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ABSTRACT - An extensive set of muscle and joint geometry parametersis measured on the
right shoulder of an embalmed male. The parameter set is needed to enhance the accuracy of
muscle and joint modelling of the shoulder. From the measured parameters, model parameters
wer ecalculated for a computer model of the shoulder, developed at the Man-Machine Systems
Group of the Laboratory of Measurement and Control at the Delft University of Technology.
With the computer model an abduction of the arm was simulated in steps of 30°. In each of the
simulated arm positions, actual sarcomere length was calculated from the muscle length
(which is, among others, output of the model). A curve representing the sarcomere force-length
relationship indicates the maximum forcethat all muscle parts can exert in each position. For
most muscle partsit could be seen that the complete movement (the ssimulated abduction) takes
place within therangein which forcecan be exerted. Muscle parts act on the ascending limb as
well as on the plateau and on the descending limb. The measurements resulted in a very com-
plete dataset that is not only important for the refinement of the shoulder model, but also for

functional analyses of shoulder movementsin general.

INTRODUCTION

To study the complex movements of the shoulder
mechanism a computer model is developed at the
Man Machine Systems group of the Laboratory
for Measurement and Control at the Delft Univer-
sity of Technology (Pronk, 1991; Van der Helm,
1991). A description of the shoulder model is
given elsewhere in these Proceedings by Van der
Helm.

Output of the shoulder model are: orientations of
the bones, muscle lengths, muscle force vectors,
moment arms and muscle and joint moments. The
issue of importance for this paper is the calculation
of muscle forces by the model. Since there are
more muscle parts than degrees of freedom, mus-
cleforces have to be calculated with an optimiza
tion procedure. The current procedure minimizes
the sum of sguared muscle stresses in the entire
system. The criterion for activation (or not) of a
muscle part is not only a favorable moment arm.
Also, the maximum force of a muscle part, at
maximum activation, is of importance. Obvioudly,
the maximum force depends, apart from the
physiological cross-section, on the relative length
of amuscle. However, this length cannot be cd-
culated without additional muscle parameters.

The main purpose of this research is to measure
sufficient muscle geometry parameters so that op-
timum muscle length can be added as a model pa
rameter for the shoulder model. The most impor-
tant parameters that are additionally measured in
this research are sarcomere length and muscle fiber

length. Because these lengths have to be compati-
ble with the dimensions of the cadaver, a whole
new set of parameters had to be measured.

From the measured cadaver parameters, model pa-
rameters were calculated. After implementation of
the model parameters an abduction of the arm was
simulated. Relative muscle lengths during the ab-
duction were calcul ated.

METHODS

M easurementswere performed on the right shoul-
der of the cadaver of a 57-year-old muscular man.
The cadaver wasfixed to a stainless steel frame, so
the cadaver could be easily put upright.

In every segment of the skeleton, i.e. the head, tho-
rax, clavicle, scapula, humerus, radius and ulna,
four or five screwswere driven. These screws were
distributed over the bone in such a way that they
could be used as reference points for measuring
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Figure 1- Thelaser diffraction line-up.
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changesin position and orientation.

Before the dissection was started, the positions of
sixteen palpable bony structures and of all refer-
ence screws were measured. The positions of the
skeletal parts as determined in this measurement
were used as standard body posture. For mess-
urement of positionsthe palpator was used (Pronk
& Vander Helm, 1991).

Theskin and all the fatty tissues over and between
the muscles was removed. Every muscle was
cleared from its surrounding without disconneding
theorigo or insertion. For every muscle it was de-
cidedin how many parts it was to be divided. Cri-
teriawere: attachment sites on different parts of the
skeleton, differences in muscle fiber length, differ-
ences in the angles between muscle fibers and
bones, attachments to another tendon plate or a-
ready present gliding planes between parts of the
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muscle. For every muscle part the beginning and
end of an estimated mean muscle fiber were
marked. A numbered label was attached to the
bone and another onto the muscle. For every at-
tachment siteit was noted which labels belonged to
which muscle part.

After all muscles had been removed from the ca-
daver and positions of origos and insertions of all
ligaments had been measured, the ligaments were
cut. After the bones were separated, joint surfaces,
reference screws and attachment sites of all muscle
parts were digitized.

Thelength of each muscle part was measured with
the help of astring and a ruler. The string was laid
tightly along the muscle and held at the positions
of thelabelsthat marked the beginning and end of
the muscle part. This length was measured with a
ruler. The musclehad to be laid down on aflat sur-

m. trapezius
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Figure 2- Maximal force of the m.trapezius during abduction. For an explanation, see thetext.
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face first, because some muscles were rumpled or
ran over acurved surface.

From every muscle part, three fiber bundles were
taken of approximately 2 mm wide. The bundles
were representative for that muscle part. If, for ex-
ample, a muscle part consisted of long and some
shorter musclefibers, twolong and one short bun-
dle was taken. Of each bundle the length was de-
termined with a ruler. The mean length of these
bundles was considered to be the fiber length of
that muscle part.

Because of the striated character of skeleton mus-
clesthe sarcomere length can be measured by |aser
diffraction. A small part of a muscle fiber is re-
garded as a lattice, which causes a laser bundle to
create a diffraction pattern on a screen. The laser
tube was positioned in a fixed distance from the
wall. To be able to directly read the sarcomere
length a scalewas painted on thewall.

A vertical laser tubeis mounted on a frame. Below
the laser tubeis ahorizontal metal stage to support
dlides with muscle samples. The laser light passes
through aholein the stage, reflects in a 45°-mirror
and is projected onto a scaleon thewall.

data processing

Data are expressed in a global orthogona co-
ordinate system. The x-axis points lateraly, per-
pendicular to a plane through (1J), (PX), T8 and
C7. The z-axis points upwards from the middle
between PX and T8 towards the middle between 1J
and C7, and the y-axis points forwards, perpen-
dicular to the x- and z-axes.

The number of sarcomeresin a bundle is calcu-
lated by dividing the bundle length by the mean
sarcomere length in that bundle. Optimum bundle
length is obtained by multiplying the number of
sarcomeres with the optimum sarcomere length of
27 pum (as measured by Walker & Schrodt
(1974)). Optimum fiber length of a muscle part is
the mean optimum bundle length of three bundles.
The caculations of the physiological cross-
sectionsare based on the fact that the volume of a
muscle remains constant. Of al muscle parts the
mass of the muscle belly without the tendon was
determined. The mass of all the labels that were
still attached to the muscle part was subtracted
from it. The volume of each muscle part was cd-
culated by multiplying the mass of the muscle part
with the specific gravity of muscle tissue, which
was determined with an submerging experiment.
The physiological cross-section is calculated by
dividing the volume of each muscle part by its op-
timum fiber length.
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Smulations

An abduction of thearm wassimulated. Input were
mean coordinates, rotations and forces as mess-
ured on ten living subjects (experiments by Van
der Helm, 1991). Only static postures were simu-
lated. Seven postures were simulated, one every
30° of abduction. At position 1 the arm is down
and at position 7 the arm is raised in total abduc-
tion.

Output of the shoulder model is, among others,
muscle length at every position. With the knowl-
edge of optimum fiber length and tendon length,
which is assumed to be afixed length, the maximal
possible force per muscle part can be calculated for
every position of the arm, based on to the force-
length relationship.

RESULTS AND DISCUSSION

Due to space limitations only the maximal possible
forcesfor all seven positions during abduction for
all muscle parts of the m. deltoideus and the m.
trapezius are presented. The maximal force output
of a muscle part depends on its length. Maximal
force output istheforcethat amusclecan exertat a
given lengthwith maximal activation.

Figure 2 representsthe maximal forces of all parts
of the m. trapezius during an abduction. The solid
lines represent the force-length curves of all mus-
cle parts, which are placed above each other for
ease of comparison. The x-axis gives the mean
length of the sarcomeres (in um) of a muscle part
and they-axis, which isonly valid for the top mus-
cle part, gives the relative force that a muscle part
can exert, ranging between 0 and 1. The numbers 1
till 7 denotethe position during the abduction. Po-
sition 1 iswith thearm down and position 7 is with
the arm raised. It can be seen that al numbers are
positioned at the raised part of the force-length
curve, which means that all muscle parts can exert
force during the complete range of abduction. All
muscle parts of the m. trapezius shorten during the
first 6 positions and lengthen for the last position.
This means that for the first six positions of the
abduction all muscle parts can actively contribute
to the abduction. The pattern is not equal for all
muscle parts, but a wave-form is followed for ad-
joining muscle parts. The middle part of the m.
trapezius (pars transversum) has longer sar-
comeres than the upper (pars descendens) and
lower (pars ascendens) parts. This points at a sar-
comere length distribution, which could be very
useful in enlarging therangein which force can be
exerted by amuscle.

Figure 3 isthesamefigureas Figure 2, but for the
m. deltoideus. The striking feature of this muscle
is that at position 5 and higher, most muscle parts
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are too short to exert any force at all. This means
that, from position 5 till 7, another muscle is
needed to lift the arm, for example the clavicular
parts of the m. deltoideus, or the clavicular and
some crania thoracal parts of the m. pectoralis
major which pass cranial from the glenohumeral
rotation center at position 5 and higher. According
to Herring et al. (1984), a muscle can be assumed
at optimum length at the position in which the
muscle is activated most. Since optimum muscle
length did not take place at the same abduction po-
sition for all muscles and even muscle parts, it can
be inferred that some muscles are more active in
the beginning of the abduction and some muscles
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aremoreactive later in the abduction. This is most
likely caused by the fact that relative moment arms
of those muscles change during abduction.

CONCLUSIONS

» A complete set of parameters of the right
shoulder of acadaver is measured.

» Because optimum muscle length is known, a
force-length curve can be constructed for every
muscle part.

» With theforce-length curve, the maximum force
of a muscle part can be calculated at any posi-
tion of thearm.

m. deltoideus
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Figure 3-Maximal forces of m. deltoideus during abduction. For an explanation, see thetext.
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