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1. INTRODUCTION

There is an increasing importance of applying the methods of modern systems and control
theory in hio-medhanicd systems for developing passve (i.e. nan-intervening) methods for
diagnosing musculoskeletal diseases and to construct human-like prosthesis. The dynamic
modelling and simulation d the human muscul oskeletal systems can help us understand haw
musculotendon aduators produce force (Hill, 1938 Huxley, 1957, how the actuators and
their excitation coordinate the movements (Hatze, 1976 Cheng, et al, 200Q Laczko, et al,
2004).

The estimation d musculoskeletal parameter values from series of experimenta observations
in vivo represents a awnsiderable problem in physiology and homedanics. “It thus becomes
imperative to devise methods which make it possble to estimate, for each of the muscles
involved, the values of the parameters which charaderize the behavior of that muscle”
(Hatze,1981).

The internal structure and the properties of the building blocks in a muscle can be described
by suitable models (Zgjac 1989 Raikova and Aladjov, 2005 Linden, et al, 199§. Then, by
measuring the macroscopic properties of the biological limb such as EMG signals, muscle
forces and movement patterns, bah the functional and anatomicd parameters of the limb's
elements can be estimated, (Delp, 1990. Anatomicd parameters, such as sgment mass
length, attachment points, muscle volume, pinnate angle dc. are generaly estimated from
investigation d cadavers. The results of such investigations are reported in (Veeger, et al,
1991 Veeger et al, 1997 Murray, et al, 2000.

" Thiswork was supparted by the Hungarian Research Fund (OTKA) through grants T034548 and T042710
1



6th International PhD Workshop on Systems and Control, October 4-8, 2005 Izola, Slovenia

However, the estimation d dynamic parameters, such as maximum isometric force & a
function d muscle length, ogimal muscle length, tendonsladk length or maximum tendon
extension, moment arm as afunction d joint angles etc. is much more difficult. Murray, et al,
(2000 estimated the moment arm, optimal length, tendonsladk length, etc. of elbow muscles
as afunction d joint angle investigating cadavers, Raikova and Aladjov (2009 investigated
the dfed of muscle structure to the exerted force and movement; Hatze (1981 estimated the
maximum isometric force, maximum isometric tendon extension and ogimal muscle length
from the measured isometric torque-angle relation; Garner and Pandy (2003 estimated peek
isometric force, opima muscle-fiber length and tendon sladk-length from the measured
isometric torque-angle relation. LIoyd and Besier (2003 estimated the muscle force, tendon
dadk length, adivation parameters from different movement tasks and measured EMG, joint
angle and moment signals.

The am of this dudy isto develop and apply a general method for estimating physiological
and structural parameters and properties of human, multi-scde musculoskeletal systems in
vivo from measured EMG signals of muscles and the time-variation d joint angles by using
dynamic modelli ng and model analysis.

2. THE ESTIMATED PARAMETERS

2.1 Multi-Scale Arm Model

To model processes on dfferent length and time scdes a multi-scde am model is applied.
The model describes the movement of an arm by modelling the cntradion and force
generation mechanism of the muscles containing fibers, tendon and aporeurosis whil e takes
the moleaular events, muscle structure, muscle activation and external loads into accournt and
handes different space and time scales. The model is built in a multi-scde framework
(Fazekas, et al, 2005 that consists of four levels (see fig.1.), correspondng to important
anatomicd and/or physiologicd parts of alimb. These four levels are: (1) level of sarcomere,
(2) level of fiber, (3) level of muscle, (4) level of limb. The level of sarcomere models the
basic force exerting medhanism with correspondng moleaular processes. The level of fiber
integrates the force of serially and parallel conneded sarcomere belonging to the same fiber
and modifies this net force with the properties of the fiber and motor unit. The level of
muscle mnsists of three sub-levels: (1) sub-level of muscle, (2) sub-level of tendonand (3)
sub-level of aponeurosis. The sub-level of muscle is resporsible for integrating the fiber's
force and modifying it with the properties of muscle and computing the muscle torques. The
sub-level of aponeurosis computes the behavior of aporeurosis based on muscle states and
models the pinnate dfed, while the sub-level of tendonis resporsible for simulating the
tendon lehavior. The level of limb computes the joint torques and solves the nonlinear
dynamic equation d the limb. The inpus of the multi-scde model are the adivation signal of
muscles vs. time and ouputs are the movement pattern, i.e. the time behavior of a set of joint
angles.

