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ABSTRACT

A three-dimensional biomechanical analysis of elbow joint function is
presented. Eating, dressing, pulling a heavy object and assisted standing
from the seated position were investigated for healthy males in the age group
21-25 years. Three cine cameras recorded the motion of specially designed
markers taped to the upper limb and the forces transmitted between the hand and
the environment were measured using a versatile force transducer. Muscle
activity was recorded electromyographically.

A simplified model of the anatomical structures of the elbow joint was
formulated and four computer programs were developed for the subsequent
calculation of muscle, ligament and joint forces. Calculations showed that
during the eating and dressing activities, compressive loads of 300 N were
acting on the trochlear notch and in the other activities, the joint forces
maximum values were 2000 N,

Using several of the results from the theoretical analysis, a set of design
criteria was established in connection with the development of a new elbow
prosthesis. A detailed study of the gecometry of the articular surfaces of the
elbow was undertaken and a large series of X-rays was meosured in order to
determine the geometrical configuration of the distal humerus and the proximal
ulna. Chapter 9 contains a full report on the design study and some of the

more important aspects of the prototype prosthesis are discussed.
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NOTATION INDEX

L T

Inclination of Y to Y ~Z plane.
v g 9

Trochlear notch contact areas.

Inclination of Y to Z =X plane.
U g S

"Joint" coordinates of brachioradialis insertion .

"Joint" coordinates of biceps insertion.
"Joint" coordinates of brachialis insertion.
M-L thickness of upper arm.
Inclination of Y to X =~Y plane.

U g g
"Centre of Gravity" of forearm + hand + ball.
"Centre of Cravity" of forearm + hand.
A-P "diameter" of gleno-humeral joint.
Resultant joint force on lateral trochlear notch.

Resultant joint force on media! trochlear notch.

Residual force in Z, direction.
Distance between EIC and ball centre.
"Centre" of the elbow joint.

Distance from base of olecranon to EC.
Epicondylar width.

Force.

Force produced in brachioradialis muscle.
Force produced in biceps muscle.

Force produced in brachialis muscle.
Lateral joint force (Y. - Z. plane).
Medial joint force (Y: ~ Z; plane).

Radial head contact force (YI ~ Zi"plcme).

Force produced in triceps muscle.

Overall length of forearm plus hand.

Ulnar components of gravitational forces.

Ulnar comporents of transducer forces.

"gravity” or subscript for "grid" axis system.
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Subscript for "humeral” axis system.
Moment of inertia.

Moment of inertia of forearm assembly.
Subscript for "‘i'o'inf” axis system.

Radius of gyration of forearm + hand.

Distance between EC and CM.
As for EB.
Distance between EC ana CG.

Direction cosine -~ see section 6.6.
Mass .

Moment,

"Centre" of lead ball.

Mass of forearm + hand.

Mass of lead ball.

Direction cosine - see seciion 6.6.

Total body mass.

Direction cosine - see section 6.6.

Subscript for "transducer" axis system.
"Centre" of transducer.

Pressure on lateral surface of trochlear notch.

Pressure on medial surface of trochlear notch.

Lateral joint force (Yl - Zi plane).

Medial joint force (Y.', - Zi plane).

Distance from grid origin to left camera lens.
Distance from grid origin to right camera lers.
Distance from grid origin to front camera lens.
"Centre" of shoulder joint.

Inclination of forearm to grid axes.

Tension developed in the lateral ligament,

Tension developed in the medial ligament.
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X {11
INTRODUCTION

The relotively high success of total joint replacements in the lower limb
in recent years has encouraged surgeons and engineers to undertcke the design
and development of prosthetic joints for the upper limb. Around 64% of all
patients suffering from rheumatoid arthritis have affected elbow joints compared
to 27% and 82% having affected hip joints and knee joints respactively,
(Wright and Amis, 1975). Personal activities such as eating, dressing and
toileting functions can become extremely difficult to perform without the aid
of a second person.

To aggravate the situation, current hinge arthroplasties for the elbow joint
have inherent technical problema and frequently result in surgical complications
(Souter, 1974).  Modern designs of elbow prostheses include a variety cf
concepts but have failed to overcome the majority of problems.

Although hinged elbow prostheses can provide the necessary stability at
the elbow region, the dynamic load carrying characteristics of the rigid asiembly
are questionable. It is now accepted that clearance is desirable between the
two components of knee prostheses to produce a certain degree of joint "laxity".

The stability of two of the new generation of "unrestrained" elbow
prostheses (see section 8.6) is dependent on the normal function of intact
ligamentous structures around the elbow joint. To the author's knowledge, no
data has been published regarding the load carrying characteristics of the
collateral ligaments of the elbow joint or the loads imposed on the articular

surfaces during "everyday" activities.,
The following work wos undertaken to study the kinematics and kinetics

of the elbow joint and to develop an improved total elbow prosthesis using

the biomechanical data so obtained.
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The information contained in the following chapter was collected
from literature by Romanes (1969), Gray (1973) and Kendal et al (1971).

The diagrams are based on figures by the two latter authors.




