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Summary 1 

Summary 

Mathematical human body models (dummies) have been developed to establish the effectiveness of protective 
safety measures in motor vehicles, such as seat belts and airbags. The most sophisticated versions of these 
dummies are articulated and multi-segmented to simulate all the major articulating joints and segments of the 
human body. The body segments of dummies are usually modelled as rigid bodies. The joints, which enable 
relative motion between the body parts, are often modelled as ball and socket joints or revolute joints. These 
joints sufñce for the description of normal motion of human beings but are not applicable in the case of crash 
simulations in which large combined rotations and translations take place in a short time interval. 

This report has been written within the scope of a project supervisea by the TNO Roau Vehicles Institute. 
The aim is to formulate and implement a generalized and anatomical human joint model in the combined finite 
elemenVmultibody program MADYMO to simulate impacts. 
A review of the available literature concerning the modelling of human articulating joints has been given. Human 
joints have been classified according to their functions in the human body and degrees of freedom. Several 
modelling techniques have been discussed in the literature which consider anatomically correct impact and 
dynamical joint motion. The modelling techniques as proposed by Wismans (1980) and extended by 
Moeinzadeh (1981) and the MADYMO model of Yang et al. (1992 & 1993) have mainly been applied to the 
dynamical motion of the knee. With minor modifications, these modelling techniques can be extended to other 
joints as well. 

Experimental studies of lateral knee impacts and frontal bolster impacts have indicated that several 
requirements can be imposed on the modelling technique. The joint model has to: 

allow 3 rotational and 3 translational degrees of freedom, 
be dependent on the geometry (anatomically correct), 
be able to describe impact and non-impact characteristics, 
maintain surface/point contact during dynamic joint motion and allow surface release during impacts, 
allow surface layer deformation. 

It can be concluded that the modelling technique as proposed by Wismans & Moeinzadeh is the most 
comprehensive technique for describing anatomic dynamic joint motion. The technique allows 3-dimensional 
joint motion within the constraints of anatomically correct geometric point contact. Only a few 3-dimensional 
knee joint models have however been described in the literature. This is mainly due to lack of an efficient 
numerical solution procedure and data concerning contact surfaces and ligament constitutive behaviour. 
However, the modelling technique is not completely applicable for describing impact joint behaviour. The main 
reason is that the articulating surfaces are not allowed to be separated: surface or point contact is always 
maintained. Experiments have shown that this assumption is valid during gait but under severe impact loading 
conditions such as pedestrian-bumper impacts, ligament rupture causes surface release. The assumption of 
maintaining point contact is then no longer valid. 

The modelling technique of Yang (Yang & Kajzer, 1992 and Yang et al., 1993), which has been applied to 
model the knee joint, has been specifically developed to simulate lateral impacts. However, the joint model has 
not been validated for motion in the frontal plane. Three-dimensional joint motion is made possible by the 
unconstrained range of motion (free joint); the models do allow surface release. The anatomical correctness of 
model is limited since the modelling of the condyles as ellipsoids and the tibia as planes is less accurate than 
for the Wismans modelling technique. 

A definite advancement would be the possibility to model the surfaces as arbitrary surfaces. Arbitrary 
surfaces imply a prescribed surface geometry instead of ellipsoids. The prescribed ellipsoid-plane contact 
stiffnesses for modelling surface/point contact and surface layer deformation, have been determined from static 
axial loading tests and facilitate surface layer deformation. For simulating motion in the sagittal plane, the 
stiffness characteristics as a function of the flexion angle need to be implemented. 

It can therefore be concluded that the technique of modelling joints within MADYMO as free joints to allow 
slirface re!ease and using arbitraty surfaces to account for deformation and constrained motion shows the mos? 
promise. The specific validation of the technique, however, requires accurate data concerning articular surface 
geometries of the human diarthrodial joints such as the knee. Additional data such as joint component 
constitutive behaviour such as the ligaments and articular cartilage is also required. 
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I .  Preliminaries 

1.1 Introduction 

Injuries resulting from motor vehicle crashes are one of the leading causes of death and disability in modern 
society. Due to increased safety measures concerning vehicle occupant protection, imposed on motor vehicles 
by the authorities, it has become essential for the automotive industry to already encorporate possible safety 
aspects in the earliest design stages. 

The introduction and improvement of mathematical models of human beings and crash dummies is a 
prerequisite to establish the effectiveness of ihese protective safety measures in motor vehicles, such as seat 
belts and airbags. In order to approximate the human behaviour as closely as possible, modifications are done 
with the aid of experimental results. 

Mathematical human body models are called dummies. The most sophisticated versions of these dummies 
are articulated and multi-segmented to simulate all the major articulating joints and segments of the human 
body. Effectiveness of the multisegmented models to accurately predict live human response depends heavily 
on the proper biomechanical description and simulation of the articulating joints. 

The body segments of dummies are usually modelled as rigid bodies. The joints, which connect the body 
parts and enable relative motion between the body parts, are often modelled as ball and socket joints or 
revolute joints (Appendix A). These joints suffice for the description of normal motion of human beings but are 
not applicable in the case of crash simulations in which large displacements (combined rotations and 
translations) take place in a short time interval. In addition, these joints cannot describe life-like displacement in 
the joints: the knee joint is often modelled as a revolute joint but this does not correspond with experimental 
studies which conclude that the knee has no fixed centre of rotation. 

The primary step in obtaining a formulation of human joints is a review of the available literature concerning 
the modelling of human articulating joints. This report has been written within the scope of a project supervised 
by the TNO Road Vehicles Institute. The aim is to formulate and implement a generalized and anatomical 
human joint model in the combined finite element/multibody program MADYMO (developed by the TNO Crash 
Safety Research Centre in Delft, the Netherlands) to simulate impacts. 

In this chapter, joints are classified in functional joints and degrees of freedom. A division is made between 
phenomenological and anatomical joint models and an overview is given of the contents of this report. 

1.2 Classification of joints 

The human body consists of numerous joints which connect body parts. Three major classes of human joints 
can be identified: 

1) fibrous joints or synarthroses, such as the junction of the fibula to the tibia, which are united by fibrous 
connective tissue and allow no relative motion, 

2) cartilageneous joints or amphiarthroses, such as the ribs and sternum, which are joined by the cartilage and 
have little or no relative motion, 

3) diarthrodial or synovial joints, such as the knee and shoulder, which consist of a joint cavity with an outer 
fibrous covering (capsule) and inner synovial membrane (cartilage layers) which allow a wide range of 
motion. 

In this literature review, the emphasis will be on the description of diarthrodial joints. One of its primary 
functions is to facilitate body movement and locomotion. A diarthrodial joint is therefore characterized by its 
large degree of articulating motion. Although the individual anatomical forms and material properties of 
diarthrodial joints vary considerably, there are 2 components common to all diarthrodial joints: synovial fluid and 
connective tissue. Examples of connective tissue are articular cartilage, meniscus, ligaments, and tendons. 

3 3  Degrees of Freedom 

The joints in the human body can be categorised by the translational and rotational degrees of freedom. These 
degrees of freedom are predetermined by the shape of the surfaces of the articulating bones. In addition, the 
range and type of motion can also be limited by the presence of capsule, ligaments, and muscles in the joint. 
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Modelling the motion of joints is made difficult by the incongruency and complicated shape of the articulating 
surfaces. Also the presence of menisci and disci and the deformation of articular cartilage may be significant in 
the eventual possible motion of a joint. Lohman (1972) states that there are no joints in the human body with 
more than 3 degrees of freedom. During gait, a motion between bones consisting of more degrees of freedom 
is only possible due to the summation of motion of 2 or more joints. 

The following types of joints can be found in the human body: hinge joint, rolling joint, saddle joint, ellipsoidal 
joint, ball and socket joint, and planar joint (Figure 1.1). 

u 
hinge joint 

e 

U 
ellipsoidal joint 

rolling joint saddle joint 

l i  
U U 

ball and socket joint planar joint 

Figure 1.1: Types of joints in the human body (Lohman, 1972) 

A hinge joint has 1 rotational degree of freedom. The translational degree of freedom is prevented by a 
ledge perpendicular in the middle of the socket to the rotation axis and collateral ligaments. Examples of 
hinge joints are the joints between the phalanges of the finger and the femur-tibia joint in the knee (with a 
moving axis of rotation to allow rolling and gliding of the femur and tibia). 

The rolling joint or cylindrical joint has 1 rotational degree of freedom. A possible translational degree of 
freedom is prevented by ligaments. An example of a rolling joint is the joint between the caput of the radius 
and the proximal end of the ulna in the lower arm. 

The saddle joint consists of concave and convex articulating surfaces and has 2 rotational degrees of 
freedom. Examples of saddle joints are the sternoclavicular joint in the shoulder and the joint between the 
carpus and the metacarpale in the thumb. 

In an ellipsoidal joint, the 2 surfaces have a different curvature in the 2 perpendicular directions. These 
curvatures are convex and concave. Only 1 rotational degree of freedom is possible although deformation of 
the cartilage layer and deviations from the idealized ellipsoidal shape may enable more degrees of freedom. 
An example of an ellipsoidal joint is the joint between the radius and carpus in the wrist. 



1. Preliminaries 6 

A ball and socket joint has 3 rotational degrees of freedom. Typical examples are the glenohumeral joint in 
the shoulder and the hip joint. 

. A planar joint has 1 rotational and 2 translational degrees of freedom. Examples of planar joints are the flat 
joints in the cervical spine between adjacent vertebrae and the scapulothoracic joint in the shoulder. 

The relevant joints in the human body which this report is primarily focused on are the ankle, knee, hip and 
shoulder joints. This limits the selection to hinge, saddle, ball and socket, and planar joints. 

1.4 Phensmenoiogieai and anatomical joint modeis 

Joint models can be divided in phenomenological joint models and anatomical joint models. Hefzy & Grood 
(1988) applied this classification for knee models. This classification can of course also be taken into a wider 
scope and applied to joints in general. The phenomenological models are used to describe the response of the 
joint without considering its real structures. The anatomical models have been developed to study the behaviour 
of the various structural components forming the joint and require accurate description of the anatomy and 
geometry. 

In the literature, the emphasis has been on the development of a modelling technique for individual joints. 
Most of the literature concerning joint modelling techniques concentrate on the modelling of the static, quasi- 
static or dynamical motion of the human knee. Heízy & Grood (1988) and Hirokawa (1993) both give an 
extensive review of the available knee models in the literature. The only universal modelling technique for 
describing anatomical joint motion has been described by Moeinzadeh (1 981). Moeinzadeh modelled the knee 
joint and methods to model other joints have been discussed. 

