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K wor s

n omputer graphi s an animation, motion- apturing is the most pra ti al wa too tain
realisti human motion ata. Sin e motion- apturing re uires spe ial an e pensi e
e uipment, animators generall tr touse kinemati traje tories that are alrea  a aila le
in ata ases. fananimator annot n thee a t esire motion, it is ne essar to appl
some kin of e iting an mo i ation to the a aila le ata. en if an e a t motion is
foun , the motion often nee s to e a apte to the si e of the o  performing the



a tion. or this reason, there is an in reasing eman to e it, on ert, an retarget real
human motion ata.

arious metho s ha e een propose to e it real human motion ata. Su h metho s

an e 11 e intotwo groups: kinemati metho s an nami metho s.

he former metho onl on erts the traje tories of the o  kinemati all , without
taking into a ount nami s. herefore, as the i eren e etween the original motion
an the e ite motion in reases, the more likel will the resulting motion look unnatural.

he latter metho takes into a ount mnami s for on erting or mo if ing the mo-
tion. Sin e ph si al laws are followe with this metho , the resulting motion generall
looks more natural than that e ite the kinemati metho . Howe er, sin e the in-
ternal stru ture of the human o is ignore , e en though the motion ma e orre t
a or ing to ph si al laws, it an appear ph siologi all unnatural.

oth metho s also ha e the limitation that a ing a ph siologi al e e t to the motion
is 1 ult. ore ample, it is uite 1 ult to reate a fatigue motion from or inar
motion  either kinemati or nami e iting. tisalso i wult to on ert a motion to
a similar motion ma e  an injure o . either the kinemati nor mnami metho
takes into a ount the information a out the internal stru ture of the o . enifsuh

on ersion or e iting were attempte , it woul re uire a great amount of trial-an -error
e ort in tuning num er of parameters.

n this paper, we propose a metho that uses a mus uloskeletal human o mo el
an in erse nami s to allow su h on ersion an in rease the realism of the e ite
motion. s in erse nami s an a mus uloskeletal s stem are use together, it is also
possi le to e aluate whether a gi en motion an e a hie e the human o

ur metho is ase on spa e-time onstraints. t is known that the spa e-time
onstraints metho is not suita le to mo els with man  egrees of free om su h as
the human o ies. Howe er, initiali ation of the optimi ation pro ess from real motion
ata, an generous feasi ilit optimi ation riteria, ena le an animator to o tain natural
ph siologi all feasi le motion with our metho .
on erting a motion while taking into a ount nami s an the ph siologi al
feasi ilit of the motion, it is possi le to a e e ts su h as fatigue an injur to the
motion uite easil , without an parameter tuning or trial an error. Sin e nami s are
taken into a ount, alternation of ph si al parameters su h as gra it or e ternal for e
applie tothe o is also possi le.
en though the initial implementation of the mus uloskeletal human o mo el is
har work, on e it has een prepare , all further al ulations an e one automati all .

he te hni ues to reate human animation an e 1i1i e into three groups: metho s
ase on kinemati s, ph si al simulation, an spa e-time onstraints.

n erse kinemati s, ametho to etermine the rest of the joint angles from the position
of the en e e tors, is a major metho to reate human animation kinemati all . hao
an a ler 39 ha e propose a numeri al metho for etermining the posture of a
human gure whi h an also e applie toan tree-stru ture s stem. he pro lem with
in erse kinemati s is that no  nami s are taken into a ount.



o make animation more realisti , metho s ase on ph si al simulation ha e een

e elope eg., 1,2,33 . new pro lem that arises when ontrolling a human o
mo el in a ph si al en ironment is that the animator must es ri e the hanges in the
tor ue an for e applie to the mo el, instea of the kinemati traje tories. his is a
i ult task e ause the e e t of hanging ea h  nami parameter is not o ious. o
resol e this pro lem, a metho known as proportional- eri ati e D ontrol has een

e elope man resear hers. his approa h has een use to simulate gaits 20, 31
an athleti mo ements su h as running, jumping an ling 1 ,an i ing 3

nother approa h is spa etime onstraints 3 whi h treats a motion s nthesis

pro lem onstraine optimi ation. e frame animation te hni ues ase on this

metho 5, 23, 18, 19 ha e een e elope .