The gplied arm model, based on (Laczko, et al, 2009, integrates different sub-models
known from the literature (Cheng, et al., 200Q Derényi and Vicsek, 200Q Zgjac, 1989. As
Fig. 2. shows, it contains three segments (tribe, upper arm and foream+wrist complex) and
seven muscles (triceps brachii 1ong head, triceps brachii | ateral+media heads, biceps bradii
(short and long heals), brachidis, brachioradialis, deltoideus anterior, deltoideus paosterior).
For the sake of simplicity, our arm model can describe movements in the sagittal plane only,
and we asumed that the moment arm is constant. Anatomical data of muscles, such as
attachment points, ogtimal length, tendonsladk length, moment arms, etc. are taken from the
literature (Murray, et al, 200Q Veeger, et al, 1991 Veeger, et al, 1997.
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Fig. 1. Multiscde framework.
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Fig. 2. Applied arm model with three segments and seven muscles

2.2 Sngitivity Analysis

Sensitivity analysis is performed to determine which parameters influence significantly the
output of the model. For the purpose of the analysis we dianged the value of a parameter with
+10% from its reference value and the deviation d the movement pattern from its
correspondng reference pattern was cdculated in terms of a simple dimensionless ensitivity
coefficient

(1)

Slat)-a""()
¢= N

where N is the number of simulation time steps, a [rad] is the joint angle of the limb duing
the movement of system with modified parameter, a®'9 [rad] is the joint angle of the limb
during the movement of the original system andt; is thei™ discrete time instance

Sensitivity analysis (Fazekas, et al, 2005 showed that the model output is highly sensitive to
the moleallar parameters (molealar concentration, asociation and dssociation rates),
parameters of muscle structure and geometry, parameters of force-length-velocity relation
(adive force generation) and lesssensiti ve to the parameters of tendonand aponeurosis.
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The model parametersto be estimated are seleded based onthe @dowve sensitivity results: the
most influental parameters have been estimated and the value of the rest are taken from the
literature. In this way two parameters of eat muscle ae dosen to be estimated: the number
of parallel conreded sarcomeres (structural parameter) and the steady state probabili ty of the
strongly bound state (molecular parameter). Since there ae seven muscles, 14 parameters
shoud be estimated from dynamic measurements.

Parameter Estimation Algorithm: Because the estimated perameters enter into the model in a
nontlinea way, the nontlinear, sequential Nelder-Mead simplex algorithm (Nelder and Mead,
1969 is applied for parameter estimation that requires a proper initial value for each o the
estimated parameters (Lagarias, et al, 1999. Proper initial values are given from the
literature.

3. DESIGN OF THE EXPERIMENTS

The am of the experiment design was to demugde the parameter estimation task by using
experiments with movement patterns that are influenced by only a few dynamic parameters.
For this purpose we investigated what kind d movement was influenced the most by the
chaosen parameters of a given muscle using sensitivity analysis. We simulated elbow flexion-
extension and shouder anteversionretroversion from different initial condtions.
Characteristic movement patterns have been determined from these investigations.

Satic measurements: From static measurements the height and massof the measured subjeds
will be determined. From these data the mass inertia, length and locaion d center of massof
the segment can be mmputed applying the regresson equation and dcata of (Zatsiorsky,
2002.

