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INERTIA AND MUSCLE CONTRACTION PARAMETERS
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Abstract—To develop a musculoskeletal model of the shoulder mechanism, both shoulders of seven
cadavers were measured to obtain a complete set of parameters. Using anthropometric measurements, the
mass and rotational inertia of segments were estimated, followed by three-dimensional measurements of all
morphological structures relevant for modelling, i.e. muscle origins and insertions, muscle bundle directions,
ligament attachments and articular surfaces; all in relation to selected bony landmarks. Subsequently,
muscle contraction parameters as muscle mass and physiclogical cross-sectional area were measured. The
method of data collection and the results for inertia and muscle contraction parameters as prerequisites for
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modelling are described.

INTRODUCTION

Musculoskeletal models

The development of musculoskeletal models is one of
the major topics in biomechanics. Musculoskeletal
models are used to establish a relation between the
motions of the bones and the muscle forces causing
these motions (Fig. 1). The aim of these models is, on
the one hand, to gain insight into the factors which
affect the relation, e.g. position, of the rotation centre,
muscle attachments, muscle characteristics, etc., and
on the other hand, to determine which muscles are
involved and what the joint reaction forces are. To
describe the mechanical behaviour of a musculoskele-
tal system, many of its characteristics have to be
considered. Due to the complexity of the system and
depending on the purpose of the model involved,
assumptions have to be made for most of these
characteristics in order to develop an adequate and
manageable model.

Firstly, bones are usually assumed to be rigid
bodies. In the Newton-Euler approach the free body
diagram and motion equations of this rigid body are
derived. These equations include inertia properties,
motion constraints and forces. To describe the dynam-
ics of a musculoskeletal system, inertia properties of
the system should be included. This means that seg-
ment mass, the segment centre of mass and the
segment motions of inertia have to be implemented in
the model.

Secondly, within a model the direction of muscle
force depends on the assumed geometry of muscle
attachments, while the magnitude depends on
assumptions concerning contraction characteristics
and stimulation. Usually, the direction of the force of a
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muscle will be modelled along one muscle line of
action, in spite of occasionally large attachment sites
and complex architecture. One can distinguish the
centroid line approach in which the moment arm of a
muscle depends on the curved line that is formed by
the centroid of that muscle, and the straight line
approach which connects origin and insertion of a
muscle (Jensen and Davy, 1975). Thirdly, contraction
characteristics for force magnitude development in-
volve muscle architecture, bundle length, tendon
length, muscle length, contraction velocity and
physiological cross-sectional arca (PCSA). In most
cases only the PCSA 1s included in a musculoskeletal
model to get an approximation of the maximal force
which a muscle can exert. The magnitude of the force
exerted by a ligament depends on non-linear elastic
characteristics, while the force direction depends on
the position of ligament attachments. The effect of soft
tissue surrounding bones, joints and muscles, includ-
ing the effect of the joint capsule, is usually neglected.

To develop a sound musculoskeletal model, para-
meters describing all of the characteristics mentioned
above should be included. For consistency, these
parameters should preferably be measured within one
subject. Despite the availability of new techniques like
magnetic resonance imaging (MRI), information on
parameters is still highly dependent on cadaver stud-
ies. To date, no studies describing all of the informa-
tion needed to derive the inertia, geometry and muscle
contraction parameters have been published. In a
musculoskeletal model, a relation between muscle
force and calculated or prescribed motion is estab-
lished. Thus, in order to validate the model, both
motion and muscle force have to be known. In addi-
tion, to use such a model with a registration of gross
motor actions like walking or riding a wheelchair, the
position of the optical markers has to be known with
respect to the geometry of the musculoskeletal system,
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Fig. 1. Block diagram of a musculoskeletal model. x: vector
of position, velocity and acceleration of the bones; E: vector
of muscle forces.

in order to combine recorded motion with the accur-
ate position of e.g. joint rotation centres and muscle
attachments. To date the parameters of the
musculoskeletal system and the motion pattern can-
not yet be measured within one subject. Moreover,
muscle force cannot be measured directly and is
usually estimated with help of EMG. Therefore, mus-
culoskeletal models can only be validated in a more
qualitative sense.

