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Abstract

Staticoptimization methodthatis basedon inversedynamicsis themostpopularandeasiest

way to estimatemuscleforce from the motion data,andthereforeit hasbeenusedto analyze

various humanmotion datain biomechanics. Thesemethods areall based on time-dependent

optimizationmethodsthatdo not take into account thewholemotion. In this paper we propose

a time-dependent,globaloptimization methodfor predicting themuscleforce.

The idea is to optimize the objective function basedon the history of muscleactivation

through the motion while usingthe muscleforce - joint torque relationship as linear equality

constraints,andmuscleactivation dynamicsthatlimit suddenincreaseor decreaseof themuscle

force asinequality constraints. Although the overhead of our methodis heaviercomparing to

previoustime-independentmethods, thesolution canbeobtainedusing quadratic programming

in realtime.

Sinceourmethodis a time-dependentmethod, it canbeapplied to motionssuch asjumping

or running, thatcould behandledonly by dynamic optimizationmethods.
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1 Introduction

Theproblemto estimatethemuscleforcethroughthemotionhasbeenamajortopicin biomechanics

for alongtime. Oneof theoldestandmostpopularmethodusedtodayis basedoninversedynamics:

that is to first calculatethe joint torquesfrom themotion data,andthenestimatethemuscleforce

from the torque. Sincethe numberof musclesis greaterthanthe degreesof freedomof the body,

optimization methods aremainly usedto estimatethe muscleforce from the joint torques. In the

old days,someresearchersproposedto uselinear programming for suchpurpose[3, 9]. Linear

programmingmethodsdid not work well becausein many casesthe musclesexertedeither the

maximumor minimum force exertable. Later researchers setnonlinearobjective functionsasthe

criteria,andsolved theoptimizationproblemusingvarioustechniquessuchascompositegradient

method [10], pseudo-inversemethod[5], andsequentialquadraticprogrammingmethod[2]. Some

researchers took into accountmuscledynamicsin orderto limit themuscleforce.

Theseresearchesareclassifiedastime independentstaticoptimizationmethodstoday. This is

becausethemuscleforcesateachmomentarecalculatedonly usingthejoint torquesatthatmoment.

The problemwith staticoptimization techniquesis that it canbe appliedonly to motion suchas

bipedalgaitwith whichactivaton dynamicsof themuscledonotcrucially affect themotion [2].

Today, dynamicoptimizationmethodsareconsideredassuperiormethodsto estimatethemuscle

force. Dynamic optimization methodsarebasedon activation dynamics of the musclesandsimu-

lation usingforward dynamics.The musclesareactivatedby twitch signals,andthe body model

is controlledby themuscles.Thefinal muscle-activation history is obtainedby minimizing anob-

jective function that takes into accountthe whole motion. It hasbeenappliedto motion suchas

maximalverticaljumping[7, 8], bipedalgait [6, 1], andetc.

Theproblemswith dynamicoptimizationmethodsinclude(1) thedifficulty to obtaintheinitial
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motionto starttheoptimizationand(2) theheavy computationalcost.Thefirst problemmakesit dif-

ficult to applydynamicoptimizationtechniquesto arbitrarymotions.Theresearchermustsomehow

first guesstheinitial muscletwitch signalsthatrealizetheinital motion to starttheoptimization.

And mentioning aboutthesecondproblem,it is reportedthatdynamicoptimization techniques

coststhousandsof timesthatby staticoptimizationmethods.In additionto that, it is alsoreported

that static and dynamic optimizationsare almostequivalent for motion suchas bipedalgait [2].

However, it is known that they arenot equivalent for motion suchasmaximalvertical jumping or

sprintingwith which theactivation dynamicsof themusclesareplayinga crucial role. Therefore,

for analysisof suchmotion, dynamicoptimizationis consideredtheonly precisemethodtoday.

In thispaperweproposeatime-dependent, globaloptimizationmethodfor predictingthemuscle

force that is basedon inversedynamics. The methodis similar but different from previous static

optimization techniques.

Theideais to optimize theobjective functionbasedon thehistoryof muscleactivation through

themotionwhile usingthe linear relationship betweenthemuscleforceandjoint torquesaslinear

equalityconstraints,andmuscleactivation dynamicsthat limit suddenincreaseor decreaseof the

muscleforceasinequalityconstraints. Althoughtheoverheadof ourmethodis heavier thanprevious

time-independentmethods,asall theequalityandinequalityconstraintsaresetlinear, thesolution

canbe obtainedusingquadraticprogrammingin real time. Sinceour methodis a time-dependent

method,it canbe appliedfor motionssuchasjumping or running,that could be handledonly by

dynamicoptimization methods.
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2 Methods

We have usedthemusculoskeletalmodelby Delp et al [4] for themotionanalysis.Eachmusculo-

tendonis basedon Hill’ smusclemodel.Themusclemodelandtheir parametersarealsofrom Delp

et al [4].

Themodelis composedof threeelements:thecontractileelement(CE,musclefibers),theparal-

lel elasticelement(PEE,connectivetissuearoundthefibersandfiberbundles),andtheserieselastic

element(SEE,muscletendon).

