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Abstract

A m ulti-scale, nonlinear and h ybrid planar arm mo del with sev en m uscles built from sub-mo dels giv en from

literature is applied to estimate m uscle microscopic parameters and forces form macroscopic (mo v emen t

pattern and EMG) measured signals b y using Nelder-Mead simplex algorithm commonly used in nonlinear

parameter iden ti�cation. The estimated parameters and required mo v emen t patterns are selected b y using

sensitivit y analysis. The measuremen t is p erformed b y the P AM passiv e mark er based motion caption

system [29 , 30 ] and BioSemi EMG system [1 ]. The t w o indep enden t measuremen t devices are sync hronized

in an o�-line manner. The estimated forces and their accuracy (con�dence in terv al) are in v estigated and

analyzed. The prop osed metho d cannot estimate the parameters and m uscle force of agonist m uscles but

it can describ e the relationship among these parameters and forces. Ho w ev er, the prop osed metho d can

reliably estimate the parameters and m uscle force of an tagonist m uscles.
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1 Intro duction

There is an increasing imp ortance of applying the metho ds of mo dern systems and con trol theory in bio-

mec hanical systems for dev eloping passiv e (i.e. non-in terv ening) metho ds for diagnosing m usculosk eletal

diseases and to construct h uman-lik e prosthesises. The dynamic mo delling and sim ulation of the h uman

m usculosk eletal system can help us understand ho w m usculotendon actuators pro duce force, e.g. [23 ], ho w the

actuators and their excitation co ordinate the mo v emen ts, e.g. [5, 22 , 23 ], and ho w m usculotendon actuators

op erate, e.g. [26 , 70 ].

The estimation of m usculosk eletal parameter v alues from series of exp erimen tal observ ation in viv o rep-

resen t a considerable problem in ph ysiology and biomec hanics. Generally , sev eral m uscles pro duce the

con tractile torque (or force) that mo v es the sk eleton, so the mo v emen t is a result of the net exerted force.

�It th us b ecomes imp erativ e to devise metho ds whic h mak e it p ossible to estimate, for eac h of the m uscles

in v olv ed, the v alues of the parameters whic h c haracterize the b eha vior of that m uscle� [24 ].

The in ternal structure and the prop erties of the building blo c ks in a m uscle can b e describ ed b y suitable

mo dels [57 , 64 ]. Then, b y measuring the macroscopic prop erties of the biological lim b suc h as EMG signals,

m uscle forces and mo v emen t patterns, b oth the functional and anatomical parameters of the lim b's elemen ts

can b e estimated, e.g. [10 ]. Anatomical parameters, suc h as segmen t mass, length, attac hmen t p oin ts,

m uscle v olume, pinnate angle etc. are generally estimated from in v estigation of cada v ers. The results of suc h

in v estigations are rep orted e.g. in [41 , 66 , 67 ].

Ho w ev er, the estimation of dynamic parameters, suc h as maxim um isometric force as a function of m uscle

length, optimal m uscle length, tendon slac k length or maxim um tendon extension; momen t arm as a function

of join t angles etc. or parameters of molecular pro cesses is m uc h more di�cult. F or example, Murra y et al. [42 ]

estimated the momen t arm of elb o w m uscles as a function of join t angle in v estigating cada v ers. Raik o v a

and Aladjo v [57 ] in v estigated the e�ect of m uscle structure to the exerted force and mo v emen t. Hatze [24 ]

estimated the maxim um isometric force, maxim um isometric tendon extension and optimal m uscle length

from the measured isometric torque-angle relation. Garner and P andy [18 ] estimated p eak isometric force,

optimal m uscle-�b er length and tendon slac k-length from the measured isometric torque-angle relation.

Llo yd and Besier [39] estimated the m uscle forces and knee join t momen ts in viv o from the EMG signals

and the mo v emen t during �v e di�eren t tasks. Langenderfer et al. [37 ] estimated the parameters of m uscles

crossing the shoulder and elb o w suc h as sarcomere length and optimal m uscle length. Also Langenderfer et

al. [38 ] applied an EMG-driv en, 3D m usculosk eletal mo del of upp er extremit y to estimate the biceps force

during elb o w and shoulder mo v emen t. Raik o v a [54 , 55 ] estimated the individual m uscle forces of the upp er

extremit y in the sagittal plane using Lagrange m ultipliers metho d. Neidhard-Doll et al. [43 ] dev elop ed a

biomimetic mo del of sk eletal m uscle to estimate the parameters of excitation - con traction coupling, suc h as

p ermeabilit y .

Muscle force estimation ma yb e the most imp ortan t dynamic parameter estimation problem, since the

"estimation of individual m uscle forces during h uman mo v emen t can pro vide insigh t in to neural con trol and

tissue loading and can th us con tribute to impro v ed diagnosis and managemen t of b oth neurological and

orthop edic conditions. Direct measuremen t of m uscle forces is generally not feasible in clinical setting, and

non-in v asiv e metho ds based on m usculosk eletal mo deling should therefore b e considered." [15 ]

F orce estimation is based on forw ard dynamics or in v erse dynamics:

� F orw ard dynamics: m uscle excitations or join t torques are a v ailable or assumed and the mo v emen t

pattern is calculated b y in tegration of mo v emen t equation.

� In v erse dynamics: giv en the mo v emen t pattern and ground reaction forces (and other external e�ects).

In v erse dynamics calculates the join t torques.

The follo wing optimization metho ds are com bined with forw ard or in v erse dynamics to estimate m uscle

forces:

� In v erse dynamics-based static optimization: �rst the join t torques are calculated from join t kinematics

and ground reaction force data (in v erse dynamics). The m uscular load sharing problem is then solv ed

for eac h instan t in time, b y minimizing an ob jectiv e function J sub ject to constrain ts represen ting the

equalit y of the sum of individual m uscular momen ts to the join t torques calculated from the in v erse

dynamics (m uscle torque is the pro duct of m uscle force and momen t arm). Usually , the maxim um

p ossible m uscle forces are limited b y ph ysiological v alues as an additional b oundary constrain t. Mus-

cular dynamics can b e implicitly implemen ted b y deriving time-dep enden t b ound constrain ts on m uscle
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force. The optimization problem ma y b e sub ject to additional constrain ts dep ending on the sp eci�cs

of the join t under in v estigation, e.g. constrain ts on the direction of join t con tact force to prev en t

dislo cation of the glenoid join t during sim ulation.

Static optimization is computationally e�cien t since it do es not require m ultiple in tegrations. The

momen t equalit y and b oundary constrain ts of m uscle forces are t ypically linear and prop er selection of

an ob jectiv e function can further increase cost-e�ectiv eness b y reducing the optimization problem in to

a linear programming. Inadequate kinematic mo dels to represen t the motion of in terest and inaccuracy

of exp erimen tal data ha v e b een iden ti�ed as w eakness of this metho dology .

This metho d is applied in the follo wing pap ers: [2 , 3 , 7, 8, 12 , 21 , 51 , 53 , 56 , 61 ]

� F orw ard dynamics assisted data trac king: an initial set of v alues are fed in to a forw ard dynamics mo del

of the m usculosk eletal system. The solution is compared against exp erimen tal data and the pro cess

is iterated b y up dating the v alues of the estimated parameters that b est repro duce the exp erimen tal

kinematics and in some cases kinetics, e.g. ground reaction forces, as depicted b y the ob jectiv es

function J , i.e. minimize J . A common use has b een to �nd m uscle parameters or to �nd a set

of m uscle activ ations that can reliably repro duce the mo v emen t pattern, and subsequen tly p erturb

parameters of the optimal solution to explore injury mec hanisms.

This tec hnique is applied in high pace mo v emen ts of sp ort biomec hanics.

Its adv an tages are:

� More straigh tforw ard inclusion of m uscle dynamics within the solution (when compare to in v erse

dynamics based static optimization).

� Kinematic data are incorp orated within the forw ard dynamics mo del approac h in a somewhat

w eak fashion, allo wing m uscle force estimation to b e less sensitiv e to measuremen t errors in

kinematic inputs.

Its disadv an tage is that it is computationally in v olv ed due to the double in tegration to obtain join t

kinematics.