The shoulder mechanism

The shoulder mechanism is an example of a very
complex musculoskeletal system. The shoulder girdle
consists of scapula and clavicle and functions as a
movable but stable base for the motions of the
humerus. The sternoclavicular (SC-) joint connects the
clavicle and sternum, and the scapula in its turn is
connected to the clavicle by the acromioclavicular
(AC-) joint. Another connection between scapula and
thorax is the scapulothoracic gliding plane, which
constrains possible movements with two degrees of
freedom and makes the system a closed chain. The
humerus articulates with the scapula at the glenohum-
eral (GH-) joint, a ball-and-socket joint. Three extra-
capsular ligaments can be identified in the shoulder
girdle: the costoclavicular ligament limiting the range
of motion of the SC-joint, and conoid and trapezoid
ligament acting at the AC-joint. Seventeen muscles are
crossing the joints of the shoulder mechanism, Most
muscles are polyarticular, fan-shaped and have large
attachment sites.

For the movements of the humerus the large range
of motion of the scapula over the thorax is essential.
Since the motion of the scapula over the thorax is non-
planar, it is very hazardous to measure or describe it as
a planar motion without making mistakes due to
distortion of the image or omitting the constraints of
clavicle and thorax. It is, however, difficult to re-
construct the actual motion of the scapula, since it
moves underneath the skin and is inaccessible for
camera registration, except for X-rays, for which the
complications are obvious.

Scapular motions are related to those of the hu-
merus. For this reason the position of the scapula is
standardized with respect to the humerus (Inman et
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al., 1944; Pronk, 1988). Positioning the scapula is an
active mechanism and consequently it is not self-
evident that passive movements of the humerus result
in the same scapulohumeral rhythm as active move-
ments. Presently, knowledge about the shoulder
mechanism as a whole is generally qualitative. Until
now no three-dimensional musculoskeletal model of
the shoulder mechanism has been published. To dev-
clop such a model, many parameters describing the
inertia, geometry and muscle contraction character-
istics of the system have to be known. Despite a
number of studies on the shoulder girdle, each study
has included only part of the parameters needed, and
even if all studies are combined a large number of data
will be missing,

Literature review

Formulae for the prediction of segment masses
based on dissection and anthropometric data have
been published by Barter (1957), Clauser et al. (1969)
and Clarijs and Marfell-Jones (1986), while Clauser et
al. also give predictions for the volumes and positions
of the centres of gravity of the segments. Hinrichs
(1985) determined predictions for moments of inertia
based on the study of Chandler et al. (1975). During
preparation of this manuscript new, nen-linear predic-
tion equations based on Chandler et al. (1975) were
published by Yeadon and Morlock (1989).

The morphology and functional characteristics of
the sternoclavicular joint were studied by Bearn (1967)
and Depalma (1973). The orientation of joint surfaces
of the acromioclavicular joint was described by Urist
(1946) and Moseley (1972). The glenchumeral joint is
the most extensively studied joint, probably due to its
resemblance to a ball-and-socket joint. The orienta-
tion of the glenoid (Friedel, 1926; Freedman and
Munro, 1966; Oxnard, 1967, Saha, 1971), and the
radius of the glenoid and/or the humeral head
(Dempster, 1955; Saha, 1961, 1971, 1973; Poppen and
Walker, 1976, 1978; Hogfors et al., 1987) are the most
elaborated items. Braune and Fischer (1888) and Pfuhl
(1934) have studied the function of the shoulder arti-
culations, while Mollier (1899), Shiino (1913) and
Hvorslev (1927) tried to simulate shoulder joint move-
ments.

The length and thickness of both conoid and trapez-
oid ligaments have been investigated by Salter et al.
(1987). Fukuda et al. (1986) measured the distance
between coracoid process and clavicle and deducted
the length of the coracoclavicular ligaments. Hogfors
et al. (1987) have started to measure the position of the
muscle attachments of the shoulder girdle three-di-
mensionally. Due to the limited description of their
measurement method and data processing, it is not yet
clear how their recorded data must be valued. Re-
cently, Wood et al. (1989a,b) published results of a
cadaver study, based on a centroid line approach. The
length of some muscles have been measured (Mollier,
1899:; Fick and Weber, 1877; Shiino, 1913; Hvorslev,
1927; Bassett. 1983), as well as bundle length (Shiino,
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1913; Bassett, 1983; Howell et al. 1986), centroids
(Bassett, 1983) and moment arms (Bassett, 1983;
Howell et al., 1986). The physiological cross-sectional
area (PCSA) of shoulder muscles was measured dir-
ectly by Fick (1911), Shiino (1913) and Poppen and
Walker (1978). The PCSA has been calculated from
the product of muscle mass and inverse density divi-
ded by bundle length (Weber, 1851; Fick, 1911), the
quotient of volume and muscle length (Bassett, 1983;
Wood et al., 1989a), the muscle volume and bundle
length (Bassett, 1983; Howell et al., 1986) and max-
imum cross-sectional area perpendicular to the
centroid (Wood et al., 1989a).