1.5 Overview of this report 

In this report, a review is given of the main joint modelling techniques which have appeared in the literature. In 
Chapter 2, phenomenological joint models are discussed. In short, the physiological function of the individual 
joints are described and several experimental studies are given. The main part of the literature concerning 
anatomical joint modelling techniques has focused on the knee joint and to a lesser extent, the shoulder and 
hip joint. The anatomical knee joint modelling techniques for describing quasi-static and dynamic motion are 
discussed in Chapter 3. In Chapter 4, joint modelling techniques for the shoulder motion are discussed. In 
Chapter 5, injury mechanisms during impacts are discussed and requirements are determined for possible joint 
impact modelling techniques. The possible application of several anatomical joint modelling techniques are 
discussed. The report is concluded by comments concerning the requirements of the optimal modelling 
technique and recommendations for further research. 
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2. Phenomenological Joint Models 

2.1 Introduction 

The phenomenological models are used to describe the response of the joints without considering its real 
structures. Therefore, the influence of joint components such as the ligaments and cartilage layer on the joint 
motion cannot be differentiated. Phenomenological models are in essence not really joint models since their 
effectiveness in accurately predicting in vivo response depends heavily on the proper simulation of its 
articulating surfaces. Therefore, these models have limited usage in parameter studies. 

Some phenomenological models of human knees are simple hinced models and rheological models. It can 
easily seen that it’s not correct to model the knee as a simple hinge because the articulating motion of the knee 
has no fixed centre of rotation. Phenomenological models which take viscoelastic properties into consideration 
are called rheological models. These models can be comprised of masses, springs, and dashpots. 

In this chapter, several phenomenological joint models, which have been described in the literature, will be 
discussed. These joints models include: the shoulder, knee, hip, and ankle. The physiological function of the 
joints and several experimental studies are described. The models for the shoulder and knee have been used 
in crash-victim simulation related applications. The shoulder models lump all the passive elements in a 
moment-angle stiffness function but the knee models can include ligaments as well. It must be noted that it is 
not the aim of this report to give an extensive review of the available phenomenological joint models because 
this is a laborous task out of the scope of this research project. 

2.2 Database for passive joint resistive torques 

One of the main problems in modelling human joints is the directional dependency on torques. Engin & Chen 
(1987) established a database for the biomechanical properties of the major human articulating joints for the 
purposes of incorporation into the multi-segmented mathematical models of the total human body. Three- 
dimensional joint kinematics and motion resistive properties were measured for the shoulder, hip and elbow 
joints on human volunteers. A sonic 3-dimensional spatial digitizing system was used to track multiple targets 
on adjacent body segments. Each of the segments was moved through a maximum voluntary range of motion 
and also were subsequently forced to maximum voluntarily allowable ranges by an external applicator. The 
range of motion is controlled by ligaments, bony stops, tissue bulk, and muscle stretch. The target data were 
used to reconstruct the segment kinematics, which were then related to the force acquired to attain a given joint 
orientation. 

Currently (Obergefell, 1993), knowledge of passive joint resistive torques is being used in the modelling of 
human joint properties in occupant dynamic simulations using the Articulated Total Body model. The shoulder, 
hip, and ankle joints are modelled with 3 angular degrees of freedom, and the elbow and knee joints with one. 
The flexure resistive torque is measured and prescribed as a function of both flexion and azimuth. This enables 
non-symmetric joint stop contours and variable torque properties around the contour to be modelled. The twist 
torque is measured and modelled independently. The modelling method and the joint data are being tested in 
basic simulations to verify if the method is consistent with human articulations. Future plans include validating 
the human joint properties by running simulations of volunteer sled and drop tower tests. Limb positions and 
accelerations from test films and instrumentation will be compared with predicted results. 

2.3 Joint models 

2.3.1 The shoulder joint 

The shoulder joint is composed of 4 independent articulations among the bones of the complex: the clavicle, 
scapula, humerus and the thorax. There are two clavicular articulations: the sternoclavicular joint where the 
clavicle articulates with the manubrum of the sternum, and the acromioclavicular joint, where the clavicle 
sr&icu!ates with the acromion p:ocess of the scâpulâ. The glenohumeral joint is a ball %rid socket joint 
composed of the humerus and the glenoid cavity of the scapula. The scapulothoracic joint enables the scapula 
to slide on the backside of the thorax. Mathematical models of the shoulder mostly implies the modelling of the 
glenohumeral joint. 

The Calspan joint modelling techniques (Fleck & Butler, 1981) uses Engin’s measurements for the free 
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range of motion. The elements of the joints (cartilage, ligaments, etc.) are lumped into a prescribed torque- 
rotation angle function. Therefore no dynamic properties, such as muscles, are considered. The restrictions on 
the orientation of a joint, which are imposed by the internal and/or external geometry of the joint, are modelled 
using joint-stop contours. If motion takes place outside the range of movement, a user-defined stiffness 
(combination of simple mechanical components such as a linear spring, Coulomb friction damper) is used to 
apply a restoring torque to the terminal point of the position vector. However, the user-defined stiffness cannot 
vary over the shape of the voluntary shoulder sinus. 

Hoffman (1992) implemented a Fortran model of the shoulder joint to simulate the Engin experiments. The 
aim was to aeveiop a mathematicai representation for the magnitude of the passive resistive properties of the 
human ball and socket joints (hip, elbow, shouider). For this purpose, Rinctionai expansions for the boundary of 
the free range of movement and for the passive resistive forces that occur if motion takes place outside the free 
range of movement were implemented. Simulations were performed and it was concluded that the model very 
accurately represents the free range of movement. The model can be extended for the inclusion of muscular 
activity. 

The advantage of the Hoffman model in comparison to the Calspan model is that an arbitrary stop contour 
can be taken into account. If motion takes place out side the boundary of free movement then 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 model the user defines the value of the restoring torque. 

Engin (Engin & Tümer, 1989 and Tümer & Engin, 1989) described a 3-dimensional kinematic model of the 
shoulder based on the database. The shoulder complex sinus method was used for determining the range of 
motion. The joint sinus is defined as: the maximum range of angular motion permitted by the moving member 
of a joint while the other member is rigidly fixed. To define this shoulder complex sinus a kinematic data 
collection methodology by means of sonic emitters is applied. The model consists of an open loop chain of four 
links representing the torso, clavicle, scapula, amd humerus, connected to each other with ball-and-socket 
joints. The main objective was to establish the limits for the rotations of the clavicular, scapular, and humeral 
links with respect to torso and each other, as well as axial rotations involved. 

2.3.2 The knee joint 

In essence, the knee joint describes the articulating motion of the femur and tibia. This motion consists of a 
combined relative gliding and rolling of the 2 bones. The articulating motion of the patella and femur is not 
relevant at this point. Four major ligaments lend stability to the knee: the anterior and posterior cruciate 
ligaments prevent anterior-posterior displacement of the tibia relative to the femur while the medial and 
collateral ligaments prevent rotation of the tibia when the knee is fully extended and maintain contact between 
the femur and tibia. 

Simple hinge models of the knee have in the literature mainly been used as part of larger models which 
predict human body dynamics (muscle load sharing and joint reactions during walking). In these modeis the 
body segments were idealized as rigid links whose positions are actively controlled at their connecting joints. In 
these models, no details were given to the specifics of either joint geometry or ligament function (Hetry 8, 
Grood, 1 988). 

Dortmans (1988) described the dynamic behaviour of the joint by means of transfer functions. This enables 
quantification of the influence of the static equilibrium position, the magnitude of the loads on the muscle 
tendons and damaging of joint elements. The nonlineair behaviour was taken into account by introducing a 
dependence of the system parameters from the best-fitting linear system on the magnitude of the applied load. 
However, the behaviour of the knee joint was essentially nonlineair and linearization of the model failed. 

Loch et al. (1992) developed a 3-dimensional mathematical model of the human knee joint to examine the 
role of the anterior cruciate ligament (ACL) on joint motion and tissue forces. The knee is modelled as 2 rigid 
bodies representing the femur and the tibia. The bodies are interconnected by deformable structural elements 
to simulate the ACL, the cartilage and the rest of the knee tissues. Small displacements about an equilibrium 
position are assumed so that the linear elastic theory can be applied. A stiffness matrix can be determined to 
describe the stiffness as a function of a forced displacement in the chosen degree of freedom. However, due tc 
the nonlinear relationship between loading and displacement, the model cannot be applied for large 
displacements. Consequently, stiffness matrices and joint surface parameters must be determined at each 
equilibrium position in order to describe a wide range of motion. The model was demonstrated for the 
equilibrium condition of the knee in extension with an anterior tibial force. The force causes anterior drawer and 
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hyperextension. The knee stiffness matrix for this condition was measured in vitro. Qualitative agreement was 
found between model and experiment, validating the model and its assumptions. 

2.3.3 The hip joint 

The 2 articulating surfaces of the hip joint are the head of the femur and the acetabulum of the pelvis. The 
head of the femur is rather more than half of a sphere while the acetabulum is an approximately hemispherical 
cavity. Therefore, the hip joint can in essence be modelled as a ball-and-socket joint with 3 rotational degrees 
of freeuom (Moeinzaueh, 1981 j. The articulating surfaces are covered with articular cartilage and the bones are 
connected with 3 ligaments: iliofemoral, pubofemoral and ischiofemoral ligaments. 

Several experimental studies have been reported in the literature concerning the motion in the hip joint. 
Experimental studies concentrate on the contact loads and force transmissions in the hip joint. Tsuta & Bai 
(1 993) conducted experiments on the human body using a dynamic excitation apparatus. The joint parameters 
such as damping and spring constants in the hip joint were identified using a least squares approach. 
Experimental studies have been performed by Gignoux et al. (1993), that provided the kinematic and dynamic 
boundary conditions of the knee and hip joints. The study consisted in moving several bones such as the 
pelvis, femur and tibia to determine the functioning of the hip end knee joints. The analysis is performed during 
the stance phase when the joints are loaded. 

Due to the conforming and geometrically complicated surfaces, modelling of the hip joint has in the literature 
primarily been achieved by 3-dimensional finite element modelling. The main application of hip joint modelling 
has been in the field of artificial hip displacement. Tadano et al. (1994) analysed the load transfer between the 
femur and hip, before and after total hip replacement. Finite element stress analysis of the bone-implant system 
was carried out, assuming micro-motions between the stem and the femur (Kang et al., 1993 and Ortloff et al., 
1991). 

