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INTRODUCTION

Terzuolo and colleagues asked subjects to draw circles in the air, in various vertical
planes (22). They found that if the coordinate system for joint angles is properly cho-
sen, there is a simple mapping between the rotations of the elbow and shoulder and the
movement of the hand in space. They noted, however, that the mapping between joint
torque and hand movement is not simple, and showed that it is not clear whether
shoulder joint torques should be expressed in body-centered or arm-centered coordi-
nates. A decade later, we measured shoulder torques and demonstrated that the mus-
cles act in a frame of reference that is intermediate to reference frames fixed to the
body and fixed to the humerus (5). As reported here, we then attempted to construct a
model that would capture the geometry of shoulder muscle moments.

The direction and amplitude of a muscular moment of force depends on the limb
posture (cf. 3, 29). Models of the relation between muscle moment and limb posture
have been based on anatomical measurements via radiography (1, 13), computed
tomography (16) or magnetic resonance imaging (21, 23). Anatomical parameters
can also be estimated by direct digitization (27) or serial cross-sectioning (2, 10) of
cadaver musculature. From such measurements, a geometric model of each muscle
is typically developed, representing the muscle by its line of action (either straight
or curved). Muscle moments are then computed directly from the moment arms of
the model or by using the principle of virtual work (12). For shoulder muscles (the
object of our study), several investigators have used this type of approach to describe
muscular action (e.g. 4, 7, 19, 24, 25, 26, 27).

Anatomically based muscle models necessarily involve major approximations.
Muscles that curve around a joint are generally represented as having a straight line
of action, from an estimated “effective” origin to an estimated “effective” insertion.
Thus, there is a real need to validate such models by comparing their predictions with
the actual moments produced by the muscles. We have approached this problem by
electrically stimulating the major shoulder muscles under isometric conditions, with
the arm in a wide range of postures, and measuring the resulting torques (5).
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METHODS

Experimental procedures.

A complete account of the experimental procedures employed is provided elsewhere (5). Data
were obtained from three adult human subjects, who gave their informed consent prior to their par-
ticipation in the procedures which were approved by the Institutional Review Board of the
University of Minnesota. The following shoulder muscles of the right arm were examined: anteri-
or deltoid, medial deltoid, posterior delioid, latissimus dorsi. clavicular head of pectoralis major
and the upper portion of the stermocostal head of pectoralis major.

The subjects sat in a modified dental chair that was coupled to a rigid stereotaxic frame. A six-
degree-of freedom force-torque sensor (JR™ Inc., Woodland, CA) was coupled 1o the frame at one
end and 1o the elbow of an upper-arm orthosis at the other end. the axes of the sensor being aligned
with the axes of the humerus. Muscle contractions were obtained with a dual-channel neuromus-
cular electrical stimulation unit (Respond Select, Empi Inc., St. Paul, MN) using bipolar, circular
(3 em diameter) surface electrodes. The unit was preprogrammed to provide a trapezoidal modu-
lation of the amplitude of current pulses: a 1 s ramp up to peak current, followed by a 1 s hold. fol-
lowed by a 0.5 s ramp down to 0 current. In cach experiment, up to 29 postures of the upper arm
were examined. The elbow angle was constant (90%) and the position of the scapula was not con-
strained.

Dara Analvsis.

Muscle torques were computed from the forces and torques recorded at the transducer, in
accord with the demands of static equilibrium, They were defined in a reference frame fixed to the
humerus (Fig. 1): the y-axis (internal rotation) along the long axis of the humerus, the z-axis (flex-
ion) perpendicular to the plane of the arm (upper arm and forearm), and the v-axis (adduction) per-
pendicular to the other two. With the upper arm vertical. the positive x axis was anterior, positive
v superior and positive z lateral. The direction of the three-dimensional shoulder torque vector (M)
was defined by two angles: a and [3. Alpha (@) is the angle that the projection of the 1orque vee-
tor onto the x-z plane makes with the -x axis and beta ([3) is the angle that the torque vector makes
with the x-z plane.

tanfe) = (-M /-M ) (1)

tan(f) = (M /M_) (M_ =V (M_+M,)

Arm posture was derived from the recorded location of spherical reflective markers (placed on
the orthosis at the shoulder, elbow and wrist), using a video-based. three-dimensional motion
analysis system (VP110, Motion Analysis Corp.). Upper arm azimuth (1), elevation (@) and
humeral rotation (£) were computed from the measured locations of the elbow and wrist relative
to the shoulder.