Motion studies of the shoulder joint have often been
limited to the glenohumeral joint (Poppen and
Walker, 1978; Engin and Peindl, 1987; Peindl and
Engin, 1987). Registration of the motion of the shoul-
der girdle has been performed using two-dimensional
X-ray photographical studies (Inman et af, 1944;
Saha, 1961; Meijers, 1961; Freedman and Munro,
1966; Poppen and Walker, 1976; Dvir and Berme,
1978), cinematographical studies (Engen and Spencer,
1968; Hvorslev, 1927), goniometers (Conway, 1961;
Doody et al., 1970a,b), or pins inserted into the clavicle
and scapula (Inman et al., 1944; Inman and Saunders,
1946; Kennedy and Cameron, 1954). All of these
studies recorded only part of the essential three-
dimensional movement of clavicle, scapula and hu-
merus. Only a few authors (Wallace, 1982; Wallace
and Johnson, 1982; Peterson et al., 1985) report the
result of three-dimensional X-ray recordings of the
motions of the shoulder girdle. They did not, however,
present a three-dimensional motion description. Re-
cently in our research group, attempts have been made
for a three-dimensional recording with use of a new
instrument, the so-called palpator (Pronk, 1988).

Towards a musculoskeletal model of the shoulder
mechanism

Our goal is to develop a three-dimensional
musculoskeletal model of the shoulder mechanism.
Such a model, will improve the understanding of
complex behaviour of this mechanism, so that it will
be useful in clinical practice. Classic Newton—Euler
and Lagrangian approaches involve a large number of
equations and derivations. In addition, the complex
motion constraint of the scapulothoracic gliding plane
will limit the application of these approaches. There-
fore a kinematical and dynamical finite element
method is used to develop a three-dimensional mus-
culoskeletal model (Pronk, 1988, 1989; Van Der Helm,
1988; Van Der Helm and Pronk, 1989).

The predictive values of this musculoskeletal model
will heavily depend on the parameters describing the
characteristics of the system. It would be preferable
that a whole set of parameters is derived from one
subject, since the interaction between certain para-
meters is not yet understood. Therefore, an extensive
morphological study is performed in order to acquire
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a complete set of parameters for the shoulder mech-
anism. To date, the only way to derive these para-
meters is by a dissection experiment. In this paper the
results are reported of a study of seven cadavers. For
each cadaver, the inertia parameters, segment mass
and centre of gravity, were estimated from anthropo-
metric data using the regression equations of Clauser
et al. (1969), and the three-dimensional coordinates of
morphological structures were measured. Obviously,
muscle contraction parameters as force-length and
force—velocity relations were impossible to derive
from these dissection experiments. The only para-
meter which could reasonably be derived was the
maximal force output of a muscle. Therefore, for each
muscle in the shoulder mechanism, the PCSA and
muscle mass were measured.

MATERIALS AND METHODS

Seven preserved human bodies (five males and two
females) were used. No pre-experimental selection of
cadavers on age at death or physical appearance took
place.

During the experiment the following sequence of
steps was made:

(1) measurement of relevant body dimensions for
the derivation of inertia parameters segment mass,
volume, segment mass position and moments of in-
ertia;

(2) measurement of well-palpable bony landmarks
for future comparison with in vive measurements;

(3) to enable reconstruction after dissection of the
original positions of humerus, scapula, clavicle and
thorax in a global, whole-body, coordinate system,
small screws were placed in the four different ‘seg-
ments’ so as to define the separate local coordinate
systems;

(4) measurement of the positions of the screws on
the four segments with respect to a global, Cartesian
coordinate system;

(5) dissection and exarticulation of the cadavers at
the scapulothoracic, acromioclavicular, sternoclavicu-
lar and glenohumeral joints. During the process,
muscles were cleaned and cut, and fibre bundles were
marked with coloured beads for future identification;

(6) measurement of the locations of muscle and
ligament insertions and relevant articular surface
shapes on the exarticulated segments relative to the
SCrews;

(7) the muscle parameters mass and cross-sectional
area were determined.

