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Abstract -- This paper describes the development and evaluation of a musculoskeletal model that
represents human elbow flexion-extension and forearm pronation-supination. The length.
velociry, and moment arm for each of the eight musculotendon actuators were based on skeletal
anatomy and position. Musculotendon parameters were determined for each actuator and verified
hv comparing analytical torque-angle curves with experimental joint torque data. The parameters
und skeletal geomerry were also uulized in the musculoskeletal model for the analvsis of ballistic
“lbow joint complex movements. The kev objective was to deveiop a computational model, guided
by parameterized optimal control. (o invesugarte the retfationship among parterns of muscle
cxcuanon. individual muscle forces. und movement kinematics. The model was verified using
cxperimental kinematic, torque. and electromyographic data from volunteer subjects performing
hallistc elbow joint complex movements.

NOMENCLATURE
a(t) Nominal muscle activation p/s Pronation-supination
u(t) Neural signal ANC Anconeus
EMG Electromyography BIC Biceps Brachii
EJC Elbow joint complex BRA Brachialis
FMT Force of the musculotendon actuator BRD Brachioradialis
LMr Length of the musculotendon actuator PRT Pronator Teres
vMT Velocity of the musculotendon actuator PRQ Pronator Quadratus
MA Moment arm (i.c. lever arm) SUP Supinator
e Flexion-extension TRI Triceps Brachii

INTRODUCTION

The human EJC! is an intricate joint which produces combinations of movements that are
unigue within the human body and that are involved in performing many important tasks. It is
partially responsible for the mobility of the hand, allowing the performance of duties which set
humans apart from other mammals. The elbow joint's use in many daily activities makes it an

important focus of biomechanics research.

! Eibow roint complex (EJC) refers to the articulations responsible for the combined movemeats of eibow flexion-
extension, forearm pronation-supination, and forearm abduction-adduction (passive motion).
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Biomechanical investigations of human movement have empioyed expenmental. observatonal,
and. more recently, computational modeling techniques [ Anderson and Pandy, 1993]. The latter
have provided both qualitative and quantitative insights into muscular control which are not aiways
evident through observation or experimental procedures alone. Our objective was to use
computational modeling techniques in investigating EJC movements. We used optimal control
theory to solve the problem of muscular force indeterminacy caused by the redundant number of
actuators present in the system.

Other models of the upper extrermuty have varied in their degree of compiexity. They range
from simple skeletal models without any muscle propertes (An et al., 1984; Gonzaiez et al., 1991]
‘0 models in which some muscle properues (i.e. torce-length) are used in calculating muscle forces
[An etal., 1989]. The latter study expressed the need for a detailed human elbow musculoskeletal
model to investigate the dynamic characteristics of motor behavior about the EJC. Recently,
optimal control was used to investigate planar shoulder movements with a mathematical
musculotendon model similar to the one used in this study [Giat, 1990]. The computational model
utilized in this study for the EJC goes beyond the scope of previous models by evaluating the EJC
using three-dimensional kinematics, musculotendon dynamics, muscle excitations, optimal control,

and experimental data to determine and verify musculotendon specific parameters.

METHODOLOGY

Experimental Methods

Experimental sessions of static EJC contractions were conducted to gather data needed to
obtain musculotendon specific parameters and to calibrate and verify the model. The predictions
obtained from the analytical model (both static and dynamic) were then compared to additional

ballistic experimental data (EMG, kinematics, and joint torque).



Subjects
Seven healthy, male voiunteer subjects. ages 27-45 years. were used for the static joint torque
expeniment. All subjects were right-hand dominant. One of these volunteers was further used for

the ballistic EJC experiment.

Joint Torque Experiment

[sometric maximal joint torque data were collected on a LIDO™ active multi-joint testing unit.
Using their dominant arm, subjects performed maximum voluntary contractions for three seconds
it incremented angles over their entire range of motion while torque data were collected. A two-
Tinute recovery period was allowed between contractions to avoid fatigue. The eight protocols
'mplemented were elbow flexion with forearm supinated and forearm pronated. elbow extension
with forearm supinated and forearm pronated, forearm supination with elbow extended and elbow
flexed 909, and forearm pronation with etbow extended and elbow flexed 90°. The experimental
data for each subject were curve-fitted to a polynomial equation, and the curves were averaged

across subjects for comparison with the analytical torque-angle results.

