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Abstract:Asix-axisforcesensorwithparallel8/4-4structureisintroducedanditsmeasurementprincipleisana-
lyzed.BasedonconditionnumbersofJacobianmatrixspectralnormofthesensor,therelationshipbetweenthe
forceandmomentisotropyandsomestructuralparametersisdeduced.Orthogonaltestmethodsareusedtodeter-
minethedegreeofprimaryandsecondaryfactorsthathavesignificanteffectonsensorcharacteristics.Further-
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0 Introduction

Six-axisforcesensorscanmeasurethree-axis
forceandthree-axismomentinformationinspace
atthesametimeandhavewidespreadapplications
invariousfieldssuchasnationaldefensescience
andtechnology[1],automotiveelectronics,robot-
ics[2,3],automation[4]andmachining[5].

Fromtheelastomermaterial,six-axisforce
sensorscanbedividedintopiezoelectricquartz
crystaltype[6],straingaugetype[7,8]andsoon.
Fromtheoverallstructureofview,six-axisforce
sensorscanbedividedintoStewart-typeparallel
structure[9-11],crossbeamstructure[12-15],spoke
typestructure[8,16]andsoon.Theisotropyof
forceandmomentisthevitalperformanceevalua-
tionofsix-axisforcesensors[17].Thesix-axis
forcetransducerwithahighisotropyofforceand
momenthastheadvantagesofthesameperform-
anceindexandthesamemeasurementaccuracyin
eachdirection.Masaruetal.[18]definedtheiso-
tropicevaluationindexofasix-axisforcesensor

astheconditionnumberoftheJacobianmatrix
spectralnorm.Jinetal.[19]definedthetransla-
tionalstiffnessandtorsionalstiffnessofthesen-
sorandanalyzedtheisotropyofthesensorinits
solutionspacethroughtheindicesatlases.Yaoet
al.[17]putforwardakindofoverallpreloading
six-axisforcesensor,whichcanimprovethedy-
namicstiffnessofthesensor.Yaoetal.[20]ana-
lyzedtheforwardandreverseisotropyofthesix-
branchStewartsix-axisforcesensorbymathe-
maticalanalysismethod,andconcludedthatthis
sensorcan’tsatisfytherequirementthatboththe
reversedforceandthereversedmomentareiso-
tropicatthesametime.Tongetal.[21-23]de-
scribedtheGough-Stewartparallelforcesensor
withsingle-leafhyperboloidandcompositesingle-
leafhyperboloid,andgaveclosedandanalytic
quasi-isotropicmathematicalexpressionsonthe
premiseoforthogonalcharacteristics.Jia,Liet
al.[6,24]analyzedtheisotropyofsix-axisheavy
forcesensor,andcombinedtheatlasesanalysis
andgeneticalgorithmtooptimizethestructural



parametersofthesensor.Howeverthestructural
parametersofthespectrumanalysisarelessthan
thoseofallstructuralparameters,whichmakes
structureoptimizationinsufficient.

Inthispaper,an8/4-4structureparallelsix-
axisforcesensorisintroduced,andithasthead-
vantageofachievingforceandmomentisotropy
simultaneouslybyparameteroptimization.Based
ontheprincipleofminimumnumberofcondition
numbersoftheJacobianmatrixspectralnorm,

theisotropyofforceandmomentofthesensoris
expressed.Throughthenumericaloptimization
method,theoptimizationofstructuralparame-
tersoftheforcesensorunderoptimalisotropic
performanceissolved.Orthogonalexperiments
areusedtodeterminethedegreeofprimaryand
secondaryfactorsthatachieveasignificantinflu-
enceontheperformanceindexofthesensor,and
thentheinfluenceofstructuralparameterschan-
gesontheperformanceindexofsensorisana-
lyzedclearlybythemethodofspectrumoptimiza-
tion.