Multiple Regression Analysis.

The postural dependence of muscle torque direction (defined by a and ) was examined quan-
litatively by means of multiple regression analysis. Each angle was fit to a 4-term model contain-
ing linear functions of £, @, and 17, as well as a 20-term model containing linear. quadratic and
cubic polynomial terms. For example. for the linear model of f§

p=a,+al+a®+an+e (2)

where a - a, represent the coefficients of the various terms in the model, and ¢ represents the
error. For all models, the coetficients a, were determined by singular value decomposition (20). We
also computed similar models including only those terms which provided a significant contribu-
tion to the overall fit by means of a stepwise regression procedure, where terms are iteratively
added to the model and each term is tested for its contribution to the overall fit by means of a par-
tial F-test (8).
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Anatomical Maodeling.

To relate the results of the multiple regression analysis to the anatomical models of the muscu-
loskeletal system we initially used SIMM (MusculoGraphics. Inc., Evanston. IL). In SIMM. the
geometry of a muscle and its tendon is defined by a series of points connected by line segments.
Two of the points represent the muscle's origin and insertion. Any number of additional via points,
fixed with respect to either the distal or proximal joint segments, can then be specified to more
completely define the muscle path. We assessed whether models consisting of an origin (O), an
insertion (I), and two via points (an effective origin (Vo) and an effective insertion (Vi)) could pro-
duce torques in directions that reasonably approximated those predicted by our multiple regression
analysis.

Muscle origins and insertions were taken from the SIMM model of Yamaguchi et al. (28). The
initial locations of our via points (Vo and Vi) were obtained interactively in SIMM by manually
moving the via points to approximate the experimental data for a single posture (n=® = =0°).
In the line-segment muscle models we developed, O and Vo were assumed 1o be fixed to the scapu-
la and I and Vi o the humerus. As a result, only segmemt Vo-Vi changed length as the humerus ro-
tated with respect to the scapula. From the principle of virtual work %% the components of mus-
cle torque (Ms . Ms , and Ms)) are related to the location of the via points by:

Ms = Vo (Vo -Vi) - V(),(Vu\_-\’i)i (3)
M:;> = Vo (Vo -Vi ) - Vo (Vo -Vi )
Ms, = Vo (Vo -Vi ) - Vo (Vo -Vi )

To compure the predictions of the line-segment models to the predictions of our regression
model we found the locations of Vo and Vi for each muscle that minimized the following error
function:

N
E:X_\ly]" (4)

where yr is the angle between vectors Mr and Ms (representing the muscle torque axes at the
shoulder predicted by the regression models and line-segment models, respectively). at each of N
= 28 postures of the upper arm. For these postures, 1 ranged from -15° 10 -75%, © ranged from 15°
to 75, and C ranged from -157 to 75%. The optimal locations of Vo and Vi weré determined using
the simplex method (15. 20).

We also performed a sensitivity analysis on the locations of Vo and Vi determined by the opti-
mization. For this analysis, either Vo or Vi was displaced | ¢m in each of 18 directions. For each
displacement we calculated the error as defined in Eqn. 4. subtracted the corresponding error for
no displacement, then fit the data for all displacements to the equation for an ellipsoid.

RESULTS

Modeling of dependence of muscle torque direction on posture.

As demonstrated previously (5), physiologically defined muscle torque direc-
tions depended in a simple. systematic manner on the posture of the arm. In lact,
when muscle torque directions were defined by the angles « and B (see Eqn. 1),
these two angles were linearly related to the angles defining the posture of the
humerus (1. 8 and £). The nonlinear models generally gave only a small improve-
ment in the values of the correlation coefficients. Most of the muscles showed a
similar degree of dependence on azimuth and humeral rotation. the exception
being MD. Trends with & were more variable. This regression procedure provid-
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ed a quantitative record of muscle moment directions that could be used to vali-
date anatomical models.

Relating physiological and anatomical models.

Simple line-segment models were able to approximate the muscle moment direc-
tions discussed above. Our estimates of the origins, insertions and via points for each
of the six muscles are presented in Table 1, where the coordinates of the origins (O)
and effective origins (Vo) are expressed in a frame of reference that is fixed to the
scapula and the insertions (1) and effective insertions (Vi) are expressed in a frame
of reference that is lixed to the humerus. The origin of both coordinate systems is
located at the approximate center of rotation of the glenohumeral joint.

Plots of the musculoskeletal geometry obtained by the optimization procedure are
depicted in Figures 1 and 2. In the plot of Medial Deltoid (Fig. 1) the bones and mus-
cles are viewed from an oblique angle with the upper arm positioned atn =0 =C =
0°: the clavicle runs parallel to the negative z-axis (which points obliquely into the
page) and the forearm runs parallel to the positive x-axis (which points obliquely out
of the page). Each line-segment model (Figs. 1 and 2) is viewed from the same per-
spective but at a variable magnification.

Medial Deltoid X = Anterior

[ = Insertion

Vi = Distal Via Point
( -+ sensitivity elipsiod
for via point placement)

Fig. 1. - Line-segment maodel of medial delioid

On the right is a perspective plot of the line-segment model superimposed on a model of the skeleton
(upper arm vertical, forearm horizontal). On the left, a plot of the same line segments is shown at high-
er magnification. Sensitivity ellipsoids are superimposed on the via points in the plot on the lelt. The
long axis of each ellipsoid indicates the direction along which predicted torque direction was insensitive
1o via point location. The plot on the right was generated using SIMM (MusculoGraphics, Inc.)
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Anterior Deltoid Y Posterior Deltoid ¥

Pectoralis - Y
Clavicular Head

z

I

Pectoralis - v Latissimus Dorsi

Sternocostal Head

Fig. 2. - Line-segment models of anterior delioid, posterior deltoid, latissimus dorsi, and the clavicular
and sternocostal heads of pectoralis major.
The format is the same as Figure 1.

All of the line-segment models grossly resemble the true muscle paths (14).
This is despite the unconstrained nature of the optimization, which could have
placed the via points anywhere in three-dimensional space. However, because we
used only four points to approximate each path, the line segments have a jagged
appearance.

A sensitivity analysis on the locations of the via points in our line-segment mod-
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Table 1. - Three-dimensional coordinates (in em) of the poins defining musele geometries in SIMM.
Also shown are the RMS values (in degrees) of the angular differences between the torque direction vec-
tors predicted by the SIMM model and the regression model.

Muscle O Vo Vi | RMS

AD X 2.4 8.0 2.6 -0.1 10.2
v 4.1 0.2 -154 -11.4
7 -1.5 -9.1 -8 1.8

MD % -0.2 -0.4 0.8 -0.1 11.1
v 34 6.3 -11.3 -11.4
b2 1.5 2.9 7.2 1.8

PD X -3.7 0.1 4.2 -0.1 10.8
¥ 2.6 0.7 -11.6 <114
F 1.6 4.5 4.6 1.8

LaD X -10.1 -3.5 1.0 1.0 4.7
y -253 -14.6 -7.5 -3.8
z -15.8 -3.6 -1.6 0.1

CPec X 6.8 5.8 23 0.6 104
y 4.0 -4.3 -8.8 5.7
7 -15.0 -12.5 001 0.7

SPec X 6.9 4.7 1.4 0.6 1.3
% 0.6 7.6 -1.5 -5.7
z -20.2 -11.2 -0.2 0.7

els revealed that the predicted torque directions were not uniformly sensitive to a
displacement of the via points by | e¢m in each of 18 directions. A sensitivity ellip-
soid is shown on each via point in Figures 1 and 2. In each case the directions of dis-
placement associated with the smallest errors in torque direction correspond to the
largest dimensions of an ellipsoid. The orientations of the long axis are reasonable
from a mechanical point of view: they point toward the origin of the scapulo-humer-
al coordinate system. i.e. the center of rotation of the glenohumeral joint. Moving
the via points along these directions affects torque direction minimally because
moving the line of action toward the center of joint rotation changes only the length
of the moment arm. This would influence the magnitude of the torque and but not
its direction.

