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ABSTRACT

One of the most important and challenging areas o f the rapid developing science of biomechanics 

nowadays, is the area of musculoskeletal modelling. Hence, simulation packages have been proved to be 

a very useful tool that has enabled scientists to quickly develop and analyze musculoskeletal models.

This project aims to develop a parameterized musculoskeletal model of the human body using one 

of these simulation tools called AnyBody. The whole investigation will start with a brief analysis of the 

musculoskeletal system, followed by a review in anthropometry and the existing geometrical models of 

the human body, and a review in the musculoskeletal software packages and their application areas. An 

introduction to the Anybody modelling system is then presented, describing its major functions. The 

investigation will continue with the development of two simple models which intend to be the basic 

platform for more complicated models. Finally, a scalable human model will be developed, aiming to be 

a useful tool for present and future users of Anybody Technology.
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CHAPTER 1 
INTRODUCTION

1.1 Motivation

All living organisms are made up of one or more cells. The human body, like most organisms, is 

made up of billions o f cells organized into complex functional groups. One of these groups is the 

musculoskeletal system which is responsible for bringing about human movement under the control of the 

nervous system. By coordinating activity among the various muscle groups, forces generated by the 

muscles are transmitted by the bones and joints to enable an individual to maintain an upright or partially- 

upright body posture and to voluntarily move. The musculoskeletal system, also referred to as the 

locomotor system, is essentially a machine - a powered mechanism for generating and transmitting forces 

to counteract the effects of gravity and to bring about desirable movements of the body.

Scientists, being fascinated by human movement, have performed an extensive range of 

experiments to characterize muscle mechanics, describe musculoskeletal geometry and quantify 

movement dynamics. However, they early realised the need of computer simulations to complement 

experimental studies because important elements o f movement, including neural signals and muscle 

forces, are extremely difficult to measure experimentally. With the PC becoming more and more 

powerful, researchers around the world have developed software systems that let users create computer 

simulations of human movement. Once researchers develop and test a computer model of the 

musculoskeletal system, they can use it to explore movement control, analyze athletic performance, and 

simulate treatments for musculoskeletal disorders.

1.2 Objectives

In performing the computer simulation of a person performing a task, the human body is 

considered to be a system of mechanical links, with each link o f known physical size and form. Science 

of Anthropometry is the one that defines these size and form properties. Without anthropometrical data, 

biomechanical models to predict human reach, force, and space requirements cannot be developed.

The overall goal of this project is the development of a parameterised musculoskeletal model of 

the human body combining the powerful modelling capabilities of a musculoskeletal software with the 

valuable information that anthropometrical studies provide. The final result will be a human model which 

can be scaled to global parameters such as weight and height.



1.3 Layout of Thesis

The research that is undertaken in this thesis is described as follows. Chapter 2 is dealing with a 

brief analysis o f the human musculoskeletal system. It describes the bones which comprise the skeleton, 

the types of joints of the articular system and the various muscle groups of the muscular system. Chapter 

3 refers on the advantages and limitations o f computer models, and outlines the research method that is 

widely used for the investigation of human movement. It also contains a review in anthropometry 

concerning the categories in which the attempts for quantifying body segment parameters fall, and 

describes how this science is related to the current project. In the chapter that follows. Chapter 4, the most 

popular musculoskeletal software packages are outlined, followed with some of their real application 

examples. Chapter 5 then, comes to give an introduction to the software system that will be used in this 

research, the Anybody modelling system. It starts with the description of the programming language and 

the basic concepts of this system, and continues with the mechanical elements, the types of simulation 

and the muscle recruitment solvers that this system provides. Further chapters are dealing with the 

development o f models using Anybody technology. In Chapter 6, the development of a single, double and 

triple inverted pendulum is being investigated, giving to a novel user, a smooth introduction of how a 

multibody system can be created, and perform a wide range of motion in space, with or without muscles. 

Being confident with the simple model o f Chapter 6, thesis is continued with the development of a simple 

human-like model which intends to be the basic platform on which a more realistic model of the human 

body will be developed. This is discussed in Chapter 7. The final target of this project, the development of 

a parameterized musculoskeletal model is analyzed in Chapter 8. Conclusions of this research and some 

further work that has to be done for future development of this project are then discussed in Chapter 9.



CHAPTER 2 
MUSCULOSKELETAL SYSTEM

2.1 Introduction

The musculoskeletal system consists of the skeletal system (Figure 2.1) and the muscular system 

(Figure 2.2). The skeletal system consists of the skeleton, the bones and the various structures forming the 

joints between the bones. It is similar to the metal framework of a building in that it gives the body its 

basic shape and provides a framework for all the other systems. Bone is an ideal support material since it 

is not only strong, but also fairly lightweight. The adult skeletal system normally has 206 bones, more 

than 200 joints, and accounts for between 12% and 15% of the total body weight1.
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Figure 2.1 -  Skeletal System [2]



The muscular system, refers only to the skeletal muscles. Visceral and cardiac muscle tissue 

belong to other systems. For example, cardiac muscle tissue, found only in the heart, is part of the 

cardiovascular system. The skeletal muscles are the powerhouse of the body; they are the organs that 

enable us to make voluntary, controlled movements of the body. With regard to the muscular system, 

there are approximately 640 skeletal muscles, and they account for about 36% and 45% of total body 

weight in untrained females and males, respectively1.

Platysm a

G astrocnem ius

lusc les 
la t flex 
ngers

Facial 
m uscles

S ternocleido­
m astoid

S oleus

.atissim us
lorsi

tec tu s  abdom inis

.inea alba

External oblique 

Sluteus m edius

Gracilis

Sartorius

Q uadriceps 
fem oris

P a te l la ------

Trapezius

C lavicle

Deltoid

Pectoralis 
major

Biceps 
brachii

Brachialis
Wrist 
and 
finger 
flexors

Triceps brachii

Tibialis anterior

Tibia

Biceps
brachii

Brachialis 

Latissim us dorsi

External oblique

 Soleus

Achilles tendon 

—  C alcaneus

Trapezius

Deltoid

Triceps
brachii

Muscles 
that flex 
fingers

Gluteus maximus

Hamstring
m uscles

Gracilis 
Sem itendinosus 

Biceps femoris
Semi­
m em branosus

G astrocnem ius

Sternocleidom astoid

Brachio-
radialis

Figure 2.2 -  Muscular System [3]



2.2 The Skeleton

2.2.1 Function of the Skeleton

The skeleton performs three main mechanical functions:

• It acts as a supporting framework for the rest of the body.

• It acts as a system of levers on which the muscles can pull in order to stabilize and move the 

body.

• It protects certain organs. For example the spinal cord and the rib cage help to protect the heart 
and the lungs.

2.2.2 Terminology

For descriptive purposes the bones are usually divided into two main groups: the axial skeleton 

and the appendicular skeleton (Figure 2.3). The adult axial skeleton consists o f 80 bones comprising the 

skull, vertebral column, and ribs. The adult appendicular skeleton consists of 126 bones that make up the 

upper limbs (arms and hands) and the lower limbs (legs and feet). These two groups will be discussed 

later in this chapter.
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Figure 2.3 -  Axial/Appendicular Skeleton [3]

In anatomy, the term aspect (Figure 2.4) refers to the appearance of a particular bone (or any other 

part o f the body) from a particular viewpoint. For example, the anterior aspect of the skeleton refers to the 

features o f the skeleton seen from an anterior (frontal) viewpoint. Similarly, lateral aspect (view from the



side), posterior aspect (view from the back), superior aspect (view from above), and inferior aspect (view 

from below) describe other viewpoints.

In order to describe the spatial orientation of the position o f one bone (or a body part) in relation 

to another, it is necessary to use standard terminology with reference to a standard body posture. In the 

standard posture, also called the anatomical position (Figure 2.4), the body is upright with the arms by the 

sides and palms of the hands facing forward. There are three main reference planes: median, coronal, 

and transverse. Examples of 
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Figure 2.4 -  Reference Planes [2]

The median plane is a vertical plane that divides the body down the middle into more-or-less symmetrical 

left and right portions (Figure 2.4). The median plane is also frequently referred to as the sagittal plane.



The terms lateral and medial are used to describe the relationship of a body part to the median plane. 

Lateral means farther away from the median plane and medial means closer to the median plane.

Any vertical plane perpendicular to the median plane is called a coronal plane (Figure 2.4). The terms 

anterior (in front) and posterior (behind) describe the position of structures with respect to coronal planes. 

Any plane perpendicular to both the median and coronal planes is called a transverse plane. All transverse 

planes are horizontal (Figure 2.4). The terms superior (above or upward) and inferior (below or 

downward) describe the position of structures with respect to transverse planes.

However, there are some spatial terms that apply to some bones, but not to others. For example, the terms 

proximal and distal (Figure 2.4) are normally only used in reference to the long bones of the limbs. 

Superior features of these bones (with respect to the anatomical position) are referred to as proximal, 

whereas inferior features of these bones are referred to as distal. For example, in each arm the proximal 

end of the humerus (upper arm bone) articulates with its corresponding scapula to form the shoulder joint. 

The distal end of the humerus articulates with the proximal ends o f the radius and ulna (forearm bones) to 

form the elbow joint. The distal ends of the radius and ulna articulate with the carpals (wrist bones) to 

form the wrist joint.

2.2.3 The Axial Skeleton

2.2.3.1 The Skull

The skull (Figure 2.5) consists of 29 fairly flat or irregular bones that encase the brain, provide 

bases for the major sense organs, and form the upper and lower jaws. The 29 bones of the skull comprise
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Figure 2.5 -  The Skull [4]

8 cranial bones (cranium), 13 facial bones (face), 6 ear ossicles (3 in each middle ear), the mandible 

(lower jaw), and the hyoid bone (part of the larynx). The bones of the cranium and face form a single unit



that makes up most of the skull. The cranium encloses the brain and is made up of 8 relatively flat 

irregular bones.

2.2.3.2 The Vertebral Column

The vertebral column-also referred to as the backbone or spine- comprises 26 irregular bones 

(called vertebrae) stacked on top of each other. The vertebral column supports the weight of the head, 

arms, and trunk, and provides protection for the spinal cord. The vertebrae are divided into five fairly 

distinct groups: cervical, thoracic, lumbar, sacral, and coccygeal (Figure 2.6). The neck consists of 7 

cervical vertebrae. The thoracic or chest region consists of 12 thoracic vertebrae that provide articulation 

for the 12 pairs of ribs. The lower back consists of 5 lumbar vertebrae. The 5 sacral vertebrae form the 

posterior part o f the pelvis; at maturity the sacral vertebrae fuse together to form the sacrum. The 4 or 5 

coccygeal vertebrae are small and represent a vestigial tail. The coccygeal vertebrae normally fuse 

together at maturity to form the coccyx or tailbone.
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Figure 2.6 -  The Vertebral Column [4]

2.2.3.3 The Rib Cage

The rib cage is roughly the shape of an upright cone partially flattened from front to back (Figure 

2.7). The rib cage consists of 12 pairs o f ribs and the sternum. The rib cage as a whole is a fairly flexible
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structure providing protection for the heart and lungs, and is also very important in the ventilation of the 

lungs during breathing.

Sternum

Costal cartilage

Figure 2.7 -  The Rib Cage [4]

2.2.4 The Appendicular Skeleton

2.2.4.1 The Upper Limb

The upper limbs (Figure 2.8) consist o f 64 bones, 32 bones in each limb, and can be divided into 

five regions: shoulder, upper arm, lower arm, wrist and hand.
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Figure 2.8 -  Upper Limbs [4]



The shoulder region consists of the scapula (shoulder blade) and clavicle (collarbone). The medial end of 

the clavicle articulates with the manubrium to form the sternoclavicular joint linking the upper limb and 

the axial skeleton. The lateral end of the clavicle articulates with the scapula to form the 

acromioclavicular joint. Together with the manubrium, the scapulae and clavicles of both upper limbs 

form an incomplete ring called shoulder girdle (Figure 2.9).
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Figure 2.9 - The Shoulder Girdle [4]

The humerus is the only bone o f the upper arm. The proximal end articulates with the scapula to form the 

shoulder joint (glenohumeral joint), and the distal end articulates with the radius and ulna to form the 

elbow joint (Figure 2.8).

The radius and the ulna are the two long bones in the lower arm. The proximal ends of the radius and ulna 

articulate with the distal end of the humerus to form the elbow joint, and the distal ends articulate with the 

proximal row of carpals to form the wrist joint (Figure 2.8). The radius and ulna articulate with each other 

at their proximal and distal ends such that the radius is able to move relative to ulna. Movement of the 

radius toward the anatomical position is called supination and movement of the radius away from the 

anatomical position is called pronation.

The wrist consists of eight small irregular bones called carpals that articulate with each other to form the 

carpus. The carpals are arranged in a proximal and distal row. The proximal row articulates with the distal 

ends of the radius and ulna to form the wrist joint (Figure 2.8). The series o f joints between the proximal 

and distal rows is called the midcarpal joint.

The hand consists of five metacarpals and fourteen phalanges that are all miniature long bones. Each 

finger consists o f three phalanges, whereas the thumb has only two phalanges. The joints between the 

phalanges, two joints in each finger and one joint in the thumb, are called interphalangeal joints.



2.2A.2 The Lower Limb

The lower limbs consist of 62 bones, 31 bones in each limb, and can be divided into four regions: 

pelvis, upper leg, lower leg and foot (Figure 2.10).
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Together with the sacrum, the right and the left innominate bones form the pelvic girdle or pelvis (Figure 

2.10). The innominate bones link the lower limbs to the axial skeleton. Each innominate bone develops 

from three bones called ilium, ischium, and pubis, which fuse together at maturity.

The femur and patella make up the upper leg (Figure 2.10). The femur is the longest and strongest bone in 

the skeleton. The proximal end of the femur articulates with the innominate bone to form the hip joint. 

The distal end articulates with the tibia to form the tibiofemoral joint and with the patella to form the 

patellofemoral joint.

The tibia and the fibula are the two long bones in the lower leg (Figure 2.10). The tibia is much thicker 

than the fibula and is almost completely responsible for transmitting loads between the upper leg and foot. 

The fibula helps form the ankle joint and provides additional area o f attachment for muscles o f the lower 

leg. The tibia and fibula articulate with each other at their proximal and distal ends but have little or no 

movement relative to each other.

The foot consists o f seven tarsals, five metatarsals, and fourteen phalanges. The tarsals are irregular bones 

articulating with each other to form the tarsus, which forms the posterior half of the foot. The lower leg 

articulates with the tarsus at the ankle joint.



2.3 The Articular System

2.3.1 Introduction

A joint, also referred to as an articulation or an arthrosis, is defined as a region where two or more 

bones are connected. The adult skeleton normally has 206 bones linked by approximately 320 joints. The 

articular system refers to all o f the joints of the body.

The human body is capable of a broad range of movements facilitated by the combined effects of the 

open-chain arrangement of the bones, the number o f joints linking the bones, the different types of joints, 

and the range o f movement in the joints. Most joints allow a certain amount o f movement and all joints 

transmit forces. The function of joints is largely mechanical-to facilitate relative motion between bones 

and transmission of force from one bone to another.

2.3.2 Terminology

In describing a particular joint’s movement, it is useful to refer to three mutually perpendicular 

reference axes. The three reference axes denote anteroposterior (front to back), transverse (side to side), 

and vertical directions with respect to the anatomical position. Figure 2.11 shows the position of the 

reference axes in relation to the shoulder joint. With respect to the reference axes, there are six possible 

directions, called degrees of freedom, in which the shoulder joint, or any other joint, might be able to 

move, depending upon its structure. The six directions consist o f three linear directions (along the axes) 

and three angular directions (around the axes). A joint with six degrees of freedom could move in any 

direction by a combination of linear and angular movements.
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Figure 2.11 -  Reference Axes [4]



In most joints the terms abduction and adduction refer to rotations around the anteroposterior axis. In the 

shoulder, wrist, and hip joints, abduction and adduction refer to movement of the arm, hand, and leg away 

from and toward the median plane, respectively (Figure 2.12).
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Figure 2.12 -  Abduction/Adduction of Shoulder, Hip & Wrist joints [4]

In the hand and foot, abduction occurs when the fingers and toes are spread, and adduction occurs when 

the fingers and toes are returned to the reference position (Figure 2.13).
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Figure 2.13 -  Abduction/Adduction of Hand & Foot Joints [4]

In most joints the terms flexion and extension refer to rotation around the transverse axis. In the shoulder, 

wrist, and hip joints, flexion refers to movement o f the arm, hand, and leg forward, and extension refers to 

movement of the arm, hand, and leg backward (Figure 2.14).
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Figure 2.14 -  Flexion/Extension of Shoulder, Hip & Wrist Joints [4]



In the elbow, knee, metacarpophalangeal, and interphalangeal (hand & foot) joints, flexion occurs when 

the joints bend and extension occurs when the joints straighten (Figure 2.15).

E

Figure 2.15 -  Flexion/Extension of Elbow & Knee Joints [4]

In the trunk-the vertebral column as a whole-flexion refers to bending the trunk forward and extension 

refers to the reverse movement. Lateral flexion of the trunk occurs when the trunk bends to the side about 

an anteroposterior axis (Figure 2.16).

Figure 2.16 -  Flexion/Extension of Trunk Joints [4]

2.3.3 Classification of Joints

•  Synarthrosis is an immoveable joint. These joints are often called fixed joints and allow no 

movement between bones. These joints are interlocked and held together by connective tissue, or 

they are fused together. The places where the bones of the skull meet (sutures) each other (Figure 

2.17) are examples of immoveable joints.

Figure 2.17 -  Synarthrosis Joint [5]



• Amphiarthrosis is a slightly moveable joint. These joints permit a small amount o f movement 

between the bones. These bones are farther apart from each other than immoveable joint bones. 

The joints between the two bones of the lower leg (tibia and fibula) and the joints o f the vertebrae 

are examples of slightly movable joints (Figure 2.18).

Figure 2 .1 8 -  Amphiarthrosis Joint [5]

• Diarthrosis is a freely moveable joint. Most o f the joints of the body are freely moveable joints. 

These joints are grouped according to the shapes of surfaces of the adjacent bones. There are five 

types of freely movable joints:

a. Ball & Socket Joint -  Movement is in three planes. Permits circular movement-the 

widest range of motion. This type of joint is the hip joint and the shoulder joint, which 

enables the arm to move up, down, forward, backward, as well as to rotate it in a complete 

circle (Figure 2.19).

Figure 2 .1 9 -  Ball & Socket Joint [5]

b. Hinge Joint -  Movement is in one plane only. Permits a back-and-forth motion. This 

type of joint is the knee joint which enables the leg to flex and extend and the elbow 

joint (Figure 2.20) which allows the forearm to move forward and backward.

Figure 2.20 -  Hinge Joint [5]



c. Pivot Joint -  Movement is in one plane only. Permits rotation of one bone around 

another. The elbow enables the hand to turn over. It also allows the head to turn from 

side to side and the motion between atlas & atlas at the vertebrae (Figure 2.21).

Figure 2.21 -  Pivot Joint [5]

d. Gliding Joint -  Movement is in two planes only. Permits a sliding motion of one bone 

over another. Found at the ends of the collarbones, between wrist bones (Figure 2.22), 

and between anklebones.
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Figure 2.22 -  Gliding Joint [5]

e. Saddle Joint -  Movement is in two planes. Articular surfaces of both bones are 

concave in one direction and convex in the other.This type of joint is found between 

1st metacarpal of thumb & carpal (Figure 2.23).

^  W
Figure 2.23 -  Saddle Joint [5]



2.4 The Skeletal Muscles

2.4.1 Function of Muscles

The predominant function o f muscles is contractibility. When a muscle contracts it tends to 

shorten. However, the muscle may shorten, lengthen, or stay in the same length depending on the external 

load on the muscle (the load tending to lengthen the muscle). Nearly all movement in the body is the 

result of muscle contraction. There are three types of muscular contraction:

• Concentric contraction-The length of the muscle will shorten if the muscle force is greater than 

the external load.

• Eccentric contraction-The length of the muscle will lengthen if the muscle force is less than the 

external load.

• Isometric contraction-The length of the muscle will not change if the muscle force is equal to the 

external load.

In addition to movement, muscle contraction also fulfills some other important functions in the body, 

such as posture, joint stability, and heat production. Posture, such as sitting and standing, is maintained as 

a result of muscle contraction. The skeletal muscles are continually making fine adjustments that hold the 

body in stationary positions. The tendons of many muscles extend over joints and in this way contribute 

to joint stability. This is particularly evident in the knee and shoulder joints, where muscle tendons are a 

major factor in stabilizing the joint. Heat production, to maintain body temperature, is an important by­

product of muscle metabolism. Nearly 85 percent o f the heat produced in the body is the result o f muscle 

contraction.

2.4.2 Muscles of the Head & Neck

Humans have well-developed muscles in the face that permit a large variety of facial expressions. 

Because the muscles are used to show surprise, disgust, anger, fear, and other emotions, they are an 

important means of nonverbal communication. Muscles of facial expression include frontalis, orbicularis 

oris, laris oculi, buccinator, and zygomaticus. These muscles of facial expressions are identified in the 

illustration below (Figure 2.24).

There are four pairs o f muscles that are responsible for chewing movements or mastication. All o f these 

muscles connect to the mandible and they are some of the strongest muscles in the body. Two of the 

muscles, temporalis and masseter are identified in Figure 2.24.

There are numerous muscles associated with the throat, the hyoid bone and the vertebral column. Two of 

the more obvious and superficial neck muscles are identified in Figure 2.24. They are sternocleidomastoid 

and trapezius6.
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Figure 2.24 -  Head & Neck Muscles [5]

2.4.3 Muscles of the Trunk

The muscles of the trunk include those that move the vertebral column, the muscles that form the 

thoracic and abdominal walls, and those that cover the pelvic outlet.

The erector spinae group (Figure 2.26) of muscles on each side of the vertebral column is a large muscle 

mass that extends from the sacrum to the skull. These muscles are primarily responsible for extending the 

vertebral column to maintain erect posture. The deep back muscles occupy the space between the spinous 

and transverse processes o f adjacent vertebrae.

The muscles of the thoracic wall are involved primarily in the process of breathing. The intercostal 

muscles (Figure 2.25) are located in spaces between the ribs. They contract during forced expiration. 

External intercostal muscles (Figure 2.25) contract to elevate the ribs during the inspiration phase of 

breathing6.

The abdomen, unlike the thorax and pelvis, has no bony reinforcements or protection. Some o f the 

abdomen muscles (Figure 2.24) are the following muscles: the internal and external abdominal oblique 

which with muscles of opposite side, abduct and rotate trunk, and the rectus abdominis which flexes 

trunk.

Some o f the muscles of the pelvis are the gluteus maximus which extends and laterally rotates hip and the
• • 7gluteus medius and minimus which abduct and medially rotate hip .
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2.4.4 Muscles of the Upper Extremity

The muscles of the upper extremity include those that attach the scapula to the thorax and 

generally move the scapula, those that attach the humerus to the scapula and generally move the arm, and 

those that are located in the arm or forearm that move the forearm, wrist, and hand. The illustration below 

shows some o f the muscles of the upper extremity (Figure 2.27).

Muscles that move the shoulder and arm include the trapezius and serratus anterior. The pectoral is major, 

latissimus dorsi, deltoid, and rotator cuff muscles connect to the humerus and move the arm (Figures 2.25 

-2.26). The muscles that move the forearm are located along the humerus, which include the triceps 

brachii, biceps brachii, brachialis, and brachioradialis (Figure 2.27). The 20 or more muscles that cause 

most wrist, hand, and finger movements are located along the forearm6.
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Figure 2.27 -  Muscles o f Forearm (Flexors/Extensors) [5]

2.4.5 Muscles of the Lower Extremity

The muscles that move the thigh have their origins (attachment to stationary bone) on some part o f 

the pelvic girdle and their insertions (attachment to moveable bone) on the femur. The largest muscle 

mass belongs to the posterior group, the gluteal muscles (Figure 2.28), which, as a group, abduct the 

thigh. The iliopsoas (Figure 2.25), an anterior muscle, flexes the thigh. The muscles in the medial 

compartment adduct the thigh.

Muscles that move the leg are located in the thigh region. The quadriceps femoris muscle group (rectus 

femorus, vastus lateralis, vastus medialis) straightens the leg at the knee. The hamstrings (biceps femoris,
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semitendinosis, semimembranosis) are antagonists (cause action opposite to the desired action) to the 

quadriceps femoris muscle group, which are used to flex the leg at the knee.
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Figure 2.28 -  Muscles of Thigh (Posterior/Anterior) [5]

The muscles located in the leg that move the ankle and foot are divided into anterior, posterior, and lateral 

compartments. The tibialis anterior, which dorsiflexes the foot, is antagonistic to the gastrocnemius and 

soleus muscles (Figure 2.29), which plantar flex the foot6.
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Figure 2.29 -  Muscles of Leg (Posterior/Anterior) [5]
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2.5 Conclusions

This chapter intends to be a well structured and concise introduction for someone who is 

interested in musculoskeletal modelling and has no background in the physiology of the human body. 

Combined with the proper illustrations, this chapter can be a great help for the design and interpretation 

o f the skeletal, muscular and articular system and explain how these systems are related to each other.



CHAPTER 3 
COMPUTER MODELLING 

& ANTHROPOMETRY

3.1 Introduction

There is no doubt, nowadays, that computer modelling is an integral part of the research action of 

scientists all over the world. Human movement is one of the sciences that widely uses simulation 

techniques.

This chapter begins with the reasons that prompt researchers to develop computer models and the 

limitations that go with these models. It continues with the introduction of the research method that is 

widely followed for the investigation of the human movement and how this method relates computer 

modelling and the science of anthropometry. In particular it deals with the subfield of anthropometry 

called body segment parameters, and presents background material on measuring and estimating these 

parameters.

3.2 Why Simulate Human Movement?

The best way to obtain human movement data, it seems, would be to collect it from human 

subjects. In other words, no data can be more accurate, more real than those collected from human 

subjects, so why would scientists want to generate data artificially?

The most general answer is that human subjects are extremely complex and have intrinsic limitations. 

They are randomly variable, subject to fatigue, have limits of strength and coordination, and must be 

treated with due consideration for safety and ethics.

Computer models also allow researchers to experiment with conditions that cannot be tested on human 

subjects because they exceed practical limits. For example, locomotion patterns under an increased and 

decreased gravitational constant (9 .81m /s2) could be tested to study the effects of gravity on human 

movement. The mass of model limbs could be changed to study the effect of limb mass on movement8,9. 

A single parameter in a model can also be changed and immediately tested. For example, a researcher 

who wants to study how increasing elbow extensor strength might improve throwing performance can 

change the model thrower and test it immediately, whereas a human subject would have to undergo a 

training regimen in which strength might improve in other muscles as well. Another example is to test the 

effects of torso mass on ground reaction forces. This, too, is a matter of changing a single model 

parameter. However, if this study was attempted in human subjects, the results might be confounded by 

concomitant changes in walking velocity, stride length, and perhaps even footwear function.
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Another important and commonly used feature o f computer simulations is that they can be adapted to 

search for optimal solutions. This is very useful for athletic performance, clinical applications, and other 

large issues in human movement. For example, scientists could determine the optimal movement pattern 

for a football kick, the most economical walking cadence for individuals with different body types, and 

the optimum flexibility of a prosthetic foot for an amputee’s body weight, age, and stride.

Models are often used simply to test biomechanist’s understanding of movement. This is a key reason for 

the popularity o f rigid-body models in biomechanics despite the fact that none of them is perfect. If 

biomechanists understood a movement perfectly, they could replicate it on a computer. However, models 

eventually fall short in their predictive capabilities, and they are left to assess why. The search for 

answers often develops into a new movement theory.

3.3 Limitations of Computer Models

No matter how sophisticated a computer model becomes, many limitations remain, and they arise 

from a number o f factors:

• The numerical imperfections that exist in the solution process.

Numerical errors are often slight and can often be resolved. Nonetheless, models become 

increasingly sensitive as the number of components increases. In addition, small errors that arise 

early in a simulated movement can propagate and grow to measurable levels by the end of the 

simulation. Also, models can have parameters that differ by many orders of magnitude, a situation 

referred to as stiff system of equations. This can lead to a sensitive model that generates 

inconsistent results.

•  The difficulty of accurately modelling impacts.

Impacts are very difficult to model. One reason for this is that they incur sharp changes in the 

accelerations of the body segments, which leads to numerical errors. Also, impacts generally 

violate the assumption that the human body consists of rigid segments. During walking, for 

example, the feet deform, storing and dissipating mechanical energy in a manner that is extremely 

difficult to model. When the human body runs or performs a drop landing, the impacts make 

computer simulation very difficult, indeed.

•  The approximation of complex human structures.

Human structures themselves are much more complicated than our models of them. For 

example, most simulations use simple representations of joints and assume that segments are 

rigid; for most purposes, these work well. However, joints are not simple pivots, muscles are not 

simple torque actuators, and segments are not rigid. Thus, researchers must be alert to the effects



of such simplifications. For example, if a discrepancy was observed in the ankle moment data of a 

running model, a researcher might first question whether the problem stemmed from the 

assumption that the foot segment was rigid. A second question might be whether the model ankle 

reasonably approximated the orientation of the ankle joint.

• The enormous adaptability of the human system.

When modeling, we must remember that we are simulating a human system in which the 

sensory and control systems and their organization are extraordinary complex. A complete model 

of the moving human-even if we understood the entire human system to begin with-would be too 

much for the most sophisticated computers to handle. Therefore, every model o f the human 

system is an oversimplification. This is an accepted part of the science. For example, virtually all 

walking simulations have been performed on level ground and researchers have difficulty of 

completely modelling the movement in even this simple situation.

In addition, humans can adapt to myriad surfaces, turns, steps, bumps, and other conditions 

while walking, and each of these would require a different-and likely complex-adjustment to the 

model. Models also neglect vast array of senses that influence the movements with their messages. 

Even if these concerns will be put aside, the issue of adaptability under simple test conditions is 

also pertinent. In short, replicating a human movement is generally straightforward, but predicting 

how that movement will change under different test conditions is difficult. Suppose, for example, 

that there is a highly accurate simulation of normal walking. What will happen when the torso 

mass increases, as it would if we had to account for a backpack? Will the stride lengthen or 

shorten? Will the torso angle change? Will the load be too heavy altogether?

3.4 Research Method

The primary technique that is widely used for the investigation of human movement is dynamic 

modelling. This is a three-stage process, firstly an input model is being constructed, then this model is run 

through a simulator and finally the results are analysed.

1. The Input Model

This requires two components: inertial properties for the construction of a link-segment model, 

and kinematics. Inertial properties are the basic physical characteristics of the body segments which 

are the mass, center of mass and moment of inertia. Kinematics are the motion characteristics of the 

body. They include linear and angular displacements, velocities and accelerations.
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2. Simulation

The constructed input model is run through a dynamic analysis package. For rigid segment models 

this can be done using a package such as Anybody Technology.

The technique that is used to perform the simulation is the so called “inverse dynamics solution”. 

Inverse dynamics is the specialised branch o f mechanics that bridges the areas of kinematics and 

kinetics. It is the process by which variables such as joint reaction forces and moments of force are 

computed from a combination of measured external forces, segment kinematics and segment inertial 

characteristics.

3. Analysis

Once a model is simulated, it is ready to make predictions about the human movement to answer 

a particular research question. Researchers again have to investigate if the data the model generates 

are reasonable, and perhaps compare them with experimental data. If the model data are not realistic, 

it must me determined if there is a problem with the model itself or with the way simulation runs. An 

entire series of studies may have to be performed to establish the model’s validity.

3.5 Anthropometry

3.5.1 Introduction

As it was mentioned at the previous section, the first stage for the investigation of human 

movement is the determination of the physical characteristics of the body segments. Anthropometry is 

the discipline concerned with the measurement of these physical characteristics of humans.

Biomechanists are mainly interested in the inertial properties of the body and its segments, a subfield of 

anthropometry called body segment parameters. Before a kinetic analysis of human movement is 

possible, each segment’s physical characteristics and inertial properties must be determined. The relevant 

characteristics are the segmental mass, locations o f the segmental centers of gravity, and segmental mass 

moments of inertia.

A major concern for biomechanists is the assumption that body segments behave as rigid bodies 

during movement. This assumption obviously is not valid because bones bend, blood flows, ligaments 

stretch, and muscles contract. It is also common to model some body parts as single rigid bodies despite 

the fact that they consist of several segments. For instance, the foot is commonly considered to be one 

segment even though it clearly can bend at the metatarsal-phalangeal joints. Similarly, the trunk is often 

treated as one single rigid body, but sometimes as two or three. In reality, however, it is a series of 

interconnected rigid bodies including the many interconnected vertebrae, pelvis, and scapulae. These



assumptions simplify the otherwise complex musculoskeletal system and eliminate the necessity of 

quantifying the changes in mass distribution caused by tissue deformation and movement o f bodily fluids. 

By also assuming that segmental mass distributions is similar among members of a particular population, 

an individual’s segmental parameters can be estimated by applying equations based on the averages 

obtained from samples taken from the population.

Attempts to quantify body segment parameters generally fall into four categories: cadaver studies, 

mathematical modelling, scanning and imaging techniques, and kinematic measurements. Some of the 

literature that utilizes these categories are presented below in the following subsections. It has to be 

mentioned that all of the work presented in anthropometry, is based on the literature of 

Robertson10 (2004) and the references belong to his work.

3.5.2 Cadaver Studies

Inertial properties (mass, centre of mass, moment of inertia) are difficult to be determined for a 

particular living person. If scientists were to quantify these properties for a robot, each segment would be 

separated and analyzed individually by performing specific tests. Because this is not possible for living 

persons, indirect methods must be used. For example, the coefficient method uses tables of proportions 

that predict the body segment parameters from simple, noninvasive measures such as total body mass, 

height, and segment lengths. The earliest attempts at this procedure date to the works o f Harles11 (1860),
19 IT •Braune and Fischer (1889), and Fischer (1906), but the most significant advancement was the work 

done by W.T. Dempster14, published ini 955 as the monograph Space Requirements o f the Seated 

Operator. This document, which Dempster compiled while working for U.S. Air Force, not only outlined 

the procedures for measuring body segment parameters from cadaveric materials, but also included tables 

for proportionally determining the body segment parameters needed to biomechanically analyze human 

motion.

Dempster collected data from living persons, anatomical specimens, and most importantly (for 

biomechanists), from eight complete cadavers. First, he used the method of Reuleaux1̂ (1876) to 

determine the average center of rotation at each joint (Figure 3.1). As shown in Figure 3.1 Points A and B 

are fixed on the rigid body. After movement from Position 1 to position 2, dotted lines are drawn as right 

bisectors of the lines A 1-A2 and B 1-B 2 . The center o f rotation is at the intersection of the dotted lines. At 

some joints, particularly the shoulder, the center o f rotation was difficult to identify. These locations 

became the endpoints for the various body segments. Table 3.1 describes these endpoints.



Position 2

Position 1

Center

rotation

Figure 3.1 -  Reuleaux’s Method [10]

The cadavers were then segmented according to Dempster’s own techniques and their lengths, masses, 

and volumes were carefully recorded. Dempster then calculated the location o f the center of gravity 

(using a balancing technique) and the moment o f inertia (using a pendulum technique) for each segment. 

Finally, Dempster created tables showing the segmental masses as proportions of the total body mass and 

the locations of the centers of gravity and lengths of the radii o f gyration as proportions of the segment’s 

lengths. These data in modified form (Miller and Nelson16 1973; Plagenhoef 1971l7; Winter18 2005) 

appear in Table 3.2. Later Barter19 (1957), working with Dempster’s data, performed stepwise regression 

analysis to derive regression equations that more accurately compute segmental masses.

Segment Proximal End Distal End

Clavicular link Sternoclavicular joint center: 

midpoint o f palpable junction 

between proximal end of clavicle 

and upper border o f stremum

Claviscapular joint center: midpoint o f line between 

coracoid tuberosity o f clavicle and 

acromioclavicular articulation at lateral end of 

clavicle

Scapular link Claviscapular joint center: see 

Clavicular link, Distal end

Glenohumeral joint center: midpoint o f palpable 

bony mass of head and tuberosities o f humerus

Humeral link Glenohumeral joint center: see 

Scapular link, Distal end

Elbow joint center: midpoint between lowest 

palpable point o f medial epicondyle o f humerus and 

a point 8mm above the radiale (radiohumeral 

junction)
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Radial link Elbow joint center: see Humeral 

link, Distal end

Wrist joint center: distal wrist crease at palmaris 

longus tendon or palpable groove between lunate 

and capitate bone in line with metacarpal bone III

Hand link Wrist joint center: see Radial 

link, Distal end

Center of mass of hand: midpoint between proximal 

transverse palmar crease and radial longitudinal 

crease in line with third digit

Femoral link Hip joint center: tip of femoral 

trochanter 1 cm anterior to most 

laterally projecting part of 

greater trochanter

Knee joint center: midpoint between centers of 

posterior convexities of femoral condyles

Leg link Knee joint center: see Femoral 

link, Distal end

Ankle joint center: level o f a line between tip of 

lateral malleolus of fibula and a point 5mm distal of 

the tibial malleolus

Foot link Ankle joint center: see Leg link, 

Distal end

Center of gravity of foot: midway between ankle 

joint center and ball of foot at head of metatarsal II

Table 3.1 - Dempster’s Segment Endpoints Definitions [10]

Many other body segment parameter studies have been conducted since Dempster’s groundbreaking 

work. Two in particular, by Clauser, McConville, and Young (1969) and Chandler et al. (1975), are 

note-worthy because they defined body segments using palpable bony landmarks instead of estimated, 

averaged joint centers o f rotation. They also segmented an additional 13 cadavers (only six were used by 

Chandler et al.) and presented the results in a table similar to Dempster’s. The segment definitions appear 

in Table 3.3 and the values are presented in Table 3.4.



£CJ

b£
£
s<u

O
1.

16

1.
13

1.
07

1.
14

on

1.
09

1.
05

1.
06 -

1.
04

0.
92 i i i

1.
01

1.
03 i i

R
ad

iu
s 

of 
gy

ra
tio

n/
 

Se
gm

en
t 

le
ng

th g 0.
57

7

0.
64

7
0.

64
5

0.
56

5

0.
59

6

0.
69

0
0.

64
3

0.
65

3 o

o 0.
49

5

I i i i i i

0.
64

8

0.
62

1

0.
91

4

"5E
oi_a

*

0.
58

7

0.
52

6
0.

54
2

0.
82

7

0.
64

5

0.
69

0
0.

52
8 o

'T 'l

o 0.
56

0
1.

11
6

I i i i i i

0.
64

0

0.
79

8

1.
45

6

01

g 0.
29

8

0.
30

3
0.

32
2

0.
46

8

0.
36

8

0.
47

5
0.

30
2

0.
32

3
0.

32
6

0.
49

5

i I i i i i

0.
40

6

0.
49

6

0.
90

3

Ce
nt

er
 

of 
m

as
s/

 
Se

gm
en

t 
le

ng
th

15
V)

0.
49

4

0.
57

0
0.

56
4

0.
31

8 or -

o

oôr>
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Acromion Point at the superior and external border of the acromion process of the scapula. This 

point is easier to find if the subject bends laterally at the trunk to relax the deltoid 

muscle.

Glabella Bony ridge under the eyebrows.

Metacarpale III Distal head of the third metacarpal (proximal knuckle o f the middle finger).

Occiput Occipital process.

Radiale Point at the proximal and lateral border of the head of the radius. Palpate downward 

in the lateral dimple at the elbow. Have the subject pronate and supinate the forearm 

slowly so that the radius may be felt rotating beneath the skin.

Sphyrion Most distal point of the medial malleolus of the tibia. Place the marker on the fibula at 

the level of the sphyrion. Do not use the sphyrion fibulare, as it is more distal than the 

sphyrion.

Stylion Styloid process of the radius. The styloid process of the ulna may be used.

Tibialc Most proximal point o f the medial border o f the head of the tibia. Use the tibiale 

externum, which is equivalent. Palpate the tendon of the quadriceps at the distal end 

of the patella and follow the border o f the tibia laterally to the frontal border o f the 

lateral collateral ligament. The point is easier to find if the subject unloads the leg and 

slightly flexes the knee.

Trochanter Most superior point on the greater trochanter of the femur, which is difficult to locate 

in women and people with excessive subcutaneous fat. Have the subject abduct and 

move the leg forward and backward. Palpate the femur with the index finger, and 

move upward gradually until the most superior palpable point on the trochanter is 

found.

Table 3.3 - Clauser et al.’s Segment Endpoints Definition [10]

For their 3-D kinematic and kinetic investigation of the lower extremity during human gait, Vaughan. 

Davis, and O’Connor22 (1992) enhanced the methods used by Chandler et al. (1975). They created 

regression equations for the masses o f the lower extremities that included various segmental 

anthropometries, such as calf and midthigh circumference, in addition to segment length and body mass 

(Table 3.5). Hinrichs (1985) also extended Chandler’s work by applying regression equations for the 

calculation of segmental moments of inertia.

An average set o f segment lengths expressed as a percentage of body height was prepared by Drillis and 

Contini24 (1966) and is shown in Figure 3.2. These segment proportions serve as a good approximation in 

the absence of better data, preferably measured directly from the individual.
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Segment Axis Regression equation

Foot Flexion/extension Ifle = 0.00023 • m„M, ■ [4 • h 2m + 3 • l)M \ + 0.00022

hm = malleolus height(m)
Abduction/adduction = 0.0002l m ,^  •[»X  + 3 -/jLJ+0.00067
Internal/external rotation / „ .  =0.00041 • mMa, ■ [h2m + w]-  0.00008

w fo o , = f°o t Width (m)
Leg Flexion/extension I fu  = 0.00347 • mIMl ■ |&  + 0.076• cfeg J+ 0.00511 

c, = leg circumference (m)

Abduction/adduction = 0.00387 mIOM, -[l2kg + 0.076 •<£]+0.00138
Internal/external rotation /„. = 0.0004 l . « — . c i +  0.00012

Thigh Flexion/extension Ifu  = 0.00762 ■ mIM, ■ |/,Lg* + 0.076 ■ c ^  \+ 0.01153

clfl. = thigh circum ference (m)
Abduction/adductionI ., .  =0.00762 • m,oul ■ ^  + 0.076 • 4 *  j+ 0.01186
Internal/external rotation / „ . =  0.005 ^■m,M,c igh+0.00305

Table 3.5 -  Vaughan, Davis, and O’Connor’s Body Segment Parameters [10]

0.146H 0.108H0.186H
0.129H

0.259H

0.19 H

0.055H 
F o o t  B r e a d t h 0.152H 

F o o t  L e n g t h

Figure 3.2 -  Body Segment Lengths Expressed as a Fraction of Body Height H  [18]



3.5.3 Mathematical Modelling

Mathematical modelling of the inertial properties of human body segments was pioneered by the 

work of Hanavan (1964) when it became necessary to model the body for 3-D analyses. Hanavan made 

the assumption that mass was uniformly distributed within each segment, and that the segments were 

rigid bodies that could be presented by geometrical shapes. The body was divided in fifteen segments 

(Figure 3.3) and most of the segments were modeled as frusta of right-circular cones. The hands were 

modeled as spheres, the head as an ellipsoid, and the trunk segments as elliptical cylinders. Figure 3.4 

contains equations used for the computation of the principal mass moments of inertia of the main uniform 

solids Hanavan used. By using the data provided by Dempster (1955) and taking additional 

anthropometric measures (25 in total), such as midthigh circumference, malleolus height, knee diameter, 

and biacromial breadth, equations were developed to compute the three principal moments of inertia. 

Hanavan's methods have since been enhanced to include more segments and more directly measured 

anthropometric measures.

Figure 3.3 -  Hanavan’s Model [10]
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Hatze20 (1980) developed another model that uses 242 direct anthropometric measurements to define the 

segmental properties of a 42-DOF, 17 segment model of the body (Figure 3.5).
77  •A model presented by Yeadon (1990) divides the body into 40 solids. A total of 95 measurements are 

necessary. The solids representing the torso, hands, and feet are stadium solids (Figure 3.5).

Hatze Yeadon

top

Figure 3.5 -  Hatze’s & Yeadon’s Models [30]

3.5.4 Scanning And Imaging Techniques

Another approach to determining inertial properties and then estimating body segment parameters 

involves scanning the living body with various radiation techniques. For instance, Zatsiorsky and
7 ft 70Seluyanov ’ (1983, 1985) presented data from an extensive study on the body segment parameters of

both male (n=100) and female (n=15) living subjects. To compute mass distribution, gamma mass 

scanning was used to quantify the density o f incremental slices of each segment. This method enabled 

estimations to be made of the mass, center of mass, and principal moments of inertia in 3-D for a total of 

15 segments. Their subjects included individuals younger than the ages o f the cadavers used in previous 

studies; furthermore, they applied regression equations to customize body segment parameters. These 

values and methods were recently documented and republished by Zatsiorsky30 (2002).

In addition to gamma mass scanning, other techniques that have been developed to quantify human body
71 37segment parameters include photogrammetry (Jensen ’ 1976, 1978), magnetic resonance imaging

(Mungiole and Martin33 1990), and dual-energy X-ray absorptiometry (DEXA; Durkin and Dowling34 

2003; Durkin, Dowling, and Andrews35 2002).

Furthermore, some researchers have provided data from populations that are not well represented by the 

previously mentioned studies, which were based primarily on middle-aged male or young adult
• T 7  TftCaucasians. For example, Jensen ’ ’ and colleagues provided data for children (1986, 1989) and



pregnant women (1996), Schneider and Zemicke39 (1992) quantified regression equations for the body 

segment parameters of infants, and Pavol, Owings, and Grabiner40 (2002) estimated inertial properties for 

the elderly.

3.5.5 Kinematic Techniques

Kinematic techniques are methods that measure kinematic characteristics to indirectly determine 

the inerial properties of segments. Hatze41 (1975) developed an ascillation technique that derives the 

mass, center of mass, and moment o f inertia o f the segments of the extremities and the damping 

coefficients of joints. The technique, which cannot be used for the trunk segments, requires that a body 

part be set into oscillation with an instrumented spring. The muscles must be relaxed so that they do not 

influence the damped oscillations of the spring-limb system. Mathematically derived equations based on 

small oscillation theory are then used to estimate the properties of the joint and segment based on a 

passively damped reduction of the oscillations of the spring-limb system.

Anther technique for estimating mass moment of inertia is called the quick release method (Drillis, 

Contini, and Bluestein42 1964). This technique also assumes that the muscles are relaxed and that the 

acceleration o f a rapidly accelerated segment is affected only by the segment’s rotational inertia. Thus, by 

measuring the angular acceleration of a segment after release of a known force ( F ) or moment ( M ), the 

moment of inertia ( I ) o f the segment can be derived from the following relationship:

/  = M  / a = (F-d) /  a(3.1) 

where M (or F • d ) is the moment o f force immediately before release and a is the angular acceleration 

after release. Obviously, this method can be used only for terminal segments because applying it to other 

body parts would be difficult.

3.6 Summary

Some of the main reasons that researchers use more and more computer models, are due to the 

extreme complexity of the human body, the need o f prediction, and the intrinsic limitations o f humans as 

they are randomly variable, subject to fatigue, with limits of strength and coordination, and that they must 

be treated with due consideration for safety and ethics. Nevertheless, no matter how sophisticated a 

computer model becomes, many limitations remain, and they arise from a number of factors like the 

numerical imperfections that exist in the solution process, the difficulty of accurately modelling impacts, 

the approximation of complex human structures and the enormous adaptability of the human system.