i erent wa to o tain human motion ata is to use real human ata.  otion

apturing e i esareuse insu ha ase. ftheanimator annot n the esire motion,

it is ne essar to appl some kin of e iting or mo i ation to the a aila le ata. en

if an e a t motion an e foun , if the si e of the o  performing the a tion oes not
mat h that of the hara ter, the motion must somehow e a apte tothe hara ter whi h
the animator wants to ontrol. or this reason, there is an in reasing eman to e it,
on ert, an retarget real human motion ata. re ious te hni ues to reate human
animation automati all ha e often utili e to a hie e this.
arious metho s ha e een propose to kinemati all e it motion- apture ata.
he te hni ues intro ue in 30 an 3 e ompose traje tor ata in the fre uen
omain, an amplif some features of the motion, su h as epresse feelings or anger,
hanging the oe ients of the asi fun tions.
lei her 12, 13 has su ee e in retargeting motion ata to a hara ter with a
i erent o sieusingspa e-time onstraints. n 21, hierar hi al -splines were use
to e it on ert a motion to a similar motion with new onstraints.
he a antage of kinemati metho s lies in their simpli it . he algorithms are eas
to implement, an the o taine motion is relati el natural for small hanges.
here are also anum er of motion-e iting metho s ase on nami s. ose 28
ha e e ten e the optimi ation metho ase on spa etime onstraints to smoothl
interpolate i erent apture -motion ata.
opo i 2 ha e propose a nami s- ase metho to e it human motion
ata, whi h ena le animators not onl to a onstraints to the original motion, ut
also to hange su h ph si al parameters as the mass of the o  segments or gra it
whi h oul not e one pre ious kinemati metho s. heir metho is ase on oth
D ontrol an spa etime onstraints.

Howe er, there has een little resear h ire te to e iting motion ata using a pre ise
human o mo el whi h in orporates the mus uloskeletal s stem.  en though se eral
resear hers ha e use mus le mo els to o tain realisti ren ering of human 29 or animal

o ies 3 , mus uloskeletal mo els ha e rarel een use to iel or e it human motion

ata 18, 19. hen ha e reate a er pre ise mus le mo el using , ut
it has not een use for the ontrol of human o mo els in a nami en ironment.
an 25, 2 ha e use a mus uloskeletal mo el to simulate ma imum-height
jumping.  heir metho is ase on forwar nami s an optimal ontrol. Howe er,

sin e no fee a k ontroller is in orporate into this metho , it is not suite to e it
a tual human motion, e ause the la k of a fee a k ontroller makes it i ult to



han le motion su h asa  1i gait using forwar nami s.

n this paper, we propose a metho to on ert a apture motion nami all an
ph siologi all . or this purpose, a mus uloskeletal human o  mo el was prepare .
he outline of the resultig algorithm is as follows:

1. he apture motion is retargette to a similar motion that is feasi le the
mus uloskeletal human o mo el using our on ersion algorithm that is e plaine
in se tion

2. us le parameters su h as the e e t of fatigue or the peak for e that an ee erte
a mus le are hange to reate a ph siologi all i erent motion. D nami pa-
rameters su h as gra it or e ternal for e an also e hange to iel a ph si all
i erent motion. o generate a tire motion, the histor of the mus le a ti ation
le el is al ulate  uring the motion o taine in step 1, an then, using the
fatigue an re o er mo el, the ph siologi al parameters whi h are use to al-
ulate the ma imum an minimum for e e erta le a mus le are re al ulate .
0 generate a motion an injure o , the peak mus le for eis e ne the
animator.

3. Sin e the alues for ph si al an ph siologi al parameters ha e een hange , the
motion o taine in step 1 is no longer feasi le a or ing to the mus uloskeletal
human o mo el. herefore, the on ersion algorithm is again applie to the
motion to iel one that is feasi le the mus uloskeletal mo el with the new
ph si al parameters an mus le parameters.  hus, tire motion, motion an
injure o ,or motion un er a i erent ph si al en iornment an e o taine .

nor er to generate human motion ase on the anatom an ph siolog of areal human
o it is ne essar to ha e a mus uloskeletal human o mo el. he mo el use in
our e periments has een generate from a num er of sour es.

or the legs, the mo el Delp , 8,9 has een use . his ata in lu es the
atta hment sites of 3 mus les on ea h leg an ph siologi al parameters su h as the
length of ten ons, range of joint angles, et .  he lower half of the o igure  is

ompose of the pel is, an the femur, ti ia, patella, talus, al aneous, an toes in ea h
leg.  he joints of the legs are assume as either a 3-D gim al joint hip joint or

as a 1-D joint knee, ankle, an al aneous joint . he ata of eeger an of an
Der Helm 15,1 ha e een use for the shoul er, an the ata of eeger