Ballisnic Movement Experiment

Ballistic movements have been frequently studied for the elbow joint [e.g. Angel, 1974; Nahvi,
1989]. These studies have described EMG patterns of the agonist and antagonist muscles as tri-
phasic. Tri-phasic muscle activation, which is depicted by the recorded EMG, is well documented
and is a classic characteristic of ballistic movements. This pattern consists of three distinct phases.
The first phase is the full activation of the agonist muscles preceding and during movement
initiation. The second phase is the activation of the antagonist muscles to brake the moving
segment. The third phase is the second activation of the agonist muscles to secure the final
position. This pattern has been named ABC (A=Activation, B=Braking, C=Clamping)
(Hannaford and Stark, 1985] and occurs in all ballistic movements which involve rapid movement

initiation and an abrupt voluntary stop at a final specified positon.



Ballistic movement patterns were executed for the dynamic data gathering session. The
experimental protocols consisted of various combinauons of bailistic eibow tlexion. elbow
extension. forearm pronation. and forearm supination. To demonstrate how the EJC model
executes these movements, one ballistic protocol consisting of elbow tlexion with forearm
pronauon is reported here. For this protocol. the subject was asked to start from a resting position
with his humerus (upper arm) horizontal. supported. and swrapped. and his forearm at
approximately 10° flexion and -50° supination (p/s 0° => neutral position. f/e 09 => full
extension). The arm was resting against a stop at the initial position to minimize baseline muscie
activauons. The subject was then asked to pertorm an elbow flexion with a simuitaneous forearm
pronation “as quickly as possible" without reaching the extreme posituons of either motion. Since
thi1s movement required both bailistic tninauon and voluntary braking, it showed a classic tri-phasic
pattern for both f/e and prs.

During the ballistic experimental sessions, EMG signals were gathered from eight muscles?
(Figure 1) using five bi-polar surface electrodes and three fine wire intramuscular electrodes (BRA,
BRD, and SUP muscles) and recorded using an Ariel™ Data Acquisition system sampling at 1000
Hertz. A digital bandpass filter {Barr and Chan, 1986] was applied to the digitized EMG data with
frequency cut-offs at 20-200 Hz. This first processing step was used to remove unwanted noise
produced by low frequency movement artifact or high frequency electrical noise that is
uncharacteristic of the EMG signal. Following this process, full wave digital rectification was
implemented and the signal was then normalized to its corresponding maximum value.

Position data of the forearm during elbow flexion and forearm pronation were obtained using a
triaxial electrogoniometer similar to the one used in previous EJC investiganons [Chao et al., 1980]
and was sampled at 1000 Hz with the Ariel system. The kinematic raw data were aiso low-pass
filtered (Lombrozo et al.. 1988] using a digital filter at 3 Hz. then mapped from the voitage to the

position (degrees) domain.

- Biceps Brachii, Brachialis, Brachioradialis, Triceps Brachii, Supinator, Pronator Teres, Anconeus, and Pronator
(Quadratus.



Modeling

The model represents eibow t/e and forearm pss with etght musculotendon actuators crossing
the joint. Ballistic EIC movements were modeled to describe the optimal kinematics, kinetics,
musculotendon characternistics. and muscle excitations at the elbow joint. The eibow’s f/e
movement was modeled by a frictionless hinge joint rotation of the humerus and the uina, with the
center of rotation occurring at the center of the capitellum and trochlea {Chao et al., 1980].
Forearm p/s. which was considered to occur at the EJC, was modeled by frictionless rotation
occurting about the forearm’s system axis. This axis intersects the center of the anterior end cf the

radius and the center of the distal end of the uina {Chao et al., 1980].

