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Abstract — A dynamical finite-element model of the shoulder mechanism consisting of thorax, clavicula,
scapula and humerus is outlined. The parameters needed for the model are obtained in a cadaver
experiment consisting of both shoulders of seven cadavers. In this paper. in particular, the derivation of
geometry parameters from the measurement data is described. The results for one cadaver are presented as
a typical example.

Morphological structures are modelled as geometrical forms. Parameters describing this form are
estimated from 3-D position coordinates of a large number of datapoints on the morphological structure,
using a least-squares criterion. Muscle and ligament attachments are represented as a plane or as a (curved)
line. Musele paths are determined by a geometrical form of the bony contour around which the muscle is
wrapped. Muscle architecture is determined by the distribution of muscle bundles over the attachment area,
mapping the distribution of the origin to the insertion. Joint rotation centers are derived [rom articular
surfaces. Hence, muscle moment arms can be calculated. The result of this study is a sct of parameters for
each cadaver, describing very precisely the geometry of the shoulder mechanism. This set allows positioning
of muscle force vectors a posteriori, and recalculation of position coordinates and moment arms for any

position of the shoulder.

INTRODUCTION

Dynamical finite-element model

The shoulder mechanism is a constellation of bones,
ie. thorax, clavicula, scapula and humerus, which
forms the connection between the trunk and upper
extremity. Since motions of these bones are closely
related, the shoulder mechanism should be studied as
a whole (Inman et al., 1944). In the late 19th and early
20th century, Mollier (1899), Shiino (1913) and Hvor-
slev (1927) have built physical models of the shoulder
mechanism, based on shoulder specimens. They re-
placed muscles on a cadaver by cords running from
origin to insertion. Changes in muscle length could be
established by changes in cord length and have been
described extensively. Maximal muscle moments were
calculated using the physiological cross-sectional area
(PSCA) of muscles. Since then, biomechanical models
were used to calculate the muscle forces and moments,
The models derived were large simplifications of the
shoulder mechanism (De Luca and Forrest, 1973;
Poppen and Walker, 1978; Bassett et al., 1990). The
arrival of powerful computers has enabled the devel-
opment of more complex musculoskeletal models, e.g.
of the lower limb (Brand er al., 1982; Seireg and
Arvikar, 1975; Pierrynowski, 1982) or the spine (Gra-
covetsky and Farfan, 1986). Thus far, the shoulder
mechanism has been studied less extensively, prob-
ably due to the 3-D motions, the complex motion
constraints caused by the scapulothoracic gliding
plane and the number of links and muscles involved.
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Usually, only part of the mechanism, e.g. the gleno-
humeral joint, has been taken into account, or the role
of separate morphological structures like muscles and
ligaments has been described without referring to the
function of the total shoulder mechanism. However,
to gain insight into the role of each morphological
structure in the functioning of the total mechanism, all
structures should be included in one model. There-
fore, a dynamical model of the shoulder mechanism
has been developed using the finite-element method
(Werff, 1977, Werff and Jonker, 1983; Jonker, 1988;
Van der Helm, 1988; Pronk, 1989; Van der Helm and
Pronk, 1989). In this finite-element model. morpho-
logical structures are represented by elements whose
dynamical behavior is well known. Then, despite its
complexity, equations of motion for the whole mech-
anism can be derived by simply connecting the ele-
ments.

In the finite-element model of the shoulder mech-
anism, clavicula and humerus are modelled as single,
rigid BEAM elements, and the scapula as a com-
bination of two rigid BEAM elements. The sterno-
clavicular, acromioclavicular and glenohumeral joints
are each represented by three orthogonal HINGE
elements. Muscles are modelled as one or more active
TRUSS or CURVED-TRUSS elements which deliver
the force necessary for position changes and dynamic
equilibrium. The costoclavicular, conoid and trapez-
oid ligaments are modelled as flexible, passive TRUSS
elements, while the scapulothoracic gliding plane is
modelled by two SURFACE elements, which con-
strain the motions of two points at the medial border
of the scapula. Finally, mass and rotational inertia of
segments are represented by lumped inertia at the
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nodes, while external forces (e.g. gravity) also act at
these nodes. With above assumptions, the shoulder
mechanism model has seven degrees of freedom: four
at the scapula and three at the humerus. For simu-
lation, the input variables of the model will be the
prescribed (measured) position, velocity and acceler-
ation of bony landmarks. The output will be the
calculated stress in muscles (active TRUSS elements)
using an optimization criterion.