O f course, for the implementation of a simulation analysis o f human movement, each segment’s physical 

characteristics and inertial properties must be determined first. The relevant characteristics are



the segmental mass, locations of the segmental centers o f gravity, and segmental mass moments of

nertia. Attempts to quantify these characteristics generally fall into four categories. One of these 

categories is the study that uses cadavers. The origin of this method is due to the difficulty to determine 

the inertial properties o f a particular living person, as it is impossible to separate and analyse each body 

segment individually. Another category is the one of mathematical modelling, in which segments can be 

represented by known geometrical shapes and in combination with some anthropometric measures can 

make the computation of the three principal moments of inertia possible. A third category is the one of 

scanning and imaging techniques like the gamma mass scanning technique, the photogrammetry, the 

magnetic resonance imaging and the dual-energy X-ray technique. And a fourth category is the one with 

jthe kinematic techniques such the oscillation technique that derives the inertial characteristics of all the 

body segments except those of the trunk and determines the damping coefficients of joints. Another 

technique that falls into the fourth category is the quick-release method which estimates mass moment of 

inertia.
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CHAPTER 4 
MUSCULOSKELETAL SOFTWARE SYSTEMS 

& APPLICATION AREAS 

4.1 Introduction

The present chapter deals with the presentation of the basic features and some application areas of 

the most popular musculoskeletal software systems in the commerce.

The first part is dedicated to the basic characteristics of these simulation tools, starting with the Anybody 

Technology43 system, it continues with the SIMM44 software suite, the LifeMOD45 software system, the 

SimMechanics47 system and ends with the MADYMCf8 software system. The second part includes the 

application areas of the above musculoskeletal software systems and some representative examples for 

each of these areas. These areas are: automotive, medical-rehabilitation, aerospace, occupational health, 

and sports.

4.2 Musculoskeletal Software Systems

4.2.1 Anybody Technology43

The Anybody Modelling System is a software system for the simulation of human movement 

(Figure 4.1). It can model smaller or larger subsets of the musculoskeletal system (or the entire body) and 

compute muscle forces, joint reactions, metabolism, mechanical work, etc. for given movements.

Figure 4.1 -  The Anybody Modelling System [43]
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\n y  property o f the Anybody model is parametric, and the system can be used for optimization of 

movement patterns, working positions, anthropometric data, etc.

Technically, the system is characterized by the following properties:

• It uses an optimization technique to solve the muscle recruitment problem and reverses this by 

means of other optimization techniques so that forward dynamics problems can also be treated.

• It handles static and dynamic models.

• Models are fully three-dimensional.

• It runs on the MS Windows platform.

• It handles very large models on small computers. It is entirely feasible to analyze a model with 

several hundreds o f muscles on an ordinary PC.

• Models are developed in the body modelling language AnyScript.

• The Anybody Modelling System is self-contained. It does not build on top of other platform or 

require any additional software to be installed.

Anybody Modelling System is the software that is used in this research thus a more detailed 

presentation of this system is included below.

4.2.2 SIMM Software Suite44

4.2.2.1 SIMM

SIMM (Software for Interactive Musculoskeletal Modelling) is a graphics-based software package 

that enables the user to quickly develop and analyze musculoskeletal models (Figure 4.2). In SIMM, a 

musculoskeletal model consists of representations of bones, muscles, ligaments, and other structures.

Figure 4.2 -  The SIMM Modelling System [44]

Muscles span the joints and develop force, thus generating moments about the joints. SIMM enables an 

analysis o f  a musculoskeletal model by calculating the joint moments that each muscle can generate at 

any body position. By manipulating a model using the graphical interface, the user can quickly explore
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the effects of changing musculoskeletal geometry and other model parameters on the muscle forces and 

joint moments. It has the following features:

•  Muscle Wrapping. Users can interactively define spheres, ellipsoids, and cylinders for muscle- 

tendon actuators to wrap over. SIMM automatically calculates muscle paths over these wrapping 

objects. Muscle lengths, forces, and moment arms are all calculated correctly for the new, 

wrapped muscle.

• Bone Deformations. A powerful tool allows user to warp bones into new shapes to model various 

bony deformities. Deformations such as tibial torsion and femoral anteversion are straightforward 

to model and can be implemented with a range of severity of deformation.

• Model Scaling. A scaling utility is able to scale an existing model to match any size individual. 

Body segments (and corresponding joints kinematics) can be individually scaled by specifying X, 

Y, Z scale factors for each segment. Muscle paths are scaled with the segments, but muscle force- 

generating parameters are not scaled.

• TIFF/movie Export. Users can export a single image of a model, or an entire animation sequence 

to TIFF images that can then be combined into a movie file.

• Muscle Display. Muscles are drawn as smooth-shaded cylinders, making them look more 

realistic, especially in close-up views.

• Muscle Point Editing. A selection box in the model window helps users identify muscle points 

for selecting. There is also a feature for picking a polygon on a bone, which is helpful for cases in 

which users want to attach the muscle point to the bone surface.

•  Motion Objects. SIMM has a class o f objects that users can use to improve the animation of 

musculoskeletal models. Motion objects are polyhedra for which users can specify the position, 

orientation, size, and colour in each frame o f data in a motion file.

• Norm Options. The utility program norm has several options for processing polyhedron files. It 

can fill in holes in polyhedra, subdivide edges, and has options that improve its ability to find 

correct vertex normals for polyhedra that are not closed objects.

• GUI Tools. Many user interface elements make it easy to interact with a model and to change the 

display properties of the bones, muscles, and other model components.

4.2.2.2 Dynamics Pipeline

Dynamics Pipeline connects SIMM to SD/FAST (Symbolic Dynamics, Mountain View, CA) to 

simulate the dynamics of rigid-body systems. The Pipeline is a general-purpose software package that 

enables users to perform forward and inverse dynamics simulations on musculoskeletal models. For 

forward dynamics, the user specifies the on/off times of muscles - the Pipeline computes the resulting
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notions of the body segments. For inverse dynamics, the user specifies the time histories of the joint 

ingles during some activity - the Pipeline calculates the torques required to generate that motion.

Fhe Dynamics Pipeline runs on Silicon Graphics workstations and requires Irix 5.3 or higher. It also runs 

on IBM compatible PCs running Windows.® The Dynamics Pipeline requires both SIMM and SD/FAST.

4.2.2.3 Generic Knee Model

The SIMM Generic Knee Model is a high resolution anatomical and kinematic model o f the knee 

ierived from plastic bone models and MRI data and designed specifically for SIMM users. The Knee 

Model consists of four bones (femur, tibia, fibula, and patella), five ligaments (anterior and posterior 

cruciate, medial and lateral collateral, and patellar ligaments), and the lateral and medial menisci. The 

jones and menisci are modelled as rigid polyhedra and the ligaments as deformable polyhedra.

The Generic Knee has two degrees of freedom that represent flexion-extension and varus-valgus motions. 

The femur is the fixed bone and the tibia moves relative to it, while the patella and the menisci move 

relative to the tibia.

Cinematic functions defining the varus-valgus motion of the tibia force it to rotate about the center of the 

ateral tibial plateau during valgus motion and about the center o f the medial tibial plateau during varus 

motion. The kinematics of the knee can easily be modified in SIMM to include new degrees of freedom 

or to represent new experimental data.

4.2.2.4 Full Body Model

The Full-Body Model is a SIMM musculoskeletal model o f an average, adult male. It contains 86 

degrees of freedom, 117 joints, and 344 muscle-tendon actuators. The joints have anatomically accurate 

kinematics (e.g., the knee model accounts for the sliding and rolling o f the tibia and patella on the femur). 

The muscle-tendon actuators include the force-generating properties so that SIMM can calculate the 

length, moment arm, force, and joint moment for any muscle in any body position. The model was jointly 

developed by biomechanics research labs at several universities. All o f the model parameters are from 

published sources and a bibliography is provided. In addition, the model is fully customizable, so user can 

change any of its parameters or add additional muscles or degrees of freedom.

The Full-Body Model is an excellent resource for anyone who wants to perform a musculoskeletal 

analysis o f any portion of the human body. The model can be animated by recorded motion data, and used 

to examine muscle strengths and joint moments during the activity. By using the model scaling utility that 

comes with SIMM, the model can be scaled to match any size individual. Workspace designers,
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biomechanics researchers, and people involved in task analysis and ergonomics will find this 

comprehensive, accurate model especially useful.

4.2.2.5 Real Time Motion Module

The Real Time Motion Module imports motion files created by Motion Analysis systems. Motions 

imported into SIMM are mapped onto a pre-built, customizable, full-body model with 344 anatomically 

accurate muscles. The body segments, joint kinematics, and muscle attachment sites of the model are 

scaled to match the size o f the subject whose motion is being recorded. To accompany a motion, SIMM 

can also import analogue data such as ground-reaction forces and muscle activation levels (EMG data). 

Additionally, SIMM can import kinetic data computed by OrthoTrak.

The Motion Analysis file formats that SIMM can import are: TRC, TRB, ANB, ANC, and XLS. The Real 

Time Motion Module makes an excellent post-processing tool for analyzing a recorded motion in detail. 

Once the motion is imported into SIMM, it can be played back in a 3D graphical display showing the 

skeleton, ground-reaction forces, and muscle activations. Ground-reaction forces are displayed as vectors 

superimposed on the model, and the muscle activation data is used to change the size and colours of the 

muscles. In addition, plots can be made o f joint angles, ground forces, muscle activations, and muscle 

lengths.

The Real Time Motion Module has the ability to receive motion data in real-time, as it is being collected. 

It works by connecting to the machine that is running Motion Analysis software using a standard Ethernet 

connection. As motion data is collected and processed, it is sent out over the network to the machine 

running SIMM. SIMM can then animate the musculoskeletal model and display streaming plots of the 

data. Because the model being animated has accurate muscle-tendon actuators, user can even display real­

time plots of the subject's muscle lengths as the motion is being captured.

The Real Time Motion Module is the ideal tool for clinicians and researchers who want to visualize the 

relationships between muscle activity, external forces, and the resulting body motion. It is particularly 

useful in task training and other applications that benefit from real-time feedback. A subject's motion can 

be recorded and instantly compared to a desired motion. The SIMM display can also be used as real-time 

visual biofeedback so that the subject can monitor his own activity. Gait analysis and sports performance 

centers can use SIMM and the Real Time Motion Module to analyze in detail an individual’s motion and 

help diagnose problems and improve performance. Biomechanical research and industrial applications 

include product design, ergonomics analysis, and anthropology.
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4.2.2.6 C3D Module

The C3D Module is an optional component to SIMM that has been developed to visualize results 

o f gait analysis studies. This software is specifically designed to read in C3D files to create a three- 

dimensional animation showing body motion, muscle activity, and ground reaction forces. It is used by 

several leading motion analysis laboratories to interpret gait analysis data and to communicate results of 

these studies to others.

4.2.2.7 FIT Module

The FIT (Forward Inverse Dynamics Tool) Module allows users to perform forward and inverse 

dynamics simulations on the musculoskeletal models, without any programming. It works by loading pre­

compiled simulations of generic models and then customizing them to match the particular model.

For inverse dynamics, users can load a motion into the FIT Module and specify which properties, such as 

joint torques and joint contact forces, users would like to calculate. SIMM uses a novel dynamics 

technique to calculate these properties, taking into account ground-reaction forces and muscle EMG data, 

if  available. An upcoming version of the FIT Module will use an optimization algorithm to estimate the 

individual muscle forces that produce the calculated joint torques.

For forward dynamics, users can configure the model in any desired starting position, and specify the 

excitation patterns of the muscles. Users can also apply external forces and torques by defining them in an 

input file. SIMM then starts the simulation and integrates the equations of motion for the specified time 

period. The results are shown as they are calculated in the SIMM model window and plot windows. Using 

the graphical interface, it is quick and easy to run a simulation, examine the results, and then adjust the 

muscle excitations or other import variables and run another simulation.

In conjunction with the Real-Time Motion Module, the FIT Module is a powerful toolkit for performing 

dynamics analyses on virtually any recorded motion. The recorded marker data (TRB, TRC files) is 

imported into SIMM and mapped onto a full-body model (with masses, inertias, and muscles) that is 

scaled to fit the size of the subject. If desired, the imported motion can then be cropped, and events can be 

added to it (e.g., heelstrike, toe-off).

4.2.3 LifeMOD45

LifeMOD is a plug in to the popular ADAMS4 software to provide a complete modeling 

environment to refine the task o f creating passive, and forward-dynamics biological models which 

interact with the environment, tools, equipment and each other (Figure 4.3).
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ADAMS is a motion simulation software for analysing the complex behaviour of mechanical assemblies. 

ADAMS allows users to test virtual prototypes and optimise designs for performance, safety, and 

comfort, without having to build and test numerous physical prototypes.

Figure 4.3 -  The LifeMOD Modelling System [45]

Some of the features o f LifeMOD are presented below:

•  Multiple Interacting Models. As many as 6 models may be created in one environment. The 

models may interact with the environment, equipment, or each other to perform coordinated tasks. 

Models may be specified separately as passive or active.

• Five Anthropometric Body Size Databases. Databases included for GeBod data, and PeopleSize 

UK, USA, Japan and China databases. Segment sizes and mass properties may be scaled from 

data for male, female, median, 5%-ile and 95th-ile.

• Several Types Human Body Representation. Five types of human body representation include 

male skin, female skin, ellipsoid, crash dummy and stick. The investigator may switch between 

representations all through the simulation process.

• Segments May Range in Bio-fidelity. LifeMOD employs a "segment refine" process to create 

human models. A 19 segment model is created initially, with bones lumped into segments. The 

segments are scaled based on the anthropometric databases. Individual segments may then be 

refined or dispersed into the true number of bones for detailed representation. This allows the 

investigator to create a model with the most efficient fidelity.

•  Complete Scalable Skeleton. All bone graphics representing the complete human skeleton are 

generated and scaled based on the anthropometric database which includes male/female adult and 

child populations.

• Three Body Generation Input Methods. 1) Simple: height/weight/gender 2) Body Segment 

Measurements: 50 body measurements 3) Joint Locations: 22 joint location measurement.

• Body File Import/Export. Body data may be imported/exported for cataloguing and automatic 

body generation capability.

•  Any Biological Entity May Be Simulated. LifeMOD allows the import o f body segment 

geometry from any biological organism.



•  Large Body Posture Library. Large standard library o f postures as well as a posture save 

capability to add to the library.

• Human Joints Automatically Generated. A standard set o f 20 tri-axis joints is created 

automatically. Each joint DOF may be individually modified to include stops, forces, friction, 

torques, etc.

•  Joints May be Individually Refined. Each joint DOF may be modified specifically to further 

replicated the intended human motion.

•  Hybrid III Crash Dummy Strength Characteristics. Crash dummy strength characteristics are 

available for passive-type simulations. The strength model may be scaled to the particular body 

size and gender. The strength algorithm includes joint friction, non-linear stiffness/damping and 

limits with hysteresis using data derived from the physical dummy.

•  Force-based Joints. More sophisticated joints which rely on bearing surface contact forces and 

ligament stabilization may be modelled

• Joint Axes Manipulation. To adjust the posture of the model each joint axes may be adjusted 

using control panels. The posture may be saved for later retrieval.

•  Automatic PD-servo controllers created at each joint axis. Using joint motion patterns 

developed from inverse-dynamics solution, pd-servo controllers may be created at each joint DOF 

to allow the human model to track the recorded motion using joint torques.

•  Full Body Muscle/tendon Groups. The joints may be stabilized using ligament forces and driven 

using muscle forces. The muscle forces are series spring/damper activation elements which can 

create forces derived from motion patterns from the inverse-dynamics simulation. Insertion points 

for the tissues may be relocated easily, with the cursor or control panels.

•  Tissue Contact Force Tools. Tools are available to model the forces resulting from body segment 

contacting the environment, or each other.

• Any MOCAP device maybe used to provide data. LifeMOD contains a standard interface to 

motion capture products through a simple marker trajectory ASCII text file.

• Complete marker sets automatically positioned. Marker sets are automatically created on the 

model after import from the motion capture system. Marker trajectories, imported from a MOCAP 

system may be used to drive the model using a "Motion Agent" approach. Motion agents are 

created at the locations of the motion capture sensors and attached to the model using springs. The 

stiffness properties o f the springs are based on the relative accuracy o f the specific marker. Thus, 

the motion agents influence the motion of the model not govern, since the model is bound by the 

joint limits, environment, physics, etc.

•  Automatic Equilibration Process. The human model is automatically fit into the marker cloud 

using an energy minimization principal.



• Accommodates subject-model differences and other error sources. Since motion agents are 

not rigidly attached to the model, the model can allow some relative motion thus, accommodating 

any model-subject discrepancies and/or other data errors (i.e., skin wobble).

• Inverse Dynamics Simulation. After the motion agents are positioned on the model, a simulation 

is performed to capture the motion of the model and/or muscles. The motion agents drive the 

model, yet the model is under the influence of the joint limits, external forces and gravity (i.e., the 

foot will not be forced through the floor). During this process, "learning" elements in the muscles 

record each muscle contraction history.

• Forward Dynamics Simulation. Learning elements are replaced with contractile elements based 

on the recorded contraction histories to drive the human model to match the recorded motion. A 

simulation is then preformed with the model guided by the internal forces (joint torques and/or 

muscle forces) and influenced by the external forces (gravity, contact, etc.) From this simulation 

the investigator obtains insight into muscle function, timings, magnitudes, force action, etc.

• Animations. The simulation results may be used for detailed animations with dynamic plot 

display. Also, move (avi) files may be created instantly.

• Kinematics. Kinematic data including joint/segment displacements, velocities, accelerations may 

be recorded in any coordinate frame. Any location on the model may be tracked and reported. 

Kinematic data from any interfacing mechanical system may be reported as well.

• Kinetics. The model kinetics include torques and forces such as joint torques, soft tissue forces 

and contact forces. Internal reactions such as mechanical system forces and interface forces may 

also be reported.

4.2.4 SimMechanics47

SimMechanics allows engineers to model and simulate mechanical systems in the Simulink 

environment (Figure 4.4). With SimMechanics, user can directly model mechanical components

Figure 4.4 -  The SimMechanics Modelling System [47]
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Todies and joints), simulate their motion, and analyze the results without having to derive the 

Mathematical equations governing the system.

Technically the system is characterized by the following properties:

• Models and simulates rigid body mechanical systems within Simulink.

• Provides full modelling hierarchy allowing mechanical blocks to be grouped with other block 

types.

•  Uses Simulink’s solvers for accurate three-dimensional analysis and simulation.

•  Contains comprehensive joint and constraint libraries.

•  Models linear and angular motions, forces and torques.

•  Provides trimming and linearization capabilities for control system design.

•  Enables visualization and animation o f mechanical systems using either Virtual Reality Toolbox 

or Matlab graphics.

•  Performs kinematic, forward, and inverse dynamic analysis o f mechanical systems.

• Uses O(n) recursive algorithms to solve equations o f motion for multibody systems.

• Provides multiple local coordinate systems for model definition.

•  Ability to generate stand-alone C code using Real-Time Workshop.

• Provides a SolidWorks translator to enable the use o f CAD tools to define mechanical models. 

4.2.5 MADYMO48

TNO Automotive has applied its expertise in biomechanics reseach, crash tests and simulation 

techniques to improve safety design by developing multi-directional human models in MADYMO. 

MADYMO provides seamless integration of multibody (MB) and finite element (FE) capabilities.

Figure 4.5 -  The MADYMO Modelling System [48]
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From fast and efficient MB modelling for the concept stage to detailed FE modelling for the design and 

prototype stage: It can all be done with this code. MADYMO's multibody capabilities form the 

mathematical foundation of both MADYMO and the TNO developed MADYMO occupant models. Easy- 

to-generate multibody systems can be simply described as rigid and flexible bodies (or masses), 

interconnected by various types of kinematic joints.

The human models developed by TNO offer improved biofidelity and can be used in many applications 

in the area of crash safety, personal protection, sports injuries and seat comfort. For the various 

applications several full body models, detailed segment models and combinations are available.

The Madymo human models offer:

• Improved biofidelity over crash dummies.

• Improved crash protection for various body sizes.

•  Study of injury mechanisms.

• Injury criteria based on tissue failure (stress/strain).

•  Modelling of post-failure (e.g. fracture) response.

•  Rapid incorporation of biomechanical data.

• Inclusion of muscle activity.

• Posture analysis.

• Evaluation of comfort.

• Accident reconstruction.

4.3 Application Areas

4.3.1 Automotive

• Egress49. With the ageing population, ingress/egress becomes an increasingly important topic, this 

egress model (Figure 4.6) demonstrates how the position of an assistive handle on the window 

frame influences the knee joint forces as well as the muscular effort of egress. For an elderly 

individual with arthritic knees, this can be of tremendous importance to the usability of the 

vehicle. The idea behind the study is that placement of a handle on the window frame might allow 

car drivers to divide the load of egress between the legs and the arms, thus reducing the maximum 

load on any of the elements. In such a situation, the AnyBody Modelling System automatically 

recruits muscles such that the effort is distributed between the body parts and indeed between the 

individual muscles to share the load between the elements according to their individual strengths.



Figure 4.6 -  Egress Model [49]

Pedal Design49. What is a good pedal? In some sense it should provide effortless and yet precise 

operation. This model example (Figure 4.7) demonstrates how the pedal stiffness and the distance 

between the seat and the pedal influences the muscle effort of operating the pedal. Consider a 

pedal hinged at one end and equipped with a torsional spring that stretches when the pedal is

Figure 4.7 -  Pedal Design Model [49]

depressed. The dilemma is the following: If the spring is too weak, then the pedal will not provide 

much support for the leg, and the operator consequently has to extend the leg and hold it up 

against gravity. This will become very tiring. On the other hand, if  the spring is too rigid, then the 

muscular effort of depressing it will become too large and repetitive operation o f the pedal or 

static maintenance of a particular pedal position will cause fatigue. Similarly, different seat 

positions influence the muscular effort.

Even a simple model problem like this is much too complicated to be thoroughly investigated by 

experimental methods. With musculoskeletal modelling it is possible to perform a systematic 

variation of the model's parameters and obtain a complete overview of the problem.

Active Human Surrogate Control of a Motorcycle: Stabilizing and De-Stabilizing50.

Two aspects of a motorcycle injury crash were studied in this project. 1) What were the riders



actions which led to unsafe handling of the motorcycle? 2) What were the injury-producing 

mechanisms present during the crash?

Figure 4.8 -  Rider Model [50]

This inquiry illustrates methods and procedures which are useful for motorcycle safety design as 

well as reliability analysis. Human models were created of the rider (Figure 4.8) under rider 

control to simulate a mild lane change manoeuvre. Manual control and vehicle response 

characteristics were evaluated for cases involving a system disturbance such as an encounter with 

a road pothole during the turning phase in the lane change. For the case when the rider/cycle 

system becomes unstable resulting in a crash, the 3-dimensional joint strength model for the 

human surrogate rider mode switches from an active, motorcycle control model (pre-crash phase) 

to a passive, rebound model (crash phase), derived from the Hybrid III crash dummy.

• Safety Equipment Evaluation System50. Over the years many types of vehicular injury scenarios 

have been simulated. From this experience, software systems for the evaluation of vehicle safety 

systems have been developed. The simulations performed by these systems include mechanical 

models of the safety equipment and human models (Figure 4.9), providing information on both the 

internal and external forces the human is subjected to during various types o f collisions.

Figure 4.9 -  Crash Test Model [50]



.3.2 Medical/Rehabilitation

• Gait Analysis49. Gait analysis is one of the real success stories of biomechanics. Today, gait 

laboratories are used routinely for investigation of a variety of conditions, for diagnostics and 

planning of surgery, and for rehabilitation. However, traditional gait analysis is almost exclusively

Figure 4.10 -  Gait Analysis Model [49]

about kinematics. It is possible to compute joint moments in the open-chain mechanisms formed 

by the lower extremities, but traditional gait analysis reveals little if anything about the internal 

forces in the body.

IQ ^

• Wheelchair . A very large proportion of wheelchair users (Figure 4.11) experience load-induced 

shoulder pain. This happens after several years’ use, and it can be a very serious condition for an 

individual relying entirely on the arms for ambulation. The wheelchair parameters such as wheel 

diameter, pushrim position, axle position, and camber influence the shoulder forces during use. 

But precisely how?

This is a field where the consequences o f a design change do not appear until several years of use. 

This alone makes experimentation impossible. But it is also ethically unacceptable to fit 

wheelchairs to humans in any other way than following best practice. In other words, computer 

simulation is the only way to gain knowledge about the influence of the wheelchair design on 

body loads. Once design techniques have been established it also allows to tailor the wheelchairs 

for optimal operation by individuals.



Figure 4.11 -  Wheelchair Model [49]

Hip Replacement50. This example involves the usage of a human model to evaluate the functional 

performance of a new hip replacement system (Figure 4.12). A musculoskeletal lower body model 

is created and the hip system is implanted in the model. Motion capture data is used to drive the 

model for the inverse dynamics analysis to "train" the muscles to perform the task. A forward 

dynamics analysis is then performed with the muscles driving the model, to evaluate the forces at 

the stem/bone interface and at the cup and to determine if there is impingement between the stem 

and cup during the walk-sit-run activity.

Figure 4.12 -  Hip Replacement Model [50]

• Bed Settling50. This example involves the usage o f a human model to determine the resting 

configuration for a patient in a hospital bed. The simulation is performed for beds with varying 

cushioning characteristics for patients with varying joint stiffness properties.



Figure 4.13 -  Bet Settling Model [50]

4.3.3 Aerospace

• Cockpit Design49. The performance of a pilot is crucial to the safety of the passengers and 

payload and, in military applications, to the success of the mission. Even with very careful 

selection of pilots, the human performance is now the bottleneck in many aircrafts. This makes the 

design o f the cockpit environment a key factor (Figure 4.14).

With musculoskeletal simulation it is possible to assess the influence of the design parameters on 

pilot fatigue and aircraft operability. Modeller can evaluate whether the pilot will be able to move 

the hand from point A to point B when pulling 7g, and can assess the possible accuracy of such a 

handle operation.

For instance, flying a rescue helicopter in difficult weather conditions requires the utmost 

precision, and the placement and feedback o f pedals and handles play an important role.

Figure 4.14 -  Cockpit Design Model [49]



• Passenger Spaces49. Space and weight are crucial factors in the design of any aircraft. Both of 

them translate directly into cost, and any passenger in the coach section o f an international flight 

can vouch for the fact that the shortage of space can make flying a taxing experience in terms of 

comfort and fatigue (Figure 4.15). Getting in and out of seats, sitting in cramped spaces for many 

hours, and loading heavy bags into overhead bins are just a few of the cases that are difficult or 

fatiguing for young and fit people and may be downright impossible for elderly or impaired 

individuals. The good news is that with musculoskeletal modelling the consequences of the design 

of the environment can be assessed and indeed optimised: the dimensions of hinge mechanisms in 

overhead bins for easy closing; the placement o f assistive handles and support points for entering 

and exiting a seat row; or the support profile of a seat and the kinematic compatibility of its 

adjustments with the human body.

Figure 4.15 -  Passengers Spaces Model [49]

• Galileo space probe high-gain antenna deployment50. The Galileo space program suffered a 

setback when the high-gain antenna would not deploy while in space. From the deployment motor 

torque signal, engineers were able to ascertain that the antenna only partially deployed. Since the 

power necessary to run the motor was limited, the engineers did not want to try any efforts to jog 

free the antenna without knowing to what extent the antenna did deploy.

Figure 4.16 -  Galileo Model [50]

Engineers were called to help determine the antenna configuration. The detailed model o f the



. . . . . t f . ' - r i ? .

antenna included the flexible spines, the effects of the antenna dish metal meshwork, the screw- 

jack mechanism, and all the locking and guiding mechanisms. The idea was to use this model to 

see where the antenna was "sticking" by comparing the torque signal generated by the actual 

spacecraft to the model. By successively fixing the flexible spines at various locations the torque 

curves generated by the model were consistent with the curves from the spacecraft. Torque curve 

profiles depended on how a stuck spine or spines would cause warping and therefore a torque 

change in the screw-jack mechanism. Now with a visual model of the state of the antenna, 

engineers were able to make better informed decisions on how to free the antenna.

•  Microgravity Environments49. While space flight and the experience o f weightless conditions 

remains an exciting dream for most people, it is no easy task even for an astronaut. Experiments 

have shown that the human body can loose as much as two percent o f its bone mass per month in 

microgravity conditions. Similarly, studies have shown a reduction of up to 20 percent of the mass 

o f antigravity muscles in space missions lasting only 11 days. There is a good reason why we see 

astronauts being carried out of the capsule when they return after an extended space mission.

It is believed that the loss of bone and muscle mass is related to the lack of gravitational forces on 

the body. So one of the countermeasures is to subject the astronauts during the mission to exercise 

of the structures that normally carry gravity. But precisely how can we fool the body into 

believing that gravity is still active? It is impossible or very difficult to measure the forces inside 

the human body, but musculoskeletal simulation can predict these forces with good accuracy and 

can in fact be used to devise exercises and equipment loading for the bone and muscle structures 

as closely as possible to the gravity of our natural environment.

• Mars Rover Concept Development50. While in the concept stage, various vehicle configurations 

were considered. Engineers assisted with the development from initial concept to final model 

(Figure 4.17). With a virtual prototype, the gravity and soil conditions o f Mars may be replicated 

in order to evaluate the terrain negotiation capability o f the vehicle.

Figure 4.17 -  Mars Rover Model [50]



.3.4 Occupational Health

•  Workplace design49. Workplaces with elements o f materials handling or lifting (Figure 4.18) are 

among those with the highest propensity for injury in back, shoulders and arms. The overall 

explanation is that any repetitive work task that degenerates tissue faster than it can be repaired 

will eventually traumatize the human body. Our muscles typically have much smaller moment

Figure 4.18 -  Workplace Design Model [49] 

arms than the exterior loads, and therefore small differences in the working postures or loading 

parameters can cause large differences in the tissue loads.

A musculoskeletal model allows for detailed analysis o f a particular work task and for assessment 

o f the consequences o f a change in the workplace design. For example, it can give answer to the 

following question; how will the sideways movement of a handled material influence the joint 

forces, and is this likely to influence the shoulder pain the worker is experiencing?

•  Pushing49. Pushing is one of the most common manual work tasks. In this particular example 

(Figure 4.19) a hospital employee is pushing a bed with a total mass of 200 kg forward at an 

acceleration o f 0.3 m Is 2. The duration o f the push is 1.5 seconds. It is possible to choose three 

different heights of the horizontal handle bar: 0.9m, 1.1m and 1.3m. The question is: which handle 

bar height results in the minimal load on the body? A musculoskeletal model enables simple 

investigations of muscle efforts and joint forces depending on postures and other workplace 

parameters.

Figure 4.19 -  Pushing Model [49]



•  Equipment design49. The design of portable equipment such as backpacks (Figure 4.20) has a 

large influence on comfort and fatigue. A musculoskeletal model can investigate the variation of

Figure 4.20 -  Equipment Design Model [49]

the center of gravity which changes the posture and muscle activation in a complicated fashion, 

and the same can be said for the way the straps put their forces on the bones o f the body.

4.3.5 Sports

Bicycling49. Bicycling is a fascinating sport in which small advantages between riders make all 

the difference. Fine adjustments of the bicycles or exercise strategies can mean the difference 

between victory and defeat. With the complexity of the mechanics of the human body, the road to 

improved performance remains any man's guess.

It is a highly repetitive task, and it is a good assumption that the rider is capable o f recruiting 

muscles optimally for the task. The model (Figure 4.21) can be used to predict the parameter 

changes (mechanical design) that can improve performance.

Figure 4.21 -  Bicycling Model [49]



•  Fitness Equipment49. Most strength-based sports performances are not only about strength. They 

are about the right strength. This is because muscles are heavy, and there is no need to add muscle

Figure 4.22 -  Fitness Equipment Model [49]

mass that does not add to the performance. A musculoskeletal model can help identify the 

muscles that are currently the bottleneck for performance improvement, and it can subsequently 

design exercises for improvement of precisely these muscles.

Fitness equipment (Figure 4.22) is a major field of application of a musculoskeletal modelling 

system. The system's ability to model the mechanism of the machine and its interaction with the 

human body creates the opportunity o f optimizing the machine's load of the muscular system.

•  The development of a virtual golfer50. This project resulted in the development of a human 

model capable o f swinging a flexible golf club (Figure 4.23). The sophisticated human model was 

a personalizable model, capable of actually adapting to the mechanics of the golf club. For 

example, if  a stiffer club was introduced into the model, the human model would adapt or change 

the swing mechanics to produce a "good" shot. Where a good shot was defined as an acceptable 

club head orientation and head speed at ball contact.

This capability is leading to the ability to understand the "human variables" when developing new 

golf club parameters, before actually building the club.

Figure 4.23 -  Virtual Golfer Model [50]
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1.4 Conclusions

One of the intentions of this chapter was to introduce the most popular software systems for 

nusculoskeletal modelling and state the basic features of each of these systems. O f course from a first 

yiew, a potential user may decide which software suits to his needs, nevertheless a “hands on” experience 

;ould give a better insight o f the capabilities and the user-friendliness of each o f these simulation tools. 

\nother intention o f the present chapter was to show the grade in which these modelling systems could 

improve aspects o f our everyday life. This was evident through the presentation of examples categorised 

in five application areas.



CHAPTER 5 
THE ANYBODY MODELLING SYSTEM

5.1 Introduction

As it was mentioned in the Chapter 4, Anybody Technology is the simulation tool that is going to 

>e used for the development of musculoskeletal models below. So, the present Chapter 5 aims to give a 

more detailed description than the one given in Chapter 4, o f the main characteristics o f the Anybody 

modelling system.

rhe presentation starts with a discussion on the model definition language of Anybody Technology called 

AnyScript, followed by an overview of the overall structure and the basic programming elements o f an 

Any Script based musculoskeletal model. The chapter continues with the presentation o f the mechanical 

elements that constitute a model. Then it goes further with a section for the simulation technique that is 

used, and it ends with a discussion on the muscle recruitment solver this system provides.

5.2 The AnyScript Language

5.2.1 Definition

AnyScript is the model definition language of the AnyBody body modelling system.

AnyScript is actually an object-oriented programming language developed bottom-up for the purpose of 

describing the construction and behaviour of bodies o f living creatures. It can also model different 

artifacts that the body happens to be connected to. Typical examples would be bicycles, furniture, sports 

equipment, hand tools, and workplaces.

AnyScript contains facilities for definition o f bones (called segments), their connections by joints, 

muscles, movements, constraints, and exterior forces.

One o f the ideas behind AnyScript is that its text-based format and object-oriented structure makes it easy 

to transfer elements between models. Researchers can build a library of body segments for use in their 

different analysis projects, and they can easily exchange models with other users and collaborate with 

them on complex modelling tasks51.

n many ways AnyScript looks syntactically like C++ or Java and this is a deliberate choice. In fact if
.AnyScript is compared to popular programming languages, it can be found that it is similar to JavaScript. 

The syntax is much the same, and AnyScript shares the property with JavaScript that it works on a set of 

jredeflned classes and does not let the user define new classes. Some of the syntactic similarities are the 

uses o f braces to delimit different sections o f the model from each other and the fact that each declaration 

is terminated by semicolon. The main difference is that AnyScript does not contain any executable



tatements, so user cannot specify a sequence o f events, i.e., write algorithms; AnyScript is purely
52eclarative contrarily to all other mentioned languages .

5.2.2 Basic Concepts51

An AnyScript model is roughly divided into two main sections:

• The body model containing the definition of the mechanical system.

• The study section containing lists of analyses and other operations to perform on the model. 

An example o f an AnyScript model is the one that is shown in Figure 5.1 below:

File £d>t View Operations Window Mep

m  a a> ?  U l U2 U3 Cft ti lt  Sol

1

J Mair
M am  “ {

// The actual body model goes in this folder 
AnyFoldex MyModel - {

/ /  Global Reference Frame 
AnyFixedRefFrame GlobaIRef » {

/ /  Todo Add points for grounding of the model hero
> // Global reference frame
/ /  Todo Add the model elements such as 
/ /  segments, joints, and muscles here

>. // MyModel
// The study Operations to be performed on the model 
AnyBodyStudv MyStudy “ {

AnyFoldex AMode1 = MyModel;
Recruitment Solver = MinMaxSimplex 
Gravity * {0 0, -9.81, 0.0),

>:
}. / /  M a m

Figure 5.1 -  AnyScript Model 

Concentrating on the main features, the overall structure of the model looks like this (Figure 5.2):

Main = {
AnyFolder MyModel = {
}; // MyModel
AnyBodyStudy MyStudy = {
}; '

}; // Main

Figure 5.2 -  AnyScript Model’s Overall Structure



Wiat it is seen now is a hierarchy of braces - just like in a C, C++, or Java computer program. The 

utermost pair o f braces is named "Main". Everything else in the model goes between these braces. Right 

low, there are two other sections inside the Main braces: The "AnyFolder MyModel" and the 

[AnyBodyStudy MyStudy". These are the two basic elements o f most AnyBody models. The term 

[AnyFolder" is very general. In fact, any pair o f braces in AnyScript is a folder. Users can think of a 

'older as a directory on the hard disk. A directory can contain other directories and files. It's exactly the 

lame with folders. They can contain other folders and elements o f the model. The "AnyFolder MyModel" 

s the folder containing the entire model a user is going to build. The name "MyModel" can be changed 

)y the users to anything they like. For example the name “MyModel” of Figure 5.2 can be changed with 

he name “ArrnModel” and this change is highlighted by red as shown in Figure 5.3. 

t has also to be noticed the prefix "Any". All reserved words in AnyScript begin with "Any". This way 

the elements that belong to the system can be distinguished from what the user defines.

O f course there is more to an AnyScript file than the model. Once a model is created, a user can perform 

various operations on it. These operations are collected in "studies", and the "AnyBodyStudy MyStudy" is 

ndeed such a study. A user can think of a study as the definition of a task or set o f tasks to perform. The 

itudy also contains methods to perform the tasks.

// The actual body model goes in this folder 
AnyFolder ArrnModel = {

// Global Reference Frame 
AnyFixedRefFrame GlobalRef = {

// Todo: Add points for grounding 
// of the model here 

}; // Global reference frame 
// Todo. Add the model elements such as 
// segments, joints, and muscles here.

}; // ArrnModel

Figure 5.3 -  AnyScript Model’s Actual Body

^ooking closer at the contents o f what is now the ArrnModel folder (Figure 5.3), most o f what is seen, it 

is just comments. It is always useful to add many comments to the models. It has to be noticed that one- 

ine comments are started with “//” . Multiple-line comments are enclosed in “/* */” just like in the C++ or 

he Java language. It should also be noticed that lines are terminated with a semicolon Even the lines 

with closing braces must be terminated with a semicolon. If a user does not terminate with a semicolon, 

hen the statement continues on the next line.

As can be seen in Figure 5.3, the only actual model element in the ArrnModel is the declaration of the 

'AnyFixedRefFrame GlobalRef'. All models need a reference frame - a coordinate system - to work in.

An AnyFixedRefFrame is a predefined data type a user can use when it is needed. What is there, is the



efinition o f an object o f that type. The object gets the name "GlobalRef1, and a user can subsequently 

efer to it anywhere in the ArrnModel by that name.

525.3 Mechanical Elements

5.3.1 Segments

Segments are defined by the AnySeg keyword in AnyScript. They are the rigid bodies on which 

he system bases its analysis. In a body model, segments are usually bones, but since an AnyBody model 

)ften comprises various equipment and other items, segments are also used to model cranks, pedals, 

landles, tools, sports equipment, tables, chairs, and all the other environmental objects a body may be 

;onnected to.

n  fact, an AnyBody model does not have to entail a living body. Users can easily create an AnyBody 

tnodel of a machine in which no biological elements take part.

Segments in AnyBody are basically a set o f mass properties. They do not have any particular shape 

issociated with them. A segment is originated in its center of mass (CoM), and the mass properties are 

defined by means of a mass and an inertia tensor.

\nother important property o f a segment is that it can have nodes related to it. A segment has a local 

reference frame or coordinate system, and any number o f nodes can be defined in this reference frame. 

Since they are locally defined, they follow with the movement of the segment as they should when they 

jbelong to a rigid body.

5.3.2 Joints

Joints are used to connect segments and allow them to articulate with respect to each other. A 

segment without joints is basically floating free in space. When users connect the segments by joints, user 

)inds them together in some sense. But the mechanism as a whole can still move around in space.

Diere are several types of joints within Anybody modelling system. AnySphericaUoint is a point 

xmstraint also known as ball-socket joint, and allows rotation around all three axes with no linear 

xanslation. Any Cylindrical Joint allows rotation about a given axis and translation along the axis, i.e. a 

combined hinge and translational joint. Any Revolute Joint is an ideal hinge that only allows rotation about 

one axis. AnyPrismaticJoint is a translational joint that does not allow rotation about the axis. 

AnyUniversalJoint is a joint that allows rotation about two perpendicular axes.



5.3.3 Drivers

Drivers create movement in a model. They are functions of time determining the position of a 

joint or the distance between two points or some other kinematic measure at any given time through the 

simulation period.

There are various drivers available to create different types o f time dependency. Some of them are the 

following: AnyKinEqSimpleDriver provides motion with constant acceleration, AnyKinEqFourierDriver 

provides a Fourier expansion as a driver function and AnyKinEqlnterPolDriver provides a driver function 

that interpolates between data points spaced in time.

5.3.4 Kinematic Measures

The concept was invented by AnyBody Technology as a way of describing dimensions in a 

kinematic model that users might want to get information about or control with drivers. A joint angle or a 

distance between two points are examples o f kinematic measures. The position of the center of gravity of 

the entire model or a subset of its segments are other examples. There are various types of “kinematic 

measures” in Anybody Technology. AnyKinLinear is “kinematic measure” that measures translation, i.e., 

£l 3D vector. It is either the position o f one reference frame with respect to the global frame or the relative 

vector between two frames. AnyKinCOM measures the center o f mass (CoM) of a collection o f rigid 

todies. AnyKinPLine measures the distance between points. AnyKinSPLine measures the length of the 

shortest path of a string that may be in contact with surfaces. AnyKinRotational measures 3D 

orientation/rotations. It measures either the rotation o f a single reference frame with respect to the global 

frame or the relative rotation of one frame with respect to another. AnyKinMeasureLinComb is a 

composer o f new “kinematic measures” as a linear combination o f existing ones.

5.3.5 Forces

There are several types o f forces in an AnyBody model; forces in joints, forces in muscles, and 

gravity forces working on the segments. This subsection, however, deals only with the application of 

external forces. AnyForce is the base class for all applied forces, i.e., forces that are explicit functions of 

the model state (position and velocity) and time. It is a generalised force in the sense that it can be applied 

to any kinematic measure or even an assembly of such. AnyForce 3D is a three-dimensional concentrated 

force (a vector). The force can be specified in both global and local coordinates but not simultaneously. 

AnyMoment3D is a three dimensional moment applied to a reference frame. The moment can be specified 

in both global and local coordinates but not simultaneously.



5.3.6 Muscles

Muscles are the actuators of living bodies. They are activated by the central nervous system 

(CNS) by a complicated electro-chemical process. Determining the activation that realizes a desired 

movement requires an extremely intricate control algorithm. The CNS is superior to any computer man 

las made in this respect. AnyBody mimics the workings o f the CNS by computing backwards from the 

movement and load specified by the user to the necessary muscle forces in a process known as inverse 

dynamics. To do so, the system must know the properties of the muscles involved.

AnyBody contains three different muscle models ranging from simple to more complicated physiological 

behaviour. The simplest model just assumes a constant strength o f the muscle regardless o f its working 

conditions. The more complicated models take such conditions as current length, contraction velocity, 

fiber length, pennation angle, tendon elasticity, and stiffness of passive tissues into account.

Any Muscle Model assumes constant strength of the muscle. AnyMuscleModel3E is a three-element model 

taking serial and parallel elastic elements into account along with fiber length and contraction velocity. 

AnyMuscleModel2ELin is a bilinear model taking length and contraction velocity into account.

The muscle models can be linked to different types of muscles. AnyViaPointMuscle is a muscle 

that passes through any number o f nodes on segments on its way from origin to insertion. 

AnyShortestPathMuscle is a muscle that can wrap over geometries such as cylinders and ellipsoids and 

CAD-defined surfaces. This muscle type is very computationally demanding and requires careful 

adjustment. AnyGeneralMuscle is a more standard actuator-type muscle that can be attached to a 

kinematic measure.

5.4 Inverse Dynamics

5.4.1 Introduction

The output of a movement is what is seen. It can be described by a large number of kinematic 

variables: displacements, joint angles, velocities, and accelerations. If researchers have an accurate model 

o f the human body in terms of anthropometric variables, they can develop a reliable link-segment model. 

With this model and accurate kinematic data, they can predict the net forces and muscle moments that 

caused the movement we have just observed. Such an analysis technique is called an Inverse Solution. It 

is extremely valuable, as it allows to compute variables such as joint reaction forces and moments of
1 # J O  t

force. Such variables are not measurable directly . It is clear that resultant joint moments are 

mathematically associated with the (unknown) forces produced by the individual muscles. These 

unknown muscle forces can be estimated with a musculoskeletal model, like Anybody Technology 

provides, that uses a Hill model to represent each specific muscle.



5.4.2 Mathematical Formulation

The Inverse Dynamics Analysis for a segment (Figure 5.4) is based on the Newtonian and Euler 

hree-dimensional equations of motion.

n  this analysis, the ground reaction forces are measured in the GRS (global reference system) and the 

moments o f inertia are known in the anatomical axes. All joint reaction forces are initially calculated in 

the GRS, and then both the reaction forces and the moments o f the joints are calculated in the anatomical 

axes using the transformation matrices.

*• a,

'zd

'xd

♦  x

z

Figure 5.4 -  3D Free-Body Diagram for Solution of the Inverse Dynamics Equations T181 

n  the analysis that will follow, the implementation of the Inverse Dynamics Method will be presented in 

simple steps. Known are the distal reaction forces and moments, the COM (center o f mass) linear 

accelerations, and the segment’s angular velocities and accelerations.

•  Step 1 - Calculation of the reaction forces at the proximal end of the segment in the GRS

The calculation is implemented using the Newtonian three-dimensional equations of 

motion for a segment (equations 5.1, 5.2, 5.3)



YFX = m -ax

HFY = m a Y

TjF7 = m • az

or Rxp-

or Ryp -  Ryd -  m ■ g = m ■ a}

or RZp Rzd — m- az

(5.1)

(5.2)

(5.3)

where a x, aY, az are the segment COM accelerations in the X , Y , Z GRS directions 

and RXP, RXI), RVP, Rm , RZP, Rm are the proximal and distal reaction forces in the X  

Y and Z axes.