This metho d is applied in the follo wing pap ers: [9 , 19 , 45 , 46 , 47 , 69 ]

The v alues of mo del parameters are imp ortan t, but w e also ha v e to ha v e information ab out the accuracy

(or con�dence in terv al) of these parameters whic h is rarely the case in the literature. While m uscle mo dels

are commonly used, limited ev aluation of m uscle mo del sensitivit y to their parameters has b een rep orted,

e.g. [25 , 28 , 46 , 49 , 50 , 58 , 60 ].

The aim of this study is to dev elop and apply a general metho d based on forwar d dynamics assiste d

data tr acking for estimating ph ysiological and structural parameters and prop erties of h uman, m ulti-scale

m usculosk eletal systems in viv o from measured EMG signals of m uscles and the time-v ariation of join t angles

b y using dynamic mo delling and mo del analysis.

Hunga rian scienti�c background and the ro ots of limb mo del: Mo delling of lim b mo v emen t patterns

based on neuronal activit y has b een dev elop ed in Hungary for some y ears. Di�eren tial neuro-m uscular-

sk eletal structures ha v e b een studied b y Laczk o et al. [33 , 32 , 31 ] using mathematical mo dels and computer

sim ulation. Tihan yi and Lac kzo dev elop ed a computer sim ulation to analyze the e�ect of motor unit recruit-

men t pattern and m uscle �b er distribution on whole m uscle force generation [63 ]. Lac kzo et al. also prop osed

to study the link b et w een neuronal, m uscular and sk eletal systems using a mathematical mo del that sim ulates

m uscle con traction and that resulting join t rotations as a function of motoneuron activit y . They prop osed

and dev elop ed a concept to mo del the e�ect of neural and biomec hanical parameters and prop erties of lim b

mo v emen ts on mo v emen t patterns that are generated. In Hungary , the principal in v estigator of the OTKA

gran t titled "Con trol of mo v emen ts of m ulti-join t lim bs - an electro-mec hanical mo del" dev elop ed the ideas

for mo delling join t rotations and lim b mo v emen ts as a function of motoneuron �ring frequencies. This is an

ongoing w ork sup ervised b y Laczk o in the Researc h Institute of T ec hnical Ph ysics and Material Sciences and

at the F acult y of Ph ysical Education and Sp ort Sciences of the Semmelw eis Univ ersit y in strong co op eration

with the New Y ork Univ ersit y Sc ho ol of Medicine. This mo del tak es in to accoun t geometric and inertial

prop erties of the lim b, the m uscle force-length and force frequency relationships, passiv e force, gra vitational

e�ect, maximal isometric forces and a load parameter that sim ulates the e�ect of b o dy w eigh t and deal with
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only one join t m uscles, but it do es not tak e in to accoun t tendon, ap oneurosis, recruitmen t, in tersegmen tal

dynamics and prop erties of sarcomere. The sim ulation of rat hindlim b mo v emen t during swimming has b een

dev elop ed as an application of their mo dels [34 ]. They created a mo del con taining four join ts with one-join t

m uscles. An enhanced v ersion of that mo del is b eing extended with m uscle force-v elo cit y relationship and

is b eing applied for rat w alking [35 ]. Some biomec hanical and neuro-mec hanical asp ects of the lim b mo del

describ ed in the presen t rep ort originates from the ab o v e men tioned gran t and studies.

2 Metho ds and Material

2.1 The Hiera rchically Structured Mo del

A m ulti-scale lim b mo delling framew ork has b een used [16 ] to build mo dels that enable to estimate the

lo w-lev el (e.g. molecular) mec hanisms and parameters from the measured high-lev el signals and ev en ts. The

mo del describ es the mo v emen t of lim bs b y mo delling the con traction and force generation mec hanism of

the m uscles con taining �b ers, tendon and ap oneurosis while tak es the molecular ev en ts, m uscle structure,

m uscle activ ation and external loads in to accoun t and handles di�eren t space and time scales. The mo dels

built in this framew ork consists of four lev els (Fig. 1) on the space and time scale, corresp onding to an

imp ortan t anatomical and/or ph ysiological part of a lim b. These four lev els are: (1) lev el of sarcomere, (2)

lev el of motor unit, (3) lev el of m usclotendon, (4) lev el of lim b. The lev el of sarcomere mo dels the basic

force generation mec hanism with corresp onding molecular pro cesses. The lev el of motor unit in tegrates the

force of serially and parallel connected sarcomere b elonging to the same motor unit and mo di�es this net

force with the prop erties of the �b er and motor unit. The lev el of m usclotendon consists of three sub-lev els:

(1) sub-lev el of m uscle, (2) sub-lev el of tendon and (3) sub-lev el of ap oneurosis. The sub-lev el of m uscle

is resp onsible for in tegrating the motor unit's force and mo difying it with the prop erties of m uscle and

computing the m uscle torques. The sub-lev el of ap oneurosis computes the b eha vior of ap oneurosis based

on m uscle states (its activ ation, length and v elo cit y) and mo dels the pinnate e�ect, while the sub-lev el of

tendon is resp onsible for sim ulating the tendon b eha vior. The lev el of lim b computes the join t torques and

solv es the nonlinear dynamic equation of the lim b. The inputs of the m ulti-scale mo del are the excitation

signal of m uscles vs. time and output is the mo v emen t pattern, i.e. the time b eha vior of a set of join t angles.

F or the purp ose of mo del parameter estimation, a simple planar hierarc hical arm mo del is dev elop ed that

in tegrates di�eren t mo dels kno wn from the literature. The arm mo del (see Fig. 2) con tains three segmen ts

(trib e, upp er arm and forearm+wrist complex). The m uscles included in the mo del satisfy the follo wing

criteria:

� they pla y imp ortan t role in shoulder and/or elb o w mo v emen t in sagittal plane,

� there is a suggestion for their EMG measuremen t in the literature.

A ccording to these criteria the arm mo del con tains sev en m uscles (triceps brac hii long head (TRL), tri-

ceps brac hii lateral+medial heads (TLM), biceps brac hii (BIC) (short and long heads), brac hialis (BRA),

brac hioradialis (BRD), deltoideus pars cla vicularisa (an terior) (D AN), deltoideus pars spinalis (p osterior)

(DPO)). The mo del tak es in to accoun t the force-length relationship [6 ], the recruitmen t of motor units [6],

the force-v elo cit y relationship [11 ], the passiv e force [65 ], the visco elastic prop erties of tendon [14 ], the mo del

of ap oneurosis and the pinnate e�ect [64 ], the activ ation dynamics [70 ], and the mo del of lim b dynamics [71 ].

F or the sak e of simplicit y , our arm mo del can describ e mo v emen ts in the sagittal plane only , and w e assumed

that the momen t arms are constan t. Anatomical data of m uscles, suc h as attac hmen t p oin ts, optimal length,

tendon slac k length, momen t arms, etc. are tak en from the literature [4, 42 , 41 , 66 , 67 , 68 ].

2.2 Mo del Analysis and the Estimated P a rameters

Sensitivit y analysis is p erformed to determine whic h parameters in�uence signi�can tly the output of the

mo del and determine whic h mo v emen t patterns are applicable for parameter estimation.

The mo del parameters w ere group ed according to the mec hanisms they b elong to. F or the purp ose of the

analysis w e c hanged the v alue of a parameter with � 10% from its reference v alue and the deviation of the

mo v emen t pattern from its corresp onding reference pattern w as calculated in terms of a simple dimensionless

sensitivit y co e�cien t

' =

P N
i =1 j� (t i ) � � orig (t i )j

N
(1)
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Fig. 1: Multi-sc ale musculoskeletal mo del

where N is the n um b er of time steps sim ulation, � [rad] is the join t angle of lim b during the mo v emen t of

system with mo di�ed parameter, � orig
[rad] is the join t angle of the lim b during the mo v emen t of original

system and in the i th
discrete time instance t i .

Sensitivit y analysis sho w ed (see T able 1) that the mo del output is sensitiv e to the molecular parameters

(molecular concen tration, asso ciation and disso ciation rates), parameters of m uscle structure and geometry ,

parameters of force-length-v elo cit y relation (activ e force generation) and less sensitiv e to the parameters

of tendon and ap oneurosis. The dominan t group of parameters is the parameters of m uscle structure and

geometry .