Musculotendinoskeletal Modeling

Computational musculotendinoskeletal models have been developed for the human lower
extremity (Pandy et al., 1990] and upper extremity [Crowninshield, 1978; Giat, 1990; Yeo, 1976].
Recent models of musculoskeletal systems have used optimal control strategies to solve the
indeterminate problem using a variety of performance indices [Flash, 1990]. These attempts have
yielded a better understanding of the coordination of muscle forces and their corresponding
electrical activities as determined by EMG. Incorporated within these latest musculoskeletal
models [Giat, 1990; Pandy et al., 1990] has been a model of the musculotendon system. These
musculotendon models have been developed to describe muscle and tendon function [Zajac and
Gordon, 19891, so that more accurate actuator force predictions can be made.

The integrated components for developing computational musculoskeletal models have been
established through recent efforts [Pandy et al., 1992: Pandy et al., 1990]. These components are
illustrated in Figure 2 and include: (a) muscle excitation-contraction dynamics, (b) musculotendon
dynamics, (c) skeletal dynamics, and (d) parameterized optimai control theory.

The corresponding dynamical equations for the EJC system can be written as follows:

(a) For muscle excitation-contraction,

=T Ny = e, + (1 T ) [uy = @y = a0 )= (0 -3yl i=1,8 (1)
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where . is the input excitaton given to the 1" muscie in the model: «; is the level of actuvation in

the 1! muscle: t,,, and T, are the nse and decay times for muscle acavauon. respectvely.

(b) For musculotendon dynamics.
M

F T=f.(f_Lg'.F,MT-a‘); i=1.8 (2)

where FMT is an 8x1 vector of musculotendon actuator forces: q,q9.q are 2x1 vectors of body

segmental displacements. velocities. and accelerations.

(c) For skeletal dynamics
Alq)G =B(q)g* +Clq)+ M(q)F"" 3)
where Afgq) is the 2x2 system mass matrix: B(c_;)c_';" is a 2x | vector describing both Coriolis and

centrifugal effects: C(qg) is a 2x1 vector containing only gravitational terms: M(q) is a 2x8 MA

matrix (see Skeletal Geometry).

Existing computer algorithms for modeling the mechanical response of the musculotendon
system were used with the following parameters for the eight actuators: resting muscle fiber length,
maximum isometric force, tendon slack length, and pennation angle (see Pandy et al., 1990, for
details). The values for the parameters were based on solutions determined in the model using the
isometric experimental results (see Results). Included in the larger dynamic model were the
calculations of musculotendon length and velocity, and their corresponding moment arms
(Hutchins et al., 1993]. Since the state equations [(1), (2), (3)] of the musculotendinoskeletal
system were represented as first order ordinary differential equations, a numerical Runge-Kutta
routine [Brankin, 1992] was used to integrate all the states of the model (time rate of change of:

muscle force, muscle activation, position, and velocity).

Skeletal Geomerry

Constant, discrete origin and insertion points were defined from the attachment locations of the
muscles and tendons on the bone {Yamaguchi et al., 1990]. Each point was defined with respect
one of the three reference frames (humerus, ulna, or radius) on which it was located. The points at

which these muscles contacted a bone other than the attachment sites were designated as "effector



points”. These effector points were 1n some cases dependent on both the t/e and prs joint angles,
representing deviations of the muscle line of action from a straight line connecting the origin and
insertion.

The LMT was caiculated as the magnitude of the vector connecting the ongin and insertion
points. In cases where effector points were necessary to describe the muscle path (BIC, SUP,
PRT. and ANC), LMT was the sum of the line segments connecting the points. Since the insertion
point was defined by a different segment reference frame than the origin point. the insertion

coordinates were transformed to the ongin reference frame for this calculation using:

M= lorigin — Transtormation* insertion (4)
The transformaton matrix was dependent on the type of joint the actuator crossed. The elbow was
modeled using rotation angles for t/e. pss, and the carrying angle (abduction-adduction). The
translations were based on anthropometric data for the upper extremity bones [Seireg and Arvikar,
1989]. In describing the muscle path for the BIC and SUP actuators, an additional assumption
was made to describe the wrapping around the radius that occurs when the muscles contract. An
appropriate supination arc length was added to the sum of the line segments. The velocity of the
musculotendon actuator (VMT) was the magnitude of the analytical time rate derivative of LMT,