W =

Step 2 - Transformation of both proximal and distal reaction forces into the anatomical axes

The transformation from the global to the anatomical axes is implemented using the

following matrix R (5.4) that represents a Cardan X , y ,  z rotation sequence (to be

described in section 6 .6 ):

cos/3 cosy cos/ •  s in /?• sin or + s in /-c o s  or sin /  • sin or -  cos /  s in /? cos or 
— s in /c o s /?  cos a - c o s / - s i n  a -s in /? -s in  /  sin y • sin /? • cos a  + cos /  • sin a  

sin [3 -cos/3  sin a  cosacos/3
(5.4) [10,18]

1
■g 
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Ryd =
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---
--

1
■S

i

R yp =

A d

The reaction forces can then be transformed from the global to the anatomical axes system:

cos/3cosy  c o s /- s in /? -s in a  + s in /-co sc r s i n / • sin a - c o s /s in /?  cos a  
- s in /c o s y 9  cos or • cos /  -  sin er • s in /? • sin /  sin /  • sin (3 • cos a  + cos /  • sin a  • Rm (5.5) 

sin/? -c o s /? -s in  a  cosar-cos/?

cos (3 -cosy co s /-s in /? -s in  a  + s i n / c o s a  sin /  * sin a  -  cos /  sin (3 cos a  
- s in / - c o s /?  c o s a - c o s / - s in a - s in /? - s in /  sin /  • s in /? • cos a  + c o s /- s in a  

sin (3 -  cos /? • sin a  cos a  • cos (3
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• ^ Y D

ZD _

Rxp
• Ryp

_ R z r  _

(5.6)
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Step 3 - Transformation of the distal moments from the GRS into the anatomical axes

The transformation from the global to the anatomical axes is implemented using the matrix 

R as shown in the previous step 2. The distal moments can then be transformed to the 

anatomical axes:

"  Mco sfic o sy  c o s /-s in /? -s in «  + s in /-co sa r s i n / s i n  a - c o s / s i n  >9 cos a

-s in /* c o s /?  cos a  c o s / - s in  a  s in /? -s in / sin/-sin/?-cosG r + cos/-sinar 
sin (3 -  cos /? • sin a  cos a  • cos (3

XI)

M
M

YD

ZD

(5.7)



Step 4 - Calculation o f proximal moments using Euler’s equations

The calculation of the proximal moments is implemented using Euler’s equations:

/ , •  a , + ( / , - / , ) •  ®, • = Rzd ■ l + + -  (5.8)

l y - ‘1 y + ( I , - I z ) - r 0 ,  = ^ M y = M y p - M ,J(59)

h  ' +  U , -  / , )  ■■ ®x' * ,  = • ld -  Rxp ■ /„ + (5.10)

where I  x, /  v, I z = moments of inertia about x , 3/ and zaxes

cox, cov, o)2 = components of angular velocity co about

x , y  and zaxes

ax, a v, a , = components of angular acceleration about

x , and zaxes

M xd, M vJ, M ,t/ = previously transformed distal moments about

x , jy and zaxes

Rxp, Ryd, = previously transformed joint reaction forces

about x , >> and z axes 

lp, ld = distances from COM to proximal and distal joint

So, with the above components known, the only unknowns M xp, M vp and M zp can now 

be solved.

The next stage of the analysis is to transform these proximal moments M xp, M yp and M zp to the 
GRS so that inverse dynamics analysis can continue for the next segment. This transformation is 
accomplished by the anatomical to global transformation matrix ( [r ]‘ [18]) and yields a new set of 
distal moments M XD, M m , and M ZD for the next segment.

5.5 Muscle Recruitment Solver

5.5.1 Redundancy53

Mathematical models o f musculoskeletal systems typically consist of a linkage of rigid bodies and 

actuators to describe the muscles. A musculoskeletal system is usually redundant meaning that the 

number nM o f the muscles is greater than the number nl)OF o f degrees of freedom of the system. As a

consequence a desired motion can be achieved by an infinite number of activation patterns of the muscles. 

In nature the central nervous system (CNS) controls the activation of the muscles.
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A solution to this problem can be obtained with the assumption that muscles are recruited according to an

optimality criterion.

5.5.2 Optimisation

In the Anybody Modelling System the redundancy problem is treated using an optimisation 

technique, which is called the min/max simplex recruitment solver. This mathematical approach, 

embedded within Anybody Technology, assumes that minimising maximal muscle activity is 

physiologically reasonable as it corresponds to a minimum fatigue criterion54. Such a strategy seems 

highly plausible for an organism evolved to survive in a competitive environment.

Mathematically optimisation means to find the minimum (or maximum) of an objective function G 

subject to equality and inequality constraint equations. The variables that the objective function depends 

on are called the design variables. In this case, the muscle forces and the muscular activities are the 

design variables.

Although the min/max criterion is highly non-linear, it is treated as a linear programming (LP) problem, 

which is solved using the simplex algorithm.

A linear programming problem is a problem in which it is asked to find the minimum (or maximum) of a 

linear objective function G , for example G = 3jc -  2y + z , subject to one or more linear constraints of the 

form, for example, x + y  -  3z < 12. The desired smallest value (or largest) value o f the objective function 

is called optimal value, and a collection of values x , y , z , that gives the optimal value constitutes an 

optimal solution. The variables x , y , z are so called the decision variables.

In Anybody Technology, if  G is the objective function then the mathematical definition of the problem

becomes55:

Minimise

(5.11)

subject to c - f  = d (5.12)

and

where is the vector of all muscles forces, n̂ M) is the number o f muscles in the mechanism while 

f } M * represents the force generated by the /' th muscle at a given moment. The non-negative constraints 

on the muscle forces (5.13), state that muscles can only pull, not push.



C is the coefficient matrix, which is derived from the equations necessary to relate the known loads of 

any particular system to the unknown muscle forces, /  is the vector of all unknown forces, i.e muscle as 

well as reaction forces, and d is a vector of all known applied loads and inertia forces arising due to the 

motion.

As it was previously stated, the Anybody system solves the optimisation problem using the min/max 

simplex algorithm, which distributes the collaborative muscle force in such a way that the maximum 

relative muscle activity is minimised:

G{f iu))= max A —  / € (5.14)
V / >

The problem is solved by introducing an artificial variable, f t , that functions as the upper bound on all 

muscle activities. The problem is then formulated as:

Minimise

subject to

p

f {u) ( , >1
^ - < / ?  (5.15)

and

/">  0 ;G{u,!.<">} (5.16)
where denotes the individual muscle force and Nt is the current muscle strength. Therefore

( f W \

N.
is the relative muscle activity. In this case is the maximum value o f muscle activity for a

particular group of muscles that is optimised.

The way that the simplex algorithm is implemented, is presented using a simple example in Appendix A. 

Figure 5.5 below, represents a flow chart of the iterative min/max algorithm. The algorithm stops if  the 

solution is unique. It also terminates if there are no more muscles to be removed, if all muscles have been 

removed or the activity of the remaining muscles is very small. Another termination criterion is that the
STrank of the equality constraint equations is zero , which means that there is no work for the muscles to 

do.
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Figure 5.5 -  Flow Chart of Min/Max Algorithm [53]

The overall process undertaken is outlined in the flow chart in Figure 5.6. The flow chart depicts the 

computational steps taken during analysis of the user-defined model. It shows how user-defined variables 

are used to carry out kinematic analysis and then inverse dynamic analysis of a particular model in order 

to calculate muscle forces.
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Start Dynamic Analysis

Start Kinematic Analysis

Reset Time and Position

Advance Time

Compute C Matrix
This is a matrix o f all the coefficients for one specific position of 

the body.

Advance Time and Recalculate Position
Recalculate global coordinates for next time step according to 

previous position and velocity.

Read Motion
Read velocity and acceleration for this time step

Read Position
Read the global coordinates o f all nodes for this time step from 

Kinematic Analysis.

Calculate Velocities and Accelerations
Calculate the global velocity and acceleration for each driver at 

the current time.

Compute f  vector
All muscle forces for this time step are assembled in the f  vector
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Minimise G ( fM)) for this time step

Compute d vector
This is the vector o f known forces. Some elements o f this vector 

are constant while others change for each time step.

Calculate Position
Calculate the global coordinates o f  all nodes at current time.

Read User-defined Variables
Duration t, Time Steps n. Initial Position o f Drivers, Initial Velocity o f Drivers, Acceleration o f Drivers

Figure 5.6 -  The Process of Dynamic Analysis Within AnyBody



5.6 Summary

The model definition language of the Anybody modelling system is called AnyScript. AnyScript 

contains facilities for the definition of bones, their connections by joints, muscles, movements, constraints 

and exterior forces. It works on a set of predefined classes, does not let users define new classes and all 

reserved words in AnyScript begin with the prefix “Any”. An AnyScript model is roughly divided into 

two main sections; the body model, containing the definition of the mechanical system, and the study 

section containing lists of analyses and other operations to be performed on the model.

The mechanical system of the body model is constituted o f the segments, joints, drivers, kinematic 

measures, forces and muscles.

The segments, which are usually bones, are basically a set o f mass properties. A segment is originated in 

its center o f mass, and the mass properties are defined by means of a mass and an inertia tensor.

Joints are used to connect segments and allow them to articulate with respect to each other. There are 

several types of joints.

Drivers create movement in a model. They are functions of time determining the position of a joint or the 

distance between two points or some other kinematic measure at any given time through the simulation 

period.

Kinematic measures are a way of describing dimensions in a kinematic model. They can measure can 

measure translation, 3D rotations, the center of mass of a collection of rigid bodies, etc.

There are several types of forces (forces in joints, muscles, gravitational), but the forces that were 

presented in this chapter are the external forces. These forces can be applied to any kinematic measure or 

an assembly.

Muscles are the actuators of living bodies. Anybody contains three different muscle models and provides 

a facility that permits muscles to wrap over bones.

Inverse Solution is the analysis technique that is provided by Anybody Technology. This 

technique, with the accurate kinematic data of a desired motion, can predict the net forces and muscle 

moments that caused that motion. However, for the purpose o f computing individual muscle forces, 

inverse dynamics is haunted by the so-called redundancy problem. Infinitely many different sets of 

muscle forces, o f which the central nervous system (CNS) instantly chooses one, can therefore produce 

the resulted joint moments. This is due to the fact that there are more muscles than strictly necessary to 

drive most motions. For this purpose Anybody Technology introduced a “muscle recruitment solver” that 

solves the problem with the assumption that muscles are recruited according to an optimality criterion. In 

a few words AnyBody Technology assumes that minimizing maximal muscle activity is physiologically 

reasonable as it corresponds to a minimum fatigue criterion.



CHAPTER 6 
DEVELOPMENT OF A TRIPLE INVERTED PENDULUM

6.1 Introduction

The previous Chapter 5 approached Anybody Technology theoretically describing the main 

characteristics o f this system. The present Chapter 6  is intending to give a smooth introduction to the 

AnyBody modelling system from a practical point of view. For this purpose a triple inverted pendulum 

will be developed with a “step by step” progress. The reason of choosing this kind of model is because 

the human body in its simplest form can be assumed to be a triple inverted pendulum. The lower legs 

may represent the lower segment of the pendulum, the upper legs the middle segment, while the rest of 

the body the third segment.

The investigation starts with the presentation of the file structure and the Main.any file of the 

triple inverted pendulum in order to have an overview of the whole model. It continues with a “step by 

step” implementation of this model developing a single inverted pendulum firstly and then it goes further 

by adding one pendulum at a time. It has to be also noticed that the present model and the models that 

will follow are being developed using the version 1.0 of the Anybody Technology.

6.2 Structure

All the necessary AnyScript files for the implementation of this project will be contained in a 

Windows folder with name “Triplelnverted Pendulum”. This folder at its final stage will contain the 

“Anyfiles” shown in Figure 6.1.

O f course the structure in Figure 6.1 could be different if for example the anyfiles “Segl, Seg2 and Seg3” 

were included in one folder with the name “Segments”. The same could happen for the anyfiles, “Driver 1 

and Driver2” which could be included in a “Driver” folder. All these possible changes do not make any 

difference except for a better-organized structure. And this is because as the model gets more complicated 

the number of files increases, as a result it becomes more difficult to find the necessary files.

It has to be also mentioned that the above structure has nothing to do with the file structure in the 

Anybody Software. The file Main.any is responsible for this structure as it is, let’s say, the “CPU” of the 

model. The Main.any file contains both the body model and the study section as it was mentioned in the 

previous chapter. All the anyfiles incorporated in the study can be grouped in different folders called 

“AnyFolders”. The final structure of the Main.any file will be in Figure 6.2 below.



Cy l in de r . s t

Cyl inder .any s u r f

Segl .any

R o t M a t r i c e s . a n y

D ri v e r s2 .a n y

In i t ia lCondi t ions.any

J o i n t s . a n y

Muscles ,any

C n v i r o n n e n t . a n y

D r iv e rs l . a n y

K in e n a t i c M e a s u r e s . a n y

Seg3.any

Main.anyT r i p l e _ I n v e r t e d _ P e n d u l u n
(Windows F o l d e r )

Figure 6.1 -  Structure of Triple Inverted Pendulum Windows Folder

M a i n  = {

// The actual body model goes in this folder 
AnyFolder TriplelnvPend = {

// Global Reference Frame 
AnyFixedRefFrame GlobalRef = {

#include "Environment.any"

}; // Global reference frame

//---------------- SEGMENTS---------------------

AnyFolder Segs = {

#include "Segl.any"
#include "Seg2.any"
#include "Seg3.any"

};//Segments



//---------------- INITIAL CONDITIONS-------

AnyFolder InitialConditions = {

tinclude "InitialConditions.any" 
#include "RotMatrices.any"

};//Initial Conditions

//-------------------- JOINTS------------------

AnyFolder Joints = {

#include "Joints.any"

};//Joints

//------------KINEMATIC MEASURES------------

AnyFolder KinematicMeasures = { 

#include "KinematicMeasures.any"

};//Kinematic Measures

//-------------------- DRIVERS------------------

AnyFolder Drivers = {

#include "Driversl.any"
// #include "Drivers2.any"

};//Drivers

//-------------------- MUSCLES------------------

AnyFolder Muscles = {

#include "Muscles.any"

};//Muscles

}; // Triple Inverted Pendulum

// The study: Operations to be performed on the model 
AnyBodyStudy MyStudy = {

AnyFolder SModel = .TriplelnvPend;
RecruitmentSolver = MinMaxSimplex;
Gravity = {0.0,-9.81,0.0};

} ;
}; // Main

Figure 6.2 -  Structure of Main.any File

In the following sections, as mentioned before, the triple inverted pendulum will be developed 

“step by step” with a single inverted pendulum initially, followed by a second and a triple at the end. The 

function of each anyfile included, will be explained, and the contents of the Main.any file will be updated 

at each stage until it reaches its final form as shown before.



6.3 Single Inverted Pendulum

6.3.1 Defining Global Reference Frame

For the implementation of this stage, the first thing that has to be done is a mechanical drawing of 

the pendulum and its environment. The software package AutoCAD has been used and the final result is 

shown below (Figure 6.3):

SINGLE INVERTED PENDULUM
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Figure 6.3 -  Mechanical Drawing o f Single Inverted Pendulum

In the above figure, the “ground nodes” 0,1 and 2 are part o f the Environment.any file and their 

coordinates in meters are (0.15,0.05,0), (0.1,0,0) and(0.2,0,0) respectively. Node 0 is used for the 

connection o f the pendulum (segment 1) with the ground via its “local node”, node 3. The other two 

ground nodes 1 and 2 will be connected to the local nodes of segment 1, 5 and 6  respectively, with the 

muscles. The term “local nodes” is used because these nodes refer to the coordinate system of the 

segment they belong to. For example the local coordinates in meters of nodes 3 and 4 are (0,-0.1,0)and 

(0 ,0 . 1 ,0 ) respectively.

The next thing that has to be done, is the construction of the environment of the pendulum defining the 

Environment.any file. This file includes the three nodes as mentioned before and it is included in the 

statement AnyFixedRefFrame which describes a fixed reference frame which can be used for modeling



the “ground” of a mechanical system. The following Table 6.1 shows the Main.any and the

Environment.any files, while Figure 6.4 shows the present model’s view.

Main.any File Environment.any File
1/ Todo:  W r i t e  a s m a l l  d e s c r i p t i o n  o f  y o u r AnyDrawRefFrame D rw G lob a l Re f  = {
no de l  h e r e ScaleXYZ = { 0 . 5 , 0 . 5 , 0 . 5 } ;

};
Main  = {

1 / /  The a c t u a l  body  mode l  g o e s  i n  t h i s  f o l d e r
AnyRefNode GroundO = { 

s R e l  = { 0 . 1 5 , 0 . 0 5 , 0 } ;
1 A n y F o l d e r  T r i p l e l n v P e n d  = { AnyDrawNode DrwNodeO = {

/ /  G l o b a l  R e f e r e n c e  Frame
RGB = { 8 2 / 2 5 6 , 8 5 / 2 5 6 , 1 1 1 / 2 5 6 } ; / / B l u e  
ScaleXYZ = { 0 . 0 1 , 0 . 0 1 , 0 . 0 1 } ;

A ny Fi xed Re fFr am e  G l o b a l R e f  = { };
# i n c l u d e  " E n v i r o n m e n t . a n y "

};

}; / /  G l o b a l  r e f e r e n c e  f r a me
AnyRefNode G ro u n d l  = { 

s R e l  = { 0 . 1 , 0 , 0 } ;

}; / /  T r i p l e  I n v e r t e d  Pendu lum
AnyDrawNode DrwNodel  = {
RGB = { 8 2 / 2 5 6 , 8 5 / 2 5 6 , 1 1 1 / 2 5 6 };/ / B l u e

1 / /  The s t u d y :  O p e r a t i o n s  t o  be  p e r f o r m e d  on
ScaleXYZ = { 0 . 0 2 , 0 . 0 2 , 0 . 0 2 } ;  
} ;

Che model };1 AnyBodyStudy MyStudy = {
A n y F o l d e r  &Model = . T r i p l e l n v P e n d ; AnyRefNode Ground2 = {
R e c r u i t m e n t S o l v e r  = MinMaxSimplex; s R e l  = { 0 . 2 , 0 , 0 }  ;
G r a v i t y  = {0 . 0 ,-9. 8 1 , 0 . 0  }; AnyDrawNode DrwNode2 = {

! ) ;
RGB = { 8 2 / 2 5 6 , 8 5 / 2 5 6 , 1 1 1 / 2 5 6 } ; / / B l u e  
ScaleXYZ = { 0 . 0 2 , 0 . 0 2 , 0 . 0 2 } ;

l .
}; / /  Main

}; 
};

Table 6.1 -  Main.anv/Enironment.any Files

t  t

Figure 6.4 -  Environment’s Model View



[as it is shown in the Environment.any file, a node can be defined with the statement AnyRefNode 

followed by a name that has to be given to this node. The local or global coordinates of each node are 

included in the sRel statement, while these nodes are visible with the usage of the AnyDrawNode 

statement. It is possible to colourize a node (RGB) and scale to it (ScaleXYZ) as well. The global 

reference frame becomes visible with the AnyDraw Re/Frame statement.

6.3.2 Defining Segments

As soon as the global reference frame and the ground nodes are defined the next step is the 

definition o f the single inverted pendulum. This pendulum (Segl) is a circular cylinder with the following 

geometrical properties (Figure 6.5):

Centre of mass (G): G = —
  2

Mass: m = 2kg 

Moment of Inertia (G)

h =  0 .2  777, 7* = 0 .0 2 m  

IxG =  • 777 • ( 3 r 2 +  hi1 ) =  0 .0 0 6 9 ^ 7 7 7  :

IyG =  ^  • 777 • r 2 =  0 .0004% 777  2

I Z ( i  =  I x G

Figure 6.5 -  Geometrical Properties of Pendulum 

A segment or rigid body is defined in Anybody Technology with the statement AnySeg followed by a 

name for this segment. AnySeg may include the following statements: Mass (obligatory) for the total mass 

o f the segment, Jii (obligatory) for the principal moments of inertia in a vector {Ixx,Iyy,Ixx}, r for the 

position vector of the origin with respect to the global reference system, AnyRefNode for the definition of 

the nodes and AnyDrawSeg for the visualization of the segment. O f course there are some more 

statements that may be included in AnySeg but this is going to be investigated later in this chapter.

;In this particular case the name of the inverted pendulum is Segl where: r = {0.15,0.15,0} , Mass = 2 ;, Jii 

= {0.0069, 0.0004, 0.0069} . It contains six nodes with names NodeS, Node4, Node5, Node6, Node4B, 

Node4F with local coordinates in meters {0,-0.1,0}, {0,0.1,0}, {-0.05,0,0}, {0.05,0,0}, {-0.02,0.1,0} and 

{0 .0 2 ,0 . 1 ,0 } respectively.

(Table 6.2 below shows the Segl.any file with the updated Main.any file followed by the model’s view 

(Figure 6 .6 ).

C i r c u l a r  C y l i n d e r  

Y



Main.any File
I / /  Todo :  W r i t e  a s m a l l  d e s c r i p t i o n  o f  yo u r  
I iodel  h e r e

t fain = {

1 / /  The a c t u a l  b od y  mode l  g o e s  i n  t h i s  f o l d e r  
I A n y F o l d e r  T r i p l e l n v P e n d  = {

/ /  G l o b a l  R e f e r e n c e  Frame 
A n y F i x ed R e fF r am e  G l o b a l R e f  = {

# i n c l u d e  " E n v i r o n m e n t . any"

}; / /  G l o b a l  r e f e r e n c e  f r a me

■ / / -------------------------- SEGMENTS------------------------------------

A n y F o l d e r  Segs  = {

# i n c l u d e  " S e g l . a n y "

}; /  / S e g m e n t s

}; / /  T r i p l e  I n v e r t e d  Pendu lum

1 / /  The s t u d y :  O p e r a t i o n s  t o  be  p e r f o r m e d  on 
t h e  mode l
1 AnyBodyStudy  MyStudy = {

A n y F o l d e r  &Model = . T r i p l e l n v P e n d ;  
R e c r u i t m e n t S o l v e r  = MinMaxSimplex;
G r a v i t y  = { 0 . 0 , - 9 . 8 1 , 0 . 0 } ;

};

}; / /  Main

Segl . any File
AnySeg S e g l  = {

r  = { 0 . 1 5 , 0 . 1 5 , 0 } ;
Mass = 2;
J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;
AnyDrawSeg DrwSeg = {};
AnyRefNode Node3 = { 

s R e l  = { 0 , - 0 . 1 , 0 } ;
};
AnyRefNode Node4 = { 

s R e l  = { 0 , 0 . 1 , 0 } ;
};
AnyRefNode Node5 = { 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
} ;
AnyRefNode Node6 = { 

s R e l  = { 0 . 0 5 , 0 , 0 } ;
} ;
AnyRefNode Node4B = { 

s R e l  = { - 0 . 0 2 , 0 . 1 , 0 } ;
};
AnyRefNode Node4F = { 

s R e l  = { 0 . 0 2 , 0 . 1 , 0 } ;
};

} ; / / S e g l

Table 6.2 -  Main.anv/Segl.anv Files

x

Figure 6.6 -  Segmentl’s Model View



6.3.3 Connecting Segments By Joints

As it is seen in the above figure, although Segl seems to be connected with the ground node 

GroundO, physically it’s not yet connected. It is positioned at the correct position because o f the statement 

r = {0.15,0.15,0}. Thus, a joint is needed and the Anybody modelling system provides a variety of joints. 

In this model, a revolute joint is going to be used which is an ideal hinge that only allows rotation about 

one axis which will be the z-axis in this particular case. Such a joint is defined by the statement 

Any Revolute Joint, followed by the name of the joint, and includes the axis of rotation (Axis) and the 

nodes that will be connected to each other. At the present model, the axis of rotation is the z-axis and the 

nodes are the GroundO o f the global reference frame and the Node3 o f Segl. Table 6.3 below, presents the 

Joints.any file (with the joint A that connects Segl with ground) and the updated Main.any file as well.

Main.any File
Main = {

I / /  The a c t u a l  body  mode l  g o e s  i n  t h i s  f o l d e r  
I A n y F o l d e r  T r i p l e l n v P e n d  = {

/ /  G l o b a l  R e f e r e n c e  Frame 
A n yF i x ed R e fF r am e  G l o b a l R e f  = {

# i n c l u d e  " E n v i r o n m e n t . an y"

}; / /  G l o b a l  r e f e r e n c e  f r a me

■J7--------------------------SEGMENTS----------------------------------------

A n y F o l d e r  Segs  = {

# i n c l u d e  " S e g l . a n y "

} ; / / S e g m e n t s

} / --------------------------JOINTS----------------------------------------------

A n y F o l d e r  J o i n t s  = { 

t i n c l u d e  " J o i n t s . a n y "

} ; / / J o i n t s

}; / /  T r i p l e  I n v e r t e d  Pendu lum

I / /  The s t u d y :  O p e r a t i o n s  t o  be  p e r f o r m e d  on 
t h e  mode l

AnyBodyStudy  MyStudy = {
A n y F o l d e r  &Model = . T r i p l e l n v P e n d ;
R e c r u i t m e n t S o l v e r  = MinMaxSimplex;
G r a v i t y  = { 0 . 0 , - 9 . 8 1 , 0 . 0 } ;

};
}; / /  Main

I---------------------------------------------------------------------------

Table 6.3 -  Main.any/Joints.any Files

Joints.any File
A n y R e v o l u t e J o i n t  A = {

A x i s = z ;
AnyRefNode &NodeO =

M a i n . T r i p l e l n v P e n d . G l o b a l R e f . GroundO;
AnyRefNode &Node3 =

M a i n . T r i p l e l n v P e n d . S e g s . S e g l . No de3 ;
} ; / / J o i n t  A



6.3.4 Definition of Movement

Since the body is connected to the ground it is now possible to give a motion to it. Anybody 

Technology provides a variety of drivers. A simple driver will be used that provides motion with constant 

acceleration. Table 6.4 below, presents the Drivers 1 .any file with the driver implementation and the 

updated Main.any file. The statement for this driver is AnyKinEqSimpleDriver followed by the name of 

this driver {Segl Motion) and consists o f the type of joint (AnyRevoluteJoint) and the joint that drives (A), 

the driver’s position {DriverPos) in radians, the driver’s velocity {DriverVel) in rad/sec, the acceleration
9 •  •  •{DriverAcc) in rad/sec and the Reaction. Type which is 1 when motion is provided without muscles and 0

when muscles work.

Main . any File Driversl. any File
Main  = {
1 / /  The a c t u a l  bo dy  model  g o e s  i n  t h i s  f o l d e r  
1 A n y F o l d e r  T r i p l e l n v P e n d  = {

/ /  G l o b a l  R e f e r e n c e  Frame 
A n yF ix ed R e fF r am e  G l o b a l R e f  = {

# i n c l u d e  " E n v i r o n m e n t . any"

}; / /  G l o b a l  r e f e r e n c e  f r a me  
/ / ---------------------- SEGMENTS------------------------------------------

/ / ---------------------- SEGMENTl DRIVER----------------------------

A n y K in E q S im p le D r iv e r  S e g l M o t i o n  = { 
A n y R e v o l u t e J o i n t  &Jnt  = . . J o i n t s . A ;

D r i v e r P o s  = {0 * p i / 1 8 0 } ; / / R o t a t i o n  i n  
d e g r e e s

D r i v e r V e l  = {0};  / /  r a d / s e c  
D r i v e r A c c  = {0};
R e a c t i o n . T y p e  = {1};

} ; / / S e g l  D r i v e r

A n y F o l d e r  Segs  = {

♦ i n c l u d e  " S e g l . a n y "

} ; / / S e g m e n t s  
/  / ------------------------ JOINTS---------------------------------------------

A n y F o l d e r  J o i n t s  = {

♦ i n c l u d e  " J o i n t s . a n y "

} ; / / J o i n t s
/ / ---------------------- DRIVERS-----------------------------------------------

A n y F o l d e r  D r i v e r s  = {

♦ i n c l u d e  " D r i v e r s l . any"

} ; / / D r i v e r s

}; / /  T r i p l e  I n v e r t e d  Pendulum

/ /  The s t u d y :  O p e r a t i o n s  t o  be  p e r f o r m e d  on 
t h e  mode l

AnyBodyStudy  MyStudy = {
A n y F o l d e r  &Model = . T r i p l e l n v P e n d ;  
R e c r u i t m e n t S o l v e r  = MinMaxSimplex;
G r a v i t y  = { 0 . 0 , - 9 . 8 1 , 0 . 0 } ;

i •
}; / / M a i n

Table 6.4 -  Main.any/Driversl .any Files 

For instance if the Driver Pos is 45 degrees and the DriverVel is -1 rad/sec then a sequence of time steps 

o f segmentl’s motion is as follows (Figure 6.7). Note that the analysis has 101 time steps corresponding
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o a division o f the total analysis time into 100 equal pieces. The total time span simulated in the analysis 

as 1 sec.

t = 0 t = 65 t = 1 0 0

Figure 6.7 -  Motion of Single Inverted Pendulum

6.3.5 Definition of Muscles

The development of the single inverted pendulum will continue with the implementation o f 

motion given by muscles. The muscles that will be used will be muscles that connect two or more so- 

called “via points” (.AnyViaPointMuscle) and contain the simplest possible model {AnyMuscle Model) 

having constant strength and no passive element properties. In this particular case two muscles will drive 

the model as the muscle cannot both pull and push but only pull. The first muscle with the name 

Segl Back connects nodes Groundl and Node5 and the second muscle with name Segl Front connects the 

nodes Ground2 and Node6. Both o f these muscles have constant strength F0 = 100N. Table 6.5 below 

includes the Muscles.any file with the muscles implementation and the updated Main.any file.

Main = {
Main.any File

/ /  The a c t u a l  body  mode l  g o e s  i n  t h i s  f o l d e r  
A n y F o l d e r  T r i p l e l n v P e n d  = {

/ /  G l o b a l  R e f e r e n c e  Frame 
An y Fi x ed Re fF ra m e  G l o b a l R e f  = {

♦ i n c l u d e  " E n v i r o n m e n t . any"

}; / /  G l o b a l  r e f e r e n c e  f r ame

Jf/----------------------- SEGMENTS------------------------------------------

I A n y F o l d e r  Segs  = {

♦ i n c l u d e  " S e g l . a n y "

} ; / / S e g m e n t s

Muscles.any File
/ /  S im p le  m u s c l e  mode l  w i t h  c o n s t a n t
s t r e n g t h  100N--------------

AnyMusc leMode l  MusMdll  = {
F0 = 100;

} ; / / M u s c l e  S t r e n g t h

/ / ---------------- SEGMENT 1 BACK-----------------------------------

A n y V i a P o i n t M u s c l e  S e g lB a c k  = {

AnyMusc leMode l  SMusMdll  = .MusMdl l ;  
AnyRefNode &Nodel = . . G l o b a l R e f . G r o u n d l , 
AnyRefNode &Node5 = . . S e g s . S e g l . N o d e 5 ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g l  Back



/ --------------------------- JOINTS--------------------------------------------

A n y F o l d e r  J o i n t s  = {

# i n c l u d e  " J o i n t s . a n y "

} ; / / J o i n t s

\ / ------------------------- DRIVERS--------------------------------------------

A n y F o l d e r  D r i v e r s  = {

# i n c l u d e  " D r i v e r s l . any"

} ; / / D r i v e r s

( / ------------------------- MUSCLES--------------------------------------------

A n y F o l d e r  M u s c l e s  = {

# i n c l u d e  " M u s c l e s . a n y "

} ; / / M u s c l e s

}; / /  T r i p l e  I n v e r t e d  Pendulum

/ /  The s t u d y :  O p e r a t i o n s  t o  be  p e r f o r m e d  on 
t h e  mode l

AnyBodyStudy  MyStudy = {
A n y F o l d e r  &Model = . T r i p l e l n v P e n d ;  
R e c r u i t m e n t S o l v e r  = MinMaxSimplex; 

G r a v i t y  = { 0 . 0 , - 9 . 8 1 , 0 . 0 } ;
} ;

}; / /  Main

/ / ------------------ SEGMENT1 FRONT-------------------------------

A n y V i a P o i n t M u s c l e  S e g l F r o n t  = {

AnyMusc leMode l  &MusMdll = .MusMdll ;  
AnyRefNode &Node2 = . . G l o b a l R e f . G r o u n d 2 , 
AnyRefNode &Node6 = . . S e g s . S e g l . N o d e 6 ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g l  F r o n t

Table 6.5 - Main.anv/Muscles.any Files

Now, if  the DriverPos is 40 degrees, the DriverVel is -1 rad/sec ant the Reaction. Type is 0 then a 

sequence o f time steps of segmentl ’s muscle driven motion is as follows (Figure 6 .8 ):

t = 2 t = 65 t = 100

Figure 6.8 -  Motion of Muscle Driven Single Inverted Pendulum



\ s  mentioned before, the constant strength of the muscles is F0=100N. If FO is changed to FO = 

hen a sequence of time steps of the new motion is shown below (Figure 6.9):

t = 1 0 0

50N

Figure 6.9 -  Motion of Muscle Driven Single Inverted Pendulum (FO = 50N)

If now, the image of Figure 6 . 8  at time step 2 is compared with the corresponding one of Figure 6.9, what 

is observed is a difference at the colour of the muscle. This happens because the constant muscle strength
LFO was changed from 100N to 5ON while the minimum force (Fm) required in the muscle unit of 

Segl Front muscle for both motions is 54N (Figure 6.10).
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Figure 6 .1 0 -  Fm o f SezlFront Muscle

In a few words the Segl Front muscle with FO = 5 ON was over activated at the first time steps of the 

motion and this is shown in Figure 6 .11. At time step 0, the muscle with FO = 100N had 54% activity 

while the muscle with FO = 5ON had 108% activity.
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Figure 6.11 -  Activity o f Segl Front Muscle

6.3.6 Adding Real Geometries

Finally, this section will end with the addition of a real geometric model of the cylinder that 

represents Segl. All is needed, is a file with a 3-D graphical representation of the cylinder. The format of 

the file must be STL ascii. STL is a very simple graphical file format that basically contains triangles. 

Virtually any CAD system can save geometry in STL format. In this particular case AutoCAD has been 

used, enhanced with the AutoCAD Plug-Ins “STL Import & Export” provided by the software 

development company “Floating Point Solutions Private Limited”. And that is necessary because 

AutoCAD’s own solution has some limitations.

“STL Import” for AutoCAD is a STL file import plug-in for AutoCAD, as AutoCAD does not provide 

such a facility at all. It gives AutoCAD the ability to import geometric data from ascii as well as binary 

stereolithography (STL) files.

“STL Export” for AutoCAD, gives AutoCAD the ability to export geometric data to ascii as well as 

binary stereolithography (STL) files. AutoCAD already has a "STLOUT" command which exports STL 

files, but unfortunately it exports only 3D Solids, and only one at a time. It does not export 3D Face, 

Polygon Mesh and Polyface Mesh entities which can very well be a part of a STL model. In addition, the 

solid must lie in the positive XYZ octant otherwise the “STLOUT” command is cancelled.

The first thing that has to be done is the drawing of a solid version of a cylinder in the AutoCAD 

environment. The next step is the “export” o f this file in ascii form (saved as Cylinder) in the 

T riplelnvertedPendulum  Windows folder, and with the inclusion of the Any Dr aw STL statement in 

Segl.any file (Figure 6.12) the visualisation of the geometric model is done. It has to be mentioned that 

the position o f the STL cylinder in the segment, depends on the position o f the centroid of the cylinder 

with respect to the origin (0,0,0) in the AutoCAD drawing before the conversion (Figures 6.13,6.14).



r —    “ “
Figure 6.13 shows the cylinder with the centroid coincident to the origin in the AutoCAD drawing while 

"igure 6.14 the same cylinder with the centroid above the origin in the drawing, 

except that, it is possible for the STL cylinder to be attached on a node including the AnyDrawSTL 

statement in the AnyRefNode statement.

Segl.any File
AnySeg S e g l  = {

r  = { 0 . 1 5 , 0 . 1 5 , 0 } ;
Mass -  2;
J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;
AnyDrawSeg DrwSeg = {};
AnyRefNode Node3 = { 

s R e l  = { 0 , - 0 . 1 , 0 } ;
};
AnyRefNode Node4 = { 

s R e l  = { 0 , 0 . 1 , 0 } ;
} ;
AnyRefNode Node5 = { 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode Node6 = { 

s R e l  = { 0 . 0 5 , 0 , 0 } ;
} ;
AnyRefNode Node4B = { 

s R e l  = { - 0 . 0 2 , 0 . 1 , 0 } ;
};
AnyRefNode Node4F = { 

s R e l  = { 0 . 0 2 , 0 . 1 , 0 } ;
};
AnyDrawSTL DrwSTL = {

F i l eName = " C y l i n d e r . s t l " ;  
ScaleXYZ = { 0 . 0 0 1 , 0 . 0 0 1 , 0 . 0 0 1 } ;

} ;
/ *
AnySurfSTL C y l i n d e r  = {

F i l eName = " C y l i n d e r . s t l " ;
} ;
* /
/*
AnyDrawSur f  DrwSur f  = {

F i l eName = " C y l i n d e r . a n y s u r f " ; 
ScaleXYZ = { 0 . 0 0 1 , 0 . 0 0 1 , 0 . 0 0 1 } ;

};
* /

Figure 6.12 -  Segl.any File with STL/AnySurf Files

(0 ,0 ,0 )

Figure 6.13 -  AutoCAD/STL Model



(0.0.0

Figure 6.14 -  AutoCAD/STL Model

Anybody Technology provides one more statement that can be used for adding real geometrical models 

instead o f the AnyDrawSTL. That is the AnyDrawSurf statement (Figure 6.12) which can be used after the 

conversion o f the STL format of the model to a new AnySurf format with the statement AnySurfSTL. The 

result o f such a conversion is shown below (Figure 6.15) with the AnySurf model to be smoother than the 

STL one.

Figure 6.15 -  STL/AnySurf Format



6.4 Double Inverted Pendulum

In this section the development of a double inverted pendulum will be investigated. This study is 

an extension o f the previous one and the only difference is the addition of one more segment (segment2 ) 

upon segment 1 (Segl). The new segment2 (Seg2) has the same geometrical properties as Segl and the 

same nodes. These nodes have the same local coordinates but they are numbered in a different way. 

Figure 6.16 below represents the double inverted pendulum with the new Seg2 and its nodes. Segl and 

Seg2 are connected to each other with the B joint (Node 4 & 7).

DOUBLE IN VERTED PENDULUM

8B 8 F

UDINT

4B 4F

'JDINT

Figure 6.16 - Mechanical Drawing of Double Inverted Pendulum

Table 6 . 6  below includes the updated Main.any file, the new Seg2.any file and the updated Joints.any, 

Driversl .any and Muscles.any files. It has to be noticed that the DriverPos in the new driver is -90 

degrees while DriverVel is 3 rad/sec.



Main.any File
jMain = {

I / /  The a c t u a l  bod y  model  g o e s  i n  t h i s  f o l d e r  
I A n y F o l d e r  T r i p l e l n v P e n d  = {

/ /  G l o b a l  R e f e r e n c e  Frame 
A n y F i x ed R e fF r am e  G l o b a l R e f  = {

t i n c l u d e  " E n v i r o n m e n t . any"

}; / /  G l o b a l  r e f e r e n c e  f r ame

|fj--------------------------SEGMENTS----------------------------------------

A n y F o l d e r  S eg s  = {

# i n c l u d e  " S e g l . a n y "
# i n c l u d e  " S e g 2 . a n y "

} ; / / S e g m e n t s

■/ ; --------------------------- JOINTS--------------------------------------------

A n y F o l d e r  J o i n t s  = {

# i n c l u d e  " J o i n t s . a n y "

} ; / / J o i n t s

I f / --------------------------- DRIVERS------------------------------------------

A n y F o l d e r  D r i v e r s  = {

# i n c l u d e  " D r i v e r s l . any"

} ; / / D r i v e r s

/ / --------------------------- MUSCLES------------------------------------------

A n y F o l d e r  M u s c l e s  = {

# i n c l u d e  " M u s c l e s . a n y "

} ; / / M u s c l e s

}; / /  T r i p l e  I n v e r t e d  Pendulum

| / /  The s t u d y :  O p e r a t i o n s  t o  be  p e r f o r m e d  on 
t h e  model
I AnyBcdyStudy  MyStudy = {

A n y F o l d e r  &Model = . T r i p l e l n v P e n d ;  
R e c r u i t m e n t S o l v e r  = MinMaxSimplex ;
G r a v i t y  = { 0 . 0 , - 9 . 8 1 , 0 . 0 } ;

};

}; / /  Main

Seg2.any File
AnySeg Seg2 = {

r  = { 0 . 1 5 , 0 . 3 5 , 0 } ;
Mass = 2;
J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;
AnyDrawSeg DrwSeg = {};
AnyRefNode Node7 = { 

s R e l  = { 0 , —0 . 1 , 0 } ;
};
AnyRefNode Node8 = { 

s R e l  = { 0 , 0 . 1 , 0 } ;
};
AnyRefNode Node9 = { 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode NodelO = { 

s R e l  = { 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode Node8B = { 

s R e l  = { - 0 . 0 2 , 0 . 1 , 0 } ;
};
AnyRefNode Node8F = { 

s R e l  = { 0 . 0 2 , 0 . 1 , 0 } ;
};
AnyDrawSurf  DrwSurf  = {

F i l eN am e = " C y l i n d e r . a n y s u r f " ;  
ScaleXYZ = { 0 . 0 0 1 , 0 . 0 0 1 , 0 . 0 0 1 } ;

} ;

} ; / / Seg2

Joints.any File
A n y R e v o l u t e J o i n t  A = {

A x i s = z ;
AnyRefNode &Node0 

= M ai n . T r i p l e l n v P e n d . G l o b a l R e f . GroundO ;
AnyRefNode &Node3 

= M a i n . T r i p l e l n v P e n d . S e g s . S e g l . N o d e 3 ;
} ; / / J o i n t  A

A n y R e v o l u t e J o i n t  B = {
A x i s = z ;
AnyRefNode &Node4 

= M a i n . T r i p l e l n v P e n d . S e g s . S e g l . N o d e 4 ;
AnyRefNode &Node7 

= M ai n . T r i p l e l n v P e n d . S e g s . S e g 2 . Node7 ;
} ; / / J o i n t  B

Driversl.any File
/ / -------------------------- SEGMENT 1 DRIVER-----------------------
A n y K in E q S im p le D r iv e r  S e g l M o t i o n  = { 

A n y R e v o l u t e J o i n t  &Jnt  = . . J o i n t s . A ;
D r i v e r P o s  = {40 * p i / 1 8 0 } ; / / R o t a t i o n  i n  

d e g r e e s
D r i v e r V e l  = { -1 } ;  / /  r a d / s e c  
D r i v e r A c c  = {0};
R e a c t i o n . T y p e  = {0};

} ; / / S e g l  D r i v e r



Muscles.any File
f/ ------------ S i m p l e  m u s c l e  model  w i t h  c o n s t a n t
S t r e n g t h  300N--------------

AnyMusc leMode l  MusMdll  = {
FO = 100;

} ; / / M u s c l e  S t r e n g t h

( / ---------------------SEGMENT 1 BACK------------------------------------
I A n y V i a P o i n t M u s c l e  S e g lB a c k  = {

AnyMusc leMode l  &MusMdll = .MusMdll ;  
AnyRefNode &Nodel = . . G l o b a l R e f . G r o u n d l ; 
AnyRefNode &Node5 = . . S e g s . S e g l . No de 5 ; 
AnyDrawMuscle DrwMus = {};

} ; / / S e g l _ B a c k

/ / -------------------------- SEGMENT2 DRIVER-------------------------
A n y K in E q S im p le D r iv e r  S eg 2M ot i on  = { 

A n y R e v o l u t e J o i n t  &Jnt  = . . J o i n t s . B ;
D r i v e r P o s  = { -90 * p i / 1 8 0 } ; / / R o t a t i o n  i n  

d e g r e e s
D r i v e r V e l  = {3};  / /  r a d / s e c  
D r i v e r A c c  = {0};
R e a c t i o n . T y p e  = {0};

} ; / / Seg2 D r i v e r

/ / ---------------------SEGMENT1 FRONT----------------------------------
I A n y V i a P o i n t M u s c l e  S e g l F r o n t  = {

AnyMusc leModel  &MusMdll = .MusMdll ;  
AnyRefNode &Node2 = . . G l o b a l R e f . G r o u n d 2 ; 
AnyRefNode &Node6 = . . S e g s . S e g l . No d e6 ; 
AnyDrawMuscle  DrwMus = {};

} ; / / S e g l _ F r o n t

/ / ---------------------SEGMENT2 BACK------------------------------------
I A n y V i a P o i n t M u s c l e  Seg2Back  = {

AnyMusc leModel  &MusMdll = .MusMdl l ;  
AnyRefNode &Node5 = . . S e g s . S e g l . No de 5 ; 
AnyRefNode &Node4B = . . S e g s . S e g l . Node4B; 
AnyRefNode &Node9 = . . S e g s . S e g 2 . Node9;  
AnyDrawMuscle  DrwMus = {};

I } ; / / Seg2_Back

/ / ---------------------SEGMENT2 FRONT----------------------------------
I A n y V i a P o i n t M u s c l e  S e g 2 F r o n t  = {

AnyMuscleMode l  &MusMdll = .MusMdll ;  
AnyRefNode &Node6 = . . S e g s . S e g l . N o d e6 ; 
AnyRefNode &Node4F = . . S e g s . S e g l . Node4F;  
AnyRefNode &NodelO = . . S e g s . S e g 2 . N od e l O ; 
AnyDrawMuscle  DrwMus = {} ;

} ; / / S e g 2 _ F r o n t

Table 6 . 6  -  Double Inverted Pendulum Anvfiles 

ngure 6.17 below, shows a sequence of images of double inverted pendulum’s motion.
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Figure 6.17 -  Motion of Muscle Driven Double Inverted Pendulum



f>.5 Triple Inverted Pendulum

In this section the development of a triple inverted pendulum will be investigated. This study is an 

extension of the previous one and the only difference is the addition of one more segment (segment3) 

jpon segment2 {Segl) and segment 1 {Segl). The new segment3 {Seg3) has the same geometrical 

properties as Seg2 and Segl and the same nodes. These nodes have the same local coordinates but they 

are numbered in a different way. Figure 6.18 below represents the triple inverted pendulum with the new 

Seg3 and its nodes. Seg2 and Seg3 are connected to each other with the C joint {Node 8 & 11).

t r i p l e : i n v e r t e d  p e n d u l u m

13

9

12

11

JO NT

JUINT

•  14

CjDINT
8E

•  10

( 0 , 0 , 0 )

Figure 6.18 - Mechanical Drawing of Triple Inverted Pendulum

Table 6.7 below includes the updated Main.any file, the new Seg3.any file and the updated Joints.any, 

Driversl .any and Muscles.any files. It has to be noticed that the DriverPos in the new driver is 90 degrees 

while DriverVel is -3 rad/sec.



