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Human Joint Modelling. 

A model is not a resemblance of the reality, but a simplification of it. 
The truth is just as limited as a model. 
The reality is just as limited as the truth. 

(Pronk, 1991) 
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Human Joint Modellina. 

SUMMARY. 

This graduation report concerns the modelling of human joints that can be considered as ball 
and socket joints. In this report the emphasis is on the human shoulder complex. 

In fir present mültibûdy cÍ~!Ì-§imü!a~on p;og;a;;;s th€ pûssibili"es fûr rnûdeiliiig the nunan 
jeint propdes are limitd. Dummy joints usually consist of well defined, relatively simple 
parts. This makes the possibilities in the present multibody programs sufficient for dummy 
applications. However, for modelling the human joints, the existing multibody programs have 
insufficient potential. 

One of the main problems in modelling a human joint is the existence of directional 
dependence of joint torques. The existing joint models offer limited possibilities to take this 
feature into account. 

The aim of this project is to develop a model that represents the biomechanical behaviour of a 
human bals and socket joint, taking into account this directional dependency. 

In this project first a literature study is conducted concerning the existing joint models. With 
the insight gained in this literature study a Fortran program was developed that is capable to 
calculate the resistive moments of the human shoulder complex, using experimental data. 
With little effort this Fortran program can also be used for the other human ball and socket 
joints for which sufficient data is available (the hip joint and the elbow joint). 

The conclusion can be drawn that this model gives a very accurate result if motion finds place 
inside the free range of movement of the human shoulder complex. Also the torsion torques 
seem to be computed accurately. 

If motion takes place outside the free range of movement, however, the value of the 
magnitude of the computed moment differs from the expected value in certain cases. 

Although this insufficiency is present in the current version of this new model, it is expected 
that this new model and program can be useful tools in modelling human ball and socket 
joints. It is expected that this insufficiency can be solved in the near future, using the insight 
and experience gained in this project. 
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Human Joint Modelling. 

1. INTRODUCTION. 

This graduation report concerns the modelling of the passive properties of human ball and 
socket joints with special emphasis on the shoulder complex. Examples of ball and socket 
joints are the hip, the elbow, and the shoulder. The term "shoulder complex" refers to the 
combination of the shoulder ball and socket joint (the glenohumeral joint) and the shoulder 
girdle which includes the clavicle and scapula and their afliculations (Engin and Tümer, 1989). 
(In Appendix A general anatomy terms are explained, while in Chapter 3 the specific shoulder 
anatomy is introduced.) In this project the shoulder will be regarded as a ball and socket 
joint. 

In the field of automotive safety it is an ongoing concern to be able to predict the behaviour of 
a human body during a car crash. In the present multibody crash-simulation programs, 
however, the mathematical joint descriptions limit the way in which joint properties can be 
accounted for. Dummy joints usually consist of well defined, relatively simple parts. This 
makes the possibilities in the present multibody programs sufficient for dummy applications. 
However, for modelling the human joints, the existing joint models have insufficient potential. 

At the present time the qualitative comparison of dummies, cadavers, and live humans 
indicates that the live human body has greater mobility (or flexibility) between various body 
components (or segments) than the cadaver, which in turn has greater mobility than the 
dummy. Obviously, the main reason for this discrepancy is that the dummy has a fixed 
number of parts which are made of engineering materials that show limited resemblance to 
biological materials. The human body, on the other hand, has a much greater number of 
parts that are connected with complex tissues of infinite adjustability (Engin, year unknown 
(a)). 

The aim of the proiect is to develop a mathematical representation for the maqnitude of the 
passive resistive properties of the human ball and socket joints. 

The model should meet the following criteria. It should be 
applicable for all human ball and socket joints. Also the model must be easily adjustable to 
new knowledge and data on human joint properties. Finally, the model should allow 
extensions for the inclusion of muscular activity, which in this project is not taken into account. 

The first is its generality. 

This project was initiated for the extension of the multibody program MADYMO. In the 
present version the program's main application field is to simulate dummy behaviour, while it 
would be interesting to simulate human behaviour during a crash situation. 

Computer models can be used to analyze biomechanical experiments and to compute 
mechanical quantities that are difficult to determine experimentally. Also computer models 
can be used during car and restraint systems design and development. 

The role played by modern computer models in the development of injury prevention will 
become more important, although crash tests can never be totally replaced. The most 
important objective of computer simulations is to provide human traffic participants a better 
protection against injury, a protection that can be achieved moreover in a more economic way 
(Wismans, 1990). 
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Human Joint Modellinn. 1. Introduction. 

In this report first the available joint models in multibody programs are presented (Chapter 2). 
In that Chapter also the computer program MADYMO, version 4.3, is discussed, together with 
the available joint models. Also the method used by the Calspan corporation for modelling 
the shoulder joint is presented. In the next Chapter the shoulder anatomy and the methods of 
joint torque and range of movement measurements are discussed, and the results of the 
measurements are presented. Then it is explained why the existing MADYMO joint models 
are not applicable in their present form for the human shoulder, and the way we want to solve 
the modelling problem is made clear. The limitations, advantages, and new features of this 
model with respect to the other presented joint models already available are discussed. 
Finally the tests to verify the model are introduced, and the conclusions and recommendations 
are presented. 
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Human Joint Modelling. 

2. JOINT MODELUNG IN MULTIBODY PROGRAMS. 

In this Chapter the multibody crash simulation program MADYMO and the existing joint 
models in this program are presented. Note that the MADYMO version discussed in this 
Chapter is version 4.3. 

Also a joint model developed by the Calspan corporation is discussed. 

2.1. MADYMO joint models. 

In this Paragraph the multibody program MADYMO, version 4.3, and the therein available joint 
models are presented. 

2.1.1. The simulation program MADYMO. 

MADYMO is a compact computer program for simulating the dynamic behaviour of one or 
several systems of linked rigid elements with a tree structure. A tree structure cannot contain 
closed loops of elements (MADYMO, 1990). 

The MADYMO program has been developed especially for the simulation of the motion of the 
human body during an impact. 

To perform a MADYMO simulation the user has to follow this path: 
1. select the number of tree structures, 
2. define the number of elements in each tree structure and their configuration, 
3. specify the configuration, mass-distribution, and the general properties of each tree 

structure, 
4. specify the interactions between the elements with each other and with their 

surroundings, 
5. define the desired output. 

MADYMO then generates the equations of motion using the Lagrange method. The 
equations of motion can be expressed in the form: 

where is the vector with the generalized coordinates, and 7 and 7 are the first and 
second time-derivatives of the generalized coordinates. The symmetrical (m x m) matrix S 

depends on the system position (specified by the vector T ) ,  the mass distribution, and the 

geometry. The vector r' depends on the mass distribution, the geometry, the generalized 
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Human Joint Modelling. 2. Joint Modelling in Multibody Programs. 

velocities 4, the external loads on the tree structure and on the joint torques and forces. 

This vector T’ contains the generalized forces and torques. 

Two solution methods are available in MADYMO for solving the equations of motion. The 
user defines wnicn metnoci is usea to soive ine equaüons. 

Simulation results are stored in a number of output files that can be analyzed using post- 
processing programs. 

In the three-dimensional MADYMO version the elements are connected using ball and socket 
type joints. In the two-dimensional situation the connections are modelled using pin joints, as 
is shown in Figure 2.1. 

Figure 2.1. Example of a standard connection. 

In MADYMO version 4.3 a distinction is made between internal loads within the tree structure 
and external loads. The only internal loads in a tree structure are the reaction forces in the 
joints (Figure 2.2). Joint torques are treated as external loads. In the new MADYMO version 
(version 5.0) other than ball and socket joint models will be available. 

Figure 2.2. Internal loads in a tree structure. 
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Human Joint Modelling. 2. Joint Modelling in Multibody Programs. 

The internal or constraint forces assure that the articulation points of a pair of interconnected 
bodies remain coincident. 

External loads on a joint can be specified in two ways: 

by means of force-interaction models such as a spring (or a spring-damper element) 
(Figure 2.3), 
by means of resistive forces for relative motion in the standard joint models. 

3 
c 

Figure 2.3. External loads applied to a joint by means of a force interaction model. 

In the standard MADYMO version 4.3 joint models, an external load (a joint torque) is applied 
to a joint. This external load is a function of the relative orientation and the relative angular 
velocity of the two elements connected by the joint. 

In MADYMO the three dimensional joints are of the ball and socket type. A ball and socket 
joint has three degrees of freedom. This requires three joint rotation angles to specify the 
relative joint position. Two joint models are available in MADYMO 3D: 

the cardan joint model (Paragraph 2.1.2), 
the flexion-torsion joint model (Paragraph 2.1.3). 

In each connection where a joint model is applied two joint coordinate systems must be 
defined. One of the joint coordinate systems is defined relative to the local coordinate system 
of element i and the other relative to the local coordinate system of element j. A joint 
coordinate system is rigidly connected in an element. The two joint coordinate systems are 
(xi, y, ZJ and (xi, yi, ZJ respectively. 
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Human Joint Modelling. 2. Joint Modelling in Multibody Programs. 

2.1.2. The cardan joint model. 

In the cardan joint model the relative orientation of the joint coordinate systems is achieved by 
means of three successive rotations, Figure 2.4. These three rotations indicate the orientation 
of joint coordinate system j relative to joint coordinate system i. 

Initially, both coordinate systeffls are assumed to coincide. The first rotation h is Carried out 
about the xi-axis of coordinate system j, which coincides at this moment with the xi-axis of 
coordinate system i. The second rotation 21. is about the y;-axis, and the third rotation Y about 
the z;’-axis. This set of rotations is known as Bryant or cardan angles. 
In order to avoid the so-called gimbal-lock effect the second rotation p is limited to the 
following range: a l2  < < 3x12. 

vi ----- 

Figure 2.4. Relative orientation of joint coordinate systems using Bryant or cardan angles. 
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Human Joint Modelling. 2. Joint Modelling in Multibody Programs 

The rotations between the joint coordinate systems as described above can be interpreted as 
follows (Figure 2.5): 

a first rotation h- about an axis fixed to element i, 
a second rotation p about a floating axis, 
a third rotation Y about an axis connected to element j. 

Figure 2.5. Rotation axes in the cardan joint model. 

These rotation axes intersect in the joint centre. The above descriptions show that the cardan 
joint model is in fact a combination of three pin joints. The user defines the components of 
the resistive torques as follows M(h) about the x-axis, M(p) about the y’-axis, and M(v) about 
the 2’-axis. 



Human Joint Modelling. 2. Joint Modelling in Multibody Programs. 

2.1.3. The flexion-torsion joint model. 

In the flexion-torsion joint model the relative joint position is the result of two successive 
rotations of joint coordinate system j relative to joint coordinate system i (Figure 2.6). Initially 
both coordinate systems coincide. The first rotation is called "bending" and is defined by the 
bending angle a between the z-axes of element i and j. The second rotation is called 
"torsion" defined by the torsion angle fl about the z-axes ~f element j. In this model also an 
angle y plays a role. The bending axes and the angles are explained later in this Paragraph. 

/ 
/ X i  

Figure 2.6. Flexion-torsion joint model with flexion angle a, torsion angle p, and 
directional dependency angle y. 
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Human Joint Modelling. 2. Joint Modelling in Multibody Programs. 

The flexion or bending torque acting on the joint is defined by (Figure 2.7): 

ge = -Mf, (a) C(y) u” 

about the $‘-vector, where is the unit vector perpendicular to the zi- and z;-axes, a ia the 

The function C(y) is an optiona! user-defined dimensionless rnu!tiplication factor for the torque- 
angle function M,(a). 

bending angle, and M, and c are üse:-defined füncfiíìns íìf o and y ,  :esi;ectiììe!y. 

I 

I 
Figure 2.7. Flexion-torsion model: the flexion torque is directed along vector Û 
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The torsion torque acting on the joint about the z{-axis is defined by (Figure 2.8): 

where f3 is the torsion angle, and M, is a user-defined function of f3. 

In order to define this angle, consider the unit vector S.* Before flexion this vector coincides 

with g .  Due to the rotation a this vector takes an intermediate position, i$. The torsion 

angle f3 is defined as the angle between s’ and q. If CL = O, the torsion angle is defined as 

the angle between $ and 6. 
The user-defined torque-angle function M,(p) is only defined for -?c s f3 5 z. 
For p = O the torque value should be equal to zero. 

Figure 2.8. Torsion angle p. 
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2.2. A Calspan joint model. 

In this Paragraph a joint model introduced by the Calspan corporation is discussed. 

The Calspan three-dimensional model is a mathematical model for simulating the three- 
dimensional dynamic responses of a motor vehicle crash victim (Fleck and Butler, 1981). In 
recent years this model went through several development stages. Engin considers the 
current version of the Calspan three-dimensional multibody program the most sophisticated 
three-dimensional crash-victim simulation model available in the seventies (Engin, 1979). 

2.2.1. Definition of the joint coordinate systems. 

For purposes of computing torques at the joint, and for the definition of the relative positions 
of the elements connected by the joint, a separate coordinate system is defined for the joint. 
The joint coordinate system is related to the principal axes of the segment by the three x- 
angles (yaw, pitch, and roll) as displayed in Figure 2.9 (Fleck and Butler, 1981). 
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/ 
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I 
D 
I 

q 
(i$,<,<): principal axes of the segment 

(q, <, < 1: joint coordinate system 

x,: yaw, xi pitch, x3: roll 

Figure 2.9. Definition of the joint coordinate system used in the Calspan joint model. 

The joint coordinates are defined for both segments that are attached at the joint. The joint 
torques are then computed using the relative angular orientation and velocity of these two 
coordinate systems. These two coordinate systems are fixed to each segment and do not 
move relative to the segment. 
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2.2.2. Joint stop model. 

The restrictions on the orientation of a joint, which are imposed by the internal and/or external 
geometry of the joint, are modelled in the Calspan joint model using joint-stop contours. The 
Calspan model uses Engin’s measurements for this free range of motion, as presented in 
Paragraph 3.3 of this report. 

Figure 2.10 shows three orthogonal unit vectors, ai, 02, and <, which are fixed rigidly in 

segment i, and a unit vector 7 ,  which is fixed rigidly in segment j. 

Figure 2.10. Joint stop coordinates. 

The orientation of T’ relative to segment i is completely determined by the spherical- 

coordinate angles 8 and @. More generally, the orientation of T’ can be specified by two 
independent coordinates, u, and u,, which are functions of 6 and @. If the joint has two 

degrees of freedom its orientation is completely determined by the orientation of T’; further, 

any bounds on the orientation of 7 are functions of u, and u, only. In this case, the bounds 

on the orientation of T’ can be represented by a single closed contour on the surface of a 
unit sphere which is centred at the joint. 

The joint-stop contour can be expressed in the form: 

where eo(@) is a single-valued function of @. 

Throughout the development, the equation: 
f(q, u,) =o 
is employed for the joint-stop contour, where f(u,, uJ=O on the joint-stop contour. 
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When the terminal point of r’ comes outside the joint-stop contour a stop torque is applied to 

the joint. This torque acts in such a direction as to tend to restore the terminal point of 7 to 
the region inside the joint-stop contour as quickly as possible: the magnitude of the torque 

increases with the extent of penetration of the terminal point of 7 into the regior! outside the 
jûiiit-stûp eûiitûür. 

The stop torque, $, is perpendicular to the unit vector 7.  The magnitude and the stiffness 

of the restoring stop torque À? are defined by the user of this model. 
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3. FREE RANGE OF MOVEMENT AND RESISTNE PROPERTIES OF THE HUMAN 
SHOULDER COMPLEX. 

In this Chapter experimental methods are described to determine the free range of motion of 
the humerus with respect to the torso. Also the results of the measurements of the joint’s 
resistive properties are presented. 
Paragraph 3.1 shows the anatomy of the human shouider and gives definitions for several 
directions of motion. 

The available literature shows two ways of determining the range of motion of the humerus 
with respect to the torso. The first method is the classical anthropometrical method, which is 
presented in Paragraph 3.2, the second is the method introduced by Engin, and is explained 
in Paragraph 3.3. 

3.1 Definitions and human shoulder anatomy. 

In this Paragraph the definitions for several types of motion are given and the human shoulder 
anatomy is explained. 