P arameter Molecular pro cesses A ctiv e force Muscle structure T endon Ap oneurosis

group and geometry

' 0.001385-0.04288 0-0.10316 0.0046976-0.214 7:2176 10� 6
-0.01926 0.0020833-0.01333

T ab. 1: Sensitivity c o e�cient (min-max) of the output to the mo del le d me chanisms

The mo del parameters to b e estimated are selected based on the ab o v e sensitivit y results: the most

in�uen tial parameters ha v e b een estimated and the v alue of the rest are tak en from the literature. This w a y

one parameter of eac h m uscle are c hosen to b e estimated: the n um b er of parallel connected sarcomeres ( Np ).

Since there are sev en m uscles sev en parameters should b e estimated from dynamic measuremen ts.

2.3 Exp eriment Design

The aim of the exp erimen t design w as to decouple the parameter estimation task b y using exp erimen ts

with mo v emen t patterns that are in�uenced dominan tly b y only one dynamic parameter. T w o t yp e of
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Fig. 2: Simple arm mo del with seven muscles

measuremen ts w ere completed: static and dynamic.

F rom static measuremen ts the heigh t and the mass of the measured sub jects are determined. F rom

these data the mass, inertia, length and lo cation of cen ter of mass of the segmen t are computed applying

the regression equation and data of [71 ].

The parameter estimation is completed applying dynamical measuremen ts when the surface EMG

signal of sev en m uscles and the join t angles (elb o w and shoulder) are measured. The dynamical measuremen ts

consist of char acteristic movement p atterns to b e done b y the measured sub ject that are determined based

on the sensitivit y analysis suc h, that eac h c haracteristic mo v emen t is suitable for estimating one parameter

of one of the m uscles. The applied c haracteristic mo v emen ts are sho wn in Fig. 3. They con tain elb o w

�exion-extension and shoulder an tev ersion-retro v ersion separately in the sagittal plane. Either the elb o w or

the shoulder is �xed (blac k p oin ts) while the other join t is mo v ed (ligh t p oin ts). Fig. 3 sho ws the initial

p osition of the mo ving segmen t(s) (brok en lines), a p osition of segmen ts during the mo v emen t (solid line),

the mo v emen t direction (thic k arro ws) and the m uscle that in�uences the c haracteristic mo v emen t the most.

W e ha v e to note that the v alues of initial join t angles in Fig. 3 are appro ximated v alues.

The measurement p ro cess The measured sub jects w ere y oung (25-30 y ears old), health y and a v erage man

that v olun teer to tak e part in the exp erimen ts and w ere noticed ab out its goals.

First the static measuremen ts w ere completed. Then the mo v emen ts de�ned for the dynamic measure-

men ts w ere completed in the same order as their order n um b er in Fig. 3. Eac h c haracteristic mo v emen t w as

rep eated sev eral (10-15) times, in b et w een t w o c haracteristic mo v emen ts the sub ject had a 1 min ute rest.

Eac h c haracteristic mo v emen t is measured at � 30 s and during this time sub jects can complete 10-15 cycles

of eac h c haracteristic mo v emen ts. Bet w een cycles sub ject had a 1 second rest.

During dynamic measuremen ts the bac k of the sub ject w as �xed to the c hair. While doing the mo v emen ts,

the sub ject had to mo v e his join t as fast as p ossible.

Initial join t angles w ere set with protractor. During elb o w mo v emen t when the initial shoulder angle

w as zero the upp er arm w as �xed with a cord. In other elb o w mo v emen ts the upp er arm is supp orted in its

initial p osition.

2.4 Measurement Systems

T o measure the mo v emen t pattern the P AM system [29 , 30 ] dev elop ed in the Bio engineering Lab oratory ,

Departmen t of Measuremen t and Information Systems, Budap est Univ ersit y of T ec hnology and Economics,

Budap est, Hungary w as used. P assiv e mark ers w ere attac hed to anatomical landmark p oin ts and tra jectories

of mark ers w ere determined with a camera. These anatomical landmark p oin ts are:
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Fig. 3: Char acteristic movement p atterns

� Shoulder: on the skin o v er the h umerus 3 cm distance to the acromion o v er the p osterior face of the

greater tub erosit y [62 ],

� Elb o w: lateral epicondyle of h umerus,

� W rist: pro cess st yloid ulnae.

The mass of passiv e mark ers w as appro ximately 20 grams, their diameters w ere appro ximately 30 mm .

They w ere attac hed to the anatomical p oin ts b y elastic strip es and bandaids. There w ere no wire b et w een

the mark ers and the analyzer. Mark er p ositions w ere determined b y image based motion analyzer, using

a sampling rate of 50 1=s. This analyzer had b een assem bled using a commercially a v ailable video camera

(SONY TR8100E). The digital video output of the camera w as connected to a PC via a standard IEEE1394

in terface. The camera can b e set so as to b e sensitiv e in the infrared range. 18 infrared LEDs ha v e b een �tted

around the lens whic h aid the separation of mark er images from the rest of the image, and they increased

the am bien t ligh t suppression. The 1-ms �ashing of the LEDs w as sync hronized to the v ertical sync hronous

pulse in the video signal of the camera and ensured a sharp mark er image.

The camera w as w atc hing the sagittal plane of the sub ject. The sub jects did the exercises with their

righ t arm. The distance b et w een the camera and the sub ject's righ t arm w as 1:8 m and the middle line of

the trunk w as in the middle line of the image. The heigh t of the camera lens w as the middle p oin t of the

hanging upp er arm.

The surface EMG w as recorded with the BioSemi A ctiveTwo system [1] with activ e Ag/AgCl, circle

shap e, diameter 4 mm electro des. The distance b et w een the cen ter of t w o electro des w as 20 mm . Sampling

frequency w as 2048Hz . During the electro de placemen t w e observ ed the recommendation of SENIAM [17 ],

De Luca [40 ], O'Sulliv an and Gallw ey [48 ] and Praagman et al. [52 ] when it w as p ossible. Electro des w ere

lo cated on the middle line of the m uscle b elly in the follo wing w a y:
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� Biceps brac hii (short and long heads) [17 ]: Staring p osture is sitting on a c hair with the elb o w �exed

at a righ t angle and the dorsal side of the forearm in a horizon tal do wn w ard p osition. Electro des need

to b e placed on the line b et w een the medial acromion and the fossa cubit at 1/3 from the fossa cubit.

Their orien tation is in the direction of the line b et w een the acromion and the fossa cubit.

� T riceps brac hii (long head) [17 ]: Starting p osture is sitting with the shoulder at appro ximately 90

degrees ab duction with the arm 90 degrees �exed and the palm of the hand p oin ting do wn w ards.

Electro des need to b e placed at 50 % on the line b et w een the p osterior crista of the acromion and the

olecranon at 2 �nger widths medial to the line. Their orien tation is in the direction of the line b et w een

the p osterior crista of the acromion and the olecranon.

� T riceps brac hii (lateral head) [17 ]: Starting p osture is sitting with the shoulder at appro ximately 90

degrees ab duction with the arm 90 degrees �exed and the palm of the hand p oin ting do wn w ards.

Electro des need to b e placed at 50 % on the line b et w een the p osterior crista of the acromion and the

olecranon at 2 �nger widths lateral to the line. Their orien tation is in the direction of the line b et w een

the p osterior crista of the acromion and the olecranon pro cess.

� Deltoideus pars cla vicularisa (deltoideus an terior) [17 ]: Starting p osture is sitting with the arms hanging

v ertically and the palm p oin ting in w ards. The electro des need to b e placed at one �nger width distal

and an terior to the acromion. Their orien tation is in the direction of the line b et w een the acromion

and the th um b.

� Deltoideus pars spinalis (deltoideus p osterior) [17 ]: Starting p osture is erect sitting with the arms

hanging v ertically and the palm of the hand p oin ting in w ards. Cen ter the electro des in the area ab out

t w o �ngerbreaths b ehind the angle of the acromion. Their orien tation is in the direction of the line

b et w een the acromion and the little �nger.