Main.any File
(Iain = {

/ /  The a c t u a l  bo dy  mode l  g o e s  i n  t h i s  f o l d e r  
A n y F o l d e r  T r i p l e l n v P e n d  = {

/ /  G l o b a l  R e f e r e n c e  Frame 
A n y F i x e d R e fF r a m e  G l o b a l R e f  = {

# i n c l u d e  " E n v i r o n m e n t . an y"

}; / /  G l o b a l  r e f e r e n c e  f r a m e

/ / ------------------------ SEGMENTS-------------------------

A n y F o l d e r  Segs  = {

# i n c l u d e  " S e g l . a n y "  
# i n c l u d e  " S e g 2 . a n y "  
# i n c l u d e  " S e g 3 . a n y "

} ; / / S e g m e n t s

| / ----------------------------- JOINTS-------------------------

A n y F o l d e r  J o i n t s  = {

# i n c l u d e  " J o i n t s . a n y "

} ; / / J o i n t s

| | / ---------------------------DRIVERS--------------------------

A n y F o l d e r  D r i v e r s  = {

# i n c l u d e  " D r i v e r s l . an y"

} ; / / D r i v e r s

if/---------------------------MUSCLES--------------------------

A n y F o l d e r  M u s c le s  = { 

# i n c l u d e  " M u s c l e s . a n y "

} ; / / M u s c l e s  

}; / /  T r i p l e  I n v e r t e d  Pendu lum

/ /  The s t u d y :  O p e r a t i o n s  t o  b e  p e r f o r m e d  on 
t h e  mode l

AnyBodyStudy  MyStudy = {
A n y F o l d e r  &Model = . T r i p l e l n v P e n d ;  
R e c r u i t m e n t S o l v e r  = MinMaxSimplex;
G r a v i t y  = { 0 . 0 , - 9 . 8 1 , 0 . 0 } ;

};

I); / /  Main

Seg3.any File
AnySeg Seg3 = {

r  = { 0 . 1 5 , 0 . 5 5 , 0 } ;
Mass = 2;
J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;
AnyRefNode N o d e l l  = { 

s R e l  = { 0 , - 0 . 1 , 0 } ;
};
AnyRefNode Nod e l2  = { 

s R e l  = { 0 , 0 . 1 , 0 } ;
};
AnyRefNode N ode l3  = { 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode Node l4  = { 

s R e l  = { 0 . 0 5 , 0 , 0 } ;
} ;
AnyDrawSeg DrwSeg = {};
AnyDrawSur f  DrwSur f  = {

F i l e N am e = " C y l i n d e r . a n y s u r f ";  
ScaleXYZ = { 0 . 0 0 1 , 0 . 0 0 1 , 0 . 0 0 1 } ;

} ;

} ; / / Seg3

Joints.any File
A n y R e v o l u t e J o i n t  A = {

A x i s = z ;
AnyRefNode &Node0 

= M ai n . T r i p l e l n v P e n d . G l o b a l R e f . GroundO;
AnyRefNode &Node3 

= M ai n . T r i p l e l n v P e n d . S e g s . S e g l . N o d e 3 ;
} ; / / J o i n t  A

A n y R e v o l u t e J o i n t  B = {
A x i s = z ;
AnyRefNode &Node4 

= M a i n . T r i p l e l n v P e n d . S e g s . S e g l . N o d e 4 ;
AnyRefNode &Node7 

= M a i n . T r i p l e l n v P e n d . S e g s . S e g 2 . N o d e 7 ;
} ; / / J o i n t  B

A n y R e v o l u t e J o i n t  C = {
A x i s = z ;
AnyRefNode &Node8 

= M a i n . T r i p l e l n v P e n d . S e g s . S e g 2 . Node8 ;
AnyRefNode &Nodel l  

= M a i n . T r i p l e l n v P e n d . S e g s . S e g 3 . N o d e l l ;
} ; / / J o i n t  C



Muscles.any File
[./-------------S i m p l e  m u s c l e  mode l  w i t h  c o n s t a n t
[ t r e n g t h  300N--------------

AnyMusc leMode l  MusMdll  = {
FO = 100;

} ; / / M u s c l e  S t r e n g t h

/ /  SEGMENT1 BACK---------------------------------
A n y V i a P o i n t M u s c l e  S e g lB a c k  = {

AnyMusc leMode l  &MusMdll = .MusMdl l ;  
AnyRefNode &Nodel = . . G l o b a l R e f . G ro u n d l  
AnyRefNode &Node5 = . . S e g s . S e g l . No de 5 ; 
AnyDrawMuscle DrwMus = {};

} ; / / S e g l  Back

/ /  SEGMENT 1 FRONT----------------------------
A n y V i a P o i n t M u s c l e  S e g l F r o n t  = {

AnyMusc leModel  &MusMdll = .MusMdll ;  
AnyRefNode &Node2 = . . G l o b a l R e f . G r o u n d 2 , 
AnyRefNode &Node6 = . . S e g s . S e g l . No de 6 ; 
AnyDrawMuscle  DrwMus = {};

} ; / / S e g l  F r o n t

-------------------------SEGMENT2 BACK-----------------------------
A n y V i a P o i n t M u s c l e  Seg2Back = {

AnyMusc leMode l  &MusMdll = .MusMdl l ;  
AnyRefNode &Node5 = . . S e g s . S e g l . No d e5 ; 
AnyRefNode &Node4B = . . S e g s . S e g l . Node4B; 
AnyRefNode &Node9 = . . S e g s . S e g 2 . No de 9 ; 
AnyDrawMuscle  DrwMus = { };

} ; / / S e g 2 _ B a c k

| fi-----------------------SEGMENT2 FRONT----------------------------
A n y V i a P o i n t M u s c l e  S e g 2 F r o n t  = {

AnyMusc leModel  &MusMdll = .MusMdl l ;  
AnyRefNode &Node6 = . . S e g s . S e g l . N o d e 6 ;  
AnyRefNode &Node4F = . . S e g s . S e g l . Node4F;  
AnyRefNode &NodelO = . . S e g s . S e g 2 . N od e l O ; 
AnyDrawMuscle  DrwMus = { };

} ; / /S e g 2  F r o n t

I / -----------------------SEGMENT3-BACK-------------------------------
A n y V i a P o i n t M u s c l e  Seg3Back = {

AnyMusc leMode l  SMusMdll = .MusMdll ;  
AnyRefNode &Node9 = . . S e g s . S e g 2 . No de 9 ; 
AnyRefNode &Node8B = . . S e g s . S e g 2 . Node8B; 
AnyRefNode &Nodel3 = . . S e g s . S e g 3 . N o d e l 3 ; 
AnyDrawMuscle DrwMus = { };

} ; / / S e g 3 _ B a c k

/ / -----------------------SEGMENT3 FRONT------------------------------
A n y V i a P o i n t M u s c l e  S e g 3 F r o n t  = {

AnyMuscleMode l  &MusMdll = .MusMdl l ;  
AnyRefNode &NodelO = . . S e g s . S e g 2 . N od e l O ; 
AnyRefNode &Node8F = . . S e g s . S e g 2 . Node8F;  
AnyRefNode &Nodel4 = . . S e g s . S e g 3 . N o d e l 4 ; 
AnyDrawMuscle DrwMus = {};

; / /S e g 3  F r o n t

Driversl.any File
/ / -------------------------- SEGMENTl--DRIVER-------------------------
A n y K in E q S im p le D r iv e r  S e g l M o t i o n  = { 

A n y R e v o l u t e J o i n t  &Jnt  = . . J o i n t s . A ;
D r i v e r P o s  = {40 * p i / 1 8 0 } ; / / R o t a t i o n  i n  

d e g r e e s
D r i v e r V e l  = { -1 } ;  / /  r a d / s e c  
D r i v e r A c c  = {0};
R e a c t i o n . T y p e  = {0};

} ; / / S e g l  D r i v e r

/ / -------------------------- SEGMENT2 DRIVER------------------------
A n y K in E q S im p le D r iv e r  S eg 2M ot i on  = { 

A n y R e v o l u t e J o i n t  &Jnt  = . . J o i n t s . B ;
D r i v e r P o s  = { -90 * p i / 1 8 0 } ; / / R o t a t i o n  i n  

d e g r e e s
D r i v e r V e l  = {3};  / /  r a d / s e c  
D r i v e r A c c  = {0};
R e a c t i o n . T y p e  = {0};

} ; / / Seg2 D r i v e r

/ / -------------------------- SEGMENT3 DRIVER-----------------------
A n y K in E q S im p le D r iv e r  S eg 3M ot i on  = { 

A n y R e v o l u t e J o i n t  &Jnt  = . . J o i n t s . C ;
D r i v e r P o s  = (90 * p i / 1 8 0 } ; / / R o t a t i o n  i n  

d e g r e e s
D r i v e r V e l  = { -3 } ;  / /  r a d / s e c  
D r i v e r A c c  = {0};
R e a c t i o n . Type = {0};

} ; / / Seg3 D r i v e r

Table 6.7 -  Triple Inverted Pendulum Anyfiles 

Figure 6.19 below, shows a sequence o f images o f triple inverted pendulum’s motion.



Figure 6.19 -  Motion of Muscle Driven Triple Inverted Pendulum



I
6.6 Advanced Study

6.6.1 Initial Conditions

A very important aspect of the modeling procedure is the definition of the orientation of a segment 

without the need of a driver. And that’s because Anybody Technology has a facility (as mentioned in 

Chapter 5) called “Kinematic Measure” which gives the ability to drive only one segment and make the 

others connected to it, follow its motion. For example, at Node 12 o f Seg3 (see Figure 6.18) a driver could 

be assigned and make Segl and Seg2 follow its motion without their drivers. But, in order to make 

Node 12 start from a specific position, it is very important to set the precise orientation of the segments. 

This will be analyzed later in this chapter.

In the Anybody modeling system the statement Axes which is included in the AnySeg statement is 

responsible for the orientation of a segment. Axes, contains a rotational matrix which performs rotation 

about all three axes. The type of rotation is a Cardan rotation sequence and the most common used in 

biomechanics is a Xyz sequence. This sequence involves, first, rotation about the medially directed axis 

(X); second, rotation about the anteriorly directed axis (y); and third, about the vertical axis (z). These 

rotations are diagrammed in Figure 6.20 below.

X, x 1

Figure 6.20 -X yz  Cardan Sequence of Rotations

The above figure shows that the first rotation takes place about the X-axis and leads to the new 

orientations of they- and -z  axes (yl and z1), with the X-axis remaining in the same orientation, but now it 

is labeled jc1. The second rotation about th ey 1 axis leads to new positions o f the x ] and z 1 axis (x2 and z2). 

For the third rotation about the z2 axis, the x2 and y 2 axes assume the new orientation of x3 and y3.

For illustrative purposes, the angles for the Xyz sequence are designated a  (alpha) for the first rotation, (3

(beta) for the second rotation, a n d / (gamma) for the third rotation. The rotation matrix [r ] for an Xyz 

rotation sequence then can be described as:



W = k . ] - k J k ] (6 .1)

where

k ] =

1 0  0

0  cos a  sin a  
0  - s in  a  cosa

(6.2)

k]=
COS P 0 - s in  P

0 1 0

sin p 0 COS P
(6.3)

k l =

cos y sin y 0

-  sin y cos y 0

0  0  1

(6.4)

The rotation can then be expressed as the successive rotation of these matrices to produce the combined 

irotation matrix:

M =

cos P • cos y cos y -sin p  sina + sin y-cos a  sin^-sinor -  cos /  s in /? cos or
-s in y -c o s /?  cosor-cosy-s in o r-sin /?  s in /  sin y - s in /? • cos a  + c o s y s in a  

sin p  -cos/3  sin a  cosacos/3
(6.5) [10]

The updated Main.any file and the new files, InitialConditions.any and RotMatrices.any are shown in 

fable 6 . 8  below:

Main.any File
fclain = {

/ /  The a c t u a l  body  mode l  g o e s  i n  t h i s  f o l d e r  
A n y F o l d e r  T r i p l e l n v P e n d  = {

/ /  G l o b a l  R e f e r e n c e  Frame 
An y Fi xe dR e fF ra me  G l o b a l R e f  = {

# i n c l u d e  " E n v i r o n m e n t . an y"

}; / /  G l o b a l  r e f e r e n c e  f r a me

InitialConditions.any File

/ / -------------ROTATION X-AXIS-------
/ / ----------------- Segment  1--------------

AnyVar a l p h a l  = 0 ;  / /  r a d
/ / ----------------- Segment  2 --------------

AnyVar  a l p h a 2  = 0 ;  / /  r a d
/ / ----------------- Segment  3--------------

AnyVar a l p h a 3  = 0 ;  / /  r a d

/ / -------------ROTATION Y-AXIS------
/ / -----------------Segment  1---------------

AnyVar b e t a l  = 0;  / /  r a d
/ / -----------------Segment  2 ---------------

AnyVar b e t a 2  = 0;  / /  r a d
/ / -----------------Segment  3---------------

AnyVar  b e t a 3  = 0;  / /  r a d



 SEGMENTS / / -------------ROTATION Z-AXIS------
/ / ----------------- Segment  1-------------

AnyVar gammal = 0 ;  / /  r a d
/ / ----------------- Segment-2 -------------

AnyVar gamma2 = 0 ;  / /  r a d
/ / ----------------- Segment--3-------------

AnyVar gamma3 = 0 ;  / /  r a d

A n y F o l d e r  Seg s  = {

# i n c l u d e  " S e g l . a n y "
♦ i n c l u d e  " S e g 2 . a n y "
# i n c l u d e  " S e g 3 . a n y "

} ; / / S egm en ts

YU------------------- INITIAL CONDITIONS-----------------------------

A n y F o l d e r  I n i t i a l C o n d i t i o n s  = {

# i n c l u d e  " I n i t i a l C o n d i t i o n s . any"  
# i n c l u d e  " R o t M a t r i c e s . any"

} ; / / I n i t i a l  C o n d i t i o n s

\ j ------------------------------JOINTS-----------------------------------------

A n y F o l d e r  J o i n t s  = {

# i n c l u d e  " J o i n t s . a n y "

} ; / / J o i n t s

-------------------------- DRIVERS------------------------------------------

A n y F o l d e r  D r i v e r s  = {

# i n c l u d e  " D r i v e r s l . an y "

} ; / / D r i v e r s

f ----------------------------- MUSCLES-----------------------------------------

A n y F o l d e r  M u s c l e s  = {

♦ i n c l u d e  " M u s c l e s . a n y "

} ; / / M u s c l e s

}; / /  T r i p l e  I n v e r t e d  Pendu lum

/ /  The s t u d y :  O p e r a t i o n s  t o  be  p e r f o r m e d  on 
he  mode l  

AnyBodyStudy  MyStudy = {
A n y F o l d e r  &Model = . T r i p l e l n v P e n d ;  
R e c r u i t m e n t S o l v e r  = MinMaxSimplex;
G r a v i t y  = { 0 . 0 , - 9 . 8 1 , 0 . 0 } ;

};

}; / /  Main

RotMatrices.any File
/ /  SEGMENTl ROTATION VECTOR------------------------

AnyMat33 R1 = { { c o s ( b e t a l )  * co s ( ga mm al )  , 
cos (g a m m a l )  * s i n ( b e t a l )  * s i n ( a l p h a l )  + 

s i n ( g a m m a l )  * c o s ( a l p h a l )  ,
s i n ( g a m m a l )  * s i n ( a l p h a l )  -  co s ( ga mm al )  * 

s i n ( b e t a l )  * c o s ( a l p h a l ) }  ,
{- s i n ( g a m m a l ) * c o s ( b e t a l )  ,

c o s ( a l p h a l )  * co s ( ga mm al )  -  s i n ( a l p h a l )  * 
s i n ( b e t a l )  * s in ( g a m m a l )  ,

s i n ( g a m m a l )  * s i n ( b e t a l )  * c o s ( a l p h a l )  + 
c o s  (gammal) * s i n ( a l p h a l ) }  ,

{ s i n ( b e t a l )  , - c o s ( b e t a l )  * s i n ( a l p h a l )  , 
c o s ( a l p h a l )  * c o s ( b e t a l ) } } ;

/ / ----------- SEGMENT2 ROTATION VECTOR------------------------

AnyMat33 R2 = { ( c o s ( b e t a 2 )  * cos (gamma2)  , 
cos(gamma2)  * s i n ( b e t a 2 )  * s i n ( a l p h a 2 )  + 

s in (gam ma2 )  * c o s ( a l p h a 2 )  ,
s in (gamma2)  * s i n ( a l p h a 2 )  -  cos(gamma2)  * 

s i n ( b e t a 2 )  * c o s ( a l p h a 2 ) }  ,
{- s i n ( g a m m a 2 ) * c o s ( b e t a 2 )  ,

c o s ( a l p h a 2 )  * cos (gamma2)  -  s i n ( a l p h a 2 )  * 
s i n ( b e t a 2 )  * s in (gam ma2 )  ,

s in (gamma2)  * s i n ( b e t a 2 )  * c o s ( a l p h a 2 )  + 
cos (gamma2)  * s i n ( a l p h a 2 ) }  ,

{ s i n ( b e t a 2 )  , - c o s ( b e t a 2 )  * s i n ( a l p h a 2 )  , 
c o s ( a l p h a 2 )  * c o s ( b e t a 2 ) } } ;

/ / -----------SEGMENT3 ROTATION VECTOR------------------------

AnyMat33 R3 = { ( c o s ( b e t a 3 )  * cos (gamma3)  , 
cos (gamma3)  * s i n ( b e t a 3 )  * s i n ( a l p h a 3 )  + 

s i n (gamma3)  * c o s ( a l p h a 3 )  ,
s in (gam ma3 )  * s i n ( a l p h a 3 )  -  cos (gamma3)  * 

s i n ( b e t a 3 )  * c o s ( a l p h a 3 ) }  ,
{- s i n ( g a m m a 3 ) * c o s ( b e t a 3 )  ,

c o s ( a l p h a 3 )  * cos(gamma3)  -  s i n ( a l p h a 3 )  * 
s i n ( b e t a 3 )  * s in (gam ma3)  ,

s i n (gamma3)  * s i n ( b e t a 3 )  * c o s ( a l p h a 3 )  + 
cos (gamma3)  * s i n ( a l p h a 3 ) }  ,

{ s i n ( b e t a 3 )  , - c o s ( b e t a 3 )  * s i n ( a l p h a 3 )  , 
c o s ( a l p h a 3 )  * c o s ( b e t a 3 ) }};

Table 6 . 8  -  Main.any/Initial Conditions.any Files

Die orientation of the segments is then defined, adding at the AnySeg statements of Segl, Seg2 and Seg3 

the statements, Axes = .. InitialConditions. R1, Axes = .. InitialConditions. R2; and Axes — 

. InitialConditions. R3; respectively.



6.6.2 Kinematic Measures & Motion

This chapter will end with the step-by-step procedure of how the triple inverted pendulum can be 

iriven using only one driver, taking advantage of the “Kinematic Measures” and the Axes facilities, 

Anybody provides. Thus, through this investigation, the role of these facilities will be determined.

The model that will be used is the already known triple inverted pendulum with one difference; Joint A is 

changed to a spherical joint (AnySphericalJoint) in order to produce a more complicated motion, a 3-D 

motion.

The first step is to decide the position of the whole assembly in space. Segl can be rotated in 3-D 

while Seg2 and Seg3 only about z-axis. For convenience, the orientation will be defined by Cartesian 

rotation vector which measures a general 3-D orientation as a single rotation about a given axis. If let’s 

say, the orientation of Segl in degrees about x, y  and z axes is 60°, 60° and 60° respectively, and the 

orientation about the z-axis of Seg2 and Seg3 is -  60° and 60° respectively, how are all these orientations 

going to be implemented? The solution to this problem is employing the “Kinematic Measures”.

The statement AnyKinRotational is used, followed by a name, and includes the reference frames that will 

be measured, and the statement Type which determines the possible rotational quantities. In this particular 

case, the reference frames are the GlobalRef and one o f the segments Segl, Seg2, Seg3 each time, while 

the Type is Rot Vector. Then, these “Kinematic Measures” are included to the corresponding driver where 

the angles of rotations are stated and the degrees of freedom as well. All the “Kinematic Measures” are 

included in the KinematicMeasures.any file while the drivers are in a new file, the Drivers2.any file.

Table 6.9 below, represents the updated Main.any file and Joints.any file, the KinematicMeasures.any file 

and the Drivers2.any file.

Main.any File
yiain = {

I / /  The a c t u a l  bo dy  mode l  g o e s  i n  t h i s  f o l d e r  
I A n y F o l d e r  T r i p l e l n v P e n d  = {

/ /  G l o b a l  R e f e r e n c e  Frame 
A n yF ix ed Re fF ra m e  G l o b a l R e f  = {

# i n c l u d e  " E n v i r o n m e n t . any"

}; / /  G l o b a l  r e f e r e n c e  f r a me

I / ------------------------ SEGMENTS------------------------------------------

A n y F o l d e r  Segs  = {

# i n c l u d e  " S e g l . a n y "
# i n c l u d e  " S e g 2 . a n y "
# i n c l u d e  " S e g 3 . a n y "

} ; / / S e g m e n t s

Joints.any File
A n y S p h e r i c a l J o i n t  A = {

AnyRefNode &Node0 
= M ai n . T r i p l e l n v P e n d . G l o b a l R e f . GroundO;

AnyRefNode &Node3 
= M a i n . T r i p l e l n v P e n d . S e g s . S e g l . N o d e 3 ;
} ; / / J o i n t  A

A n y R e v o l u t e J o i n t  B = {
A x i s = z ;
AnyRefNode &Node4 

= M ai n . T r i p l e l n v P e n d . S e g s . S e g l . Node4 ;
AnyRefNode &Node7 

= M ai n . T r i p l e l n v P e n d . S e g s . S e g 2 . Node7 ;
} ; / / J o i n t  B

A n y R e v o l u t e J o i n t  C = {
Ax i  s = z ;
AnyRefNode &Node8 

= M a i n . T r i p l e l n v P e n d . S e g s . Se g 2 .N od e 8 ;
AnyRefNode &Nodel l  

= M a i n . T r i p l e l n v P e n d . S e g s . S e g 3 . N o d e l l ;
} ; / / J o i n t  C

l i b r a r y



'

/

/

--------------INITIAL CONDITIONS-----------

A n y F o l d e r  I n i t i a l C o n d i t i o n s  = {

# i n c l u d e  " I n i t i a l C o n d i t i o n s . an y"  
# i n c l u d e  " R o t M a t r i c e s . any"

} ; / / I n i t i a l  C o n d i t i o n s

-------------------------------- JOINTS---------------------------------------

A n y F o l d e r  J o i n t s  = {

{{inc lude " J o i n t s . a n y "

} ; / / J o i n t s

 KINEMAT I C MEASURES-------------------------

A n y F o l d e r  K i n e m a t i c M e a s u r e s  = {

# i n c l u d e  " K i n e m a t i c M e a s u r e s . an y"

} ; / / K i n e m a t i c  M e a s u r e s

1 / --------------------------- DRIVERS------------------------------------------

A n y F o l d e r  D r i v e r s  = {

/ / # i n c l u d e  " D r i v e r s l . an y "
# i n c l u d e  " D r i v e r s 2 . any"

} ; / / D r i v e r s

/ ! / ------------------------ MUSCLES---------------------------------------------

A n y F o l d e r  M u s c l e s  = {

# i n c l u d e  " M u s c l e s . a n y "

} ; / / M u s c l e s

}; / /  T r i p l e  I n v e r t e d  Pendu lum

/ /  The s t u d y :  O p e r a t i o n s  t o  be  p e r f o r m e d  on 
t h e  mod e l
I  A ny BodyS tudy  MyStudy = {

A n y F o l d e r  &Model = . T r i p l e l n v P e n d ;  
R e c r u i t m e n t S o l v e r  = MinMaxSimplex;
G r a v i t y  = { 0 . 0 , - 9 . 8 1 , 0 . 0 } ;

};

}; / /  Main

KinematicMeasures.any File
/ /  CARTESIAN ROTATION VECTORS--------

/ / -------------- SEG1 KINEMATIC ROTATIONAL--------------
A n y K i n R o t a t i o n a l  S e g l R o t l  = {

An y Fi xe dR efF ram e  &Ground = . . G l o b a l R e f ,  
AnyRefFrame  &Segl = . . S e g s . S e g l ;
Type = R o t V e c t o r ;

};

/ / -------------- SEG2 KINEMATIC ROTATIONAL--------------
A n y K i n R o t a t i o n a l  S e g 2 R o t l  = {

A n yF ix edR efF ram e  &Ground = . . G l o b a l R e f ,  
AnyRefFrame &Seg2 = . . S e g s . S e g 2 ;
Type = R o t V e c t o r ;

};

/ / -------------- SEG3 KINEMATIC r o t a t i o n a l --------------
A n y K i n R o t a t i o n a l  S e g 3 R o t l  = {

A n yF ix ed Re fF ra m e  &Ground = . . G l o b a l R e f ,  
AnyRefFrame &Seg2 = . . S e g s . S e g 3 ;
Type = R o t V e c t o r ;

};

Drivers2.any File
/ / ------------------------ SEG1 DRIVER--------------

A n y K i n E q S i m p l e D r i v e r  S e g l D r i v e r  
A n y K i n R o t a t i o n a l  &Jnt  =

. . K i n e m a t i c M e a s u r e s . S e g l R o t l ;
M e a s u r e O r g a n i z e r  = { 0 , 1 , 2 } ;  
D r i v e r P o s  =

{ 6 0 * p i / 1 8 0 , 6 0 * p i / 1 8 0 , 6 0 * p i / 1 8 0 } ; 
D r i v e r V e l  = { 0 , 0 , 0 } ;
D r i v e r A c c  = { 0 , 0 , 0 } ;
R e a c t i o n . Type = { 1 , 1 , 1 } ;

} ;

= {

/ / ------------------------ SEG2 DRIVER--------------
A n y K in E q S im p le D r iv e r  S e g 2 D r i v e r  

A n y K i n R o t a t i o n a l  &Jnt  =
. . K i n e m a t i c M e a s u r e s . S e g 2 R o t l ; 

M e a s u r e O r g a n i z e r  = {2};  
D r i v e r P o s  = {- 6 0 * p i / 1 8 0 }; 
D r i v e r V e l  = {0};
D r i v e r A c c  = {0};
R e a c t i o n . T y p e  = {1};

};

=  {

/ / ------------------------ SEG3 DRIVER------------------
A n y K in E q S im p le D r iv e r  S e g 3 D r i v e r  = 

A n y K i n R o t a t i o n a l  &Jnt  =
. . K i n e m a t i c M e a s u r e s . S e g 3 R o t l ;  

M e a s u r e O r g a n i z e r  = {2};  
D r i v e r P o s  = { 6 0 * p i / 1 8 0 } ;  
D r i v e r V e l  = {0};
D r i v e r A c c  = {0};
R e a c t i o n . T y p e  = {1};

}:

Table 6.9 - Main.anv/Joints.any/KinematicMeasures.anv/Drivers2.any Files



Running the model without muscles this time (Reaction.Type=l), as such a motion needs more muscles 

to be implemented, and with DriverVel^O for all the drivers, the position of the whole assembly is as 

Follows (Figure 6.21).

Figure 6.21 -  3-D Initial Position of Triple Inverted Pendulum

The second step, is to decide which segment or node should be chosen to drive the whole 

assembly. O f course more than one driver could be used. This depends on the degrees of freedom of the 

model. As mentioned before, Node 12 of Seg3 could be used to drive the whole model. The motion that 

will be implemented here will be incorporating both translation and rotation.

The driver o f Node 12 and the corresponding “Kinematic Measures” are defined as well. A new 

“Kinematic Measure” is obtained in this step, which measures translation. The statement for this 

“Measure” is AnyKinLinear followed by a name, and includes the reference frames that will be measured 

and the statement Ref that specify the reference system in which the vector is measured (-1 ̂ default/global 

system, 0 = first reference system, 1 = second reference system). In this particular case the reference 

frames are the GlobalRef and Node 12 while Ref is 0 (it could be -1 as well). An important thing that has 

to be mentioned, is that because of both translational and rotational motion of Node 12, an organizer of 

these “Kinematic Measures” will be used. For this purpose the statement AnyKinMeasureOrg is used, 

Followed by a name. It includes the “Kinematic Measures” and the statement MeasureOrganizer which 

indicates which measures will be produced. The updated KinematicMeasures.any file with the 

“Measures” of Node 12 is shown in Figure 6.22. The MeasureOrganizer will measure x(l),y(2) and z(3) 

translation and y(4) and z(5) rotation.



KinematicMeasures.any File
/ / ------------ CARTESIAN ROTATION VECTORS--------------------

/ / -------------- SEG1 KINEMATIC ROTATIONAL--------------------
A n y K i n R o t a t i o n a l  S e g l R o t l  = {

An y Fi x ed Re fF ra m e  &Ground = . . G l o b a l R e f ;  
AnyRefFrame &Segl = . . S e g s . S e g l ;
Type = R o t V e c t o r ;

};

/ / -------------- SEG2 KINEMATIC ROTATIONAL--------------------
A n y K i n R o t a t i o n a l  S e g 2 R o t l  = {

An y Fi xe dR e fF ra me  &Ground = . . G l o b a l R e f ;  
AnyRefFrame &Seg2 = . . S e g s . S e g 2 ;
Type = R o t V e c t o r ;

};

/ / -------------- SEG3 KINEMATIC r o t a t i o n a l --------------------
A n y K i n R o t a t i o n a l  S e g 3 R o t l  = {

An y Fi xe dR e fF ra me  &Ground = . . G l o b a l R e f ;  
AnyRefFrame &Seg2 = . . S e g s . S e g 3 ;
Type = R o t V e c t o r ;

} ;

/ / -------------- N0DE12 KINEMATIC LINEAR---------------------
A n y K i n L i n e a r  N o d e l 2 L i n  = {

A n yF ix edR efF ram e  SGround = . . G l o b a l R e f ;  
AnyRefNode &Nodel2 = . . S e g s . S e g 3 . N o d e l 2 ; 
Re f  = 0;

};
/ / -------------- NODE 12 KINEMATIC ROTATIONAL-------------

A n y K i n R o t a t i o n a l  N o d e l 2 R o t  = {
A n yF ix edR efF ram e  &Ground = . . G l o b a l R e f ;  
AnyRefNode &Nodel2 = . . S e g s . S e g 3 . N o d e l 2 ; 
Type = R o t V e c t o r ;

};
/ / ---------------------- NODE 12 ORGANIZER------------------------

AnyKinMeasureOrg  N o d e l 2 P o s  = {
A n y K i n L i n e a r  & r e f l  = . N o d e l 2 L i n ;  
A n y K i n R o t a t i o n a l  &re f2  = . N o d e l2 R o t ;  
M e a s u r e O r g a n i z e r  = { 0 , 1 , 2 , 4 , 5 } ;

};

Figure 6.22 -  Updated KinematicMeasures.any File

The second step continues with running the model and recording the content of the Node 12Pos in order to 

know the exact position of Nodel2 before adding its driver in the Driver2.any file. After running the 

model, Pos = {0.135012, 0.200358, 0.212105, 1.047198, 1.047198}; with units m, m, m, rad and rad 

respectively, and is obtained from the left window next to the AnyScript model. Due to the fact that 

Anybody permits less than 10 6 constraint violations at the joints, it is recommended that the Pos 

elements must have 6 -digit decimal accuracy. Now the Node 12 driver is added in the Drivers2.any file 

with the Pos elements in the DriverPos and all the velocities being equal to zero. An updated file of the



)rivers2.any file is shown in Figure 6.23. The model, with all the drivers, runs again in order to 

loublecheck that DriverPos o f Node 12 is correct.

Drivers2.any File
/ / ------------------------ SEGl DRIVER-----------------------------------------------------------

A n y K in E q S im p le D r iv e r  S e g l D r i v e r  = {
A n y K i n R o t a t i o n a l  &Jnt  = . . K i n e m a t i c M e a s u r e s . S e g l R o t l ; 
M e a s u r e O r g a n i z e r  = { 0 , 1 , 2 } ;
D r i v e r P o s  = {6 0 * p i / 1 8 0 , 6 0 * p i / 1 8 0 , 6 0 * p i / 1 8 0 };
D r i v e r V e l  = { 0 , 0 , 0 } ;
D r i v e r A c c  = { 0 , 0 , 0 } ;
R e a c t i o n . T y p e  = { 1 , 1 , 1 } ;

};
/ / ------------------------SEG2 DRIVER-----------------------------------------------------------

A n y K in E q S im p le D r iv e r  S e g 2 D r i v e r  = {
A n y K i n R o t a t i o n a l  &Jnt  = . . K i n e m a t i c M e a s u r e s . S e g 2 R o t l ; 
M e a s u r e O r g a n i z e r  = {2};
D r i v e r P o s  = {- 6 0 * p i / 1 8 0 };
D r i v e r V e l  = {0};
D r i v e r A c c  = {0};
R e a c t i o n . T y p e  = {1};

};
/ / ------------------------SEG3 DRIVER-----------------------------------------------------------

A n y K in E q S im p le D r iv e r  S e g 3 D r i v e r  = {
A n y K i n R o t a t i o n a l  &Jnt  = . . K i n e m a t i c M e a s u r e s . S e g 3 R o t l ; 
M e a s u r e O r g a n i z e r  = {2};
D r i v e r P o s  = { 6 0 * p i / 1 8 0 } ;
D r i v e r V e l  = {0};
D r i v e r A c c  = {0};
R e a c t i o n . Type = {1};

};
/ / ---------------------- NODE 12 DRIVER---------------------------------------------------------

A n y K i n E q S i m p l e D r i v e r  N o d e l 2 D r i v e r  = {
AnyKinMeasureOrg  &re f  = . . K i n e m a t i c M e a s u r e s . N o d e l 2 P o s ;
D r i v e r P o s  = { 0 . 1 3 5 0 1 2 ,  0 . 2 0 0 3 5 8 ,  0 . 2 1 2 1 0 5 ,  1 . 0 4 7 1 9 8 ,  1 . 0 4 7 1 9 8 } ;
D r i v e r V e l  = { 0 , 0 ,  0 , 0 , 0 } ;
R e a c t i o n . Type = { 1 , 1 , 1 , 1 , 1 } ;

Figure 6.23 -  Updated Driver2.any File 

The investigation continues with the third step in which the motion of the triple inverted pendulum 

will be implemented with just one driver, the Node 12Driver. But, if  the drivers of Segl and Seg2 will be 

eliminatec, how are these segments going to be placed in the right position, i.e. the correct initial 

conditions? The solution to this problem is given by the rotational matrix facility (Axes) that Anybody 

provides, which can produce the desired rotation. All what is needed now, is the correct values o f the 

variables of the rotation matrix, which are the angles alpha, beta and gamma. For this purpose a new set 

o f  “Kinematic Measures” is used that measure Cardan angles. The AnyKinRotational facility has to be 

used, with the difference that Type is Rot AxesAngles now. Because of the Xyz sequence that rotational 

matrices represent, the same sequence have to be defined in this “Measure” as well. This can happen with 

the definition of the first, second and third axis of rotation, using the statements Axisl^4xis2 and 

/Tn'si.The updated KinematicMeasures.any file with the new “Measures” is shown below (Figure 6.24).



KinematicMeasures.any File
/ / ------------ CARTESIAN ROTATION VECTORS----------------------------
/ / -------------- SEG1 KINEMATIC ROTATIONAL----------------------------

A n y K i n R o t a t i o n a l  S e g l R o t l  = {
A n yF ix ed Re fF ra m e  &Ground = . . G l o b a l R e f ;  
AnyRefFrame &Segl = . . S e g s . S e g l ;
Type = R o t V e c t o r ;

} ;
/ / --------------SEG2 KINEMATIC ROTATIONAL----------------------------

A n y K i n R o t a t i o n a l  S e g 2 R o t l  = {
An y Fi x ed Re fF ra me  &Ground = . . G l o b a l R e f ;  
AnyRefFrame &Seg2 = . . S e g s . S e g 2 ;
Type = R o t V e c t o r ;

};
/ / --------------SEG3 KINEMATIC ROTATIONAL----------------------------

A n y K i n R o t a t i o n a l  S e g 3 R o t l  = {
A n y Fi xe d Re fF ra m e  &Ground = . . G l o b a l R e f ;  
AnyRefFrame &Seg2 = . . S e g s . S e g 3 ;
Type = R o t V e c t o r ;

};
/ / ------------------------ CARDAN ANGLES-----------------------------------------
/ / --------------SEG1 KINEMATIC ROTATIONAL----------------------------

A n y K i n R o t a t i o n a l  S e g l R o t 2  = {
AnyRefFrame &Segl = . . S e g s . S e g l ;
A ny Fi xe dR e fF ra me  SGround = . . G l o b a l R e f ;  
A x i s l = x ;
A x i s 2 = y ;
A x i s 3 = z ;
Type = R o t A x e s A n g l e s ;

};
/ / --------------SEG2 KINEMATIC ROTATIONAL----------------------------

A n y K i n R o t a t i o n a l  Seg2Rot2  = {
AnyRefFrame &Seg2 = . . S e g s . S e g 2 ;
An y Fi xe dR efF ram e  &Ground = . . G l o b a l R e f ;  
A x i s l = x ;
A x i s 2 = y ;
A x i s 3 = z ;
Type = R o t A x e s A n g le s ;

};
/ / --------------SEG3 KINEMATIC ROTATIONAL----------------------------

A n y K i n R o t a t i o n a l  Seg3Rot2  = {
AnyRefFrame  &Seg2 = . . S e g s . S e g 3 ;
An y Fi x ed Re fF ra me  &Ground = . . G l o b a l R e f ;  
A x i s l = x ;
A x i s 2 = y ;
A x i s 3 = z ;
Type = R o t A x e s A n g le s ;

};
/ / ------------- N0DE12 KINEMATIC LINEAR--------------------------------

A n y K i n L i n e a r  N o d e l 2 L i n  = {
Any Fi x ed Re fF ra m e  SGround = . . G l o b a l R e f ;  
AnyRefNode &Nodel2 = . . S e g s . S e g 3 . N o d e l 2 ;
Re f  = 0;

} ;
/ / ------------- NODE12 KINEMATIC ROTATIONAL------------------------

A n y K i n R o t a t i o n a l  N o d e l 2 R o t  = {
Any Fi x ed Re fF ra me  &Ground = . . G l o b a l R e f ;  
AnyRefNode &Nodel2 = . . S e g s . S e g 3 . N o d e l 2 ;
Type = R o t V e c t o r ;

};
/ / ---------------------- NODE 12 ORGANIZER-----------------------------------

AnyKinMeasureOrg  N o d e l 2 P o s  = {
A n y K i n L i n e a r  & r e f l  = . N o d e l 2 L i n ;  
A n y K i n R o t a t i o n a l  &ref2  = . N o d e l 2 R o t ;  
M e a s u r e O r g a n i z e r  = { 0 , 1 , 2 , 4 , 5 } ;

Figure 6.24 -  Updated KinematicMeasures.any File



r — “---------------------------------------------------------------------------------------------------------------------
Now, the model has to be run again and the angles measured by the AnyKinRotational

WType=RotAxesAngles) facility are recorded. These measures have to be transferred to the
[
nitialConditions.any file which becomes (Figure 6.25):

InitialConditions.any File
/ / ------------ ROTATION X-AXIS---------------------------------------
/ / ----------------- Segment  1 ------------------------------------------------

AnyVar a l p h a l  = - 1 . 3 9 5 0 7 7 ;  / /  r a d
I / / ----------------- Segment  2 -----------------------------------------------

AnyVar a l p h a 2  = 1 . 3 7 8 3 3 1 ;  / /  r a d
/ / ----------------- Segment  3 ------------------------------------------------

AnyVar a l p h a 3  = - 1 . 3 9 5 0 7 7 ;  / /  r a d

/ / ------------ ROTATION Y-AXIS---------------------------------------
/ / ----------------- Segment  1------------------------------------------------

AnyVar b e t a l  = - 0 . 1 4 7 3 8 1 ;  / /  r a d
/ / ----------------- Segment  2 ------------------------------------------------

AnyVar b e t a 2  = - 0 . 4 4 1 7 1 1 ;  / /  r a d
/ / ----------------- Segment  3------------------------------------------------

AnyVar b e t a 3  = - 0 . 1 4 7 3 8 1 ;  / /  r a d

/ / ------------ ROTATION Z-AXIS---------------------------------------
/ /  Segment  1------------------------------------------------

AnyVar gamma1 = - 1 . 3 9 5 0 7 7 ;  / /  r a d
/ /  Segment  2 ------------------------------------------------

AnyVar gamma2 = 1 . 6 3 7  332 ;  / /  r a d
/ /  Segment  3 ------------------------------------------------

AnyVar gamma3 = - 1 . 3 9 5 0 7 7 ;  / /  r a d

Figure 6.25 -  InitialConditions.any File

In order to check if these measures cause the desired rotation o f the segments, the model has to be run 

again and checked at the time “study operation”: Load time positions have been re-established

(Figure 6.26), the Cartesian “Measures” of the AnyKinRotational (Type=RotVector) facility. In this 

model indeed these are the correct “Measures”. Note that the model has to be reloaded before every “run” 

even if the model remains the same.

t
\

Figure 6.26 -  Model with Initial Conditions at Time Step 0



"hen, all the drivers of the Drivers2.any file are being eliminated and the only one that remains is the 

Model 2 Driver. The updated Driver2.any file with a selection of driver velocities (DriverVel) and the 

notion of the triple inverted pendulum are shown in Figures 6.27 and 6.28 respectively, while the whole 

>rocedure followed in this investigation, is concentrated in a flow chart in Figure 6.31. The linear 

displacement and velocity of Node 12 are presented in Figure 6.29 while the angular displacement and 

Velocity in Figure 6.30.

Driver2.any File

/ / ------------------------ SEG1 DRIVER-----------------------------------------------------------
A n y K i n E q S i m p l e D r i v e r  S e g l D r i v e r  = {

A n y K i n R o t a t i o n a l  &Jnt  = . . K i n e m a t i c M e a s u r e s . S e g l R o t l ; 
M e a s u r e O r g a n i z e r  = { 0 , 1 , 2 } ;
D r i v e r P o s  = {6 0 * p i / 1 8 0 , 6 0 * p i / 1 8 0 , 6 0 * p i / 1 8 0 };
D r i v e r V e l  = { 0 , 0 , 0 } ;
D r i v e r A c c  = { 0 , 0 , 0 } ;
R e a c t i o n . Type = { 1 , 1 , 1 } ;

/ / ------------------------ SEG2 DRIVER-----------------------------------------------------------
A n y K in E q S im p le D r iv e r  S e g 2 D r i v e r  = {

A n y K i n R o t a t i o n a l  &Jnt  = . . K i n e m a t i c M e a s u r e s . S e g 2 R o t 1; 
M e a s u r e O r g a n i z e r  = {2};
D r i v e r P o s  = {- 6 0 * p i / 1 8 0 };
D r i v e r V e l  = {0};
D r i v e r A c c  = {0};
R e a c t i o n . Type = {1};

/ / ------------------------ SEG3 DRIVER-----------------------------------------------------------
A n y K i n E q S i m p l e D r i v e r  S e g 3 D r i v e r  = {

A n y K i n R o t a t i o n a l  &Jnt  = . . K i n e m a t i c M e a s u r e s . S e g 3 R o t l ; 
M e a s u r e O r g a n i z e r  = {2};
D r i v e r P o s  = { 6 0 * p i / 1 8 0 } ;
D r i v e r V e l  = {0};
D r i v e r A c c  = {0};
R e a c t i o n . Type = {1};

/ / ---------------------- NODE 12 DRIVER---------------------------------------------------------------
A n y K i n E q S i m p l e D r i v e r  N o d e l 2 D r i v e r  = {

AnyKinMeasureOrg  &re f  = . . K i n e m a t i c M e a s u r e s . N o d e l 2 P o s ;
D r i v e r P o s  = { 0 .1 3 5 0 1 2 ,  0 . 2 0 0 3 5 8 ,  0 . 2 1 2 1 0 5 ,  1 . 0 4 7 1 9 8 ,  1 . 0 4 7 1 9 8 } ;
D r i v e r V e l  = { - 0 . 1 , 0 . 4 , - 0 . 4 , - 1 , - 0 . 8 } ;
R e a c t i o n . Type = { 1 , 1 , 1 , 1 , 1 } ;

Figure 6.27 -  Updated Drivers2.any File
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Figure 6.28 -  Motion of Triple Inverted Pendulum with only One Driver
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Figure 6.29 -  Linear Displacement & Velocity of Node 12
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Figure 6.30 -  Angular Displacement & Velocity of Node 12
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R u n  t h e  mo d e l  a n d  r e c o r d  t h e  e x a c t  p o s i t i o n  o f  
t h e  d r i v e r  a n d  t h e  o r i e n t a t i o n  o f  t h e  s e g m e n t s  

u s i n g  c a r d a n  a n g l e s

 )__________________
T r a n s f e r  t h e  r e c o r d e d  C a r d a n  a n g l e s  t o  t h e  

c o r r e s p o n d i n g  v a r i a b l e s  o f  t h e  s e g m e n t s '  
r o t a t i o n a l  m a t r i c e s

 )__________________
El i mi n a t e  al l  t h e  d r i v e r s  o f  t h e  a s s e m b l y  a n d  
i m p l e m e n t  t h e  d r i v e r  t h a t  will g i v e  t h e  m o t i o n  
u s i n g  t h e  e l e m e n t s  o f  t h e  r e c o r d e d  p o s i t i o n

Figure 6.31 - Key Steps of the Triple Inverted Pendulum Motion Implementation



6.7 Conclusions

The research in the present chapter proved to be a worthy first “hands on” experience with the 

\nybody modelling system. The key factor of this experience was the implementation o f a simple 

nechanical system as the triple inverted pendulum is, instead of going directly to the implementation of 

an extremely complex model as the human body is. The “step by step” development o f the pendulum 

assembly gave confidence and provided a logical manner for the development of the whole assembly. 

Basic features of the modelling system that constitute a mechanical model, like the definition of the 

“Global Reference Frame”, the definition of a “Segment”, a “Joint”, a “Driver”, a “Kinematic Measure”, 

and a “Muscle”, were analysed. In addition, the way of importing real geometries and setting initial 

conditions in a model was investigated, while the different ways of giving motion to an assembly were 

clearly indicated.



CHAPTER 7
DEVELOPMENT OF A SIMPLIFIED HUMAN MODEL

7.1 Introduction

This study is intending to be the preparatory stage that will lead to the final implementation of the 

complicated parameterized model of the human body. A simplified model of the human body will be 

developed which can move in 3-D space and produce complex motions. In a way similar to this model 

)eing the base for the parameterized human model, the inverted pendulum model will be the basis for the 

current model. The final aim of this investigation will be the implementation of a lifting technique under 

extreme position” by the model. The reason that an “extreme position” has been chosen, is that if the 

odel implements such a position successfully then this means that it can implement a wide of range of 

otions. The model will be developed in three stages; the lower extremities first, followed by the spine 

and the upper extremities at the end.