3.1.1. Definitions. 

The definitions of the several possible movement types of the humerus with respect to the 
torso are given in Figures 3.1, 3.2, and 3.3. 

Figure 3.1. Shoulder flexion-extension. 
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Figure 3.2. Shoulder adduction-abduction. 

Flexion-extension and adduction-abduction are a swing or sweeping type of motion in a plane 
whose normal is perpendicular to the long-bone axis of the moving body segment. 

I 1 

Figure 3.3. Shoulder rotation, lateral-medial. 

Rotation is associated with the internal (medial) or external (lateral) rotational motion of a 
body segment about its long-bone axis. 

The limits of the range of joint movement are controlled by various factors such as ligaments, 
bony stops, tissue bulk, and muscle stretch. Individual differences in the range of joint 
movement are expected, due to age, sex, disease, and possibly race and occupation. The 
body type (slender or fat) and physical fitness should also have some influence on the 
flexibility of the joints (Engin, year unknown (a)). 

26 



Human Joint Modelling. 3. Free Range of Movement and ... 

3.1.2. Human shoulder anatomy. 

This Paragraph deals with the anatomy of the human shoulder complex. As already 
mentioned in the Introduction (Chapter l),  Appendix A introduces the general anatomy terms. 

The most striking feature of the shoulder complex is the presence of four independent 
articulations among the bones of the shoulder complex, the ciavicie, scapuia, humerus and 
thorax (Engin, 1979a). In Figure 3.4 the human shoulder complex is presented, 

Figure 3.4. Principal bones of the shoulder complex. 

1. The sternoclavicular joint where the clavicle meets the manubrium of the sternum, is a 
saddle type of joint with both concave and convex curvatures. The strength and tension of 
the ligaments limit this joint‘s motion. 
2. The acromioclavicular joint where the clavicle meets the acromion process of the scapula 
is the second articulation of the clavicle. This joint has three degrees of freedom, but 
because of the strong and fibrous ligaments motion is limited. 
3. The glenohumeral joint is the ball and socket joint where the humerus articulates with the 
glenoid cavity of the scapula. The joint capsule and ligaments provide a loose sleeve around 
the joint. Because of this feature this joint shows the most extensive motion possibility. 
4. The fourth articulation of the shoulder complex is the scapulothoracic joint where the 
scapula slides on the backside of the thorax. This joint is not shown in Figure 3.4 because 
the ribcage, on which the scapula moves, is not pictured. 

It is clear that in this presentation the muscles are missing. In this project only the passive 
resistive properties of the human shoulder will be taken into account. Also it will be clear that 
by considering the human shoulder complex as a ball and socket joint, a part of its possible 
freedom of motion is neglected. In the modelling efforts, however, the humerus’ possible 
range of motion relative to the thorax and the coherent forces and torques are approximated 
as closely as possible. 
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3.2. Classical anthropometrical measurements. 

In this method subjects are asked to assume the position required for a measurement and a 
photograph is taken to document the position. Each measurement is repeated three times. 
The angular stop locations are determined directly from the photographs and an average of 
the three measurements is computed (Robbins et al., 1971). Table 3.1 presents the results of 
the measurements. 

Table 3.1. Range of motion measurements: angles in degrees. 

measurement subject 
1 2 3 4 5 6 

shoulder flexion 155.4 168.5 141.8 159.7 166.0 169.3 
shoulder extension 83.1 65.6 79.8 57.1 35.5 75.8 

The measurements presented in this Table are shoulder flexion (right shoulder maximum 
overhead) and shoulder extension (right shoulder maximum dorsal). In case of shoulder 
flexion the subject stands with his right side facing the camera. He is instructed to flex his 
right arm to its maximum extend overhead. The right arm is to be kept straight and the arc 
through which the arm is swung describes a plane perpendicular to the direction in which the 
camera is pointed. The obtuse angle between a line drawn along the upper arm and a line 
drawn parallel to the back of the subject defines the location of the shoulder flexion stop 
(angle A in Figure 3.1). 

In case of shoulder extension the subject stands with his right side facing the camera. He is 
instructed to extend his right arm to its maximum extend rearward. The right arm is to be 
kept straight and the arc through which it is swung describes a plane perpendicular to the 
direction in which the camera is pointed. The acute angle between a line drawn along the 
upper arm and a line drawn parallel to the back defines the location of the shoulder extension 
stop (angle B in Figure 3.1). 
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In Figure 3.5 the angles 8, 4, and i ~ ,  that define the orientation of the humerus with respect to 
the torso are introduced. 

u -  

Figure 3.5. Definition of 8, @, and v angles for determination of the orientation of the arm 
with respect to the torso. 

The two angles (flexion and extension) presented in this Paragraph are the only angles 
measured by Robbins et al. concerning the shoulder complex. 

3.3. Engin’s measurements. 

The method used by Engin for defining and measuring the range of motion of the humerus 
with respect to the torso is called the “shoulder complex sinus method” (Engin and Chen, 
1 987). 

The definition of a joint sinus is: the maximum range of angular motion permitted by the 
moving member of a joint while the other member is rigidly fixed. The joint should possess at 
least two degrees of freedom such that the moving member sweeps out a conical concavity 
within which the joint structures permit all possible movements. To define this shoulder 
complex sinus a kinematic data collection methodology by means of sonic emitters is applied. 
This method uses a sonic digitizing technique, a sensor frame with four microphones, and an 
arm cuff with six sonic emitters. This overdeterminate set of sonic emitters sends sound 
waves that are collected by at least three out of the four microphones. A more explicit 
explanation of this technique is given in Appendix B. 

Engin uses a special representation method for making a joint sinus visible, the globographic 
representation. This is a graphical method of representing a joint sinus upon the surface of a 
globe with meridians and parallels which define a grid pattern of the angular spherical 
coordinates with respect to a fixed axis system attached to the rigidly fixed member of the 
joint; the centre of the globe is positioned at the functional centre of the joint (Engin and 
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Chen, 1987). 

Engin also uses another method to represent a joint sinus, namely, a single-valued functional 
relationship between the two spherical angles of the joint sinus, O = O($). The angles 6 and $ 
used by Engin are defined in Paragraph 3.3.1, in Figure 3.7. These angles determine and 
specify the orientation of the humerus with respect to the torso. 

While the globographic representation provides a physically meaningful piot for the joint sinus, 
the single-valued functional relationship condenses the joint sinus data into a functional 
expansion form for easy incorporation into the existing three-dimensional multisegmented 
models for the total human body. 

3.3.1. Determination of the maximum voluntary shoulder complex sinus. 

The procedure for the determination of the shoulder complex sinus involves the foliowing 
basic steps: 
1. immobilizing the body segment (torso) to be treated as the fixed body and defining the 

fixed body axis system as shown in Figure 3.6, 
2. having the subject move the upper arm along the maximal voluntary range of motion 

(stop contour) and monitor, with respect to the fixed body axis system, the 3-D 
coordinates of a distal point on the moving body segment; this point on the elbow joint 
is selected as being on the humeral longitudinal axis at the level of the humeral 
knuckle maximal width, 

3. fitting the 3-D coordinates to a sphere using a least-squares technique, thus 
establishing a centre for a best-fitted sphere and an idealized link length (radius of the 
sphere), 
fitting a plane to the same 3-D coordinates using a least-squares technique; the 
normal to this plane (specified by the spherical coordinates ($", O,,) as shown in Figure 
3.7) establishes the pole of a local joint axis system (2,-axis) about which the shoulder 
complex sinus can be expressed as a single-valued functional relationship 6 = e($). 

4. 

The origin of the torso-fixed right-handed orthogonal coordinate system is defined by 
establishing three orthogonal planes in the following manner. The first plane, the sagittal 
plane +A, is established by three bony landmarks. These landmarks are a point at the 
sternum, in the neck, and the mid-spine point at the level of the tenth rib. The second plane, 
the frontal plane y,,&, which is perpendicular to the first one, is established by two landmarks. 
In this case the landmarks are a point in the neck and the mid-spine point at the level of the 
tenth rib. The third plane, the transverse plane +,y,, which is perpendicular to both xfbzn, and 
y,&,, is established by a single landmark, which is the mid-spine point at the level of the tenth 
rib (Engin, year unknown (a)). The origin of the torso-fixed coordinate system is shown in 
Figure 3.6 and in Figure 3.7. 

Before the test each subject is instructed to move his upper arm along its maximum range of 
motion boundary in a counterclockwise motion as viewed from the sensor assembly. The 
subject is also instructed to displace the arm distally along its longitudinal axis as far as 
possible at all times while circumscribing the joint sinus. Preferred rotation of the upper arm 
about its longitudinal axis is left up to the discretion of the subject in obtaining the maximal 
contour. Three test rounds are collected for each subject. 
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Figure 3.6. Selected origin and axis system (xfo, y,,, zfb) of the fixed segment (torso). 

1 ‘tb 

Zfb 

Figure 3.7. Relative orientation of the fixed body axis system (+,,, y,, 46) and the locally- 
defined joint axis system (xit, yR, za. 
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Table 3.2 lists the centres and radii of the best-fitted spheres and ($,,, O,,) as well as their 
sample means and sample standard deviations for all ten subjects. The mean values for 
($,,, O,,) are designated as (O,, û,J and the corresponding joint axis system is referred to as 
the "mean joint axis" system. In Appendix C the coordinate transformations among the fixed 
body, individual joint, and mean joint axis systems are presented, 

Table 3.2. Centres and radii of the best-fitted spheres and ($,,, O,,) for all (ten) subjects. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

8.85 
3.30 
5.45 
9.67 
2.53 
3.78 
7.10 
4.51 
6.88 
1.88 

14.92 
10.01 
15.50 
16.75 
13.78 
15.48 
16.51 
12.59 
17.27 
16.25 

-26.97 
-25.25 
-25.76 
-33.67 
-24.77 
-25.39 
-24.68 
-24.94 
-24.62 
-25.85 

36.75 
35.37 
34.1 9 
36.28 
32.09 
32.83 
32.18 
35.25 
31.77 
33.96 

57.37 
56.52 
55.51 
59.72 
58.82 
62.58 
59.43 
57.1 2 
60.98 
64.87 

72.24 
77.32 
81.61 
83.20 
79.53 
77.86 
78.87 
77.90 
84.31 
77.93 

Sample 5.40 14.91 -26.19 34.07 59.29 79.08 
mean 
Sample 2.66 2.23 2.72 1.81 2.90 3.42 
stand. dev. 

As mentioned earlier, the joint sinus can be represented as a single-valued functional 
relationship between the angles $ and O: O = O($). 
The following trigonometric polynomial O = O($), which consists of ten basis functions; 

O ($1 = c",=l $ (C2n-I + C2nsi~) (3- 1 ) 

is used for the functional expansion of this function. 

Figure 3.8 shows how well the expansion of equation 3.1 fits the raw data for any of the three 
sinuses taken from the sample. In Appendix D the values of the coefficients C, through C,, 
are given. In this Appendix also the statistical data base for the shoulder complex sinus is 
presented. 
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Curve-fitted raw data for joint sinuses of three subjects. Figure 3.8. 

33 



Human Joint Modelling. 3. Free Range of Movement and ... 

3.3.2. Passive resistive properties beyond the shoulder complex sinus. 

In general, the passive resistive properties in an articulating joint depend on at least three 
variables which define the orientation of one segment of the joint with respect to the adjacent 
one. For example, the three Euler angles $9 O, and I) can be used to define the orientation of 
the upper arm with respect to the torso (Figure 3.5, Paragraph 3.2). If the rotational influence 
of the upper arm along its long-bone axis is excluded, the passive resistive properties can be 
expressed as f = f($, O) where $ and O are the spherical coordinates with respect to the local 
joint axis system defined in Figure 3.7, Paragraph 3.3.1. 

The basic components of the data acquisition system to obtain the passive resistive properties 
of the shoulder complex are: 
1. a sonic digitizer; this technique is explained in Paragraph 3.3 and more explicitly in 

Appendix B, 
2. a subject restraintlpositioning system, 
3. a force applicator with strain gage signal conditionerlamplifier, 
4. an arm cuff with orthotic shell, 
5. a device to locate the fixed-body axis system. 

The subject restraint/positioning system is designed in such a manner that the subject's torso 
can be positioned in a wide range of orientations. The force applicator is a hand-maneuvered 
device which is constrained to motion in a level, horizontal plane by a track-mounted trolley 
system located overhead. It utilizes a six-component transducer which measures forces and 
moments in three orthogonal directions. The orientation of the upper arm with respect to the 
torso is monitored by means of the arm cuff with six sonic emitters as is used for the shoulder 
complex sinus tests, and as described in Appendix B. 

This data acquisition system thus enables one to perform a series of tests in which the upper 
arm is forced outward in the direction of increasing O for a constant-$ value in the local joint 
axis system defined by ($", O,,) (refer to Figure 3.7). Furthermore, forces and moments at the 
joint due to gravitational loading can be held relatively constant and can be factored out by 
setting all the bridge circuits of the force-moment transducer to zero at the start of each forced 
sweep. 

During each test round, the subject is rotated in such a way that the motion of his arm takes 
place in a horizontal plane. 

The force applicator is then positioned vertically at the same level as the subject's upper arm, 
and the front of the force transducer is strapped to the subject's arm near the elbow joint. 
The subject is then asked to move his arm to its maximal position in the constrained plane of 
motion of the force applicator. The arm is backed-off from this position, and that is the 
starting location of the forced sweep. The subject's arm is then abducted or adducted in a 
quasi-static manner until the subject experiences discomfort or pain or the upper arm can no 
longer be displaced, because adduction into the torso occurs. During the entire course of 
each test, the subject is instructed to let his arm hang limply and not to actively (muscularly) 
resist the motion of the test. The bridge circuits of the force-moment transducer are all set to 
zero at the start of each test, so that the recorded values during the sweep are the passive 
resistive force values. With respect to the joint axis system, these forced sweeps take place 
in a direction of increasing 8, and at an approximately constant-$ value. 
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Next a series of constant-8 sweeps is obtained. Each time the force applicator is vertically 
positioned at the proper level with the humeral longitudinal axis in a level horizontal plane. 

The data obtained according to the procedure outlined above are analyzed as follows (Figure 
3.9). First the force and moment vectors obtained from the force applicator data are used to 
calculate a total moment vector with respect to the instantaneous joint centre which is chosen 
to be the glenohumeral joint centre location. Next a moment arm vector is calculated from the 
centre of the best-fitted sphere (described in Paragraph 3.3.1) to the point of force appiication. 

Next the intersection of this vector with a sphere of a radius equal to one meter is selected as 
a normalized point of force application. The total moment vector is then resolved into 
components along the moment arm and perpendicular to the moment arm vector. The 
component along the position vector (moment arm vector) is then discarded, since it does not 
serve to restore the moving segment to an orientation within the voluntary shoulder complex 
sinus. From the remaining moment vector component and the normalized position vector the 
resistive force vector is then calculated. Since the moment arm is normalized to one meter, 
the magnitude of the resistive force vector is the same as that of the resistive moment vector. 
This magnitude will be referred to as the passive resistive force (moment) property. Note that 
this force vector is always tangent to the surface of the selected normal sphere. Figure 3.9 
depicts the vectors and coordinates specified in the analysis. 

CENTER OF THE 
BEST FITTED 

JOINT CENTER SPHERE 

CYCTUAL POINT OF 
FORCE APPLICATICN 

ACTUAL APPLIED FORCE 

FORCE APRKATION 

Figure 3.9. Illustration of the vector quantities used in the calculation of resistive force 
values. 
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Finally to consolidate the vast amount of passive resistive force (moment) data and to 
facilitate the statistical analysis, the functional expansion f(0, $) must be established. It is 
found that the functional expansion: 
f ($ ,  e) = (C, + C2cos$ + C3sin$) 8 + 

+ ( C4cos2$ + C,cos$cin$ + Cesin'$) O2 + 
=+ C,cas3+ 4- !2*cQc2$cin$ + c,cQr$ri!?2$ + C10SiE3$) 83 

(3.2) 

provides the best fit. The coefficients C, through e,, are presented in Appendix E. 