To provide an indication of how well the line-segment models presented in
Figs. 1 and 2 accounted for the experimental data, we present in the rightmost col-
umn of Table | the RMS errors between the torque direction vectors predicted by
these line-segment models and the vectors predicted by our regression models.
For all muscles these values were approximately equal to or less than allowable
experimental error in torque direction 107 (5). It is noteworthy that the muscle
with the smallest RMS deviations was LaD, which we have represented using
only the middle of the three paths used by Yamaguchi and colleagues (28). This
suggests that even for muscles with large attachment sites. the postural depen-
dence of muscle action can be summarized using a single muscle path with well-
defined via points.
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DISCUSSION

In this paper we demonstrated that simple anatomical models of muscle, when
combined with physiologically obtained data on muscle torque directions, can rea-
sonably approximate the mechanical actions of six human arm muscles across a
large range of arm postures. In this Discussion we will first focus on general issues
related to modeling the geometrical properties of muscle and then on ways in which
these methods could be improved.

In musculoskeletal modeling, how one chooses to represent the path of the mus-
cle is critical (30). Muscle lines of action are typically modeled as either straight
lines or curved paths, depending on the muscle and/or the methodology used
(reviewed in 18). In the present study, none of the optimal line-segment models
approximated a straight line from origin to insertion. The suggestion that muscles
can be modeled adequately with a single line segment from origin to insertion is usu-
ally based on anatomical data obtained within a single posture (e.g., see 27). The
results of our modeling efforts, which are based on physiological data, indicate that
in order to effectively model the mechanical actions of six shoulder muscies across
a range of arm postures, the geomeltry must approximale a curve in space. i.e., a
series of straight line segments oriented at some angle to each other.

In general, the line-segment models arrived at by our optimization were both
physiologically accurate and anatomically plausible. This does not mean that these
models cannot be improved or that the methods used to determine them can accu-
rately model all muscles. With regard to the anatomical realism of the models, our
sensitivity analysis has already revealed some ways in which the present models
may be modified to make them appear more realistic. Placing additional points in
the muscle path could also lead to physiologically accurate models that were also
more anatomically realistic. Another way to improve the existing models would be
to incorporate additional anatomical data into the optimization procedures, For
example, anatomical data regarding the length coordinate of each muscle's moment
arm could be used to place constraints on the distance of the via points from the cen-
ter of rotation of the glenohumeral joint.

In some cases, improving our models may require modifying the way they are
defined. In the present study. muscle paths were defined as a series of points that
were fixed with respect to either the distal or proximal segments ol the glenohumeral
joint. These models were sufficient to approximate the mechanical actions of all six
human arm muscles examined in this study. However, for other muscles it may
prove necessary to permit the via points to move within their respective frames of
reference with changes in joint angle,

SUMMARY AND CONCLUSION

We have adjusted and validated models of the lines of action of six human shoul-
der muscles. Compared to other models of the shoulder mechanism (e.g., 9, 11. 17,
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24) ours is greatly simplified in that the scapula and its many muscles are largely
neglected, and the action of each of six broad muscles is summarized by a single line
segment. The close correspondence between measured and predicted moment direc-
tion over a wide range of postures suggests that this latter simplification was rea-
sonable. We found that assignment of two via points (one fixed to the origin and one
fixed to the insertion) was adequate to represent the measured actions, and our sen-
sitivity analysis highlights the importance of via point placement. Because our
model predicts the action of each muscle over a very large range of arm postures. it
should be useful for future investigations of the control of muscle forces.
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