Determination of inertia parameters

On all cadavers the body dimensions necessary for
the calculation of inertia parameters from regression
equations as published by Clauser et al. (1969) and
Hinrichs (1985) were measured. Measurements were
made on the left-hand side of the body, following the
protocol and definitions of Clauser et al. as much as
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Table 1. Structures measured on scapula, humerus, thorax and clavicle of all cadavers, The additions ‘-0’ and ‘-’ stand for

H. E. J. VEEGER et al.

origin and insertion

Scapula

Humerus

Reflerence markers

Thorax

Clavicula

Reference marker 1
Reference marker 2
Reference marker 3
Reference marker 4
Reference marker 5
Reference marker 6

Muscles

Deltoideus-O
Subscapularis-O

Reference marker 1
Reference marker 2
Reference marker 3
Reference marker 4
Reference marker 5
Reference marker 6

Deltoideus-1
Subscapulans-I

Reference marker 1
Reference marker 2
Reference marker 3
Reference marker 4
Reference marker 5
Reference marker 6

Reference marker 1
Reference marker 2
Reference marker 3
Reference marker 4
Reference marker 5
Reference marker 6

Deltoideus-O

Supraspinatus-Q
Infraspinatus-O
Teres minor-O

Teres major-O
Biceps cap.brevis-O
Biceps cap.longum-O
Coracobrachialis-O
Triceps cap.longum-O
Latissimus dorsi-O
Trapezius-I
Rhomboideus-1
Levator scapulae-I

Supraspinatus-T
Infraspinatus-1
Teres minor-1
Teres major-I
Biceps-1*

Coracobrachialis-T
Triceps-1*
Latissimus dorsi-1

Pectoralis major-I
Pectorahs minor-I
Serratus anterior-I

Ligaments

Lig. conoideum
Lig. trapezoideum

Articular surfaces

Art. surface glenohum. Art. surface glenohum.
Art. surface Acromioclav.

Art. surface Coracoclav.

Anatomical landmarks

Epicondylus medialis
Epicondylus lateralis
Olecranon

Trigonum spinae
Angulus inferior
Angulus acromialis
Art. Acromioclav. (lL.m.)

Tuberculum minus
Tuberculum majus
Collum humeri
Sulcus humeri

Latissimus dorsi-O
Trapezius-O
Rhomboideus-O
Levator scapulae-O
Pectoralis major-O
Pectoralis minor-O
Serratus anterior-O

Trapezius-1

Pectoralis major-O

Lig. conoideum
Lig. trapezoideum
Lig. costoclavicularis Lig. costoclavularis

Art. surface Costoclayv.
Art. surface Acromioclav.
Art. surface Coracoclav.
Art. surface sternoclav, Art. surface sternoclav.

Art. surface Costoclay.

Scapulothoracic wall
Incisura jugularis

Muscle path serratus ant.

*Measured on the forearm.

possible. Table 2 sums up the dimensions measured on
all cadavers. Chandler et al. (1975) presented inertia
tensors about anatomical axes of segments which had
been determined for each segment using the pendulum
technique. From this, the direction of the principal
axes around which the matrix becomes diagonal and
the related principal moments of inertia could be
calculated. Hinrichs (1985) and Yeadon and Morlock
(1989) reduced data for limb segments further by
averaging the anterior—posterior and medial-lateral
moments of inertia, and subsequently determined

regression equations for one mean transversal mo-
ment of inertia and longitudinal moment of inertia.
The total inertia tensor could thus be reduced to two
moments of inertia about a transverse axis and the
longitudinal principal axis of a segment through its
centre of mass. An illustration of procedures for
obtaining segment data has been given by Kaleps et al.
(1984).