. ANATOMY

.l Introduction:

Originally a locomotive structure, the upper limb has evolved over
many thousands of years to become a highly mobile, skilled and sensory limb.
The basic "design principle" may be described as providing the most efficient
use of the hand.

Having its proximal boundary at the shoulder joint, the upper limb
consists of hand, forearm and upper arm. The hand is of comparatively minor
significance to this thesis and, consequently, only the more essential details

relating to the elbow region are described.

|.2 Skeletal Structures:

Leaving aside those of the wrist and hand, the three important bcnes
of the upper limb are the humerus, the ulna and the radius.

The upper arm contains the longest and strongest bone of the upper limb;
the humerus, shown in figure |.I. Generally, the upper half of the humerc
shaft is circular in cross section, beginning with the bulbous, partly herai-
spherical, humeral head. The shaft commences ofter the surgical neck;
appropriately named due to the frequency of fracture at that site. At mid
length, the shaft deforms at the deltoid tuberosity laterally, and the radial

groove posteriorly. The lower half of the shaft becomes increasingly triangular

in secﬁ'on. terminating, after bifurcation, in two epicondyles. Situatea between
the so formed medial and lateral epicondyles is the articular cartilage of the
saddle=shaped trochlea, and the convex capitulum (figure 1.3). Superiorly,

the medial and lateral supracondylar ridges enclose three fossae; the radidl
and coronoid fossae anteriorly and the olecranon fossa posteriorly. The

thickness of hard tissue between the two latter fossae is very small and in

some cases the space may be void.

Articulating with the trochlea of the humerus, the ulna provides the
hingeing between upper arm and forearm. As shown in figure 1.2, the trochlear

notch is formed anteriorly between the coronoid process and the olecranon.
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Figure 1.3: Details of the left distal humerus (inferior aspect].
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Figure 1-4: Details of the left proximal ulna (lateral aspect)




Laterally, the radial notch (figure |.4) provides articulation with the head
of the radius. Along its length, the ulna has a distinct medial curve and
reduces its cross sectional area distally to form the compact, ulnar head at
the wrist.

Lengthwise, the radius is the inverse of the ulna having its slim head
proximally and o lateral curve to its shaft (see figure 1.2). The radial head
forms a slightly concave disc which articulates with the capitulum of the
humerus. The periphery of the radial head articulates with the ulna in the
radial notch, the majority of cartilage being on the medial side of the disc.
Distally, articulation with the ulnar head is provided by the small strip of
cartilage in the ulnar notch.

To ensure stability of the elbow joint during activity, the ligamentous
structures which surround the assembled joint are numerous and complex. The

fibrous capsule integrates with the ligaments and certain muscle tendons to

completely surround the articular region and provide many restraining actions.
Medial and lateral aspects of the structures are shown in figures 1.5 and |.6
respectively.

Medially, the ulnar collateral ligament consists of anterior, posterior
and oblique bands arranged triangularly. From the medial epicondyle, ihe
anterior band inserts into the medial side of the coronoid process and the
posterior band attaches along the medial margin of the olecranon. Usually
there is a thin sheet of intermediate fibres running from the medial epicondyle
to the weak oblique band stretching between the coronoid precess and olecranon.

Laterally, the radial collateral ligament runs from the lateral epicondyle
to join the annular ligament which surrounds the radial head. A few of the
most posterior fibres unite with the ulna, adjacent to the annular ligament,

in an intimate blend of ligaments and forearm muscle origins.

The radius and ulna are additionally bound together by the ‘interosseous

membrane shown in figure 1.5, The fibres run medially downward from medial

radius to lateral ulna for most of the forearm length.
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\Posterior band.  Oblique band. Anterior band.

Ulnar collateral ligament Interosseous
membrane

Figure 1-5: Medial ligamentous structures of the left elbow.




Radial coilateral

Annular ligament Fibrous capsule

Figure 1-6: Lateral ligamentous structures of the left elbow joint.



|.3 Musculature:

The upper arm contains three important muscles which can act upen the
elbow joint; ‘triceps, brachialis and biceps brachii. Excepting brachialis,
the upper arm muscles serve both shoulder and elbow joints and have severa!
sections or "heads".

The large biceps brachii receives its name from the fact that it is
composed of two heads; the short head originating from the coracoid process
on the scapula and the long head arising from the apex of the shoulder joint
glenoid cavity (see figure 1.8). A single thick tendon inserts onto the radidl
tuberosity of the radius but, in addition, the kicepetal aponeurosis branches
from the origin of the main tendon to fuse with the medial forearm flexors.

The brachialis muscle originates on the anterior lower half of the humerus
and lies directly behind the biceps brachii (figure 1.8). Its thick ond bioad
tendon inserts immediately inferior to the coronoid process.

As its name suggests, the triceps muscle is composed of three paits;  the
long, medial and loteral heads. As shown in figure 1.9, the long read
originates from the inferior glenoid capsule and the adjucent scapula wirereas
the medial and lateral heads arise from the humeral shaft. Superier to the
radial groove, the lateral head has its origin which extends for o faw certimetres
towards the medial side of the surgical neck. The medial head ariscs from a
large area on the lower three quarters of the posterior numerus. Occupying

the entire posterior compartment of the upper arm, the three heads produce o

large tendon beginning around the middle of the muscle and inserting on the

olecranon of the ulna.