� Brac hioradialis: based on [48 , 52 ] the follo wing metho d w as applied: Starting p osture is sitting with the

arms hanging v ertically and the palm p oin ting in w ards. Electro des need to b e placed at 30 % on the

line b et w een the crista supracondylaris lateralis h umeri and the radial surface of pro cessus st yloideus

radii.

� Brac hialis: Estimated from the EMG of biceps according to [59 ]: EMG of brac hialis is similar to the

EMG of biceps.

Electro de placemen ts w ere tested b efore the measuremen t using the recommendation in [17 ] and they w ere

�xed in the skin with double sides tap es and bandaids.

In order to correctly ev aluate the m uscle excitation signals, the EMG had to b e measured during maximal

isometric con traction. F or this purp ose, the sub jects had to push the w all as strong as p ossible for 3-4

seconds. W all pushing w as completed with di�eren t join t angle con�gurations and directions, to determine

the maxim um EMG of eac h m uscle. These di�eren t join t con�guration w ere determined according to the

optimal m uscle lengthes: the length of the in v estigated m uscle had to b e optim um during the maxim um

EMG measuremen ts.

2.5 Synchronization movement

Since the t w o measuremen t devices op erated indep enden tly , sync hronization had to b e p erformed to �nd

out whic h EMG signal caused the in v estigated mo v emen t.

Sync hronization w as ac hiev ed b y fast ab duction mo v emen t of th um b, b ecause its mo v emen t and the

EMG signal of ab ductor p ollicis are easily measurable. Note that the exact EMG of ab ductor p ollicies w as

not needed only its "activ ation" w as necessary . The same electro de as b efore w as used for this purp ose. The

electro de placemen t w as done follo wing the recommendation of SENIAM [17 ], the mark er w as �xed to the

tip of the th um b. The sync hronization mo v emen t w as completed t wice b efore the start of measuremen ts and

after the end of measuremen ts.
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3 Signal p ro cessing

3.1 Pro cessing the p osition signals

As describ ed b efore, the mark er p ositions w ere measured with the camera, and the join t angles w ere computed

therefrom. Here, the de�nitions of join t angles w ere:

� Shoulder join t angle: is the angle b et w een the v ertical line and the line of upp er arm. The zero

shoulder join t angle corresp onded to the hanging upp er arm and shoulder join t angle w as p ositiv e

during an tev ersion.

� Elb o w join t angle: is the angle b et w een the v ector of upp er arm and forearm p oin ting from the pro ximal

end to the distal end of the segmen t. The zero elb o w join t angle corresp onded to extended p osition of

forearm and join t angle b ecome p ositiv e when elb o w join t w as �exed.

The measured mark er p ositions and computed join t angles can b e seen in Fig. 4 during mo v emen t pattern

2 of sub ject 2.
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Fig. 4: Me asur e d marker p ositions and joint angles during elb ow �exion fr om zer o shoulder and zer o elb ow

initial joint angle. In the left �gur e the �rst two signals ar e the x and the y c o or dinates of the �rst

(shoulder) marker, the se c ond two signals ar e the x and the y c o or dinates of the se c ond (elb ow) marker,

the thir d two signals ar e the x and the y c o or dinates of the thir d (wrist) marker while the forth two

signals ar e the x and the y c o or dinates of the thumb marker.

3.2 Pro cessing the EMG Signals

First, the measured EMG signals w ere resampled with sampling frequency 2000Hz using linear in terp olation.

Then these signals w ere �ltered b y a 12-order Butterw orth band pass �lter with cutting frequency 3 Hz and

600 Hz to ignore the lo w and high frequency noises. The �ltered signals w ere recti�ed. Then the EMG

signals receiv ed from the maximal EMG measuremen t w ere pro cessed in the same w a y and the maxim um

v alue of eac h of them w as determined. The pro cessed EMG signals of the giv en m uscle w ere normalized b y

the previously determined maxim um EMG v alue of the m uscle. Finally , the upp er en v elop e of the normalized

EMG signals w ere created with sample frequency 50 Hz .

The steps of this EMG signal pro cessing can b e seen in Fig. 5.

3.3 Synchronization

The EMG of ab ductor p ollicis and the th um b join t angle w ere applied for sync hronization. The �rst deriv ativ e

of the join t angle and the EMG signal w ere deriv ed and these signals w ere passed in to a threshold �lter with

suitable threshold to form to binary signals. These t w o binary signals w ere shifted in time on eac h other
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Fig. 5: Steps of EMG pr o c essing

un til the b est �tting w as ac hiev ed. The qualit y of the �tting w as measured using the correlation co e�cien t

of the t w o signals and the b est �tting corresp onded to the highest v alue of correlation co e�cien t.

The steps of sync hronization can b e seen in Fig. 6.

After sync hronization eac h cycle in the measured mo v emen t w as iden ti�ed and they w ere separated from

eac h other.

4 P a rameter Estimation

This section describ es in details the follo wing steps of the parameter estimation:

� Data analysis

� P arameter estimation metho d

� Ev aluation of the results (mean v alues, co v ariances)

4.1 Investigation of measured data

As describ ed in section 2.2, sensitivit y analysis has b een p erformed as a part of the exp erimen tal design

pro cedure. F rom the sensitivit y analysis w e could determine the mo v emen t patterns and the m uscles whic h

in�uence the giv en mo v emen t pattern in a dominan t w a y . After the measuremen ts w e completed a similar

in v estigation on the pro cessed data to �nd out what m uscles in�uenced the in v estigated mo v emen t in practice.

The activ ation of m uscles ha v e b een determined and m uscles ha v e b een classi�ed based on it in to the follo wing

classes:

� A ctiv e (A): the m uscle is activ e during the mo v emen t and it should really b e activ e. It means that the

m uscle should pla y imp ortan t role in this mo v emen t.

� Inactiv e (I): the m uscle is inactiv e during the mo v emen t and it should really b e inactiv e. It means that

the m uscle do esn't pla y imp ortan t role in the mo v emen t.

� Less activ e (L): the activ ation lev el of m uscle is lo w as exp ected. It means that the m uscle in�uences

the mo v emen t but its role should b e secondary .

� W rong activ e (W A): the m uscle is activ e during the mo v emen t but it should b e inactiv e.
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Fig. 6: Steps of synchr onization: 1:: Thumb joint angle and EMG of ab ductor p ol licis; 2:: Derivative of joint

angle and EMG signal; 3: Bine arize d signals; 4: Synchr onize d thumb joint angle and its EMG; 5.

Synchr onize d elb ow angle and EMG of elb ow muscles during elb ow �exion. In last �gur e the EMG

values ar e normalize d for the sake of c omp artibility.

� W rong less activ e (WL): the m uscle is less activ e during the mo v emen t but it should b e inactiv e.

� W rong inactiv e (WI): the m uscle is inactiv e during the mo v emen t but it should b e activ e.

The results of this in v estigation can b e found in T ables 2 and 3.

A ccording to this in v estigation w e can conclude that:
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Characteristic

mo v emen t BIC BRD TLM TRL D AN DPO

1 A* L I WL I I

2 A* L I I WL I

3 A* A I I WL I

4 I I A A* I WL

5 I I L A* I WL

6 A I I I A* WL

7 I I WL L I A*

T ab. 2: Muscles r ole in char acteristic movements b ase d on the me asur ements and subje ct 1. �*� shows the

most active muscle. Bold letters me an that the muscle c an in�uenc e the movement. The estimate d

p ar ameters b elonging to a char acteristic movement ar e underline d.

Characteristic

mo v emen t BIC BRD TLM TRL D AN DPO

1 A L I WL I W A*

2 A* L (WI) I WL I WL

3 A* L (WI) I WL I I

4 I I A A* I WL

5 I I A A* I W A

6 A I WL WL A* I

7 I I WL A* I A

T ab. 3: Muscles r ole in char acteristic movements b ase d on the me asur ements and subje ct 2. �*� shows the

most active muscle. Bold letters me an that the muscle c an in�uenc e the movement. The estimate d

p ar ameters b elonging to a char acteristic movement ar e underline d.
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� Muscles can b e group ed according to what kind of mo v emen t they in�uence. Elb o w �exion mo v emen ts

(c haracteristic mo v emen t 1, 2 and 3) are in�uenced b y BIC, BRD, ho w ev er the activ ation of BRD

is v ery lo w. Elb o w extension mo v emen ts (c haracteristic mo v emen t 4 and 5) are in�uenced b y TLM

and TRL. Shoulder an tev ersion (c haracteristic mo v emen t 6) is in�uenced b y D AN and BIC. Shoulder

retro v ersion (c haracteristic mo v emen t 7) is in�uenced b y DPO and TRL.