Centres of mass have generally been estimated
relative to proximal landmarks (Clauser et al., 1969),
Moments of inertia have been given as predictions
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Table 2. Summary of the population characteristics of this and other relevant studies

Age Stature Weight Embalmed
(N) (yr) sd. (cm) s.d. (kg) s.d.
Bischoff (1863) 1 33 — 168.0 — 69.7 — —
Theile (1884) 1 26 — 166.7 - 64.0 — —
2 64.5 19.1 — — 339 45
Dempster (1935) 8 68.5% 11.0 169.4 11.2 59.8 8.3 1
Clauser et al. (1969) 13 49.3 13.7 172.7 13.7 66.5 8.7 13
Bassett {1983) 4 66.3 99 - — — _ _
Clarijs and Marfell-Jones (1986) 6 66.8 25.7 — - 57.6 134 -
Hogfors et al. (1987) 3 55-1 — — — — ?
Wood et al. (1989) 1 — - 183.0 — 90.70 — 1
This study 7 800 7.0 171.1 6.9 76.1 16.4 7
*N=6.

following Hinrichs (1985) about the principal axes
through the centres of mass based on the study by
Chandler et al. (1975). Original definitions of land-
marks are given in McConville et al. (1980).

Determination of geometry parameters; identification of
coordinate systems

For each cadaver a global coordinate system
(Fig. 2) was defined as related to the anatomical
conventions as a system with its:

—origin in the incisura jugularis;

— X-auxis along the frontal plane towards the right
shoulder;

— Y-axis directed cranially; and

— Z-axis in the sagittal plane towards the back.

Configuration measurements needed to determine
the position of the segments with respect to the global
system took place prior to dissection. For measure-
ments, a metal frame was constructed in which the
cadaver could be fixed (Fig. 3). After the legs were
removed, the upper half of a cadaver was positioned
into the frame via a rod through the head in such a

Fig. 2. Ventral view of a right shoulder mechanism with its

global coordinate system. Shown are thorax, scapula, clav-

icle and humerus. Origin: incisura jugularis, x-axis: left to
right; y-axis: caudal (o cranial; z-axis: ventral to dorsal.

way that the frontal plane was as much as possible
parallel to the frontal face of the frame. Movement in
both the frontal and lateral directions was prevented
by fixation of the pelvis. The elbows of the cadaver
were extended maximally and the arms were tied to
the torso. Since the influence of gravity during the
measurements might affect the accuracy of results,
sagging was checked for one cadaver. Over a period of
2 h (twice the measurement period), no change in the
position of reference markers could be measured. The
faces of the frame were used as the reference planes of
an orthogonal coordinate system. Three-dimensional
positions of morphological structures were measured
with use of a ‘palpator’ (Fig. 4). The palpator is an
open chain of four links of 0.2 m each, connected by
four perpendicular hinges. The rotation of each hinge
is recorded with a potentiometer and is on-line A-D
converted (Olivetti M21, DT2801 AD converter). The
three-dimensional position of the end-point of the
fourth link can be calculated with respect to an
internal co-ordination system of the palpator, defined
previously in calibration measurements. Using the
palpator, a large number of datapoints can be collec-
ted in a fast and easy way. The measurement error of
the palpator was estimated to have a standard devi-
ation of 0.96 mm per coordinate or 1.43 mm in abso-
lute distance (Pronk and Van Der Helm, 1991).

Due to the impossibility of reaching all structures
within the same coordinate system without damaging
the interrelations, and the restricted reach of the
palpator, measurements of the four segments within
their own coordinate systems were needed. To re-
construct the data of the segment measurements in the
global coordinate system and thus to allow descrip-
tions of segments relative to each other within a
whole-body setting, at least four non-collinear joint
reference markers (which are measured in both the
global and the separate segment systems) were re-
quired. For reference markers, six Pozidriv screws
(2.5x 12 mm) were inserted into the bone of each
segment: humerus, clavicle, scapula and thorax.

Using conjoined markers and regarding the seg-
ments as rigid bodies, the rotation matrix and trans-
lation vector for transformation of data from the
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individual segment system measurements to the global
(whole-body) configuration could be calculated ac-
cording to Veldpaus et al. (1988)

For each side of a cadaver, reference markers were
measured five times, thus forming the database needed
for transformation towards the global system. For
future calculations, the data from the left-hand side of
the body were transformed to the right-hand side.

In addition to the measurements described, a selec-
tion of selected anatomical landmarks were measured
for future connection of these landmarks with sub-
cutaneous dimensions. These landmarks are listed in
Table 1.