Note that Engin does not say anything about the direction in which the forces (moments) 
work! In the model, assumptions on this direction have to be made. 

Figure 3.1 O illustrates two coordinate systems and the corresponding four test quadrants. 
Since 8 (O z O) measures how far the upper arm departs from the z,-axis of the local joint 
axis, and $ goes from O to 2z, 8 and $ can be treated as coordinates in the coordinate 
system (e, 41). By introducing the following transformation 
p = ecos$ 
q = Osin$ 
(p, q) can be regarded as the corresponding rectangular coordinate system. The combination 
of these two coordinate systems is defined as the modified joint axis system. In terms of the 
modified coordinates, (p, q), the expansion function now becomes: 

(3.3) 

With the help of the modified joint axis system, a physically meaningful plot can be made for 
the above expansion function to give a visual aid to the understanding of the overall resistive 
force (moment) properties of any articulating joint. Figure 3.11 shows the constant resistive 
force (moment) contour map for a subject and Figure 3.12 shows a corresponding three- 
dimensional perspective view. 
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Figure 3.10. The modified joint axis system and the corresponding four test quadrants. 
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( - 2.5, -2.5 I 

Figure 3.1 1, Constant resistive force (moment) - force (moment) in Newtons (Newton- 
meters) - contour map for a subject in the modified joint axis system (in 
radians). 
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T 
I 

Figure 3.12. Perspective view of Figure 3.1 1. 

In two other papers by Engin (Engin, year unknown (a), and Engin, 1979a) passive resistive 
properties associated with a sweeping type of motion are presented in another way, namely 
angle versus moment. The Figures are given in Appendix F, but are not used in this project. 

Engin also measured the resistive properties of the shoulder complex associated with drawer 
type of motion. This is a forced kinematic motion of the shoulder complex along the humeral 
axis direction (Engin, year unknown (a), and Engin, year unknown). These measurements, 
however, are not taken into account in this project. 
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3.3.3. Main conclusions from Engin. 

Engin’s main conclusions concerning the passive resistive properties beyond the maximal 
voluntary shoulder complex sinus are: 

1. The constant resistive force (moment) contours are not simply an outward conformal 
expansion of the maximal voluntary sinus as might be guessed. in currently existing 
multi-segmented total-human-body models, however, this outward expansion is used. 

2. The resistive forces (moments) below the maximal voluntary sinus can be neglected. 
Therefore the maximal voluntary sinus can be considered as the lower limit of the 
applicable range for the expansion function f i$, O) that represents the resistive forces 
(moments). 

3. Theoretically, the upper limit for the applicability of fi$, O) is the maximal forced sinus. 

4. According to Engin (Engin and Chen, 1987) the extrapolated values by G@,O)  beyond 
this upper limit are the most likely predictions and can be used up to the point of 
impending injury for the simulation studies of multisegmented mathematical models. 

3.4. Discussion and conclusions. 

The following conclusions can be drawn: 

When comparing the classical anthropometrical measurements, presented in 
Paragraph 3.2, and the measurements of Engin, presented in Paragraph 3.3, it is 
evident that for modelling the human shoulder complex the measurements of Engin 
should be used, rather than the classical anthropometrical measurements, which are 
incomplete. 

According to Engin, Paragraph 3.3.3, extrapolation of the measurements is allowed. 
Our opinion is, however, to be very careful extrapolating these measurements. When 
motion takes place (far) outside the pain boundary, injury may occur in the shoulder 
and the properties of the joint may change drastically. Engin states that extrapolation 
may be used up to the point of impending injury. He fails to say if there are any 
measurements that indicate when injury occurs. 

Although the set of Engin’s measurements is the only complete enough set found in 
the available literature for implementation in a model of the human shoulder, they are 
considered accurate enough for use in this project. 

In Chapter 4 the final assumptions and choices based on the measurements of Engin are 
presented. 
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4. MODELLING OF THE SHOULDER COMPLEX. 

In this Chapter the applicability of the existing MADYMO joint models and the Calspan joint 
model is discussed. Based on the shortcomings of these joint models a new model has been 
developed. In this Chapter this new model is described and the assumptions made are 
explained. 

4.1. Comparison of the existing joint models. 

In Chapter 3 three joint models were presented: two MADYMO joint models (cardan and 
flexion-torsion model), and the joint model introduced by the Calspan corporation. In this 
Paragraph the applicability of these models for the human shoulder is discussed. 

The cardan joint model’s only possibility is modelling a rectangular joint sinus, where rotation 
about one axis can initiate a torque only about that axis. The human shoulder, however, 
features a joint sinus of a more complicated shape. Also, in the human shoulder a rotation 
about one axis can generate torques about more than one axes. It is not possible to adjust 
the cardan joint model for the human shoulder, because this model will always feature a 
rectangular shape of free motion for the moving member of a joint. Application of the cardan 
joint model is possible if the relative rotations in a joint are indeed achieved by rotations about 
one or more physical axes. This appears to be the case in many of the present 
anthropometric dummy joints. 
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The flexion-torsion joint model can describe a circular shape in 3-dimensional space, but in 
the present form a rotation about one axis only generates a moment about that same axis. 
For the human shoulder the model has to be extended. When this extension is done, the 
model can feature piecewise linear stop contours, by interpolation of the intersection points of 
lines of constant I$ with the stop contour determined by Engin in the p-q field. This procedure 
is shown in Figure 4.1. 

Figure 4.1. Extension of the flexion-torsion joint model in MADYMO. 

In this extended flexion-torsion joint model also the values of the torques measured by Engin 
can be integrated. If enough lines of constant cp are taken, this extended flexion-torsion model 
can approximate the free range of movement shape and the values of the restoring torques. 

The conclusion can be drawn that the joint models in MADYMO are not applicable for 
modelling the human shoulder in their present form, for reasons mentioned above. The new 
model, described in Paragraph 4.2, is preferred to this extended flexion-torsion model, 
because it is expected that this new model features a more precise accurate joint stop contour 
and more accurate values of the restoring torques than the extended flexion-torsion model. 

The model introduced by the Calspan corporation, as described in Chapter 2, is a model that 
incorporates the shape of the free range of movement. This free range of movement only 
depends on two coordinates. Generally, the free range of movement will depend on a third 
coordinate, because torsion about the humerus can also influence the shape of the joint stop 
contour. 
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In the Calspan joint model this third degree of freedom is not taken into account. With 
respect to the incorporation of this free range of movement, this model describes the human 
shoulder more accurate than the current MADYMO models. If motion takes place outside this 
free range of movement, however, the model uses a user-defined stiffness to apply a 
restoring moment to the terminal point of the position vector. By doing this, the position 
vector is directed back into the free range of movement as quickly as possible. The user- 
defined stiffness cannot vary over the shape of the voluntary shoulder sinus. The direction of 
the restoring moment is perpendicular to the shape of the free range of movement at that 
certain point. 

The measurements presented by Engin, however, show the occurring moments when motion 
takes place outside the free range of movement. With respect to the direction of these 
moments no information is available. 

In the new model, Engin's measurements are used and for the torque directions additional 
assumptions are made. 

4.2. Theory of the new model: "Shoulderjoint". 

In this Paragraph the features of the new model "Shoulderjoint" are explained. 

In this new model two features are taken into account: 

the functional expansion 0=0&$) for the boundary of the free range of movement: 

8 ($1 = Efl=, cos"-' $ (qfl-l + C,,sin$) (4.1) 

(The coefficients used in this function are listed in Appendix D), and 

the functional expansion f($, O)=F(p, q) for the passive resistive forces (moments) that 
occur if motion takes place outside the free range of movement: 
f ($ ,  0) = ( C, + C2cos$ + C3sin$) 0 + 

+ ( C4cos2$ + C,cos$sin$ + C6sin2$) û2 + (4.2) 
+ ( C,cos3$ + C,cos2$sin$ + C,cosgsin2$ + C,,sin3$) e3 

or by introducing p=Ocos$ and q=Qcin$: 

(The coefficients used in this functional expansion are listed in Appendix E.) 

For the expansion functions, as well for the shoulder sinuses as for the passive resistive 
forces (moments), the subject-based coefficients (more extensive explanation in Appendix D) 
are used. The reason for this is that in that case the individual anatomical variations and the 
different ways of moving the upper arm during the tests are taken into account. If the space- 
based (see Appendix 9) coefficients would be used, the motion with respect to a mean joint 
coordinate system would be used for the computation of the moments and the free range of 
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motion. 

The model needs three angles ($, O, and q) as input. The definitions of these angles are 
presented in Figure 4.2. With these angles two moments are computed: M(q) and M($, O). 

,- - c 
\ . . 

Figure 4.2. Definition of O, $, and q angles for determination of the orientation of the arm 
with respect to the torso. 

Moment M(q) is always computed, using interpolation in Figure F.20. If q comes outside the 
range of measurement extrapolation is used to determine the value for M(q). Although the 
torsion moment is only measured for certain angles $ and O (Appendix F), the assumption is 
made that the value of this moment is applicable for all values of $ and 8. 

The direction of the torsion torque is about the z-axis of the local joint coordinate system of 
the moving member of the joint. The next step in the model is to write this moment in 
components of the local joint axis system of the non-moving member. 

Parallel to the determination of M(q), the moment M($, O) is computed. To do this, first it is 
determined whether motion finds place inside or outside the free range of movement. If 
motion takes place inside the free range of movement, as defined by Engin (Paragraph 3.3.1), 
the value of M($, O) is equal to 0.0 (Nm). If motion takes place outside the free range of 
movement, the value of the moment M($, O) is computed using the functional expansion for 
the passive resistive forces (moments) as defined by Engin in Paragraph 3.3.2. 

Because the assumption is made that the moment-lines are equiform and equidistant, the 
magnitude of the moment M(4, O) is obtained by interpolation between the moment lines 
M=O.O (Nm) and M=26.O (Nm). If the coordinate pair (4, 0) is outside the outer moment line 
(M=26 (Nm)), extrapolation is used. (Figure E.4 shows the moment lines and the shoulder 
sinuses, based on the subject-based coefficients.) 
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This model in its current state only computes the magnitude of moment M(+, 0) in a good 
manner. A possibility for the direction of the moment is as follows (see also Figure 4.3): for 
the (I$, €))-combination compute (p,, q,), with p,=€)cosI$, and q,=€)sin+. Draw a line 
q=constant*p, with constant=q,/p,; this line intersects with (O, O) and @,, q,), see Figure 4.3. 

Figure 4.3. Definition of the occurring bendingAlexion moment. 

Also compute the gradient of the function F(p, 4). This gives the direction of quickest 
increasement of the function F. The moment belonging to the coordinate pair (p,, q,) is 
perpendicular to this gradient and to the line q=constant*p. The sign of this restoring moment 
must be such that the terminal point of the position vector is directed back into the free range 
of movement. 

For computing the intersection points of the line q=constant*p and the moment lines M=O.O 
(Nm) and k 2 6 . O  (Nm), the roots of a third degree polynomial have to be determined. This is 
done using the following method (Press e.a., 1986): 
for the cubic equation: 
x3+a,x2+%x+a, = O (4.4) 

with real coefficients a,, a2, and a3, first compute 

a: -3 a, 
9 

Q =  (4.5) 

and 
2 af -9 a, a, + 27 a, 

54 
R =  
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Next check that Q3 - R2 z O. If this holds, then the cubic equation 4.1 has three real roots. 
Find them by computing: 

e = a r c c o s ( L )  - 
I (IQ3 I 

in terms of which the three roots are: 

(4.7) 

If, on the other hand, R2 - Q3 > O, then the cubic equation 4.1 has only one real root, given 
by: 

r 1 

In this case, always at least two real roots must be computed, because the line q=constanYxp 
intersects with each moment line in two quadrants. 

For this model a Fortran program is made, using, among other things, the information bulletin 
“Fortran 77“ (de Jong, 1990). The listing of this program can be found in Appendix G. 

4.3. Tests and simulations. 

In this Paragraph the tests to verify the Fortran program for the new model as described in 
Paragraph 4.2 are described. 

In these tests the angles @, 8, and are initialized in the program, and the values of the 
computed moments are compared with the values that can be distracted from Figures D.l and 
E.4. The results of these tests are presented in Appendix H. 

The conclusion can be drawn that this model gives a very accurate result with respect to the 
determination of the free range of movement boundary. Also the subroutine for the 
computation of the torsion torque (magnitude and transformation into the coordinate system of 
the non-moving member of the joint) seems to work very accurately. 

From the tests that are conducted with coordinate pairs (@, e) -or (p, 4)- outside the free 
range of movement, the following conclusions can be drawn. 

First it seems that the procedure for determining the magnitude of M(@, O), if (@, e) is such 
that motion finds place outside Engin’s range of measurements, is based on the right 
assumptions. In this case extrapolation from the last measured moment line M=26.0 (Nm) is 
used, assuming equiformity and equidistance of the moment lines. 
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Also the computation of the M($, 0) magnitudes, where MeV($, 0)=22.0 (Nm), seems to be 
accurate. 
In the cases where Meqe,=6.0 (Nm), the computed magnitudes of M($, 0) differ from the 
expected values. This leads to the conclusion that for the interpolation subroutine not the 
moment line M=O.O (Nm) has to be taken as the lower border, as is done now, but the 
moment line M=6.0 (Nm). This is also the first moment line of Engin's measurement range. 
In that case thorough thought has to be given about the computation of the moment M($, 0) if 
motion finds place between the maximal voluntary shoulder sinus and the moment line M=6.0 
(Nm). 

The transformation of the value of M($, O) into components M,, My, and M, of the joint 
coordinate system of the non-moving member of the joint, has to be given careful thought to. 
In the current version of this new model this transformation is not implemented yet. 

Despite the above mentioned insufficiencies, it is expected that this model and program can 
be useful tools in modelling human ball and socket joints. It is expected that these 
insufficiencies can be solved in the near future, using the insight and results obtained in this 
project. 

4.4. Discussion of the model "Shoulderjoint". 

The main disadvantage of this model "Shoulderjoint" is that it can only be used if the data are 
presented as Engin did: 0=0,,($) for the shoulder joint sinus (free range of movement), 
f(@, 0)=F(p, q) for the passive resistive properties, and M(q) for the moment initiated by 
torsion about the long bone axis. 

On the other hand, the model can easily be adjusted for new data, or for other ball and socket 
joints on which sufficient data are available, such as the hip and elbow joint. Also, the model 
can be extended for inclusion of muscular activity, if spring-damper characteristics are 
included. 

The advantages of this new model with respect to the existing joint models in MADYMO is 
that this model "Shoulderjoint" is able to take into account an arbitrary stop contour. The 
advantage of this model with respect to the Calspan joint model is that the restoring torque 
corresponds with measurements of Engin, while in the Calspan joint model the user defines 
the value of the restoring torque. 
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5. CONCLUSIONS AND RECOMMENDATIONS. 

In this Chapter the conclusions, recommendations, and the discussion are presented. 

5.1. Conclusions. 

Engin's measurements are used in this project because these measurements are the only 
complete set of measurements found in the available literature. They are considered accurate 
enough for implementation in this human shoulder model. 

The main disadvantage of this model "Shoulderjoint" is that it can only be used if the data are 
presented as Engin did: W3,,(g) for the shoulder joint sinus (free range of movement), 
f(g, û)=F(p, q) for the passive resistive properties, and M(q) for the moment initiated by 
torsion about the long bone axis. 

On the other hand, the model can easily be adjusted for new data, or for other ball and socket 
joints on which sufficient data is available. The extensive measurements Engin has done for 
the human hip and elbow joints can readily be used in the current model. 

Also, the model can be extended for inclusion of muscular activity, if spring-damper 
characteristics are included. These muscular characteristics have to be measured first, 
because on muscular activity not much can be found in the available literature. 

From the verification tests the conclusion can be drawn that this model very accurately 
represents the free range of movement. Also the subroutine for the computation of the torsion 
torque magnitude and direction seems to work very accurately. 

From the tests that are conducted with coordinate pairs (@, O) -or (p, 4)- outside the free 
range of movement, the following conclusions can be drawn. 

First it seems that the procedure for determining the magnitude of M(g, e), if (@, e) is such 
that motion finds place outside Engin's range of measurements, is based on the right 
assumptions. In this case extrapolation from the last measured moment line M=26.0 (Nm) is 
used, assuming equiformity and equidistance of the moment lines. 