Determination of parameters

A cadaver study is performed in order to acquire
data for inertia, geometry and muscle contraction
parameters of the dynamical [inite-element model of
the shoulder mechanism described (Veeger et al,
1991). In general, the number and nature of para-
meters included in a model depend on the sort of
model, the characteristics of the system to be model-
led and the availability of measurement technigues to
derive an accurate estimation of the parameters. In
the finite-element method, the most important charac-
teristics of the shoulder mechanism can be included.
To describe the geometry of the shoulder mechanism,
the parameters of the following morphological struc-
tures are defined:

—The location of origin and insertion of all
muscles.

——The shape and position of bony contours deter-
mining the muscle path.

The location of the attachments of the costoclavi-
cular, conoid and trapezoid ligaments,

—The location of the joint rotation centers of the
sternoclavicular, acromioclavicular and glenohum-
eral joints.

—The shape and position of the scapulothoracic
gliding plane.

The position of well-defined bony landmarks.

In this study, a large number of datapoints located
on morphological structures are measured using a
new instrument: the palpator (Pronk and Van der
Helm, 1991; Veeger et al, 1991). The palpator is a
spatial digitizer which consists of four links connected
by four hinge joints. Rotations of these joints are
recorded using high-precision potentiometers and,
hence, the position of the endpoint of the final link can
be calculated. Spatial coordinates are measured by
simply touching the palpator’s endpoint to a point
and pressing a trigger. Morphological structures can
subsequently be described mathematically by geomet-
rical forms, which are fitted to the datapoints using a
least-squares criterion.

In our dynamical finite-element model, the muscles
are represented by active TRUSS elements, ligaments
by passive TRUSS clements, while the joints are re-
presented by HINGE elements and the scapulo-
thoracic gliding plane by SURFACE elements. Para-
meters describing the positions and orientations as
well the dynamic properties of elements are required.
These parameters are derived from the recorded data-
points. For each morphological structure, it will be
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discussed which characteristics have been imple-
mented in the model.

Muscles. In the finite-element model, a muscle is
represented by one or more active TRUSS elements.
For an adequate representation of muscle action, the
following items must be considered:

(1) The number of force vectors (elements) as well
as their positions and directions.

{2) Whether or not a muscle should be represented
by curved muscle lines of action.

(3) The contraction characteristics, i.e. character-
istics affecting the magnitude of each force vector,

Number, position and direction of force vectors. Most
authors (e.g. Mollier, 1899; Shiino, 1913; Hvorslev,
1927; Gracovetsky et al,, 1981; De Luca and Forrest,
1973; Pierrynowski, 1982; Hogfors et al., 1987; Wood
er al., 1989a, b) divide large muscles into convenient
portions, which represent more or less functionally
distinguishable parts. Each part is modelled with one
muscle line of action. Large attachment sites are
sometimes represented by optically estimated
centroids (Hogfors et al., 1987). Only Scholten et al.
(1982) defined an arbitrary, large number of elements
(18) to represent the function of the m. deltoideus.
Both procedures have several disadvantages: (i) the
correctness of the chosen points can never be ascer-
tained afterwards; (ii) there is no theory which defines
a minimum or maximum number of force vectors
representing the muscle action; and (ii1) the effect of
the chosen location and direction of the force vector
on the calculated muscle force is unknown.

When a muscle has a clearly distinguishable ten-
don, 1t can be assumed that the muscle force vector is
positioned at one point representing the attachment
of the tendon. However, when the muscle has a large
attachment site, the position and direction of the
muscle force vector is not clear, Obviously, in muscu-
loskeletal modelling, the number and position of
muscle lines of action affect the force attributed to the
muscle. Each muscle exerts a moment around a joint.
The muscle force at the attachment site is one force
component of the torque couple, normally; the joint
reaction force being the other. However, if the attach-
ment area of a muscle is sufficiently large and parts of
the muscle with different bundle orientations contract
with different directions of force, then one muscle by
itself can provide the two force components of a
torque couple and exert a rotating moment on a bony
segment. Clearly, such a muscle should not be re-
presented by just one force vector but must be re-
presented by two or more force vectors.