2.3.4 The ankle joint 

The ankle motion between the foot and the shank is defined as the motion between the calcaneus and the 
tibia. This motion is the result of motion in the ankle joint and subtalar or talocalcaneal joint. The ankle joint is a 
revolute joint formed by the articulation of the talus with a 3-sided socket. The socket is composed of the distal 
surface of the tibia and the articular surfaces of the tibial and fibular malleoli with the inferior transverse 
tibiofibular ligament, posteriorly. The tibia and fibula are firmly united at the inferior tibiofibular joint. The integrity 
of the ankle is determined by the bony structure and by the medial and lateral ligaments. The cartilage in the 
ankle joint is known to be viscoelastic but the rate of load application associated with normal gait results in an 
essentially elastic and reversible mechanical behaviour. The subtalar joint consists of the articulating motion 
between the talus and calcaneus. 

Several experimental results have been published in the literature for possible validation of mathematical 
ankle models. Abuzzahab et al. (1993) presented a system of dynamic 3-dimensional motion analysis of the 
human foot and ankle complex. Preliminary testing indicated that the system was suitably accurate and capable 
of producing repeatable results. Tang & Dai (1993) studied ankle motion of adults during level walking. Results 
included angle-force diagrams of the ankle in sagittal plane and angle-time diagrams in the frontal plane in the 
gait cycle. The practical value and clinical significance of these data were also discussed. Allinger & Engsberg 
(1993) developed a method to quantify the unconstrained range of motion of the ankle joint complex in vivo. 
Through statistical analysis it was concluded that the range of motion had decreased between a group of young 
and elderly subjects. Kearney et al. (1 990, (2)) determined passive (position-stiffness relations) and active ankle 
joint dynamics (torque-stiffness) relations. Intersubject variability and intrasubject reliability of quantative 
measures were examined for a group of adults. Siegler et al. (1 988) investigated the 3-dimensional non-axially 
loaded ankle and subtalar joints. The kinematic analysis was based on the helical axis parameters describing 
the incremental displacements between any of the 2 of the 3 articulting bones of the ankle joint complex. The 
main conclusions were that large kinematic coupling values are present at the foot-shank complex in 
inversion/eversion and in internal rotation/ external rotation. It was furthermore concluded that neither the ankle 
or the subtalar joints are ideal hinge joints with a fixed axis of rotation. This conclusion was supported by Davis 
& Ounpuu (1991). They compared 2- and 3-dimensional methods for the computation of joint rotation angles 
associated with pediatric running. The preliminary investigation indicated that 2-dimensional kinematic 
approaches may adequately represent the sagittal plane motion of the hip and knee, but may be insufficient for 
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describing ankle plantar/dorsiflexion. Chen et al. (1 988) investigated the 3-dimensional load-displacement and 
flexibility characteristics of the ankle joint complex. It was concluded that the ankle joint complex showed highly 
coupled flexibility and load-displacement characteristics and that rupture of the anterior talofibular ligament had 
a significant effect. This effect showed a change in the load-displacement and a large increase in the flexibility 
coefficients primarily in those corresponding to rotations in the transverse and the coronal plane. 

Morgan et ai. (1991) examined accident cases to determine the ankle joint injury mechanisms. It was 
concluded that lower extremity injuries are about 26% of the total moderate or greater injuries for belted 
accupants in frontal automotive impacts. Ankle injuries were roughly 34% of the lower extremity injuries. A 
prominent ankie injury mechanism is the application of force through the foot pedal to the ankle by dorsiflexion 
and also along an axis through the talus-tibia-fibula resulting in fracture. 

Only a few specific models of the ankle joint can be found in the literature. The available models are 
phenomenological models whereby the ankle joint is often encorporated into a lower limb model. The ankle joint 
is then modelled as a universal joint when simulating a weight-moving task (Son et al., 1988) or a ball-and- 
socket joint when simulating gait (Apkarian et al., 1989). To the best of my knowledge, no mathematical models 
exist which take the specific properties of the coupled motion and the non-fixed axis of rotation into 
consideration. Apkarian et al. (1989) gives a proper view of some human lower limb models developed to 
simulate during 2-dimensional gait. In these models, mainly the torques in the joints are of importance and 
static equilibrium is often not considered. Wynarski & Greenwald (1 983) concluded that definable weight- 
bearing areas exist in the human ankle joint. Resulting profile measurements reveal a generally uniform 
thickness distribution over both opposing surfaces. A mathematical analysis was to define a simplified 
geometric model of the contact area regions for varying load and the pressure distributions within the contact 
area. Results correlated well with in vitro studies. The articulating bones were covered by a thin layer of an 
isotropic and elastically reversible cartilage layer. The joint surfaces are considered to be ideally lubricated, 
allowing only the transmission of normal stress through the contact regions. The ligaments were not 
considered. Weiss et al. (1 986, (1)&(2)) used system identification techniques to examine the position 
dependence of passive and active ankle joint mechanics. The dynamic relation between ankle position and 
torque was determined for each mean position/tonic torque combination; a nonlinear minimation technique was 
used to estimate the 3 parameters (inertial, viscous, and elastic) of a second-order, underdamped system. The 
inertial parameter remained essentially invariant across all test conditions. However, the viscous and elastic 
parameters became larger as the joint was rotated toward the extremes of the range of motion. 
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3.1 Introduction 

The knee joint is one of the most complicated articulating joints in the human body. In the literature it has been 
reported that knee kinematics are poorly modelled using hinge joint models, because axes of rotation of 
cadaver knees were observed to change significantly as a function of the flexion angle. Blacharski et al. (1 975) 
concluded that the motion of the knee was due to the geometry of the bones and perhaps the collateral 
ligaments; the cruciate ligaments had little effect on the kinematics of the knee. 

Several anatomical knee joiat models have been developed to study the behaviour of the various structural 
components and thus require accurate geometric description of the real anatomy. Anatomical knee joint models 
can be divided in the following four categories: 

a) models developed to determine the forces in the muscles and ligaments during different types of loading 

b) models developed to determine the forces in the ligaments as a function of the joint position, contact forces 

c) models developed to determine the contact stresses between the femur and tibia, oversimplified and contain 

d) models developed to study stiffness and load displacement characteristics including ligamentous structures 

conditions, 

between bones neglected, 

no ligamentous structures, 

and geometric constraints. 

This research project mainly emphasises model types b) and d). These models which focus on the relative 
motion without considering the force action are called kinematic models. 

In an extensive review of knee models, Hefzy & Grood (1 988) concluded that the mathematical modelling of 
the knee joint has not yet reached a stage where any model has been sufficiently validated so that it can be 
used to accurately predict unknown responses. Furthermore, existing 3-dimensional models are only quasi- 
static in nature and therefore cannot predict the effects of dynamic inertial loads which occur in many locomotor 
activities of interest. The prediction of muscle forces at the knee joint also represents a research area where 
more attention needs to be focused. None of the existing models have included the possibility that muscle 
forces may be affected by sensory feedbacks from the ligaments. 

In the literature concerning anatomical knee joint modelling techniques, a division can be made between 
rigid body models and finite element models. These 2 modelling techniques will be discussed in this chapter. 

3.2 Rigid body modelling 

Rigid body modelling can be divided into specific 2-dimensional planar models and 3-dimensional models. In 
these planar models, the surfaces of the femur and tibia are often approximated by ellipses and lines 
respectively. Several models have been developed using control theory applications in order to describe muscle 
controlled knee joint motion. Modelling techniques are also discussed which enable the description of 3- 
dimensional joint motion. However, these techniques have only been applied accurately to 2-dimensional knee 
joint models. 

3.2.1 Planar knee models with control theory applications 

It was stated that sagittal-plane models are often justifiable because axial rotation in the knee joint is less than 
1 O" and becomes noticeable only near full flexion. Several planar models have been described in the literature 
which apply control theory. These models are mainly used to determine muscle forces or joint motion. The knee 
joint is then considered a control system in which muscles are input signals and joint motions are output 
signals. The planar modelling techniques are difficult to generalize in order to describe 3-dimensional joint 
motion and aie theïefoïe not very üsekjl as such. However, these models can stiii be used to gain more insight. 

Wongchaisuwat et al. (1 984, (1)&(2)) presented a dynamic model to analyse the planar motion between the 
femoral and tibial contact surfaces in the sagittal plane. In this model, the femur is rigidly fixed and the tibia is a 
pendulum that swings about the femur. Newton-Euler equations were used to formulate the gliding and rolling 
motion which were defined by holonomic and nonholonomic conditions, respectively. A control strategy was 
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presented to cause the motion and maintain the contact between the surfaces. The control system included two 
classes of inputs: muscle forces which stabilized and caused the motion and ligament forces which maintained 
the constraints. The article has been referred to in many reviews but shows several inconsistencies (Roelands, 
1994). It was furthermore proved that the modelling technique as applied by Wongchaisuwat is not applicable to 
other joints or to 3 dimensions. 

The planar model of Yamaguchi & Zajac (1989) employs the techniques of Wongchaisuwat et al. (1984, 
(1)&(2)). The knee joint consists of the femur which is allowed to roll and slide along the fixed tibia and the 
patella. The patella is included in order to calculate effective moment arms for the quadriceps muscle. It is 
assumeci t ia t  tne instantaneous axis of rotation is at the point of tibiofemoral contact. A pathway for the 
instantaneous center of rotation was chosen that gives realistic orientations of the femur relative to the tibia. 
Cartilage, menisci and ligaments were not included in the model. Elliptical curves were used to represent the 
distal femur and the tibia was described as a straight line sloping 8' below the normal. Using the model, 
nonlinear force and moment equilibrium equations were solved at one degree increments for knee flexion 
angles from full extension to 90'. This yielded patellar orientation, patellofemoral contact force, patellar ligament 
force, and direction with respect to both the tibial insertion point and the tibiofemoral contact point. 

Kim & Pandy (1993) incorporated a 2-dimensional dynamic model of the knee joint into a 4 segment, 8 
muscle model of the human body. In essence this model combines the modelling technique of Wongchaisuwat 
et al. (1984, (1)&(2)) with the Yamaguchi & Zajac (1989) data and includes additional ligamentous structures. 
The main difference however is that the instantaneous axis of rotation lies at the center of curvature of the 
femoral condyles and thus allowing the femur to roll and glide along the tibia. Optimal control theory is used to 
determine the muscle, ligament and articular contact forces transmitted at the knee as humans stand up from a 
static squatting position. For this purpose the integral of normalized muscle stress over all the muscles in the 
model and integrated over the duration of the activity was minimized. Qualitative agreement was found with 
experimental results. 