� T ables 2 and 3 sho ws similar activ ations, but there are some di�erences. Di�erences in same cells in

the T ables 2 and 3 where the letters are not b old can b e ignored b ecause in suc h cases the m uscle do es

not in�uence the mo v emen t. Di�erences b et w een I , L and W L can b e ignored b ecause they mean only

little e�ect.

In case of b oth sub jects elb o w �exions (c haracteristic mo v emen t 1, 2 and 3) are mainly in�uenced

b y BIC and supp orted b y BRD, but the activ ations of BRD are lo w er than the activ ation of BIC.

In case of sub ject 2 (T able 3) during c haracteristic mo v emen t 1 DPO has got the greatest activ ation.

The reason ma y b e that sub ject main tain his upp er arm in the initial p osition activ ating his shoulder

m uscle v ery m uc h. Since shoulder m uscles do not in�uences the elb o w mo v emen t this great activ ation

w as ignored (upp er arm w as �xed).

In case of shoulder an tev ersion (c haracteristic mo v emen t 6) D AN and BIC are activ e and activ ation

of D AN is higher than the activ ation of BIC. Since maxim um isometric force of D AN is greater than

of BIC w e can ignore the e�ect of BIC from the shoulder an tev ersion and parameter of D AN can b e

estimated from c haracteristic mo v emen t 6.

In case of shoulder retro v ersion (c haracteristic mo v emen t 7) DPO and TRL are activ e and activ ation

of DPO is higher than the activ ation of BIC in case of sub ject 1 while activ ation of TRL is little higher

than the activ ation of DPO in case of sub ject 2. Since maxim um isometric force of DPO is greater

than of TRL w e can ignore the e�ect of TRL from the shoulder retro v ersion and parameter of DPO

can b e estimated from c haracteristic mo v emen t 7.

F or summary , ho w ev er, there are little di�erences b et w een the T ables 2 and 3, these di�erences can b e

ignored and the w e can conclude that b oth tables sho w essen tially the same results. It means that the

parameter estimation metho d w as the same for b oth sub ject.

� The estimation of parameters of the BRD will b e probably v ery unreliable b ecause its measured

activ ation is v ery lo w in elb o w �exions (c haracteristic mo v emen t 1, 2 and 3).

Characteristic mo v emen t 3 is designed to estimate the parameter of BRD. Ho w ev er, according to the

analysis of measured activ ation activ ation of BRD is lo w and parameter of BRD is not estimated.

Therefore c haracteristic mo v emen t 3 is not applied during the estimation pro cedure.

� Since activ ation of BIC and BRA (since barc hialis' activ ation is supp osed to b e equal to biceps' activ a-

tion) are high in ev ery elb o w �exion then parameters of BIC and BRA cannot b e estimated based on

only one of the mo v emen t patterns. They m ust b e estimated based on ev ery elb o w �exion mo v emen t

patterns (c haracteristic mo v emen ts 1, 2, 3).

� Since activ ation of TRL and TLM are high in b oth elb o w extension mo v emen t pattern, then their

parameters ha v e to b e estimated form b oth elb o w extension mo v emen t patterns (c haracteristic mo v e-

men ts 4 and 5).

Before parameter estimation, outlier measured signals ha v e to b e ignored to assess the qualit y and

reliabilit y of the data. Outlier activ ation signals can o ccur, since the v ariabilit y of activ ation patterns is high.

Therefore activ ation patterns of eac h cycle of eac h mo v emen t pattern w ere in v estigated to determine the

cycles ha ving outlier activ ation patterns and these cycles w ere ignored from the estimation pro cedures. The

outlier activ ation pattern means that the activ ation pattern of the in v estigated cycle is signi�can tly di�eren t

from the a v erage of the activ ation patterns of cycles b elonging to the same c haracteristic mo v emen t. This

in v estigation is completed b y visual insp ection. The result of this signal pro cessing is sho wn in T able 4 that

con tains the n um b er of cycle of eac h c haracteristic mo v emen t using in the estimation pro cedure.

W e ha v e to note that from parameter estimation p oin t of view, the excitation of m uscles w as p o or. It

means that w e cannot excite eac h m uscles separately , b ecause the excitation signals are generated b y the

sub ject's brain. Only the required mo v emen t pattern can b e prescrib ed. It means that the agonist m uscles

are excited at the same time, but their excitation lev els can b e di�eren t and unkno wn.
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Characteristic

Estimated group mo v emen t Sub ject 1 Sub ject 2

T riceps 4 14 6

5 10 11

Deltoideus 6 7 4

7 5 5

Elb o w �exors 1 15 8

2 11 7

T ab. 4: Numb er of cycles that ar e applie d in the estimation pr o c e dur e.

4.2 P a rameter estimation metho d

Because the estimated parameters en ter in to the mo del in a non-linear w a y , the non-linear, Nelder-Mead

simplex algorithm [44 ] w as applied for parameter estimation that requires a prop er initial v alue for eac h of

the estimated parameters [36 ].

A ccording to the result of in v estigation of the activ ation patterns (see section 4.1) m uscles and measured

signals are group ed. P arameters of m uscles b elonging to the same group are estimated at the same time

from the group of the measured signals. The de�ned groups are the follo wing:

� Elb o w �exion: measured signal of c haracteristic mo v emen ts 1 and 2 b elong to this group as measured

signals. BIC and BRA b elong to this group as m uscles.

� Elb o w extension: measured signal of c haracteristic mo v emen ts 4 and 5 b elong to this group as measured

signals. TLM and TRL b elong to this group as m uscles.

� Shoulder mo v emen t: measured signal of c haracteristic mo v emen ts 6 and 7 b elong to this group as

measured signals. D AN and DPO b elong to this group as m uscles.

T o measure the error of parameter estimation w e applied the follo wing error function:

e(p) =

P
i jys(p; i) � ym (i )j

j
P

i ym (i )j

where ys(p; :) is the sim ulated mo v emen t pattern with parameter v alue p, and ym is the measured mo v emen t

pattern while i is the time. This is a normalized prediction error b et w een the measured signals and their

mo del-predicted coun terparts.

4.3 Metho ds fo r evaluating the qualit y of the results

Not only the estimated v alue but its accuracy (or con�dence in terv al) pla y imp ortan t role in the applicabilit y

of the result. If the con�dence in terv al of the estimated parameter is wide then the accuracy is lo w, and the

estimated v alue ma y not b e reliable.

In case of nonlinear parameter estimation the estimated parameter v ector do es not ha v e the nice statistical

prop erties as in case of linear parameter estimation [20 ]. Therefore w e can only apply an appro ximate

approac h if w e w an t to estimate the parameter con�dence in terv als for the estimated co e�cien t. This

approac h requires us to depict the error function ( e(p) ) as a function of the parameter to b e estimated p.

Let eopt b e the minimal v alue of the error function. Then the � con�dence lev el for the error function can

b e established using [20]:

e� = eopt

�
1 +

v
k � v

F � 1 (v; k � v; 1 � � )
�

(2)

where k is the n um b er of measuremen ts (data p oin ts), v is the n um b er of estimated parameters and

F � 1 (v; k � v; 1 � � ) is the in v erse Fisher distribution v alue for degree of freedom (v; k � v) and con�-

dence lev el � . Then the con�dence in terv al of estimated parameter can b e established b y simply taking the

in tersection p oin ts of the error function and the e� .

W e can receiv e information from the shap e of the con tour plots of the error function, to o. The estimation

is of go o d qualit y if this function has got unique minim um in the v alue of estimated parameters and the



T echnical Rep o rt SCL-002/2007 15

shap e of con tour plot is appro ximately circle. The more elliptic the shap e of the con tour plot is the more

unreliable are the estimated v alues. A v alley t yp e shap e indicates a linear dep endency b et w een the estimated

parameter that could b e a consequence of a p o or excitation.