An example in the shoulder region is the m. trapez-
ius, of which the laterally rotating moment cannot be
ignored (Fig. 1). In order to represent such large
muscles adequately, the total attachment area has to
be mathematically described. One cannot settle just
for the center of the area. Then the muscle force
vectors (i.e. active TRUSS elements) can be positioned
afterwards.
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Fig. 1. The laterally rotating torque of the m. trapezius, When the m. trapezius is represented with one force
vector, the torque can never be modelled; with two or more force vectors, the distribution over the
attachment site and direction of the force vectors is critical for muscle force calculations.

Table 1. The muscle line of action of the following muscles is determined by a bony
contour. In the Tast column the geometrical form used to model the bony contour is

presented
Muscle Bony contour Geometrical form
M. serratus anterior Thorax Ellipsoid
M. deltoideus Tuberculum majus & minus Sphere
M. pectoralis major Humeral shaft Cylinder
M. latissimus dorsi Humeral shaft Cylinder
M. teres major Humeral shaft Cylinder
M. infraspinatus Caput humeri Sphere
M. supraspinatus Caput humeri Sphere
M. subscapularis Caput humeri Sphere
M. biceps, long head Sulcus intertubercularis Line

In the current study, the attachment area of a
muscle has been recorded by a large number of data-
points. This area is described mathematically by a
geometrical form (e.g. a curved line or a plane), which
was fitted to datapoints using a least-squares criter-
ion.

The force vectors (active TRUSS elements) can then
be positioned afterwards to represent muscle action.
The direction of force vectors depends on the orienta-
tion of muscle bundles. Thus, if a bundle orientation,
ie. the position of the origin and insertion of the
bundle, is known, the direction of the force vector is
clear. For this reason, during dissection, a number of
muscle bundles has been marked at origin and inser-
tion with colored beads (Veeger et al, 1991). The
distribution of these beads over both attachment sites
enabled the mapping of bundles from origin to inser-
tion. By means of this distribution, the direction of
force vectors in our model can be calculated (Van der
Helm and Veenbaas, 1991).

Curved muscle lines of action. For some muscles, the
muscle line of action cannot be described by a straight
line between origin and insertion, but should be de-

fined around a bony contour. If the shape and the
position of this bony contour are known, ie. are
measured and modelled, the curved linc representing
the muscle line of action can be calculated, assuming
that the muscle is free to shift over this surface. For
instance, the m. serratus anterior wraps around the
thorax, which is modelled as an ellipsoid. In this
approach, the thickness of the muscle belly is neglec-
ted. A complete list of muscles with curved muscle
lines of action and adjoining bony contours is pre-
sented in Table 1. Also presented are the geometrical
forms fitted to the bony contours.

Conrraction characteristics. The magnitude of muscle
force depends on a number of characteristics, e.g. the
force-length and force velocity relations, architec-
ture, and physiological cross-sectional area (PCSA).
However, those characteristics describe mainly the
maximal muscle force; the factors affecting the sub-
maximal muscle force are not precisely known as yet,
but are implicitly assumed in optimization criteria as
minimal use of energy, minimal joint reaction force or
minimal muscle stress, Only a few of the above-
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mentioned characteristics can be measured easily on
cadavers, i.e. PCSA and muscle weight. The PCSA is
used as an estimation of the maximal muscle force, or
for calculation of muscle stress (=actual muscle force
divided by PCSA). It is assumed that all muscles have
becn measured at the same percentage of muscle
optimum length (Woittiez, 1984). The effects of change
of muscle length can eventually be included, assuming
that the total muscle volume does not change due to
muscle contraction.

Another way to describe the same characteristics is
to use muscle weight for the calculation of muscle
volume. When the muscle length is measured, an
approximation of the PCSA can subsequently be cal-
culated (Fick, 1911). Data of PCSA in this cadaver
study have been presented in Veeger et al. (1991).

Ligaments. Modelling of attachments of ligaments
of the shoulder mechanism, ie. the costoclavicular,
conoid and trapezoid ligaments, is basically the same
as for muscles. In consequence of the small attach-
ment area, one (passive) TRUSS element is assumed
to represent the force vector of each ligament. All
ligament attachments are represented by the centroid
of the attachment, and the ligament line of action by a
line connecting the centroids of origin and insertion.