Summing up, two subsequent transformations will
be required after data collection:

(1) transformation of data measured on insertions
and shapes of articular surfaces from individual seg-
ment coordinates to the global coordinate system
using the configuration of reference markers to estim-
ate rotation matrix R and translation vector v,

(2) transformation of data measured on the left-
hand side of the body to the right-hand side, thus
creating a set of descriptions of 14 shoulder mech-
anisms, all within coordinate systems comparable by
their definitions with respect to the global coordinate
systemn.

Determination of geometry parameters; exarticulation
and data collection

Following the global measurements, cadavers were
partly dissected by students as part of their dissection
course under supervision of the authors. Dissection
consisted of identification and cleaning of shoulder
muscles and their attachments. Before removal by
standardized cuts, some representative muscle fibre
bundles were marked with coloured beads which were
fastened close to the attachments of these bundles.
Thus, after exarticulation, the direction of muscle fibre
bundles could be reconstructed by connecting the co-
ordinates of beads of the same colour. Exarticulation
was performed by the authors at the glenohumeral,
sternoclavicular and acromioclavicular joints, and the
scapulothoracic wall, with as little damage to liga-
ments, attachments and articular surfaces as possible.

Local system measurements took place using the
same frame as for the configuration measurements.
Segments were positioned and fixed so that all data
points could be measured without changing the posi-
tion of either the segment measured or the base of the
palpator. The humerus was fastened with the elbow
extended.

For each muscular or ligamentous attachment or
articular surface a large number of datapoints was
collected. Table 1 is a listing of structures measured.
The position of these structures will subsequently be
described by fitting data to a geometrical form. De-
pendent on the fitting procedure for each structure,
sufficient data had to be collected, ranging from 3 to 5
points (for instance the origin of m. coracobrachialis),
up to 30-50 points for a structure needing a more
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complex fitting procedure (e.g. the surface of the
glenohumeral joint),

Fitting procedures used in this project will be
estimations of the parameters of a point, line, plane,
ellipsoid, cylinder or a sphere. The algorithms for
these fittings are described extensively elsewhere (Van
Der Helm et al., 1991),

Determination of muscle contraction parameters

Information on muscle bundle direction was collec-
ted by measuring coordinates of the fixations of
muscle bundles that were earlier marked with beads.

Following the measurement of attachment loc-
ations and articular surfaces, all muscles listed in
Table 1 were removed from their bony fixtures for
weighing. To ensure comparable measurements for all
cadavers at equal levels of saturation, muscles were
kept in a solution of formalin and weighed three times
at intervals of approximately one week. Based on the
recordings of muscles that were observed not to be
completely saturated, results for each muscle record-
ing less than 96% of the mean weight of that muscle
with a minimum difference of 2.5 g were discarded on
the assumption of incomplete saturation.

Physiological cross-sectional areas (PCSA) were
determined using the following procedure: out of all
muscles, thin coupes are cut at the level of the appar-
ently largest cross-sectional area perpendicular to the
bundle direction of the muscle. The coupes coming
from flat muscles (e.g. m. serratus anterior) are rolled
up and together with coupes of more easily measur-
able muscles (e.g. m. biceps brachii) photographed for
arca determination using a digitizer (Summagrahics
Supergrid, accuracy 1/40 mm). All PCSA coupes were
digitized within an accuracy of 10 mm?,

Lastly all humeri, clavicles and scapulae were
cleaned and stored for future reference.

RESULTS

The population of this study was selected on avail-
ability. Moreover, as a consequence of the duration of
the dissection project, embalmed cadavers were used.
Table 2 gives the population characteristics, combined
with available data on other relevant cadaver studies.
In relation to these studies, this population was con-
siderably older (x=80.0) and heavier (Xx="76.13) than
other cadaver populations. Mean stature, however,
equals the population used by Clauser et al. (1969).
Cadaver studies specifically focusing on the shoulder
have usually been performed on a half- or quarter-
specimen (Shiino, 1913; Poppen and Walker, 1978;
Basset, 1983; Howell ¢t al., 1986) and general anthro-
pometric data describing the individual bodies are
missing. A comparison with those studies was thus not
possible.

Determination of inertia parameters

The results for the anthropometric measurements
are summarized in Table 3. The cadaver population



