Also the computation of the M(g, e) magnitudes, where Me*,,,($, 8)=22.0 (Nm), seems to be 
accurate. 
In the cases where M,,,=6.0 (Nm), the computed magnitudes of M(g, O) differ from the 
expected values. This leads to the conclusion that for the interpolation subroutine not the 
moment line M=O.O (Nm) has to be taken as the lower border, as is done now, but the 
moment line M=6.0 (Nm). This is also the first moment line of Engin's measurement range. 
In that case thorough thought has to be given about the computation of the moment M(g, e) if 
motion finds place between the maximal voluntary shoulder sinus and the moment line M=6.0 
(Nm) * 

The transformation of the value of M(+$ e) into components M, My, and M, of the joint 
coordinate system of the non-moving member of the joint, has to be given careful thought to. 
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In the current version of this new model this transformation is not implemented yet. 

Despite the above mentioned insufficiencies, it is expected that this model and program can 
be useful tools in modelling human ball and socket joints. It is expected that these 
insufficiencies can be solved in the near future, using the insight and results obtained in this 
project. 

5.2. Discussion. 

Engin performed his measurements only on a healthy male population of ages 18 through 32 
possessing neither musculoskeletal abnormalities nor any history of traumas in the joints. 
This seems to give biased results for the values of the occurring moments and for the free 
range of motion. Because Engin's measurements are the only complete set of measurements 
available in the literature, the assumption is made that these measurements can be 
considered accurate enough for using in this project. 

The measurements are performed on live subjects, with different pain boundaries. influence 
on the obtained results coming from age, sex, disease, trauma history, and possibly race and 
occupation is a possibility. Also, the subjects are instructed not to muscularly resist the tests. 
Only if pain or discomfort occurs, the tests are stopped. Pain is a very subjective feeling, and 
the pain boundary is different for every human being. To compensate for this problem, an 
alternative for extrapolation of the torque values outside the measurement range based on 
equiformity and equidistance of the moment lines can be a non-linear angle-dependence for 
the restoring torques if motion finds place outside the measurement range. 

However, measurements on live humans seem to give more accurate results than 
measurements on cadavers, because in cadavers the human structures have changed and 
this affects the occurring moments and forces and the way of joint motion. 

The next question that could be asked, is: how "true" are these measurements for passive 
resistive forces and moments in crash-situations ? Probably the motion that takes place in 
the first few milliseconds of a crash, when the highest acceleration levels take place, is the 
motion that is responsible for occurring injury. During this short period of time the crash victim 
hasn't had a chance to muscularly resist the motion. The conclusion that the available 
measurements are applicable in this situation seems reasonable. 

The advantages of this new model with respect to the existing joint models in MADYMO is 
that this model "Shoulderjoint" is able to take into account an arbitrary stop contour. The 
advantage of this model with respect to the Calspan joint model is that the restoring torque 
corresponds with measurements of Engin, while in the Calspan joint model the user defines 
the value of the restoring torque. Our opinion is that, although the model still lacks in certain 
points, this model can be a more valuable tool in modelling the human ball and socket joints 
than the existing MADYMO joint models and the Calspan joint model. 

The aim of this project was to develop a mathematical representation for the magnitude of the 
passive resistive properties of the human ball and socket joints. Our opinion is that the 
developed model and Fortran program "Shoulderjoint" can be a valuable tool in the 
succession of this research. 
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5.3. Recommendations. 

To find out if the data presented by Engin are really accurate enough, the same 
measurements should have to be repeated. By comparing the results obtained in these new 
measurements with the results presented by Engin, a reliable conclusion can be drawn 
concerning the obtained results. These new measurements should be conducted on a larger 
group of subjects, and the group has to be more differentiated Concerning race, occupation, 
sex, musculoskeletal features, trauma history, etcetera. 

Efforts should be made to make this model more general. The model is, in its present state, 
only useable if the data is presented in a certain form. The model should be able to handle 
data that is presented in another way, too. Also the model has to be adapted to be able to 
take into account a joint stop contour that depends on three, instead of on two, degrees of 
freedom. 

To implement this model in the multibody grogram MABYMB, careful thought has to be given 
concerning the needed coordinate systems and coordinate transformations. Also the direction 
of the moment M(4, 6) has to be given thorough thought to. In Paragraph 3.2 
recommendations are made for this direction. Also the program has to be transformed into a 
subroutine, that automatically handles the results computed internally in MADYMO. The 
results have to be presented in such a way that post-processing programs can be used to 
analyze the results. 

To test this model and program in a real human-body model, the model "Shoulderjoint" has to 
be built in in the multibody program MADYMO. Then simulations have to be conducted, 
representing known experiments with human beings in a crash situation. These experiments 
are available, although the accelerations on the human subjects are not very high, because of 
international regulations and standards on test situations with human beings. 
The results obtained with the multibody program MADYMO have to be compared with the 
measurements performed during the experiments with live human subjects. 
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APPENDIX A. GENERAL ANATOMY TERMS. 

In this Appendix the used anatomical terms are introduced (Functional Anatomy Reader, 
1 989). 

Figure A.1.B. Skeleton from the side. 

Figure A.l .A. 

The body is divided into the trunk and the upper and lower extremities. The trunk is divided 
into the head, the neck, and the torso. The torso consists of the thorax, abdomen, and pelvis. 
The upper extremity is joined to the trunk by the shoulder girdle and the lower extremity by 
the pelvic girdle. The shoulder girdle consists of the clavicles (1, Fig. A.l .A) and the scapulas 
(2, Fig. A.l.A and B) which lie on the trunk and move on it. 
The pelvic girdle, which consists of the two hip (coxal) bones (3, Fig. A.l.A and B) and the 
sacrum (4, Fig. A.l .A and B), forms an integral part of the trunk. 

Skeleton from the front. 
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Figure A.l .C. Principal axes. 

The vertical (longitudinal) axis of the body (5, Fig. A.l.C), is vertical when the body is held in 
an upright posture. The transverse (horizontal) axis (6, Fig. A.l.C) is perpendicular to the 
long axis and runs from left to right. The sagittal axis (i, Fig. A.l.C) runs from the back to the 
front surface of the body and is perpendicular to the other two axes. 

V 
Figure A.l .D. Median sagittal plane. Figure A.l .E. Transverse and paramedian (sagittal) 

planes. 

17 

Figure A 1  .G. Transverse plane. 
Figure A.1.F. Coronal plane. 
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The principal planes are defined in the Figures A.l.D, E, F, and G, and presented in Table 
A.1. 

Table A.1. Principal planes. 

name of the plane: number, Figure: explanation: 

Median plane 8, Fig. A.l.D the plane through the longitudinal axis and the sagittal 
axis, also called the median sagittal plane. It divides 
the body into two (almost) equal halves, 

Sagittal plane 9, Fig. A.l.E paramedian plane; any plane which is parallel to the 
median sagittal plane, 

Coronal or 10, Fig. A.l .F any plane which contains transverse axes and is 
frontal plane parallel to the forehead and perpendicular to the 

sagittal planes, 
Transverse planes 11, Fig. A.l .E planes that lie perpendicular to the sagittal planes and 

to the coronal planes. They are horizontal in the 
upright posture. 

Directions are defined as presented in Table A.2, Figures A.l.A, C, and G: 

Table A.2. Anatomical directions. 

name of direction: number, Figure: explanation: 

superior 12, Fig. A.2.C upward with the body erect, 
inferior 13, Fig. A.l .C downward with the body erect, 
medial 14, Fig. A.l.C toward the middle, toward the median plane, 
lateral 
medius 
central 
peripheral 
anterior 
posterior 
proximal 
distal 

15, Fig. A1.C 
16, Fig. A.l.G 
17, Fig. A.1.G 
18, Fig. A.l.G 
19, Fig. A.l.G 
20, Fig. A.l .G 
21, Fig. A.l .A 
22, Fig. A.1.A 

away from the middle, away from the median plane, 
in the midline, 
toward the centre of the body, 
toward the surface of the body, 
toward the front, 
toward the back, 
toward the point of attachment of the limbs, 
farther away from the trunk, 

The directions of movement are: 
flexion - - bending, 
extension - - stretching, 
abduction - - away from the body, 
adduction - - toward the body, 
rotation - - pivoting or rotary motion, 
circumduction = circular movement (a circumferential movement). 

56 



Human Joint Modelling. 

APPENDIX B. REVIEW OF THE SONIC DIGITIZING TECHNIQUE. 

In this Appendix the sonic digitizing technique used by Engin for his measurements is 
explained. Also the attachment of the arm cuff with the sonic emitters is presented, and a 
discussion of the validity of the technique. 

B.1. Attachment of the arm cuff with six sonic emitters. 

To define an axis system affixed to a body segment, three point emitters (that are not on the 
same line) on - or extended from - the body segment are needed. 
However, applying the sonic digitizing technique total and partial acoustic blockage may occur 
to produce zero and inaccurate readings for one, two, or even all three sonic emitters used. 

Therefore, it is necessary to collect redundant data so that zero readings from individual 
emitters would not affect kinematic analysis. In cases where more than three emitters 
produce non-zero readings the "most accurate" three emitters are selected. From 
experimental experience, six emitters are most suitable for the redundancy process. Seven or 
more emitters would dramatically increase computing time without noticeable improvements in 
accuracy, while four or five emitters do not provide a sufficient spare (Engin and Chen, 1987). 

It is advantageous to arrange the six sonic emitters circumferentially and more or less equally 
spaced around the moving body segment. To attach the emitters to the moving body 
segment the six sonic emitters are first put on an orthotic cuff which, in turn, is strapped 
circumferentially to the moving body segment. The advantage is that the number of bad 
positions is reduced to a minimum and the moving body segment is provided with the largest 
amount of freedom to reach all allowable ranges of motion. The inter-emitter distances can 
be calibrated. The orthotic cuff can be made fitting for all subjects and is strapped to the 
moving body segment in such a way that the motion of the emitters is closely the same as the 
motion of the humerus (in case of the shoulder joint study). 

B.2. Determination of the distances. 

Sonic digitizing is the process of converting information on position via sound waves to digital 
values in a form suitable for data transmission, storage, and processing (Engin and Chen, 
1987). The sound waves, which are audible impulses of a specific frequency, are generated 
by an electric arc at the tip of the emitter. Point microphone sensors capable of detecting this 
specific frequency of sonic impulses are used to receive the sound waves. By multiplying the 
transit time required for a sound wave to reach a microphone sensor with the speed of sound 
in still air, the sonic digitizer converts the distance from the emitter tip to the point microphone 
sensor into digital values. This distance is referred to as "slant range distance". 

By applying this sonic digitizing principle, a rigid planar rectangular sensor board/assembly 
with four point microphones/sensors (A, B, C, and D) arranged at the corners, as shown in 
Figure B.1, is constructed. The purpose of this set-up is to cower3 the four slant range 
distances of a sonic emitter, which defines a point in 3-9 space, into regular Cartesian 
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coordinates suitable for performing kinematic analysis. Note that only three slant range 
distances are needed for the conversion. The fourth sensor is used for spare purpose. 
During conversion analysis the computer program is designed to examine all four slant range 
distances, select the three smallest, and discard the fourth. In the case where one of the 
sonic emitters is totally blocked from being detected by one of the four microphone sensors, 
the zero reading is disregarded. 

P 
A- SONIC EMITTER 

\ P'f r\ \\\ ,.ASSEMBLY 

H X-AXIS 

Figure B.1. Quantities used to convert slant range distances (PA, PB, PC, and PD) to 
Cartesian coordinates (x, y, z). 

With respect to the selected 3-D coordinate system, to be referred to as the sensor assembly 
axis system, as shown in Figure B.1, slant range distances PA, PB, and PC are used to 
illustrate the conversion procedure. Applying the rule of cosines to triangle APB the following 
equation can be made: 

( PB)2 = ( PA)2 + ( AB)2 - 2( PA) (AB) COSE (B. 1 ) 

where AB = 165 (cm) is a calibrated dimension for the sensor assembly. Also note that: 

x = AH = ( PA)COSE (B.2) 

therefore, 

(PB)' s (PA)' + (AB)2 -2(AB)x 

or, 

( PA)' + (AB) * - (PB)' 
X =  

2 (AB) 
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Similarly, by applying the law of cosines to triangle APC, the equation 

y = A E =  ( PA)' + (AC)' - (PC)' 
2 (AC) 

is obtained, where AC = 110 (cm) is a calibrated dimension for the sensor assembly. 

Finally, the z coordinate is obtained by: 

In the same manner similar equations for x, y, and z can be written for any combination of 
three slant range distances. 

6.3. Discussion of the sonic digitizing technique. 

According to system accuracy tests performed by Engin, a high degree of accuracy can be 
attained with this sonic digitizing technique, even with high degrees of acoustic blockage 
(Engin and Chen, 1987). The system accuracy tests demonstrate that the sonic digitizing 
technique can be employed to perform fairly complicated three-dimensional rigid body 
kinematic analysis when used in connection with an overdeterminate number of sonic 
emitters. 
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Cose, 0 -sine,--cos@, 

sine, O cos€$ 

Ni,& = O 1 O 

APPENDIX C. COORDINATE TRANSFORMATIONS AMONG THE FIXED BODY, 
INDIVIDUAL JOINT, AND MEAN JOINT AXIS SYSTEMS. 

sin@, 

-sin@, cos@, 

0 O 

In this Appendix the coordinate transformations among the fixed body, individual joint, and 
mean joint axis systems are presented. 

O 

1 

The locai joint axis system, as shown in Figure C.1, ia uniquely obtained by first rotating the 
fixed body axis system by an angle @, about the %-axis and then rotating the intermediate 
axis system by an angle O, about the y'-axis. 

o =  

Figure C.1. Joint axis system as obtained by two successive rotations, first about the qb- 
axis and then about the intermediate Y'-axis from the fixed body axis system. 

= 

The mean joint axis system is obtained in a similar manner with (g,, e,,) replaced by ( I$~ ,  e,,.,) 
(Engin and Chen, 1989). Since the joint sinus with spherical coordinates (I$, e) implies a unit 
vector with rectangular coordinates (sinecos@, sinOsin@, cosû), the coordinate transformation 
from (@f, Of) -relative to the fixed body axis system-, to ($, ûJ -relative to the joint axis system-, 
can be obtained in the following manner: 

cos0,cos@, cosensin@, -sine, 

-sin@, cos@, O 

sinencos@, sinensin@, cos0, 

where 

is the transformation matrix defining the joint axis system relative to the fixed body axis 
system, and x, y, and z can be numerically calculated with ($", O,,) and the joint sinus (I$~, Of) 
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Mmil& = 

specified. 

r 

cosO,cosg, cosO,sin$, -sine, 

sinO,cocg, sinO,sing, cosO, 

-sing, COS+ m O 

Comparing the left hand side and right hand side of equation C.1 the following equations can 
be obtained: 

gj = arctan, Y 
x 

and 

Oi = arccosz 

The coordinate transformation from (I$,, e,) to (gmj, emJ, where mj stands for the mean joint axis 
system, can be obtained in the same way as above with (gn, e,,) replaced by (g,, e,,,) so that 
the transformation matrix defining the mean joint axis system relative to the fixed body axis 
system now becomes: 

If the joint sinus is given relative to the individual local joint axis system, then the spherical 
coordinate transformation from (Gil eJ to (gmi, OmJ can be achieved by noting that 

where LfilR = N,& = Nivfb T , since Npfi is a proper orthogonal matrix, NR,&N$* = i , and 

X, Y, and 2 can be numerically calculated with ($,,,, O,,,), (&, OJ and the joint sinus (gi, 69 
specified. Comparing the left hand side and right hand side of equation C.2, the following 
equations can be obtained: 

Y g mi = arctan - 
X 

and 

8, = arccos2 
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APPENDIX D. VALUES OF THE COEFFICIENTS C, THROUGH C,, OF THE SHOULDER 
COMPLEX SINUSES FOR ALL (TEN) SUBJECTS. 

In this Appendix the values of the coefficients C, through C,, of the shoulder complex sinuses 
for all subjects are listed. Also the statistical analysis to establish a data base for the 
sheulde: cûmpkx sinus is introauced. 