2 has een use for the el ow. he upper half of the o igure is ompose
of the torso, hea , s apula, la i le, humerus, ulna, ra ius, an the han . he joints

in the upper half of the o ha e een assume to e either of 3-D gim al t pe
torso, sterno la i ular an glenohumeral joint , 2-D t pe a romio la i ular joint ,




igure 1: herigi - o  segments of the legs an joint a es. he ankle , su talar
S , an metatarsophalangeal joints are mo ele as pin joints with the a es
shown

1-D t pe humeroulnar , an sli ing t pe s apulothora i gli ing plane . here are
20 mus les on ea h arm, i i e into a total 95 mus le elements.

We remo e some D s from the parameters for optimi ation, whi h were i ult
to han le su h as the ra io-ulnar an a romio la i ular joint, an the s apulothora i
gli ing plane an whi h were onsi ere not important for motion on ersion hea an
han joints , to ease the on ergen e of the riteria. s aresult, the total D num er is
3 . ther ne essar ata, su h as the weight an inertia of the segments were o taine
from amagu hi 38 for the legs, an from eeger 1 for the arms. he
front an a k iews of the o mo el with mus les are shown in igure 3.

a h mus uloten on is ase on Hill s three omponent mo el igure . here are
man mus le mo els whi h are eri e from Hill s mo el 35, ut the mo el use here
is that of Delp , 8. hemo elis ompose of three elements: the ontra tile
element , mus le ers, the parallel elasti element , onne ti e tissue aroun
the ers an er un les , an the series elasti element S , mus le ten on . he
for e e erte ea h segment is enote , an , an the length is enote

, an . he mus le-ten on length is the sum of the mus le  er length

an the ten on length:

0s 1
where . he mus le-ten on length an e al ulate from the joint
angles of ea h leg. he for e e erte the S an are fun tions onl
of their length . here are four onstant parameters whi h are spe i to ea h
mus le, their alues eing liste in [, 8, 15,1 ,2 . hese parameters are stati ones

whi h o not hange uring motion:



igure 2: a herigi - o segments an joints of the upper half of the o . he
a kwar iew of the upper o . he arti ulations liste are the sterno la i ular joint
S ,thea romio la i ular joint , the glenohumeral joint  H , an thes apulotho-

ra i gli ing plane S

igure 3:  he frontal left an rear right iews of the human o mo el



igure : hemus le mo el  Hill use in this stu

pennation angle, the angle etween the mus le an ten on
the optimal length of the mus le  er
the ma imal for e alue

the ten on length when sla k.

aria les alle the normali e for e an length are also e ne for ea h element:

he relationship etween the for e at ea h element is

08 2
where epen s on length . ontra tion elo it ,an mus le a ti ation le el
whi h is ontrolle the entral ner ous s stem S .

ten on is a passi e element that e erts elasti for e onl when its length is greater

than sla k length . he relationship etween ten on strain  an normali e ten on

for e is shown in igure 5 a . an generate ma imum for e when its length

is the natural length an the ontra tion elo it is ero. he relationships
etween an an  etween - are shown in igure 5

he for e that an e e erte e reases as the ontra tion elo it in reases.

he wur e of an where 1 an is shown in igure 5 .  is the
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an 1. is the ma imal ontra tion elo it , whi h is assume to e 10 25.
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ma imum ontra tion elo it the an 1is assume to e 10 25. his ur e

is e ne as . sing an , We an o tain
3
)
rom e uation 2 -5, we an eri e:
— 08 0
while an e al ulate the nite 1 eren e of the mus le length:
where is the length of  at the pre ious time step, an is the length of the time
step.
a uaing h a imum an inimum or s ha an E r
h us s
uation an e use to al ulate mus uloten on for e when the a ti ation le el
of the mus le is spe i e . When the a ti ation le el of the mus le is known, the onl
unknown aria le in e uation is . letting the left term of e uation on-
erge to 0, an e al ulate . an e o taine using e uation 1. inall , the
mus uloten on for e an e al ulate e uation 5 .