3.2.2 &Dimensional Knee Joint Models 

In the literature, knee joint models are labelled as either static, quasi-static or dynamic. The nature of these 
models depends on the formulation of the equations of motion or equilibrium equations. 

The 3-dimensional models developed by Wismans (1980) and Blankevoort (1991) are the most 
comprehensive anatomical quasi-static models available in the literature. These models consider both the 
geometry of the joint surfaces and behaviour of the joint ligaments and employ the inverse method. The inverse 
method implies that the ligament forces caused by a specified set of translations and rotations along the 
specified directions are determined by comparing the geometries of the initial and displaced configurations of 
the joint. It is furthermore necessary to specify the external force required for the preferred equilibrium 
configuration. Such an approach is only applicable in a quasi-static analysis. The model of Blankevoort is based 
on the work of Wismans but also predicts motions and contact areas in the joints. 

In a dynamic analysis, the equilibrium configuration of the joint is not known and a mathematical analysis is 
required to provide the equilibrium configuration. The equations of motion can be formulated as a function of 
prescribed external forces and moments (Moeinzadeh, 1981). 

A 3-dimensional modelling technique was proposed by Wismans (1980). The modelling technique is based 
on the articulating motion of the joint defined by contact surfaces of two body segments. The segments execute 
a relative motion within the constraints of ligament forces and articulating contact. The mathematical joint model 
has been applied to the human knee joint in a quasi-static analysis for several dynamic loading conditions on 
the femur. The main initial assumptions of the modelling technique concerning the articulating motion are: 

the articulating contact is between 2 bodies, 
the surfaces are described by mathematical functions (polynomials), 
the contact normals of the surfaces are aligned and the surfaces are not allowed to penetrate each other, . there is point contact between the surfaces, 
the surfaces are non-deformable rigid surfaces, . there is no friction. 

I 
I /  

i 

Addtional assumptions concerning the joint components are: 
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the menisci are not included in the model, 
9 the muscles are not included in the model, 

the ligaments are modelled as nonlinear elastic springs. 

3.2.3 Extensions of the Modelling Technique 

The modelling technique of Wismans has been applied extensively in the literature and remains the most 
comprehensive technique available. Later research has resulted in several extensions of the modelling 
technique which include surface deformation (Blankevoort, 1991 and Blankevoort et al., 1991 and Essinger et 
al., 1989) and the inclusion of the patella (tiirokawa, i99 i ) .  

The advantage of deformable contact in the knee model over the rigid contact is that it is not restricted to 
contraform contact. Conforming surfaces can also be described by using deformable contact. In the case of 
rigid contact there was a limitation to the degree of the surface polynomials, since high local curvatures may 
result in contact areas where the conditions for point contact may not be satisfied for all joint positions. For 
deformable surfaces however, there are no limitations to the curvatures and therefore the best fitting polynomial 
may be chosen to describe the articular surfaces. 

The model of Essinger et al. (1 989) included the quadriceps-patellar mechanism and the deformation of the 
tibial surface. The femoral condyle was assumed to be rigid as to simulate the characteristics of present total 
knee prostheses. The model was restricted to the simulation of a particular set-up in which the knee is tested in 
a simulated standing position under body weight, whereby the flexion angle was controlled by the length of the 
cable representing the quadriceps muscle. The solution procedure was based on minimizing the total energy of 
the system and simplified by a patellar mechanism through which the quadriceps cable and body weight are 
acting. The deformation of the tibia was accounted for by using a description for linear elastic contact. The 
ligaments were represented by nonlinear elastic springs. A parametric analysis with respect to the deformable 
contact description in the model was not included in the study. 

Hirokawa (1 991) employs the theory as proposed by Wismans (1 980) to model the 3-dimensional 
patellofemoral joint. In addition, the articular surface geometry and mechanical properties of the ligaments are 
also taken into account. The articular surfaces are rigid and the contact is reduced to contact at a point. Also 
simultaneous contact between patella and femur at both the medial and the lateral sides is required. 

3.2.4 Dynamic knee joint models 

The previously described models have all been quasi-static. However, the main interest of the research project 
is the formulation of a 3-dimensional dynamic joint model. Unlike the conventional quasi-static approach, use of 
the 3-dimensional dynamic model, by taking into account viscoelasticities of the ligaments, could be significant. 
During impacts, the viscoelastic properties play a major role for example. However, no models have appeared 
in the literature which take viscoelastic properties into consideration. 

Moeinzadeh (1981) extended the modelling technique to enable a dynamic analysis in which the prescribed 
forces and moments resulted in a motion in the joint. The equations of motion are therefor formulated as a 
function of prescribed external forces and moments. In his thesis a generalized approach for describing 
articulating joint motion is discussed and applied to a 2-dimensional model of the knee (Engin & Moeinzadeh, 
1983 and Moeinzadeh et al., 1983 and Moeinzadeh & Engin, 1983 & 1988 and Engin et al., 1985)). The 
application of the modelling technique to model a 3-dimensional joint has in the literature not properly 
succeeded. 

Rademaker (1 994) reviews the modelling technique as proposed by Moeinzadeh (1 981) and its subsequent 
applications in the literature. Rademaker concluded that future research needs to be done on the solution of the 
equations of motion and constraints because no efficient and robust numerical solution procedures have been 
proposed. Moeinzadeh employs a Newton-Raphson iteration scheme which is not applicable to more complex 
models. Engin & Tümer (1991) discuss the method of excess differential equations and the method of minimal 
differential equations to solve problems associated with joint modelling involving nonlinear differential equations 
and nonlinear equations of constraints. Both methods are compared by considering a 2-di.mensiona! node! of 
the knee and its previous iterative solution (Moeinzadeh, 1981). The present methods have not been compared 
in the literature as specific information such as modelling difficulties and computational effort has not been 
given. A more efficient method to obtain a solution to the equations could be achieved by using algorithms in 
the NAG FORTRAN library (Broekmeulen, 1994). Implementation of a model in MADYMO and using the explicit 
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integration algorithms, such as Euler or Runge-Kutta, has been done and satisfactory results were obtained. 
Engin & Tümer (1 992 & 1993) investigate the applicability of the classical impact theory to a 2-dimensional 

knee. Classical impact theory is based on the assumption that impact duration is sufficiently short to assume 
that the geometry does not change during impact and that the time integrals of finite quantities over duration of 
impact are negligible. The results of the paper establish the fact that classical impact theory gives the limiting 
solution to the model equations as the impact time approaches zero. However, the results indicate 
inapplicability of the classical impact theory to practical situations where the impact time has a finite value. 

In the literature, the modelling technique of Moeinzadeh has been applied to more comprehensive 2- 
aimensionai modeis (different surface descriptions, more springs modelling the ligaments) and attempts at 3- 
dimensional models. For example, Abdel-Rahman & Hefiy (í993, (1 j) proposed a 2-dimensional model of the 
knee which used a different geometry of the femur and more springs representing the different fibers of the 
ligaments. Future research seems to be focused on the modelling of a dynamic knee model which includes 
both patello-femoral and tibio-femoral articulations (Tümer et al., 1991 and Tümer & Engin, 1993). 

3.2.5 Expansion to  3 dimensions 

Although the knee joint is in essence a 2-dimensional joint, extension to 3 dimensions is required to describe 
the rotation of the joint near full flexion. Fijan & Mann (1990) conclude that in order to be able to satisíy 
dynamic equilibrium for all directions using feasible muscle, ligament and joint contact forces, a 3-dimensional 
knee model must consider both geometry and dynamic equilibrium when estimating the joint kinematics. Abdel- 
Rahman & Hefiy (1993, (2)) conclude that the geometry of the femoral condyles represents a key factor in 
controlling the 3-dimensional knee motions. Therefore, a more accurate model requires allowing for piecewise 
mathematical representation of the articular surfaces such as bicubic spline patches. 

Abdel-Rahman & Hefiy (1993, (2)) described a 3-dimensional knee model. In this model, the femoral 
condyles were modelled as 2 spherical surfaces and the tibia as 2 planar surfaces. The fibers of the ligaments 
and capsule were modelled as nonlinear elastic springs. The coordinates of the insertion sites were assumed 
according to Crowninshield et al. (1 976). The equations of motion were solved iteratively using the differential 
form of the Newton Raphson iteration technique. However, not much value can be attached to this model due 
to the limited results. The results, which consist of the femoral and tibial contact points as a function of the 
flexion angle, are not reproducible as specific information concerning surface polynomials is not given. 

3.3 Finite element modelling 

Finite element modelling techniques offer the possibility to analyse models of structures with complex geometry 
and material behaviour. The finite element models of the knee joint have mainly been developed to gain more 
understanding of the stress and deformation in the articular cartilage and menisci. Stress and strain fields 
among many other physical quantities can be modelled if the constitutive equations of the constituents are 
known. However, not much is known concerning the dynamic properties of the cartilage and the menisci. 

In comparison to rigid body models and phenomenological models, the surfaces of the femur and tibia can 
be separated. The surfaces can furthermore be made deformable if the deformation characteristics are known. 
The main disadvantages are high computational effort (rendering parameter studies cost-intensive) and the 
requirement of accurate data concerning articular joint surfaces. In the literature, joint surface data can be 
obtained with MRI scans for example (Steele et al., 1994). 

Andriacchi et al. (1 983) applied finite element techniques to simulate the effect of ligamentous reconstruction 
surgery. In this quasi-static model, the individual joint components were described by elements connected to 
each other by nodes. The femur and tibia were modelled as rigid bodies. The ligaments were described by 
spring elements, the menisci by shear beam elements and the articular surfaces by hydrostatic elements which 
were located at 5 potential contact regions along each femoral condyle. The model was used to study the 
relationship between the magnitude of an applied varus moment and the varus stiffness in the presence of 
compressive loads or imposed constraints to coupled degrees of freedom. It was found that nonlinear geometric 
properties played a significant role and that the constraints increase the sffh?ess of the jeint. 

The research concerning the modelling of the knee joint at the Eindhoven University Technology mainly 
focuses on determining the mechanism of force transmission through the tibiofemoral joint (model c) of section 
3.1). Also the detailed stress and strain fields, as well as fluid pressures and flows in the different components 
are considered. Van Lankveld (1994) describes the joint as an axkymmetric model to which an mi-symmetric 
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load is applied. The meniscus and tibial cartilage layer are represented by biphasic mixtures with a linear elastic 
solid phase. The femur is modelled as a rigid indentor while ligaments are not included in the model. Van 
Lankveld (1 994) concentrated on a numerical parameter study to determine the influence of the cartilage layer 
and meniscus on the contact stress distribution. Current research concerns the 3-dimensional modelling of the 
knee joint and modelling the knee joint with an anatomically correct surface. Future work will include dynamical 
simulations as well. 
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4. Anatomical Shoulder Joint Models 

4.1 Introduction 

The term "shoulder complex" refers to the glenohumeral joint and the shoulder girdle. The shoulder girdle is 
composed of the clavicle and the scapula. Interest in the literature has mainly focused on the analysis of in the 
field of sports such as throwing or spiking (volleyball). 

4.2 Articulations in the shoulder joint 

The shoulder complex is composed of 4 independent articulations among the bones of the complex. The bones 
are the clavicle, scapula, humerus, and the thorax, The shoulder comprises of the following joints: the 
sternoclavicular joint, acromioclavicular joint, glenohumeral joint and the scapulothoracic joint. Although not 
really proved by experiments, the clavicle gives certainly some stability to the upper extremity under load in the 
extreme ranges of motion. Anyhow, the function of the clavicle is closely integrated with the shoulder complex 
and any restriction of the motion at either of its joints or a nonunion fracture is promptly reflected in the total 
range of the humerus motions at the shoulder. In addition, clavicular fracture is the most common bone fracture 
in the human body. The rotation of the scapula can be considered as a combined rotation about 2 joints: the 
sternoclavicular joint and the acromioclavicular joint. Therefore, the scapula has 2 articular surfaces: the glenoid 
cavity acting as the socket of the glenohumeral joint and the articular surface of the acromioclavicular joint. 

The sternoclavicular joint connects the clavicle and thereby the shoulder girdle to the sternum. The articular 
surface of the manubrium sterni is an approximately oval area having a flattened, saddle-shaped contour. It 
is mildly convex from anterior to posterior and it is concave between the suprasternal notch and the upper 
border of the first costal cartilage. The sternal end of the clavicle is roughly triangular, with a well-rounded 
upper apex and sloping anterior and posterior borders. The clavicle can be rotated arbitrarily in the 
sternoclavicular joint without the need to rotate the humerus. During an elevation of the humerus, the 
clavicle rotates simultaneously in 3 directions in the sternoclavicular joint. The axial rotation can probably be 
considered as the main motion of the clavicle. 

The acromioclavicular joint is a diarthrodial joint that connects the medial border of acromion to the lateral 
end of the clavicle. Both articular surfaces are separated by a joint cavity and surrounded by a capsule 
reinforced with ligaments. The joint has 3 degrees of freedom but motion is limited due to the strong and 
fibrous ligaments. 

The glenohumeral joint is a ball and socket joint composed of the humerus and the glenoid cavity of the 
scapula. Mathematical models of the shoulder mostly implies the modelling of the glenohumeral joint. The 
glenohumeral joint which connects the humerus to the scapula can be considered as a pure spherical joint. 
The glenoid cavity is rather small and covers only a part of the articular surface of the humerus, whereas the 
articular surface is one-third of the humeral head. The joint capsule and ligaments provide a loose sleeve 
around the joint. Because of this feature, the joint shows the most extensive motion possibility. 

In the scapulothoracic joint, the scapula slides on the backside of the thorax (gliding plane). 

4.3 Shoulder joint modelling 

The main problem that can be expected in the development of a dynamic model of the shoulder girdle concerns 
the quantification, the validation as well as the verification of the model parameters. Most of these parameters 
have thus far only been found by means of cadaver measurements. In future, with methods such as MRI a 
number of these parameters can be measured. To obtain the complete geometry of the shoulder, the 
relationship between the position and directior: i:: space o? ?he h u ~ e r u s  and scapula, and the hunierus and 
clavicle need to be determined. The interplay between the motions of the constituent parts of the human 
shoulder is known as a "shoulder rhythm" (Pronk, 1991). Quantative data for the rhythm over a limited range of 
movement for the arm was provided. The positions of the bone-fixed coordinate systems are given by 3 Euler 
angles for each bone. 
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Rozendal et al. (1989) conducted a cadaver study to develop a database on spatial and muscle 
characteristics of the shoulder mechanism. Anthropometric data of the cadavers were collected and bony 
structures, muscle attachments and joint surfaces of both shoulders were measured with a palpator in 3 
dimensions. Estimates of segment parameters (volume, mass, mass position, moments of inertia) were 
calculated. Van Der Helm & Veenbaas (1991) described a general theory for deriving the mechanical effect of 
muscles with large attachment sites. 

Guldberg et al. (1990) studied the relative contributions of the individual rotator cuff muscle forces and 
capsular ligaments to anterior shoulder stability. The effects of humeral rotation as well as interaction effects 
between the stabilizing factors were also studied. The study produced a model which evaluates the relative 
contributions of the snoulder's static ana dynamic stabilizers in anterior subluxation. Bigliani et al. (3 992) 
determined the tensile properties of the inferior glenohumeral ligament from cadaver shoulders. 

Soslowsky et al. (1992) determined the contact areas in normal cadaver glenohumeral joints with intact 
ligaments and capsule through a large range of motion using simulated forces of the 4 rotator cuff muscles and 
4 deltoid heads. It was shown that the contact areas depend on the elevation. 

4.3.1 Rigid body models 

DUI (1 988) described a simple 2-dimensional biomechanical model of the shoulder to quantify shoulder muscle 
load, joint load, and endurance time in work situations. For a given arm position, the model predicts the 
individual forces in the deltoid and supraspinatus muscles, and the reaction force at the glenohumeral joint. 

Bassett et al. (1990) developed a 3-dimensional model to calculate the magnitude and orientation of the 
moments of all shoulder muscles for 90' abduction and exorotation. The 3-dimensional orientation of the 
shoulder muscles were determined using a numerical analysis of cross sections of the shoulder joints of 
cadavers. However, the muscle orientation, moment arm, moments, and forces due to fixation could only be 
calculated for one position. In addition, it is not quite clear if motion during active in vivo abduction corresponds 
with motion during passive abduction in cadavers. 

Högfors et al. (1987) described an idealized mechanical model of the shoulder. In this model, the shoulder 
complex was treated as a 3 rigid body 12 degrees of freedom system. The sternoclavicular joint and the 
acromioclavicular joint are considered to be operationally equivalent to ball and socket joints. The glenohumeral 
joint is considered to have a more complex structure, the proximal ball end of the humerus is not a perfect 
sphere, the surface being 2.5 times its radius. The instantaneous center of rotation changes during motion, 
constituting a mathematical problem in the calculation of joint forces. In order to simplify estimation of shoulder 
load during motion, Högfors et al. chose to perform calculations with the center of rotation fixed, when the 
motion is performed in one plane only. Muscles or muscle sections are described as stretched strings following 
the shortest path between attachment points, possibly constrained by other structures, lines or surfaces. 
Attempts to model the glenohumeral joint as a smaller spherical head (the humeral head) sliding in internal 
contact with a slightly larger spherical surface (the glenoidal cavity) were not succesful. This modelling had to 
be abandoned since it turned out to be in conflict with data obtained in a Röntgen stereophotogrammetric 
study. 

Karlsson & Peterson (1 991) described a 3-dimensional biomechanical model of the human shoulder which is 
used to analyze static load sharing between the muscles, bones, and the ligaments. The model was based on 
the model of Högfors et al. and consists of all shoulder structures, which means that different positions and 
different load situations may be analyzed using the same model. Solutions can be found for the complete range 
quasi-static shoulder motion. In every position, numerical solutions of the force levels found for the force 
directions of the components involved. The predicted muscle forces did not reach their upper force limits in any 
of the computations. Numerical results predict that among the muscles crossing the glenohumeral joint parts of 
the deltoideus, the infraspinatus, supraspinatus, subscapularis, the pectoralis major, the coracobrachialis and 
the biceps are the muscles most activated during this sort of abduction. It is concluded that in the future 
development of the model the direction of the contact force in the glenohumeral joint must be constrained. 

4.3.2 Finite e!ement models 

Pronk (1991) described a finite element model of the shoulder girdle to simulate the range of motion after 
arthrodesis of the glenohumeral joint (an orthopaedic operation which fuses together the humerus and the 
scapula), The goal of the study was to develop a method by which the consequences of a glenohumeral 
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arthrodesis can be predicted individually. A kinematic model of the shoulder girdle has been developed as a 
first step in the development of a dynamic biomechanic model of the shoulder. An extensive literature study 
showed that the present quantative as well as qualitative knowledge about the 3-dimensional motion patterns of 
these bones can be considered as poor. Most studies only examine parts of the shoulder girdle and just a few 
describe the shoulder girdle as a whole. Extensive experimental studies have therefore been performed to 
record the motions of the scapula and clavicle. 

Van Der Helm et al. (1992) described a dynamical finite element model of the shoulder mechanism 
consisting of thorax, clavicula, scapula, and humerus. In particular, the derivation of geometry parameters from 
the measurement data is described. Muscle and ligament attachments are represented as a plane or as a 
(curved) h e .  Muscle architecture is determined by the distribution of muscle bundles over the attachment area, 
mapping the distribution of the origin to the insertion. Joint rotation centers are derived from articular surfaces. 

Spilker et al. (1 993) presented an enhanced procedure for the 3-dimensional finite element analysis of soft 
hydrated tissue layers, such as articular cartilage. The procedure is built from the following operations: 1) 
precise tissue layer geometry is obtained via stereo-photo-geometry 2) a finite element mesh of tetrahedral 
elements is constructed 3) a 3-dimensional biphasic mixed-penalty analysis is performed to obtain the spatial 
and temporal response of the tissue and 4) the solution fields of interest are studied using an advanced 
visualization program. The process is illustrated using examples from the glenohumeral joint. 
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5. Determining a Joint Modelling Technique for Describing Impact Behaviour 

5.1 Introduction 

Several experimental studies on cadavers have been conducted to evaluate knee injury mechanisms during 
frontal or lateral impacts. However, the analysis of joint behaviour during impact remains difficult. In comparison 
to non-impact motion such as gait, several additional aspects need to be considered: the loading time is much 
shorter and the loading conditions are much higher. This can result in motion which does not usually occur 
during gait such as the drawer effect (anterior to posterior displacement of the tibia relative to the femur). 

