation with fingers.The simple
mechanism using acoilspring isalso an
advantageofthisdevice,whosemeasurement
rangeischangeablefromsoftnesstohardnessby
selectingacoilspringwithappropriatestiffness.
Asalreadyshowninpreviousstudies,the
mechanicalproperty of the skin can be
demonstrated by Payne as a nonlinear
relationshipbetweenthestrainandstress10).
AccordingtoastudybyManschotandBrakkee,
thephenomenonisrelatedtobasiccollagenfibril
properties9).Thepresentsystemcanconfirmthe
propertyinvivo.
The mechanicalproperty of elastic or

viscoelasticmaterialsvariesdependinguponhow
muchpressureisloadedandthedegreetowhich
theobjectisdeformed.Whentheloadislighter,
itsinfluenceislimitedtothesurfaceofthe
object,andthenone-dimensionalsimplemodel

Figure6Correlationbetweenthemechanicalmeasurementandtactileevaluation.Thevertical
barshows+-S.D.
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can be applied as shown in this study.
Conversely,whenthestrokeislongerorthe
appliedloadishigher,awidersurfaceareais
deformed.Thepresentdevicecaneasilyadjust
thestrokewhenusingalinear-motordriving
forceandtheloadbychangingthecoilsprings;a
three-dimensionalmodelisrequiredtoobtainthe
elasticitydata.
Thisdeviceisexpectedtohelpquantify
various sensory evaluations performed in
medicaldiagnosticfields,cosmeticeffectiveness
evaluation,andindustrialmaterialinspections.

４．Conclusion

Theaccuracyofsensorystiffnessevaluation
withfingerswasassessedbycomparingitwith
resultsobtainedusingtheobjectivemechanical
measurementdevice.Forthisstudy,anovel
elastic property measurementsystem was
developed,imitating themanneroffingers'
palpationoftheobjecttobeevaluated.A
comparativeexperimentwasperformedusing10
elastomermodelsusingsensoryevaluationand
mechanicalmeasurements.Resultsshowthatthe
tactilesensoryevaluationscorrelatewellwiththe
mechanicalmeasurements;therelationshipwas
logarithmicwithahighcorrelationcoefficient
(0.994).

Acknowledgments

PartofthisstudywasperformedforShiseido
Co.,Ltd.(Tokyo).Weappreciatetheopportunity
andenvironmentofthatstudyandthankMs.
HimurooftheShiseidoBSCenterforher
experimentalassistance.WealsothankYasuhisa-
KohkiCorporation(Tokyo)fortheprecision-
assembled deviceand accuratemeasurement
technique.

References

）Apache,P.G.,etal.:Mechanicalpropertiesof1
theskin,in:Serup,J.andJemec,G.B.E.(Eds.):
Handbookofnon-invasivemethodsandtheskin,
CRCPress,BocaRaton,FL,USA,1995,pp.319-
365.
）Elsner,P.:SkinElasticity,in:Berardesca,E.2

etal.(Eds.):Bioengineeringoftheskin:Methods
andinstrumentation,CRCPress,BocaRaton,
FL,USA,1995,pp.53-64.
）Gennisson,J.L.,Baldeweck,T.,Tanter,M.,3

Catheline,S.,Fink,M.,Sandrin,L.,Cornillon,C.
and Querleux,B.:Assessmentof elastic
parameters of human skin using dynamic
elastography,IEEETransUltrason.Ferroelectr.
Freq.Control51:980-989,2004.
）Dawes-Higgs,E.,Swain,M.V.,Higgs,4
R.J.E.D.,Appleyard,R.C.,andKossard,S.:
Accuracyandreliabilityofadynamicbiomedical
skinmeasurementprobefortheanalysisof
stiffnessandviscoelasticity,Physiol.Meas.25:
97-105,2004.
）Fung,Y.C.:Biomechanics,Springer-Verlag,5

NewYork,NY,USA,1993,p25.
）Pierard-Franchimont,C.,Letawe,C.,Fumal,6

I.,Van Cromphaut,I.,and Pierard,G.E.:
Gravitationalsyndromeandtensilepropertiesof
skininelderlypeople,Dermatology197:317-
320,1998.
）Tanaka,M.,Leveque,J.L.,Tagami,H.,7

Kikuchi,K.,and Chonan,S.:The"Haptic
Finger"-a new device formonitoring skin
condition,SkinRes.Technol.9:131-136,2003.
）Payne,P.A.:Measurementofpropertiesand8

functionofskin,Clin.Phys.Physiol.Meas.12:
105-129,1991.
）Manschot,J.F.,andBrakkee,A.J.:The9

measurementandmodellingofthemechanical
properties of human skin in vivo,J.
Biomechanics19:517-521,1986.



WasedaJournalofHumanSciences Vol.21,No.２（2008）

－104－

人の指による物体の硬さ知覚と客観的計測値の相関
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要 旨

触診に近い原理、即ち指で物体を押す方式を真似て、皮膚のように非常に柔らかい素材の弾性を計測する

装置を開発した。本装置では弾性特性を得るために、μmレベルで検出可能な差動トランス式位置センサと弾

性係数が既知のコイルばねを用いて、物体に加わる力とそれによる物体の変位を求めた。人体表面の触診を

想定した様々な硬さのエラストマー素材の弾力モデルについて、本装置を用いて弾性を測定し人の触感によ

る硬さ評価と比較した結果、従来の心理物理学で確認されてきたWeber-Fechnerの法則に則り、両者は対

数関数を介して非常に良い相関を示した（r=0.994）。これにより、指の触診による硬さの大小評価は、体表

面の触診程度の比較的柔らかい範囲において十分精度を有すること、および新たに試作した測定器が触感と

相関の高いデータを得るのに有用であることが明らかになった。

キーワード：弾性特性測定、変位－荷重関係、触覚と客観計測の相関