1 MeasurementPrincipleof8/4-4
ParallelSix-AxisForceSensor

1.1 Mathematicalmodel

Theschematicdiagramofthe8/4-4six-axis
forcesensorisshowninFig.1.Theupperand
lowerplatformsareparalleltoeachother,and
theeightbranchesaredividedintotwogroups.
ThereferencecoordinatesystemOXYZislocated
onthegeometriccenteroftheupperplatform,

theY-axisisverticallyupward,theX-axisbisects
∠b1Ob2,andtheZ-axisisdeterminedbasedon
therighthandrule.ThecoordinatesystemO′X′
Y′Z′isestablishedatthegeometriccenterofthe
lowerplatform,anditstriaxialdirectionsX′Y′Z′
arethesameasthoseofthereferencecoordinate
system.bistandsforthecenterpointoftheflexi-
bleballjointsevenlydistributedonthecircumfer-
enceoftheupperplatform,andBistandsforthe
centerpointoftheflexibleballjointsonbothcon-
centriccirclesinnerandouterthelowerplatform.
Ignoringthemassofthebranchesandthefriction

betweentheflexibleballjoints,thebranchescan
beequivalenttotwo-forcerod.Inthestructural
parametersofthesensor,Rarepresentsthedis-
tributionradiusofthecenterpointsoftheflexible
balljointsontheupperplatform;RB1andRB2re-
spectivelyrepresentthedistributionradiusofthe
centerpointsoftheflexibleballjointsouterand
innerofthelowerplatform;hrepresentsthedis-
tancebetweentheupperandlowerplatforms;α1
andα2respectivelyrepresenttheanglebetween
Ob1andX-axis,andtheanglebetweenOb2andX-
axis;β1andβ2respectivelyrepresenttheanglebe-
tweenO′B1andX′-axis,andtheanglebetween
O′B2andX′-axis;θ1representstheanglebetween
Ob3andO′B3incoordinatesystemO′X′Y′Z′.θ2
representstheanglebetweenOb4andO′B4inthe
coordinatesystemO′X′Y′Z′.

Fig.1 Schematicdiagramof8/4-4six-axisforcesensor

Specifyingtheforceandmomentappliedto
theupperplatformasFandM,thestaticbalance
equationsfortheupperplatformcanbeexpressed
as

F=∑
8

i=1
fi· bi-Bi

bi-Bi
(1)

M=∑
8

i=1
fi·bi×(bi-Bi)

bi-Bi
=∑

8

i=1
fi· Bi×bi

bi-Bi

(2)

Eqs.(1)and(2)canberewrittenintheformof
amatrix,whichis

FW =J·f (3)

where
FW = [ ]F M T

f= f1 f2 f3 f4 f5 f6 f7 f[ ]8
T

JacobianmatrixJisshownas
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J=

b1-B1

b1-B1

b2-B2

b2-B2
… b8-B8

b8-B8

B1×b1
b1-B1
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b2-B2

… B8×b8
b8-B
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8

(4)

1.2 Isotropicindicatorsofforceandmoment

Isotropyofforceandmomentisanimportant
performanceevaluationindexofsix-axisforce
sensors.TheJacobianmatrixJcanbeexpressed
intheformof[JF JM]Tbecauseofdifferentdi-
mensionsofthefirstthreelinesandthelastthree
lines.FromEq.(3),weknowthatthesmaller
theconditionnumberofJacobianmatrixJis,the
betterthenumericalstabilitycouldbe.Thesmal-
lertheinfluenceofthesmallchangeoffonthe
FWis,thelessinfluenceofvariouserrorsinall
directionsonthe measurementresultcanget.
Thebettertheforcetransmissionperformanceof
thesensoris,thatis,physicalpropertiesofthe
sensortendtobeconsistentinalldirections,the
bettertheisotropicdegreeofforceandmoment
willbe.

Accordingtotheminimumprincipleofcon-
ditional number of Jacobian matrix spectral
norm,theisotropicdegreesofforceandmoment

μFandμMareexpressedrespectivelyastherecip-
rocaloftheconditionalnumberofJacobianmatrix
offorceandmoment,i.e.