In this chapter, several knee injury mechanisms during impact are discussed. This is done to obtain more 
knowledge of the specific differences in joint motion during impact behaviour and normal articulating motion. 
Requirements of the modelling technique to describe impact behaviour can then be determined. Several knee 
joint models are discussed which have been developed to describe impact behaviour. Furthermore, the 
modelling technique as proposed by Wismans (section 3.2) is evaluated for possible application to describe 
impact joint behaviour. 

5.2 Knee injury mechanisms during impact 

Knee injury mechanisms depend on the resulting forces and moments on the structural components of the joint. 
For example, knee joint motion during gait does not regularly result in injuries but a violent twist of the knee 
could result in ligaments rupture. Several experimental studies have appeared in the literature concerning 
possible knee injury mechanisms which occur during lateral or frontal impacts. From these studies it can be 
concluded that the predominant injury mechanisms during impact are condyle fractures, cartilage injury, and 
ligament damage. Injuries concerning the knee joint therefore primarily consist of stretching or rupture to the 
ligaments and cartilage injury due to abnormal articulating motion. 

Kajzer et al. (1990) developed an experimental method for the assessment of the shearing force in the 
lateral direction of the knee joint. The experiments were required because a literature survey suggested that 
past experimental studies were not directly useful in mechanical or mathematical models for simulation of the 
leg in lateral studies. The experiments were carried out on cadavers under dynamic conditions whereby an 
impactor struck the leg just below the knee. Injuries were determined by measurements of the knee laxity and 
by dissection of the knee region. The results show the occurence of 2 different injury mechanisms. The first 
injury mechanism is directly correlated with the force generated by the local acceleration of the biological 
system. The consequences of this force are contact injuries (lateral ti bial condyle fractures) and extra-articular 
injuries. The second injury mechanism, is correlated with the force transferred through the knee joint when the 
upper leg was accelerated. The consequences of this force is a relative displacement of the femur and tibia. 
This results in intra-articular injuries such as ligament rupture or cartilage injury. Another indicator of knee 
injuries, foremost the anterior cruciate ligament, were measurements of the knee laxity. 

Yang &. Kajzer (1990) investigated the knee injury mechanisms during lateral impact on the lower extremities 
in car-pedestrian accidents. The knee injuries are usually caused by the direct impact by the bumper in addition 
to the transfer of forces through the knee joint. The knee reaction forces can be considered as a combination of 
a shear force and a bending moment which consists of a ligament tension force and a joint surface 
compression force. The knee injuries include damage to the ligament structures and to the condyles. 

Kajzer et al. (1993) described experiments for assessing the tolerance to bending moments in the lateral 
direction of the extended knee joint. The experiments were conducted by applying a lateral force to the medial 
side of the ankle and fixating the upper leg. The most common damage type in this loading configuration was 
stretching and rupture of the medial collateral ligament and fracture of the medial condyle. The stretching of the 
ligaments could be determined by measurements of the knee stability, but could not be related to the 
occurence of the knee bending moments. 

Viano et al. (1978) conducted a study to determine the biomechanical response for the lower-extremity 
during frontal bolster impacts to the knee. Three modes of bolster impacts were investigated: tibia impact at 90' 
Rexion, knee impact a: SOo flexiori, and knee-tibia impact a i  45' flexion. in tibia impacts, the resistance to the 
bending and shear resulted in greater load transfer through the knee joint to the lower torso. This produced 
tibial-fibular fractures or ligament failures. During knee impacts, the early tibial loading caused posterior 
translation of the tibia with respect to the femur. This resulted in failure of the osseous attachment at the tibial 
plateau or central portion of the posterior cruciate ligament and femoral condyle fracture. Knee-tibia impacts did 
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not result in gross or apparent injury of the lower extremity 
Cheng et al. (1984) used sled tests to determine the effectiveness of a knee bolster as a restraint for the 

lower torso. They reported damage to the posterior cruciate ligament after impacts below the knee. However, 
the flexion angle needs to be much less than 90' before the posterior cruciate ligament is at risk. They 
furthermore reported femoral condyle and patella fractures for increased acceleration of the sled. 

5.3 Requirements of the impact joint modelling technique 

Joint modelling techniques have in the literature mainly been applied to the description of the articulating motion 
of the human knee. improvements and extensions of the technique in application ?o other joints in the human 
body need to be discussed. From the knowledge gained of knee injury mechanisms, several requirements can 
be imposed on the modelling technique to describe 3-dimensional dynamic joint motion and specific impact 
behaviour. The modelling technique should: 

allow 3 rotational and 3 translational degrees of freedom, 
be able to describe the passive and active motion characteristics, 
be able to describe impact and non-impact characteristics, 
be dependent on the geometry (anatomically correct), 
maintain surface/point contact during dynamic joint motion and surface release during impacts, 
allow surface layer deformation, 
allow for nonlinearities. 

Additional requirements may be: 

account for time dependency (viscoelastic properties of the ligaments taken into account), 
muscles could be implemented in the model as external structures, 
menisci and disci can be implemented in the model. 

5.4 Current knee joint models for describing impact 

The behaviour of the knee at impact depends mostly on its geometry and the stiffness characteristics of the 
ligament structures. In the modelling of the knee, it is therefore necessary to describe the articular surfaces, the 
ligaments, and the capsule. 

Only a few knee joint models have been developed to describe impact behaviour. Yang et al. (1993) 
modelled the femur-tibia knee joint between the upper and lower leg as a free joint (6 degrees of freedom). The 
model is an improved version of the model described by Yang & Kajzer (1992) and is implemented in the finite 
element/multibody program MADYMO. The model allows investigation of the impact response of the knee joint 
when long bone (tibia-fibula) fracture occurs or does not occur. To simulate this injury mechanism, the lower leg 
is modelled as two rigid body elements connected by a "fracturable joint". The fracturable joint between these 
elements is situated at the contact point of impact and adjusted to the force-bending function for the tibia-fibula. 
Buzeman (1994) applied the MADYMO model and included the viscoelastic behaviour of the ligaments and 
capsule as combined Kelvin-Maxwell elements. The femoral condyles were modelled as two ellipsoids and the 
tibial condyles were represented by a plane. An ellipsoid-plane deformation characteristic was used to describe 
static deformation. The leg model was validated with lateral bumper tests and good agreement was found with 
the biological data. The injuries could be determined by relating the strain in the ligaments to the damage that 
was registrated according to the AIS-scale (Appendix B). 

Not much has appeared in the literature concerning the finite element modelling of the impact behaviour of 
human joints. The reason for this is probably the costintensive simulations and lack of sufficient data 
concerning joint components. Bermond et al. (1 993) implemented a 3-dimensional model of the knee joint in the 
explicit finite element code PAM-CRASH. The model was developed to estimate the severity of knee joint lesion 
and to predict the risk of knee injuries lateral impacts durinc; rar/pedestrian accidefits. The niodel was 
validated with the experiments performed by Kajzer et al. (1990). The model included the articulation of the 
femoral and tibial surfaces and the cruciate and collateral ligaments. However, specific impact-related 
properties such as cartilage deformation and the viscoelastic response of the ligaments are not included. Due 
to the incomplete validation of the model, it can be concluded that the model is not applicable. 
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5.5 Application of the Wismans modelling technique for describing impact behaviour 

The assumptions of the modelling technique as described by Wismans (1980) and extended by Moeinzadeh 
(1981) to describe dynamic articulating joint motion have been verified by Blankevoort (1991). This resulted in a 
knee joint model which can describe anatomical (quasi-static) motion. 

However, the assumptions of the modelling technique have thus far not been analysed for joint behaviour 
during impacts. The main initial assumptions of the modelling technique are: 

The articulating contact is between 2 bodies. 

The description has to be extended if more than two bodies participate in the articulating joint. For example, 
the pattela-femur contact in the knee is usually modelled as an external force (Wismans, 1980) but can then 
be directly implemented in the model. Tümer et al. (1993) described the tibio-femoral and patella-femoral 
articulations separately in a 2-dimensional knee joint model. 

The surfaces are described by mathematical functions (polynomials). 

Cartesian coordinates can be used to describe the kinetics and polynomial surfaces. This works well in the 
2-dimensional case for a certain range of flexion. However, the disadvantage of this method is that the 
coefficients of the polynomials can not be physically interpreted. For increasing ranges of flexion, polar 
coordinates or a parametric surface representation should be used. For example, Rehder (1 983) represents 
the 2-dimensional surface of the femoral condyles by mathematical spirals: involutes of a circle, 
Archimedean and logarithmic spirals. The latter using a parametric representation and polar coordinates in 
which an accuracy of 0.2 mm can be gained. 

However, in order to be able to describe 3-dimensional surfaces accurately, other surface descriptive 
techniques need to be developed. Techniques such as B-splines (Ateshian, 1993) or Coons' bicubic surface 
patches (Scherrer & Hillberry, 1979) have been proposed in the literature. Hefzy et al. (1992) employed the 
method developed by Coons to define the femoral and patellar articular surfaces. The model consists of the 
mathematical representation of the surfaces with a parametric surface composed of sets of piecewise 
continuous bicubic surface patches. The patches each have 4 corner points and 4 boundary curves. 
Mathematically, these patches were determined by piecewise fitting procedure that allowed the adjacent 
patches to be continuous in position and slope along their common boundary. Blankevoort (1991) described 
the articular geometry using spherical coordinates and high degree polynomials. 

The contact normals of the surfaces are aligned and there is a point contact between the surfaces. 

This implies that the surfaces are not allowed to penetrate each other or to be separated because the 
ligaments maintain the contact. This assumption is no longer valid if the ligament strains exceed a critical 
value and thus result in ligament rupture. In addition, if a close match of the anatomical geometry of the joint 
surfaces is applied though some mathematical function, then the conditions for rigid contact cannot always 
be satisfied because of the incompatible local curvatures of the tibial and femoral surfaces at the contact 
areas. If on the other hand, the surfaces are approximated by more regular shapes, such as spheres and 
planes or low degree polynomials, the model characteristics may be less realistic. If deformability of the 
surfaces is taken into consideration then the assumption of point contact is no longer valid and needs to be 
replaced by surface contact. 

The surfaces are non-deformable rigid surfaces. 

The rigid surfaces of the articulating bones are covered by a layer of cartilage (Appendix C). Wismans stated 
that the deformations in the articular surfaces don't affect relative motions and forces in the joints during 
rron-impact sitiiatiom This is due to the fact that the deformation of the cartilage layer, caused by the 
contacts between the femur and tibia, is relatively slight compared to the range of motion. 