The muscles of the forearm are divided into two sections: the {lexors and
extensors which are {urther subdivided into deep and superficial structures.,

The flexors occupy the anterior region of the forearm and provide flexion
of the wrist and digits and pronation of the forearn..

Of the superficial flexors, all five have part of their origin on the
common flexor tendon on the medial epicondyle of the humerus. With the
exception of the pronator teres, all the flexors have lona, stim tendons which

extend 1o the wrist and hond. The group consists of the feilowing:
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Figure 1.9. The elbow extensors
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Pronator teres

Humerus

The pronator teres muscle.




Pronator teres (figurc .10}
Flexor carpi radialis (figure 1.1)
Palmaris longus (figure |.11)
Flexor carpi ulnaris (figure |.11)

Flexor digitorum superficialis (figure 1.ll)

The pronator teres crosses the proximal half of the anterior forearm
arising by humeral and ulnar heads. Originating from the medial side of ihe
coronoid process, the ulnar head unites with the humeral head, from the
common tendon, at an acute angle. The common insertion tendon leods to
the middle of the lateral surface of the radius.

Arising almost totally from the common flexor tendon, the flexor carpi
radialis produces a tendon which extends down the lateral anterior surface
of the forearm. Insertion occurs chiefly at the base of the index metacarpal
bone.

From the common flexor tendon, the palmaris longus has a short muscle
belly and a long thin tendon inserted into the palmaris uponeurosis.

Originating by humeral and ulnar heads, from the common flexor tendon
and olecranon respectively, the flexor carpi vlnaris is the most medial of tne
group and runs down the medial side of the forearm. Insertion occurs on the
pisiform bone of the wrist.

Lying below the superficial group, the deep flexors of the foreurm consist

of:= (see figure |.12)

Flexor digitorum profundus
Flexor pollicis longus

Pronator quadratus.

The chief origin of the thick flexor digitorum profundus is along the upper
three quarters of the medial and anterior surfaces of the ulna. Although four
tendons are issued, only the forefinger tendon is separate. Each tendon inserts
into the terminal phalanx of a finger.

Arising from the proximal two thirds of the anterior surface of the radius,

the flexor pollicus longus runs down the forearm, turns after the wrist and

inserts into the terminal phalanx of the thumb.
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Flexor carp! radialis

Palmaris longus -

Flexor digitorum superficialis

Flexor carpl ulnaris -

Figure 1411: Superficial flexors of the forearm.
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-Hlexor digitorum
profundus

Flexor pollicis
longus

Flexor carpi uinaris

-Pronator quadratus

Figure 1-12: The deep flexors of the forearm.
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Brachioradialis ———

Figure 1-13:

Layout of Brachioradialis

Humerus
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The pronator quadratus lies deep in the distal quarter of the forearm
and takes origin from the anterior surface of the ulna. Insertion is made,
laterally, on the anterior surface of the distal quarter of the radius.
Occupying the posterior compartment of the forearm, the extensor group,
like the flexors, is divided into superficial and deep groups.

The seven superficial extensors, from medial to lateral sides, are as

follows:
Brachioradialis (figure 1.13)
Extensor carpi radialis fongus (figure 1.14)
Extensor carpi radialis brevis (figure 1.14)
Extensor digitorum (figure 1.15)

Extensor digiti minimi
Extensor carpi ulnaris (figure 1.14)

Anconeus (figure |.9)

Originating on the lateral supracondylar ridge, the fibres of the
brachioradialis extend to the mid forearm level. Insertion, by o long feridan,
takes place at the lateral side of the distal radius. Although having innervation
in common with wrist flexors, this muscle is an elbow flexor and is seen to
best advantoge during forced flexion of the forearm with zero supination or

pronation.,

Arising from the lower third of the laterdl supracondylar ridge, the
extensor carpi radialis longus issues a long tendon which inserts into the base
of the second metacarpal bone. Lying immediately posterior to this muscle,
the extensor carpi radialis brevis originates from the common extensor tendon
and inserts into the base of the third metacarpal bone.

From the common extensor tendon and the posterior border of the ulna,
the extensor carpi ulnaris gradually issues a relatively thick tendon near the

#

wrist, Insertion occurs at the base of the fifth metacarpal bone.

The extensor digitorum and extensor digiti minimi both have their origins
in the common extensor tendon and their fibres are usually connected
longitudinally. The tendons issued from the extensor digitorum insert into the
bases of the middle and terminal phalanges via the extensor expansions. United

with a tendon from the extensor digitorum, the tendon of extensor digiti minimi
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Extensor carpl
radialis longus

Extensor carpi
radialis brevis ——

Extensor carpi ulnaris

Figure 1.14: Three of the forearm extensor muscles.




Figure 1-15:

Radius

—Extensor digitorum

- