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Abstract

Staticoptimization methodthatis basedn inversedynamicsis the mostpopularandeasies
way to estimatemuscleforce from the motion data,andthereforeit hasbeenusedto andyze
various humanmotion datain biomedanics. Thesemethals areall basd on time-degnden
optimizationmethodghatdo not take into account the whole motion. In this pape we propose
atime-depenent,global optimization methodfor predicting the muscleforce.

The idea is to optimize the objective function basedon the histary of muscleactivation
through the motion while using the muscleforce - joint torque relationshp aslinear equdity
conrstrairts,andmuscleactivation dynamicsthatlimit suddenincreaseor deceaseof themuscle
force asinequality congraints Although the overhead of our methodis heaviercompaing to
previoustime-indep@&dentmethod, the soluion canbe obtanedusing quadatic proggamming
in realtime.

Sinceour methodis atime-depeneéntmethod it canbeapplied to motiors sud asjumping

or running, thatcould be hardled only by dynamic optimizationmethod.



1 Introduction

Theproblemto estimatehemuscleforcethroughthemotionhasbeena majortopicin biomechanics
for alongtime. Oneof theoldestandmostpopularmethodusedtodayis basedninversedynamics:
thatis to first calculatethe joint torquesfrom the motion data,andthenestimatethe muscleforce
from the torque. Sincethe numberof muscless greaterthanthe degreesof freedomof the body;
optimization method are mainly usedto estimatethe muscleforce from the joint torques. In the
old days,someresearbersproposedo uselinear programming for suchpurpose[3, 9]. Linear
programmingmethodsdid not work well becausdn mary casesthe musclesexerted either the
maximumor minimum force exertable. Later researchersetnonlinearobjective functionsasthe
criteria, and solved the optimization problemusingvarioustechniquesuchascompositegradient
method [10], pseudo-inersemethod[5], andsequentiafjuadraticorogrammingmethod[2]. Some
researchis took into accountmuscledynamicsn orderto limit the muscleforce.

Theseresearcheare classifiedastime independenstatic optimization methodstoday Thisis
becaus¢hemuscleforcesateachmomentarecalculatednly usingthejoint torquesatthatmoment.
The problemwith static optimizationtechniqueds that it canbe appliedonly to motion suchas
bipedalgaitwith which actvatan dynamicsof themuscledo not crucially affectthe motion [2].

Today dynamicoptimizationmethodsareconsideredssuperiomethodgo estimatehe muscle
force. Dynamt optimization methodsare basedon activation dynamcs of the musclesand simu-
lation usingforward dynamics. The musclesare activatedby twitch signals,andthe body model
is controlledby the muscles.Thefinal muscle-acwration histay is obtainedby minimizing anob-
jective function that takes into accountthe whole motion. It hasbeenappliedto motion suchas
maximalverticaljumping[7, 8], bipedalgait[6, 1], andetc.

The problemswith dynamicoptimization methodsnclude (1) the difficulty to obtaintheinitial



motionto starttheoptimizatonand(2) theheary computationatost. Thefirst problemmalkesit dif-
ficult to applydynamicoptimizationtechniquego arbitrarymotions. Theresearchemustsomehav
first guesgheinitial muscletwitch signalsthatrealizethe inital motion to startthe optimization.

And mentionng aboutthe secondoroblem,it is reportedthat dynamicoptimizationtechniques
coststhousand®f timesthat by staticoptimizationmethods.In additionto that, it is alsoreported
that static and dynamc optimizations are almostequialentfor motion suchas bipedalgait [2].
However, it is known thatthey are not equivalent for motion suchasmaximalvertical jumping or
sprintingwith which the activaon dynamicsof the musclesare playing a crucialrole. Therefore,
for analysisof suchmotion, dynamicoptimizationis consideredhe only precisemethodtoday

In this papemwe proposeatime-dependenglobaloptimizationmethodfor predictingthemuscle
force thatis basedon inversedynamics. The methodis similar but differentfrom previous static
optimizatian techniques.

Theideais to optimize the objective function basedon the history of muscleactivation through
the motion while usingthe linear relationslip betweenthe muscleforce andjoint torquesaslinear
equality constraintsand muscleactivation dynamicsthat limit suddenincreaseor decreas®f the
muscleforceasinequalityconstraints Althoughtheoverheadf ourmethods heavier thanprevious
time-independentnethods asall the equalityandinequality constraintsare setlinear, the solution
canbe obtainedusing quadraticprogrammingn realtime. Sinceour methodis a time-dependent
method,it canbe appliedfor motionssuchasjumping or running, that could be handledonly by

dynamicoptimizatian methods.



2 Methods

We have usedthe muscubskeletalmodelby Delp et al [4] for the motionanalysis.Eachmusculo-
tendonis basedn Hill' smusclemodel. The musclemodelandtheir parameterarealsofrom Delp
et al [4].

Themodelis composeaf threeelementsthecontractileelemen{CE, musclefibers),the paral-
lel elasticelementPEE,connectve tissuearoundthefibersandfiber bundles) andthe serieselastic

element(SEE,muscletendon).

IMT

Figurel: Themusclemodelby Hill usedin this study

At eachmomentof the motion, asthe musculoendonlengthis determinedoy the posture the

minimum forcethatmustbe exertedby the musclecanbe calculated:
Fa"(t) < Fn(t) (1)

whereF™(t) is the musculoendonforce of the mth muscle,and F'"(t) is the minimum force by
this musclewhenits activation level is 0.
After thetrajectoryof thebodyhasbeendeterminedthetorqueexertedateachjoint is calculated

usinginversedynamics.Thetorquerj (t) exertedatjoint j, is generatedby the musclescrossingthe



joint:
L) = ;Fm(t)rm,j,j =0,...,Nyos (2)

wherer , ; is themomentarmof musclem abouththe jth joint axis,andny, is thetotal degreesof
freedomwhosetorgqueis generatedby the muscles.
Previous time-independenmethodsestimatedhe muscleforce at eachmomentby optimizing

functionssuchas
J= Z am(t;) (3)
m
wherean(t;) is theactivation level of musclem, andnp, is the total numberof muscles.
Insteadof solving suchstaticoptimizationproblemat eachtime step,we proposea nev method

to solve a single optimization problemthroughthe motion:

n

am(t;)? (4)
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whereng is the numberof time steps. The muscleforce - joint torqueequationg(2) are usedas

equalityconstraintsThe amountof eachmuscleforceis limited by equation(1).

The activation dynamicsof the muscleusedin this paperis not fully physblogical. This is
becausemostof the equationsof muscledynamicsare nonlinear: suchasthe twitching of muscle
activatiors, force- lengthrelationshipof themusclesandetc. As aresult,without linearlizingthese
relationshipssolvingfor the muscleforcesbecomea nonlinearproblem,thatis hardto be solved

First,themuscleactivationlevel is calculatedrom themuscleforceusingthefollowing equation:

Fm— Fmin

am = anqax_Frmn (5)

whereF 1 is the static maximum force exertedby the musclewhenits activaton level is 1, and

whenthe contractionvelocity vy, is 0.



Next, the muscleactivation dynamics,that limit the changeof activation level of the muscles

betweerthetime stepsjs definedby thefollowing equation:

Aapin < am(ti, 1) — am(t) < Aamax, i =0,1,..,n—1 (6)

wherelAanx andAanax areconstantaluesthatlimit the changeof the muscleactivation.

In sumnary, the problemto be solvedherecanbewritten by thefollowing form:

WS i r ”
where
Ti(t) = %Fm(ti)rm’j(ti) 8)
F(t) < Fn(t) )
Hoin = F?aif.ﬁ) —Fgﬁ’:f’t(itﬂ e F;n:f(%t).) e (0

This problemis composedf ns x ny, variablesn,,; x nm equalityconstraintsandng X Nm-+2 X Ng X
Ny inequalityconstraints Although thenumberof variabless large, sincethematrix of the objective
functionandconstraintsareboth sparsethis problemcanbe a solvedusingquadratigprogramming

in realtime.

3 Results

To adaptthe musculogeletalmodelto the subjectto whomwe apply our inversedynamcs method,
thesizeof eachbodyseggmentwaslinearly scaled Muscleparametersuchastheorigin andinsertion
of the musclesfiber andtendonlengthwerescaledaswell. The new inertiaandmassof the body

seggmentswerecalculatedusingthe scalingfactors.



The optimizationmethodproposedn this researclwasappliedto a gait motion. The activation
history of the major musclesusedfor a gait motion during the supportphaseare shown in figure

3. We have comparedur resultswith the EMG data,andfound out the patternmatchedvery well
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Figure2: Themuscleactivation historyby the (a) gluteusmaximus(b) tibialis anterior(c) soleugd)

gastrocnemiuge) vastusmedialis,and(f) rectusfemoris.

with the muscleactivation calculatedusingour method. For example,usingour method we could
obsenre the activation of the tibialis anteriormusclebeforeits landingto the ground. Suchkind of

activationcould not be calculatedusingprevious staticoptimizationmethods



4 Summary

In this paperwe have proposeda time-dependentglobal optimization methodfor predictingthe
muscleforce.
Theideawasto optimize the objective functionbasedn thehistoryof muscleactivation through
themotionwhile usingthe muscleforce - joint torquerelationshp aslinearequalityconstraints
We have appliedour methodto a gait motion and obtaineda resultthat matchwell with EMG

data.
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