μF = 1
cond(JF)

, μM = 1
cond(JM)

(5)

  Inordertomakethesensorisotropic,the
sensorshouldbestructuralsymmetric,theiso-
tropicdegreeofforceandmomentis1,andthe
conditionnumberofJacobianmatrixisalso1at
thismoment.Thatis,cond(JF)=cond(JM)=1.
JJT mustbeagenerallydiagonalmatrix,which
canbeexpressedas

JJT=
JFJT

F JFJT
M

JMJT
F JMJT

é

ë

ê
ê

ù

û

ú
ú

M

(6)

whereJFJT
FandJMJT

Mshouldbediagonalmatri-
ces,andJFJT

MandJMJT
Fshouldbezeromatrices

of3×3.Theycanbeexpressedas
JFJT

F =diagγF1,γF2,γF( )3 /L2

JMJT
M =diagγM1,γM2,γM( )3 /L{ 2

(7)

JFJT
M =JMJT

F =O (8)

WhenγF1=γF2=γF3,γM1=γM2=γM3,thesensor
satisfiestheforceandmomentisotropy.Atthis
moment,bothconditionnumbersofJFandJM

areequalto1.
SimplifyingJJTas

JJT=
γF1 0 0 X1 X2 0
0 γF2 0 -X2 X1 0
0 0 γF3 0 0 -2X1

X1 -X2 0 γM1 0 0
X2 X1 0 0 γM2 0
0 0 -2X1 0 0 γM

é

ë

ê
ê
ê
ê
ê
ê
ê
êê
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3

·1
L2

(9)

where
L=(R2

B1+ R2
a-2RB1Racosθ1+h2)1/2=(R2

B2+
R2

a-2RB2Racosθ2+h2)1/2,θ1=αi-βi (i=1,3,

5,7),θ2=αi-βi (i= 2,4,6,8),γF1=γF3=
2(R2

B1+R2
B2+2R2

a)-4Ra(RB1cosθ1+RB2cosθ2),

γF2=8h2,γM1=γM3=4R2
ah2,γM2=4R2

a(R2
B1sinθ21+

R2
B2sinθ22),X1=-2Rah(RB1sinθ1+RB2sinθ2),

X2=2Rah(RB1cosθ1+RB2cosθ2-2R2
a).

FromX1=X2=0,RB1andRB2canberespectively
expressedas

RB1=- 2Rasinθ2
sin(θ1-θ2)

RB2=- 2Rasinθ1
sin(θ1-θ2)

(10)

SubstitutingRB1andRB2intoγM1-γM2=0,wecan
obtain

8R2
asin2θ1sin2θ2
sin2(θ1-θ2)-h2=0 (11)

Thus,hcanbeexpressedas

h=22Rasinθ1sinθ2
sin(θ1-θ2)

(12)

SubstitutingRB1,RB2andhintoγF1-γF2=0,we
canobtain
7cos2θ1cos2θ2-6cos2θ1-6cos2θ2-sin2θ1cos2θ2+5

cos(2θ1-2θ2)-1 =0

(13)

InEq.(13),cos(2θ1-2θ2)-1≠0,thatis,θ1≠
θ2.

Itcanbeseenthat,giventherangeofRaand
θ2,Eq.(13)canbesolvedbythenumericalmeth-
od,andθ1,Raandθ2canbebroughtintotheex-
pressionofRB1,RB2andh.Thusallstructuralpa-
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rametersofthesensormeetingtheforceandmo-
mentisotropiccanbegained.

2 DeterminationofMainRelationof
EachParameterBasedonOrthog-
onalExperiment

From Eqs.(5-9),itcanbeseenthatthe
forceandmomentisotropyofthesensorarerelat-
edtomultiplefactorsofthesensor,includingRa,

RB1,RB2,h,θ1andθ2.Inordertostudythede-
greeofprimaryandsecondaryfactorsthathavea
significantinfluenceonthesensorcharacteristics,

themethodoforthogonalexperiment[25,26]isused
incombinationwiththeexperiment.

2.1 Orthogonaldesign

Theorthogonalexperimentincludessixfac-
tors,whichareRa,RB1,RB2,h,θ1andθ2,re-
spectively.Thelastblankcolumnisleftasthe
errorcolumn.Fourlevelsareselectedineachfac-
tor[27].Accordingtothelimitedphysicalsizeof
thesensor,thelevelparametersettingsoftheor-
thogonaltestareshowninTable1.
  TableofL32(47)isselectedfororthogonal
experimentdesign.Tables2and3giveonlythe
firstsixexperimentaldata.Thecombinationof
structuralparametersforeachtestcaseisex-
pressedintermsoflevels.Therearefourlevels
foreachfactor,andeachlevelappearseighttimes
in32trials.

Table1 Orthogonalfactorleveltable

Level
Ra

(A)
RB1

(B)
RB2

(C)
h
(D)

θ1
(E)

θ2
(F)

1 0.09 0.12 0.03 0.02 -3 20 1
2 0.10 0.13 0.04 0.03 -5 24 2
3 0.11 0.14 0.05 0.04 -7 28 3
4 0.12 0.15 0.06 0.05 -9 32 4

2.2 Analysisoforthogonalexperimentresults

Intuitiveanalysisisusedtocomparethe
rangeR^ ofaveragevaluesofthefourlevelsfor
eachfactor,thentheorderofprimaryandsec-
ondaryofimportanceforsixfactorsisdeter-
mined.
Inthisexample,withinthegivenrangeof

eachfactorlevel,Ra(factorA),RB1(factorB),

RB2(factorC),h(factorD),θ1(factorE)andθ2
(factorF),theorderofthesixfactorsthatinflu-
encetheforceisotropicμFcanbearranged(prima-
ry→secondary):D,A,E,B,F,C.Usingthesame
methodtomakeorthogonalexperimentonμM,

themainandsecondaryorderoffactorsthatinflu-
encethemomentisotropicμM canbearranged
(primary→secondary):D,E,B,C,F,A.
SincethefactorAislimitedstrictlyinprac-

ticeandcannotbechangedwithinawiderange,it
hasaweakinfluenceeventhoughitrankedin
frontonμF.Fromtheaboveanalysis,itisfound
thattheinfluenceoffactorsB,DandE(thecor-
respondingstructuralparametersofRB1,hand
θ1)onμF,μMisthemostsignificant.

Table2 OrthogonalexperimentdesignstableofμF

Test
number

A B C D E F
1 2 3 4 5 6 7

DataofμF

1 2 2 2 4 1 3 2 0.650687

2 1 3 4 2 1 4 3 0.842184

3 4 2 1 3 2 4 1 0.687600

4 4 1 3 3 3 3 3 0.649931

5 3 4 2 3 4 4 3 0.978875
6 2 4 4 1 2 2 1 0.551972
… … … … … … … … …
췍Ⅰ 0.748 0.72 0.778 0.675 0.79 0.757
췍Ⅱ 0.761 0.75 0.739 0.857 0.714 0.725
췍Ⅲ 0.713 0.772 0.758 0.813 0.721 0.775 Primary→Secondary:
췍Ⅳ 0.797 0.776 0.742 0.673 0.793 0.761 D,A,E,B,F,C

RangeR̂ 0.084 0.056 0.039 0.184 0.079 0.050
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Table3 OrthogonalexperimentdesigntableofμM

Test
number

A B C D E F
1 2 3 4 5 6 7

DataofμM

1 2 2 2 4 1 3 2 0.342693
2 1 3 4 2 1 4 3 0.919836
3 4 2 1 3 2 4 1 0.427649
4 4 1 3 3 3 3 3 0.588236
5 3 4 2 3 4 4 3 0.805207
6 2 4 4 1 2 2 1 0.723176
… … … … … … … … …
췍Ⅰ 0.664 0.566 0.580 0.731 0.529 0.599
췍Ⅱ 0.655 0.589 0.631 0.770 0.578 0.611
췍Ⅲ 0.656 0.752 0.651 0.593 0.700 0.647 Primary→Secondary:
췍Ⅳ 0.590 0.658 0.702 0.471 0.759 0.707 D,E,B,C,F,A

RangeR̂ 0.074 0.186 0.122 0.299 0.230 0.108

  Performanceatlasesfromtheoverallpointof
viewmorevividlyshowthedistributionoftheva-
riousstructuralparametersofthesensoronthe
performanceindex.Therefore,withthehelpof
spacemodeltheory[26],someatlasesofthevaria-
tionofthesensor’sperformanceindex with
structuralparameters(RB1,handθ1)areplotted
ontheplaneinSection3.

3 PerformanceAtlases

LetRB2=Pd·RB1(Pdisaconstant,and
specifiedtobe0.38asanexample),theparame-
terrangesarelimitedto0.1m<RB1<0.2m,0<
h<0.15m,-45°<θ1 <45°.Accordingto
Eq.(5),plotsofsensorperformanceindicesμF,

μM withthreemainstructuralparametersRB1,h,

θ1areplottedwhenθ2-θ1=20°,θ2-θ1=40°and
θ2-θ1=50°(θ2-θ1isthedifferenceofpositioning
angle),asshowninFigs.2—10.Itisfoundthat
thetrendpresentedbytheatlasdoesnotchange

withthechangeofθ2-θ1.Figs.4,7and10are
comprehensiveatlasesofμFandμMrespectively.
Theareasmarkedbybrightcolorrepresentthe
excellentisotropyofforceandmoment.

Basedontheanalysisoftheperformanceat-
lases,wecangetthefollowingresults:

(1)Whenthesensorheightneedstobeas
smallaspossible,asmallerθ2-θ1canbetaken.

(2)Sensorstructureparametersshouldbe
designedbyselectingareaswherethecontour
changesarerelativelyflat.

(3)Forforceisotropicdesign,θ<20°andRB1

<0.16mshouldbeselectedandθ2-θ1shouldbe
increased moderately.Thebrightcolorregion
broadens,makingtheoptionalparameterrangeof
thesensorlarger.Formomentisotropicdesign,

θ1canbechosenbetween-9°and-45°,andRB1

canbechosenbetween0.12mand0.14m.IfRB1

needstobesmaller,θ2-θ1canbeincreasedap-
propriately.

  Fig.2 ForceisotropicatlasμF   Fig.3 MomentisotropicatlasμM  Fig.4 ComprehensiveatlasofμFand
(θ2-θ1=20°) (θ2-θ1=20°) μM(θ2-θ1=20°)
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  Fig.5 ForceisotropicatlasμF   Fig.6 MomentisotropicatlasμM  Fig.7 ComprehensiveatlasofμFand
(θ2-θ1=40°) (θ2-θ1=40°) μM(θ2-θ1=40°)

  Fig.8 ForceisotropicatlasμF   Fig.9 MomentisotropicatlasμM  Fig.10 ComprehensiveatlasofμFand
(θ2-θ1=50°) (θ2-θ1=50°) μM(θ2-θ1=50°)

  (4)Aimingatthehigherdesignrequire-
mentsofforceandmomentisotropy,thestruc-
tureparameterselectionshouldbeintheregion
“a”showninFigs.4,7and10.Theisotropyof
theforceandmomentinregion “a”isgreater
than0.8,andthatinregion“b”isnotgreater
than0.8.

4 SimulationVerification

Fig.11 ComprehensiveatlasofμFandμM(θ2-θ1=31°)

Accordingtotheoptimizationmethodmen-
tionedinSection3,bycombiningtheorthogonal
experimentanalysisandtheperformanceatlases
asshowninFig.11,asetofsensorstructuralpa-
rameterswithexcellentforceandmomentisotro-

pyisselectedasfollows.
Ra =0.1m;RB1=0.15m;RB2=0.057m;

h=0.04m;θ1=-11°;θ2=20° (14)

  Bringingthesestructuralparametersintothe
theoreticalmodelofSection1,theforceandmo-
mentisotropyofthesensorarecalculatedas

μF =0.9987,μM =0.9902 (15)