Joints. In the finite-element model, each joint is
represented as three orthogonal HINGE joints with
zero length, thus behaving as a ball-and-socket joint
with three degrees of freedom and no translations.

The joint surfaces of sternoclavicular, acromioclav-
icular and glenohumeral joint have been measured in
order to estimate the rotation center. The glenohum-
eral joint can be represented as a perfect ball-and-
socket joint with no translation of the rotation center
of the humerus with respect to the scapula (Van der
Helm et al., 1989). Its Totation center is located at the
center of a sphere fitted to the glenoid, using a radius
equal to the radius of the humeral head.

Both the sternoclavicular and acromioclavicular
joint do not resemble ball-and-socket joints. How-
ever, considering the capsule of both joints, trans-
lation of the articular surfaces with respect to each
other will most likely be restricted to a few milli-
meters. Hence, rotation will be the main degree of
freedom of the joints. If translation is neglected, the
rotation center can maximally shift from one edge of
the articular surface to the other. Consequently, half
the size of the intersection of the articular surface will
be the maximum error in the estimation of the rota-
tion center. Considering the small rotations of the
joints (Pronk, 1987), the effect of these assumptions
for the model will be small.

Tt is assumed that the medial border of the scapula
is always connected to the thorax during elevation of
the humerus, due to the action of the m. serratus
anterior and the m. rhomboideus (Mollier, 1899). The
so-called scapulothoracic gliding plane has been mo-
delled as an ellipsoid (Pronk and Padt, 1986). This
‘joint’ is represented by two SURFACE elements,
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each constraining a point of the medial border of the
scapula to an ellipsoid.

Input and output of the model. The input for a
simulation of the model consists of the positions,
velocities and accelerations of bony landmarks
(Pronk, 1987). Hence, in the model, the positions of
these landmarks are included in order to relate the
observed motions to the geometry of the shoulder
mechanism. The output of the model consists of the
magnitude of muscle forces. Unfortunately, this out-
put cannot be compared with direct measurements of
muscle forces. Hence, the model can be validated only
in a qualitative sense by comparison with the EMG of
shoulder muscles for several positions and loads of the
shoulder mechanism.

DATA PROCESSING

The methodology of the data collection is described
in Veeger et al. (1991), Seven cadavers, selected on
availability, are measured, totalling 14 shoulders.
Three-dimensional coordinates of datapoints are de-
fined with respect to a global coordinate system, with
its origin at the incisura jugularis and the orientation
of coordinate axes parallel to the main anatomical
axes (x-axis: left to right; y-axis: caudal to cranial; z-
axis: ventral to dorsal).

The position of an anatomical structure has been
described by a geometrical form, eg a line or a
surface, fitted to the recorded datapoints. In this
study, the following geometrical forms have been
used: a plane, a sphere, an ellipsoid, a (curved) line and
a cylinder. The approach is the same for each form:
parameters are estimated by minimizing the distance
between datapoints and the geometrical form using a
least-squares criterion.

In Tables 2-5, the morphological structures that
have been measured are listed. These consist of 16
muscles, 3 ligaments, 6 joint surfaces, 4 bony struc-
tures which define muscle paths, and bony landmarks
for comparison with in vivo movement registration.
Also, for each structure the descriptive geometrical
form is shown. Each form is chosen with three contra-
dictory objectives: (i) to minimize the number of
parameters (i.e. a low-order approximation); (ii) to
adequately describe the structure by selecting a sim-
ilar form; and (iii) to minimize the residual error.

For the parameter estimation of a plane, the total
linear least-squares (TLLS) technique has been used
(Van Huffel and Vandewalle, 1985). This technique
fits a lower-dimensional subspace, in this case a plane,
to the datapoints with a noise distribution over each
coordinate, as distinct from an ordinary least-squares
technique, which will attribute all the noise to one
coordinate. The TLLS technique is suitable only if the
mathematical description is linear (Appendix A).
For each plane-shaped attachment, the centroid
Cle,. ¢y, ;) is calculated and the distributions d,, d,,
and d, in x-, y- and z-directions, respectively. The
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Table 2. Description of the morphological structures of the thorax by geometrical forms, ie. a point, (curved) line, plane
sphere, cylinder or an ellipsoid (in mm)