Eberhardt et al. (1990, (1)&(2)) concluded that for impact conditions, deformation of the cartilage layer 
needs to be accounted for. This is supported by experiments (Kajzer et al., 1990) in which the relative 
displacement of the femur and tibia results in cartilage injury. The rigid condyles of the femur acted as a 
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plough and caused damage to the cartilage. Due to the short loading conditions, it was shown that only the 
elastic behaviour of the cartilage needs to be considered (Appendix C). 

Blankevoort (1 991) and Blankevoort et al. (1 991) described a theory for deformable surfaces in which the 
contact deformation is based on a simplified theory for contact of a thin elastic layer on a rigid foundation. 
The mathematical description is similar to Essinger et al. (1989) but the underlying theory is more general 
and can be incorporated in other joint models as well. The articular cartilage on the femur was described 
either as a linear elastic or as a nonlinear elastic material. Parametric evaluations showed that, relative to 
rigid articular contact, the incorporation of deformable contact did not alter the passive motion characteristics 
in a qualitative sense and that the quantative changes were very small. The difference between linear and 
nonlinear deformable contact was very small for moderate loading conditions. 

There is no iriction. 

The coefficients of friction between articulating surfaces are assumed to be negligible due to the presence of 
synovial fluid. It is generally assumed that the fluid is an excellent lubricant between the articulating surfaces 
of the femur and tibia. 

Additional assumptions concerning the joint components are: 

The menisci are not included in the model. 

Huiskes et al. (1985) state that the menisci have shown to exert only minor influences on the normal knee 
joint kinematics during successive flexion steps. However, if a knee structure component such as a ligament 
were deficient or ruptured, it is quite possible that the relative importance of the menisci could increase. The 
menisci do have influence on force distribution between the femur and tibia (Van Lankveld, 1994). The 
menisci can be modelled as a finite element structure if the quantative values of the material properties are 
available. 

The muscles are not included in the model but can be modelled as external structures. 

The influence of the muscles is only relevant during the generation of dynamic motion and can be 
superimposed on the joint model as external structures. However, the muscle forces do influence contact 
forces in the joints. The possibility to encorporate muscular activity to enable the simulation of active motion 
has been briefly discussed but has in the literature not been applied to the proposed modelling technique. 

King (1993) concluded that the duration of most impacts is short enough to render muscular response 
virtually irrelevant: it is unable to modify body kinetics. This has partly been confirmed in the literature. 
Yasuda et al. (1993) concluded that during lateral impacts the muscle contraction did not protect the medial 
collateral and anterior cruciate ligaments from injury loading. The time required to initiate contraction 
response of the medial vastus was more than 200 ms which exceeds the peak impact loading times. 

The ligaments are modelled as nonlinear elastic springs. 

Numerous studies have appeared in the literature which describe the constitutive behaviour of the ligaments 
(Appendix D). The assumption that the constitutive behaviour is nonlinear and viscoelastic is generally 
accepted. However, the influence of the viscoelastic behaviour can be considered negligible during quasi- 
static tests but becomes important during dynamic simulations. Several viscoelastic models have been 
described in the literature such as the quasi-linear viscoelasticity model and the single integral finite strain 
model. Yang & Kajzer (1992) reported that viscoelastic parameters for ligaments at high loading speeds 
were not available. 
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6. Conclusions and Recommendations 

6.1 Conclusions 

Human joints have been classified according to their functions in the human body and freedom of motion. 
Restrictions have been made to focus on diarthrodial joints. Diarthrodial joints enable an articulating motion; a 
combined relative translation and rotation of 2 or more body parts. The relevant diartrodial joints in the human 
body are the ankle, knee, hip and shoulder. This limits the freedom of motion to a selection of hinge, saddle, 
ball and socket, and planar joints. 

Several requirements can be imposed in the formulation and implementation of a generalized and 
anatomical human joint model in the combined finite elementlmultibody program MADYMO. The model has to: 

allow 3 rotational and 3 translational degrees of freedom, 
be dependent on the geometry (anatomically correct), 
be able to describe impact and non-impact characteristics, 
maintain surface/point contact during dynamic joint motion and allow surface release during impacts, 
allow surface layer deformation. 

Several modelling techniques have been discussed in the literature which consider anatomically correct 
impact and dynamical joint motion. The modelling techniques as proposed by Wismans (1 980) and extended by 
Moeinzadeh (1981) for dynamic joint motion and the MADYMO models (Yang & Kajzer, 1992 and Yang et al., 
1993) have been applied to the human knee. With minor modifications, these modelling techniques can be 
used to describe motion in other joints as well. 

From simulation results and this literature review, it can be concluded that the modelling technique as 
proposed by Wismans and Moeinzadeh is the most comprehensive technique for describing anatomic dynamic 
joint motion. The technique allows 3-dimensional joint motion within the constraints of anatomically correct 
geometric point contact. Only a few 3-dimensional knee joint models have however been described in the 
literature. This is mainly due to lack of an efficient numerical solution procedure and data concerning contact 
surfaces and ligament constitutive behaviour. 

However, the Wismans and Moeinzadeh modelling technique is not completely applicable for describing 
impact joint behaviour. The main assumption is that the articulating surfaces are not allowed to be separated: 
surface or point contact is always maintained. Experiments have shown that this assumption is valid during gait 
but under severe impact loading conditions such as pedestrian-bumper impacts, ligament rupture causes 
surface release. The assumption of maintaining point contact is then no longer valid. On the other hand, the 
application of moderate impact loading conditions (forces up to 180 N and pulse durations of 0.15 s) to several 
P-dimensional models of the knee joint did lead to acceptable results during which point contact between the 
surfaces remained intact (Abdel-Rahman & Hefzy, 1993 (1) and Engin & Tümer, 1992 & 1993). 

The technique of Yang (Yang & Kajzer, 1992 and Yang et al., 1993) to model the knee joint allows 3- 
dimensional unconstrained joint motion (free joint): the models allow surface release. The technique has been 
specifically developed to simulate joint motion during lateral impacts. Condyle forces and ligament strains 
showed good agreement with experimental results. However, the joint model has not been validated for motion 
in the frontal or lateral plane. 

The anatomical correctness of the Yang models is furthermore limited since the modelling of the condyles as 
ellipsoids and the tibia as planes is less accurate than for the Wismans modelling technique. It is furthermore 
not possible to use this technique to model other joints surfaces such as the ball and socket joint in the hip. A 
definite advancement would be the possibility to model the surfaces as arbitrary surfaces. Arbitrary surfaces 
imply a prescribed surface geometry instead of ellipsoids. The prescribed ellipsoid-plane contact stiffnesses for 
modelling surface/point contact, have been determined from static axial loading tests and facilitate surface layer 
deformation. For simulating motion in the sagittal plane, the stiffness characteristics as a hinction of the flexion 
angle need to be implemented. 

It can therefoie be comluded that the technique of xodelling joints in MADYidO as free joints to aiiow 
surface release and using arbitrary surfaces to account for deformation and constrained motion shows the most 
promise. In essence, the technique can describe dynamic and impact joint motion. The validation of the 
technique, however, requires accurate articular surface data geometries of the joints and joint component data 
such as the constitutive behaviour of the ligaments and articular cartilage. 
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6.2 Recommendations for further research 

6.2.1 Dynamic joint motion 

The modelling technique of Wismans and Moeinzadeh is applicable to dynamic joint motion during gait and 
during moderate loading conditions. If a mathematical description of the articulating surfaces of a joint are 
available then a joint model can be implemented. Moeinzadeh provides 3-dimensional surface data of the knee, 
ankle, hip, and elbow joints. However, the mathematical formulation of the articulating point contact requires 
considerable work and stability of the solution procedure has not been guaranteed in the literature. 
Furthermore, the modelling of articulating contact in human joints with more than one contact point Is not trivial. 
Due to the complexity of the formulation of the coupled equations of motion and constraints, the knee, for 
example, has to be modelled as 2 individual femoral-condyle and tibial plateau contacts. 

The ankle, hip, and elbow joint motions are essentially 3-dimensional. However, during dynamic motion such 
as gait, the motion of the human knee is primarily 2-dimensional. Formulation and implementation of a 2- 
dimensional model of the knee in MADYMO has proven to be succesful. Parameter studies can then be 
performed to determine the influence of ligament attachment sides and the influence of viscoelastic constitutive 
behaviour of ligaments. 

6.2.2 Impact ioint motion and application of arbitrary surfaces 

Theoretically, the technique of modelling articulating contact with arbitrary surfaces enables the description of 
dynamic joint motion and impact joint motion. It has been concluded that modelling the articular surfaces as 
ellipsoids or planes is not very accurate. Future developments in MADYMO enable the possibility to model 
surfaces as arbitrary geometries. This implies that a finite element mesh consisting of triangular elements can 
be attached to a rigid body. This therefore allows the geometries to be accurately modelled. However, due to 
the complexity of the surfaces, a considerable effort is required to make a finite element mesh: an accurate 
mesh generator is therefore essential. If during articulating motion between 2 bodies, penetration or surface 
deformation occurs, this can be accounted for by prescribing contact characteristics. In this way the cartilage 
layer deformation can be modelled if the stiffness properties are known. 

Validation of the modelling technique can only be done by implementing a joint in MADYMO. A logical 
choice would be the knee joint because several knee joint models have already been described in the literature 
and considerable experimental impact data is available. 

Several aspects need to be considered during the implementation of a joint model. The main problem is the 
acquisition of accurate joint component data such as: 

surface descriptions, . ligament and tendon data (insertion points, constitutive behaviour, initial strain), - influence of viscoelastic behaviour of ligaments, 
constitutive behaviour of articular cartilage as a function of dynamic forces, . influence of menisci and implementation in MADYMO. 

Some of this data may be available in the literature or must be experimentally determined. The numerical 
aspects of the model such as the influence of finite element mesh coarseness must be investigated as well. 

The implemented model can be validated with experimental results or verified with other models which have 
been described in the literature. Initially, the model can be compared with the model of Yang et al. (1 993). This 
will give more insight in the qualitative differences between modelling the surfaces as ellipsoids and arbitrary 
surfaces. A comparison with the models adopting the Moeinzadeh technique will give more insight into the 
difference between deformable and rigid contact in addition to difference in surface geometries. 