Dynamical measurements. The parameter estimation wses dynamical measurements when the
surface EMG signal of seven muscles and the joint angles (elbow and shouder) are
measured. The dynamicd measurements will consist of characteristic movement patterns to
be dore by the measured subject that have been determined based onthe sensitivity analysis
such, that ead charaderistic movement is suitable for estimating one or two parameters of
one of the muscles therefrom. The gplied charaderistic movements are shown in fig. 3.
They contain elbow flexion-extension and shouder anteversion-retroversion separately in the
sagittal plane. Either the dbow or the shouder is fixed (bladk paints) whil e the other joint is
moved (light paints). Fig. 3 shows the initial position d the moving segment(s) (broken
lines), a position d segments during the movement (solid line), the movement diredion
(thick arrows) and the muscle that influences the characteristic movement the most.

Measurement process The measured subjects will be young (25-30 years old), hedthy and
average man that volunteer to take part in the experiments and will be informed about its
goals.

First the static measurements will be wmpleted. Then the movements defined for the
dynamic measurements will be cmpleted in the same order as their order number in fig. 3.
Eadh characteristic movement will be repeded 5 times, in between two characteristic
movements the subjed will have al minute rest. During dynamic measurements the bad of
the subjed will be fixed to the dair in order to his badk canna move. While doing the
movements, the subjed will have to move his joint as fast as possble. The fixation d his
shouders on bdh the right and left arms will be adtieved by atable which angle is st and
fixed. A rigid rod that will be fixed to the upper arm and forearm of the subjed is used to the
fixation d his elbow.
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The movement of the right arm of the subjed will be measured, while the left arm will be
used to set theinitia joint angles by fixing its joints acordingly. When starting a movement,
the subjea will be cdching arigid, light and horizontal rod into his left palm that is long
enough to reach the right palm. Before starting the measurement, the subject will have to
placehisright pam to the rod to set theinitial position d hisright arm.

Characteristic movements
1 2 3 4 5
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|

Fig. 3. Characteristic movement patterns.

Measurement Systems: To measure the movement pattern the PAM system (Jobbegy, et al,
2005 developed in the Bioengineering Laboratory, Department of Measurement and
Information Systems, University of Techndogy and Econamic of Budapest, Budapest,
Hungary will be used. Passve markers will be dtadched to anatomicd |landmark pant and
trajedories of markers will be determined with a canera.

The canera will watch the sagittal plane of the subjed. While he does the exercises with his
right arm the distance between the camera and the subjed's right arm will be 3 m and the
midd e line of the tribe has to be in the midde line of the image. The height of the canera
lenswill be & the middle paint of the hanging upper arm.

Surface EMG will be recorded with the BioSemi ActiveTwo system with active Ag/AgCl,
circle shape, diameter 10 mm eledrodes stuated at the Department of Bioengineering,
Reseach Ingtitute for Technicd Physics and Materials Science. The distance between the two
center of the two electrodes is 20 mm Sampling frequency is 1000Hz. During the dectrode
placeanent we take into account the recommendation d SENIAM (Freriks and Hermens,
1999 and De Luca (1997. The dedrodes will be locaed onthe midde line of the muscle
belly.

3. CONCLUSION

In this paper the design of an experimental procedure for biomechanical parameter estimation
is described. Using sensitivity anaysis the estimated parameters and the daracteristic
movement patterns have been defined. The Nelder-Mead simplex agorithm will be used for
estimation. The measurements are scheduled for the next year.

5



6th International PhD Workshop on Systems and Control, October 4-8, 2005 Izola, Slovenia

REFERENCES

Cheng, E.J., |.E. Brown and G.E. Loeb (2000). Virtua Muscle: a computational approach to
understanding the dfect of muscle properties on motor control. J Neurosci Meth, 101,
117-130.

Delp, S.L. (1990). Sugery smulation: a computer graphics g/stem to andyze and design
muscul oskdetal reconstructions of the lower limb. PhD diss, Department of Mecdanicd
Engineering, Stanford University

De Luca C.J. (1997. The Use of Surface Eledromyography in Biomechanics. J Appl
Biomed, 13, 135163.

Derényi, I. and T. Vicsek (2000. Microscopic Mechanism of Biologica Motion, In:
Fluctuation and $alingin Biology (T. Vicsek, Ed.), 117—216 Oxford University Press

Fazekas, Cs., Gy. Kozmann and K.M. Hangos (2005. Hierarchical Modelling in Biology:
Systematic Building of Limb Models. IFAC World Congess 4-8 July, Prague, Czeth
Repubic. Published onCD.

Freriks, B. and H. Hermens (1999. European Recommenddion for Suface
EledroMyoGraphy, Result of the SENIAM Project (CD-ROM), Roessngh Research and
Development, The Netherlands, www.seniam.org.

Garner, B.A. and M.G. Pandy (2003). Estimation d MusculotendonProperties in the Human
Upper Limb, Ann Biomed Eng, 31, 207-220

Hatze, H. (1976. The Complete Optimalization d Human Motion. Math Biosci, 28, 99-135.

Hatze, H. (1981). Estimation d myodynamic parameter values from observations on
isometricdly contrading muscle groups, Eur J Appl Physiol, 46, 325338.

Hill, A.V. (1938. The Heat of Shortening and the Dynamic Constant of Muscle. Proc. R.
Scc. Lond.B, 126, 136195.

Huxley, A.F. (1957. Muscle Contraction and Theories of Contraction. Prog. Biophys.
Biophys. Biochem., 7, 225318.

Jobbégy, A., P. Harcos, R. Karoly and G. Fazekas (2005. Anlysis of finger-tapping
movement. J Neurosci Meth, 141, 29-39.

Laczko, J., K. Walton and R. Llinas (2004. A Neuro-mechanicd Model for the Motor
Control of Walking in Rats. Abstract Viewer, Washington, DC: Saciety for Neuroscience,
Online, Program No. 601.5

Lagarias J.C., J. A. Redls, M. H. Wright and P. E. Wright (1998. Conwvergence Properties of
the Nelder-Meal Simplex Methodin Low Dimensions, SAM J Optimiz, 9, 112147.

Linden, B.J.J.J. van der, H.F.JM. Koopman, H.J. Grottenboer and P.A. Huijing (1998).
Modelli ng Functional Effect of Muscle Geometry. J Eledromyogr Kines, 8, 101:109.

Lloyd, D.G. and T.F. Besier (2008) An EMG-driven musculoskeletal model to estimate
muscle forces and kree joint momentsin vivo, J. Biomed, 36, 765776

Murray, W.M., T.S. Bochanan and S.L. Delp (2000. The Isometric Functional Capacity of
Musclesthat Crossthe Elbow, J Biomech, 33, 943952

Nelder, J. A. and R. Mea (1965). A Simplex Method for Function Minimization. Computer
Journal, 7, 308313.

Raikova, R.T. and H.Ts. Aladjov (2005). Comparison ketween two muscle models under
dynamic condtions, Comput Biol Med, 35, 373387

Veeger, H.EJ.,, F.C.T. Van Der Hem, L.H.V. Van Der Woude, G.M. Pronk and R.H.
Rozendal (1991, Inertia and Muscle Contraction Parameters for Musculoskeleta
Modélli ng of the Shouder Mecdhanism, J Biomed, 24, 615629

Veeger, H.E.J, B. Yu, K.N. An and R.H. Rozendal (1997). Parameters for modelling the
upper extremity, J Biomed, 30, 647-652

Zgac F.E. (1989. Muscle and tendon properties, models, scaing and applicaion to
biomechanics and motor control, CRC Crit RevBiomed Eng, 17, 359—411

Zatsiorsky, V.M. (2002. Kinetics of Human Motion. Human Kinetics, Champaign, IL