Plane
e n, n, n, ¢y c, . d, d, d,
art_sc_th 0.87 =090 -033 =027 207 9.1 233 1.7 04 45
lig_cost_th 1.10 —0.08 —0.91 —0.41 57.6 7.6 232 2.1 0.7 1.9
Line
Order
e 0 1 2 3 4 5 6
m_lat_dor_o 337 ty 126.9 —1831 88.7
t, —3%24 203.1 745
t, 629 217.1 —1254
m_trap_o 2.60 L, 249 —480 1378  —-1717 66.1
t, —2422 3360 1933 —2873 118.8
f, 161.1 —1384 9648 —1769.0 891.5
m_rhom_o 1.61 t, 175 —-6.0
t —49.6 1440
t, 177.3 —63.1
m_lev_sca_o 0.86 1, 29.5 -17
t, 77.7 70.0
t, 64.2 -15
m_pec._maj_o 294 t, 828 384.8 —39104 9460.0 —9388.8 34206
t, —1514 236.8 —1898.6 5607.6  —5781.9 1994.1
I 13.4 -620.3 24321 —46757 45729 -—17720
m_pec_min_o 2.26 [ 1274 —1249 489
1, —1066 38.4 54.6
1, 239 —-113.3 94.1
m_ser_ant_o 3.88 t, 144.5 2407 —15910 25122 12074
t, —2450 75.4 261.8 —375 —59.8
I 95.1 —2674 —438.7 1511.1 —8414
Ellipsoid
e m, my, m, a, a, a,
thorax 151 00 —296.2 77.8 153.0 404.2 130.0
Point
e X ¥ z
incis _jug — 0.0 0.0 0.0

€ mean residual error.

L. By, t; parameters of the t-polynome of x-, y- and z-coordinates, the order of the line being equal to the number of
parameters minus one.

., h,, n, normalized normal vector to the plane.

Cy, €y, €, cOOtdinates of the centroid.

d,. d,, d, distribution (first-order moment) of the attachment over the plane.

m,, m,, m, coordinates of the center of the sphere.

r radius.

Xg, Yo position vector of the central axis of the cylinder (z,=0).

x» dy, d; normalized direction vector of the central axis.
m,, m,, m, coordinates of the center of the ellipsoid (m,=0).
a,, d,, a, length of the x-, y- and z-axis of the cylinder.

distribution is calculated as a first-order moment jected onto the xy-plane, Xmin and x,., are the min-

around the centroid, e.g. imum and maximum values of the contour and y,;,(x)
1 [rmes and y,,,(x) are the minimum and maximum y-values
d,=— (Ymax (%) = Ymin (X)) X — | dx for a certain x. Similar notations are used for z.
Azy Jxmin Distributions d, and d, are calculated analogously.
1 [Fees For the nonlinear descriptions, e.g. in the case of a
= (Zmax (X) = Zmin (X)) x — ¢, |dx, sphere, cylinder or ellipsoid, a somewhat different
XT ¥ Xmin

approach is used. This approach consisted of a first
where A,, is the surface area of the attachment pro- approximation of parameters using a linear approach,
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Table 3. Description of the morphological structures of the clavicula by geometrical forms (see Table 2 for explanation)

Plane
e n, ny M Cy C, [ d, d, d.
lig_con cl 0.47 017 —0.99 0.01 126.7 52.3 79.0 28 0.5 1.9
lig_trap_cl 0.49 —0.04 —1.00 0.01 142.0 53.7 76.2 27 0.1 34
lig _costo_cl 0.28 —0.37 054 —0.76 49.7 239 26.7 6.7 21 1.8
art_sc_cl 1.61 —0.81 —046 —038 275 194 19.0 31 0.5 6.8
art _ac_cl 221 —0.88 0.22 0.43 155.8 57.1 833 2.8 5.9 22
Line
Order
€ 0 1 2

m_delt_o 240 te 109.6 489

[ 53.7 54

I, 56.6 106
m_trap_i 2,15 Ly 90.6 1100 —62.8

ty 38.6 130 —-19

[ 1.2 ~78 329
m_pect_maj 0 261 t 332 69.8

t 20,0 28.7

t 0.3 41.3

followed by an iterative Gauss Newton method to
update the parameters until the residual error was
minimal. Appendix B describes the fitting of a sphere,
Appendix C, that of a cylinder, and Appendix D, that
of an ellipsoid.