mus le e erts its ma imum for e when the mus le a ti ation le el is 1 an the
minimum for e when is 0. he ma imum an minimum mus uloten on for e,

an , an e ompute setting to O an 1 in e uation
he mus uloten on for e, ;| at ea h moment is limite
0 1
a igu mo or h mus s
When a mus le e erts a large amount of for e, fast gl oliti ers in the mus le

are re ruite , whi h auses the intra- ellular pH le el insi e the mus le to e line. his
auses the ma imum amount of for e e erta le the ontra tile element to e rease.
hisis alle the . When the mus le is not use , the pH le el in reases, an
the e erta le for e in reases uring the .
iat 10 ha eo ser e theintra- ellular pH le el insi e an ele troni all stimu-

late ua ri eps mus le using nu lear magneti resonan e spe tros op an o taine
the relationship etween the intra- ellular pH le el an for ee erte the mus le. heir
fatigue an re o er mo el for mus les is e plaine in ppen i 3. asi all , the for e
e erta le a mus les element hanges a or ing to how mu h for e has een pre-
iousl e erte .



fter the traje tor of the o has een etermine , the for e an tor ue e erte at
ea h joint an e al ulate spe if ing joint angle | angular elo it , an angular
a eleration . hese operations are alle in erse namis. We use a ommer ial
software pa kage ase on anes metho for our the al ulations.

Souiono h os 00 ro m

When a human stan s on two feet the ou le support phase , the moment in the legs
isre un ant, an hen e annot e al ulate usingin erse namis. o0 o er ome this
pro lem, we istri ute the for e an moment to the legs in proportion to the in erse in
the istan e etween the feet an the position on the groun where the o s enter of
gra it is proje te 32,1 , 18.

Ba an

o maintain the alan e in the human o mo el, it is ne essar to e ne a fun tion
that e aluates the sta ilit of the posture. he ero moment point an e use
to e ne su h a sta ilit fun tion. When a human stan s, on one foot or on oth of
the feet, a point e ists where the moment applie to the o from the groun is ero.
When the o is supporte a single leg, this point is at the sole of the support
foot, ut when the o is supporte oth legs, it is in an area surroun e the
feet 32 . Sin e there is no joint etween ea h foot an the groun , the moment that an

e generate  etween the sole an the groun is limite . f the moment e ee s that

limit, the o  will fall to the groun . ne wa to he k this onstraint is al ulating
the of the support to see if it is within the support area.
f the is within the support area, the posture is sta le. Howe er, if the is

outsi e the support area, an a itional moment must e a e to the support foot to
pre ent the o  from falling own. n our mo el, the alue of this a itional moment
is use to e aluate the postural sta ilit :

{ is outsi e of the support area 3
is within the support area
where is the minimum e ternal moment that must e a e to the support foot to

a hie e sta ilit in the spe i e posture.

n this se tion, the algorithm for motion on ersion using the mus uloskeletal mo el is
e plaine . his on ersion algorithm is applie to the motion twi e: when retargetting
the original apture motion  the real human o  to the mus uloskeletal mo el, an
when on erting the motion to a feasi le simulation  the mus uloskeletal mo el after
the mus le parameters ha e een hange .



he traje tories of the position of the o an the joint angles are represente
u i -spline fun tions

> 9

where is the kinemati traje tor of the th-D | are the asis -spline fun tions,
an are their s alar oe ients.
sing the kinemati alues, , the joint moment an e al ulate in erse
nami s:
10

t is ne essar to e aluate at ea h moment whether ea h mus le an perform the motion
in uestion. his e aluation is ma e  sol ing the following wua rati program:

min
su jet to{
where , , , is the
num er of mus les, is the matri that on erts the mus le for e to joint tor ue,
is the joint tor ue al ulate in erse  nami s using e uation 10 , an is the
supplementar tor ue whi h is applie when the motion annot e a hie e onl the

mus le for e.
he human o mo el must also satisf the alan e onstraint e ne in Se tion
2. or the motion to e feasi le, oth 0 an
0 must e satis e throughout the motion. herefore, the feasi ilit of
the motion is e ne
/ 1

ow, we al ulate a ph siologi all feasi le motion using optimi ation. he aria les
in the optimi ation are the oe ients of the asis fun tion an the time at whi h ea h
motion terminates:

12

where  is the num er of ontrol points an is the num er of D of the s stem.
he following pro lem is then sol e to o tain a feasi le motion:

min 13

s isminimi e to ero,thestate e tor gi esafeasi lemotion themus uloskeletal
S stem.



n this se tion, a num er of real human motions are ph siologi all on erte appl ing
our metho . he motions of the o  were o taine a magneti motion apturing
s stem. nless the raw ata were ph siologi all feasi le, the on ersion algorithm e -
plaine in the pre ious se tion was rst applie to all the motions. fter hanging the
mus le parameters or ph si al parameters, the on ersion algorithm was applie to ea h
motion again to o tain the nal motion.

wo i erent ki king motions an a gait motion were rst apture , an then new
motions were o taine hanging the mus le parameters an nami parameters.

Ki king o ion

he rst motion apture from the real human o is shown in igure 8.1 a . sing
in erse nami s an the mus uloskeltal mo el, the for e e erte ea h mus le was
al ulate throughout the motion. he pH le el of ea h mus le was then al ulate |,
an the peak mus le for e the ontra tile element was up ate using the fatigue
an re o er mo el. s the motion is repeate , what was pre iousl feasi le e omes
infeasi le, e ause of the e rease in the peak for e the ontra tile element of the
mus le. hus, the optimi ation pro lem shown in e uation 11 issol e ,toproi e a
feasi le motion. his operation was repeate 50 times an the feasi le motions after 20
an 50 ki ks are shown in igures 8.1  an . tis possi le to o ser e the e e t of
fatigue in the lower foot position of the ki king leg at the nal posture. s the ki k is
repeate , the swa of the upper part of the o in reases, an therefore the motion
e omes more unsta le. nother e ample of a ki king motion is shown in igure 8.1.
his time, the original motion is a si e ki k as shown in igure 8.1 a . e t, an elasti
spring was atta he to the ankle of the ki king leg, an the on ersion algorithm was
applie to the motion. s shown in igure 8.1 | the legis pulle own  the spring.
herefore, the right leg passes lose to the groun  uring the ki king motion.



igure : on ersion of the ki king motion: a initial motion, on erte motion after
20 repetitions, an after 50 repetitions.

igure : on ersion of the si e ki k: a initial motion an on erte motion.



al mo ion

walking motion with a limp was reate from an or inar gait re u ing the ma i-
mum e erta le for e of the right mus les to - of the original alue an then optimi ing

e uation 11 . he initial gait motion an that with a limp are shown in igures 8.1 a
an . e t, a gait motion walking up a slope was reate hanging the ire tion
of the gra it . Starting the optimi ation from the motion in igure 8 1 a , a ph siolog-
i all feasi le slope- lim ing gait was reate as shown in igure 8.1 . he slopeis 30

egrees. he footprints are set as onstraints in these e amples.

en though the use of a mus uloskeletal s stem ma seem omple an time- onsuming,
our metho simpli es the pro ess a ol ing the use of mus les as ontrol parameters
for optimi ation. n fa t, the onl e tra omputation ne essar with our metho , when
ompare with the tra itional spa etime onstraints pro lems, is the al ulation of

an in e uation ,an of in e uation 11 .  en though the al ula-
tions for | an in rease in proportion to the num er of mus les, sin e ea h
omputation an e omplete er ui kl , the total time for their omputation is not
riti al. n a ition, sin e the solution for minimum is a ua rati programming

pro lem, it an esol e er e ientl in a short time. ssu h, we onsi er the mus-
uloskeletal s stem as more than just a spe ial tool for spe iali e appli ations, it is also
a tool that an e utili e in omputer graphi s for motion on ersion.

We elie e that rather than omputations re uire for mus le parameters, the more
titi al pro lem is the num er of D s of the human o . nor er to further e elop
the human o mo el pre isel , more D s an atta he mus les will ere uire . n
or er to han le this in rease, it will e ne essar to seek for an optimi ation algorithm
that an han leman D s. ne potential solution ma e multiresolutional metho s
su h as those propose iu 23 an  ee 21.

n this stu , the torso has een greatl simpli e . n parti ular, there are no mus les
that onne t the loins an the torso. n a ition, the torso has onl three egrees of
free om: the joints at the spine are all represente one gim al joint etween the loins
an the hest. n some ases, the hest joint os illates in or er to maintain the alan e,
an the motion oes not look realisti . or e ample, in the ki king motion, as the the
mus uloskeletal mo el gets tire after repeating the ki k, the hest part os illates a k
an forth at a high fre uen to maintain the alan e. t will e ne essar to mo el the
spine more pre isel to a oi this sort of motion.