The validation with experimental results requires the acquisition of experimental results of dynamichmpact 
related tests. There is some literature available concerning frontal bolster impacts and lateral bumper impacts 
but the given data is !-costly insufficient to enab!e sirnulation of the experimental set-up. The lateial impâc: data 
available in the literature mainly describes contact forces in the joints and ligament strains. To enable a proper 
validation, data concerning the motion characteristics in the joint need to be acquired during frontal or lateral 
impact tests in a controlled environment. On the basis of ethics, impact experiments can only be done on 
cadavers. The question then remains to what degree active and passive joint motion correspond. 
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Appendix A Dummy Database Development 

A.l Introduction 

Dummy databases are being developed at the TNO Crash Safety Research Centre in Delft for the combined 
finite element/ multibody code MADYMO (MADYMO Databases Manual, 1992). These databases are used 
extensively by the automobile industry to simulate experiments and to assess safety measures in the design 
phase. MADYMO is designed for simulating the motions of one or more systems of rigid bodies with a tree 
structure and assemblages of finite elements. The bodies in a system are connected by joints. The motions of 
the bodies and finite element structures are caused by applied loads (forces, acce!erations) and prescribed 
motions. The generation of equations of motion for the multibody part is based on the principle of virtual work in 
combination with a recursive algorithm. 

The models of the joints in the dummy databases are also phenomenological models. This implies that the 
characteristics of the joint components (such as the ligaments, the capsule and cartilage) are lumped together 
in a single characteristic. 

Cardan joints are often used to connect body segments in dummy databases. In the cardan joint model, the 
relative position between the joint segments is considered to be the results of three successive rotations. The 
first rotation is round an axis fixed to the reference segment, the second rotation round a floating axis and the 
third rotation round an axis fixed to the segment. This sequence of rotations is defined as the Bryant angle 
sequence. The centre of rotation is assumed to coincide in one point. Joint torques can be specified for each 
rotation separately by means of nonlinear elastic, viscous damping and friction torque components. One or 
more rotations can be locked by defining relatively stiff elastic torque characteristics. 

In this chapter several 3-dimensional dummy databases will be discussed. Child dummy databases and 2- 
dimensional databases will not be considered. The 2-dimensional databases, designed for frontal and side 
impacts, have limited usage because the joints connecting the body segments are mainly revolute joints. 

A.2 50th Percentile standard Part 572 Dummy 

The joints between the lower torso and upper leg (hip joint), upper leg and lower leg (knee joint), the upper arm 
and lower arm (elbow joint) are modelled as cardan joints. The knee and hip joints allow flexion-extension 
motion. The elbow joint allows 2 rotations: the flexion-extension motion about an axis connected to the lower 
arm and a twist motion about an axis connected to the upper arm. The stiffness characteristics have been 
determined by a TNO measurement programme. 

The shoulder assembly includes four pin joints that provide for flexion-extension and abuction-adduction 
moments of the upper arm. The elevation-depression and anterior-posterior motions of the shoulder girdle 
relative to the upper torso have been neglected. 

A.3 Advanced 50th percentile Hybrid 111 Dummy 

The Hybrid Ill dummy is considered to be one of the most advanced crash test dummies available at the 
moment. It is used for the evaluation of vehicle safety performance in the automotive industry. In the Hybrid 111 
dummy, the hip joint (3 rotational degrees of freedom), ankle (3 rotational degrees of freedom), elbow (2 
rotational degrees of freedom), shoulder (2 rotational degrees of freedom) are modelled as cardan joints with 
prescribed stiffnesses. The knee is modelled as a revolute joint with a prescribed stiffness. 

A.4 European Side-Impact Dummy (EUROSID-1) 

The EUROSID-1 is a crash dummy which is specifically designed to assess injuries due to side impacts. It is 
the most advanced dummy database concerning joint modelling. The ankle and elbow joints are modelled as 
revolute joints (1 rotational degree of freedom) with prescribed stiffnesses. The hip and knee joints are 
nrodelleb as cardan joints wit9 3 Íotational degrees of freedom each. The characteristics of the hip joints were 
obtained from quasi-static torque bench tests. The knee and ankle joints have estimated characteristics which 
are mainly determined by their free ranges of motion. 
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The Abbreviated Injury Scale (AIS) has been widely used since 1971 to describe the risk of death from different 
injuries. A code number is given ranging from 1-6 for the injury severity classification. This correlation enables a 
comparison of the results from computer simulations with injuries found in previously made tests with biological 
materials. 

Yang & Kajzer (1992) and Yang et al. (1993) used a relation between the calculated strain of the ligament 
and the AIS level classification of the ligament damage observed in the tests with biological specimens. 
Damage to the knee ligaments was classified as AIS 1-3. A ligament sprain was classified as AIS 2 and a 
ligament rupture as AIS 3. Yang defined a ligament strain of 12% as the first sign of partial rupture and 20% 
strain was assumed to correspond to total rupture. 

Table 1 : Correlation of the ligament strain with severity 
classification of the ligament damage. 

11 ligament strain E I AIS code 

II E 220 I 3 

I I  15<~<20 I 3- 
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Appendix C: Articular Cartilage 

Articular cartilage is a white, dense, connective tissue with a thickness of 1-5 mm that covers the bony 
articulating ends inside the joints. In biomechanical terms, it is a multi-phasic, nonlinearly permeable, 
viscoelastic material. The cartilage is comprised of a complex macromolecular matrix of collagen fibers, 
proteoglycan aggregates and other quantatively minor glycoproteins and interstitial fluid (i.e., water and 
dissolved electrolytes). The response of the cartilage to the sudden application of a static load is that of a rapid 
compressive phase, followed by a slow creep process toward equilibrium over a relatively long period of time. 

The viscoelastic behavior of the cartilage is derived from 2 distinct physical sources: viscoelastic dissipation 
with the collagen-proteoglycan solid matrix (the flow-independent mechanism), and the frictional resistance to 
flow of the interstitial fluid relative to the permeable solid matrix (the flow-dependent mechanism). Normal 
synovial fluids and concentrated biomacromolecular solutions such as proteoglycan solutions exhibit significant 
nonlinear rheological properties. 

Lai et al. (1993) and Mow et al. (1984) are good reviews of the research that has been done on the 
mechanical properties of articular cartilage. However to the best of my knowledge, nothing has been reported 
on the viscoelastic properties of articular cartilage during dynamic motion in short time intervals. 

In a survey of the literature, Eberhardt et al. (1990, (1)&(2)) conclude that the importance of fluid flow in the 
determination of stresses that occur during gait cycles or during sudden load implication as in impact studies, is 
not clear. In impact studies, the load times are considerably smaller than during gait. For example, in Repo and 
Finlay (1977), impact strains on the cartilage were applied on the order of seconds. Eberhardt determined 
that the biphasic and viscoelastic models deviate from the elastic models by negligible amounts within loading 
times of less than 200 ms. For the experimental conditions, it appears that the interstitial fluid does not have 
time to flow within the loading times due to the very low permeability. It is therefore concluded that in an 
analytical model developed to simulate conditions where the load times are short, i.e., running, jumping, or 
impact, it should suffice to consider only the elastic response. The time-dependent (viscoelastic) effects of the 
flow of interstitial Ruid need only be considered for longer loading times. 

Blankevoort (1 991) proposed a model of the cartilage behaviour for deformable contact. Three assumptions 
are made for the cartilage layer: the characteristic length of the contact area is assumed to be large relative to 
the cartilage thickness, the cartilage layer is considered to be an isotropic linear-elastic material, and the 
subchondral bone is considered to be rigid. The description of articular contact deformation is strictly linear and 
is only valid for small surface displacements. For large surface displacements, geometrical nonlinear behaviour 
can be accounted for by an integration over the total displacement of the incremental stress increase as 
function of the incremental displacement. In the present model, the material properties of the cartilage of both 
bodies are assumed to be equal. The description of deformable contact only contributes to force and moment 
equations without the need for additional contact equations. 
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Appendix D: The Function and Properties of the Ligaments 

Scientific investigation has revealed that the major functions performed by ligaments and tendons include 
transmitting load, maintaining the proper anatomic alignment of the skeleton, and guiding joint motions. In this 
conventional view, the primary purpose of knee ligaments is to provide mechanical or structural stability. 
Several experimental studies have appeared in the literature which describe the effects of flexion and rotation 
on the length patterns of the ligaments of the knee (Rovick et al. (1991) and Wang & Walker (1973)). Normal 
functioning of the knee is dependent on structural inactness and the absence of long-term structural stability 
leads to subsequent degeneration. 

However, Brand (1 986) concludes that evidence is accumulating which suggests the generally accepted 
view that ligaments are only passive structural elements is open to serious question. New observations all 
suggest or are consistent with a view that ligaments function as sensors for the nervous system, and that the 
nervous system plays a much larger role in normal knee function and problems following injury than formerly 
believed. Brand furthermore concludes that the ligaments function principally as neurosensory elements. 
Ligaments are not isolated anatomic structures but rather parts of a complex system including capsule, nerves, 
muscles, and perhaps even bone and cartilage, in which each anatomic part potentially plays an interrelated 
functional role. 

Blankevoort & Huiskes (1991) described a technique for wrapping of a ligament around bone. Frictionless 
contact between the ligament bundle and the bone was assumed. In comparison with the original body without 
bony interactions, it was found that it counterbalanced valgus moments on the tibia more effectively. 

Visco-elastic properties play a role in high velocity impacts. The ligament tissue is a viscoelastic material and 
strain-rate sensitive; ligament strength and stiffness increase with an increased speed of loading. In a review 
article (Woo et al. (1993)), the mathematical modelling of ligaments and tendons is described. Several elastic 
and viscoelastic models are discussed. Elastic models assume that ligaments and tendons do not display time 
dependent behaviour and thus focus on describing the nonlinear aspects of their mechanical response. 
Viscoelastic models incorporate time dependent effects into their mathematical descriptions. Two prominent 
viscoelastic models are: the quasi-linear viscoelasticity model and the single integral finite strain model. 
Moeinzadeh (1 981) represented the ligaments by nonlinear elastic springs as the experiments were limited to a 
1-dimensional stress field and information was only available on the elastic behaviour. Buzeman (1 994) does 
however implement the viscoelastic behaviour in the ligaments as reported by (Noyes & Grood, 1976 and 
Kennedy et al., 1976) in a model of the knee based on the work of Yang et al. (1993). 

Yasuda et al. (1993) determined that during lateral impacts, the flexion angle had an influence on the 
behaviour of the medial collateral and anterior cruciate ligaments. The medial collateral and anterior cruciate 
ligaments did not elongate simultaneously and the peak delay after impact loading differed for different flexion 
angles. 
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