5 Results

W e ha v e to note that during estimation w e estimate the n um b ers of parallel connected sarcomeres of m uscles.

F rom these v alues the maxim um isometric force of the m uscle can b e computed using the equation

F max = 0 :92888� 10� 12 � Np

from [11 ] where Np is the n um b er of parallel connected sarcomeres of the m uscle. Since, there is no reliable

data on the n um b er of sarcomeres, the maxim um isometric forces are computed from the estimated v alues

and these force v alues are analyzed and compared to the v alues found in literature.

5.1 Results of subject 1

5.1.1 P a rameters of the triceps muscles (TLM and TRL)
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Fig. 7: Err or function and its c ontour plot in c ase of p ar ameter estimation of tric eps later ale+me diale and

tric eps longum. On the �muscle� axes the estimate d maximum isometric for c es in N ar e written.

Black dots show the values wher e the err or function is evaluate d. The wide, solid line shows the

c on�denc e interval at level 80%.

In Fig. 7 the v alue of error function of the parameter estimation of triceps as a function of the maxim um

isometric forces of TRL and TML and its con tour plot can b e seen. In Fig. 8 some examples of the measured

and the estimated join t angles are dra wn. One can see that the shap e of the sim ulated join t angle function

and join t v elo cit y function are similar to the measured ones. One can see from Fig. 7 that the error function

has a v alley . The shap e of the con tour plot is a v ery elongated ellipse and the deep er part of this v alley is
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Fig. 8: Example for the me asur e d and estimate d joint angle plot in c ase of tric eps p ar ameter estimation. The

top thr e e plots show the char acteristic movement 4, while the last two plots show the char acteristic

movement 5.

along a line with slop e � 0. It means that the estimation pro cedure do es not giv e unique estimated v alues

indeed it giv es a line whose p oin ts corresp ond to p ossible estimated v alues. The equation of this line is
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F max
T RL = � 0:44� F max

T LM + 68:7 [N ]. It means that according to this line:

� The sum of maxim um isometric force of TLM and TRL has maxim um v alue 154 N .

� If maxim um isometric force of TLM is increasing then the maxim um isometric force of TRL is decreasing

and vice v ersa. W e exp ect this result b ecause these m uscles are agonist, so if one of them is stronger

then the other m ust b e w eak er for the same b eha vior.

� TRL in�uences the motion more than TLM b ecause a little c hange in the force of TRL can b e com-

p ensated b y bigger c hange in the force of TLM.

In [18 ] the estimated maxim um isometric force of triceps m uscle is 2333N , according to [27 ] the estimated

maxim um isometric force of triceps longum is 799N and of triceps laterale+mediale is 1248N while in [13 ]

the estimated maxim um isometric force of triceps m uscle is 714 N . Both the �rst t w o studies determine the

maxim um isometric force as a m ultiplication of sp eci�c tension and PCSA of the m uscle with giv en sp eci�c

tension. Comparing our estimated v alues to the maxim um isometric force found in the literature it is clear

that our results are v ery lo w v alues and w e cannot accept them.

The reason of this di�erence ma y b e caused b y the measuremen t tec hnique. The c haracteristic mo v emen t

pattern what is applied to estimate the parameters of triceps are more in�uenced b y gra vitation than the

other mo v emen t patterns b ecause during initial of the mo v emen ts the gra vitational force accelerate the

forearm.

5.1.2 P a rameters of the deltoideus muscles (D AN and DPO)

In Fig. 9 the v alue of error function of the parameter estimation of deltoideus as a function of the maxim um

isometric forces of D AN and DPO and its con tour plot can b e seen. In Fig. 10 some examples of the measured

and the estimated join t angles are dra wn and one can see that there is a small di�erence b et w een the shap e of

the sim ulated join t angle function and the measured ones and there is a great di�erence b et w een the v elo cit y

functions. One can see from Fig. 9 that the error function has a v alley . The v alley has unique minim um

at F max
DAN = 6513:1 N and F max

DP O = 5729:2 N . In [18 ] the estimated maxim um isometric force of deltoideus

m uscles is 2045N while in [27 ] the estimated maxim um isometric force of deltoideus an terior is 1714N and

of deltoideus p osterior is 831N . Comparing our results to the v alues found in the literature w e ha v e to note

that our estimated v alues are greater than v alues found in the literature. Ho w ev er, w e ha v e to note that

since only D AN and DPO are mo deled from the shoulder m uscles their estimated maxim um isometric force

v alues con tain the v alue of the maxim um isometric force of other shoulder m uscles that are not represen ted

in the mo del. F rom this p oin t of view the estimated v alues can b e accepted.

One also can see that the shap e of the con tour plot is an ellipse rather than a circle what sho ws that

gradien t of the fall of the v alley is m uc h bigger in one direction than in the orthogonal direction. It means

that the v alues of the maxim um isometric forces can b e �t to the line lying in the v alley along the main axis

of the ellipse (or w e cannot estimate accurately the v alues of maxim um isometric force separately but if w e

kno w one of them w e ha v e to estimate the other easily). One can see that the slop e of this line is 0:99 � 1
that means that the v alue of error function do es not c hange a lot if the v alues of the maxim um isometric

force of D AN and DPO are c hanged with the same v alue. This prop ert y satis�es our exp ectation b ecause

these t w o m uscles are an tagonist and their momen t arms are similar, so the strengthening in one of them

can b e comp ensated b y the same strengthening in the other.

5.1.3 P a rameters of the biceps (BIC) and b rachialis (BRA) muscles

In Fig. 11 the v alue of error function of the parameter estimation of biceps and brac hialis as a function of

the maxim um isometric forces of BIC and BRA and its con tour plot can b e seen. In Fig. 12 some examples

of the measured and the estimated join t angles are dra wn and one can see that the shap es of the sim ulated

join t angle function and join t v elo cit y function are similar to the measured ones. One can see from Fig. 11

that the error function has a v alley . The shap e of the con tour plot is a v ery elongated ellipse and the deep er

part of this v alley is along a line with slop e � 0. It means the estimation pro cedure do es not giv e unique

estimated v alues but giv es a line where eac h p oin t corresp onds to a p ossible estimated v alue. The equation

of this line is F max
BRA = � 7=3 � F max

BIC + 1880 [N ]. It means that according to this line:

� The sum of maxim um isometric force of biceps and brac hilais has a maxim um v alue 1880N .
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Fig. 9: Err or function and its c ontour plot in c ase of p ar ameter estimation of deltoideus anterior and del-

toideus p osterior. On the �muscle� axes the estimate d maximum isometric for c es in N ar e written.

Black dots show the values wher e the err or function is evaluate d. The wide, solid line shows the

c on�denc e interval at level 80%.

� If the maxim um isometric force of biceps is increasing then the maxim um isometric force of brac hilais

is decreasing and vice v ersa. W e exp ect this result b ecause these m uscles are agonist so if one of them

is stronger then the other m ust b e w eak er for the same b eha vior.

� Biceps in�uences the motion more than the brac hilais b ecause a little c hange in the force of biceps can

b e comp ensated b y a bigger c hange in the force of brac hilais.
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Fig. 10: Example for the me asur e d and estimate d joint angle plot in c ase of deltoideus p ar ameter estimation.

The top two plots show the char acteristic movement 6, while the last two plots show the char acteristic

movement 7.

� F rom the literature w e kno w that the brac hialis is usually as strong as the biceps or little stronger

than the biceps. If w e supp ose that the brac hilais is as strong as the biceps then w e receiv e that the

maxim um isometric forces of biceps and brac hilais are 564 N . If w e supp ose that the brac hilais is

t wice as strong as the biceps then w e receiv e that the maxim um isometric force of biceps is 434 N
while maxim um isometric force of brac hilais is 868 N . In [18 ] the estimated maxim um isometric force

of biceps is 850 N and of brac hilais is 854 N , according to [27 ] the estimated maxim um isometric

force of biceps is 1060 N and of brac hialis is 987 N while in [13 ] the estimated maxim um isometric

force of biceps is 174 N and of brac hialis is 222 N . Comparing our results to the v alues found in the

literature w e ha v e to note that our estimated v alues are similar or little lo w er than v alues found in the

literature, therefore our results are p ossible v alues of these m uscles. W e ha v e to note that since only
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Fig. 11: Err or function and its c ontour plot in c ase of p ar ameter estimation of bic eps and br achilais. On

the �muscle� axes the estimate d maximum isometric for c es in N ar e written. Black dots show the

values wher e the err or function is evaluate d. The wide, solid line shows the c on�denc e interval at

level 80%.

BIC and BRA are only realized among the elb o w �exion m uscles their estimated maxim um isometric

force v alues con tain the v alue of the maxim um isometric force of other elb o w �exion m uscles what are

not represen ted in the mo del, i.e. w e exp ect that the estimated maxim um isometric force v alues ha v e

to b e greater or equal than the measured ones.

5.1.4 A ccuracy of the estimated pa rameters

F rom the plots of error functions and their con�dence in terv al (Fig. 7, 9 and 11) one can read some information

ab out the accuracy of the estimation. The width of the v alley sho ws the accuracy . The wider the v alley the

lo w er the accuracy .

F rom the con�dence in terv al in Fig. 7 one can see that if the maxim um isometric force of triceps lat-

erale+mediale is giv en then the maxim um isometric force of triceps longum can b e determined with accuracy

of � � 150N (relativ e accuracy is > 100%), while if the maxim um isometric force of triceps longum is giv en

then the maxim um isometric force of triceps laterale+mediale can b e determined with accuracy of � � 60N
(relativ e accuracy is � 50 � 60%). A ccording to the con�dence in terv al in Fig. 9 if the maxim um isometric

force of deltoideus an terior is giv en then the maxim um isometric force of deltoideus p osterior can b e de-

termined with accuracy of � � 900N and vice v ersa (relativ e accuracy is � 14 � 16%). A ccording to the

con�dence in terv al in Fig. 11 if the maxim um isometric force of biceps is giv en then the maxim um isometric

force of brac hialis can b e determined with accuracy of � � 150N (relativ e accuracy is � 25 � 30%), and

if the maxim um isometric force of brac hialis is giv en then the maxim um isometric force of biceps can b e

determined with accuracy of � � 80N (relativ e accuracy is � 10 � 15%).



T echnical Rep o rt SCL-002/2007 21

0 0.1 0.2 0.3 0.4 0.5
0

0.5

1

1.5

2
Angle of elbow joint

Time [s]

Jo
in

t a
ng

le
 [r

ad
]

0 0.1 0.2 0.3 0.4 0.5
0

1

2

3

4

5

6

7
Velocity of elbow joint

Time [s]

Jo
in

t v
el

oc
ity

 [r
ad

/s
]

Simulated by model
Measured

0 0.2 0.4 0.6
0

0.5

1

1.5

2
Angle of elbow joint

Time [s]

Jo
in

t a
ng

le
 [r

ad
]

0 0.2 0.4 0.6
-2

0

2

4

6

8
Velocity of elbow joint

Time [s]
Jo

in
t v

el
oc

ity
 [r

ad
/s

]

Simulated by model
Measured

0 0.1 0.2 0.3 0.4 0.5
0

0.5

1

1.5

2
Angle of elbow joint

Time [s]

Jo
in

t a
ng

le
 [r

ad
]

0 0.1 0.2 0.3 0.4 0.5
-2

0

2

4

6

8

10
Velocity of elbow joint

Time [s]

Jo
in

t v
el

oc
ity

 [r
ad

/s
]

Simulated by model
Measured

0 0.1 0.2 0.3 0.4 0.5
0

0.5

1

1.5

2

2.5
Angle of elbow joint

Time [s]

Jo
in

t a
ng

le
 [r

ad
]

0 0.1 0.2 0.3 0.4 0.5
-2

0

2

4

6

8
Velocity of elbow joint

Time [s]

Jo
in

t v
el

oc
ity

 [r
ad

/s
]

Simulated by model
Measured

Fig. 12: Example for the me asur e d and estimate d joint angle plot in c ase of elb ow �exors p ar ameter esti-

mation. The top two plots show the char acteristic movement 1, while the last two plots show the

char acteristic movement 2.

5.2 Results of subject 2

The results of sub ject 2 are similar to the results of sub ject 1. Therefore, in this section only the di�erences

b et w een them are depicted.

5.2.1 P a rameters of the triceps muscles (TLM and TRL)

In Fig. 13 the v alue of error function of the parameter estimation of triceps as a function of the maxim um

isometric forces of TRL and TML and its con tour plot can b e seen. In Fig. 14 some examples of the measured

and the estimated join t angles are dra wn. One can see that there is some di�erence b et w een the shap e of the

sim ulated join t angle function and join t v elo cit y function and the measured ones. One can see from Fig. 13

that the error function has a similar v alley as in case of sub ject 1. The equation of the line lying in the
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Fig. 13: Err or function and its c ontour plot in c ase of p ar ameter estimation of tric eps later ale+me diale and

tric eps longum. On the �muscle� axes the estimate d maximum isometric for c es in N ar e written.

Black dots show the values wher e the err or function is evaluate d. The wide, solid line shows the

c on�denc e interval at level 80%.

v alley is F max
T RL = � 0:28� F max

T LM + 158:9 [N ]. It means that the sum of maxim um isometric force of TLM and

TRL has maxim um v alue 567 N .

Comparing our estimated v alues to the maxim um isometric force found in the literature (see section

5.1.1) it is clear that our results are v ery lo w v alues and w e cannot accept them.

5.2.2 P a rameters of the deltoideus muscles (D AN and DPO)

In Fig. 15 the v alue of error function of the parameter estimation of deltoideus as a function of the maxim um

isometric forces of D AN and DPO and its con tour plot can b e seen. In Fig. 16 some examples of the measured

and the estimated join t angles are dra wn and one can see that there is a small di�erence b et w een the shap e

of the sim ulated join t angle function and the measured ones and there is a greater di�erence b et w een the

v elo cit y functions. One can see from Fig. 15 that the error function has a v alley . The v alley has unique

minim um at F max
DAN = 2275:7 N and F max

DP O = 973:2 N .

Comparing our results to the v alues found in the literature (see section 5.1.2) w e ha v e to note that our

estimated v alues are a little greater than v alues found in the literature. The estimated v alues should b e

accepted

One can see that the slop e of the line lying in the v alley is 0:2 that means that the v alue of error function

do es not c hange a lot if the v alues of the maxim um isometric force of DPO are c hanged b y �v e times greater

v alue than the c hange of the D AN. The p ositiv e slop e of this line satis�es our exp ectation b ecause these

t w o m uscles are an tagonist. Ho w ev er, the absolute v alue of this slop e is v ery lo w. The p ossible reason is

that the normalized activ ation of at least one of the deltoideus m uscles is incorrect. It ma y b e caused b y

measuremen t error of maxim um EMG.
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Fig. 14: Example for the me asur e d and estimate d joint angle plot in c ase of tric eps p ar ameter estimation. The

top two plots show the char acteristic movement 4, while the last two plots show the char acteristic

movement 5.

5.2.3 P a rameters of the biceps (BIC) and b rachialis (BRA) muscles

In Fig. 17 the v alue of error function of the parameter estimation of biceps and brac hialis as a function of the

maxim um isometric forces of BIC and BRA and its con tour plot can b e seen. In Fig. 18 some examples of

the measured and the estimated join t angles are dra wn and one can see that the shap es of the sim ulated join t

angle function and join t v elo cit y function are similar to the measured ones. One can see from Fig. 17 that the

error function has a v alley . The equation of the line lying in the v alley is F max
BRA = � 1:31� F max

BIC + 1250:7 [N ].

It means that the sum of maxim um isometric force of biceps and brac hilais has maxim um v alue 1250:7 N .

If w e supp ose that the brac hilais is as strong as the biceps then w e receiv e that the maxim um isometric

forces of biceps and brac hilais are 541 N . If w e supp ose that the brac hilais is t wice as strong as the biceps

then w e receiv e that the maxim um isometric force of biceps is 378 N while maxim um isometric force of

brac hilais is 756 N . Comparing our results to the v alues found in the literature (see section 5.1.3) w e ha v e
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Fig. 15: Err or function and its c ontour plot in c ase of p ar ameter estimation of deltoideus anterior and del-

toideus p osterior. On the �muscle� axes the estimate d maximum isometric for c es in N ar e written.