We ha e presente in this paper a metho for ph siologi all on erting real human
motion ata using a mus uloskeletal mo el. We ha e shown how om ining the



igure 8: on ersion of gait motion: a the initial motion, limp gait reate
weakening the mus les of the right leg, an a gait o er a 30 egrees steep slope.



mus uloskeletal mo el with spa etime onstraints, it is possi le to reate nami all

an ph siologi all appropriate an feasi le motions. ur metho makes it possi le to

simulate ph siologi al e e ts su h as fatigue an injur .  his kin of simulation has
een i ult with ontemporar s stems that ha e not taken into a ount the internal

stru ture of the o . We ha e also shown the use of this s stem for motion e iting
hanging ph si al properties su h as gra it .

n respe t of future work, we ha e egun onstru ting a mus uloskeletal mo el of the
torso whi h will ena le the generation an retargeting of a greater num er of motions an
pro i e greater realism. s well as appli ations in pure omputer graphi s, this metho
ma also e useful for simulating reha ilitation. We also elie e that retargeting the
mus uloskeletal mo el to arious hara ters  a apting mus le parameters an ph si al

alues to i erent o si es woul e an interesting topi .
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n or er to al ulate the amount of fatigue for ea h mus le, it is ne essar to pre it
the mus le for e uring the motion. t ea h moment, the relationship etween the joint
tor ue an mus le for e is linear. he tor ue e erte at joint , is generate the
mus les rossing the joint:

Zr 1

where r an are the moment arm an the for e e erte mus le . respe ti el ,
an represents the outer pro u t. he moment arm r an e easil al ulate from
the mus le atta hment sites an joint angles, an an e al ulate wusing in erse

nami s. Howe er, sin e the num er of mus les rossing joint is alwa s greater than
the egree of free om of the joint, sol ing  in e uation 1 is a re un ant pro lem
an an optimi ation metho is applie to etermine the mus le for e.
rowninshiel et al. propose a riteria whi h is ase on the in ersel nonlinear
relationship of mus le for e an  ontra tion en uran e. heir riteria were written in

the form
Z — 15
where , is the S of musle an is 1, 2, 3 or 100. he ompare
the al ulation results with ele trom ographi ata an reporte 2 proi e goo
results. n this resear h 2 has een use .
sing e uations 1  as e ualit onstraints an e uations as ine ualit  on-
straints, an e minimi e ua rati programming. he mus le for e at a
gi en moment an also eo taine . hus is al ulate using ,an . his is
use as in the ne t stage to al ulate nite i erentiation, an then an
an e al ulate again at the ne t stage. forwar repetition of this al ulation,
it is possi le to al ulate an at an stage uring the motion.

Sin e our metho is ase on spa etime onstraints, we nee to al ulate arious mus le

fa tors from the traje tories of the o . n the eginning, ea h mus uloten on length
an e al ulate kinemati all .
When the mus uloten on for e is gi en, it is possi le to al ulate the mus le
a ti ation le el using e uations 2 - . irst, using e uation 5, the mus le ten on
length an e o taine . hen, an e al ulate from e uation 1. s is
known, iso taine from e uation ,an sin e isalrea gi en, is al ulate

using e uation 2 . inall , the a ti ationle el an e al ulate from e uation 3.



n this se tion, the fatigue an re o er mo el propose iat et al. 10, 11 is e -
plaine . hismo el an euse to etermine the ma imal amount of for e e erta le
a ontra tile element as time passes.

he e a of the pH le el uring the fatigue phase with time 1is al ulate

1
with onstant parameters , , an .
he pH le el uring the re o er phase is similarl al ulate
1
with onstant parameters , an . he for e output is represente the
following fun tion:

1 18
where an are onstant alues. uation 18 isnormali e the for e o taine
at the eginning of the e periment:

19

where 0 1. he alues of the onstant parameters e ne here are liste in

a le 1.
un tion | arameter alue
. 0
0.502
0.0 0
30.0
.55
0.502
0.002
5.80
113 .
-0.009
.093
a le 1: arameter alues for iats fatigue an re o er mo el
he normali e for e-pH fun tion is om ine withe uation 3 ,to ompose
anew nami e uation of the omponent:

20
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igure 9:  he relationship etween time se on s an the normali e for e  amus le
on fatigue left an re o er phase right

he e a an re o er of the normali e for e uring the fatigue an re o er phase is
shown in gure 11.  he pro lem with this mo el is that the relationship etween the
a ti ation le el an the pH eri ation isnot in lu e . re ious e periments ha e shown
that the ers eginto ere ruite when the a ti ationle elisa o eb0 of ma imal
ontra tion 22 . herefore, in this resear h, the phase of ea h mus le is swit he  etween
fatigue an re o er one a or ing to its a ti ation le el. he threshol is set to 0.5.