Appendix E describes the modelling of muscle at-
tachments by a curved line. The x-, y- and z-co-
ordinates are expressed as functions of the variable ¢
(te [0, 1]). The parameters of these functions are es-
timated for each coordinate separately, using a least-
squares criterion. Muscle architecture, ie. bundle dir-
ection, is described by mapping the origin of muscle
bundles to their insertion. Before exarticulation and
the coupled cutting of muscle bellies, the origin and
insertion of a number of muscle fibers have been
marked with beads of the same color. In this way, the
distribution of muscle bundles over attachment areas
was known, so that the bundle orientation could be
calculated. For each marked bundle i, the value of
variable ¢ of origin, ¢ (i), and insertion, ¢,(i), is calcu-
lated. Next, ¢,(i) has been fitted to r;(i) with a poly-
nomial function, thus allowing, for each attachment
point at the origin, the connected point at the inser-
tion to be interpolated. So, for each bundle the ori-
entation could be calculated.

RESULTS

In the cadaver study, both shoulders of the seven
cadavers have been subjected to measurements,
totalling 14 shoulders. It is hard to tell beforehand
whether it will be possible to develop one general
model with averaged model parameters, or whether
the parameters have to be set for every individual
shoulder. In contrast to Hogfors et al. (1987), scaling

of geometry parameters with respect to bony dimen-
sions did not result in a sufficient similarity of attach-
ment shape. For a number of cadavers, intraindivid-
ual (left-right) differences were even as large as inter-
individual differences. In our opinion, a comparison
of geometry parameters without considering the func-
tional morphology is useless, which implics that in the
scope of this article no further comparisons are dis-
cussed. Hence, it was difficult to present all results of
this cadaver experiment in an interpretable fashion
and we have chosen to present in Tables 2-5 the
parameters describing the geometry of one cadaver
(i.e. cadaver K2) with respect to its global coordinate
system. Considering the inertia, geometry and muscle
contraction parameters, this cadaver seemed to be a
more or less median cadaver (Veeger et al., 1991).
(More data for other cadavers are available on re-
quest.) It should be kept in mind that the parameters
presented are those corresponding to the position in
which the cadaver was measured, and not to the
anatomical or any other well-defined position. How-
ever, since the position of the bones can be used as an
input for the model, this undefined position is not
important. For each subsequent position, the coor-
dinates can be calculated again. In Tables 2-5, the
geometry parameters of the right shoulder of cadaver
K2 are shown for the thorax, clavicula, scapula and
humerus, respectively. The morphological structures
are clustered, with respect to their geometrical forms,
in a sequence: a plane, line, point, sphere, ¢llipsoid and
cylinder.

The articular surfaces of the glenohumeral joint are
modelled as a sphere. Parameters of the sphere are the
coordinates of its center and its radius. As shown, the
center and radius are different for the humeral head
and the glenoid, due to method artifacts (estimated
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Table 4. Description of the morphological structures of the scapula by geometrical forms (see Table 2 for explanation)

Plane
e ", n, H, ¢y c. c d, d, d,
m_inlt_o 6.25 —0.71 —0.06 —-0.70 1209 258 1454 111 240 134
m_subsc_o 4.14 —0.70 —0.28 —0.66 1146 —476 1448 139 16.4 21.7
m_supr_o 348 —0.19 —-091 —037 104.4 309 131.2 101 1.3 83
m_ler_min_o 0.29 —0.70 —0.16 —0.69 1494 —426 118.0 23 9.5 4.5
m_ter maj_o 1.75 —0.85 —-0.16  —051 1288 —890 1450 49 8.5 54
lig_con _sc 0.02 0.03 =100 —003 1267 343 81.3 43 04 —104
lig _trap _sc 023 0.23 —-0.97 —0.12 1334 373 4.6 26 1.0 29
art_ac_sc 0.18 —0.97 0.21 0.10 168.6 55.6 8.7 0.6 0.6 45
Line
Order
0 1 2 3 - 5 6
m_delt _o 3.44 iy 120.1 399 275.2 —262.1
ty 7.9 882 —60.7 22.5
t, 1522 —-71.3 —21.8 —14
m_coracob_o 1.11 Iy 1346 20,9
ty 182 9.1
t, 50.1 —50
m_tric o 325 iy 1524 21.0
I —274 237
I, 106.8 —26.4
m_trap_i 4.43 t, 104.1 58.3
ty 132 46.1
i, 162.5 —674
m_rhom _i 242 i, 108.2 —-253
, 1166 1331
1. 178.0 —19.0
m_lev_sca_i 3.00 Iy 82.7 —34
t 0.6 521
t, 169.5 —57.1
m_pec_min i 0.95 t, 1447 —11.4
I, 211 133
t, 375 18.5
m_ser_ant_i 373 t, 117.1 —66.9 18.6 12.5
f,  —1143 7.9 440.2 —288.5
t, 160.0 438 —356 —59.0
Sphere
e m, m, m, r
art_gh_sc 0.44 187.3 149 57.6 320
arl _gh_mgl 0.53 183.2 138 61.6 26.6
Point
e x ¥ z
m_bic_cb_o 0.58 1528 26.5 4.6
m_bic_cl_o 1.26 163.3 332 716
1s 86.8 0.1 1633
ai - 119.0 —108.5 1599
aa — 192.3 509 86.6
ac - 165.3 582 95.5

transformation functions!) and restrictions on the set
of datapoints (small area of the glenoid). Therefore,
another fitting procedure has been performed for the
center of the glencid, using the radius of the humeral
head as radius. It can be argued that the center of this
sphere is the rotation center of the humerus with

BM 25:2-p

respect to the scapula (Van der Helm et al., 1989); see
Fig. 2.

The articular surfaces of the sternoclavicular and
acromioclavicular joints have been modelled as a
plane. Neglecting (small) translations in the joint, the
shift of the rotation center from one edge of the
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Table 5. Description of the morphological structures of the humerus by geometrical forms (see Table 2 for explanation)

Plane
e n, ny . C,p oy . d, d, d,
m_delt_i 302 — (.43 0.04 0.90 187.8 —88.8 350 5.4 12.1 31
m_coracob_i 0.39 —0.96 0.06 0.26 1763 —1137 709 0.5 5.5 31
Line
Order
e 0 1 2
m_subsc_i 1.82 1 147.5 2.5
1, 4.7 259
t, 448 36
m_supr_i 1.51 i, 1857 —26.1
L, 478 L6
r. 762 —154
m_infr_i 242 1, 2022 —135
t 230 272
t. 703 —0.3
m_ter_min_i 1.09 Iy 194.1 7.0
i —B.6 334
t, 528 8.8
m_ter_maj i 1.01 ty 171.5 =19
[ —68.2 533
L 60.7 -39
m_lat_dor_i 1.35 I, 1729 —121
L, —41.0 448
1. 52.5 —1.2
m_pec_maj_i 207 t, 174.3 —24
t, —1014 1173
ts 582 -220
sulcus _bic 1.27 [ —113 —-30 168.5
t, —222 537 10.9
I, 405 214 325
Sphere
e m, m, m, r
art_gh_hum 0.76 174.4 22.7 578 20.6
tub _minus + tub_majus 098 175.2 222 55.7 30.1
Cylinder
e xg Yo d. d, d. r
Collum _hum 0.71 1387 3498 0.10 0.98 0.15 10.7
Point
e X ¥ -4
m_bic_i 0.65 195.5 —3270 62.0
m_tric_i 0.97 2073 — 2853 102.7
epic_med — 180.1 —296.2 102.6
epic_lat - 2224 —2918 59.5
olecranon 212.7 —2072 1021

articular surface to the other (maximal + 20 mm) and
the effect of an articular disc (Fig. 3), the centroid of
the plane fitted to the proximal joint surface can be
assumed to be the rotation center of the joint. The
orientation of the plane is important for decomposing
joint reaction forces into a compressing component
(perpendicular to the articular surface) and shearing
compenents (parallel to the articular surface).

In the finite-element model, the scapulothoracic
gliding plane is represented as a SURFACE element:
a point of the scapula following the surface of the
thorax. In this study, the scapulathoracic gliding
plane has been modelled by an ellipsoid with its axes
parallel to the main anatomical axes. The parameters
of this ellipsoid are then the coordinates of the center
of the ellipsoid and the lengths of its axes in x-, y- and



