The moment arm which was needed to convert musculotendon force to moment about a joint
was determined by the magnitude of the cross product of the unit vector from the origin to the
insertion point and a vector joining the origin point to the joint center using:

_’0[_><0f|

ma = (5)
f]

where: Of was the vector for the musculotendon origin to insertion point.
OJ was the vector from the musculotendon origin to the respective joint center.
In the cases where effector points were present, they were substituted appropriately into equation

(5) (see Hutchins, 1993 for details). Because anatomical moment arms were scarce in the



fiterature. especially for the muscies in the forearm. the caiculated anaiytical moment arms based on

equation (5) were not altered in any way.

Parameter Determinarion

Torque-angle relationships are dependent on the interaction of the 1sometric force and moment
arm of each musculotendon actuator which spans the joint. Both components are generated as a
function of joint position. Musculotendon 1sometric force 1s dependent on the optmal muscle fiber
length. peak isometric force, pennation angle. and tendon slack length. The pennation angle was
determined by investigating a variety of literature sources for the most consistent measurement.
Inital values for optimal fiber length and physiological cross-sectional area were gathered from
cadaver studies reported in the literature { Amus et al.. 1979: An et al.. 1981: Giat. 1990]. The joint
angle where a musculotendon's peak force occurs is controlled by the opumal (resting) fiber length
and the tendon slack length. Adjustments in these values cause horizontal shifts in the force-length
curve and, therefore, the torque. Modifications were made to the initial parameter values to attempt
to maintain a normalized muscle length between 0.5 and 1.5 over the entire range of motion.
Vertical adjustments were also made by varying the peak isometric force of the individual muscles
while keeping them within the proportion of their typical physiological cross-sectional area.

Muscle torque was computed as the moment arm times the muscle force. The torque of all
muscles assumed to participate in a specific motion was summed for each joint position to form the
total torque curve for that motion. The goal was to scale. by adjusting the parameters, the eight
analytical torque-angle relationships to correspond to the experimental torque-angle relationships.
The most accurate parameter values were decided once an estimated (root mean square error) best-

fit was made for the curves.

Optimal Control
The mechanical redundancy posed by the numerous actuators, even when only considering two

degrees-of-freedom, required that this problem be solved using a non-classical method. A



numerical opumal control package {Poweil. 1978] was used to converge on minimum time sub-
optuimal solutions of an elbow tlexion and forearm pronation movement starting from rest and
ending at rest (i.e. zero velocity and zero accelerauon) (see Pandy et al., 1992. for details).

For this minimum ame movement. the performance criteria and consuaints were therefore:

L,

I =min J dt

under the conditons:

Do = Qipecr i, = Dypec di, = dipee AN

< </ 1=1.8 (6)
Ininai states (t=0) were optimized by minirmzing the square root of the sum of the stresses in each
muscie at the iniual pre-specified arm position under the constraints ot zero velocity and zero
dcceleration and that the activation ot each muscie be within 20% of any member of its synergistic

Jroup.

Compuational Facilities

All computational work was done on either a Silicon Graphics Workstation (IRIS Indigo,
XS24) or an IBM RS/6000. The operating systems were [RIX 4.0.5F and AIX 3.2, with
FORTAN compiler versions F77 3.4.1 and XLF 2.03 for the IRIS and RS/6000, respectively.

RESULTS AND DISCUSSION

Paramerer Determinarion

Table 1 displays the final values of each parameter for each actuator determined in the static
experiment, which were then applied to the dynamic optimization. Experimental values from
cadaver studies are available for comparison; however, these data are limited in their usefulness.
Cadaver specimens have undergone some physiological changes that affect measurements. and

tendon slack length cannot be actually measured. Optimal fiber length values reported in literature



are siightly smaller (0.002 - 0.02 m) than the analytical values. except for the supinator. Optimal
tiber lengths for the SUP were reported between 0.033 m and 0.047 m (Amis. et al.. 1979: An. et
al.. 1981].