7.2 Structure

All the necessary AnyScript files for the implementation of this project will be contained in a 

Windows folder with name “Simplified Human Model”. This folder at its final stage will contain the 

(following folders and “Anyfiles” (Figure 7.1):

Sinplif ied_ Hunan _ Model
<Vindows F o ld e r ) Moin.any

Ini tialConditions

E nv i ronne n t .any

-jKinena t ic M ea s u re s .a n y

L o w e rE x t re n i t i e s

Drivers l .any

Driver s2.any

Box.stl

B ox.anysur  f

Upper Ex t r e n i t i e s

Initial Conditions.any

RotMa t  r ic e s ,  any

r-C

- £

Segs

J o in ts .a n y

Muscles.any

Jo in ts .an y

Segs

— E H  Muscles.any

J o in ts .a n y

Segs

Muscles.any

Box,any

Jo in ts .an y

SegO.any

SegOL.any

Segl.ony

SeglL.any

SegS.any

SegSL.any

Seg3.any

Seg4,any

Seg5.any

Seg6.any

Seg7.any

Seg7L.any

Seg8.any

Seg8L.any

Figure 7.1 - Structure of the Simplified Human Model Windows Folder



"he file Main.any is one more time, the “CPU” of the model. The Main.any file contains both the body 

nodel and the study section as it was mentioned in the previous chapter. The file Environment.any 

contains the following statement Any Draw Re/Frame DrwGlobalRef = {}; for drawing the reference frame 

with the jc, y  and z axes. The final structure o f the Main.any file will be as follows (Figure 7.2):

Main = {
I / /  The a c t u a l  body  mode l  g o e s  i n  t h i s  f o l d e r  
I  A n y F o l d e r  HumanModel = {

/ /  G l o b a l  R e f e r e n c e  Frame 
A n y F i x e d R e f F r a m e  G l o b a l R e f  = {

# i n c l u d e  " E n v i r o n m e n t . a n y "
}; / /  G l o b a l  r e f e r e n c e  f r a me

/ / ---------------------------- POSITION PARAMETERS-----------------
A n y F o l d e r  P o s i t i o n  = {

/ / ------------------------ CENTRE OF MASS X COORDINATE—
AnyVar  CoM_X = 0 . 2 4 4 6 5 5 ;  / / M e t e r s
AnyVar  CoM_XV = - 0 . 0 3 ;

/ / ---------------------------------- FEET---------------------------------------
/ / ------------------------ R i g h t  Foo t  XYZ P o s i t i o n  (Heel )

AnyVar  RF_X = 0 . 1 ;  / / M e t e r s  
AnyVar  RF_XV = - 0 . 0 5 ;

AnyVar  RF_Y = 0;  / / M e t e r s  
AnyVar  RF_YV = 0;

AnyVar  RF_Z = 0 . 3 ;  / / M e t e r s  
AnyVar  RF_ZV = 0;

/ / ---------------------------------- L e f t  H ee l  XYZ ( H e e l ) -----------
AnyVar LF_X = 0;  / / M e t e r s  
AnyVar  LF_XV = 0;

AnyVar  LF_Y = 0 . 0 6 ;  / / M e t e r s  
AnyVar  LF_YV = - 0 . 0 5 5 ;

AnyVar  LF_Z = 0 . 1 ;  / / M e t e r s  
AnyVar LF_ZV = 0;

/ / -------------------------R i g h t  H ee l  XYZ R o t a t i o n  (Heel )
/ /  AnyVar RFro t_X = 0 * p i / 1 8 0 ;  / / D e g r e e s  
/ /  AnyVar  RFrot_XV = 0 ;

AnyVar RFro t_Y = - 2 0  * p i / 1 8 0 ;  / / D e g r e e s  
AnyVar RFrot_YV = 0;

AnyVar R F r o t _Z  = 0 * p i / 1 8 0 ;  / / D e g r e e s
AnyVar RFro t_ZV = 0 ;

/ /  L e f t  H ee l  XYZ R o t a t i o n  (Heel )
/ /  AnyVar  LFro t_X = 0 * p i / 1 8 0 ;  / / D e g r e e s  
/ /  AnyVar LFrot_XV = 0 ;

AnyVar L Fr o t_ Y  = 30 * p i / 1 8 0 ;  / / D e g r e e s
AnyVar LFrot_YV = 0 ;

AnyVar L Fr o t_ Z  = - 2 0  * p i / 1 8 0 ;  / / D e g r e e s  
AnyVar LFro t_ZV = 0 . 3  ;

/ / --------------------------------------- PELVIS (SEG3) -----------------
/ / ----------------------------------------- Seg3 X - A x i s -------------------

AnyVar P_X = 0 . 1 5  ; / / M e t e r s
AnyVar P_XV = 0;



V -  l  m p i v i  /

1 /  Seg3 Y-Ax is
AnyVar  P_Y = 0 . 2 1 0 0 4 ;  / / M e t e r s  ! ! ! O r i g i n a l  was 0 . 2  
AnyVar P_YV = 0 . 1 5 ;

/ / ----------------------------------Seg3 Z - A x i s ----------------------------------------
AnyVar P_Z = 0 . 1 5  ; / / M e t e r s
AnyVar  P_ZV = - 0 ;

/ / ------------------------------ Seg3 R o t a t i o n  X - A x i s --------------------------
AnyVar  PR_X = 0 * p i / 1 8 0 ;  / / D e g r e e s
AnyVar  PR_XV = 0;

/ / ------------------------------Seg3 R o t a t i o n  Y - A x i s -------------------------
AnyVar  PR_Y = 0 * p i / 1 8 0 ;  / / D e g r e e s
AnyVar PR_YV = 0;

/ / ----------------------------- Seg3 R o t a t i o n  Z - A x i s -------------------------
AnyVar  PR_Z = 0 * p i / 1 8 0 ;  / / D e g r e e s
AnyVar  PR_ZV = 0;

} ; / / P o s i t i o n

/ / -------------------------- SEGMENTS & NODES-----------------------------------------

A n y F o l d e r  Segs  = {

A n y F o l d e r  L o w e r E x t r e m i t i e s  = {

# i n c l u d e  
# i n c l u d e  
# i n c l u d e  
# i n c l u d e  
# i n c l u d e  
t i n c l u d e  
# i n c l u d e

" L o w e r E x t r e m i t i e s  
" L o w e r E x t r e m i t i e s  
" L o w e r E x t r e m i t i e s  
" L o w e r E x t r e m i t i e s  
" L o w e r E x t r e m i t i e s  
" L o w e r E x t r e m i t i e s  
" L o w e r E x t r e m i t i e s

\ S e g s \ S e g 0 . any"  
\ S e g s \ S e g O L . any"  
\ S e g s \ S e g l . any"  
\ S e g s \ S e g l L . any"  
\ S e g s \ S e g 2 . an y"  
\ S e g s \ S e g 2 L . any"  
\ S e g s \ S e g 3 . any"

A n y F o l d e r  Trunk  = {

# i n c l u d e  " T r u n k \ S e g s \ S e g 4 . any"
# i n c l u d e  " T r u n k \ S e g s \ S e g 5 . an y"
# i n c l u d e  " T r u n k \ S e g s \ S e g 6 . any"

} ;

A n y F o l d e r  U p p e r E x t r e m i t i e s  = {

# i n c l u d e  " U p p e r E x t r e m i t i e s \ S e g s \ S e g 7 . any"
# i n c l u d e  " U p p e r E x t r e m i t i e s \ S e g s \ S e g 7 L . an y"  
# i n c l u d e  " U p p e r E x t r e m i t i e s \ S e g s \ S e g 8 . an y"  
# i n c l u d e  " U p p e r E x t r e m i t i e s \ S e g s \ S e g 8 L . a n y "

} ;

A n y F o l d e r  Box = {

# i n c l u d e  " B o x \ B o x . an y"
} ;

} ; / / S e g m e n t s

/ / -------------------------- INITIAL CONDITIONS-------------------------------------------------

A n y F o l d e r  I n i t i a l C o n d i t i o n s  = {

# i n c l u d e  " I n i t i a l C o n d i t i o n s \ I n i t i a l C o n d i t i o n s . any"  
# i n c l u d e  " I n i t i a l C o n d i t i o n s \ R o t M a t r i c e s . an y"

} ; / / I n i t i a l  C o n d i t i o n s

/ / --------------------------------JOINTS-----------------------------------------------------------------

A n y F o l d e r  J o i n t s  = {

A n y F o l d e r  L o w e r E x t r e m i t i e s J o i n t s  = {



#include "LowerExtremities\Joints.any"
} ;

A n y F o l d e r  T r u n k J o i n t s  = {

# i n c l u d e  " T r u n k \ J o i n t s . any"
} ;

A n y F o l d e r  U p p e r E x t r e m i t i e s J o i n t s  = {

# i n c l u d e  " U p p e r E x t r e m i t i e s \ J o i n t s . any"
} ;

A n y F o l d e r  B o x J o i n t s  = {

# i n c l u d e  " B o x \ J o i n t s . an y"
} ;

} ; / / J o i n t s

/ / ------------------ KINEMATIC MEASURES-----------------------------------------

A n y F o l d e r  K i n e m a t i c M e a s u r e s  = {

# i n c l u d e  " K i n e m a t i c M e a s u r e s . an y "

} ; / / K i n e m a t i c  M e a s u r e s

/ / --------------------------------DRIVERS----------------------------------------------

A n y F o l d e r  D r i v e r s  = {

# i n c l u d e  " D r i v e r s l . an y"
/ / # i n c l u d e  " D r i v e r s 2 . an y"

} ; / / D r i v e r s

/ / --------------------------------MUSCLES--------------------------------------------------

A n y F o l d e r  M u s c le s  = {

A n y F o l d e r  L o w e r E x t r e m i t i e s M u s c l e s  = {

# i n c l u d e  " L o w e r E x t r e m i t i e s \ M u s c l e s . any"

} ;

A n y F o l d e r  T r u n k M u s c l e s  = {

# i n c l u d e  " T r u n k \ M u s c l e s . any"
} ;

A n y F o l d e r  U p p e r E x t r e m i t i e s M u s c l e s  = {

# i n c l u d e  " U p p e r E x t r e m i t i e s \ M u s c l e s . any"

} ;

} ; / / M u s c l e s  
}; / /  HumanModel 

/ /  The s t u d y :  O p e r a t i o n s  t o  be  p e r f o r m e d  on t h e  mode l  
AnyBodyStudy MyStudy = {

A n y F o l d e r  &Model = .HumanModel;
R e c r u i t m e n t S o l v e r  = MinMaxSimplex;
G r a v i t y  = { 0 . 0 , - 9 . 8 1 , 0 . 0 } ;

} ;
; / /  Main

Figure 7.2 -  Main.any File of Simplified Human Model



7.3 Lower Extremity

7.3.1 Segments

The segments that have been used are all cylinders with the same geometrical properties with the 

cylinders o f the triple inverted pendulum (Figure 7.3). The only segment that is different is the segment3 

which is a rectangular prism. The geometrical properties of segment3 are shown in Figure 7.4.

S e

S e

S e

S e g 2 L

Figure 7.3 -  Segments of Lower Extremity



C  ! Centre of mass (G): G = —
2

Mass: m = \kg

Moment of Inertia (G)

a = 0.2m, b = 0.05m, c = 0.1m 

7jc(; = - ^ m - ( c r  +b2)= 0.0035kgm2 

fyc; =j ^ ' m '{a +c2)=0M42kgm2

IzG = m-{b2 + c2)= 0.00\kgm2 

Figure 7.4 -  Geometrical Properties of Segment 3 

Table 7.1 below presents all the “anyfiles” of the segments that constitute the lower extremities.

SegO.any File
ySeg SegO = {
/ / r  = { 0 . 1 , 0 . 0 2 , 0 . 1 } ;
Mass = 2 ;
J i i  = { 0 . 0 0 0 4 , 0 . 0 0 6 9 , 0 . 0 0 6 9 } ;
/ / A x e s  = . . . I n i t i a l C o n d i t i o n s . R0 , 
AnyRefNode NodeO = { 

s R e l  = { - 0 . 0 4 , 0 . 0 3 , 0 } ;
} ;
AnyRefNode Nod e l  = { 

s R e l  = { - 0 . 0 5 , 0 . 0 2 , 0 } ;
} ;
AnyRefNode Node2 = { 

s R e l  = { 0 . 0 5 , 0 . 0 2 , 0 } ;
};

I  AnyRefNode NodeHee l  = { 
s R e l  = { - 0 . 1 , - 0 . 0 2 , 0 } ;

} ;
I  AnyRefNode NodeToeL = { 

s R e l  = { 0 . 1 , - 0 . 0 2 , 0 } ;
: };
I  AnyDrawSeg DrwSeg = {};
| ; / / S e g O

SegOL.any File
AnySeg SegOL = {

/ / r  = { 0 . 1 , 0 . 0 2 , - 0 . 1 } ;
Mass = 2;
J i i  = { 0 . 0 0 0 4 , 0 . 0 0 6 9 , 0 . 0 0 6 9 } ;

/ /  Axes = . . . I n i t i a l C o n d i t i o n s . R0L,
AnyRefNode NodeOL = { 

s R e l  = { - 0 . 0 4 , 0 . 0 3 , 0 } ;
} ;
AnyRefNode NodelL  = { 

s R e l  = { - 0 . 0 5 , 0 . 0 2 , 0 } ;
} ;
AnyRefNode Node2L = { 

s R e l  = { 0 . 0 5 , 0 . 0 2 , 0 } ;
};
AnyRefNode NodeHee lL = { 

s R e l  = { - 0 . 1 , - 0 . 0 2 , 0 } ;
};
AnyRefNode NodeToeL = { 

s R e l  = { 0 . 1 , - 0 . 0 2 , 0 } ;
} ;
AnyDrawSeg DrwSeg = {};

} ; / /S egO L

Segl.any File
f r .ySeg S e g l  = {

/ / r  = { 0 . 1 , 0 . 1 5 , 0 . 1 } ;
Axes  = . . . I n i t i a l C o n d i t i o n s . R1 ; 
Mass = 2;
J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;
AnyRefNode Node3 = { 

s R e l  = { 0 , - 0 . 1 , 0 } ;
};
AnyRefNode Node4 = { 

s R e l  = { 0 , 0 . 1 , 0 } ;
};
AnyRefNode Node5 = { 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
} ;
AnyRefNode Node6 = { 

s R e l  = { 0 . 0 5 , 0 , 0 } ;
};

SeglL.any File
AnySeg S e g lL  = {

/ / r  = { 0 . 1 , 0 . 1 5 , - 0 . 1 } ;
Axes =  . . . I n i t i a l C o n d i t i o n s . R1L; 
Mass = 2;
J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;
AnyRefNode Node3L = { 

s R e l  = { 0 , - 0 . 1 , 0 } ;
} ;
AnyRefNode Node4L = { 

s R e l  = { 0 , 0 . 1 , 0 } ;
};
AnyRefNode Node5L = { 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
};

AnyRefNode Node6L = { 
s R e l  = { 0 . 0 5 , 0 , 0 } ;

};



I AnyRefNode Node4B = { 
s R e l  = { - 0 . 0 2 , 0 . 1 , 0 } ;

\ -

AnyRefNode Node4BL = { 
s R e l  = { - 0 . 0 2 , 0 . 1 , 0 } ;

\ •
'

1 AnyRefNode Node4F = { 
s R e l  = { 0 . 0 2 , 0 . 1 , 0 } ;

1 \ •

/ /
AnyRefNode Node4FL = { 

s R e l  = { 0 . 0 2 , 0 . 1 , 0 } ;
\ .1 J /

I AnyDrawSeg DrwSeg = {} ;
Q; / / S e g l

/ /
AnyDrawSeg DrwSeg = {};

} ; / / Se g l L

Seg2.any File
i nySeg  Seg2 = {
1 / /  r  = { 0 . 1 , 0 . 3 5 , 0 . 1 } ;

Axes  = . . . I n i t i a l C o n d i t i o n s . R2 ; 
j Mass = 2;
1 J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;
1 AnyRefNode Node7 = { 

s R e l  = { 0 , - 0 . 1 , 0 } ;
L i •

Seg2L.any File
AnySeg Seg2L = {

/ /  r  = { 0 . 1 , 0 . 3 5 , - 0 . 1 } ;
Axes = . . . I n i t i a l C o n d i t i o n s . R2L; 
Mass = 2;
J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;
AnyRefNode Node7L = { 

s R e l  = { 0 , - 0 . 1 , 0 } ;
\ .

'
1 AnyRefNode Node8 = { 

s R e l  = { 0 , 0 . 1 , 0 } ;
1 \ •

; /
AnyRefNode Node8L = { 

s R e l  = { 0 , 0 . 1 , 0 } ;
} ;
AnyRefNode Node9L = { 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode NodelOL = { 

s R e l  = { 0 . 0 5 , 0 , 0  };
} ;
AnyRefNode NodeSBL = { 

s R e l  = { - 0 . 0 2 , 0 . 1 , 0 } ;
\ .

J r

1 AnyRefNode Node9 = { 
s R e l  = { - 0 . 0 5 , 0 , 0 } ;

1 };1 AnyRefNode NodelO = { 
s R e l  = { 0 . 0 5 , 0 , 0 } ;

I 1 •1 1 /
AnyRefNode Node8B = { 

s R e l  = { - 0 . 0 2 , 0 . 1 , 0 } ;
1 };
1 AnyRefNode Node8F = { 

s R e l  = { 0 . 0 2 , 0 . 1 , 0 } ;
1 i -

/ f
AnyRefNode Node8FL = { 

s R e l  = { 0 . 0 2 , 0 . 1 , 0 } ;
} ;
AnyDrawSeg DrwSeg = {};

} ; / /S eg2 L

I *'
I  AnyDrawSeg DrwSeg = {};
} ; / / S e g 2

Seg3.any File
p y S e g  Seg3  = {

Axes  = . . . I n i t i a l C o n d i t i o n s . R3; 
Mass = 1;
J i i  = { 0 . 0 0 3 5 ,  0 . 0 0 4 2  , 0 . 0 0 1 } ;  
AnyRefNode NodeSeg3 0 = { 

s R e l  = { 0 , 0 , 0 } ;
\ .J r

AnyRefNode NodeSeg3 1 = { 
s R e l  = { 0 , 0 , 0 . ! } ;

} ;
AnyRefNode NodeSeg3 2 = { 

s R e l  = { 0 , 0 , - 0 . 1 } ;
} ;
AnyRefNode NodeSeg3 3 = { 

s R e l  = { 0 . 0 5 , 0 , 0 . 1 } ;
};
AnyRefNode NodeSeg3 4 = { 

s R e l  = { 0 . 0 5 , 0 , - 0 . 1 } ;
\ .
; /■

AnyRefNode NodeSeg3 5 =  { 
s R e l  =  { - 0 . 0 5 , 0 , 0 . 1 } ;

\ .
/ '

AnyRefNode NodeSeg3 6 =  { 
s R e l  =  { - 0 . 0 5 , 0 , - 0 . 1 } ;

};
AnyDrawSeg DrwSeg =  {};

} ; / / Seg3

Table 7.1 -  Anvfiles of Lower Extremity Seaments



7.3.2 Initial Conditions

The initial conditions have already been discussed in the previous chapter, so all the associated 

anyfiles” are presented in the following table (Table 7.2).

 ROTATION X-AXIS-
---------- Segment  1--------

AnyVar  a l p h a l  = 0;
1 /  Segment  1L------

AnyVar  a l p h a l L  = 0;
A/ Segment  2 --------

AnyVar  a l p h a 2  = 0;
| / ----------------- Segment  2L------

AnyVar  a l p h a 2 L  = 0;
| / ----------------- Segment  3--------

AnyVar  a l p h a 3  = 0;

InitialConditions.any

------------- ROTATION Y-AXIS-
 Segment  1--------
AnyVar  b e t a l  = 0;

| / ------------------ Segment  1L------
AnyVar b e t a l L  = 0;

(■/------------------ Segment -2 --------
AnyVar b e t a 2  = 0;

wu------------------ Segment  2L------
AnyVar  b e t a 2 L  = 0;

■ / ------------------ Segment-3--------
AnyVar  b e t a 3  = 0;

f /  ROTATION Z-AXIS-------------------------------------
/ /  Segment  1--------------------------------------------

AnyVar  gammal = 100 * p i / 1 8 0 ;  / /  d e g r e e s
1 / ------------------ Segment  1L-------------------------------------------

AnyVar gammalL = 100 * p i / 1 8 0 ;  / /  d e g r e e s
If/------------------ Segment -2 --------------------------------------------

AnyVar gamma2 = - 3 0  * p i / 1 8 0 ;  / /  d e g r e e s
1 / ------------------ Segment  2L-------------------------------------------

AnyVar gamma2L = -3 0  * p i / 1 8 0 ;  / /  d e g r e e s
| /  Segment  3 -

AnyVar  gamma3 = 0;

Y/---------------- SEGMENT3 ROTATION VECTOR------------------
| n y M a t3 3  R3 = { { c o s ( b e t a 3 )  * cos (gamma3)  , 

cos (gamma3)  * s i n ( b e t a 3 )  * s i n ( a l p h a 3 )  + 
s i n (g am ma 3)  * c o s ( a l p h a 3 )  ,

s i n (g am ma 3)  * s i n ( a l p h a 3 )  -  cos (gamma3)  ’ 
s i n ( b e t a 3 )  * c o s ( a l p h a 3 ) }  ,

{ - s i n (g a m m a 3 )  * c o s ( b e t a 3 )  ,
c o s ( a l p h a 3 )  * cos (gamma3)  -  s i n ( a l p h a 3 )  1 

s i n ( b e t a 3 )  * s in (gam ma3 )  ,
s in (g am ma 3)  * s i n ( b e t a 3 )  * c o s ( a l p h a 3 )  + 

tos (gamma3)  * s i n ( a l p h a 3 ) }  ,
{ s i n ( b e t a 3 )  , - c o s ( b e t a 3 )  * s i n ( a l p h a 3 )  , 

o s ( a l p h a 3 )  * c o s ( b e t a 3 ) } } ;

RotMatrices.any File
/ / -SEGMENTl ROTATION VECTOR--------------
AnyMat33 R1 = { { c o s ( b e t a l )  * cos (g am ma l )  ,

c os (ga mm al )  * s i n ( b e t a l )  * s i n ( a l p h a l )  + 
s in ( g a m m a l )  * c o s ( a l p h a l )  ,

s in ( g a m m a l )  * s i n ( a l p h a l )  -  cos (ga mm al )  v
s i n ( b e t a l )  * c o s ( a l p h a l ) }  ,

{- s i n ( g a m m a l ) * c o s ( b e t a l )  ,
c o s ( a l p h a l )  * co s ( ga mm al )  -  s i n ( a l p h a l )  i

s i n ( b e t a l )  * s i n ( g a m m a l )  , 
s in ( g a m m a l )  * s i n ( b e t a l )  

c os (ga mm al )  * s i n ( a l p h a l ) }  ,
{ s i n ( b e t a l )  , - c o s ( b e t a l )  

c o s ( a l p h a l )  * c o s ( b e t a l ) } } ;

c o s ( a l p h a l )  + 

s i n ( a l p h a l )  ,

/ / -------------------SEGMENT1L ROTATION
AnyMat33 R1L = { ( c o s ( b e t a l L )  * 

cos (gammalL)  * s i n ( b e t a l L )
+ s i n ( ga m m al L )  * c o s ( a l p h a l L )  , 

s in ( g am m al L )  * s i n ( a l p h a l L )
* s i n ( b e t a l L )  * c o s ( a l p h a l L ) } , 

{- s i n ( g a m m a l L )  * c o s ( b e t a l L )
c o s ( a l p h a l L )  * cos (gammalL)

* s i n ( b e t a l L )  * s i n ( g am m al L)  ,
s in ( g am m al L )  * s i n ( b e t a l L )

+ cos (gammalL)  * s i n ( a l p h a l L ) }
{ s i n ( b e t a l L )  , - c o s ( b e t a l L )

, c o s ( a l p h a l L )  * c o s ( b e t a l L ) }};

VECTOR----------------
cos (gammalL)  , 

* s i n ( a l p h a l L )

-  cos (gammalL)

-  s i n ( a l p h a l L )  

r c o s ( a l p h a l L )  

r s i n ( a l p h a l L )

/ / - -SEGMENT2 ROTATION VECTOR-
AnyMat33 R2 = { { c o s ( b e t a 2 )  

cos(gamma2)  * s i n ( b e t a 2 )  
s in (gamma2)  * c o s ( a l p h a 2 )  , 

s in (gamma2)  * s i n ( a l p h a 2  
s i n ( b e t a 2 )  * c o s ( a l p h a 2 ) }  ,

{ - s in (ga mm a2 )  * c o s ( b e t a 2 )  ,
c o s ( a l p h a 2 )  * cos (gamma2)  -  s i n ( a l p h a 2 )  

s i n ( b e t a 2 )  * s in (gam ma2 )  , 
s in (gamma2)  * s i n ( b e t a 2 )  

cos(gamma2)  * s i n ( a l p h a 2 ) }  ,
{ s i n ( b e t a 2 )  , - c o s ( b e t a 2 )  

c o s ( a l p h a 2 )  * c o s ( b e t a 2 ) } } ;

cos (gamma2)  , 
r s i n ( a l p h a 2 )  +

-  cos(gamma2)  ’

c o s ( a l p h a 2 )  + 

s i n ( a l p h a 2 )  ,

/ / ------------------------ SEGMENT2L ROTATION VECTOR-----------
AnyMat33 R2L = { { c o s ( b e t a 2 L )  * cos(gamma2L) , 

cos(gamma2L)  * s i n ( b e t a 2 L )  * s i n ( a l p h a 2 L )
+ s in (gamma2L) * c o s ( a l p h a 2 L )  ,

s in(gamma2L)  * s i n ( a l p h a 2 L )  -  cos(gamma2L)
* s i n ( b e t a 2 L )  * c o s ( a l p h a 2 L ) } ,

{- s i n ( gam m a2L )  * c o s ( b e t a 2 L )  ,
c o s ( a l p h a 2 L )  * cos (gamma2L)  -  s i n ( a l p h a 2 L )

* s i n ( b e t a 2 L )  * s in(gamma2L)  ,
s in(gamma2L)  * s i n ( b e t a 2 L )  * c o s ( a l p h a 2 L )

+ cos(gamma2L)  * s i n ( a l p h a 2 L ) } ,
{ s i n ( b e t a 2 L )  , - c o s ( b e t a 2 L )  * s i n ( a l p h a 2 L )

, c o s ( a l p h a 2 L )  * c o s ( b e t a 2 L ) }};

Table 7.2 -  Initial Conditions Anyfiles



7.3.3 Joints

The joints that will be used in the lower extremity are shown in Figure 7.5 below, while the 

corresponding “anyfile” is depicted in Figure 7.6. It can be seen that there are no joints between the 

(SegO & SegOL) and the ground. This is done on purpose as the feet will have the ability to move in 

[This will be explained later in Section 7.2.

“feet”

3-D.

Figure 7.5 -  Joints of Lower Extremity



J o i n t s . a n y  F i l e

A n y R e v o l u t e J o i n t  A = { 
A x i s = z ;
AnyRefNode &NodeO = . .  
AnyRefNode &Node3 = . .

} ; / / J o i n t  A

S e g s . L o w e r E x t r e m i t i e s . SegO.NodeO; 
S e g s . L o w e r E x t r e m i t i e s . S e g l . Node3;

A n y R e v o l u t e J o i n t  AL = { 
A x i s = z ;
AnyRefNode &NodeOL =.  
AnyRefNode &Node3L =.

} ; / / J o i n t  AL

. S e g s . L o w e r E x t r e m i t i e s . SegOL. NodeOL; 

. S e g s . L o w e r E x t r e m i t i e s . S e g l L . Node3L;

A n y R e v o l u t e J o i n t  B = { 
A x is  -  z ;
AnyRefNode &Node4 = . 
AnyRefNode &Node7 = .

} ; / / J o i n t B

. S e g s . L o w e r E x t r e m i t i e s . S e g l . No d e4 ; 

. S e g s . L o w e r E x t r e m i t i e s . S e g 2 . No d e7 ;

A n y R e v o l u t e J o i n t  BL = { 
A x i s  = z ;
AnyRefNode &Node4L = 
AnyRefNode &Node7L =

} ; / / J o i n t B L

. . S e g s . L o w e r E x t r e m i t i e s . S e g l L . Node4L; 

. . S e g s . L o w e r E x t r e m i t i e s . S e g 2 L . Node7L;

A n y S p h e r i c a l J o i n t  C = { 
AnyRefNode &Node8 = . 
AnyRefNode &Node3 1 =

} ; / / J o i n t C

. S e g s . L o w e r E x t r e m i t i e s . S e g 2 . No de 8 ;

. . . S e g s . L o w e r E x t r e m i t i e s . S e g 3 . NodeSeg3 1;

A n y S p h e r i c a l J o i n t  CL = 
AnyRefNode &Node8L = . 
AnyRefNode &Node3 2 =

} ; / / J o i n t C L

. . S e g s . L o w e r E x t r e m i t i e s . S e g 2 L . Node8L;
. . S e g s . L o w e r E x t r e m i t i e s . S e g 3 . NodeSeg3 2;

Figure 7.6 -  Joints.any File of the Lower Extremity



7.3.4 Muscles

The muscles that have been used in this model are clearly displayed in Figure 7.7. One more time, 

the minimum number of muscles for the implementation of motion is used. The corresponding “anyfile” 

is shown below in Figure 7.8.

S e g 2 _ S e g 3 _ B  a c k

g 2

g 2

g 1

1 F

X S e g l L e f t F r o n t

Figure 7.7 -  Muscles of the Lower Extremity

Muscles.any File
/ / ------------- S im p le  m u s c l e  mode l  w i t h  c o n s t a n t  s t r e n g t h  300N—
AnyMusc leMode l  MusMdll  = {
FO = 10;
} ; / / M u s c l e  S t r e n g t h
/ / --------------------------------SEGMENT1 BACK---------------------------------------------------
A n y V i a P o i n t M u s c l e  S e g lB a c k  = {
AnyMusc leModel  &MusMdll = .MusMdll ;
AnyRefNode &Nodel = . . . S e g s . L o w e r E x t r e m i t i e s . SegO. N o d e l ; 
AnyRefNode &Node5 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g l . No de 5 ;
AnyDrawMuscle DrwMus = {};
} ; / / S e g l _ B a c k
/ / --------------------------------LEFT SEGMENT1 BACK-----------------------------------------
A n y V i a P o i n t M u s c l e  S e g l L e f t B a c k  = {
AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &NodelL = . . . S e g s . L o w e r E x t r e m i t i e s . SegOL. NodelL;  
AnyRefNode &Node5L = . . . S e g s . L o w e r E x t r e m i t i e s . Seg lL . Nod e5 L;
AnyDrawMuscle DrwMus = {};
} ; / / L e f t  S e g l  Back



  —  *
/ / -------------------------------- SEGMENT1 FRONT--------------------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g l F r o n t  = {
AnyMusc leModel  &MusMdll = .MusMdl l ;
AnyRefNode &Node2 = . . . S e g s . L o w e r E x t r e m i t i e s . SegO. No d e2 ;
AnyRefNode &Node6 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g l . N o d e6 ;
AnyDrawMuscle DrwMus = {} ;

} ; / / S e g l  F r o n t
/ / --------------------------------LEFT SEGMENT1 FRONT------------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g l L e f t F r o n t  = {
AnyMuscleMode l  &MusMdll = .MusMdll ;
AnyRefNode &Node2L = . . . S e g s . L o w e r E x t r e m i t i e s . SegOL. Node2L;
AnyRefNode &Node6L = . . . S e g s . L o w e r E x t r e m i t i e s . S e g l L . Node6L;
AnyDrawMuscle  DrwMus = {};

} ; / / L e f t S e g l F r o n t
/ / -------------------------------- SEGMENT2 BACK------------------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  Seg2Back = {
AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &Node5 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g l . No d e5 ;
AnyRefNode &Node4B = . . . S e g s . L o w e r E x t r e m i t i e s . S e g l . Node4B;
AnyRefNode &Node9 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 2 . No de 9 ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g 2 _ B a c k
/ / --------------------------------LEFT SEGMENT2 BACK--------------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 2 L e f t B a c k  = {
AnyMusc leMode l  SMusMdll = .MusMdl l ;
AnyRefNode &Node5L = . . . S e g s . L o w e r E x t r e m i t i e s . S e g l L . Node5L;
AnyRefNode &Node4BL = . . . S e g s . L o w e r E x t r e m i t i e s . S e g l L . Node4BL;
AnyRefNode &Node9L = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 2 L . Node9L;
AnyDrawMuscle DrwMus = {} ;

} ; / / L e f t  Seg2 Back
/ /  SEGMENT2 FRONT------------------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 2 F r o n t  = {
AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &Node6 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g l . N o d e6 ;
AnyRefNode &Node4F = . . . S e g s . L o w e r E x t r e m i t i e s . S e g l . Node4F;
AnyRefNode &NodelO = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 2 . N od e l O ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g 2 _ F r o n t
/ / --------------------------------LEFT SEGMENT2 FRONT------------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 2 L e f t F r o n t  = {
AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &Node6L = . . . S e g s . L o w e r E x t r e m i t i e s . S e g l L . Node6L;
AnyRefNode &Node4FL = . . . S e g s . L o w e r E x t r e m i t i e s . S e g l L .N o d e 4F L ;
AnyRefNode &NodelOL = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 2 L . NodelOL;
AnyDrawMuscle DrwMus = {};

} ; / / L e f t  S e g 2 _ F r o n t
/ ' --------------------------------SEGMENT2_PELVIS BACK----------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  Seg2_Seg3 _Ba ck  = {
AnyMuscleMode l  &MusMdll = .MusMdll ;
AnyRefNode &Node9 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 2 . N od e9 ;
AnyRefNode &NodeSeg3_5 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 3 . N o de S eg 3_ 5 ;
AnyDrawMuscle DrwMus = {} ;

} ; / / S e g 2 _ P e l v i s  Back
/ / --------------------------------LEFT SEGMENT2_PELVIS BACK-------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 2 L e f t _ S e g 3 _ B a c k  = {
AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &Node9L = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 2 L . Node9L;
AnyRefNode &NodeSeg3_6 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 3 . N o de S eg 3_ 6 ;
AnyDrawMuscle DrwMus = {};

} ; / / L e f t  S e g 2 _ P e l v i s  Back
/ ' --------------------------------SEGMENT2_PELVIS FRONT---------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 2 _ S e g 3 _ F r o n t  = {
AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &NodelO = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 2 . N od e l O ;
AnyRefNode &NodeSeg3_3 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 3 . N od eS eg 3 _ 3 ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g 2 _ P e l v i s  F r o n t
/ / --------------------------------LEFT SEGMENT2_PELVIS FRONT-----------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 2 L e f t _ S e g 3 _ F r o n t  = {
AnyMusc leMode l  &MusMdll = .MusMdl l ;
AnyRefNode &NodelOL = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 2 L . NodelOL;
AnyRefNode &NodeSeg3_4 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 3 . N o d eS eg 3 _4 ;
AnyDrawMuscle DrwMus = {};

_______} ; / / S e g 2  P e l v i s  F r o n t _________________________________________________________________

Figure 7.8 -  Muscles.any File of the Lower Extremity



7.3.5 Kinematic Measures &  Drivers

In order to produce a wide range of movements by the lower extremity, one driver for each of the 

[feet” (SegO & SegOL) and one driver for the “pelvis” (*Scgi) are needed. The feet will have the ability to 

move in 3-D and connected to the ground without the normal joints that have been used in the rest of the 

issembly. Ground is provided with the facility AnyReacForce which contains the “kinematic measures” 

that are associated with the motion o f the particular segment. AnyReacForce provides a reaction force to 

the foot and in this particular case to the “heel” (NodeHeel, NodeHeelL) of both “feet”. The “kinematic 

measures” and the drivers that are associated with the right and left foot motion are presented in Tables 

7.3 and 7.4 respectively. It has to be noted that the degree of freedom (5) which is for the rotation aboutx- 

axis is free, as this allows the production of extreme positions by the model. It has to also be mentioned 

that the various “input-variables” o f the drivers can be defined at the Main.any file, as this file is the 

“CPU” of the model.

KinematicMeasures.any File
,//------------------------------------------- RIGHT HEEL/GROUND KINEMATIC LINEAR---------------

A n y K i n L i n e a r  R i g h t H e e l L i n  = {
A n y Fi xe d R e fF r am e  &Ground = . . G l o b a l R e f ;
AnyRefNode &Nodes = . . S e g s . L o w e r E x t r e m i t i e s . SegO. N o d e H e e l ; 
Ref  = 0;

} ;
/ / ------------------------------------ RIGHT HEEL/GROUND KINEMATIC ROTATIONAL------------

A n y K i n R o t a t i o n a l  R i g h t H e e l R o t  = {
A n y Fi xe d Re fF ra m e  SGround = . . G l o b a l R e f ;
AnyRefNode &Nodes = . . S e g s . L o w e r E x t r e m i t i e s . SegO. N o d e H e e l ; 
Type = R o t V e c t o r ;

} ;
■ / / -------------------------------------- RIGHT HEEL ORGANIZER---------------------------------------------

Any KinMeasureOrg  R i g h t H e e l P o s  = {
A n y K i n L i n e a r  & r e f l  = . R i g h t H e e l L i n ;
A n y K i n R o t a t i o n a l  &re f2  = . R i g h t H e e l R o t ;
M e a s u r e O r g a n i z e r  = { 0 , 1 , 2 , 4 , 5 } ;
};

Driversl.any File
/ /  RIGHT HEEL DRIVER--------------------------------------------------------------
I A n y K i n E q S i m p l e D r i v e r  R i g h t H e e l D r i v e r  = {

An yK inMeasureOrg  & re f  = . . K i n e m a t i c M e a s u r e s . R i g h t H e e l P o s ;
D r i v e r P o s  =

{ . . P o s i t i o n . RF _ X , . . P o s i t i o n . R F _ Y , . . P o s i t i o n . RF_Z, . . P o s i t i o n . R F r o t _ Y , . . P o s i t i o n . R F r o t _ Z }; 
D r i v e r V e l  =

{ . . P o s i t i o n . R F _ X V ,  . . P o s i t i o n . RF_YV, . . P o s i t i o n . RF_ZV, . . P o s i t i o n . R F r o t _ Y V , . . P o s i t i o n . R F ro t_ Z V }; 
R e a c t i o n . T y p e  = { 0 , 0 ,  0 , 0 , 0 } ;

} ;
/ / -------------------RIGHT HEEL LIN/ROT REACTION-----------------------------------------------
I A n y Re ac Fo rce  R i g h t H e e l T o G r o u n d R e a c t i o n  = {

A n y K i n L i n e a r  & r e f l  = . . K i n e m a t i c M e a s u r e s . R i g h t H e e l L i n ;
A n y K i n R o t a t i o n a l  &re f2  = . . K i n e m a t i c M e a s u r e s . R i g h t H e e l R o t ;

};

Table 7.3 -  Kinematic Measures/Driver of Right Heel (SesO - NodeHeel)
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KinematicMeasures.any File
\Y-------------------------------------------- LEFT HEEL/GROUND KINEMATIC LINEAR-------------

A n y K i n L i n e a r  L e f t H e e l L L i n  = {
A n y F i x e d R e fF r a m e  SGround = . . G l o b a l R e f ;
AnyRefNode &Nodes = . . S e g s . L o w e r E x t r e m i t i e s . SegOL. NodeHee lL ;  
R e f  = 0;

};\,J------------------------------------LEFT HEEL/GROUND KINEMATIC ROTATIONAL-----------
A n y K i n R o t a t i o n a l  L e f t H e e l L R o t  = {

A n y F i x e d R e fF r a m e  SGround = . . G l o b a l R e f ;
AnyRefNode &Nodes = . . S e g s . L o w e r E x t r e m i t i e s . SegOL.NodeHee lL ;  
Type = R o t V e c t o r ;

} ;
U -------------------------------------- LEFT HEEL ORGANIZER---------------------------------------------
I AnyK inMe as ureO rg  L e f t H e e l L P o s  = {

A n y K i n L i n e a r  & r e f l  = . L e f t H e e l L L i n ;
A n y K i n R o t a t i o n a l  &re f2  = . L e f t H e e l L R o t ;
M e a s u r e O r g a n i z e r  = { 0 , 1 ,  2 , 4 , 5 }  ;

} ;

Driversl.any File
/ I / -------------------------- LEFT HEEL DRIVER---------------------------------------------------------------
I  A n y K i n E q S i m p l e D r i v e r  L e f t H e e l D r i v e r  = {

An yKinMeasureOrg  &re f  = . . K i n e m a t i c M e a s u r e s . L e f t H e e l L P o s ;
D r i v e r P o s  =

{ . . P o s i t i o n . L F _ X , . . P o s i t i o n . L F _Y , . . P o s i t i o n . L F _ Z , . . P o s i t i o n . L F r o t _ Y , . . P o s i t i o n . L F r o t _ Z }; 
D r i v e r V e l  =

{ . . P o s i t i o n . LF_XV, . . P o s i t i o n . LF_YV, . . P o s i t i o n . LF_ZV, . . P o s i t i o n . LFrot_YV,  . . P o s i t i o n . L F r o t_ Z V }; 
R e a c t i o n . Type = { 0 , 0 , 0 , 0 , 0 } ;

I };---------------------LEFT HEEL LIN/ROT REACTION-----------------------------------------------
I  A n y R e ac Fo r ce  L e f t H e e l T o G r o u n d R e a c t i o n L  = {

A n y K i n L i n e a r  & r e f l  = . . K i n e m a t i c M e a s u r e s . L e f t H e e l L L i n ;
A n y K i n R o t a t i o n a l  &ref2  = . . K i n e m a t i c M e a s u r e s . L e f t H e e l L R o t ;

I

Table 7.4 -  Kinematic Measures/Driver of Left Heel (SegOL - NodeHeelL) 

n addition to the above drivers, a full range of motions will be implemented with a driver that will drive 

he pelvis (Seg3). The MeasureOrganizer is (0,1,2,3,4,5} which means that both x, y, z  translation and 

rotation are permitted. Table 7.5 shows the “kinematic measures” and the driver associated with Seg3.

KinematicMeasures.any File
[ / --------------------------------------SEG3 KINEMATIC LINEAR----------------------------------------
I A n y K i n L i n e a r  S e g 3 L in  = {

A n y Fi xe d Re fF ra m e  &Ground = . . G l o b a l R e f ;
AnyRefNode &Nodes = . . S e g s . L o w e r E x t r e m i t i e s . S e g 3 . N od eS eg 3 _ 0 ;

/ / ------------------------------------ SEG3 KINEMATIC ROTATIONAL----------------------------------
I A n y K i n R o t a t i o n a l  Seg3Rot  = {

A n y Fi xe d Re fF ra m e  &Ground = . . G l o b a l R e f ;
AnyRefNode &Nodes = . . S e g s . L o w e r E x t r e m i t i e s . S e g 3 . N od eS eg 3_ 0 ; 
Type  = R o t V e c t o r ;

} ;
/ / --------------------------------------------- SEG3 ORGANIZER---------------------------------------------
I AnyKinMeasureOrg  Seg3Pos = {

A n y K i n L i n e a r  & r e f l  = . S e g 3 L i n ;
A n y K i n R o t a t i o n a l  &ref2 = . S e g 3 R o t ;
M e a s u r e O r g a n i z e r  = { 0 , 1 , 2 , 3 , 4 , 5 } ;

};



I  — — -----------------------------------------------------------------------------------

Drivers1.any File
1 / ---------------------------------SEG3 DRIVER-----------------------------------------------------------
■A n y K in E q S im p l e D r i v e r  Seg3 Mot io n=  {

A n yK inM ea sur eO rg  &re f  = . . K i n e m a t i c M e a s u r e s . S e g 3 P o s ;
D r i v e r P o s  = { . . P o s i t i o n . P _ X , . . P o s i t i o n . P _ Y , . . P o s i t i o n . P_Z,

. . P o s i t i o n . PR_X, . . P o s i t i o n . PR_Y , . . P o s i t i o n . PR_Z}; 
D r i v e r V e l  = { . . P o s i t i o n . P_XV, . . P o s i t i o n . P_YV,. . P o s i t i o n . P_ZV,

. . P o s i t i o n . P R _ X V , . . P o s i t i o n . P R _ Y V , . . P o s i t i o n . P R _ Z V } ; 
R e a c t i o n . T y p e  = {0, 0 , 0 ,  0 , 0 , 0 }  ;

}

Table 7.5 -  Kinematic Measures/Driver of Pelvis (Sez3 - NodeSes3_0)

A very important feature of this way of motion implementation, is that the exact orientation 

I Cardan angles) of segments SegO, SegOL, Segl, SeglL, Seg2, Seg2L and Seg3 is not needed. The only 

oarameters in the InitialConditions.any file that have to be defined are those that are associated with the 

rotation about the z-axis o f Segl /I L and Seg2/2L. These are: gammal, gammalL, gamma2 and gamma2L. 

Gammal and gammlL must have clockwise rotation while gamma2 and gamma2L anticlockwise. The 

value o f these parameters depends on the complexity of the motion and specifically the distance of the 

pelvis (Seg3) from the ground and the rotation of the feet (SegO and SegOL). For simple motions 

sometimes what is needed is only let’s say 5 degrees rotation of just gammal and gammalL. In case that 

the model does not work with the current parameters, then, either these parameters have to be increased or 

the y-coordinate of the pelvis (Seg3) has to be increased. It has to also be noted that because of the actual 

size of the segments, sometimes the motion is not possible. Some of the values of gammal, gammalL, 

gamma2 and gamma2L that permit a wide range of motion are 120,120, -30 and - 30 degrees 

respectively.

Finally, once all the initial conditions, kinematic measures and drivers are defined, it is time to define the 

inputs o f the drivers which are all contained in the Position “anyfolder” in the Main.any file. Figure 7.9 

below represents the Position “anyfolder” with the various inputs, while Figure 7.10 shows the resultant 

motion of these inputs. The coordinates of the right heel are (0.1m, 0m, 0.3m), and it is rotated about y- 

axis -20 degrees. The coordinates of the left heel are (0m, 0.06m, 0.1m), and it is rotated 30 degrees about 

y-axis and -20  about z-axis. The coordinates of the pelvis are (0.15m, 0.2m, 0.15m). The linear velocity of 

the pelvis along the j-axis is 0.15m/sec, while the linear velocity of the right heel along the x-axis is -  

0.05m/sec. The linear velocity of the left heel is -0.055m/sec along the y-axis, while its angular velocity 

about the z-axis is 0.3rad/sec.