Figure1: Themusclemodelby Hill usedin this study

At eachmomentof the motion, asthemusculotendonlengthis determinedby the posture,the

minimum forcethatmustbeexertedby themusclecanbecalculated:

Fmin
m

�
t ��� Fm

�
t � (1)

whereFm � t � is the musculotendonforce of the mth muscle,andFmin
m

�
t � is the minimum force by

this musclewhenits activation level is 0.

After thetrajectoryof thebodyhasbeendetermined,thetorqueexertedateachjoint is calculated

usinginversedynamics.Thetorqueτj
�
t � exertedat joint j, is generatedby themusclescrossingthe
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joint:

τj

�
t ��� ∑

m
Fm

�
t � rm � j � j � 0�	�
����� ndo f (2)

whererm � j is themomentarmof musclem abouththe jth joint axis,andndo f is thetotal degreesof

freedomwhosetorqueis generatedby themuscles.

Previous time-independentmethodsestimatedthemuscleforce at eachmomentby optimizing

functionssuchas

J �
nm

∑
m

am
�
ti � 2 (3)

wheream
�
ti � is theactivation level of musclem, andnm is thetotal numberof muscles.

Insteadof solvingsuchstaticoptimizationproblemat eachtime step,weproposea new method

to solveasingle optimizationproblemthroughthemotion:

J �
ns

∑
i

nm

∑
m

am
�
ti � 2 (4)

wherens is the numberof time steps. The muscleforce - joint torqueequations(2) areusedas

equalityconstraints.Theamountof eachmuscleforceis limi tedby equation(1).

The activation dynamicsof the muscleusedin this paperis not fully physiological. This is

becausemostof the equationsof muscledynamicsarenonlinear: suchasthe twitching of muscle

activations,force- lengthrelationshipsof themuscles,andetc.As aresult,without linearlizingthese

relationships,solvingfor themuscleforcesbecomeanonlinearproblem,thatis hardto besolved.

First,themuscleactivationlevel is calculatedfromthemuscleforceusingthefollowingequation:

am � Fm  Fmin
m

Fmax
m  Fmin

m
(5)

whereFmax
m is the staticmaximum force exertedby the musclewhenits activation level is 1, and

whenthecontractionvelocityvm is 0.
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Next, the muscleactivation dynamics,that limit the changeof activation level of the muscles

betweenthetimesteps,is definedby thefollowing equation:

∆amin � am
�
ti � 1�  am

�
ti ��� ∆amax � i � 0� 1���
�
� n  1 (6)

where∆amax and∆amax areconstantvaluesthatlimit thechangeof themuscleactivation.

In summary, theproblemto besolvedherecanbewrittenby thefollowing form:

min
Fm

ns

∑
i

nm

∑
m

� Fm
�
ti �  Fmin

m
�
ti �

Fmax
m

�
ti �  Fmin

m
�
ti �
� 2 (7)

where

τ j

�
ti ��� ∑

m
Fm

�
ti � rm � j

�
ti � (8)

Fmin
m

�
ti ��� Fm

�
ti � (9)

∆amin �
Fm

�
ti� 1 �  Fmin

m
�
ti � 1�

Fmax
m

�
ti � 1�  Fmin

m
�
ti� 1 � 

Fm
�
ti �  Fmin

m
�
ti �

Fmax
m

�
ti �  Fmin

m
�
ti �

� ∆amax � (10)

Thisproblemis composedof ns � nm variables,ndo f � nm equalityconstraintsandns � nm � 2 � ns �

nm inequalityconstraints.Althoughthenumberof variablesis large,sincethematrixof theobjective

functionandconstraintsarebothsparse,this problemcanbeasolvedusingquadraticprogramming

in realtime.

3 Results

To adaptthemusculoskeletalmodelto thesubjectto whomweapplyour inversedynamicsmethod,

thesizeof eachbodysegmentwaslinearlyscaled.Muscleparameterssuchastheoriginandinsertion

of themuscles,fiber andtendonlengthwerescaledaswell. Thenew inertiaandmassof thebody

segmentswerecalculatedusingthescalingfactors.
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Theoptimizationmethodproposedin this researchwasappliedto a gait motion. Theactivation

history of the major musclesusedfor a gait motion during the supportphaseareshown in figure

3. We have comparedour resultswith theEMG data,andfoundout thepatternmatchedvery well

(a) (b)

(c) (d)

(e) (f)

Figure2: Themuscleactivation historyby the(a)gluteusmaximus(b) tibialis anterior(c) soleus(d)

gastrocnemius(e) vastusmedialis,and(f) rectusfemoris.

with themuscleactivation calculatedusingour method.For example,usingour method, we could

observe theactivation of the tibialis anteriormusclebeforeits landingto theground.Suchkind of

activationcouldnotbecalculatedusingpreviousstaticoptimizationmethods.
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4 Summary

In this paperwe have proposeda time-dependent,global optimization methodfor predictingthe

muscleforce.

Theideawasto optimizetheobjectivefunctionbasedonthehistoryof muscleactivation through

themotionwhile usingthemuscleforce- joint torquerelationship aslinearequalityconstraints,

We have appliedour methodto a gait motion andobtaineda resultthatmatchwell with EMG

data.
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