Black dots show the values wher e the err or function is evaluate d. The wide, solid line shows the

c on�denc e interval at level 80%.

to note that our estimated v alues are similar to the v alues found in the literature, therefore our results are

p ossible v alues of these m uscles.

5.2.4 A ccuracy of the estimated pa rameters

F rom the plots of error functions and their con�dence in terv al (Fig. 13, 15 and 17) one can read some

information ab out the accuracy of the estimation.

F rom the con�dence in terv al in Fig. 13 one can see that if the maxim um isometric force of triceps

laterale+mediale is giv en then the maxim um isometric force of triceps longum can b e determined with

accuracy of � � 120N (relativ e accuracy is � 45%), while if the maxim um isometric force of triceps longum

is giv en then the maxim um isometric force of triceps laterale+mediale can b e determined with accuracy of

� � 300N (relativ e accuracy is > 100%). A ccording to the con�dence in terv al in Fig. 15 if the maxim um

isometric force of deltoideus an terior is giv en then the maxim um isometric force of deltoideus p osterior can

b e determined with accuracy of � � 350N (relativ e accuracy is � 35%), while if the maxim um isometric force

of deltoideus p osterior is giv en then the maxim um isometric force of deltoideus an terior can b e determined

with accuracy of � � 1500N (relativ e accuracy is � 60 � 65%). A ccording to the con�dence in terv al in

Fig. 17 if the maxim um isometric force of biceps is giv en then the maxim um isometric force of brac hialis can

b e determined with accuracy of � � 300N (relativ e accuracy is � 35� 50%), and if the maxim um isometric

force of brac hialis is giv en then the maxim um isometric force of biceps can b e determined with accuracy of
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Fig. 16: Example for the me asur e d and estimate d joint angle plot in c ase of deltoideus p ar ameter estimation.

The top two plots show the char acteristic movement 6, while the last two plots show the char acteristic

movement 7.

� � 200N (relativ e accuracy is � 35� 50%).

5.3 Compa ring the results of t w o subjects

When w e compare the results of the t w o sub jects (see T able 5) w e �nd the follo wing:

� Ho w ev er, the n umerical v alue of the same estimated parameters can b e di�eren t in case of the t w o

sub ject, the c haracteristic shap e of the error functions of the similar m uscle's group are the same. In

case of agonist m uscles the minim um p oin ts of the error functions lie along a line, while in case of

an tagonist m uscles there is a unique minim um p oin t. The slop es of these lines are similar, to o.



T echnical Rep o rt SCL-002/2007 26

200 400 600 800 1000 1200

200

400

600

Biceps brachii

Br
ac

hi
al

is

28.4901

28.4901

28.4901

28.490133.2231

33.2231

33.2231

33.2231

37.9561

37.9561

37.9561

37.956142.6892

42.6892

42.6892

42.6892

47.4222

47.4222 52.1552

56.8883

30.3729

30.3729

30.3729

30.3729

30.3729

200
400

600
800

1000
1200

200

400

600
25

30

35

40

45

50

55

60

65

Brachialis

Biceps brachii

Er
ro

r v
al

ue

Fig. 17: Err or function and its c ontour plot in c ase of p ar ameter estimation of bic eps and br achilais. On

the �muscle� axes the estimate d maximum isometric for c es in N ar e written. Black dots show the

values wher e the err or function is evaluate d. The wide, solid line shows the c on�denc e interval at

level 80%.

� In spite of the di�eren t n umerical v alues of the estimated parameters, the relativ e accuracy of a giv en

parameter of one of the sub jects is similar to the relativ e accuracy of the same estimated parameter

of the other sub ject.

� Only the n umerical v alue of the estimated parameter of triceps m uscles cannot b e accepted. The

p ossible reason is that the c haracteristic mo v emen t applied in estimation of triceps' parameters is

in�uenced greatly b y gra vitation.

6 Conclusion and future w o rk

Our aim has b een the dev elopmen t of a non-in v asiv e estimation pro cedure for parameters whic h in�uence

the exerted force of m uscle from the macroscopic, measurable signals (mo v emen t patterns and EMG). Non-

in v asiv e is one of the most imp ortan t requiremen ts b ecause it can b e supp orted b y exp erts and sub jects.

W e w an ted to dev elop a metho d that can b e p erformed b y commonly used devices. The mo v emen t

patterns ha v e b een measured with a P AM passiv e mark er based camera system [29 , 30 ], while EMGs ha v e

b een measured with BioSemi EMG [1] devices. Since the mo del ignores the electromec hanical dela y the

"hardw are" sync hronization of these t w o devices is not acceptable (in case of "hardw are" sync hronization

the electromec hanical dela y has to b e estimated). Rather, an o�-line sync hronization metho d has b een

prop osed.

A reduced m ulti-scale mo del has b een dev elop ed to complete the estimation pro cedure. Since this mo del

is nonlinear, a nonlinear parameter estimation pro cedure has b een applied. First sensitivit y analysis has

b een p erformed to determine the parameters to b e estimated and mo v emen t patterns suitable for parameter

estimation. A ccording to its result the n um b er of parallel connected sarcomeres is c hosen as an estimated
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Fig. 18: Example for the me asur e d and estimate d joint angle plot in c ase of elb ow �exors p ar ameter esti-

mation. The top two plots show the char acteristic movement 1, while the last two plots show the

char acteristic movement 2.

parameter and sev en c haracteristic mo v emen t patterns ha v e b een designed.

W e also sho w a metho d ho w one can in v estigate the accuracy (con�dence in terv al) of the estimated

parameters in the nonlinear parameter estimation problem.

Our metho d for estimating triceps parameters has not pro vided acceptable results, but it has giv en

acceptable results in case of other m uscles. The p ossible reason of the mistak e in case of triceps is the wrong

c hoice of the c haracteristic mo v emen t pattern applied to the estimation.

Results sho w that the maxim um isometric force of agonist m uscles (triceps or elb o w �exion m uscles)

cannot b e estimated separately , but a linear relationship b et w een them can b e estimated. Ho w ev er, the

maxim um isometric forces of an tagonist m uscles (lik e deltoideus) can b e estimated with a relativ e high
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Sub ject 1 Sub ject 2

Gr oup of muscles Muscles Estimate d values A c cur acy Estimate d values A c cur acy

T riceps TLM F max
T RL = � 0:44� F max

T LM + > 100% F max
T RL = � 0:28� F max

T LM + > 100%
TRL +68:7 [N ] +158:9 [N ]

Deltoideus D AN 6513N 14� 16% 2276N 35%
DPO 5729N 14� 16% 973 N 60� 65%

Elb o w �exors BIC F max
BRA = � 7=3 � F max

BIC + 10� 30% F max
BRA = � 1:31� F max

BIC + 35� 50%
BRA +1880 [N ] +1250:7 [N ]

T ab. 5: Estimate d maximum isometric for c es of muscles and their r elative ac cur acies.

accuracy ( � 15%). It means that the curren t metho d is not able to estimate the parameters of eac h m uscle

but it can estimate the p ossible relationship among agonist m uscles.

It is a consequence of the p o or excitation, i.e. w e cannot determine accurately the excitation of eac h

m uscle b ecause the sub ject's brain excites his/her m uscles. T o impro v e our metho d w e ha v e de�ned new

c haracteristic mo v emen ts in whic h the sub ject generated excitation patterns of agonist m uscles can b e

separated. T o impro v e the estimation pro cedure of triceps m uscles w e ha v e to redesign completely their

c haracteristic mo v emen ts. It is also an in teresting question whether a small w eigh t �xed to the hand mak es

more accurate the estimation pro cedure. The w eigh t m ust b e small to a v oid fatigue.

Other p ossible dev elopmen t of the parameter estimation pro cedure is the application of non-in v asiv e

functional electrical sim ulation (FES) system. Using FES system w e can realize that m uscles can b e excited

separately . Ho w ev er, this metho d is only applicable to the m uscles that are close to the skin.
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