  TheloadrangeofthesensorisFx=Fy=
Fz=1kNandMx=My=Mz=100Nm.Repla-
cingeachbranchofthesensorwithaspring,a
virtualprototypeofthe8/4-4parallelsix-axis
forcesensorisbuiltinautomaticdynamicanalysis
ofmechanicalsystems(ADAMS).Nowthelower
platformofthesensorisfixed,andthegeneral-
izedsix-axisforceineachdirectionisappliedto
thecenterpointoftheupperplatform.Eachforce
componentisloadedsuccessivelyfromsmallto
large.Afterreachingthemaximumvalue,itis
unloadedfrom largetosmall,andtheeight
branchingforcesofthesensorintheADAMS
simulationarerecorded.Accordingtothemethod
inRef.[28],thecalibrationmatrixGacanbecal-
culatedas
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Ga=

-0.476 0.7381 -0.6624 0.3458 0.4756 -0.7387 0.6619 -0.3461
0.5808 0.5790 0.5783 0.5769 0.5786 0.5777 0.5783 0.5797
0.6629 -0.3451 -0.4751 0.7390 -0.6615 0.3467 0.4765 -0.7378
0.0236 -0.0050 -0.0529 -0.0576 -0.0235 0.0051 0.0530 0.0577
-0.0410 0.0409 -0.0410 0.0409 -0.0410 0.0409 -0.0410 0.0409
0.0530 0.0577 0.0236 -0.0050 -0.0529 -0.0576 -0.0235 0.

é

ë

ê
ê
ê
ê
ê
ê
ê
êê

ù

û
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ú
ú
ú
ú
ú
ú
úú0051

T

(16)

  AccordingtoEq.(5),theforceandmoment
isotropyofthesix-axisforcesensorobtainedby
ADAMSsimulationcanbecalculatedas

μFa =0.9962,μMa =0.9997 (17)

  Itcanbeseenfromthecomparisonbetween
Eq.(15)andEq.(17)thattheisotropicdegrees
offorceandmomentcalculatedaccordingtothe
simulationandthetheoreticalmodelareveryap-
proximate.The mathematical modelandthe
forceandtorqueisotropicoptimizationalgorithm
ofthe8/4-4parallelsix-axisforcesensorare
provedtobecorrectandaccurate.

5 Conclusions

Inthispaper,theisotropicpropertiesof
forceand momentareanalyzedbasedon8/4-4
parallelsix-axisforcesensor.A mathematical
modelof8/4-4parallelsix-axisforcesensorises-
tablished.Basedonthedefinitionofeachper-
formanceindexofsensor,thenumericaloptimi-
zationmethodisusedtoselectthecombinationof
six-axisforcesensorstructureparametersthat
meettherequirementsofperformanceindex.
Throughorthogonalexperiment,theprimaryand
secondaryinfluencesofeachstructuralparameter
onthesixperformanceindexesareanalyzed,and
thentheperformancemodelisdrawnandana-
lyzedbyusingthespatialmodeltheory.Fromthe
performanceatlasesofsensor,theregularitybe-
tweentheisotropyoftheforceandmomentand
thestructuralparametersofthesensorisana-
lyzed,whichlaysagoodfoundationfortherea-
sonableselectionofthesensorparameterswith
theexpectedperformance.Theaccuracyofmath-
ematicalmodelandoptimizationalgorithmofthe
8/4-4parallelsix-axisforcesensorareconfirmed
byADAMSsimulation.Theconclusionsbasedon
theperformanceatlascanbesummarizedasfol-

lows:
(1)Thegeneraltrendoftheisotropiccurve

isthatthesmallerθ2-θ1is,thesmallerthedis-
tancebetweentwoplatformscangetwhenthe
forceandthemomentreachisotropy.

(2)Whenθ2-θ1islarge,hisbetween0.03
mand0.05m,andthecontourisrelativelyflat,

whichshowsthattheslightchangeofstructural
parametersinthisareahaslittleeffectontheper-
formanceindex.Designinginthisareaallowsa
slightlylargertolerancetostructuralparameters
andhelpstoreduceprocessingandassembly
costs.

(3)Whentheforcereachesisotropy,thedis-
tancebetweentwoplatformsincreasesgenerally,

whichisinfavorofsensorprocessing.Whenthe
momentreachesisotropy,RB1generallyshowsa
decreasingtrend,whichisbeneficialtomakethe
sensorcompact.
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