D.l. Values of the coefficients. 

Since each subject has an individual local joint axis system specified by (@", 83, in statistically 
comparing the functional expansion coefficients of the joint property data, two different sets of 
sample means and sample variances can be obtained from different points of view: 
1. Subject-based mean and variance: here each individual local joint axis system, 

defined by (+", e,,), is considered as an index attributable to the individual anatomical 
variations in overall joint articulating structure as well as muscle/ligament orientations, 
and subjective kinematic behavioral variations in the circumscription mannerism. 
Then each individual joint sinus and the resistive force (moment) data should be 
described by (@j, O,) with respect to the joint axis system of each subject, namely, 
Qj = ej (4j for the shoulder complex sinus, 
and f = f ($, ei) for the resistive force (moment). 

The functional expansion coefficients obtained from these data are called "subject- 
based coefficients", and are shown in Table D.1. 

2. Space-based mean and variance: in this case the shoulder complex sinuses and the 
resistive force (moment) data are described by ($,, &,,i) with respect to a common 
mean joint axis system for all subjects, namely, 
emj = Qmj (4mJ 

f = f (@mi, e,i) 
for the shoulder complex sinus, and 
for the resistive force (moment), 

The functional expansion coefficients obtained from these data are now called "space- 
based coefficients", and are shown in Table D.2. 

The functional expression for the shoulder complex sinus is given in Paragraph 3.3.1 and is 
repeated here: 
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-0.06084 

-0.15690 

-0.32562 

-0.P7247 

-0.37299 

-0.46664 

-0.41879 

-0.28346 

-0.01552 

-0.29356 

0.02666 

Table D.l. Subject-based coefficients of the shoulder complex sinuses for all (ten) 
subjects. 

0.11961 

0.28160 

-0.02313 

-0.04754 

0.39152 

-0.15587 

0.35225 

0.47236 

0.28790 

0.18743 

0.04345 

Comx- I c1 
C1-s 

1 1.53292 

2 1.18066 

3 1.42229 

W. 4 1.70121 
No. 

5 1.28393 

6 1.57994 

7 1.75422 
.. 

0.05622 

0.22174 

0,17251 

.0.00376 

.0.44247 

0.00899 

0.07865 

c2 I 

-0.69396 -0.86106 

-0.22427 -0.80867 

-0.60433 -0.49631 

-0.63518 -0.39607 

-0.49447 -0.12844 

-0.42918 -0.47066 

0.04141 0.09062 

10 1.43838 L 
Sample 
Mean I 1.49936 

-0.09574 -0.29382 1 
-0.09257 -0.24640 I 

sawle 1 
Iariance 0.03112 0.00057 I 0.00808 

-0.36233 0.19558 I 

- 
=: 

O. 4439: 
_I_ 

0.3365C 

0.35114 

0.74636 

0.67981 

O. 89132 

0.63602 

0.79143 

0.53331 - 
0.44899 

0.58589 

0.03684 

c- 

a. 49886 

0.23417 

0.34084 

0.45572 

0.55630 

0.55373 

O. 62553 

0.50138 

0.27331 

0.51590 

0.45557 

0.01685 

5 

0.06685 

-0.34872 

-0.26833 

0.19442 

P 
"9 

-0.62262 

-0.32021 

-0.30699 

-0.26271 

~ ~~ 

10 c 

-0.42877 

-0.04841 

-0.12560 

-0.79351 

0.44145 -0.12712 1-0.61977 
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Table D.2. Space-based coefficients of the shoulder complex sinuses for all (ten) 
sÜ bjects. 

c2 c3 c4 coE??I- 
I 

Y - p  
0.29947 I 0.22508 

‘Tq7l-T 
-0.37071 I -0.30969 I 0.01536 

I 1 

I 
i i.iûi67 -0.13492 1-0.10623 -0,04934 
--El----- 

2 1.59502 -0.13343 -0.36746 -0.36963 

3 1.42535 -0.12051 -0.14047 -0.16509 

4 1.69959 -0.09904 -0.19982 -0.31658 

0.11099 

0.18949 0.38560 0.49613 I 0.09209 I -0.61517 1-0.36522 
0.26499 0.37472 I 0.34033 -0.26402 1 -0.29337 1-0.16580 

-0 .O1759 0.76733 0.45691 I 0.17579 1 -0.26778 1-6.81237 

5 1 1.28512 1 -0.07703 1-0.32588 1-0.47315 -0.05643 0.67388 0.55654 1 0.43909 1 -0.11917 1-0.61506 
0.91880 1 0.55155 6 1.57365 -0.04192 -0.36103 -0.36639 0.42768 

7 1.75407 -0.06101 -0.33126 -6.46733 -0.15494 

a 1.54165 -0.is04~ -0.28826 -0.42410 0.33518 

9 1.50088 -0.09623 -0.03463 -0.28225 0.47499 

-0.88100 

-0.80821 

-0.50851 

-0.40824 

10 1 1.43259 1 -0.00208 1-0.31430 I -0.007~1 0.31598 0.45068 0.51082 I 
0.58438 I 0.45450 Sample 

Man 1 1.49896 1 -0.09266 1-0.24693 1 -0.292i3/ 0.18903 
Sample 

variance 1 0.03091 1 0.00232 1 0.01395 I 0.02770/ 0.04548 0.04255 0.01727 I 
D.2. Statistical data base. 

By applying statistical analysis a statistical data base can be established for the shoulder 
complex sinus. The sample mean: 

L 
l 
i 

and the sample variance: 

can be defined. 
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Figure D.l displays the least-squares fitted data for the subject-based sinuses of all ten 

subjects. This Figure also shows curves for the sample mean, - O(@) , and those 

corresponding to E(+) 2 S, (g) . 

-5' . . . I I . . . . I . .  I . . .  I . .  . 1 _ .  1 
4 5 8 7 O 1 2 3 

+ (RAD.) 

Figure D.l. Curve-fitted data for subject-based sinuses of all subjects (dotted curves). 

Solid curves are for and GkS, . 
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Figure D.2 shows their corresponding globographic representations in the torso-fixed 
coordinate system. The spherical coordinates on the globe are referred to the fixed body axis 
system. Therefore, the coordinates (@f, 03 = (Oo, 909 on the globe correspond to the 
emergent point of the %,,-axis, and the coordinates (@f, 03 = (go", 909 correspond to the 
emergent point of the y,-axis. Note that in this case the most "appropriate" local axis system 

IUI irie suqect-based e(@j ana Sf(@) is the mean joint axis system, designated by the 

sample mean, (&,,, O,,.,), 

- 
x-.. A L -  -..I z 

1 
'fb 'fb 

Figure D.2. Globographic representations of and S, (subject-based). 

I 
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Figure D.3 displays the least-squares fitted data for the space-based sinuses for all ten 

subjects. This Figure also shows curves for the sample mean, O ( $ )  , and those 
- 

- 
corresponding to O (4) 2 S, (4) . Figure D.4 shows their corresponding globographic 

representations. In this case the mean joint axis system ia used dor the cpace-based i(@) 

and g(4) , since all the sinuses are represented in this axis system. 

2.25 

2 .o0 

1 -75 

1.50 

1.25 

I .o0 

0.75 

V.J U o I 2 3 4 5 6 7 

Figure D.3. Least-squares fitted data (dotted lines) for the space-based sinuses for all ten 
subjects. The middle solid curve is the space-based sample mean joint sinus, 

O($) . The upper and lower solid curves are O ( $ )  +Se(+) and 

8 (4) - Se (4) , respectively. 

- - 

- 
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Figure D.4. Globographic representations of i($) and i($) 2 Se (4) (space-based). 
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- For the purposes of comparison, Figure D.5 displays the sample mean, e($) , and those 

corresponding to i($) *Se (4) for both space-based and subject-based sinuses. 

L 
2.1 1 

O I 2 3 .  4 5 6 7 
+ (RAD.) 

- 
Figure D.5. 8 ($) and i(+) Se (4) for both space-based and subject-based sinuses. 

Note that the two s($) curves coincide with each other in this Figure. 
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APPENDIX E. VALUES OF THE COEFFICIENTS C, THROUGH C,, FOR THE PASSIVE 
RESISTIVE FORCE (MOMENT) DATA FOR ALL (TEN) SUBJECTS. 

In this Appendix the values of the coefficients C, through C,, for the passive resistive force 
(moment) data for all subjects are listed. Also the statistical analysis to establish a data base 
for the force properties is introduced. 

E.l. Values of the coefficients. 

The functional expansion for the passive resistive force (moment) is given in Paragraph 3.3.2, 
but is repeated here: 

f($, e) = (C, + C2cos$ + C3sin+) 0 + 
+ ( C,cos2$ + C,cos$sin$ + Cesin'$) e2 + 
+ ( C,coc3$ + C,cos2$sin$ + C,cos$sin2$ + C,,sin3$) O3 

Table E.l shows the subject-based coefficients for the passive resistive force (moment) data 
for all (ten) subjects. Table E.2 shows the space-based coefficients for the passive resistive 
force (moment) data for all (ten) subjects. The definitions of "space-based" and "subject- 
based" coefficients are given in Appendix D. 
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Subject-based coefficients for the passive resistive force (moment) data for all 
(ten) subjects. 

Table E.l. 

COEFFI- I c1 I c j  
I I 

I c. I o C. ~ I cg c. - i 
I U  

-4.84200 1.79200 -0.10900 

-8.05100 0.09300 -1.57300 

CIE? - 

mJ. 
No. 

-4.80500 1 -21.36600 

2 -33.74500 

3 -30.76300 

4 -26.57200 

O. 51300 

-3.53400 

-0.91700 

-3.62800 

0.23400 

-4.94500 

3.19000 

5 1-15.06400 -2.25400 -4.62300 I19.08300 5.13200 I 12.21000 -3.36300 
1 

6 1-20.32000 -0.93700 8.20800 ~16 .10400  6.94600 16.73100 I -1.31900 -3.95400 I 0.22300 1-1.62800 1 
7 I -19.38200 -1.02800 I13.51900 2.13400 I 12.15200 -0.16100 -2.32700 

8 I-16.09600 -0.92600 4.27800 110.56800 1.66300 I 12.45500 -0.90400 -1.70600 ] 1.03100 1 -0.21500 I 
I 1 1 

9 1-17.80500 1 -6.06200 2.62300 17.43000 I 4.11000 13.35300 I 0.85200 -2.15800 1 1.14300 I - 0 . 0 8 7 A  

O 1-13.86800 -1.53400 -1.21800 

-1.36790 

2.68291 

M e M  -21.49310 I Sample 
-2.03660 

- -~ ~~ 

variana 45.40725 
-pl* I 7.51404 
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CCIBJ. 4 -24.89000 0.55200 4.36000 25.49800 7.21700 16.R6000 
No. 

5 -14.96100 -2.44300 -4.64400 19.10400 4.96000 12.10800 

6 -20.43000 -1.66200 7.41400 15.83900 7.17000 17.24500 

9 -19.48200 -2.28600 -1.02700 13.52000 2.14500 12.17000 

Table E.2. Space-based coefficients for the passive resistive force (moment) data for all 
(ten) subjects. 

c7 cg 5 0  I 
I 11 -21.77200 I -0.49800{ 0.53500 I 22.69200 3.95200 I 16.39900 1 

CbBRI- i c1 
CrIarJ I 

I I  

I 21 -35.05500 I 2.272001 6.50200 I 32.334001 7.19800 I 23.12200 

=2 c3 c4 cg ‘6 

I 

-31.81800 -5.62706 -0.36860 27.31800 7.13200 22.53100 IJ1 - 1  I I I I 

8 

9 

-16.03200 -0.45800 4.93200 10.56600 1.53100 12.35600 

-17.44700 -e.43000 1.56400 17.05700 4.06400 13.2~400 

Sample 
Var ianee 

1 10 I -13.17800 1 -2.310001 2.13100 I i~.ìi4001 5.37400 1 10.94800 

51.73908 9.36730 13.86847 49.71848 4.58292 19.00889 

-21.49850 -2.08900 2.13990 19.70420 5.07430 15.69930 1 1 1 I I 1 

0.39000 I -4.Oû2OOi 1.00600 I -0.50400 I 

-3.86000 I -7.05000( 0.02700 I -1,58800 I 
-1.37600 1 -5.83300(-0.(11OûO I -1.19700 I 
-3.60000 1 -6.666ü0~-1.48000 I -1.30600 

-0.15300 I -1.034001-0.30000 1 0.32900 I 
-0.96300 1 -1,719001 1.11200 I -0.23700 I 
0.89800 I -2.46100( 1.45700 I 0.15100 I , 

-0.69100 I -4.438001-0.94400 I -0.69300 I 
-1.36260 I -3.979801 0.23270 I -0.S7860 J 

2.87292 I 4.247021 0.98632 1 0.85544 I 
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E.2. Statistical data base. 

By applying statistical analysis a statistical data base can be established foor the force 
(moment) properties. The sample mean: 

and the sample variance: 

can be defined. 

Figure E.l shows both the space-based and the subject-based sample means for the passive 
resistive force (moment) property in the form of a constant contour map. Since the difference 
between these two contour maps is imperceptible they are shown in two separate Figures. 

( b l  (a )  
Constant contour maps of (a) space-based and (b) subject-based sample 
means for the passive resistive force (moment) in Newtons (Newton-meters). 

Figure E.1, 

It should be mentioned that the force (moment) data are collected beyond the maximum 
voluntary sinus up to the point where the subject starts experiencing discomfort or pain or the 
upper arm can no longer be moved, because the arm moves into the torso. This point will be 
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1.2 

referred to as the "maximal forced sinus". 

," - 
L 

c 

I l . . . . l . . . . I . . . . l . . . .  

Figure E.2, for comparison, displays the space-based as well as the subject-based sample 
means for the maximal forced sinuses. With the exception of the region O e $I c %n, these 
two sample means have imperceptible difference. Finally, Figure E.3 shows the globographic 
representations of the subject-based mean maximal voluntary and mean maximal forced 
sinuses. 
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i72", 90") 

Figure E.3. Globographic representations of the subject-based mean maximal voluntary 
(inner curve) and mean maximal forced (outer curve) sinuses. 
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To obtain some physical insights into the nature of the joint property of the human shoulder 
complex, the three most important results are superimposed on the same Figure, Figure E.4. 
These three most important results are: 
I. 
2. the maximal voluntary sinus, 
3. the maximal forced sinus. 

the (subject-based) sample means of the passive resistive force (moment), 

( -2.5,  2.5 

Figure E.4. Subject-based sample means of the passive resistive force (moment), 
maximal voluntary sinus (inner dashed), and maximal forced sinus (outer 
dashed). 

First several observations concerning the passive resistive properties beyond the maximal 
voluntary shoulder complex sinus can be made: 
1. The constant resistive force (moment) contours are not simply an outward conformal 

expansion of the maximal voluntary sinus as might be guessed. In currently existing 
multi-segmented total-human-body models, however, this outward expansion is used. 
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2. The shoulder complex is least elastic in the two rear quadrants (O < $ < x). In this 
region more or less constant force (moment) values - between 14 and 18 Newtons 
(Newton-meters) - were observed to initiate discomfort. 

3. The lower front portion (x < + < l%x) of the plot exhibits the most elastic behaviour 
due to adduction of the upper arm into the torso. No real discomfort was observed 
and the maximal forced sinus in this region is based on the 8 values reached as far 
as possible during constant-+ sweeps for the force (moment) levels which were 
applied. 

4. The upper front region (1Ym < < 2x) exhibits an intermediate characteristic in terms 
of elasticity. In this region discomfort initiates at the force (moment) level of about 26 
Newtons (Newton-meters) . 

Secondly, the maximal voluntary and forced sinuses specify the applicable domain of the 
passive resistive property. The resistive forces (moments) below the maximal voluntary sinus 
can be neglected. Therefore the maximal voluntary sinus can be considered as the lower limit 

of the applicable range for the expansion function f ($ ,e)  for the passive resistive 

properties. In the strict sense the upper limit is the rnaximal forced sinus for the applicability 

- 

of j i$,0) . 