Main.any File
/ / ---------------------------- POSITION PARAMETERS------------------------

A n y F o l d e r  P o s i t i o n  = {
/ /  FEET------------------------------
/ / ------------------------ R i g h t  Fo o t  XYZ P o s i t i o n  (Heel )

AnyVar  RF_X = 0 . 1 ;  / / M e t e r s  
AnyVar  RF_XV = - 0 . 0 5 ;

AnyVar  RF_Y = 0;  / / M e t e r s  
AnyVar  RF_YV = 0;

AnyVar RF_Z = 0 . 3 ;  / / M e t e r s  
AnyVar RF_ZV = 0;



/ / -------------------- L e f t  F o o t  XYZ ( H e e l ) ----------------
AnyVar LF_X = 0;  / / M e t e r s  
AnyVar LF_XV = 0;

AnyVar LF_Y = 0 . 0 6 ;  / / M e t e r s  
AnyVar  LF_YV = - 0 . 0 5 5 ;

AnyVar LF_Z = 0 . 1 ;  / / M e t e r s
AnyVar LF_ZV = 0;

/ / ---------------- R i g h t  F o o t  XYZ R o t a t i o n  (Heel!
/ /  AnyVar RFro t_X = 0 * p i / 1 8 0 ;  / / D e g r e e s  
/ /  AnyVar RFrot_XV = 0 ;

AnyVar RFro t_Y = - 2 0  * p i / 1 8 0 ;  / / D e g r e e s
AnyVar RFrot_YV = 0;

AnyVar  RFr o t_Z  = 0 * p i / 1 8 0 ;  / / D e g r e e s
AnyVar  RFrot_ZV = 0 ;

/ / ---------------------- L e f t  F o o t  XYZ R o t a t i o n  ( H e e l ) - -
/ /  AnyVar L Fro t_X = 0 * p i / 1 8 0 ;  / / D e g r e e s
/ /  AnyVar LFrot_XV = 0 ;

AnyVar LFro t_Y = 30 * p i / 1 8 0 ;  / / D e g r e e s
AnyVar LFrot_YV = 0 ;

AnyVar LF ro t_ Z  = - 2 0  * p i / 1 8 0 ;  / / D e g r e e s
AnyVar LFrot_ZV = 0 . 3  ;

/ / ----------------------------------------PELVIS (SEG3) --------------------
/ / ----------------------------------------- Seg3 X - A x i s ---------------------

AnyVar P_X = 0 . 1 5  ; / / M e t e r s
AnyVar P XV = 0;

/ / --------------------------------- Seg3 Y-Axis -
AnyVar  P_Y = 0 . 2 ;  / / M e t e r s
AnyVar  P_YV = 0 . 1 5 ;

/ / --------------------------------- Seg3 Z-Axis -
AnyVar  P_Z = 0 . 1 5  ; / / M e t e r s
AnyVar  P ZV = - 0 ;

// --------------------- Seg3 R o t a t i o n  X -A xi s - -
AnyVar  PR_X = 0 * p i / 180;  / / D e g r e e s
AnyVar  PR_XV = 0;

/ / ------------------------------Seg3 R o t a t i o n  Y-Axis -
AnyVar  PR_Y = 0 * p i / 1 8 0 ;  / / D e g r e e s
AnyVar  PR_YV = 0;

/ / ------------------------------Seg3 R o t a t i o n  Z-Axis -
AnyVar PR_Z = 0 * p i / 1 8 0 ;  / / D e g r e e s
AnyVar  PR_ZV = 0;

} ; / / P o s i t i o n

Figure 7.9- Position Anyfolder of the Main.any file
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Figure 7.10 -  Motion of Lower Extremity 

rhis investigation will end with the addition of a very useful element that Anybody provides.



■ ; ~  . he model will be enhanced with a centre of mass (CoM) driver. The facility AnyKinCoM is used, which

neasures the centre of mass of a collection of rigid bodies. Then, with the addition of a CoM driver, the

oM o f an assembly can be maintained in a specific position or can move in space, depending on the

ivailable degrees of freedom. In this particular case, one degree of freedom (translation/x-axis) is taken

xom the pelv is driver, and is given to the CoM driver. The corresponding “anyfiles" for such an

mplementation are presented in Table 7.6.

KinematicMeasures.any File
r / ----------------------------------------------SEG3 ORGANIZER-

A n yK inM ea sur eO rg  Seg3Pos  = { 
A n y K i n L i n e a r  & r e f l  = . S e g 3 L in ;  
A n y K i n R o t a t i o n a l  &r e f2  = . S eg 3 R o t ;  
M e a s u r e O r g a n i z e r  = { 1 , 2 , 3 , 4 , 5 } ;
};

I ------------------------------------------CENTRE OF MASS MEASURE--------
AnyKinCoM CoMMeasure = {

AnySeg &segO = . . S e g s . L o w e r E x t r e m i t i e s . SegO; 
AnySeg &segOL = . . S e g s . L o w e r E x t r e m i t i e s . SegOL; 
AnySeg &se g l  = . . S e g s . L o w e r E x t r e m i t i e s . S e g l ; 
AnySeg &seglL = . . S e g s . L o w e r E x t r e m i t i e s . Seg lL ;  
AnySeg &seg2 = . . S e g s . L o w e r E x t r e m i t i e s . S e g 2 ; 
AnySeg &seg2L = . . S e g s . L o w e r E x t r e m i t i e s . Seg2L;  
AnySeg &seg3 = . . S e g s . L o w e r E x t r e m i t i e s . S e g 3 ;

} ; / / C e n t r e O f M a s s M e a s u r e

Driversl.any File
\j-------------------------------- SEG3 DRIVER-----------------------------------------------------------
A n y K i n E q S i m p l e D r i v e r  Seg3Mo t ion =  {

Any Kin Mea sur eOrg  &ref  = . . K i n e m a t i c M e a s u r e s . S e g 3 P o s ;
D r i v e r P o s  = P o s i t i o n . P _ Y , . . P o s i t i o n . P _ Z ,

. . P o s i t i o n . P R _ X , . . P o s i t i o n . P R _ Y , . . P o s i t i o n . P R _ Z }; 
D r i v e r V e l  = { . . P o s i t i o n . P_YV, . . P o s i t i o n . P_ZV,

. . P o s i t i o n . P R _ X V , . . P o s i t i o n . P R _ Y V , . . P o s i t i o n . P R _ Z V }  
R e a c t i o n . T y p e  = { 0 , 0 , 0 , 0 , 0 } ;

};

\J-------------------- CENTRE OF MASS DRIVER----------------------------------
A n y K i n E q S i m p l e D r i v e r  CoMDriver  = {

AnyKinCoM &Segs = . . K i n e m a t i c M e a s u r e s . CoMMeasure;  
M e a s u r e O r g a n i z e r  = {0};
D r i v e r P o s  = { . . P o s i t i o n . C o M _ X } ;
D r i v e r V e l  = P o s i t io n . C o M _ X V } ;
R e a c t i o n .  Type = {0};

} ; / / C e n t r e O f M a s s D r i v e r

Table 7.6 -  Kinematic Measure/Driver o f Centre of Mass of the Lower Extremity 

Of course, before the elimination of the degree of freedom of the pelvis and the activation of the CoM 

driver a few steps have to be done. The first step is to place the model to the desired position. The second 

is to record the position (accurate to six decimal places) of the CoM (AnyKinCoM “kinematic measure” 

is activated), after the reloading of the model, at the time “study operation: Initial conditions are fully



updated” . Then, the degree o f freedom can be eliminated, transfer the recorded coordinate to the
[
statement DriverPos of the CoM driver and activate the CoM driver. In this investigation the CoMx- 

joordinate is 0.181230m and in order to make the motion a bit more complicated, the CoM is moving 

vith linear velocity, along x-axis, o f - 0.03m/sec. Figure 7.11 below, shows the inputs of the CoM driver 

hat are included in the Position “anyfolder” o f the Main.any file. Figure 7.12 presents time steps o f the 

motion of the lower extremity with the CoM driver while Figure 7.13 shows the linear displacement of 

the centre of mass. Analysis of the muscle activity, the muscle forces and the joint loads (reaction forces) 

could be implemented as well. For illustrative purpose, Figure 7.14 represents the force and the activity of 

the Seg2Front muscle and Figure 7.15 the joint C reaction forces.

/ / — — CENTRE

Main.any File
OF MASS X COORDINATE---------------------------------------

AnyVar CoM X = 0 . 1 8 1 2 3 0 ;  / / M e t e r s
AnyVar CoM XV = - 0 . 0 3 ;

Figure 7.11 -  Inputs of CoM driver
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Figure 7.12 -  Motion of Lower Extremity with CoM Drive 

As it is shown in Figure 7.12 above, muscles are over-activated because o f the low muscle force that has 

been chosen which is F 0 = 10A . This is clearly shown in Figure 7.14 below, which indicates that the 

Seg2Front muscle for the first 35 time steps does not work while after that it is over-activated with a peak 

value o f 2400% as at that time step the muscle force needed to move the assembly is 240N while the



Lmuscle force is F0=10N. Figure 7.15 below indicates the reaction forces of joint C inx^y &z  directions 

in which for instance at time step 14 the joint load at the x-direction is -83N, at the ̂ -direction is 150N 

while at the z-direction is -33N.
□near Displacement of the Centre of Mass (CoM)

Figure 7.13 -  Linear Displacement o f CoM
Acttvty of Seg2Frori Muscle (FO - 10N)
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Figure 7 .1 4 -  Fm and Activity o f Ses2Front Muscle

C Joint Reaction Forces
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Figure 7.15 -  C Joint Reaction Forces



7.4 Trunk

7.4.1 Segments

Three segments constitute the trunk (Figure 7.16). These segments are all spheres and their 

geometrical properties are displayed in Figure 7.17.

S e g 6

S e g 5
S e g 4

Figure 7.16 -  Segments of Trunk

S p h e r e
Centre of mass (G): G -  r 

Mass: m = 3kg 

Moment of Inertia (G) 

r = 0.04m
2 ,IxG = Iy(l = IzG — • m • r~ = 0.0019 kgm

Figure 7.17 -  Geometrical Properties of Trunk Segments 

Table 7.7 below presents all the “anyfiles” o f the segments that constitute the trunk.



Seg4 . a n y  File Seg5 . a n y  File
1/ OlhoriiliLN i 4
I AnySeg Seg4 = {

/ / r =  { 0 . 1 , 0 . 5 1 , 0 } ;
/ / A x e s  = . . I n i t i a l C o n d i t i o n s . S e g 4 ; 
Mass = 3;
J i i  = { 0 . 0 0 1 9 , 0 . 0 0 1 9 , 0 . 0 0 1 9 } ;  
AnyRefNode NodeSeg4 0 = { 

s R e l  = { 0 , - 0 . 0 4 , 0 } ;
};
AnyRefNode NodeSeg4 1 = { 

s R e l  = { 0 , 0 . 0 4 , 0 } ;
};
AnyRefNode NodeSeg4 2 = { 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode NodeSeg4 3 = { 

s R e l  = { 0 . 0 5 , 0 , 0 } ;
};
AnyDrawSeg DrwSeg = { };

} ; / / Seg4

AnySeg Seg5 = {
/ / r= { 0 . 1 , 0 . 5 9 , 0 } ;
/ / A x e s  = . . I n i t i a l C o n d i t i o n s . S e g 5 ;
Mass = 3;
J i i  = { 0 . 0 0 1 9 , 0 . 0 0 1 9 , 0 . 0 0 1 9 } ;
AnyRefNode NodeSeg5 0 = { 

s R e l  = { 0 , - 0 . 0 4 , 0 } ;
} ;
AnyRefNode NodeSeg5 1 = { 

s R e l  = { 0 , 0 . 0 4 , 0 } ;
};
AnyRefNode NodeSeg5 2 = { 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode NodeSeg5 3 = { 

s R e l  = { 0 . 0 5 , 0 , 0 } ;
} ;
AnyDrawSeg DrwSeg = {};

} ; / /S e g 5

Seg6 . a n y  File
f / ------------------------------SEGMENT 6------------------------------------
I n y S e g  Seg6 = { AnyRefNode NodeSeg6 7 = {

/ / r =  { 0 . 1 , 0 . 7 , 0 } ; s R e l  = { - 0 . 0 5 , 0 . 0 7 7 , 0 . 1 5 } ;
/ / A x e s  = . . I n i t i a l C o n d i t i o n s . S p i n e l ; };
Mass = 3; AnyRefNode NodeSeg6 8 = {
J i i  = { 0 . 0 0 1 9 , 0 . 0 0 1 9 , 0 . 0 0 1 9 } ; s R e l  = { 0 . 0 5 , 0 . 0 7 7 , - 0 . 1 5 } ;
AnyRefNode NodeSeg6 0 = { };

s R e l  = { 0 , - 0 . 0 4 , 0 } ; AnyRefNode NodeSeg6 9 = {
}; s R e l  = { - 0 . 0 5 , 0 . 0 7 7 , - 0 . 1 5 } ;
AnyRefNode NodeSeg6 1 = { } ;

s R e l  = { 0 , 0 . 0 4 , 0 } ; AnyRefNode NodeSeg6 10 = {
}; s R e l  = { 0 , 0 . 0 7 7 , 0 . 2 } ;
AnyRefNode NodeSeg6 2 = { };

s R e l  = { - 0 . 0 5 , 0 , 0 } ; AnyRefNode NodeSeg6 11 = {

1 }; s R e l  = { 0 , 0 . 0 7 7 , 0 . 1 } ;
AnyRefNode NodeSeg6 3 = { };

s R e l  = { 0 . 0 5 , 0 , 0 } ; AnyRefNode NodeSeg6  12 = {
}; s R e l  = { 0 , 0 . 0 7 7 , - 0 . 2 } ;
AnyRefNode NodeSeg6 4 = { };

s R e l  = { 0 , 0 . 0 7 7 , 0 . 1 5 } ; AnyRefNode NodeSeg6 13 = {
} ; s R e l  = { 0 , 0 . 0 7 7 , - 0 . 1 } ;
AnyRefNode NodeSeg6 5 = { };

s R e l  = { 0 , 0 . 0 7 7 , - 0 . 1 5 } ; AnyDrawSeg DrwSeg = { };
} ; } ; / / Seg6
AnyRefNode NodeSeg6 6 = {

s R e l  = { 0 . 0 5 , 0 . 0 7 7 , 0 . 1 5 } ;
};

Table 7.7 -  Anyfiles of theTrunk Segments

7.4.2 Joints

The hinge joints (z-rotational axis) that will be used in the trunk are shown in Figure 7.18 below, 

while the corresponding “anyfile” in Figure 7.19.



H i n g e

Figure 7 .1 8 - Joints of the Trunk

Joints.any File
A n y R e v o l u t e J o i n t  D = { 

A x i s = z ;
AnyRefNode &NodeS3_0 =, 
AnyRefNode &NodeS4_0 =

} ; / / J o i n t  D

S e g s . L o w e r E x t r e m i t i e s . S e g 3 . N od eS eg 3 _ 0 , 
S e g s . T r u n k . S e g 4 . N o de S eg 4_ 0 ;

A n y R e v o l u t e J o i n t  E = { 
A x i s = z ;
AnyRefNode &NodeS4_l 
AnyRefNode &NodeS5_0 

} ; / / J o i n t  E

.S e g s . T r u n k . S e g 4 . N o d e S e g 4 _ l , 
, S e g s . T r u n k . S e g 5 . NodeSeg5 0,

A n y R e v o l u t e J o i n t  F = { 
A x i s = z ;
AnyRefNode &NodeS5_l 
AnyRefNode &NodeS6_0 

} ; / / J o i n t  F

S e g s . T r u n k . S e g 5 . N o d e S e g 5 _ l , 
S e g s . T r u n k . S e g 6 . NodeSeg6 0,

Figure 7.19 -  Joints.any File of the Trunk

7.4.3 Muscles

The muscles that have been used in the trunk model are clearly displayed in Figure 7.20. One 

more time, the minimum number o f muscles for the implementation of motion is used. The corresponding 

“anyfile” is shown below in Figure 7.21.



S e g 5 _ S e g 6  B a c kk ! Seg5_Seg<> F ro n t

Seg4_Seg5F ront
Seg4_Seg5 Back

Seg3_Seg4F ront

Seg3_Seg4 B ack

Figure 7.20 -  Muscles of the Trunk

Muscles.any File
r S eg 3 - S e g 4  BACK

A n y V i a P o i n t M u s c l e  Seg3 _S eg4 Ba ck  = {
AnyMusc leMode l  &MusMdll = . MusMdl l ;
AnyRefNode &NodeS3_7 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 3 . N o de S eg 3_ 7 ; 
AnyRefNode &NodeS4_2 = . . . S e g s . T r u n k . S e g 4 . N o d eS eg 4 _2 ;
AnyDrawMuscle DrwMus = { } ;

} ; / / S e g 3 / S e g 4  Back
jj ----------------------------------------S eg 3 - Se g4  FRONT-----------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 3 _ S e g 4 F r o n t  = {
AnyMusc leMode l  &MusMdll = .MusMdl l ;
AnyRefNode &NodeS3_8 = . . . S e g s . L o w e r E x t r e m i t i e s . S e g 3 . N od eS eg 3_ 8 ; 
AnyRefNode &NodeS4_3 = . . . S e g s . T r u n k . S e g 4 . N od eS eg 4_ 3 ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g 3 / S e g 4  F r o n t
¥/ --------------------------------------- Seg4 - S e g 5  BACK-------------------------------------------------------------

A n y V i a P o i n t M u s c l e  Seg4_S eg5 Ba ck  = {
AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &NodeS4_2 = . . .  Seg s  . T r u n k . Seg4 . NodeSeg4__2 ;
AnyRefNode &NodeS5_2 = . . . S e g s . T r u n k . S e g 5 . N o d eS eg 5_ 2 ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g 4 / S e g 5 _ B a c k
/ / ---------------------------------------S e g 4 - S e g 5  FRONT------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 4 _ S e g 5 F r o n t  = {
AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &NodeS4_3 = . . . S e g s . T r u n k . S e g 4 . N o d eS eg 4 _ 3 ;
AnyRefNode &NodeS5_3 = . . . S e g s . T r u n k . S e g 5 . N od eS eg 5 _ 3 ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g 4 / S e g 5 _ F r o n t
'.//---------------------------------------S e g 5 - S e g 6  BACK-------------------------------------------------------------

A n y V i a P o i n t M u s c l e  Seg5 _S eg6 Ba ck  = {
AnyMusc leModel  &MusMdll = .MusMdl l ;
AnyRefNode &NodeS5_2 = . . . S e g s . T r u n k . S e g 5 . N o de S eg 5_ 2 ;
AnyRefNode &NodeS6_2 = . . . S e g s . T r u n k . S e g 6 . N o de S eg 6_ 2 ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g 5 / S e g 6 _ B a c k
/ / ---------------------------------------S e g 5 - S e g 6  FRONT------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 5 _ S e g 6 F r o n t  = {
AnyMusc leMode l  SMusMdll  = .MusMdll ;
AnyRefNode &NodeS5_3 = . . . S e g s . T r u n k . S e g 5 . N od eS eg 5_ 3 ;
AnyRefNode &NodeS6_3 = . . . S e g s . T r u n k . S e g 6 . N od eS eg 6_ 3 ;
AnyDrawMuscle DrwMus = {};

; } ; / / S e g 5 / S e g 6  F r o n t ___________________________________________________________

Figure 7.21 - Muscles.any File of the Trunk



p.4.4 Kinematic Measures & Drivers

Because of the motion of the bones of the real human trunk is relative to each other, a new facility, 

that constrain the moments, with name AnyKinMeasureLinComb will be used. This is a composer of new 

Kinematic measures as a linear combination of existing ones. To some extent, it is similar to

AnyKinMeasureOrg, but the way it composes the new measure is different.

The linear combination is defined by a coefficient matrix, Coef and constant terms in the vector Const. 

iach row in Coef and Const defines one component o f the new kinematic measure. Each column of Coef 

contains the coefficients associated with one component of the existing measures that have been entered 

nto this new measure. For example, in this particular case, the angular position and the angular velocity 

of Joint D, could be a linear combination of Joint E, and Joint E a linear combination of Joint F.

^ef s say, that the whole motion is dependent on the motion characteristics of Joint F. Then the following 

mathematical expressions could relate the motion of each joint to each other:

Joint F: angular velocity vJmmF = v Aim(r (7.1)

angular position 9Jrjm F (7.2)

Joint E : angular velocity vJomE =v hmF +0.5-vJoMF (73)

angular position 9Jom E + 0.5 •(7.4)

Joint D: angular velocity vJoim„ =vJoMF + 0 .5 -vJolnl£ (7.5)

angular position 9Jnml D 9Jom 0.5 • 9J<jm(7.6)

So, if the angular displacement ( 0Jova F) of Joint F  is -0.2618 rad (-15 degrees) and the angular velocity

(vJointF) is 0.25rad/sec, then the associated “kinematic measures” and drivers that implement this

particular motion are shown in Table 7.8 while in Figure 7.22 some related time steps are presented.

K in e m a ticM e asu re s . any F i l e

f/ ---------------------------------------------TRUNK ORGANIZER---------------------------------------------------------------------------------
I AnyKinMeasureLinComb T ru n k M ea su re  = {

A n y J o i n t  &ul = M a i n . HumanModel . J o i n t s . T r u n k J o i n t s . D;
A n y J o i n t  &u2 = M a i n . HumanModel . J o i n t s . T r u n k J o i n t s . E;
A n y J o i n t  &u3 = M a i n . HumanModel . J o i n t s . T r u n k J o i n t s . F;
Coe f  = {{1,  - 0 . 5 ,  0},

{0, 1,  - 0 . 5 } ,
(0 ,  0,  1}};

C o n s t  = {0, 0,  0} ;
! };____________________________________________________________________________________

D r i v e r s . any F i l e

f / --------------------------TRUNK DRIVER-----------------------------------------------------------------------------------------------------------
I A n y K in E q S im p le D r i v e r  T r u n k D r i v e r  = {

AnyKinMeasureLinComb & ref  = . . K i n e m a t i c M e a s u r e s . T ru n k M e a s u re ;
D r i v e r P o s  = { - 1 5 * p i / 1 8 0 ,  - 1 5 * p i / 1 8 0 ,  - 1 5 * p i / 1 8 0 } ;
D r i v e r V e l  = { 0 . 2 5 , 0 . 2 5 , 0 . 2 5 } ;
R e a c t i o n . T y p e  = { 0 , 0 , 0 } ;

Table 7.8 -  Kinematic Measure/Driver of Trunk
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Figure 7.22 -  Motion of Trunk

In the above Figure 7.22 the back trunk muscles which cause the motion are over-activated as the muscle 

force that has been chosen is F0=10N. It has to be noted that gamma 1 and gamma 1L in the 

InitialCondtions.any file should be increased to 120 degrees because the addition of the trunk caused 

problem to the position of the lower extremities. For checking if the Coef matrix and Const vector are 

correct, the angular position and velocity of all the joints are shown in Figures 7.23 and 7.24 respectively.
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Angular D isplacem ent of Joint E
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Figure 7.23 -  Angular Displacement of Trunk Joints

Angular Velocity of Joint F
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Angular Velocity of Joint E
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Figure 7.24 -  Angular Velocity o f Trunk Joints

inally, the investigation o f the trunk will end with the implementation of the motion of the whole 

ssembly with the existence of the CoM driver as well. The first step to do this, is the elimination of the 

CoM driver first. The next step is to activate the x-translational component of the Seg3 driver and add the 

new segments o f the trunk at the CoM “kinematic measure” (Figure 7.25). It has to be noted that nothing
.

has changed at the Position “anyfolder”. The next step is to run the model, and at the time “study 

operation: Initial conditions are fully updated” the position of CoM has to be recorded. Then, the new 

position of CoM has to be entered in the Position “anyfolder”, followed by the activation of the CoM 

driver and the elimination of the x-translational component of the Seg3 driver. The new position of the



oM driver is 0.197711m. Figure 7.26 shows some time steps of the successful motion of the new 

assembly in which is reflected one more time the over-activation of the muscles that cause the motion.

/ / -

AnyKinCoM CoMMeasure = { 
AnySeg &segO = . . S e g s  
AnySeg &segOL =
AnySeg &seg l  =
AnySeg &seglL =
AnySeg &seg2 =
AnySeg &seg2L =
AnySeg &seg3 =
AnySeg &seg4 =
AnySeg &seg5 =
AnySeg &seg6 =

KinematicMeasures.any File
---------------CENTRE OF MASS MEASURE---

. Segs  

. Segs  

. Segs  
S e g s . 
S e g s . 
. Segs  
. Segs  
. Segs  
. Segs

' / C e n t r e O f M a s s M e a s u r e

. L o w e r E x t r e m i t i e s  

. L o w e r E x t r e m i t i e s  

. L o w e r E x t r e m i t i e s  

. L o w e r E x t r e m i t i e s  
L o w e r E x t r e m i t i e s . 
L o w e r E x t r e m i t i e s . 
. L o w e r E x t r e m i t i e s  
. T r u n k . S e g 4 ;  
. T r u n k . S e g 5 ;  
. T r u n k . S e g 6 ;

. SegO;

. SegOL; 

. S e g l ;

. Seg lL ;  
S e g 2 ; 
Seg2L;
. S e g 3 ;

Figure 7.25 -  Kinematic Measure o f Center of Mass with the Trunk Segments

t = 60 t = 80 t = 1 0 0

Figure 7.26 -  Motion of Lower Extremity and Trunk with CoM Driver



7.5 Upper Extremity & Box

7.5.1 Segments

The segments that have been used are all cylinders with the same geometrical properties with the 

cylinders of the triple inverted pendulum (Figure 7.27). The only segment that is different, is the box 

segment which is a rectangular prism. The geometrical properties of the box are shown in Figure 7.28.

Seg7

Seg8

eg8L

Box

Figure 7.27 -  Segments o f UpperExtremity & Box

R ectangu lar  prism
Centre of mass (G): G = —

2
Mass: m -  3kg

Moment of Inertia (G)

a = 0.3m,b = 0.08m, c = 0.0.08m 

IxG = —  • m • (a2 + b2 )=  0.024Ugm‘

12 
1

lyG = m ■ (a2 + c2 )=  0.024l^gm"

IzG = —  • m • (b2 +c2)= 0.0032kgm‘

Figure 7.28 -  Geometrical Properties of Box



fable 7.9 below presents all the “anyfiles” of the segments that constitute the upper extremity.

Seg7.any File
t---------------------- SEGMENT 7 ----------------------
AnySeg Seg7  = {

/ / r= { 0 . 1 , 0 . 6 7 , 0 . 1 5 } ;
Axes  = . . . I n i t i a l C o n d i t i o n s . R7
Mass = 2;
J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;
AnyRefNode No d eS eg 7 _ l  = 

s R e l  = { 0 , 0 . 1 , 0 } ;
} ;
AnyRefNode NodeSeg7_2  = 

s R e l  = { 0 , - 0 . 1 , 0 } ;
} ;
AnyRefNode NodeSeg7_3  = 

s R e l  = { 0 . 0 5 , - 0 . 1 , 0 } ;
};
AnyRefNode NodeSeg7_4  = 

s R e l  = { - 0 . 0 5 , - 0 . 1 , 0 } ;
} ;
AnyRefNode NodeSeg7_5 = 

s R e l  = { 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode NodeSeg7_6  = 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode NodeSeg7_7 = 

s R e l  = { 0 , - 0 . 1 , 0 . 0 5 } ;
};
AnyRefNode NodeSeg7_8 = 

s R e l  = { 0 , - 0 . 1 , - 0 . 0 5 } ;
} ;
AnyRefNode NodeSeg7_9  = 

s R e l  = { 0 , 0 , 0 . 0 5 } ;
} ;
AnyRefNode NodeSeg7_10 = { 

s R e l  = { 0 , 0 , - 0 . 0 5 } ;
} ;
AnyDrawSeg DrwSeg = { };

} ; / / S e g m e n t 7

Seg7L.any File
/ / -------------------------- SEGMENT 7L------------------

AnySeg Seg7L = {
/ / r=  { 0 . 1 , 0 . 6 7 , - 0 . 1 5 } ;
Axes = . . . I n i t i a l C o n d i t i o n s . R7L;
Mass = 2;
J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;
AnyRefNode No deSeg7L_l  = 

s R e l  = { 0 , 0 . 1 , 0 } ;
} ;
AnyRefNode NodeSeg7L_2 = 

s R e l  = { 0 , - 0 . 1 , 0 } ;
} ;
AnyRefNode NodeSeg7L_3 = 

s R e l  = { 0 . 0 5 , - 0 . 1 , 0 } ;
} ;
AnyRefNode NodeSeg7L_4 = 

s R e l  = { - 0 . 0 5 , - 0 . 1 , 0 } ;
} ;
AnyRefNode NodeSeg7L_5 = 

s R e l  = { 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode NodeSeg7L_6 = 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
} ;
AnyRefNode NodeSeg7L_7 = 

s R e l  = { 0 , - 0 . 1 , 0 . 0 5 } ;
} ;
AnyRefNode NodeSeg7L_8 = 

s R e l  = { 0 , - 0 . 1 , - 0 . 0 5 } ;
};
AnyRefNode NodeSeg7L_9 = 

s R e l  = { 0 , 0 , 0 . 0 5 } ;
} ;
AnyRefNode NodeSeg7L_10 = { 

s R e l  = { 0 , 0 , - 0 . 0 5 } ;
} ;
AnyDrawSeg DrwSeg = { };

} ; / / S e g m e n t 7L

Seg8.any File
1 / ---------------------------SEGMENT 8------------------
I  AnySeg Seg8  = {

/ / r =  { 0 . 1 , 0 . 4 7 , 0 . 1 5 } ;
Axes  = . . . I n i t i a l C o n d i t i o n s . R8 , 
Mass = 2;
J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;  
AnyRefNode N o de S eg 8_ l  = 

s R e l  = { 0 , 0 . 1 , 0 }  ;
};
AnyRefNode NodeSeg8_2 = 

s R e l  = { 0 , - 0 . 1 , 0 } ;
};
AnyRefNode NodeSeg8_3 = 

s R e l  = { 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode NodeSeg8_4 = 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
};
AnyRefNode NodeSeg8_5 = 

s R e l  = { 0 , 0 , 0 . 0 5 } ;
};

Seg8L.any File
/ /  SEGMENT 8L--------------

AnySeg Seg8L = {
/ / r =  { 0 . 1 , 0 . 4 7 , - 0 . 1 5 } ;
Axes  = . . . I n i t i a l C o n d i t i o n s . R8L;
Mass = 2;
J i i  = { 0 . 0 0 6 9 , 0 . 0 0 0 4 , 0 . 0 0 6 9 } ;
AnyRefNode No deSeg8L_l  = 

s R e l  = { 0 , 0 . 1 , 0 } ;
};
AnyRefNode NodeSeg8L_2 = 

s R e l  = { 0 , - 0 . 1 , 0 } ;
};
AnyRefNode NodeSeg8L_3 = 

s R e l  = { 0 . 0 5 , 0 , 0 } ;
} ;
AnyRefNode NodeSeg8L_4 = 

s R e l  = { - 0 . 0 5 , 0 , 0 } ;
} ;
AnyRefNode NodeSeg8L_5 = 

s R e l  = { 0 , 0 , 0 . 0 5 } ;
};



»■ *------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

AnyRefNode NodeSeg8 6 =  { 
s R e l  =  { 0 , 0 , - 0 . 0 5 } ;

AnyRefNode NodeSeg8L 6 =  { 
s R e l  =  { 0 , 0 , - 0 . 0 5 } ;

\  .} ;

AnyRefNode NodeSeg8 7 =  { 

s R e l  =  { 0 . 0 1 , 0 . 1 , 0 } ;
\  .

/  f

AnyRefNode NodeSeg8L 7 =  { 
s R e l  =  { 0 . 0 1 , 0 . 1 , 0 } ;

\  •
/  /

AnyRefNode NodeSeg8 8 =  { 
s R e l  =  { - 0 . 0 1 , 0 . 1 , 0 } ;

};
AnyRefNode NodeSeg8 9 =  { 

s R e l  =  { 0 , 0 . 1 , 0 . 0 1 } ;
1 .

)  r

AnyRefNode NodeSeg8L 8 =  { 
s R e l  =  { - 0 . 0 1 , 0 . 1 , 0 } ;

};
AnyRefNode NodeSeg8L 9 =  { 

s R e l  =  { 0 , 0 . 1 , 0 . 0 1 } ;
\  .J '

AnyRefNode NodeSeg8 10 = { 
s R e l  = { 0 , 0 . 1 , - 0 . 0 1 }  ;

} ;
AnyDrawSeg DrwSeg = { };

} ; / / S e g m e n t 8

; /
AnyRefNode Node8L 10 = { 

s R e l  = { 0 , 0 . 1 , - 0 . 0 1 } ;
\ ./ /
AnyDrawSeg DrwSeg = { };

} ; / / S e g m e n t 8 L

Box.any File
kr.ySeg Box = {

Mass - 3;
I J i i  = { 0 . 0 2 4 1 , 0 . 0 2 4 1 , 0 . 0 0 3 2 } ;  
1 AnyRefNode NodeBox 0 = { 

s R e l  = { 0 , 0 , 0 } ;
1 i •

'■ AnyRefNode NodeBox 1 = { 
s R e l  = { 0 , 0 , 0 . 1 5 } ;

1 ; /
AnyRefNode NodeBox 2 = { 
s R e l  = { 0 , 0 , - 0 . 1 5 } ;

1 \ •; /

1 7 *1 AnyDrawSTL DrwSTL = {
F i l eN am e = " . . \ B o x . s t l " ; 
ScaleXYZ = { 0 . 0 0 1 , 0 . 0 0 1 , 0 . 0 0 1 } ;

1 1 ;

|  AnySur fSTL C y l i n d e r  = {
F i l eNa me = " . . \ B o x . s t l " ;

1 };
1 +/I  AnyDrawSur f  DrwSurf  = {

F i l eNa me = " . . \ B o x . a n y s u r f " ;
ScaleXYZ = { 0 . 0 0 1 , 0 . 0 0 1 , 0 . 0 0 1 } ;

RGB = { 8 2 / 2 5 6 , 8 5 / 2 5 6 , 1 1 1 / 2 5 6 } ; / / B l u e
\ .}'

1 AnyDrawSeg DrwSeg = {};
} ; / / B o x

-

Table 7.9 -  Anyfiles of Upper Extremity Segments & Box



7.5.2 Initial Conditions

The initial conditions have already been discussed in the previous chapter, so all the associated 

‘anyfiles” are presented in the following table (Table 7.10).

:/-----------------S egm en t  7 —
AnyVar a l p h a 7  = 0;

| /  Segm ent  7L-
AnyVar a l p h a 7 L  = 0;

/

/

/

InitialConditions.any
-ROTATION X-AXIS-----------------------

p/ -----------------Segment  8--
AnyVar  a l p h a 8 = 0;

1 / -----------------Segment  8L-
AnyVar  a l p h a 8L = 0;

-ROTATION Y-AXIS-

-----------------Segment  7 —
AnyVar  b e t a 7  = 0;
-----------------Segment  7L-
AnyVar  b e t a 7 L  = 0;

( / -----------------Segment  8- -
AnyVar b e t a 8  = 0;

1 / -----------------Segment  8L-
AnyVar  b e t a 8 L  = 0;

/ / -ROTATION Z-AXIS-

y / ---------------- Segment  7 ----------------
AnyVar gamma7 = 0 . 5 2 3 5 9 9 ;

| / ---------------- Segment  7L--------------
AnyVar  gamma7L = 0 . 5 2 3 5 9 9 ;

---------------- Segm ent  8 ----------------
AnyVar gamma8 = - 0 . 8 7 2 6 6 5 ;

| / ---------------- Segment  8L--------------
AnyVar  gamma8L = - 0 . 8 7 2 6 6 5 ;

RotMatrices.any File
/ /  SEGMENT7 ROTATION VECTOR-------------------
AnyMat33 R7 = { { c o s ( b e t a 7 )  * cos (gamma7)  , 

cos (gamma7)  * s i n ( b e t a 7 )  * s i n ( a l p h a 7 )  + 
s i n (gamma7)  * c o s ( a l p h a 7 )  ,

s in (gamma7)  * s i n ( a l p h a 7 )  -  cos (gamma7)  * 
s i n ( b e t a 7 )  * c o s ( a l p h a 7 ) }  ,

{- s i n ( g a m m a 7 ) * c o s ( b e t a 7 )  ,
c o s ( a l p h a 7 )  * cos (gamma7)  -  s i n ( a l p h a 7 )  * 

s i n ( b e t a 7 )  * s in (gamma7)  ,
s in (gam ma7 )  * s i n ( b e t a 7 )  * c o s ( a l p h a 7 )  + 

cos (gamma7)  * s i n ( a l p h a 7 ) }  ,
{ s i n ( b e t a 7 )  , - c o s ( b e t a 7 )  * s i n ( a l p h a 7 )  , 

c o s ( a l p h a 7 )  * c o s ( b e t a 7 ) } } ;

/ / ---------------SEGMENT7L ROTATION VECTOR-------------------
AnyMat33 R7L = { ( c o s ( b e t a 7 L )  * cos(gamma7L)  , 

cos(gamma7L)  * s i n ( b e t a 7 L )  * s i n ( a l p h a 7 L )
+ s in(gamma7L)  * c o s ( a l p h a 7 L )  ,

s in (gamma7L) * s i n ( a l p h a 7 L )  -  cos(gamma7L)
* s i n ( b e t a 7 L )  * c o s ( a l p h a 7 L ) } ,

{- s i n ( gam m a7L )  * c o s ( b e t a 7 L )  ,
c o s ( a l p h a 7 L )  * cos(gamma7L)  -  s i n ( a l p h a 7 L )

* s i n ( b e t a 7 L )  * s in (gamma7L) ,
s in (gamma7L) * s i n ( b e t a 7 L )  * c o s ( a l p h a 7 L )

+ cos(gamma7L)  * s i n ( a l p h a 7 L ) } ,
{ s i n ( b e t a 7 L )  , - c o s ( b e t a 7 L )  * s i n ( a l p h a 7 L )

, c o s ( a l p h a 7 L )  * c o s ( b e t a 7 L ) }};

/ / ---------------- SEGMENT8 ROTATION
AnyMat33 R8 = { { c o s ( b e t a 8 )  * 

cos (gamma8)  * s i n ( b e t a 8 )  
s in (ga mm a8)  * c o s ( a l p h a 8 )  , 

s i n (gamma8)  * s i n ( a l p h a 8 )  
s i n ( b e t a 8 )  * c o s ( a l p h a 8 ) }  , 

{ - s i n (g am ma 8)  * c o s ( b e t a 8 )  
c o s ( a l p h a 8 )  * cos (gamma8)  

s i n ( b e t a 8 )  * s in (gam ma8 )  , 
s in ( gamma8)  * s i n ( b e t a 8 )  

cos (gamma8)  * s i n ( a l p h a 8 ) }  ,
{ s i n ( b e t a 8 )  , - c o s ( b e t a 8 )  

c o s ( a l p h a 8 )  * c o s ( b e t a 8 ) } } ;

VECTOR---------------
* cos (gamma8)  , 

* s i n ( a l p h a 8 )

-  cos (g a m m a 8]

-  s i n ( a l p h a 8 ]  

r c o s ( a l p h a 8 )  

r s i n ( a l p h a 8 )

/ / -------------SEGMENT8L ROTATION VECTOR--------------------
AnyMat33 R8L = { {c o s ( b e t a 8 L )  * cos(gamma8L) 

cos(gamma8L)  * s i n ( b e t a 8 L )  * s i n ( a l p h a 8 L )  
+ s in (gamma8L) * c o s ( a l p h a 8 L )  , 

s in (gamma8L) * s i n ( a l p h a 8 L )
* s i n ( b e t a 8 L )  * c o s ( a l p h a 8 L ) } ,

{- s in (g am m a8 L )  * c o s ( b e t a 8 L )
c o s ( a l p h a 8 L )  * cos(gamma8L)

* s i n ( b e t a 8 L )  * s in (gamma8L)  ,
s in (gamma8L)  * s i n ( b e t a 8 L )

+ cos(gamma8L)  * s i n ( a l p h a 8 L ) }
{ s i n ( b e t a 8 L )  , - c o s ( b e t a 8 L )

, c o s ( a l p h a 8 L )  * c o s ( b e t a 8 L ) }};

-  cos(gamma8L)

-  s i n ( a l p h a 8 L )  

r c o s ( a l p h a 8 L )

r s i n ( a l p h a 8 L )

Table 7.10 -  Initial Conditions Anyfiles of Upper Extremities



7.5.3 Joints

The joints that will be used in the upper extremity are shown in Figure 7.29 below, while the 

corresponding “anyfde” is depicted in Table 7.11.

Hinge

Spherical

\ Hinge

Figure 7.29 -  Joints of Upper Extremity & Box

I n y S p h e r i c a l J o i n t  H = {
I  AnyRefNode &NodeS6_4 = 
I  AnyRefNode &NodeS7_l =

J ; / / J o i n t H
■ n y S p h e r i c a l J o i n t  HL =
I AnyRefNode &NodeS6_5 = 
I  AnyRefNode &NodeS7L_l
} ; / / J o i n t H L
I n y R e v o l u t e J o i n t  I  =  { 

A x i s  = z ;
I AnyRefNode &NodeS7_2 = 
I AnyRefNode &NodeS8_l =
} ; / / J o i n t I
A n y R e v o l u t e J o i n t  IL = { 

A x i s  = z ;
AnyRefNode &NodeS7L_2 
AnyRefNode &NodeS8L_l

} ; / / J o i n t I L

A n y R e v o l u t e J o i n t  J  = { 
A x i s  = y ;
AnyRefNode &NodeS8_2 = 
AnyRefNode &NodeBox_l

} ; / / J o i n t J
A n y R e v o l u t e J o i n t  JL = { 

A x i s  = y ;
AnyRefNode &NodeS8L_2 
AnyRefNode &NodeBox_2

} ; / / J o i n t J L

Joints.any File
S e g s . T r u n k . S e g 6 . N o d eS eg 6 _4 ;
S e g s . U p p e r E x t r e m i t i e s . S e g 7 . NodeSeg7 1,

. . S e g s . T r u n k . S e g 6 . N o d e S e g 6 _ 5 ;

. . . S e g s . U p p e r E x t r e m i t i e s . S eg 7 L . NodeSeg7L 1;

. . S e g s . U p p e r E x t r e m i t i e s . S e g 7 . N od eS eg 7_ 2 ; 

. . S e g s . U p p e r E x t r e m i t i e s . S e g 8 . NodeSeg8 1;

. S e g s . U p p e r E x t r e m i t i e s . S e g 7 L . No deS eg7L_2 , 

. S e g s . U p p e r E x t r e m i t i e s . S eg 8 L . NodeSeg8L 1,

Joints.any File

S e g s . U p p e r E x t r e m i t i e s . S e g 8 . NodeSeg8_2 
. S e g s . B o x . B o x . NodeBox 1;

. S e g s . U p p e r E x t r e m i t i e s . S eg 8 L . No deS eg8L_2 , 

. S e g s . B o x . B o x . NodeBox 2;

Table 7.11 -  Joints.any Files of the Upper Extremity & Box



i i u p i v x  /

7.5.4 Muscles

The muscles that have been used in the upper extremity are clearly displayed in Figure 7.30. One 

more time, the minimum number of muscles for the implementation of motion is used. The corresponding 

anyfile” is shown below in Figure 7.31.

Seg6Seg7_L eft Seg6Seg7L _R ightSeg6Seg7_B aek -Seg6Seg7L_Back

Seg6Seg7_R ight

ieg6Seg7L_Front

Seg6Seg7_Front

leg7LSeg8L_Front

Seg7Seg8_B ack

Seg7Seg8_Front

Figure 7.30 -  Muscles of the Upper Extremity

/ / -

Muscles.any File
 S i m p l e  m u s c l e  mode l  w i t h  c o n s t a n t  s t r e n g t h  300N-
AnyMusc leModel  MusMdll  = {

F0 = 10;
} ; / / M u s c l e  S t r e n g t h

----------------------------------- SEG6-SEG7--BACK-----------------------------------------------------------------
A n y V i a P o i n t M u s c l e  Seg6Seg 7_B ac k  = {

AnyMusc leModel  &MusMdll = .MusMdll ;
AnyRefNode &NodeS6_7 = . . . S e g s . T r u n k . S e g 6 . N o de S eg 6_ 7 ;
AnyRefNode &NodeS7_4 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 . No de S eg 7_ 4 ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g 6 / S e g 7  Back

------------------------------------- SEG6-SEG7 FRONT-------------------------------------------------------------
A n y V i a P o i n t M u s c l e  S e g 6 S e g 7 _ F r o n t  = {

AnyMusc leModel  &MusMdll = .MusMdll ;
AnyRefNode &NodeS6_6 = . . . S e g s . T r u n k . S e g 6 . N o d eS eg 6_ 6 ;
AnyRefNode &NodeS7_3 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 . N o de S eg 7_ 3 ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g 6 / S e g 7  F r o n t

 SEG6-SEG7L BACK-------------------------------------------------------------------
A n y V i a P o i n t M u s c l e  Seg6Seg7L_Back = {

AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &NodeS6_9 = . . . S e g s . T r u n k . S e g 6 . N o d eS eg 6 _ 9 ;
AnyRefNode &NodeS7L_4 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 L . NodeSeg7L_4
AnyDrawMuscle DrwMus = {};

} ; / / S e g 6 / S e g 7 L  Back



I / ---------------------------------------- SEG6-SEG7L FRONT------------------------------------------------------------------
A n y V i a P o i n t M u s c l e  S e g 6 S e g 7 L _ F r o n t  = {

An yMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &NodeS6_8 = . . . S e g s . T r u n k . S e g 6 . N od eS eg 6 _ 8 ;
AnyRefNode &NodeS7L_3 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 L . NodeS eg7 L_ 3;
AnyDrawMuscle  DrwMus = {};

} ; /  / S e g 6 / S e g 7 L  F r o n t
■ / /  SEG6-SEG7 RIGHT------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 6 S e g 7 _ R i g h t  = {
A ny Musc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &NodeS6_10 = . . . S e g s . T r u n k . S e g 6 . N o de S eg 6_ 1 0 ;
AnyRefNode &NodeS7_7 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 . N o de S eg 7_ 7 ;
AnyDrawMuscle  DrwMus = {};

} ; / / S e g 6 / S e g 7  R i g h t
1 / ---------------------------------------- SEG6-SEG7 LEFT----------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 6 S e g 7 _ L e f t  = {
A nyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &NodeS6_ ll  = . . . S e g s . T r u n k . S e g 6 . N o d e S e g 6 _ l l ;
AnyRefNode &NodeS7_8 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 . N o d eS eg 7 _8 ;
AnyDrawMuscle  DrwMus = {};

} ; / / S e g 6 / S e g 7  L e f t
■ / --------------------------------------- SEG6-SEG7L LEFT---------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 6 S e g 7 L _ L e f t  = {
AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &NodeS6_12 = . . . S e g s . T r u n k . S e g 6 . N o d eS eg 6 _1 2 ;
AnyRefNode &NodeS7L_8 = . . . S e g s . U p p e r E x t r e m i t i e s . S eg 7 L . No deSeg7L_8;
AnyDrawMuscle DrwMus = {};

} ; / / S e g 6 / S e g 7 L  L e f t
■ / --------------------------------------- SEG6-SEG7L RIGHT-------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S eg 6 S eg 7 L _ R ig h t  = {
AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &NodeS6_13 = . . . S e g s . T r u n k . S e g 6 . N od eS eg 6_ 1 3 ;
AnyRefNode &NodeS7L_7 = . . . S e g s . U p p e r E x t r e m i t i e s . S eg 7L .N o de Se g7 L_ 7;
AnyDrawMusc le  DrwMus = {};

} ; / / S e g 6 / S e g 7 L  R i g h t
■ / --------------------------------------- SEG7-SEG8 BACK---------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  Seg7S eg8_Back  = {
AnyMusc leMode l  &MusMdll = .MusMdll ;
AnyRefNode &NodeS7_6 = . . . S e g s . U p p e r E x t r e m i t i e s . S eg 7 . N o d e S e g 7 _ 6 ;  
AnyRefNode &NodeS8_8 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 8 . N o de S eg 8 _ 8 ; 
AnyRefNode &NodeS8_4 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 8 . N od eS eg 8 _ 4 ;
AnyDrawMuscle DrwMus = {};

} ; / / S e g 7 - S e g 8  Back
/ / --------------------------------------- SEG7L-SEG8L BACK------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  Seg7LSeg8L_Back  = {
AnyMusc leMode l  SMusMdll = .MusMdll ;
AnyRefNode &NodeS7L_6 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 L . No deS eg7 L_ 6; 
AnyRefNode &NodeS8L_8 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 8 L . NodeSeg 8L _8 ; 
AnyRefNode &NodeS8L_4 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 8 L . NodeSeg 8L _4 ;
AnyDrawMuscle DrwMus = {} ;

} ; / / S e g 7 L e f t - S e g 8 L e f t  F r o n t
by---------------------------------------SEG7-SEG8 FRONT--------------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S e g 7 S e g 8 _ F r o n t  = {
AnyMusc leModel  &MusMdll = .MusMdll ;
AnyRefNode &NodeS7_5 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 . N o d eS eg 7 _ 5 ; 
AnyRefNode &NodeS8_7 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 8 . N od eS eg 8 _ 7 ; 
AnyRefNode &NodeS8_3 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 8 . N od eS eg 8 _ 3 ;
AnyDrawMuscle  DrwMus = {};

} ; / / S e g 7 - S e g 8  F r o n t
/ / ---------------------------------------SEG7L-SEG8L FRONT----------------------------------------------------------------

A n y V i a P o i n t M u s c l e  S eg 7L Se g8 L _F ro n t  = {
AnyMusc leMode l  &MusMdll = .MusMdl l ;
AnyRefNode &NodeS7L_5 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 L . No deS eg7 L_ 5; 
AnyRefNode &NodeS8L_7 = . . . S e g s . U p p e r E x t r e m i t i e s . S e g 8 L . No deSeg8L_7; 
AnyRefNode &NodeS8L_3 = . . . S e g s . U p p e r E x t r e m i t i e s . S eg 8L .N o de Se g 8L _ 3;
AnyDrawMuscle  DrwMus = {};

} ; / / S e g 7 - S e g 8  F r o n t

Figure 7.31 -  Muscles.any File of the Upper Extremity



7.5.5 Kinematic Measures & Drivers

There are two ways to drive the whole model with the addition of the upper extremity and the box. 

[The first way is to keep ail the drivers of the previous investigations and add four additional drivers, one 

for each of the joints of the upper extremity. The second way is to keep again all the drivers of the 

jrevious investigations and use only one driver, a driver that will drive the box, and the upper extremities 

will follow its motion. In this particular case the second way will be followed. One reason of adapting this 

way is that it is more realistic because it mimics the human organism that follows the shortest path for the 

implementation o f a motion for energetic purpose. Another reason for example, is the difficulty to define 

the exact kinematic data of the driver of every joint of the upper extremity, when someone wants to turn a 

steering wheel (closed chain). In this case only one driver could be used which could move the wheel and 

make the upper extremity follow its motion. One more reason is that if accurate kinematic data is not 

necessary then it would be easier to use only one driver to implement the motion instead of using more.

The first step is to decide the exact position of the upper extremities and the box. In order to do 

this the “kinematic measures” which will measure Cartesian angles {AnyKinRotational!RotVector) and 

Cardan angles (.AnyKinRotational!RotAxesAngles) will be defined (Figure 7,32),

KinematicMeasures.any File
/ / -------------CARTESIAN ROTATION VECTORS--------------------------------------
/ / -------------- SEG7 KINEMATIC ROTATIONAL--------------------------------------

A n y K i n R o t a t i o n a l  S e g 7 R o t l  = {
A n yF i x ed R e fF r am e  &Ground = . . G l o b a l R e f ;
AnyRefFrame  &Seg7 = . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 ; 
Type = R o t V e c t o r ;

};
/ / -------------- SEG7L KINEMATIC ROTATIONAL------------------------------------

A n y K i n R o t a t i o n a l  S e g 7 L e f t R o t l  = {
A n yF i x ed R e fF r am e  &Ground = . . G l o b a l R e f ;
AnyRefFrame &Seg7L = . . S e g s . U p p e r E x t r e m i t i e s . Seg7L;  
Type = R o t V e c t o r ;

} ;
/ / -------------- SEG8 KINEMATIC ROTATIONAL--------------------------------------

A n y K i n R o t a t i o n a l  S e g 8 R o t l  = {
A n y F i x ed R e fF r am e  &Ground = . . G l o b a l R e f ;
AnyRefFrame &Seg8 = . . S e g s . U p p e r E x t r e m i t i e s . S e g 8 ; 
Type = R o t V e c t o r ;

};
/ / -------------- SEG8L KINEMATIC ROTATIONAL------------------------------------

A n y K i n R o t a t i o n a l  S e g 8 L e f t R o t l  = {
A n yF ix ed R e fF r am e  &Ground = . . G l o b a l R e f ;
AnyRefFrame  &Seg8L = . . S e g s . U p p e r E x t r e m i t i e s . Seg8L;  
Type = R o t V e c t o r ;

};
/ / ------------------------ CARDAN ANGLES---------------------------------------------------
/ / -------------- SEG7 KINEMATIC ROTATIONAL--------------------------------------

A n y K i n R o t a t i o n a l  Seg7Rot2  = {
AnyRefFrame  &Seg7 = . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 ; 
A n yF i x ed R e fF r am e  &Ground = . . G l o b a l R e f ;
A x i s l = x ;
A x i s 2 = y ;
A x i s 3 = z ;
Type - R o t A x e s A n g l e s ;



---

/ / -------------- SEG7L KINEMATIC ROTATIONAL------------------------------------
A n y K i n R o t a t i o n a l  S e g 7 L e f t R o t 2  = {

AnyRefFrame  &Seg7L = . . S e g s . U p p e r E x t r e m i t i e s . Seg7L;  
A n y F i x ed R e fF r am e  &Ground = . . G l o b a l R e f ;
A x i s l = x ;
A x i s 2 = y ;
A x i s 3 = z ;
Type = R o t A x e s A n g l e s ;

/ / -------------- SEG8 KINEMATIC ROTATIONAL----------------------------------
A n y K i n R o t a t i o n a l  Seg8Rot2  = {

AnyRefFrame  &Seg8 = . . S e g s . U p p e r E x t r e m i t i e s . Seg8 ; 
A n yF i x ed R e fF r am e  &Ground = . . G l o b a l R e f ;
A x i s l = x ;
A x i s 2 = y ;
A x i s 3 = z ;
Type = R o t A x e s A n g l e s ;

/ / -------------- SEG8L KINEMATIC ROTATIONAL------------------------------------
A n y K i n R o t a t i o n a l  S e g 8 L e f t R o t 2  = {

AnyRefFrame &Seg8L = . . S e g s . U p p e r E x t r e m i t i e s . Seg8L;  
A n yF ix ed R e fF r am e  SGround = . . G l o b a l R e f ;
A x i s l = x ;
A x i s 2 = y ;
A x i s 3 = z ;
Type = R o t A x e s A n g l e s ;

Figure 7.32 -  Kinematic Measures of Upper Extremities

The next step is to create one more “anyfile”, the Drivers2.any file. In this file the heel, pelvis, 

trunk drivers are added, transferred from the Drivers 1 .any file. It has to be mentioned that the pelvis
I
\Seg3) driver has to contain the x-translational coordinate. In the new driver “anyfile”, four more drivers 

are added which are responsible for the motion of the upper extremities. The rotation angles that have 

been chosen are -30  degrees for Seg7 and Seg7L, and 50 degrees for Seg8 and SegSL. These drivers are 

related to the Cartesian “kinematic measures”. The Driver2.any file is shown below (Figure 7.33).

Drivers2.any File
/ / -------------------------- RIGHT HEEL DRIVER---------------------------------------------------------------

A n y K i n E q S i m p l e D r i v e r  R i g h t H e e l D r i v e r  = {
AnyKinMeasureOrg  &r e f  = . . K i n e m a t i c M e a s u r e s . R i g h t H e e l P o s ;

D r i v e r P o s  = { . . P o s i t i o n . RF _X , . . P o s i t i o n . RF_Y , . . P o s i t i o n . RF_Z,
. . P o s i t i o n . R F r o t _ Y , . . P o s i t i o n . R F r o t _ Z };

D r i v e r V e l  = { . . P o s i t i o n . RF_XV,. . P o s i t i o n . RF_YV,. . P o s i t i o n . RF_ZV, 
. . P o s i t i o n . R F r o t _ Y V , . . P o s i t i o n . R F r o t _ Z V } ;

R e a c t i o n . T y p e  = { 0 , 0 , 0 , 0 , 0 } ;
} ;

/ / -------------------RIGHT HEEL LIN/ROT REACTION-----------------------------------------------
A n y R e ac F o r ce  R i g h t H e e l T o G r o u n d R e a c t i o n  = {

A n y K i n L i n e a r  & r e f l  = . . K i n e m a t i c M e a s u r e s . R i g h t H e e l L i n ;  
A n y K i n R o t a t i o n a l  &re f2  = . . K i n e m a t i c M e a s u r e s . R i g h t H e e l R o t ;

};



/ / -------------------------- LEFT HEEL DRIVER---------------------------------------------------------------
A n y K i n E q S i m p l e D r i v e r  L e f t H e e l D r i v e r  = {

AnyKinMeasureOrg  &re f  = . . K i n e m a t i c M e a s u r e s . L e f t H e e l L P o s ;
D r i v e r P o s  = { . . P o s i t i o n . L F_ X , . . P o s i t i o n . L F _ Y , . . P o s i t i o n . LF_Z,

. . P o s i t i o n . L F r o t _ Y , . . P o s i t i o n . L F r o t _ Z };
D r i v e r V e l  = { . . P o s i t i o n . LF_XV, . . P o s i t i o n . LF_YV, . . P o s i t i o n . LF_ZV, 

. . P o s i t i o n . L F r o t _ Y V , . . P o s i t i o n . L F r o t_ Z V };
R e a c t i o n . T y p e  = { 0 , 0 , 0 , 0 , 0 } ;

} ;
/ / ---------------------LEFT HEEL LIN/ROT REACTION-----------------------------------------------

A n y R e ac F o r ce  L e f t H e e l T o G r o u n d R e a c t i o n L  = {
A n y K i n L i n e a r  & r e f l  = . . K i n e m a t i c M e a s u r e s . L e f t H e e l L L i n ;  
A n y K i n R o t a t i o n a l  &re f2  = . . K i n e m a t i c M e a s u r e s . L e f t H e e l L R o t ;

};
/ / --------------------------------SEG3 DRIVER-----------------------------------------------------------

A n y K i n E q S i m p l e D r i v e r  Seg3Mo t ion =  {
AnyK inMe as ureO rg  &r e f  = . . K i n e m a t i c M e a s u r e s . S e g 3 P o s ;

D r i v e r P o s  = { . . P o s i t i o n . P _ X , . . P o s i t i o n . P _ Y , . . P o s i t i o n . P _ Z ,
. . P o s i t i o n . P R _ X , . . P o s i t i o n . P R _ Y , . . P o s i t i o n . P R _ Z }; 

D r i v e r V e l  = { . . P o s i t i o n . P _ X V , . . P o s i t i o n . P _ Y V , . . P o s i t i o n . P _ Z V ,
. . P o s i t i o n . PR_XV,. . P o s i t i o n . PR_YV,. . P o s i t i o n . PR_ZV}; 

R e a c t i o n . T y p e  = { 0 , 0 , 0 , 0 , 0 , 0 } ;
} ;

/ / -------------------------- TRUNK DRIVER--------------------------------------------------------------------
A n y K i n E q S i m p l e D r i v e r  T ru n k  = {

AnyKinMeasureLinComb &r ef  = . . K i n e m a t i c M e a s u r e s . T r u n k M e a s u r e ; 
D r i v e r P o s  = { - 1 5 * p i / 1 8 0 ,  - 1 5 * p i / 1 8 0 ,  - 1 5 * p i / 1 8 0 } ;
D r i v e r V e l  = { 0 . 2 5 , 0 . 2 5 , 0 . 2 5 } ;
R e a c t i o n . T y p e  = { 0 , 0 , 0 } ;

};
/ / ------------------------ SEG7 DRIVER-----------------------------------------------------------

A n y K i n E q S i m p l e D r i v e r  S e g 7 D r i v e r  = {
A n y K i n R o t a t i o n a l  &Jnt  = . . K i n e m a t i c M e a s u r e s . S e g 7 R o t l ; 
M e a s u r e O r g a n i z e r  = { 0 , 1 , 2 } ;
D r i v e r P o s  = { 0 , 0 , - 3 0 * p i / 1 8 0 };
D r i v e r V e l  = { 0 , 0 , 0 } ;
D r i v e r A c c  = { 0 , 0 , 0 } ;
R e a c t i o n . T y p e  = { 1 , 1 , 1 } ;

} ;
/ / ----------------------- SEG7Lef t  DRIVER------------------------------------------------------------

A n y K i n E q S i m p l e D r i v e r  S e g 7 L e f t D r i v e r  = {
A n y K i n R o t a t i o n a l  &Jnt  = . . K i n e m a t i c M e a s u r e s . S e g 7 L e f t R o t l ; 
M e a s u r e O r g a n i z e r  = { 0 , 1 , 2 } ;
D r i v e r P o s  = { 0 , 0 , - 3 0 * p i / 1 8 0 };
D r i v e r V e l  = { 0 , 0 , 0 } ;
D r i v e r A c c  = { 0 , 0 , 0 } ;
R e a c t i o n . T y p e  = { 1 , 1 , 1 } ;

} ;
/ / ------------------------ SEG8 DRIVER-----------------------------------------------------------

A n y K i n E q S i m p l e D r i v e r  S e g 8 D r i v e r  = {
A n y K i n R o t a t i o n a l  &Jnt  = . . K i n e m a t i c M e a s u r e s . S e g 8 R o t l ; 
M e a s u r e O r g a n i z e r  = {2};
D r i v e r P o s  = { 5 0 * p i / 1 8 0 } ;
D r i v e r V e l  = {0};
D r i v e r A c c  = {0};
R e a c t i o n . T y p e  = {1};

} ;
/ / ----------------------- SEG8Lef t  DRIVER------------------------------------------------------------

A n y K i n E q S i m p l e D r i v e r  S e g 8 L e f t D r i v e r  = {
A n y K i n R o t a t i o n a l  &Jnt  = . . K i n e m a t i c M e a s u r e s . S e g 8 L e f t R o t l ; 
M e a s u r e O r g a n i z e r  = {2};
D r i v e r P o s  = { 5 0 * p i / 1 8 0 } ;
D r i v e r V e l  = {0};
D r i v e r A c c  = {0};
R e a c t i o n . Type = {1};

} :

Figure 7.33 -  Privers2.any File o f the Simplified Human Model



Since the “kinematic measures” and drivers of the upper extremities are defined, it is time to 

jreate the “kinematic measures” and the corresponding driver that will drive the box, and to update the 

ZoM “kinematic measure”, by adding the new segments (Table 7.12). The box driver is added to the 

Drivers 1 .any file.

KinematicMeasures.any File
/ / ------------------------------------------------CENTRE OF MASS MEASURE-----------

AnyKinCoM CoMMeasure = {
AnySeg &segO = . . S e g s . L o w e r E x t r e m i t i e s . SegO; 
AnySeg &segOL = . . S e g s . L o w e r E x t r e m i t i e s . SegOL; 
AnySeg &seg l  = . . S e g s . L o w e r E x t r e m i t i e s . S e g l ; 
AnySeg &seglL  = . . S e g s . L o w e r E x t r e m i t i e s . S e g lL ;  
AnySeg &seg2 = . . S e g s . L o w e r E x t r e m i t i e s . S e g 2 ; 
AnySeg &seg2L = . . S e g s . L o w e r E x t r e m i t i e s . Seg2L;  
AnySeg &seg3 = . . S e g s . L o w e r E x t r e m i t i e s . S e g 3 ; 
AnySeg &seg4 = . . S e g s . T r u n k . S e g 4 ;
AnySeg &seg5 = . . S e g s . T r u n k . S e g 5 ;
AnySeg &seg6 = . . S e g s . T r u n k . S e g 6 ;
AnySeg &seg7 = . . S e g s . U p p e r E x t r e m i t i e s . S e g 7 ; 
AnySeg &seg7L = . . S e g s . U p p e r E x t r e m i t i e s . Seg7L;  
AnySeg &seg8 = . . S e g s . U p p e r E x t r e m i t i e s . S e g 8 ; 
AnySeg &seg8L = . . S e g s . U p p e r E x t r e m i t i e s . Seg8L;  
AnySeg &Box = . . S e g s . Bo x . Box;

} ; / / C e n t r e O f M a s s M e a s u r e

/ / --------------------------------------- BOX KINEMATIC LINEAR-----------------------
A n y K i n L i n e a r  BoxLin  = {

A n yF ix ed R e fF r am e  &Ground = . . G l o b a l R e f ;  
AnyRefNode &Nodes = . . S e g s . B o x . B o x . NodeBox_0 ;

};
/ /  BOX KINEMATIC ROTATIONAL---------------

A n y K i n R o t a t i o n a l  BoxRot = {
A n yF ix ed R e fF r am e  &Ground = . . G l o b a l R e f ;  
AnyRefNode &Nodes = . . S e g s . B o x . B o x . NodeBox_0 ; 
Type = R o t V e c t o r ;

};

/ / ----------------------------------------------BOX ORGANIZER--------------------------
AnyKinMeasureOrg  BoxPos = {

A n y K i n L i n e a r  & r e f l  = .B ox L in ;
A n y K i n R o t a t i o n a l  &ref2  = .Box Rot ;  
M e a s u r e O r g a n i z e r  = { 0 , 1 , 2 , 3 } ;
};

Driversl.any File
/ / -------------------------------- BOX DRIVER-----------------------------------------------

A n y K i n E q S i m p l e D r i v e r  BoxMot ion=  {
AnyKinMeasureOrg  & r e f  = . . K i n e m a t i c M e a s u r e s . B o xP o s ; 

D r i v e r P o s  = { 0 .4 0 3 6 7 3 ,  0 . 0 8 4 5 2 3 ,  0 . 1 5 0 0 0 0 , 0 } ;  
D r i v e r V e l  = { - 0 . 0 5 , 0 . 9 , 0 , 0 } ;
R e a c t i o n . T y p e  = { 1 , 1 , 1 , 1 , 1 } ;

Table 7.12 -  CoM/Box Kinematic Measures & Box Driver
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The next step, is to deactivate the Drivers 1.any file and to activate the Drivers2.any file. The 

nodel is reloaded and at the time “study operation: Initial conditions are fully updated” the position 

t>f CoM , the position BoxPos of the box driver and the Cardan angles of the upper extremities have to be 

ecorded. But the addition of the new segments caused reverse rotation of the right lower extremity and 

the only way to make it again work, was to increase the y-coordinate of the pelvis (Seg3) from 0.2 m to 

0.21004m. After this change, the model works again and the above recordings are being taken. The 

position of CoM is 0.244655m, the position of the box is {0.403673, 0.084523, 0.150000, 0.000000} with 

units m, m, m, rad respectively and the Cardan angles gamma7and gamma7L are 0.523599 rad, while 

gamma8 and gamma8L are -0.872665 rad. Then, the associated changes have to be implemented.

Finally, it is time to activate Driverl.any again and to run the model with the velocities that have 

Ibeen chosen in the box driver as shown in Table 7.12. The resultant motion is represented in Figure 7.34 

below, which is successful and reflects one more time the over-activation of the muscles because of the 

low value o f the muscle force F0=10N.
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Figure 7.34 -  Box Driven Motion of the Simplified Human Model

7.6 Conclusions

The present chapter demonstrated the way of implementing a simple model, which can be an 

approach to a real human model. The remarkable aspect of this human like model is that it is developed 

by just using the knowledge gained in the previous chapter adding just a few more features. These 

features are the spine and the center of mass drivers, and the reaction forces at the feet.

From a validation point of view, the human like model proved to be very reliable in case of implementing 

a wide range of postures, as it was successful in a representative extreme one. A very important modelling



ature that enabled this implementation, is that only one driver is needed in order to position the pelvis 

Instead of assigning one driver in each joint of the lower extremity. And that is because a driver in each 

point would cause limitations in choosing a specific range of postures as it makes it impossible to resolve
Ithe positions by stepping from one joint to the next until the free ends of the mechanism are reached. 

Finally, the current study intends to be the basic “platform” for the more complex model that follows, the 

musculoskeletal model of the human body.



CHAPTER 8 
DEVELOPMENT OF A PARAMETERISED HUMAN MODEL

LI Introduction

Following the work in previous chapters, here a fully parameterized model of the human body will 

>e developed, dependent on the global parameters height and mass. The reason for this is that, both these 

parameters can represent a wide range of human bodies and they are very important factors that affect the 

analysis of the human movement as well. This chapter brings together the literature review and what was 

earned from the modelling as shown in the previous simple models. The parameterized musculoskeletal 

model is based on the model o f the Anybody Repositiory2 regarding the nodes in the segments, the joints, 

the muscles, the drivers of the shoulder complex and the bone geometries o f scapula, thorax, radius and 

clavicle. Everything else is based on the research described throughout this project.

The parameterized model is using the same “design philosophy” with the simplified model of Chapter 7 

regarding the organization, the “kinematic solutions” and the implementation of motion. The rest of the 

bone geometries are coming from the University of Brussels Virtual Human project, and they can be 

found in the BEL (European Biomechanics Laboratory) Repository^. These geometries can be visualized
c  7

and converted to STL format through the use of a freely downloadable software, the DataManager . The 

geometrical properties of the different bones of the body are derived from the research, presented in 

Chapter 3, o f Drillis/Contini24 (Figure 8.1), Dempster14 (Table 8.1) and Hanavan25. The reason that 

Dempster’s data have been chosen, is because the segment endpoints are defined by their joint centers of 

rotation.

The final result is the development of three models of different height which are contained in the same 

windows folder (Combined) and share the same “CPU’TMain.any file. These models can be part of the 

same study, i.e. work all three (or two) together, or work each one individually. Because of the large 

amount of files needed in this investigation, without the need to be all included, the Repository2 and the 

Combined study will be found on the supplementary CD o f this thesis.

0.186H 0.146H 0.108H 1 -------r— i

0.191H

0.055H 
Foot B readth

Foot Length

Figure 8.1 -  Body Segment Lengths Expressed as a Fraction of Body Height H  [18]
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p.2 Lower Extremity

8.2.1 Segments

The lower extremity is constituted by the feet, the upper and lower legs and the pelvis (Figure 

8.2). The feet are considered as rectangular prisms, the legs as circular cylinders while the pelvis as an 

elliptical cylinder. The mass and the density o f the various segments are defined by Dempster’s data14.

U p p e r  L e g s

P e l v i s

Feet

L o w e r  L e g s

Figure 8.2 -  Segments of the Lower Extremity

In the investigation that will follow, the way of parameterization of each of the segments will be

^resented. Due to the large number o f nodes that each segment contains, only the part o f the

corresponding “anyfile”, that has to do with the geometrical properties o f it, will be presented, and also

just a few of the nodes as well, for illustrative purpose only. The full “anyfiles” can be found on the

upplementary CD. A very important aspect that has to be mentioned, is that the bones are attached at the

oints instead o f at the center o f mass of the segments. And that is because the bone geometries, are such

omplex, that it is difficult to place them in the right position during scaling if these are attached at the

center of mass o f the segments. It has to also be noted that M  denotes the whole mass the o f human body, 
[while H  is the overall height. Both of these parameters can be defined at the CPU/Main.any file of the 

whole model.



• Feet

Centre of mass (G): G = —
2

Mass: m — 0.0\45M(kg)

Density: d = 1100kg / m2 

Moment of Inertia (G)

a = 0A52H(m),b = 0.039H(m),c = 0.055H(m)

Ix(; = —  • m-[b2 +c2 jkgm2

fya = ~ m - ( a 2

IzG = ~ m ( a 2 +b2)kgm2

Figure 8.3 -  Geometrical Properties of Feet

/ / ------------------------------------------RIGHT FOOT--------------------------------------------------------------------
AnySeg R i g h t F o o t  = {

# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / N o d e s . an y"
# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / S e g m e n t A x e s . any"
Mass = 0 . 0 1 4 5 * . . . .BP.M;
AnyVar d = 1100;  / /  d e n s i t y
AnyVar  a = 0 . 1 5 2 * . . . .BP.H;
AnyVar b = 0 . 0 3 9 * . . . . BP . H;
AnyVar c = 0 . 0 5 5 * . . . . BP. H;
AnyVar I x x  = ( 1 / 1 2 ) * M a s s * ( b A2 + c A2 ) ;
AnyVar I y y  = ( 1 / 1 2 ) * M a s s * ( a A2 + c A2 ) ;
AnyVar I z z  = ( 1 / 1 2 ) * M a s s * ( a A2+ bA2 ) ;
J i i  = { Ixx ,  I y y ,  I z z } ;
AnyVar S i g n  = 1;
AnyRefNode A n k l e J o i n t  = {
s R e l  = { - 0 . 0 6 ,  0 . 0 6 ,  . S i g n  * 0} * . a / 0 . 2 4 ;
AnyDrawSurf  DrwSurf  = {

F i l eName = " l _ 9 0 / B o n e s / F o o t . a n y s u r f ";
ScaleXYZ = { 0 .0 0 1 ,  0 . 0 0 1 ,  0 . 0 0 1 * . . S ign}  * . . a ;
RGB = M a i n . M o d e l 3 . HumanModel . D r a w S e t t i n g s . C o l o r s . S e g m e n t s ;

};
};

AnyRefNode H e e l J o i n t  = { 
s R e l  = { - 0 . 1 1 5 ,  0,  0 * . S ig n }  * . a / 0 . 2 4 ;

};

Figure 8.4 -RightFoot.any File of the Parameterized Model 

Jn the above figure Sign is positive for the right foot and leg, and negative for the left. The number 0.24 

which divides the a parameter, is the length of the foot of the model in the Repository2 o f the Anybody 

technology. In other words the position of the various nodes is based on the Anybody human model 

contained in the Repository2.

R e c t a n g u l a r  pr isn
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• Lower Legs

Ci r cu l . a r  C y l i n d e r

h/2

h/2

Centre of mass (G): G = — 
  2
Volume: V = 7r ■ r 2 ■ h

Mass: m = 0.0465M

Density: d = — = 1090 
  F

Moment of Inertia (G) 

h = 0.285// -  0 .039 //,r

7xr  = —  * m( 3 r 2 +/z2) g 12 V /

j 1 2= — • m-r

d • n -h

Figure 8.5 -  Geometrical Properties of Lower Legs

/ / ------------------------------------- RIGHT LOWER LEG----------------------------------------------------------
AnySeg R i g h tL o w e r L e g  = {

# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / N o d e s . any"
# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / S e g m e n t A x e s . any"
Axes = . . . . I n i t i a l C o n d i t i o n s . LowerLeg ;
Mass = 0 . 0 4 6 5  * . . . . B P . M ;
AnyVar d = 1090;  / /  d e n s i t y
AnyVar  p = 3 . 1 4 1 6 ;  / / p . i
AnyVar  h = ( 0 . 2 8 5  * . . . . B P . H )  -  ( 0 . 0 3 9  *  BP .H ) ;
AnyVar  r a d i u s  = ( M a s s / ( d * p * h )  ) ''O . 5;  / /  r a d i u s
AnyVar I x x  = ( 1 / 1 2 ) * M a s s * ( ( 3 * r a d i u s A2 ) + (hA2 ) ) ;
AnyVar I y y  = ( 1 /2 )  * M a s s * r a d i u s /v2;
AnyVar I z z  = I x x ;
J i i  = ( I x x ,  I y y ,  I z z } ;
AnyVar S i g n  = 1;
AnyRefNode NodeO = ( 

s R e l  = { 0 , 0 , 0 }  ;
};
AnyRefNode A n k l e J o i n t  = {
s R e l  = { 0 , - 0 . 2 6 0 8 , 0 * . S ign}  * . h / 0 . 4 6 ;
AnyDrawSur f  DrwSur f  = {

F i l eNa me = " l _ 9 0 / B o n e s / T i b i a . a n y s u r f ";
ScaleXYZ = { 0 . 0 0 1 ,  0 . 0 0 1 ,  0 . 0 0 1 * . . S i g n } * . . h ;
RGB = M a i n . M o d e l 3 . HumanModel . D r a w S e t t i n g s . C o l o r s . S e g m e n t s ;

} ;
};
AnyRefNode K n e e J o i n t  = {
s R e l  = {0, 0 . 1 9 9 2 , 0 * . S ign}  * . h / 0 . 4 6 ;
};

Figure 8 . 6  -  RightLowerLeg.any File of the Parameterized Model 

In the above figure the number 0.46 is the length of the lower leg in the Repository2 model, while because 

o f the absence of data about the radius of the cylinder the calculation is possible with the use of the 

volume and the mass.



Upper Legs

C i r c u l a r  C y l i n d e r

Centre of mass (G): G = — 
  2
Volume: V = n ■ r2 ■ h

h / 2  Mass: m = 0.\M

Density: d = ^  = 1050

h / 2

Moment of Inertia (G) 

h = 0 .5 3 0 //-  0.285//, r =

Ixc = —  • m • (3r2 + h2) g 12 V )

j 1 2f yG -  — - m- r

IzG = IxG

m
d -n • h

Figure 8.7 -  Geometrical Properties of Upper Legs

/ / ----------------------------------------RIGHT UPPER LEG-------------------------------------------------------------
AnySeg R i g h t U p p e r L e g  = {

# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / N o d e s . any"
# i n c l u d e  " ! _ 9 0 / D r a w S e t t i n g s / S e g m e n t A x e s . any"
Axes = . . . . I n i t i a l C o n d i t i o n s . Up perLeg ;
Mass = 0 . 1 * . . . .BP.M;
AnyVar  d = 1050;  / /  d e n s i t y
AnyVar p = 3 . 1 4 1 6 ;  / / p i
AnyVar  h = ( 0 . 5 3 0 * _____BP.H) -  ( 0 . 2 8 5 * _____ BP.H) ;
AnyVar  r a d i u s  = ( M a s s / ( d * p * h ) ) ~ 0 . 5 ;  / /  r a d i u s
AnyVar  I x x  = ( 1 / 1 2 ) * M a s s * ( ( 3 * r a d i u s A2 ) + (h A2 )) ;
AnyVar  I y y  = ( 1 / 2 ) * M a s s * r a d i u s A2 ;
AnyVar  I z z  = I x x ;
J i i  = { Ix x ,  I y y ,  I z z } ;
AnyVar  S i g n  = 1;
AnyRefNode NodeO = { 

s R e l  = { 0 , 0 , 0 } ;
};
AnyRefNode K n e e J o i n t  = {
s R e l  = { - 0 . 0 2 5 ,  - 0 . 2 5 8 ,  - 0 . 0 2 8 * . S ign}  * . h / 0 . 4 5 5 ;
AnyDrawSur f  DrwSur f  = {

F i l e N am e = " l _ 9 0 / B o n e s / F e m u r . a n y s u r f ";
ScaleXYZ = { 0 . 0 0 1 ,  0 . 0 0 1 ,  0 . 0 0 1 * . . S ign}  * . . h ;
RGB = M a i n . M o d e l 3 . HumanModel . D r a w S e t t i n g s . C o l o r s . S e g m e n t s ; 

};
};
AnyRefNode H i p J o i n t  = {
s R e l  = {0, 0 . 1 9 7 ,  - 0 . 0 3 8 * . S ign}  * . h / 0 . 4 5 5 ;
};

Figure 8 . 8  - RightUpperLeg.any File of the Parameterised model 

In the above figure the number 0.455m is the length of the upper leg in the Repository2 model.



• Pelvis

E l l ip t ic a l  C y l i n d e r

Centre of mass (G): G = 

Volume: V = 7T-a-b-h

Mass: m = 0 .142M

Density: d = — = 1010
V

h
Moment of Inertia (G) 

h = 0A\H,a = 0.259H/2,b = m
d • 7T-a-h

Ixr = — m-a H m ■ h
G 4 12

fyG = ~ -m '{al + * 2)

Izr = — m-b 2 + — -m-h2 
G 4 12

Figure 8.9 -  Geometrical Properties of the Pelvis

Because of the absence of the definition of the exact height h of the pelvis in the Drillis/Contini 

model, the length of the pelvis above the hip joints is calculated using the pelvis of the Repository2 

model. As shown below in Figure 8.10, the length of the pelvis in the Repository2 model is 115mm, while 

the overall associated body height is 1900mm. That all means that this length is 0.06 * overall height and 

with the addition o f the Drillis/Contini length below the hip joint which is 0.05H, an approximate value 

for the pelvis length is 0.11H.

0 ,0 6 *H

A n y b o d y  t e c h  P e lv is

T o t a l  B ody  H e i g h t  = 1900nn

0.1*H

Figure 8.10 -  Key Dimensions o f the Pelvis of the Repository2 Model



PE L V I S

AnySeg P e l v i s  = {

# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / N o d e s . an y"
# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / S e g m e n t A x e s . an y"
Mass = 0 . 1 4 2 * . . .BP.M;
AnyVar d = 1010;  / /  d e n s i t y
AnyVar  p = 3 . 1 4 1 6 ;
AnyVar  h = 0 . 1 1 * . . . BP . H;
AnyVar a = ( 0 . 2 5 9 * . . . B P . H ) / 2 ;
AnyVar  b = M a s s / ( d * p * a * h ) ;
AnyVar I x x  = ( ( 1 / 4 ) *M a ss* aA2 ) + ( ( 1 / 1 2 ) *Ma ss*hA2 ) ;
AnyVar I y y  = ( 1 / 4 ) * M a s s * ( a A2+ bA2 ) ;
AnyVar  I z z  = ( ( 1 / 4 ) *Ma ss*bA2 ) + ( ( 1 / 1 2 ) *Ma ss*hA2 ) ;
J i i  = { Ix x ,  I y y ,  I z z } ;
sCoM = { 0 , ( R i g h t H i p J o i n t . s R e l [ 1 ] ) / 2 , 0};

AnyRefNode R i g h t H i p J o i n t  = {
s R e l  = {0, - 0 . 1 1 5 ,  0 . 0 96 }  * ( ( ( 0 . 1 0 1  * M a i n . M o d e l 3 . HumanModel . BP . H ) / 2 ) / 0 . 0 9 6 ) ;

};

AnyRefNode L e f t H i p J o i n t  = {
s R e l  = {0, - 0 . 1 1 5 ,  - 0 . 0 9 6 }  * ( ( ( 0 . 1 0 1  * M a i n . M o d e l 3 . HumanModel . BP . H ) / 2 ) / 0 . 0 9 6 ) ;

};

AnyRefNode P e l v i s S a c r u m J o i n t  = {
s R e l  = { - 0 . 0 0 3 ,  - 0 . 0 1 ,  0} * ( ( ( 0 . 1 0 1  * M a i n . M o d e l 3 . HumanModel . BP . H ) / 2 ) / 0 .0  9 6 ) ;

};

AnyRefNode NodeO = { 
s R e l  = { 0 , 0 , 0 } ;

};

AnyDrawSurf  DrwSur f  = {
F i l e N am e = "1 9 0 / B o n e s / P e l v i s . a n y s u r f " ;
ScaleXYZ = { 0 .0 0 1 ,  0 . 0 0 1 ,  0 .0 0 1 }  * ( 0 . 1 0 1  * M a i n . M o d e l 3 . HumanModel . BP. H ) ;
RGB = M a i n . M o d e l 3 . HumanModel . D r a w S e t t i n g s . C o l o r s . S e g m e n t s ;

};

Figure 8.11 -  Pelvis.anv File of the Parameterised model



1.2.2 Joints

The joints that will be used in the lower extremity are shown in Figure 8.12 below, while the 

corresponding “anyfile” of the right leg is shown in Figure 8.13.

R i g h t H
L e f t H  i p J o i n t

Sp h e r i c a l

R i g h t K  n e e

Hi nge

H

L e f t A  n k l e

Figure 8.12 -  Joints of the Lower Extremity

Joints.any File
/ / --------------------------------------------RIGHT ANKLE JOINT------------------------------------------------------------

A n y R e v o l u t e J o i n t  R i g h t A n k l e  = {
A x i s  = z;
AnyRefNode &RFoot = . . . . S e g s . L e g s . R i g h t L e g . R i g h t F o o t . A n k l e J o i n t ; 
AnyRefNode &RShank = . . . . S e g s . L e g s . R i g h t L e g . R i g h t L o w e r L e g . A n k l e J o i n t ;

} ; / / R i g h t  A n k le  J o i n t

/ / ------------------------------------------- RIGHT KNEE JOINT--------------------------------------------------------------
A n y R e v o l u t e J o i n t  R i g h tK n e e  = {

A x i s  = z ;
AnyRefNode SRShank = . . . . S e g s . L e g s . R i g h t L e g . R i g h t L o w e r L e g . K n e e J o i n t ; 
AnyRefNode &RThigh = . . . . S e g s . L e g s . R i g h t L e g . R i g h t U p p e r L e g . K n e e J o i n t ;

} ; / / R i g h t  Knee J o i n t

/ /  RIGHT HIP JOINT----------------------------------------------------------------
A n y S p h e r i c a l J o i n t  R i g h t H i p J o i n t  = {

AnyRefNode &RThigh=. . . . S e g s . L e g s . R i g h t L e g . R i g h t U p p e r L e g . H i p J o i n t ; 
AnyRefNode & P e l v i s = . . . . S e g s . T r u n k . P e l v i s . R i g h t H i p J o i n t ;

} ; / / R i g h t  Hip J o i n t

Figure 8.13 -  Joints.^ny File of the Lower Extremity



8.2.3 Validation r

Figure 8.14 below, presents some time steps of the motion of the parameterized lower extremity 

model in three versions. The first version is for a human body with a height of 1.5m and a weight of 40kg, 

he second is of 1.7m height and 65kg weight, while the third is of 1.9m height and 75kg weight. All the 

models are included in the same study, which means that they run all together. They are muscle driven as 

well. The way that the motion is implemented is exactly the same with the model presented in the 

previous Chapter 7. One driver is used for each foot, one driver for the pelvis and the proper initial 

conditions for the legs. More details about the position parameters of each version and the “kinematic 

measures” and drivers can be found on the supplementary CD.

As it is clearly shown in Figure 8.14 below, the validation test ended successfully. All the three models 

accomplished successfully the complex motion that they were assigned to perform, which means that the 

models may respond positively even in the most extreme postures. It can also been seen that there is no 

over-activation at the muscles.

t = 70 t = 100
Figure 8.14 -  Motion of the Lower Extremity in Three Versions
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B.3 Lumbar, Thorax & Head

8.3.1 Segments

The lumbar segment is constituted by the L5L4 segment and the L3L2 segment while LI is 

assumed to be part of the thorax. The thorax and head are assumed to be as one segment, which is 

connected to the L3L2 segment (Figure 8.15).

The L5L4, L3L2 and the thorax segments are considered elliptical cylinders, while the head is a sphere. 

The mass and the density of the various segments are defined using the Dempster’s data14.

Figure 8.15 -  L5L4, L3L2, Thorax & Head Segments

Because of the absence of the definition of the exact length of the lumbar and the thorax in the 

Drillis/Contini model, the length of these segments is calculated using Repository2 model (Table 8.2).

Repository 2 Model
Segment Length Fraction of H  (1.9m)
L5L4 0.0666m 0.035//
L3L2 0.0654m 0.034H
HAT 0.69m 0.36//

Table 8.2 -  Repository2 Model’s Length of L5L4/L3L2/HAT Segments
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it is shown in the Table 8.2, the total length of the segments, as a fraction o f the overall height //, of 

Repository2 model, is 0.43H. On the other hand in the Drillis/Contini model (Figure 8.1) the distance 

fj-om the bottom of the pelvis to the top of the head is 0.52H, while the length of the pelvis is 0.11H. That 

means that the total length o f L5L4, L3L2 and HAT segments in the Drillis/Contini model is 0.41H. If 

now, the data of the Table 8.2 is adapted to the Drillis/Contini model, then the revised lengths of the 

segments o f the Repository2 model are presented in Table 8.3.

Drillis/Contini Model
Segment Fraction of H
L5L4 0.033H
L3L2 0.032H
HAT 0.34 H

Table 8.3 -  Rough Estimation of L5L4/L3L2/HAT Segments in the Drillis/Contini model 

Finally, the length o f the thorax in the Drillis/Contini model is obtained by the subtraction of the lengths 

of the head (0.130H) and the neck (0.052H) from the overall length (HAT) which is 0.34H (Table 8.3). 

As a result the length of the thorax is 0.158H.

In the investigation that will follow, the way of parameterization of each of the segments will be 

presented. Due to the large number of nodes that each segment contains, only the part of the 

corresponding “aflyfile” that has to do with the geometrical properties of it, will be presented, and also 

just a few of the nodes, for illustrative purpose only. The full “anyfiles” can be found on the 

supplementary CD.

• L5L4

- U ip ~t icq 1 C y l i n d e r

iy Centre of mass (G): G = — 
  2
Volume: V = n -a-b-h

h /2  Mass: m = 0.139A//2

Density: d = — = 1010 
  Vh / 2

Moment o f Inertia (G)

h = 0.033//, a = 0.259// / 2, b = ----- - ----
d '7T-a-k

1 2 1 . 2  Ixr = — -m-a H m ■ n
c 4 12

fyG =^-m-{a2 +b2)

t 1 f 2 1 i 2lzr = — • m- b H m • n
G 4 12

Figure 8.16 -  Geometrical Properties of L5L4
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L5L4Seg.any File
/ / ---------------------------- L5 /L4 S eg m e n t -----------------------------------------------------------------

AnySeg L5L4Seg = {
# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / N o d e s . an y"
# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / S e g m e n t A x e s . an y "
Mass = ( 0 . 1 3 9 * . . . B P . M ) / 2 ;
AnyVar d = 1010 ;  / /  d e n s i t y
AnyVar p = 3 . 1 4 1 6 ;
AnyVar  h  = 0 . 0 3 3 * . . . BP . H;
AnyVar a = ( 0 . 2 5 9 * . . . B P . H ) / 2 ;
AnyVar  b = M a s s / ( d * p * a * h ) ;
AnyVar I x x  = ( ( 1 / 4 ) *M a ss* aA2 ) + ( ( 1 / 1 2 ) *Mas s*h A2 ) ;
AnyVar I y y  = ( 1 / 4 ) * M a s s * ( a A2+ bA2 ) ;
AnyVar  I z z  = ( ( 1 / 4 ) *Ma ss*bA2 ) + ( ( 1 / 1 2 ) *Mas s*h A2 ) ;
J i i  = { Ix x ,  I y y ,  I z z } ;
AnyRefNode L 5 S a c r u m J o i n t  = {

s R e l  = { - 0 . 0 0 7 2 ,  - 0 . 0 3 3 3 ,  0} * . h / 0 . 0 6 6 6 ;
};
AnyRefNode L 4 L 3 J o i n t  = {

s R e l  = { 0 . 0 0 7 1 ,  0 . 0 3 3 3 ,  0} * . h / 0 . 0 6 6 6 ;
};
AnyDrawSur f  D rwSur f  = {

F i l e N am e = " l _ 9 0 / B o n e s / L 5 L 4 . a n y s u r f " ;
ScaleXYZ = { 0 . 0 0 1 ,  0 . 0 0 1 ,  0 . 0 0 1 }  * . h ;
RGB = M a i n . M o d e l 3 . HumanModel . D r a w S e t t i n g s . C o l o r s . S e g m e n t s ; 

};

Figure 8.17 -  L5L4Seg.anv File o f the Parameterized Model 

In the above figure, thE number 0.0666m is the length of the L5L4 segment in the Repository2 model.

Iljgl * 4
• L3L2

E l l i p t i c a l  C y l i n d e r

|'Y

<77/fa //fa fa 's / ' / , / / / / /77

Centre of mass (G): G = —
2

Volume: V = n -a-h-h 

Mass: m = 0.139A//2

m 
Density: d = — = 1010

Moment of Inertia (G)

h =0.032//, a =0 .259 ///2  - —
d-7i-a -1

1 2 1 , 2Ixr = — -m-a H m - h
0  4 12

fy0 = ~ m - ( a 2 + * 2)

r  1 7 2 1 7 2lzr = — -m-b H m-n
a 4 12

Figure 8.18 -  Geometrical Properties o f L3L2



L3L2Seg.any File
/ / -------------------------------- L3/L2 S eg m e n t -------------------------------------------------------------

AnySeg L3L2Seg = {
# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / N o d e s . an y"
# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / S e g m e n t A x e s . an y "
Mass = ( 0 . 1 3 9 * . . . B P . M ) / 2 ;
AnyVar d = 1010 ;  / /  d e n s i t y
AnyVar p = 3 . 1 4 1 6 ;
AnyVar  h = 0 . 0 3 2 * . . . BP . H;
AnyVar a  = ( 0 . 2 5 9 * . . . B P . H ) / 2 ;
AnyVar b = M a s s / ( d * p * a * h ) ;
AnyVar I x x  = ( ( 1 / 4 ) *M a ss* aA2 ) + ( ( 1 / 1 2 ) *Ma ss* hA2 ) ;
AnyVar I y y  = ( 1 / 4 ) * M a s s * ( a A2+ bA2 ) ;
AnyVar  I z z  = ( ( 1 / 4 ) *Ma ss*bA2 ) + ( ( 1 / 1 2 ) *Ma ss*hA2 ) ;
J i i  = { Ix x ,  I y y ,  I z z } ;
AnyRefNode L 3 L 4 J o i n t  = {

s R e l  = { 0 . 0 0 8 5 ,  - 0 . 0 3 2 7 ,  0} * . h / 0 . 0 6 5 4 ;
};
AnyRefNode L2HATJoin t  = {

s R e l  = { - 0 . 0 0 8 5 ,  0 . 0 3 2 7 ,  0} * . h / 0 . 0 6 5 4 ;
};
AnyDrawSur f  D rwSur f  = {

F i l e N am e = " l _ 9 0 / B o n e s / L 3 L 2 . a n y s u r f " ;
ScaleXYZ = { 0 . 0 0 1 ,  0 . 0 0 1 ,  0 . 0 0 1 }  * . h ;
RGB = M a i n . M o d e l 3 . HumanModel . D r a w S e t t i n g s . C o l o r s . S e g m e n t s ;

};

Figure 8.19 -  L3L2Seg.any File of the Parameterized Model 

In the above figure, the number 0.0654m is the length of the L3L2 segment in the Repository2 model.

• Head & Thorax (HAT)

S p h e r e
Centre of mass (G): G = r

Mass: m = 0.081 A/

Density: d = — = 1110
  V

Moment of Inertia (G)
i_

 ̂ 3 • m Vr =
d'4'7i

IxG = lyG = lzG = -j*m'T2

Figure 8.20 -  Geometrical Properties o f Head



h / 2

h / 2

Centre of mass (G): G = — 
  2
Volume: V = n  • a • b • h

Mass: m = 0.216M -  0.0266M  
= 0.1894M

Density: d = — = 920 
V

Moment of Inertia (G) 

h = 0A5SH,a = 0.259H/2,b =

1 2 1 , 2  lxr = — -m-a H m ■ h
0 4 12
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r  i 7 2 1 7 2/Zg = — ■ m- b -\ m • h
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d - 7r-a-h
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♦Scapula & Clavicula are 2kg in the 75kg Repository2 model which is 0.0266M

Figure 8.21 -  Geometrical Properties of Thorax
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Figure 8.22 -  CoM & Mol o f HAT

In the Figure 8.23 below, the corresponding “anyfile” of HAT is presented, where the number 

0.69m is the length of the HAT segment in the Repository2 model.