The physiological cross-sectional area (PCA) of a muscie was assumed to be proportional to a
muscie's peak isometric force ( F? ). Therefore, to properly scale F,, they were adjusted using
this proportionality criteria to match the net isometric joint torques. As a result. the F; parameter
values calculated were greater than the theoretical F?, as calculated from the literature values of
PCA umes the specific tension of a muscle (16-30 N-cm 2) [McDonagh and Davies, 1984]. This
outcome was due to much older and predictably weaker cadaver specimens when compared to the
subjects used in this study.

The analytical moment arms calculated with equation (5) were compared to published data
when possible. Elbow flexor moment arms predicted by the model compared favorably with both
the trends and magnitudes reported in literature [Amis, et al., 1979; An, et al., 1981]. The model
gave ranges of 15-28 millimeters (mm) for the BRA, 20-32 mm for the BIC, 18-35 mm for the
BRD, and 10-20 mm for the PRT. Moment arm-angle relationships peaked around 100° flexion.
The moment arm-angle relationships for the elbow extensors ranged from 12-29 mm for the TRI
and 6-12 mm for the ANC which agrees with published values ranging from 16-24 mm and 6-10
mm, respectively [Amus, et al., 1979]. For the forearm supinators, the moment arms for the BIC
and SUP appeared relatively constant. This effect was caused by the actuator wrapping around the
bone producing a moment arm equivalent to the radius of the radial head. The values were within

the small range (BIC: 10-12 mm, SUP: 7-13 mm) presented in the literature {Caldweil, 1987].
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Table | - Musculotendon Parameters tor the Actuators in the EJC Musculoskeietal Model.

Resung Peak Tendon Pennation
Actuator muscle fiber muscle slack angie
length force length (deg)
(m) (N) (m)
Biceps Brachii 0.14 670 0.20 2.5
Brachialis 0.07 720 0.043 4
Brachioradialis 0.144 430 0.12 4
Triceps Brachii 0.10 1750 0.175 5
Supinator 0.102 320 0.01 0
Pronator Teres 0.07 390 0.085 9.6
Pronator 0.036 370 0.008 9.9
Quadratus
Anconeus 0.045 450 0.013 0

Torque-angle relanionships

Figure 3 shows the analytical torques produced by the flexors at full supination, after ail the
modifications to the parameters were performed, compared with the experimental flexion torque.
Similarly, results of the torques produced by the pronators are shown in Figure 4. The
discontinuities in the pronator curves are a result of the muscles' pronation torque going to zero at

the neutral forearm position (i.e. pronation moment arm becomes a supination moment arm).

Ballistic Compurational Solunon

Results of the ballistic computational solution were compared to the ballistic experimental
kinematic and EMG data. Figure 5 shows both the predicted (modeled) and experimentally
measured positions of a ballistic elbow flexion and forearm pronation. The predicted trajectory of
the p/s angle showed that it slightly overshot the final position but then recovered to meet the final

constraints. Such overshooting has been described in experimental and modeling reports when
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speed 1s more heavily tavored than the end point accuracy. The final time difference between the
model’s soiution and expeniment was |2 mlliseconds.

This companson (Figure 5) indicates an extremeiy good fit between what the subject performed
and what the model conciuded was the minimum time solution. The solution for t/e is almost
exactly what the subject performed. The slight variation between the p/s trajectones indicates that
the model was much more sensitive to changes in the activity and parameter estimation of the
muscles that contributed to pss. This sensitivity is due to the complexity of the actuators (BRD,
PRT. PRQ) that are stricdy along the forearm (i.e. muscles wrapping around bone and estimaton
of the MA based on the system axis of pss). Nonetheless, given this complexity of the skeletal
geometry of the torearm muscies. the pss predicted trajectory 1s very close to the subject's
expenmentai mouon.

Predicted individual musculotendon forces for the eight muscles were analyzed to determine
their time-varying contribution to the ballistic movement. Figure 6 shows that the primary flexors'
(BIC, BRA, BRD) force magnitudes all increased and peaked at about 0.1 second into the
movement. After this point, the force magnitude decreased (resulting from a lower flexor activity,
Figure 9) to allow the arm to decelerate. The BIC and BRD then reactivated to clamp the final
position (also indicated in Figure 9). The reactivation of these muscles. as opposed to no
reactivation of the BRA, showed that the torque produced by these actuators was also used to
assist in clamping the forearm movement. The extensor time-varying forces (TRI and ANC,
Figure 7) show how these extensor muscles acted to slow the movement and to meet the final
kinematic constraints. The model predicted the same pattern of force generation for both
extensors, with the TRI showing significantly greater magnitude. The forearm muscles that
conuibute to the p/s movement (Figure 8) all iniually increased in magnitude. After the initial peak
(1=0.05) the SUP decreased throughout the remainder of the movement. This initial SUP acuvity
occurred to counter the passive forces caused by the elastic tissues in the BRD muscle. The PRT
and PRQ musculotendon force initially increased during the movement and also near the final time

to secure the p/s angle and balance the supination produced by the BIC and BRD.
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The predicted activauons from the model's sub-opumal minimum tme solution were compared
10 the expenmental actuivations (i.e. processed EMG). The BIC. BRA and BRD (Figure 9) showed
1 tull initial acuvanon ending between the range of 0.1 - 0.2 seconds into the movement. The
model's solution not only indicated the magnitude of the acuvity for the flexor muscles. but aiso
the amount of time the muscies were active as compared to the EMG. A secondary burst close to
the final time was also shown for the BIC and BRD to brake the eibow tlexion and forearm
pronation. The PRT and PRQ model activations varied throughout the movement to produce
pronaton and was a pattern generally observed in the measured EMG. These flexor and pronator
Acuvarion results corresponded with what is expected in ballistic movements (tri-phasic pattermn: A
ind C). The predicted activation and torce in the TRI and ANC showed the classic second burst of
dcuvity to brake the elbow's flexion and the TRI compared nicely with the measured EMG.
However, the predicted activation ot the ANC muscle's did not represent the initial activity shown
in the experimental EMG because the ANC muscle is believed to contribute to the stabilization of
the EJC (Caldwell, 1987). This stabilization was not accounted for in the EJC model.

The predicted SUP muscle activity showed initial activity lasting about 0.05 seconds and then
remained silent for the remainder of the movement. Although it appears to contradict the
experimental EMG measurement, one must note that the SUP EMG activity was taken with fine
wire electrodes and if the muscle was fully activated, the frequency component would be much
higher than the activity of the other muscles taken with surface electrodes. The magnitude of the
processed SUP EMG signal was high because it was normalized to its respective maximum.
Therefore, given this type of normalization procedure, small amounts of muscle activity appear
much larger than is actually the case. Although this type of normalization at times misrepresents
the overall magnitude of the EMG signal, it was difficult to establish a "maximum" EMG
normalization value based on either maximum voluntary isometric contractions (i.e. the wire
clectrodes can cause pain and present some risks) or with a dynamic maximum value determined

across all the protocols for each muscle.
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[n general. the model predicted muscle excitation pauerns similar to the processed EMGs. The
vanations between the computed and expenimental muscie activations are attributed. in part. to the
processing ot the raw EMG data and the manner 1in which neural to muscie activation is modeled
(muscle excitauon-contraction dynamics). Overail. the presence of the tri-phasic activation pattern
in the model’s solution. especially for f/e, and the reasonably good comparison with experimental
measurements (i.e. kinematics and muscie acuvity) validates the model and thus gives credence to
the ume-varying muscle fcice predicuions. Additionaily, the difference between the predicted and
experimental movement time of 12 milliseconds (< 4% difference) signifies that the
musculotendinoskeletal model of the EJC represented weil the capabilities of this joint while

performing ballistic movements.

CONCLUSIONS

The parameters determined in this study (Table 1) appear to be relatively accurate, based both
on comparison with related work done by others and on their successful application to a modeled
ballistic EJC movement (simultaneous ballistic elbow flexion and forearm pronation). These
results suggest that the parameters determined are reliable for computational musculoskeletai
models such as the one presented here. Of particular significance is the determination of the tendon
slack length of each muscle, which is a parameter not easily measured even in cadaver specimens.
The results of this attempt to model the EJC in ballistic movements provide a good comparison
between kinematic data, and a favorable comparison between experimental and predicted muscle
activations. Additionally, resuits of the musculotendon forces (Figures 6-8), indicate that it would
be incorrect to assume synergistic muscles produce similar time-varying forces. Therefore, to
lump these muscles together to reduce the redundancy of the system would be erroneous.

This EJC model can also be used in forward integration kinematic solutions by using processed

experimental measurements of muscle activation (EMG) to drive the model. The attempt to use

ONQINAL PACE 18
OF POOR QUALITY 14



processed EMG to obtain accurate joint torque and kinematic soiutons has been promoted by other
authors as well [Hot. 1987. White and Winter. 1986]. [t is proposed that the representation of
muscie activation can be obtained from the EMG by using a processing scheme which maps the
EMG signal to what the model uses as the overail muscle activaton signai. Such an atempt by our
sroup was recently shown to be feasible in determining the torque for the eibow joint by using
neural network theory in conjunction with classical signal processing schemes (Lester et al.,

1994].
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Figure 1. Schematic representation of the muscuioskeletal model used to simuliate bailistic EJC
movements. The skeleton was modeled as a two segment. two-degree-of-freedom system, where
the t/e axis was a simpie revolute joint and the pr/s axis oriented from the proximai end of the radius
t0 the distal end of the uina. All joints were considered frictionless. A total of eight
musculotendinous units actuated the model. The two heads of the BIC and the three heads of the
TRI were each modeled as one actuator. Actuators which contributed to elbow tlexion were BIC,
BRA. BRD, and PRT. Actuators which contributed to elbow extension were TRI and ANC.
Actuators which contributed to forearm pronation were PRT, PRQ, and BRD. Actuators which
contributed to forearm supination were SUP and BRD. The BRD musculotendon contributed to
cither forearm pronation or forearm supination based on the instantaneous orientation of the

rorearm.

Figure 2. The three components of the musculotendinoskeletal model represent muscle excitation-
contraction dynamics, musculotendon dynamics, and skeletal dynamics. These components are
the basis for the musculotendinoskeletal model. This model is then combined with an optimal
control algorithm to determine the minimum time solution for f/e and p/s movements, which are

compared to experimental results.

Figure 3. Torque-angle relationships for the elbow flexors are: total modeled (bold solid),
Experimental (bold dashed), BIC (solid), BRA (dotted), BRD (dot-dashed), and PRT (dashed).
Zero degrees is full elbow extension. The forearm is supinated. € = 0.136 is the root mean

square error between the experimental and total modeled data.
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fFigure 4. Torque-angie relationships for the forearm pronators with the eibow extended are: total
modeled (bold solid). Experimental (bold dashed). PRT (soiid), BRD rdashed), and PRQ (dotted).
The BRD and PQ torques become inactive at the neutral position. which is 00 on the graph.
Negauve angle was in the supination direction. The eibow was extended. & = 0.143 is the root

mean square error between the experimental and total modeled data.

Figure 5. Experimental and model predicted (bold lines) position rajectories are shown for eibow
f'e and p/s. Zero degrees was tull elbow extension and neutral forearm position. Negative angles

were tor supinated forearm positions.

[Figure 6. Predicted musculotendon force ot pnimary flexors during a ballisuc tlexion and

pronation are shown for BIC (solid), BRA (short dash), and BRD (long dash).

Figure 7. Predicted musculotendon force of primary extensors during a ballistic flexion and

pronation are shown for TRI (dashed) and ANC (solid).

Figure 8. Predicted musculotendon force of primary pronators and supinators during a ballistic

flexion and pronation are shown for SUP (solid), PRT (short dash), and PRQ (long dash).

Figure 9. Musculotendon activation is shown for bandpassed rectified normalized EMG (light

line) and nominal muscle activation used by the model (heavy line).
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