According to Engin (Engin and Chen, 1987) the extrapolated values of %$,O) beyond this 
upper limit are the most likely predictions for the passive resistive shoulder properties beyond 
this upper limit, and can be used up to the point of impending injury for the simulation studies 
of multisegmented mathematical models. 

Our opinion, however, is to be very careful extrapolating these measurements. Injury in the 
shoulder, and therefore drastic changes in properties of the shoulder, may occur when motion 
takes place outside the pain boundary. 
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APPENDIX F. PASSIVE RESISTIVE MOMENT COMPONENTS AND RESISTIVE TORQUE. 

In this Appendix the results as presented in three papers by Engin (Engin, year unknown (a), 
Engin, 1979a, and Engin, 1979b) are shown. The passive resistive properties of the shoulder 
complex associated with sweeping type of motion are displayed in the Figures in this 
Appendix. 

Also the behaviour of the passive resistive torques about the upper arm (humeral) axis during 
the internal and external torque application on the upper arm is shown in this Appendix. For 
this test, the upper arm is oriented along the positive x-direction and the zero value of the 
angle 
In these tests three subjects are used and the tests are repeated at least three times. 

corresponds to a 45’ internally (medially) rotated arm position. 

In the Figures the M,, My, and M, are given in the x’y’z’-axis system as shown in Figure 3.5 
and F.1. Also the angles defined in these Figures are used here. 
During adduction the value of 4 is negative, duincg abduction positive. 
During flexion the value of 0 is positive, during extension negative. 

In this study, a fixed point S (Figure F.l) coincides approximately with the centre of the 
glenohumeral joint when the arms are on the side of the torso. of course, when the arm 
motion starts, the centre of the glenohumeral joint moves away from point S. Further note 
that for any other point in the shoulder joint complex the corresponding moment vector is the 
sum of the moment vector given at point S and the vector obtained by the cross product of 
the position vector, which extends from that point to point S, and the force vector itself. 
The coordinates of the point S used for the shoulder complex for all three subjects are as 
follows: x, = O (m) x, = O (m) x, = O (m) 

y, = 0.177 (m) 
z, = -0.148 (m) 

where the x, y, and z values refer to the torso-fixed coordinate system shown in Figures 3.5 
and F.1. In this Appendix the results are presented for the initial condition configuration for 
which the arms are on the side of the torso and they refer to the torso-fixed coordinate 
system. Furthermore, the resistive force and moments displayed in the Figures are the 
reactions of the torso evaluated at the fixed point S. 

y, = 0.181 (m) 
z, = -0.152 (m) 

y, = 0.186 (m) 
z, = -0.156 (m) 

Figure F. 1. Used coordinate systems and angles. 
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In Figure F.2 the components of the passive resistive force vector at the shoulder joint of the 
first subject during forced sweep of the arm for the shoulder abduction and adduction are 
presented. Corresponding passive resistive moment vector components are shown in Figure 
F.3. During this test the subject is in a normal seating configuration. The chair is not rotated 
in any direction and the subject's arm is moved in abduction and adduction directions for a 0- 
value nominally equal to 75". Zero value of angle $ corresponds to straight anterior extension 
of the arm. Thus, positive values of 6 designate abduction, which is the motion of the arm in 
the lateral direction; and negative values of Mesignate adduction, which is the motion of the 
arm in medial direction. In Figures F.4 through F.7 results for the same test are presented for 
the second and third subjects. 

In Figures F.8 through F.13 components of the passive force and moment vectors at the 
shoulder joint are plotted for all three subjects for the forced sweep of the arm for the 
shoulder abduction in frontal plane. For the standing subject this motion corresponds to 
raising of the arm without allowing rotation about the axis of the humerus. Tests were 
conducted on the subject when the chair angle was pitched backward such that the subject's 
torso was parallel to the ground. This effectiwely converted the raising of the arm motion to a 
motion that took place in a horizontal plane. 

The next six Figures, Figures F.14 through F.19, show the components of the passive 
resistive force and moment vectors at the shoulder joint for all three subjects for the forced 
sweep of the arm for shoulder extension. To simulate this, the chair in which the subject are 
seated was rotated from the pitched backward position in the direction of 90" roll (sideward). 
These two rotations placed the subject lying on his side supported by lower limb and torso 
supports and helmet. 

In the last Figure, Figure F.20, the behaviour of the passive resistive torques about the long 
bone (humeral) axis of the upper arm during the internal and external torque application is 
shown. For this test, the upper arm is oriented along the positive x-direction and the zero 
value of the angle -q corresponds to a 45" internally (medially) rotated arm position. 
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Figure F.2. Components of the passive resistive force vector at the shoulder joint for the 
first subject during forced sweep of the arm for the shoulder abduction and 
adduction. 

In this case: 0 = 75O, -60' c (I < 150'; F,, F,, F, subject 1. 

VoIWtary Range of Mglm 
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Figure F.3. Components of the passive resistive moment vector at the shoulder joint of 
the first subject during forced sweep of the arm for shoulder abduction and 
adduction. 

In this case: 0 = 75O, -60" c I$ c 150"; M,, My, ivi, subject I .  
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Figure F.4. Components of the passive resistive force vector at the shoulder joint of the 
second subject during forced sweep of the arm for the shoulder abduction and 
adduction. 

In this case: 0 = 75", -60" e $ e 155"; F,, Fy, F, subject II. 

ZO 
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Figure F.5. Components of the passive resistive moment vector at the shoulder joint of 
the second subject during forced sweep of the arm for the shoulder abduction 
and adduction. 

In this case: 0 = 75", -60" e $ e 155"; M,, My, M, subject II. 
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Figure F.6. Components of the passive resistive force vector at the shoulder joint of the 
third subject during forced sweep of the arm for the shoulder abduction and 
adduction. 

In this case: 6 = 75', -65' e I$ e 155'; F,, Fy, F, subject 111. 
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Figure F.7. Components of the passive resistive moment vector at the shoulder joint of 
the third subject during forced sweep of the arm for the shoulder abduction 
and adduction. 
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In this case: 8 = 75', -70' e 4 < 155'; M,, My, M, subject 111. 
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FORCED SWEEP CF THE ARM FOR SHWLDER AWJCT1oN.P 

Figure F.8. Components of the passive resistive force vector at the shoulder joint of the 
first subject during forced sweep of the arm for the shoulder abduction in the 
frontal plane. 

In this case: Q = 90°, 60" e 8 < 160"; F,, F,, F, subject 1. 
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U a FORCED SWEEP OF THE ARM FOR SH0LIU)Eñ Aû0uCT10N,6b 

Figure F.9. Components of the passive resistive moment vector at the shoulder joint of 
the first subject during forced sweep of the arm for the shoulder abduction in 
the frontal plane. 

In this case: Q = 90°, 60" < 8 e 160"; M,, My, M, subject 1. 
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Figure F.10. Components of the passive resistive force vector at the shoulder joint of the 
second subject during forced sweep of the arm for the shoulder abduction in 
the frontal plane. 

In this case: 4 = go", 60" e 6 e 155"; F,, F,, F, subject II. 
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FORCED SWEEP OF THE ARM FOR SHOULDER ABDUCTION,8* 
Figure F. 11. Components of the passive resistive moment vector at the shoulder joint of 

the second subject during forced sweep of the am for the shoulder abduction 
in the frontal plane. 

@ = go', 60' c 8 < 155'; M,, My, M, subject II. In this case: 
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Figure F.12. Components of the passive resistive force vector at the shoulder joint of the 

third subject during forced sweep of the arm for the shoulder abduction in the 
frontal plane. 

@ = 9O0, 80" c 6 < 150'; F,, Fy, F, subject 111. In this case: 
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Figure F.13. Components of the passive resistive moment vector at the shoulder joint of 

the third subject during forced sweep of the arm for the shoulder abduction in 
the frontal plane. 

I$ = go", 80" < 8 < 150"; M,, My, M, subject 111. In this case: 
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Figure F.14. Components of the passive resistive force vector at the shoulder joint of the 
first subject during forced sweep of the arm for the shoulder extension. 

0 = O", -90" -e 8 c -20"; F,, Fyt F, subject I .  In this case: 
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Figure F.15. Components of the passive resistive moment vector at the shoulder joint of 
the first subject during forced sweep of the arm for the shoulder extension. 

I$ = O", -90" e 8 c -20"; M,, My, M, subject I .  In this case: 
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Figure F.16. Components of the passive resistive force vector at the shoulder joint of the 
second subject during forced sweep of the arm for the shoulder extension. 

In this case: I$ = O", -60" e 6 e -15"; F,, F,, F, subject ll. 

89 



Human Joint Modelling. F. Passive Resistive Moment ... 

30 

20 

io 

0 -  

-10 

6o I 

- 

- 

- 

- 
Voluntary Range of Motion -lx 

-20 I 1 I I I l I I _ _  
- 2 0  -30 -40 -50 -60 -70 O -io 

FORCED SWEEP OF THE ARM FOR SHOULDER EXTENSIoN,eo 

Figure F.17. Components of the passive resistive moment vector at the shoulder joint of 
the second subject during forced sweep of the arm for the shoulder extension. 

Q = O’, -65’ < O < -15’; M ,  My, M, subject I I .  In this case: 
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Figure F.18. Components of the passive resistive force vector at the shoulder joint of the 
third subject during forced sweep of the a m  for the shoulder extension. 

@ = O", -65" < 0 < -20'; F,, Fy, F, subject 111. In this case: 
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Figure F.19. Components of the passive resistive moment vector at the shoulder joint of 

the third subject during forced sweep of the arm for the shoulder extension. 

In this case: @ = O", -65" c 8 c -20"; M ,  My, M, subject 111. 
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Figure F.20. Passive resistive torques about the long bone axis of the upper arm during 
the medial and lateral torque application. 

In this case: $ = O", 8 = go", -110" e I# < 70"; subjects I, II, and 111. 
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APPENDIX G. LISTING OF THE FORTRAN PROGRAM "SHOULDERJOINT". 

In this Appendix the Fortran program "Shoulderjoint" is listed. This program is made to 
mathematically represent the model of the human shoulder, as presented in Chapter 4 of this 
report. 

PROGRAM SHOULDERJOINT 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 

C 

Fortran program for the calculation of the appearing 
moments in the human shoulder joint, using 
measurements by Engin. 

Definition of variables used in this program. 

DOUBLE PRECISION C(lO), CF(10), MX, MX1, MX2, MY, MY1, 
*MY2, MZ, MZ1, MZ2, M, APSI(38), MPSI(38), PSI, PHI, 
*THETA, ROOT1(3), QROOT1(3), ROOT21, QROOT21, D1, D2, D3, 
*D4, D5, 06, D7, D8, D9, P1, Ql, P2, Q2, P3, Q3, CONST, MI, MJ 
COMMON /COEFFICIENTS/ e ,  CF 
COMMON /INTERPOL/ APSI, MPSI 
COMMON /MOMENTSl/ MX1, MY1, MZ1 
COMMON /MOMENTSZ/ MX2, MY2, MZ2 
COMMON /DCOEFl/ D1, D2, D3, D4, D5, D6 
COMMON /DCOEFL/ D7, 08, D9 
COMMON /PQl/ PI, Q1 
COMMON /PQ2/ P2, Q2 
COMMON /PQ3/ P3, Q3 
COMMON /ROOTS/ ROOT21, ROOTI, QROOT21, QROOT1 
DATA CONST /O.OOO/ 

C1 through C10: coefficients proposed by Engin belonging 
to the torque data. 
CF1 through CF10: coefficients proposed by Engin 
belonging to the free range of motion. 
Both sets of coefficients are subject-based. The 
coefficients can be modified if new data is available. 

C(1) = -21.49310 
C(2) = -2.03660 
C(3) = 2.21320 
C(4) = 19.60600 
C(5) = 5.15610 
C(6) = 15.78320 
C(7) = -1.36790 
C(8) = -4.13520 

C(10) = -0.60590 
C(9) = 0.21110 

CF(1) = 1.49936 
CF(2) = -0.09257 
CF(3) = -0.24640 
CF(4) = -0.29356 
CF(5) = 0.18743 
CF(6) = 0.58589 
CF(7) = 0.45557 
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C 

CF(8) = 0.00899 
CF(9) = -0.42918 
CF(10) = -0.47066 

APSI(1) through APSI(38), and MPSI(1) through MPSI(38) 
are the angles and torques belonging to torsion about the 
long bone axis. The angle "psi" is the torsion angle about 
the local joint z-axis of the moving joint member. The values 
of these coordinates are obtained from Engin, and can be 
adjusted if new data is available. 

APSI(1) = -2.094 
APSI(2) = -2.064 
APSI(3) = -1.955 
APSI(4) = -1.915 
APSI(5) = -1.866 
APSI(6) = -1.780 
APSI(7) = -1.705 
APSI(8) = -1.628 
rnSI(9) = -1.490 
APSI(10) = -1.349 

APSI(12) = -1.000 
APSI(11) = -1.176 

APSI(13) = -0.813 
APSI(14) = -0.651 
APSI(15) = -0.499 
APSI(16) = -0.349 
APSI(17) = -0.224 
APSI(18) = -0.140 
APSI(19) = -0.060 
APSI(20) = o. 
APSI(21) = 0.156 
APSI(22) = 0.279 
APSI(23) = 0.401 
APSI(24) = 0.539 
APSI(25) = 0.628 
APSI(26) = 0.658 
APSI(27) = 0.757 
APSI(28) = 0.791 
APSI(29) = 0.868 
APSI(30) = 0.928 
APSI(31) = 0.955 
APSI(32) = 0.993 
APSI(33) = 1.023 
APSI(34) = 1.047 
APSI(35) = 1.071 
APSI(36) = 1.094 
APSI(37) = 1.137 
APSI(38) = 1.167 

MPSI(1) = 78.9 
MPSI(2) = 40. 
MPSI(3) = 24. 
MPSI(4) = 19.5 
MPSI(5) = 15.3 
MPSI(6) = 12.9 
MPSI(7) = 10.5 
MPSI(8) = 9.3 
MPSI(9) = 6.4 
MPSI(10) = 6. 
MPSI(11) = 3.9 

95 



Human Joint Modelling. G. Listing of the Fortran Program ... 

MPSI(12) = 3.3 
MPSI(13) = 3.3 
MPSI(14) = 3.3 
MPSI(15) = 3.0 
mCI(16) = 2.7 
MPSI(17) = 2.7 
MPSI(18) = 2.7 
MPSI(19) = 2.7 
MPSI(20) = 2.7 
MPSI(21) = 0.0 
MPSI(22) = -2. 
MPSI(23) = -3.3 
MPSI(24) = -5.4 
MPSI(25) = -6.7 
MPSI(26) = -8.8 
WSI(27) = -11.4 
MPSI(28) = -14.7 
MPSI(29) = -16.4 
MPSI(30) = -20.5 
MPSI(31) = -24. 
MpSI(32) = -25.4 
MPSI(33) = -28.8 
MPSI(34) = -32. 
MPSI(35) = -34.7 
MPSI(36) = -37.3 
MPSI(37) = -50. 
MPSI(38) = -82.6 

C 
C During t e s t i n g  of t h i s  subrout ine t h e  va lues  of p s i ,  
C ph i ,  and t h e t a  can be i n i t i a t e d  here  ( i n  RADIAN): 
C 

C 

C 

DATA PSI /O.OOO/, PHI /O.OOO/, THETA /o.OOO/ 

CALL MOMENTSA ( PHI, THETA) 

WRITE(*, 101) 

WRITE(*, 90) MX1 
WRITE(*, 91) MY1 
WRITE(*, 92) MZ1 

101 FORMAT('M0MENT INTRODUCED BY BENDING AND FLEXION') 

90 FORMAT('MX1 = ',E10.4) 
91 FORMAT('MY1 = ',E10.4) 
92 FORMAT('MZ1 = ',E10.4) 

C 
C These moments (MX1, MY1, MZ1) are introduced by bending 
C and f l e x i o n  movements. 
C 
C A l s o  c a l c u l a t e  t h e  moment components introduced by 
C t o r s i o n  about t h e  long bone ax i s .  
C 

C 
CALL TORSION (PSI) 

WRITE(*, 102) 

WRITE(*, 93) MX2 
WRITE(*, 94) MY2 
WRITE(*, 95) MZ2 

102 FORMAT('M0MENT INTRODUCED BY TORSION') 

93 FORMAT('MX2 = ',E10.4) 
94 FORMAT('MY2 = ',E10.4) 
95 FORMAT('MZ2 = ',E10.4) 

C 
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C These moments (Mx2, MY2, MZ2) are introduced by t o r s i o n  
C 
C 

about t h e  long bone ax i s .  

Mx = Mx1 + Mx2 
MY = MY1 + MY2 
MZ = MZ1 + MZ2 
WRITE(*# 103) 

WRITE(*, 96) MX 
WRITE(*, 97) MY 
WRITE(*, 98) MZ 

103 FORMAT('T0TAL MOMENT') 

96 FORMAT('MX = ',E10.4) 
97 FORMAT('MY = ',E10.4) 
98 FORMAT('MZ = ',E10.4) 

C 
C The moment M i s  t h e  r e s u l t i n g  moment. 
C 

WRITE(*, 104) 

M = DSQRT (MX * MX + MY * MY + HZ * MZ) 
WRITE(*, 99) M 

104 FORMAT('T0TAL MOMENT MAGNITUDE') 

C 

99 FORMAT('M = ',E10.4) 
C 

C 
C 
C 
C 
C 

C 

END 

SUBROUTINE MOMENTSA ( PHI, THETA) 

DOUBLE PRECISION PHI, THETA, MX1, MY1, MZ1, RHS, Y, 

COMMON /COEFFICIENTS/ C, CF 
COMMON /MOMENTSl/ Mxl, MY1, MZ1 

Check i f  motion f inds  p lace  i n  o r  o u t s i d e  t h e  f r e e  range 

*CF(10), C(10), MJ 

C 
C 
C of motion of t h e  shoulder. 
C 

RHS = CF(1) + CF(2) * DSIN(PH1) + CF(3) * DCOS(PH1) + 
*CF(4) * DSIN(PH1) * DCOS(PH1) + CF(5) * DCOS(PY1) * 
*DCOS(PHI) + CF(6) * DSIN(PH1) * DCOC(PH1) * DCOC(PH1) 
*+ CF(7) * DCOS(PH1) * DCOS(PH1) * DCOC(PH1) + 
*CF(8) * DSIN(PH1) * DCOS(PH1) * DCOS(PH1) * DCOC(PH1) + 
*CF(9) * DCOS(PH1) * DCOC(PH1) * DCOC(PH1) * DCOS(PH1) + 
*CF(10) * DSIN(PH1) * DCOS(PH1) * DCOS(PH1) * 
*DCOS(PHI) * DCOS(PH1) 

C 
C WRITE (* ,  301) RHS 
C 301 FORMAT ('RHS = ', E10.4) 
C 

Y = THETA - RAS 
C 
C WRITE 
C 302 FORMAT 
C 

C 
IF (Y 

MX1 
MY1 

*, 302) Y 
('Y = ', E10.4) 
LE. O.) THEN 

= o. 
= o. 
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C 

C 

C 

C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

MZ1 = O. 

ENDIF 

IF (Y .GT. O.) THEN 
CALL MOMENTSB (PHI, THETA, MJ) 

MX1 = DCOS(PH1) * DSIN(THETA) * MJ 
MY1 = DSIN(PW1) * DSIN(THETA) * MJ 
MZ1 = DCOS(THETA) * MJ 

ENDIF 

This "MOMENTSB" subroutine calculates the moments that 
are occurring if motion takes place outside the free 
range of motion, using Engin's measurements. 

RETURN 
END 

SUBROUTINE MOMENTSB (PHI, THETA, MJ) 

Calculates the moments that are occurring if motion 
takes place outside the free range of motion, using 
Engin's measurements. 

INTEGER K, L, M, N 
DOUBLE PRECISION P1, Q1, P, Q, THETA, PHI, C(10), CF(10), 
*DI, D2, 03, D4, D5, D6, D7, D8, D9, P2, Q2, R00T1(3), 
*QROOT1(3), P3, Q3, El, E2, E3, ROOT21, QROOT21, CONST, MJ 
COMMON /COEFFICIENTS/ C, CF 
COMMON /DCOEF2/ D7, D8, D9 
COMMON /DCOEFl/ D1, D2, D3, D4, D5, D6 
COMMON /PQl/ P1, Q1 
COMMON /PQ2/ P2, Q2 
COMMON /PQ3/ P3, Q3 
COMMON /ROOTS/ ROOT21, ROOT1, QROOT21, QROOT1 

Calculate the coefficients in the (p, q)-field as defined by 
Engin. 

P1 = THETA * DCOS(PH1) 
Q1 = THETA * DSIN(PH1) 
WRITE (*,  351) P1 
WRITE (*, 352) Q1 

351 FORMAT ('Pi = ', E10.4) 
C 352 FORMAT ('Ql = ', E10.4) 
C 
C Make a line through (pi, 91) and (O, O): 
C Q = (91 / pi) * P 
C 
C 
C line and the moment lines defined by Engin. 
C 

Calculate the intersection-point between the above defined 

D1 = C(4) + (C(5) * Q1) / P1 + (C(6) * Q1 * Q1) / (Pi * Pi) 
D2 = C(1) * DSQRT(1. + (Q1 * Q1) / (Pi * Pi)) 
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D3 = C(2) + (C(3) * Q1) / Pi 
D4 = C(7) + (C(8) * Ql) / P1 
D5 = (C(9) * Q1 * Q1) / (P1 * Pi) 
D6 = (C(10) * Q1 * Q1 * Ql) / (Pi * P1 * Pi) 
If pl < O then coefficient D2 changes sign. 

IF (Pi .LT. O.) THEN 

ENDIF 

C 
C 
C 

D2 = -D2 

C 
C WRITE (*, 361) D1 
C WRITE (*, 362) D2 
C WRITE (*, 363) D3 
C WRITE (*, 364) D4 
C WRITE (*, 365) D5 
C WRITE (*, 366) D6 
C 361 FORMAT (‘Dl = ‘, E10.4) 
C 362 FORMAT (‘D2 = ‘, E10.4) 
C 363 FORMAT (‘D3 = ‘, E10.4) 
C 364 FORMAT (‘D4 = ‘, E10.4) 
C 365 FORMAT (‘05 = ‘, E10.4) 
C 366 FORMAT (‘D6 = ‘, E10.4) 
C 
C Simplification of the coefficients: 
C 

D7 = D1 / (D4 + D5 + D6) 
D8 = (D2 + D3) /(D4 + D5 + D6) 
D9 = D4 + D5 + D6 

C 
C WRITE (*,  367) D7 
C WRITE (*, 368) D8 
C WRITE (*, 369) D9 
C 367 FORMAT (‘D7 = ‘, E10.4) 
C 368 FORMAT (‘D8 = I, E10.4) 
C 369 FORMAT (‘D9 = I, E10.4) 
C 
C The equation for the closed moment-line is now: 
C p*p*p + D7 *p*p + D8 *p + const/D9 = O., where 
C const = -26. for the outer moment-line and const = O. 
C for the inner moment-line. 
C 
C The roots of the equation are (p2, 92) and (p3, 93) 
C 
C subroutine. 
C 

C 

respectively, and are calculated in the next section of this 

CONST = -26. 

CALL MOMENTSC (-26.D00) 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 501 

Is only one root computed or are more roots available. 

WRITE (*,  501) ROOTl(1) 
WRITE (*,  502) ROOTl(2) 
WRITE (*,  503) ROOTl(3) 
WRITE (*,  504) QROOTl(1) 
WRITE (*, 505) QROOTl(2) 
WRITE (*, 506) QROOTl(3) 
WRITE (*, 507) ROOT21 
WRITE (*, 508) QROOT21 
FORMAT (‘ROOT11 = I, E10.4) 

99 



Human Joint Modelling. G. Listing of the Fortran Program ... 

C 502 FORMAT (‘ROOT12 = * ,  E10.4) 
C 503 FORMAT (‘ROOT13 = * I  E10.4) 
C 504 FORMAT (‘QROOTll = * ,  E10.4) 
C 505 FORMAT (‘QROOT12 = *, E10.4) 
C 506 FORMAT (‘QROOT13 = ‘, E10.4) 
C 507 FORMAT (‘ROOT21 = E10.4) 
C 508 FORMAT (‘QROOT21 = g r  E10.4) 
C 

DO 200 K = 1, 3 
IF ((Pi .GT. O.) .AND. (ROOTl(K) .GT. O.)) THEN 
IF (ROOTl(K) .LT. 2.5) THEN 

P2 = ROOTl(K) 
42 = QROOTl(K) 

ENDIF 
ENDIF 

200 CONTINUE 
C 

DO 250 M = 1, 3 
IF ((Pi .LT. O.) .AND. (ROOTl(M) ,LT. O.)) THEN 
IF (ROOTl(M) .GT. -2.5) THEN 

P2 = ROOTl(M) 
Q2 = QROOTl(M) 

ENDIF 
ENDIF 

250 CONTINUE 
C 

IF ((Pi .GT. O.) .AND. (ROOT21 .GT. O.)) THEN 
P2 = ROOT21 
Q2 = QROOT21 

ENDIF 

IF ((Pi .LT. O.) .AND. (ROOT21 .LT. O.)) THEN 
C 

P2 = ROOT21 
Q2 = QROOT21 

ENDIF 
C 
C WRITE (*, 601) P2 
C WRITE (*, 602) Q2 
C 601 FORMAT (*P2 = * I  E10.4) 
C 602 FORMAT (‘Q2 = * ,  E10.4) 
C 

C 

C 
C 
C 
C WRITE (*, 701) ROOTl(1) 
C WRITE ( * I  702) ROOTl(2) 
C WRITE (*, 703) ROOTl(3) 
C WRITE (*,  704) QROOTl(1) 
C WRITE (*, 705) QROOTl(2) 
C WRITE (*, 706) QROOTl(3) 
C WRITE (*, 707) ROOT21 
C WRITE (*, 708) QROOT21 
C 701 FORMAT (*ROOTl(l) = * ,  E10.4) 
C 702 FORMAT (‘ROOTl(2) = ‘, E10.4) 
C 703 FORMAT (‘ROOTl(3) = *,  E10.4) 
C 704 FORMAT (‘QROOTl(1) = * I  E10.4) 
C 705 FORMAT (‘QROOTl(2) = * I  E10.4) 
C 706 FORMAT (‘QROOTl(3) = * ,  E10.4) 

CONST = O. 

CALL MOMENTSC (O.DOO) 

Is only one root computed or are more roots available. 
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C 707 
C 708 
C 

300 
C 

350 
C 

C 

C 
C 
C 
C 801 
C 802 
C 
C 
C 

C 
C 
C 
C 711 
C 712 
C 

C 
C 
C 713 
C 

C 

C 

901 

FORMAT ('ROOT21 = ', E10.4) 
FORMAT ('QROOT21 = ', E10.4) 

DO 300 L = 1, 3 
IF ((Pi .GT. O.) .AND. (ROOTl(L) .GT. O.)) THEN 
IF (ROOTl(L) .LT. 2.5) THEN 

P3 = ROOTI(L) 
Q3 = QROOTl(L) 

ENEIF 
ENDIF 
CONTINUE 

DO 350 N = 1, 3 
IF ( (  P1 .LT. O.) .AND. (ROOTl(N) .LT. O.)) THEN 
IF (ROOTl(N) .GT. -2.5) THEN 

P3 = ROOTl(N) 
Q3 = QROOTl(N) 

ENDIF 
ENDIF 
CONTINUE 

IF ((Pi .GT. O.) .AND. (ROOT21 .GT. O.)) THEN 
P3 = ROOT21 
Q3 = QROOT21 

ENDIF 

IF ((Pl .LT. O.) .AND. (ROOT21 .LT. O.)) THEM 
P3 = ROOT21 
Q3 = QROOT21 

ENDIF 

WRITE (*, 801) P3 
WRITE (*,  802) 43 
FORMAT ('P3 = ', E10.4) 
FORMAT ('Q3 = I, E10.4) 

Compute the values for interpolation or extrapolation. 

El = DSQRT ( (Pl-P3)*(Pl-P3) + (Ql-Q3)*(Ql-Q3) ) 
E2 DSQRT ( (Pl-P2)*(Pl-P2) + (Ql-Q2)*(Ql-Q2) ) 
WRITE (*, 711) El 
WRITE (*, 712) E2 
FORMAT ('El = ', E10.4) 
FORMAT ('E2 = ', E10.4) 

E3 = DSQRT ( (P2-P3)*(P2-P3) + (Q2-Q3)*(Q2-Q3) ) 

WRITE (*,  713) E3 
FORMAT ('E3 = ', E10.4) 
IF ( (El + E2 ) .LE. E3 ) THEN 

ENDIF 

IF ( (El + E2) .GT. E3 ) THEN 

MJ = ( El / (El + EZ) ) * 26. 

MJ = ( El / (El - EZ) ) * 26. 
WRITE (*,  901) 
FORMAT ('BENDING AND FLEXION MOMENT OUT OF MEASUREMENT 

*RANGE ' ) 
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C 

C 

714 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 391 
C 

C 
C 
C 
C 371 
C 372 
C 

C 
C 
C 

381 
C 

C 
C 
C 382 
C 

ENDIF 

WRITE (*, 714) MJ 
FORMAT (‘MJ = ‘ ,E10.4) 
MJ is the bending and fllexion torque about the z-axis of 
the local joint coordinate system of the moving member of 
the joint. 
Now this moment has to be written in components of the 
local joint axis system of the non-moving member. 

RETURN 
END 

SUBROUTINE MOPIENTSC (CONST) 

This subroutine calculates the roots of the moment-line 
equation. 

DOUBLE PRECISION 07, D8, D9, D10, D11, 012, D13, D14, CONST, 

COMMON /DCOEF2/ D7, D8, D9 
COMMON /ROOTS/ ROOT21, ROOT1, QROOT21, QROOT1 
COMMON /PQl/ PI, Q1 

WRITE (*, 391) CONST 
FORMAT (‘CONST = I, E10.4) 

*ROOT1(3), ROOT21, QROOT1(3), QR00T21, Ql, P1 

Dl0 = (D7 * D7 - 3. *D8)/9. 
D11 = (D7 * D7 * D7)/27. - (D7 * D8)/6. + (CONST) /(2. * D9) 

WRITE (*, 371) D10 
WRITE (*, 372) D11 
FORMAT (‘D10 = ‘, E10.4) 
FORMAT (‘Dil = ’, E10.4) 
IF ( (DlO*DlO*DlO - D11*D11) .GE. O.) THEN 

* 
* 

C 

C 

Then three real roots. 

WRITE (* ,  381) 
FORMAT(‘THREE REAL ROOTS ARE COMPUTED‘) 

Dl2 = DACOS(Dll/(DSQRT(DlO*DlO*D10))) 

WRITE (*, 382) D12 
FORMAT (‘D12 = I, E10.4) 

ROOTl(2) = -2. * DSQRT(D10) * DCOS ((Di2 9 2.*3.14159)/3.) 
ROOTl(1) = -2. * DSQRT(D10) * DCOS (D12/3.) - D7/3. 
- D7/3. 
ROOTl(3) = -2. * DSQRT(D10) * DCOS ((D12 + 4.*3.14159)/3.) - D7/3. 
ROOT21 = O. 
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C 

C 
C 
C 
C 
C 

C 

C 
C 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

QROOTl(1) = (Ql/Pl) * ROOTl(1) 
QROOTl(2) = (Ql/Pl) * ROOTl(2) 
QROOTl(3) = (Ql/Pl) * ROOTl(3) 
QROOT21 = O. 

Compare t h e  r o o t s  (ROOTl(i), QROOTl(1)) with (pi, 41): t hey  
have t o  be i n  t h e  same quaärant.  This  comparison is dons 
i n  subrout ine  "MOMENTSB" o 

ENDIF 

IF ( (D11*D11 - DlO*DlO*D10) .GT. O.) THEN 

Then only  one r e a l  root. 