/ / ----------------------------------------HAT-S eg m e nt --------------------------------------------------------------------------
AnySeg HATSeg = {

# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / N o d e s . any"
# i n c l u d e  " l _ 9 0 / D r a w S e t t i n g s / S e g m e n t A x e s . any"

/ /  Axes = M a i n . M o d e l 3 . HumanModel . I n i t i a l C o n d i t i o n s . HATSeg;
Mass = ( 0 . 1 8 9 4 * . . .BP.M + 0 . 0 8 1 * . . . BP .M) ;
AnyVar  p = 3 . 1 4 1 6 ;
AnyVar  h = 0 . 3 4 * . . . BP . H;
/ / -----------------T h o r a x -----------------------------------------------------------------------------------------------------
AnyVar M a s s _ t = ( 0 . 1 8 9 4 * . . . BP . M) ;
AnyVar d _ t  = 920;  / /  d e n s i t y
AnyVar h _ t  = 0 . 1 5 8 * . . . BP . H ; / / t  f o r  t h o r a x
AnyVar a = ( 0 . 2 5 9 * . . . BP . H ) / 2 ;
AnyVar b = M a s s _ t / ( d _ t * p * a * h _ t ) ;
AnyVar I x x _ t  = ( ( 1 / 4 ) * M a s s _ t * a A2 ) + ( ( 1 / 1 2 ) * M a s s _ t * h _ t A2 ) ; / / t  f o r  t h o r a x
AnyVar I y y _ t  = ( 1 / 4 ) * M a s s _ t * ( a A2+ bA2 ) ;
AnyVar I z z _ t  = ( ( 1 / 4 ) * M a s s _ t * b A2 ) + ( ( 1 / 1 2 ) * M a s s _ t * h _ t A2 ) ;
/ / -------------------Head--------------------------------------------------------------------------------------------------------
AnyVar Mass_h  = 0 . 0 8 1 * . . . BP.M;
/ /A n y V a r  h_h = 0 . 1 3 0 * . . BP.H; / / h  f o r  h e a d  
AnyVar d_h  = 1110;  / /  d e n s i t y
AnyVar r a d i u s  = ( ( 3 * M a s s _ h ) / ( d _ h * 4 * p ) ) A( 1 / 3 ) ;  / /  r a d i u s
AnyVar I x x _ h  = ( 2 / 5 ) * M a s s _ h * r a d i u s A2 ;
AnyVar  I y y _ h  = I x x _ h ;
AnyVar  I z z  h = I x x  h;

/ / -
AnyVar I x x  = ( I x x _ t  + M a s s _ t * ( 0 . 1 3 7 * . . . BP . H -  0 . 0 7 9 * . . . BP . H ) A2 ) + ( Ix x _ h  +

M a s s _ h * ( 0 . 2 7 5 * . . .BP.H -  0 . 1 3 7 * . . . BP . H ) A2 ) ;
AnyVar I y y  = ( I y y _ t  + I y y _ h ) ;
AnyVar I z z  = ( I z z _ t  + M a s s _ t * ( 0 . 1 3 7 * . . . BP. H -  0 . 0 7 9 * . . . BP . H ) A2 ) + ( I z z _ h  +

M a s s _ h * ( 0 . 2 7 5 * . . .BP.H -  0 . 1 3 7 * . . . BP . H )A2 ) ;
J i i  = ( I x x ,  I y y ,  I z z ) ;
sCoM *= { -0  . 04 * h / 0  . 6 9 ,  (HATL2 J o i n t . s R e l  [ 1 ] + 0 . 137* . . .BP.H) , 0 ) ;
AnyRefNode NodeO = { 

s R e l  = ( 0 , 0 , 0 ) ;
};
AnyRefNode i j  = {

s R e l  = ( 0 . 0 0 0 0 0 0 ,  0 . 0 0 0 0 0 0  , 0 . 0 0 0 0 0 0 ) ;
/ /  ARel = { (0 ,  0,  - 1 ) ,  (0 ,  1, 0 ) ,  (1 ,  0, 0}};

);
AnyRefNode i j i  = {

s R e l  = ( 0 . 0 0 0 0 0 0 ,  0 . 0 0 0 0 0 0  , 0 . 0 0 0 0 0 0 ) ;
/ /  ARel = { (0 ,  0,  - 1 ) ,  (0 ,  1, 0 ) ,  (1 ,  0,  0 } ) ;

);
AnyRefNode t h o r a x _ b o n e  = {

s R e l  = ( 0 . 0 0 0 0 0 0 ,  0 . 0 0 0 0 0 0  , 0 . 0 0 0 0 0 0 ) ;
ARel = {{0,  0,  - 1 ) ,  (0 ,  1,  0 ) ,  (1 ,  0, 0}};
AnyDrawSur f  DrwSurf  = {

F i l eName = " l _ 9 0 / B o n e s / t h o r a x _ b o n e s " ;
ScaleXYZ = (1 ,  1, l ) * . . h / 0 . 6 9 ;
RGB = M a i n . M o d e l 3 . HumanModel . D r a w S e t t i n g s . C o l o r s . S e g m e n t s ;

) ;
) ;

AnyRefNode s k u l l _ b o n e  = {
s R e l  = ( 0 . 0 0 0 0 0 0 ,  0 . 0 0 0 0 0 0  , 0 . 0 0 0 0 0 0 ) ;
ARel  = {{0,  0,  - 1 ) ,  (0 ,  1, 0 ) ,  (1 ,  0,  0 ) } ;
AnyDrawSur f  DrwSurf  = {

F i l eName = " l _ 9 0 / B o n e s / s k u l l " ;
ScaleXYZ = (1 ,  1, l ) * . . h / 0 . 6 9 ;
RGB = M a i n . M o d e l 3 . HumanModel . D r a w S e t t i n g s . C o l o r s . S e g m e n t s ;

);
);

AnyRefNode TopOfHead = (
s R e l  = (0 ,  0 . 3 2  , 0} * . h / 0 . 6 9 ;

);
AnyRefNode HATL2Joint  = (

s R e l  = ( - 0 . 0 2 ,  - 0 . 3 7 ,  0} * . h / 0 . 6 9 ;
);

Figure 8.23 -  HATSeg.any File of the Parameterised Model



8.3.2 Joints

The joints that will be used to connect the L5L4, L3L2 and HAT to each other and to the pelvis 

are shown in Figure 8.24 below, while the corresponding “anyfile” is depicted in Figure 8.25. It has to be 

noted that the sacrum does not have any geometrical properties because it is assumed to be part of the 

pelvis.

L 2 H A T

L 4 L 3

S a c r u m  L 5

S a c r u m  P e l v i s

* H in g e  J o i n t s

Figure 8.24 -  Joints of Sacrum, L5L4, L4L3 & HAT Segments

Joints.any File
/ /  PELVIS-SACRUM JOINT---------------------------------------------------

A n y R e v o l u t e J o i n t  S a c r u m P e l v i s  = {
A x is  = z;
AnyRefNode & P e l v i s  = . . . S e g s . T r u n k . P e l v i s . P e l v i s S a c r u m J o i n t ; 
AnyRefNode &Sacrum = . . . S e g s . T r u n k . S a c r u m . S a c r u m P e l v i s J o i n t ;

};
/ / ------------------------------ SACRUM-L5 JOINT---------------------------------------------------------

A n y R e v o l u t e J o i n t  SacrumL5 = {
A x is  = z ;
AnyRefNode &Sacrum = . . . S e g s . T r u n k . S a c r u m . S a c r u m L 5 J o i n t ; 
AnyRefNode &L5L4 = . . . S e g s . T r u n k . L 5 L 4 S e g . L 5 S a c r u m J o i n t ;

} ;
/ / -------------------------------- L4-L3 JOINT--------------------------------------------------------------

A n y R e v o l u t e J o i n t  L4L3 = {
A x i s  = z ;
AnyRefNode &L5L4 = . . . S e g s . T r u n k . L 5L 4Se g . L 4 L 3 J o i n t ; 
AnyRefNode &L3L2 = . . . S e g s . T r u n k . L3L2Seg . L 3 L 4 J o i n t ;

};
/ / ------------------------------ L3-HAT JOINT----------------------------------------------------------------

A n y R e v o l u t e J o i n t  L2HAT = {
A x i s  = z ;
AnyRefNode &L3L2 = . . . S e g s . T r u n k . L3L2 Seg . L 2 H A T Jo in t ; 
AnyRefNode &HAT = . . . S e g s . T r u n k . HATSeg. H A T L 2J o i n t ;

};

Figure 8.25 -  Joints.any File of Sacrum. L5IA  L3L2 & HAT Segments



8.3.3 Validation

Figure 8.26 below, presents some time steps of the motion of the parameterized lower extremity 

models presented in Section 8.2 extended with the new parameterized segments discussed in this section. 

All the models are included in the same study again, and they are muscle driven. The way that the motion 

is implemented is exgctly the same as it was with the model presented in Chapter 7, regarding the use of 

the AnyKinMeasureLinComb facility for the joints of Figure 8.24. The only difference now is, that the 

coefficient matrix Cqef because of the four joints, has four columns. More details can be found in the 

“kinematic measures” and drivers “anyflles” on the supplementary CD.

As it is shown in Figure 8.26 below, all the three models worked properly with the addition of the lumbar, 

thorax and head. It has to be noted that the vivid red colour in the muscles of the model which is of 1.9m 

height, at time step t-0, denotes that these muscles are over activated. That means that there is heavy 

loading exceeding the muscle capacity. To avoid this, the movement should be changed or the muscle 

capacity should be increased.

t = 30

!

t = 70

J i

t=  1 0 0

f

, J  t>
Figure 8.26 -  Motion of the Lower Extremity with L5L4, L3L2 & HAT Segments



8.4 Upper Limb

8.4.1 Segments

The upper limb is constituted by the clavicle, the scapula, the humerus, the ulna, the radius and the 

hand (Figure 8.27). All these segments are assumed to be circular cylinders. The mass and the density of 

these segments are defined employing Dempster’s data14.

W-'ft 1*

Clavicle-

Humerus
Scapula

Ulna

Radius

Hand

Figure 8.27 -  Segments of the Upper Limb

Because of the absence o f the definition of the exact dimensions of the scapula and the clavicle in 

the Drillis/Contini model, the dimensions of these segments are calculated using Repository2 model.

In the investigation that will follow, the way of parameterization of each of the segments will be 

presented. Due to the large number of nodes that each segment contains, only the part of the 

corresponding “anyfile” that has to do with the geometrical properties of it, will be presented, and also 

just a few of the nodes, for illustrative purpose only. The full “anyfiles” can be found on the 

supplementary CD.



• Clavicle

Ci rcu l a r  Cyl inder  
X

Centre of mass (G): G = 
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Figure 8.28 -  Geometrical Properties of Clavicle

In the above figure, ac is the acromion and scj is a joint location which will be explained later in 

this chapter. In the Figure 8.29, the number 0.69m is the length of the HAT segment in the Repository2 

model.

/ / - -RIGHT CLAVICULA-

AnySeg R i g h t C l a v i c u l a  = {
# i n c l u d e  " l _ 9 0 / R i g h t U p p e r L i m b s \ C l a v i c u l a - N o d e s . any"
Mass = 0 . 0 0 6 6  * ..........BP.M;
/ /  Axes =  I n i t i a l C o n d i t i o n s . R _ C l a v i c u l a ;
AnyVar  d = 920;  / /  d e n s i t y
AnyVar  p  = 3 . 1 4 1 6 ;  / / p i
AnyVar  h = ( ( a c . s R e l [ 0 ] - S C J o i n t . s R e l [ 0 ] ) A2 ) A0 .5 ;
AnyVar  r a d i u s  = ( M a s s / ( d * p * h ) ) A0 . 5 ;  / /  r a d i u s
AnyVar  I x x  = ( 1 / 2 ) * M a s s * r a d i u s A2 ;
AnyVar  I y y  = ( 1 / 1 2 ) * M a s s * ( ( 3 * r a d i u s A2 ) + ( h A2 ) ) ;
AnyVar  I z z  = I y y ;
J i i  = ( I x x ,  I y y ,  I z z } ;  
sCoM = ( h / 2 , 0 , 0 } ;
AnyRefNode NodeO = { 

s R e l  = { 0 , 0 , 0 } ;
};
AnyRefNode a c  = {

s R e l  = { 0 .1 6 8 8 7 4 ,  0 , 0 *  . . . S i g n }  *
M a i n . Mode1 3 . HumanModel . S e g s . T r u n k . H A T S e g . h / 0 . 6 9 ,

} ;
AnyRefNode A C J o i n t  = {

s R e l  = { 0 .1 5 5 2 5 4 ,  0 . 0 0 2 9 8 9 ,  - 0 . 0 0 6 5 8 9  * . . . S i g n }  *
M a i n . Mode1 3 . HumanModel . S e g s . T r u n k . HATSeg. h / 0 .69,

} ;
AnyRefNode S C J o i n t  = {

s R e l  = { 0 , 0 , 0 * . . . Si gn}  *
M a i n . M o d e l 3 . HumanModel . S e g s . T run k . H AT Se g . h / 0 .69;

} ;

Figure 8.29 -  RightClavicle.any File of the Parameterised Model



• Scapula
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Figure 8.30 -  Geometrical Properties of Scapula

Because of the absence of the definition of the exact height h of the scapula in the Drillis/Contini model, 

the length of this segment is calculated using the scapula (0.01 m/1.9m=0.00526M) of the Repository2 

model. In the Figure 8.31, the number 0.69m is the length of the HAT segment in the Repository2 model.

/ /  RIGHT SCAPULA---------------------------------------------------

AnySeg R i g h t S c a p u l a  = {
# i n c l u d e  " 1 _ 9 0 / R i g h t U p p e r L i m b s \ S c a p u l a - N o d e s . any"
# i n c l u d e  " 1_90 / R i g h t U p p e r L i m b s \ S c a p u l a - N o d e s - F o r e a r m . a n y "
/ /  r  =  I n i t i a l C o n d i t i o n s . R _ S c a p u l a _ r ;
Mass = 0 . 0 0 6 6  * M a i n . M o d e l3 . HumanModel . BP . M;
Axes  =  I n i t i a l C o n d i t i o n s . R _ S c a p u l a ;
AnyVar d = 920;  / /  d e n s i t y
AnyVar p = 3 . 1 4 1 6 ;  / / p i
AnyVar h = 0 . 0 0 5 2 6 *  M a i n . M o d e l 3 . HumanModel . BP. H;
AnyVar r a d i u s  = ( M a s s / ( d * p * h ) ) A0 . 5 ;  / /  r a d i u s
AnyVar  I xx  = I y y ;
AnyVar  I y y  = ( 1 / 1 2 ) * M a s s * ( ( 3 * r a d i u s A2 ) + (hA2 ) ) ;
AnyVar  I z z  = ( 1 / 2 ) * M a s s * r a d i u s A2 ;
J i i  = { Ixx ,  I y y ,  I z z } ;
sCoM = { - 0 . 0 6 ,  - 0 . 0 4  , 0 . 0 2  * . . S i g n }  *

M a i n . M o d e l 3 . HumanModel . S e g s . T r u n k . H A T S e g . h /0 . 6 9 ;
AnyRefNode NodeO = { 

s R e l  = { 0 , 0 , 0 } ;
};
AnyRefNode A C J o i n t  = {

s R e l  = { - 0 . 0 0 0 9 2 9 ,  0 . 0 0 1 4 0 1  , - 0 . 0 1 5 3 3 1  * . . . S i g n }  *
M a i n . M o d e l 3 . HumanModel . S e g s . T r u n k . H A T S e g . h /0 . 6 9 ;

} ;
AnyRefNode gh = {

s R e l  = { 0 . 0 1 5 8 9 8 ,  - 0 . 0 5 0 8 6 3  , - 0 . 0 2 4 3 8 1  * . . . S i g n }  *
M a i n . M od e l 3 . HumanModel . S e g s . T r u n k . H A T S e g . h /0 . 6 9 ;

};

Figure 8.31 — RightScapula.any File of the Parameterised Model



• Humerus
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Figure 8.32 - Geometrical Properties of Humerus

/ / ------------------------------------------- RIGHT HUMERUS-------------------------------------------------------------
AnySeg R ig h t H u m er u s  = {

# i n c l u d e  " l _ 9 0 / R i g h t U p p e r L i m b s \ H u m e r u s - N o d e s . any"
# i n c l u d e  " 1_90 / R i g h t U p p e r L i m b s \ H u m e r u s - N o d e s - F o r e a r m . a n y "
Mass = 0 . 0 2 8 *  M a i n . M o d e l 3 . HumanModel . BP . M;
/ /  Axes =  I n i t i a l C o n d i t i o n s . R_Humerus;
AnyVar d = 1070;  / /  d e n s i t y
AnyVar p = 3 . 1 4 1 6 ;
AnyVar h = ( 0 .8 1 8 *  M a i n . M o d e l 3 . HumanModel . BP. H) -  (0 .6 3 0 *

M a i n . M o d e l 3 . HumanModel . BP. H ) ;
AnyVar r a d i u s  = ( M a s s / ( d * p * h ) ) A0 . 5 ;  / /  r a d i u s  
AnyVar I x x  = ( 1 / 1 2 ) * M a s s * ( ( 3 * r a d i u s A2 ) + ( h A2 ) ) ;
AnyVar I y y  = ( 1 / 2 ) * M a s s * r a d i u s A2 ;
AnyVar I z z  = I x x ;
J i i  = { Ixx ,  I y y ,  I z z } ;  
sCoM = {0, - 0 . 1 8  * h , 0} ;
AnyRefNode gh = {

s R e l  = { 0,  0 , 0 * . . . S i g n }  * . h / 0 . 31121 ;
};

AnyRefNode em = {
sRel = { - 0 . 0 3 0 5 1 ,  - 0 . 3 1 1 2 1 0 ,  0 * . . . S i g n }  * . h / 0 . 31121;

} ;
AnyRefNode e l  = {

s R e l  = { 0 . 0 3 0 5 1 ,  - 0 . 3 0 6 6 0 5 ,  0 * . . . S i g n }  * . h / 0 . 31121 ;
};
AnyRefNode f e  = {

s R e l  = { ( 0 . 0 1 3 0 7 2 - . 0 1 ) , - 0 . 3 3 1 0 4 8  , - 0 . 0 0 7 9 1 7  * . . . S i g n }  * . h / 0 . 31121 ;
};

Figure 8.33 — RightHumerus.any File o f the Parameterised Model

In the Figure 8.33 above, the number 0.31121m is the length of the humerus segment in the Repository2 

model.
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Figure 8.34 - Geometrical Properties of Ulna

/ / --------------------------------------------RIGHT ULNA---------------------------------------------------
AnySeg R i g h t U l n a  = {

# i n c l u d e  " l _ _ 9 0 / R i g h t U p p e r L i m b s \ U l n a - N o d e s . any"
Mass = (0 .0 1 6 *  M a i n . M o d e l 3 . HumanModel . BP. M ) / 2 ;
/ /  Axes = M a i n . M o d e l 3 . HumanModel . I n i t i a l C o n d i t i o n s . R_Ulna ;  
AnyVar d = 1130 ; / /  d e n s i t y
AnyVar p = 3 . 1 4 1 6 ;
AnyVar h = 1 . 0 3 *  (0 .6 3 0 *  M a i n . M o d e l 3 . HumanModel . BP. H) -

(0 .4  85* M a i n . M o d e l 3 . HumanModel . B P . H ) ;
AnyVar r a d i u s  = ( M a s s / ( d * p * h ) ) ^ 0 . 5 ;  / /  r a d i u s  
AnyVar I xx  = (1 /1 2 )  *Mass* ( (3 * r a d i u s /' 2 ) + (hA2 ) ) ;
AnyVar I y y  = ( 1 / 2 ) * M a s s * r a d i u s A2 ;
AnyVar I z z  = I x x ;

S i g n } ;
J i i  = { Ixx ,  I y y ,  I z z } ;
sCoM = {0, 0 . 4 3  * -1 * h,  0
AnyRefNode NodeO = { 

s R e l  = { 0 , 0 , 0 } ;
};
AnyRefNode NodeHand = {

s R e l  = { - 0 . 0 5 , - 0 . 3 6 , - 0 . 0 2 5  * . . . S i g n }  * . h / 0 . 265;
} ;
AnyRefNode f e  = {

s R e l  = {0, 0,  0 * . . . S i g n }  * . h / 0 . 265 ;
};
AnyRefNode o l  = {

s R e l  = { - 1 * 0 . 0 1 9 6 6 5 ,  - 0 . 0 0 5 1 2 4  * -1 , 0 . 0 3 3  * . . . S i g n }  * . h / 0 . 265,
};
AnyRefNode u s  = {

s R e l  = { - 1 * 0 . 0 2 4 8 7 8 ,  0 . 2 7 0 4 5 1  * - 1 , 0 *  . . . S i g n } h / 0 . 265 ;

Figure 8.35 — RightUlna.any File of the Parameterised Model 

In the Figure 8.35 above, the number 0.265m is the length of the ulna segment in the Repository2 model.



• Radius
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Figure 8.36 -  Geometrical Properties of Radius

/ / ----------------------------------------RIGHT RADIUS----------------------------------------------------------------------------
AnySeg R i g h t R a d i u s  = {

# i n c l u d e  " l _ 9 0 / R i g h t U p p e r L i m b s \ R a d i u s - N o d e s . any"
Mass = ( 0 .0 1 6 *  M a i n . M o d e l 3 . HumanModel . BP . M ) / 2 ;
/ / A x e s  = M a i n . M o d e l 3 . HumanModel . I n i t i a l C o n d i t i o n s . R _ R a d i u s ;
AnyVar  d = 1130;  / /  d e n s i t y
AnyVar p = 3 . 1 4 1 6 ;
AnyVar  h = (0 .6 3 0 *  M a i n . M o d e l 3 . HumanModel . BP. H) -  (0 .4 8 5 *

M a i n . M o d e l3 . HumanModel . BP . H ) ;
AnyVar  r a d i u s  = ( M a s s / ( d * p * h ) ) A0 . 5 ;  / /  r a d i u s  
AnyVar  I y y  = ( 1 /1 2 )  *Mass* ( (3* r a d i u s /N2 ) + (h^2 ) ) ;
AnyVar I x x  = ( 1 / 2 ) * M a s s * r a d i u s A2 ;
AnyVar  I z z  = I y y ;
J i i  = { Ix x ,  I y y ,  I z z } ;
sCoM = { - 0 . 4 3 *  h * -1  , 0 * - 1 , 0  * . . S i g n } ;
AnyRefNode NodeO = { 

s R e l  = { 0 , 0 , 0 } ;
};
AnyRefNode P o i n t P S  = {

s R e l  = {0 * - 1 ,  0* - 1 ,  0 * . . . S i g n }  * . h / 0 . 236653 ;
} ;
AnyRefNode r s  = {

s R e l  = { - l * - 0 . 2 3 6 6 5 3 , - 1 *  - 0 . 0 4 1 3 4 9 ,  0 * . . . S i g n }  * . h / 0 . 236653 ;
} ;
AnyRefNode wj = {

s R e l  = { - l * - 0 . 23 2338 ,  - 1 * - 0 . 0 1 7 9 6 3 ,  0 . 0 0 0 7 4 2  * . . . S i g n }  * . h / 0 . 236 65 3 ;
};

Figure 8.37 — RightRadius.any File of the Parameterised Model

In the Figure 8.37 above, the number 0.236653m is the length of the radius segment in the Repository2 

model.



r  -----------

• Hand
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Figure 8.38 -  Geometrical Properties of Hand

/ / ------------------------------------RIGHT HAND--------------------------------------------------------------
AnySeg R i g h tH a n d  = {

Mass = 0 . 0 0 6 *  M a i n . M o d e l 3 . HumanModel . BP. M;
/ /  Axes = M a i n . M o d e l3 . HumanModel . I n i t i a l C o n d i t i o n s . R_Hand; 
AnyVar d = 1160 ;  / /  d e n s i t y
AnyVar p = 3 . 1 4 1 6 ;
AnyVar h = ( ( 0 . 4 8 5  * M a i n . M o d e l3 . HumanModel . BP. H) -  ( 0 .3 7 7  * 

M a i n . Mode1 3 . HumanModel . BP. H ) ) / 2 ;
AnyVar r a d i u s  = ( M a s s / ( d * p * h )  ) ''O . 5; / /  r a d i u s  
AnyVar I x x  = ( 1 / 1 2 ) * M a s s * ( ( 3 * r a d i u s A2 ) + (hA2 ) ) ;
AnyVar  I y y  = ( 1 / 2 ) * M a s s * r a d i u s ^ 2 ;
AnyVar I z z  = I x x ;
J i i  = { Ixx ,  I y y ,  I z z } ;
sCoM = { - 0 . 0 6  , 0 , 0 } *  h / 0 . 1 ;
AnyRefNode wj={

s R e l = {0 ,0  , 0 * . . . S i g n } * . h / 0 . 1 ;
/ / A R e l  = M a i n . M o d e l 3 . HumanModel . I n i t i a l C o n d i t i o n s . R_Hand; 
ARel = { { 1 , 0 , 0 } ,

0 , . . . S i g n * l , 0},
0 , 0 , . . . S ign}

} ;
} ;

AnyRefNode NodeO = { 
s R e l  = { 0 , 0 , 0 } ;

};
AnyRefNode Hand={ s R e l =  { - 0 . 1 ,  0, 0 * . . . S i g n }  * . h / 0 . 1 ; } ;
AnyRefNode P a l m J o i n t = {  s R e l=  { - 0 . 0 8  , - 0 . 0 2 ,  0} * . h / 0 . 1 ; } ;
AnyRefNode T h u m b 3 j o i n t = { s R e l=  {0, 0,  0 . 05 }  * . h / 0 . 1 ; } ;

Figure 8.39 — RightHand.any File of the Parameterised Model



8.4.2 Joints

The joints that will be used to connect the segments of the upper limb to each other and to the 

thorax are shown in Figure 8.40 below, while the corresponding “anyfile” is shown in Figure 8.41. It has 

to be noted that the joints that connect the radius with the ulna and the wrist, are not the proper joints 

which are used by Repository2 model. In the Repository2 model, the radius is connected to the ulna by a 

combination of joints with one degree of freedom, while a hinge joint connects the radius and the hand. In 

the current model, because of the failure to place the radius in the desired position and the kinematic 

indeterminacy of the system, both of the joints that connect the ulna and hand to the radius are spherical 

with their own drivers.

SC

TS

ConoitCLigament

AC*

FE

I

AC Spherical Joint
GH Spherical Joint
SC Spherical Joint
TS Scapula Thoracic Gliding Plane 
AI Scapula Thoracic Gliding Plane 
Conoid Ligament 
FE Hinge Joint 
Radius Spherical Joint 
Hand Spherical Joint

Radius Hand

Figure 8.40 -  Joints of the Upper Limb

Joints.any File
/ / -------------------------------------------------------------------------------------- s c  j o i n t ------------------------------------------------------------------------------------------------------

A n y K i n R o t a t i o n a l  R_SCRot = {
AnyRefNode &Thorax = . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t S h o u l d e r R e f . R _ S C J o i n t ; 
AnyRefNode & R _ C la v ic u l a  = . . \ . . S e g s . Arm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t C l a v i c u l a . S C J o i n t ; 
Type = R o t A x e s A n g l e s ;
A x i s l  = y;
A x i s 2  = z ;
A x i s 3 = x ;

} ;
A n y K i n L i n e a r  R_SCLin = {

AnyRefNode &Thorax = . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t S h o u l d e r R e f . R _ S C J o i n t ; 
AnyRefNode & R _ C la v ic u l a  = . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t C l a v i c u l a . S C J o i n t ;

} ;
AnyKinEq R_SCLinCon = {

Any Ki nMe as ur e  &SCLinCon = .R_SCLin;



-  _

/ / ---------------------- S c a p u l a  t h o r a x  g l i d i n g  p l a n e --------------------------------------------------------------------------------------------
AnyKinPLine R _ S ca pu la A I T ho ra xN o d e  = {

AnyRefNode &R_Scapula = \ S e g s . A rm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t S c a p u l a . a i ;
AnyRefNode &Thorax= . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t S h o u l d e r R e f . R _ S p h er eN o d e ;

} ;
AnyKinPLine  R _S ca pu la TS T ho rax N od e  = {

AnyRefNode &Thorax= . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t S h o u l d e r R e f . R _ S ph er eN o d e ; 
AnyRefNode &R_Scapula  = . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t S c a p u l a . t s ;

};
/ / ------------------------------------------------------- AC JOINT---------------------------------------------------------------------------------------------------

A n y K i n R o t a t i o n a l  R_ACRot = { 
AnyRefNode & R _ C la v ic u l a  = . 
AnyRefNode &R_Scapula = . . \  
Type = R o t A x e s A n g l e s ;
A x i s l  = y;
A x is 2  = z ;
A x i s 3 = x;

} ;
A n y K i n L i n e a r  R_ACLin = {

AnyRefNode & R _ C la v ic u l a  = . 
AnyRefNode &R S c a p u l a  = . . \

\ . . S e g s . A r m s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t C l a v i c u l a . A C J o i n t ;  
. S e g s . A rm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t S c a p u l a . A C J o i n t ;

\ . . S e g s . A r m s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t C l a v i c u l a . A C J o i n t ; 
. S e g s . A rm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t S c a p u l a . A C J o i n t ;

AnyKinEq R_ACLinCon = {
AnyKinMeasure  &ACLinCon = . R_ACLin;

};
A nyK inPLine  R_ConoideumLigament  = {

AnyRefNode &R_Scapula = . . \ . . S e g s . Arm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t S c a p u l a . c o n o i d ;  
AnyRefNode & R _ C la v ic u l a  = . . \ . . S e g s . A r m s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t C l a v i c u l a . c o n o i d ;

} ;
/ / ----------------------------------------------- D e f i n i t i o n  o f  GH j o i n t ----------------------------------------------------------------------------

A n y K i n R o t a t i o n a l  R_GHRot = {
AnyRefNode &R_Scapu la_gh  = . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t S c a p u l a . gh;  
AnyRefNode &R_Humerus_gh = . . \ . . S e g s . Arm s . R i g h t A r m . R i g h t U p p e r L i m b . R i g h t H u m e r u s . gh;
Type = R o t A x e s A n g l e s ;
A x i s l  = y;
A x is 2  — z;
A x i s 3  = y;

A n y K i n L i n e a r  R_GHLin = { 
AnyRefNode &R_Scapu la_gh
AnyRefNode &R_Humerus_gh =

\ . . S e g s . A rm s . R i g h t A r m . R i g h t S h o u l d e r . R i g h t S c a p u l a . gh;
\ . . S e g s . A rm s . R i g h t A r m . R i g h t U p p e r L i m b . R i g h t H u m e r u s . gh;

};
AnyKinEq R_GHLinCon = {

An yKinMeasure  &R_GHLinCon = .R_GHLin;
};

/ / -------------------------D e f i n i t i o n  o f  e l bo w  f l e x i o n  e x t e n s i o n  j o i n t --------------------------------------------------------------
A n y R e v o l u t e J o i n t  FE = {

A x i s  = x ;
AnyRefNode &R_Humerus_fe = . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t U p p e r L i m b . R i g h t H u m e r u s . f e ; 
AnyRefNode &R_Ulna_fe = . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t L o w e r L i m b . R i g h t U l n a . f e ;

} ; / / E n d  FE
/ / ------------------ R a d i u s - U l n a  J o i n t -----------------------------------------------------------------------------------------------------------

A n y S p h e r i c a l J o i n t  R _ P SR o tP ro x im al  = {
AnyRefNode &R_RadiusPs  = . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t L o w e r L i m b . R i g h t R a d i u s . P o i n t P S ; 
AnyRefNode &R_UlnaPs = . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t L o w e r L i m b . R i g h t U l n a . p s ;

};
A n y K i n R o t a t i o n a l  R_ R ad iu s Ro t  = {

AnyRefNode &Node = M a i n . M o d e l 3 . HumanModel . S e g s . A rm s . R i g h t A r m . R i g h t L o w e r L i m b . R i g h t U l n a . NodeO; 
AnyRefNode &Nodes M a i n . M o d e l 3 . HumanModel . S e g s . A rm s . R i g h t A r m . R i g h t L o w e r L i m b . R i g h t R a d i u s . NodeO, 

Type = R o t V e c t o r ;
};
/ / ---------------------------- Hand-J o i n t -----------------------------------------------------------------------------------------------------------------
A n y S p h e r i c a l J o i n t  R _ W r i s t J o i n t  = {

AnyRefNode &R_Radius_wj = . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t L o w e r L i m b . R i g h t R a d i u s . w j ;
AnyRefNode &R_Hand_wj = . . \ . . S e g s . A rm s . R i g h t A r m . R i g h t H a n d . R i g h t H a n d . w j ;

};

Figure 8.41 -  Joints.any File of the Right Upper Limb



8.4.3 Validation

Figure 8.42 below, presents some time steps of the motion of the full parameterized human model. 

It can be seen that the model proved to be reliable in the implementation of different postures. All the 

models are included in the same study again, but they are not muscle driven because the study reported an 

error perhaps due to the high computational demand. On the other hand, the muscle driven simulation 

worked without problem when only two models were included in the same study (Figures 8.43-8.46). It 

has to be noted that there are time steps at the simulations with some muscles being over-activated. That 

means that there is heavy loading exceeding the muscle capacity. To avoid this, the movement should be 

changed or the muscle capacity should be increased.

It has to be mentioned that at this time it was not possible the lifting of a box with only one driver on the 

box, as it was presented in the previous chapter. This happened because the model experienced constraint 

violations at the conoid ligament. Another limitation of this model is, that a driver has been used at the 

joint of radius and ulna, which does not allow the radius to move and have a realistic motion. Details 

about the “kinematic measures” and the drivers “anyfiles” can be found on the supplementary CD.
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Figure 8.42 -  Motion of the Human Parameterized Models
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Figure 8.43 -  Anterior View of the Motion of the 1,7m & 1,5m Human Models
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Figure 8.44 -  Posterior View of the Motion of the 1.7m & 1,5m Human Models
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Figure 8.45 -  Anterior View of the Motion of the 1,9m & 1.5m Human Models
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Figure 8.46 - Posterior View of the Motion of the 1,9m & 1.5m Human Models



8.5 Application

In this section a simple investigation of an application of a human musculoskeletal model will be 

discussed. For this purpose, a musculoskeletal model of 1.7m height and 65kg weight has been chosen, 

with the legs twisted about y-axis 20 degrees and the pelvis being 0.6m above the ground and moving 

with a velocity o f 0.35m/'sec. It has to be mentioned that the upper limbs do not move and the center of 

mass driver is not activated.

There are two tasks that have been assigned to the specific model to perform. The first task (Case 1) is the 

upward movement with the two weights close to the trunk (Figure 8.47) while the second task (Case 2) is 

the same movement with the weights further away from the trunk (Figure 8.48).

Figure 8.47 -  Anterior View of Case I Application of the Human Musculoskeletal Model

Figure 8.48 -  Anterior View of Case 2 Application of the Human Musculoskeletal Model



The investigation will focus, in both cases, on the load of the sacrum/lumbar 15 joint and the muscle force 

of the right rectus femoris muscle.

Figures 8.49 and 8.50 below show some time steps of the motion of Case 1 and Case 2 respectively, while 

Figure 8.51 shows the corresponding reaction forces on the sacrum!lumbar 15 joint. Furthermore, Figure 

8.52 indicates the corresponding muscle force of the right rectus femoris muscle.
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Figure 8.49 -  Right Lateral View of Case 1
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Figure 8.50 -  Right Lateral View of Case 2



Figure 8.51 - Cases 1 & 2 Reaction Forces of Sacrum/Lumbar L5 Joint

Muscle Force ol RigN Rectus Femons Muscle (Case 1) Muscle Force ot Rigrt Rectus Femons Muscle (Case 2)

o 200.00

Figure 8.52 -  Cases 1 & 2 Muscle Force of Right Rectus Femoris Muscle

It can be seen from Figure 8.50 that during the upward movement of Case 2 the muscles of the upper limb 

are over-activated. That means that there is heavy loading exceeding the muscle capacity. To avoid this, 

the movement should be changed or the muscle capacity should be increased.

Figure 8.51 indicates that the joint load at y-direction is reduced when the weights are close to the trunk 

and increased when they are further away from the trunk. On the other hand, Figure 8.52 shows that the 

muscle force o f the rectus femoris muscle is increased when the weights are close to the trunk and 

reduced for Case 2. So, what is the best way to lift the weights taking into account the particular joint load 

and muscle force?

As it is indicated in Figure 8.51, the reaction force of Case 2 in y-direction is too high in comparison with 

the corresponding reaction force of Case 1. Besides this, Figure 8.52 shows that the muscle forces of 

Case 1 and Case 2 are close to each other. As a result the recommended lifting technique is the one with 

the weights close to the trunk.



8.6 Conclusions

The present chapter demonstrated the way of implementing a parameterized human 

musculoskeletal model representing the various segments of the body as simple geometrical models. The 

parameterization is based on the two global parameters, the height and the mass, while the design 

“philosophy” that was followed in developing this complex model was the result o f the modelling 

experience o f the prior simple models.

The geometrical models that were chosen and constitute the mechanical model, which are the rectangular 

prism, the circular cylinder, the elliptical cylinder and the sphere, represent a good approximation of the 

various parts of a real body without long and complex calculations.

The types of drivers that were used, and especially their position in the model, permitted a wide range of 

motions that make the model reliable for investigating the human movement under various postures. 

Problems occurred with muscle wrapping, but did not cause any problem to the motion. Because of 

scaling, sometimes the muscles that wrap over bones were located below that wrapping surface. Further 

problems occurred when using the ulna-radius joint, which was constrained by a driver because ulna and 

radius could not be positioned at a desired orientation using the rotating matrices. The attempt to lift a 

box with both hands and with only one driver allocated on the box did not work at all. In this case this 

lifting technique failed because of a problem occurred at the conoid ligament due to constraints violation. 

In general, beside the malfunction of the conoid ligament and the ulna- radius joint, the performance of 

the parameterized model was satisfactory during the validation test.
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CHAPTER 9 
CONCLUDING REMARKS

9.1 Summary

In this thesis, the final target was the development of a parameterized musculoskeletal model of 

the human body dependent on the two global parameters, mass and height, using a simulation software 

named Anybody Technology. The necessary steps in achieving this target were expanded in a logical 

manner.

Research started with an analysis on the musculoskeletal system describing the skeletal, the articular and 

the muscular system. It continued with a review of anthropometry, a science that provides the proper 

background for the model’s parameterization, a discussion on the reasons that prompt scientists to 

simulate human movement and the research method that is followed in achieving this simulation. The 

investigation went on to an outline of the most popular musculoskeletal software packages and some of 

their application areas and continued with an analysis of the basic features of the simulation system, 

Anybody Technology, which is used in the present research. The next step was an introduction to the 

Anybody modelling system developing a triple inverted pendulum in three phases, and the development 

of an advanced “human like” model which intended to be the basis for the development of the final 

parameterized model. In this stage basic features that constitute a multibody mechanism became familiar. 

Thes-e features are the global reference frame, the segments, the joints, the drivers, the muscles, the real 

geometries and some advanced like the kinematic measures and the initial conditions. Finally, the 

knowledge gained from the analysis of the musculoskeletal system, the science of Anthropometry and the 

two models developed using Anybody Technology, made the development of a parameterized 

musculoskeletal human body real. This model, modifying the two global parameters mass and height, 

may represent a wide range of the human population, and provide valuable information for the 

investigation of the human movement, like the force and the activation o f the muscles and the reaction 

forces at the joints.

9.2 Conclusions

Apart from the work, this project has demonstrated that it is possible for a novel user of Anybody 

Technology to develop a complex model such the parameterized musculoskeletal model of the human 

body' presented in the previous chapter. This way possible because prior to the complicated model, two 

simple models had been developed that constituted the basic platform for more challenging models. 

Simple models tend to give better insight into the underlying mechanisms of complex systems, provide



confidence for a next more advanced step, and are time and cost effective. The latter is maybe the most 

important thing of this research.

Of course, although the final model is not perfect, it has demonstrated a few strong points. One of 

these points is the simple structure that allows the user to access files and folders quickly. In the same 

way, the strategy of using only one file, the Main, any file, to control the whole model, proved to be very 

useful for making easy and quick changes to the model, and understand how it works. Another strong 

point is that the model has been constructed in such a way, that a wide range of motions, which can be 

extreme as well, can be implemented.

Weak points of the parameterized model are some of the joints of the upper extremity, which are 

not o f  the proper type. These are the ulna-radius joint and the radius-hand joint, which caused problems 

to the model at their original form. Another weak point is the conoid ligament which experienced 

constraints violation during the attempt of lifting a box with only one driver, a box driver. Finally, the 

parameterized model reported, sometimes more and sometimes less, warnings during the simulation. 

These warnings have to do with some of the muscles that wrap over the bones, which sometimes, because 

of the scaling, were located below the wrapping surface.

9.3 Further Work

The research that is undertaken during this project could be seen as a “pilot” for future advanced 

musculoskeletal models of humans or animals too. However, it seems that some further work has to be 

done in order to improve the current parameterized model. The way that the joints and drivers of the 

complex upper extremity interact with each other, needs further investigation. The correct wrapping of 

the muscles over the bones during scaling, has also to be investigated. And finally, as soon as these 

problems are solved, the model could move to the more complicated Repository that Anybody 

Technology provides, the Repository version 4.
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APPENDIX A 
SIMPLEX ALGORITHM METHOD58

In the study that follows, the simplex method will be analysed in simple steps with the use of an 

example. The process is as follows:

1. The Initial Problem

The initial problem is described as follows:

□ Maximise Z = 1 Ox, + 8 x2 

Subject to the constraints

□ 279.x, +1 19x2 < 700

□ 0.18x, +2.8x 2 < 3.5
□ x, > 0 , x2 > 0

2. Slack Variables

Introduce slack variables, which represent unused capacity in the constraints:

□ 279x, +119x^ + s = 700

□ 0.18x, +2.8x 2 +t = 3.5

□ x, > 0 , x 2 > 0 , s > 0 , t > 0

Rewrite the objective to get the (ideal) objective function (i.e. all excess capacity used):

1 Ox, + 8 x 2 + 05 + 0/ = Z 

Z -1  Ox, -  8 x 2 -  05 -  0/ = 0

3. Simplex Tableaux

This application of the simplex algorithm uses tables, called tableaux, to represent calculations and 

i ntermediate steps to completing a problem. The first step is to form the initial tableau. There are four 

variables: xl,x2,s,t, and two equations. Therefore, two variables have to be set to zero in order these 

equations to be solved.

The variables set to zero are called non-basic variables, while the variables not set to zero are called 

basic variables.

For the initial tableau, the basic variables are always the slack variables. The initial tableau is set up as 

follows:
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+Tableau I

Basic variable x x *2 s t Value

s 279 119 1 0 700

t 0.18 2.8 0 1 3.5

Z -10 -8 0 0 0

□ The first row represents the first constraint.

□ The second row represents the second constraint.

□ The third row represents the objective function.

It has to be noticed that the basic variables appear only in one row, and only with a coefficient of one, 

and in their column, all other entries read zero.

This tableau represents the solution x] = 0, x2 = 0, s = 700, t = 3.5, Z = 0 . These values

are found when the first and the last columns are read off:

□ .v = 700

□ t = 3.5

□ Z = 0

It is known that x, and x2 are zero because they are non-basic variables.

4. The Optimality Condition

A tableau represents an optimal solution if:

□ The objective row contains zero entries in the columns of basic variables.

□ The objective row contains no negative entries in the columns of non-basic variables.

Tableau I does not satisfy this condition, so the solution is not optimal. Therefore, this tableau has to 

be modified and give a second one corresponding to another vertex in the linear programming space.

5. Choosing a Pivot

What is needed now, is the finding of a non-basic variable to become a basic variable and also the 

basic variable to be replaced with this non-basic variable. For finding the new basic variable, the 

column with the most negative entry must be selected in the objective row. In tableau I, this is the 

“ x, ” column with -1 0 . This is called the pivotal column.

In order to find the basic variable being replaced, 6 values for each row must be calculated (except 

the objective row). 6 is given by the entry in the “value” column divided by the entry in the pivotal 

column.



For the first row: 6 = -^2. -  2 .5 1 
279

3.5
For the second: 6 = ------ = 19.44

0.18

The pivotal row is then taken to be the smallest of these 0 values. The pivot is found at the 

intersection of the pivotal row and the pivotal column. In this case, the pivot is the number 279:

-•“Tableau I with pivot

Basic variable x x *2 s t Value

s 279 119 1 0 700

t 0.18 2.8 0 1 3.5

Z -10 -8 0 0 0

6. Creating a New Tableau

The first step to tableau II is the division of the pivotal row by the pivot so that the pivot will be 1:

Basic variable x x *2 s t Value

s 279
279

1 1 9 = 0 . 4 3
279

1 = 0.0036 
279

0
700 =2.51 
279

t 0.18 2.8 0 1 3.5

Z -10 -8 0 0 0

The next step is the addition or subtraction of multiples of this new row from the other rows in the 

tables, so that they become zero, as they should for a basic variable.

For the second row (the t row ), subtract 0.18x rowl (the 5  row):

Basic variable X x *2 s t Value

s 1 0.43 0.0036 0 2.51

t 0 2.72 -0.00065 1 3.05

Z -10 -8 0 0 0

For the third row (the Z row) add 1 Ox ro w l:

Basic variable X x *2 s t Value

s 1 0.43 0.0036 0 2.51

t 0 2.72 -0.00065 1 3.05

Z 0 -3.7 0.036 0 25.1



The final step is the replacement of the old basic variable with the new:

-•-Tableau II

Basic variable x x *2 s t Value

Xx 1 0.43 0.0036 0 2.51

t 0 2.72 -0.00065 1 3.05

Z 0 -3.7 0.036 0 25.1

This tableau represents the solution where / = 3.05, xx — 2.51, x2 = 0 , s = 0 , Z = 25.1. However, 

there is still a negative value in the objective row, so the solution is not optimal either. Therefore a 

third tableau is needed.

7. Repeat the Pivoting Process

The pivotal column is the one with -3.7 in the objective row, which is “ x2 ”.

The pivotal row is the one with the smallest 0 value:

For the first row: 6 = — = 5.84 
0.43

3.05
For the second row: 0 = -------= 1.12

2.72

Therefore, the pivot is the intersection of the t row and the x2 column, which is 2.72. 

The next step is the division of the pivotal row by the pivot:

Basic variable Xx X2 s t Value

*i 1 0.43 0.0036 0 2.51

t 0 1 -0.00024 0.37 1.12

Z 0 -3.7 0.036 0 25.1

The next step is the addition or subtraction of this row with the remaining rows: 

R o w l: subtract 0.43x row2 

Row3: add 3.7x row2

The next step is the replacement of the basic variable:



+Tableau III

Basic variable x x *2 s t Value

1 0 0.0037 -0.16 2.03

*2 0 1 -0.00024 0.37 1.12

z 0 0 0.035 1.37 29.24

This tableau represents the solution where x, = 2.03, x2 = 1 .12 , 5 = 0 , t = 0 , Z = 29.24. It is an 

optimal solution, as there exist no negative basic variables and all non-basic variables are zero.
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