D14 = D13 + (DABS(D11))**(1./3.) 
D13 = DSQRT (D11*D11 - DlO*DlO*DlO) 

IF (Dl1 .LT. O.) THEN 
ROOT21 = D14 + D10/D14 - D7/3. 
ROOTl(1) = o. 
ROOTl(2) = O. 
ROOTl(3) = O. 

ENDIF 

IF (D11 .GT. O.) THEN 
ROOT21 = -D14 - D10/D14 - D7/3. 
ROOTl(1) = O. 
ROOTl(2) = O. 
ROOTl(3) = O. 

ENDIF 

QROOT21 = (Ql/Pl) * ROOT21 
QROOTl(1) = O. 
QROOTl(2) = O. 
QROOTl(3) = O. 

WRITE (*, 401) 
401 FORMAT ('ONLY ONE ROOT COMPUTED') 

ENDIF 

RETURN 
END 

C 
C 
C 
C 
C 

C 
C 
C long bone ax i s .  
C 

SUBROUTINE TORSION (PSI) 

Calcu la t e s  t h e  torques i n i t i a t e d  by t o r s i o n  about t h e  

INTEGER I, J 
DOUBLE PRECISION A, B, C,  APSI(38), MPSI(38), PHI, 
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*THETA, PSI, MI, MX2, MY2, MZ2 
COMMON /INTERPOL/ APSI, MPSI 
COMMON /MOMENTS2/ MXZ1MY2,MZ2 

DO 100 J=1, 37 
C 

IF ((APSI(J) .LT. PSI) .AND. (PSI .LE. APSI(J+l))) THEN 
I = J  
A = MPSI(1) - MPSf(I+1) 
B = APSI(I+l) - APSI(1) 
C = PSI - APSI(1) 
MI = MPSI(1) - (A * C) / B 

ENDIF 
100 CONTINUE 

C 
C IE the angle "psi" comes outside the defined array, 
C the value of MI (the torsion moment) will be obtained 
C by extrapolation. 
C 

IF (PSI .GT. 1.167) THEN 
NI = -200. 
WRITE(*, 105) 
FORMAT('TORSI0N MOMENT OUT OF MEASUREMENT RANGE') 105 

ENDIF 
C 

IF (PSI .LE. -2.094) THEN 
MI = 200. 
WRITE(*, 106) 
FORMAT('TORSI0N MOMENT OUT OF MEASUREMENT RANGE') 106 

ENDIF 
C 
C MI is the torsion torque about the z-axis of the local 
C joint coordinate system of the moving member of the joint. 
C Now this moment has to be written in components of the 
C local joint axis system of the non-moving member. 
C 

MX2 = DCOS(PH1) * DSIN(THETA) * MI 
MY2 = DSIN(PH1) * DSIN(THETA) * MI 
MZ2 = DCOS(THETA) * MI 
RETURN 
END 

C 
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APPENDIX H. RESULTS FROM THE VERIFICATION TESTS. 

In this Appendix the results of the verification tests that are conducted with the program 
"Shoulderjoint" are presented. First the tests with varying q angle are listed (Table H.l)l then 
the tests to verify if the program computes the right free range of movement: boumdary are 
presented (Table H.2), and, finally, the results of the tests with varying @ and 8 angles outside 
the free range of motion are shown (Tables H . 3  and i-i.4). in this Appendix also the 
conclusions that can be drawn from these tests are presented. 

H.1. Verification tests with varying angle q. 

During the first series of tests (varying q angle) the moment M(@, e) introduced by bending 
and flexion is 0.0 (Nm), because the angles @ and 8 are chosen such that motion takes place 
inside the free range of movement (@=O (rad.), 8=0 (rad.)). The results for the torsion torque 
M(q) are shown in Table H.1. 

Table H.1. Results from the verification tests with varying angle v. 
moment introduced by: total moment expected 

torsion angle torsion (Nm) magnitude value comment 
v (Rad.) MX MY M, M (Nm) (Nm) 

-2.300 0.2642-228 0.000 200.0 200.0 200.0 o. o .m. r. 
-1.760 0.1 620-229 0.000 12.26 12.26 12.2 
-0.389 0.3672-230 0.000 2.780 2.780 2.9 
0.000 0.3567-230 0,000 2.700 2.700 2.7 
0.1 30 0.5944-231 0.000 0.450 0.450 0.420 
1 .O80 -0.4718-229 0.000 -35.72 (-)35.72 (935.4 
1.200 -0.2642-228 0.000 -200.0 (-)200.0 (-)200.0 o.o.m.r. 

where 0.o.m.r. means "out of measurement range". In this Table M,, My, and M, are the 
components of the torsion torque M ( q )  in the joint coordinate system of the non-moving 
member of the joint. 

It is unclear why the values for M, are not exactly equal to 0.0 (Nm); the values are so small, 
on the other hand, that in all computed cases M, can be considered equal to 0.0 (Nm). 

All values computed by the program show a good resemblance with the expected values, that 
can be deducted from Figure F.20, the middle curve. This curve is measured at subject 2, 
and is a good mean for the other curves in this Figure. 

From this result the conclusion can be drawn that the subroutine for the computation of the 
magnitude of the torsion torques gives accurate results. Also the transformation of the 
moment into components of the coordinate system of the non-moving member of the joint 
seems right. 
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H.2. Verification tests for the determination of the free range of movement boundary. 

During the second series of tests, the angle q~ is chosen q=0.156 (rad.); then M(q)=O.O (Nm). 
During the test the values of Q and 8 are varied. The aim of this series of tests is to verify if 
the program computes the right boundary for the free range of movement. The expected 
values can be read from Figure D.l. In Figure H.l the test procedure is shown. On lines of 
constant $value (p, q)-coordinate pairs are Wen  and the resuits from the computer program 
"Shoulderjoint" are compared with the expected value of the @, q)-coordinate pair on the free 
range of movement boundary. The results are presented in Table H.2. 

: numbeR 01 test Lim. 

Figure H.1. Test procedure for the determination of the free range of movement boundary. 
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Table H.2. Results from the verification tests with varying angles $ and 8. 

expected value 
line 41 e Pl q1 Mprogr. Mexpected on boundary 
# (Rad.) (Rad.) (Nm) (Nm) 4i e P1 q, 

1 0.0 1.250 1.250 0.0 0.0 0.0 0.0 1.469 1.469 0.0 
€9.0 1.344 1.344 0.0 0.0 0.0 
0.0 1.563 1.563 0.0 7.664 > 0.0 
0.0 1.450 1.450 0.0 0.0 0.0 
0.0 1.475 1.475 0.0 4.864 > 0.0 
0.0 1.460 1.460 0.0 0.0 0.0 
0.0 1,470 1.470 0.0 4.7 > 0.0 

2 0.785 1.250 0.884 0.884 0.0 0.0 0.785 1.385 0.980 0.979 
0.785 1.350 0.955 0.954 0.0 0.0 
0.785 1.450 1.026 1.025 9.0 > 0.0 
0.785 1,400 0.990 0.990 5.6 > 0.0 
0.785 1.380 0.976 0.975 0.0 0.0 

3 1.571 1.300 0.0 1.300 0.0 0.0 1.571 1.405 0.0 1.405 
1.571 1.350 0.0 1.350 0.0 0.0 
1.571 1.450 0.0 1.450 4.9 > 0.0 
1.571 1.410 0.0 1.410 5.2 > 0.0 
1.571 1.400 0.0 1.400 0.0 0.0 

4 2.347 1.600 -1.121 1.142 0.0 0.0 2.347 1.705 -1.194 1.217 
2.347 1.700 -1.191 1.213 0.0 0.0 
2.347 1.750 -1.226 1.249 9.0 > 0.0 
2.347 1.710 -1.198 1.220 8.0 > 0.0 

5 3.142 1.040 -1.040 0.0 0.0 0.0 3.142 1.048 -1.048 0.0 
3.142 1.050 -1.050 0.0 4.4 > 0.0 
3.142 1.045 -1.045 0.0 0.0 0.0 

6 3.927 1.250 -0.884 -0.884 0.0 0.0 3.927 1.395 -0.916 -0.916 
3.927 1.280 -0.863 -0.905 0.0 0.0 
3.927 1.300 -0.919 -0.919 3.6 > 0.0 
3.927 1.290 -0.912 -0.912 0.0 0.0 

7 4.712 1.550 0.0 -1.550 0.0 0.0 4.712 1.594 0.0 -1.594 
4.712 1.580 0.0 -1.580 0.0 0.0 
4.712 1.600 0.0 -1.600 6.7 > 0.0 
4.712 1.590 0.0 -1.590 0.0 0.0 

8 5.498 1.530 1.082 -1.082 0.0 0.0 5.498 1.557 1.101 -1.101 
5.498 1.540 1.089 -1.089 0.0 0.0 
5.498 1.550 1.096 -1.096 0.0 0.0 
5.498 1.560 1.103 -1.103 19.5 > 0.0 
5.498 1.555 1.100 -1.099 0.0 0.0 
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The results of these tests show that the computed values correspond with the expected 
values. Thus the conclusion can be drawn that the subroutine for computing the free range of 
movement boundary gives satisfactory results. 

H.3. Verification tests with varying angles I$ and 8; outside the Pree ramge of 
movement. 

During this third series of tests, the angle q~ is chosen q=0.156 (rad.); then M(q)=O.U (Nm). 
During the test the values of I$ and 8 are varied. The expected value of M(@, e) can be 
deducted from Figure E.4, with p=ûcosI$ and q=ûsing. The angles I$ and 0 are chosen such 
that the expected motion takes place outside the free range of motion. The results are 
presented in Table H.3. 

Table H.3. Results from the verification tests with varying angles 4 and 8; outside the 
free range of movement. 

angles moment magnitude total moment 
(Rad .) M(4h e) expected magnitude 
@ e (Nm) Mexp. (Nm) 

0.000 

0.790 

1.570 

2.360 

3.1 40 

3.930 

4.710 

5.500 

1.560 
2.000 
2.500 
1 S O 0  
2.030 
2.750 
2.090 
2.500 
1.720 
2.310 
3.030 
1.160 
1.560 
2.500 
1.590 
2.340 
1.660 
2.030 
2.500 
2.000 
2.400 

7.568 
21.57 
37.47 
8.433 
23.45 
43.85 
23.86 
36.00 
8.466 
23.21 
41.21 
8.544 
23.55 
58.81 
25.43 
56.24 
8.972 
22.97 
40.76 
24.97 
29.97 

6.0 
22.0 
40.0 (o.o.m.r.) 
6.0 
22.0 
46.0 (o.o.m.r.) 
22.0 
38.0 (o.o.m.r.) 
6.0 
22.0 
44.0 (0.o.m.r.) 
6.0 
22.0 
70.0 (0.o.m.r.) 
22.0 
66.0 (0.o.m.r.) 
6.0 
22.0 
44.0 (0.o.m.r.) 
22.0 
36.0 (0.o.m.r.) 

where 0.o.m.r. means "out of measurement range". 
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From this Table the following conclusions can be drawn. 

First it seems that the procedure for determining the magnitude of M(+, e), if (e, 0) is such 
that motion finds place outside Engin's range of measurements, is based on the right 
assumptions. In this case extrapolation from the last measured moment line M=26.0 (Nm) is 
used, assuming equiformity and equidistance of the moment lines. 

Also the computation of the BA(+, 0) magnitudes, where Nieqd,(+, CQ=22.0 (Nïn), seems to be 
accurate. 

In the cases where Mewd=6.0 (Nm), the computed magnitudes of M(+, 0) differ from the 
expected values. To search for a reason for this discrepancy, the following tests are 
conducted. For certain values of + and 0 the intersection points with the moment lines M=O.O 
(Nm) and M=26.0 (Nm) are deducted from the program "Shoulderjoint". The moment 
computed by the program is compared to the moment that can be computed analytically using 
the functional expansion for the passive resistive properties. The results are stored in Table 
H.4. 

Table H.4.  Comparison of analytical results with results from the program "Shoulderjoint". 

intersection with: 
M=26.0 M=O.O Maml. (Nm) + 0 P1 q 1  P2 q2 P3 q3 Mev. Mprogr Plql p2q2 p3q3 

(Rad.) (Rad.) (Nm) (Nm) 

0.0 

0.790 

1.570 

2.360 

3.140 

3.930 

4.710 

5.500 

1.560 
2.000 
2.500 
1.500 
2.030 
2.750 
2.090 
2.500 
1.720 
2.31 O 
3.030 
1.160 
1.560 
2.500 
1.590 
2.340 
1.660 
2.030 
2.500 
2.00 
2.400 

1.560 0.0 
2.000 0.0 
2.500 0.0 
1.056 1.056 
1.429 1.442 
1.936 1.953 
0.002 2.090 
0.002 2.500 
-1.221 1.212 
-1.640 1.627 
-2.151 2.134 
-1.160 0.002 
-1.560 0.002 
-2.500 0.004 
-1.121 -1.128 
-1.650 -1.660 
-0.004 -1.660 
-0.005 -2.030 
-0.006 -2.500 
1.417 -1.411 
1.701 1.693 

2.139 0.0 1.322 0.0 6.0 
II II II It 

I1 II I# I1 

22.0 
40.0 

22.0 
46.0 

0.002 2.162 0.001 1.285 22.0 
38.0 

22.0 
44.0 

22.0 
70. O 

-1.131 -1.137 -0.684 -0.689 22.0 
66.0 

22.0 
44.0 

1.476 -1.469 0.001 -0.001 22.0 
36.0 

1.492 1.506 0.8463 0.8541 6.0 
,I II II $1 

I1 U U I1 

I# I1 II I1 

-1.719 1.706 -0.981 0.9730 6.0 
U I1 I1 I1 

II I1 I1 I1 

-1.625 0.003 -0.932 0.001 6.0 
U II II II 

I 1  li II II 

M I1 I1 II 

-0.005 -2.110 -0.003 -1.423 6.0 
I1 I1 II I1 

I1 I1 II I1 

II II II ll 

7.568 
21 5 7  
37.47 
8.433 
23.45 
43.85 
23.86 
36.0 
8.466 
23.21 
41.21 
8.544 
23.55 
58.81 
25.43 
56.24 
8.972 
22.97 
40.76 
24.97 
29.97 

5.814 
20.42 
42.34 
6.357 
22.77 
51.30 
23.13 
41 .O0 
6.537 
22.46 
47.73 
5.930 
22.51 
95.12 
25.20 
87.02 
6.951 
22.04 
48.93 
21.61 
36.62 

25.99 
II 

I1 
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Human Joint Modelling. H. Results from the Verification Tests. 

This last test leads to the conclusion that in the interpolation subroutine the value where 
M,,,,=O.O (Nm) is not computed right. This means that taking the moment line M=O.O (Nm) 
as the lower border for the interpolation is not the right choice. In succeeding research a new 
interpolation technique has to be tested, with the moment line M=6.0 (Nm) as the lower 
border for the interpolation. This is also the lowest moment measured by Engin. A solution 
has to be found for the interpolation between the free range of movement boundary and the 
first moment line M=6.0 (Nm). 

While computing the intersection points (psi qJ in the case that $=5.500 (Rad.) something 
very strange happens. The value of p3 and q, computed by the model "Shoulderjoint" is 
almost 0.0, while a value > 0.0 is to be expected. We do not know what can be causing this. 

From test results not printed in this Appendix (namely, the components of the moment M(4, e) 
in the coordinate system of the nonmoving member of the joint), the following conclusion can 
be drawn. 
The magnitude of M(p,, 9,) is computed in a good manner in first instance, with the 
restrictions mentioned above, but the computations that are conducted with the magnitude of 
M to give the components of M in the coordinate system of the non-moving member of the 
joint, are not implemented yet. In succeeding research this feature has to be given thought 
to. 

H.4. Conclusions from the verification tests. 

The conclusion can be drawn that this model gives a very accurate result if the angles $ and 
8 are such that motion finds place inside the free range of movement. Also the subroutine for 
the computation of the torsion torque seems to work very accurately. 

If motion takes place outside the free range of movement, however, the value of the 
magnitude of the computed moment differs from the expected value in certain cases. 

Although this insufficiency is present in the current version of this new model, it is expected 
that this new model and program can be useful tools in modelling human ball and socket 
joints. It is expected that this insufficiency can be solved in the near future, using the insight 
and experience gained in this project. 
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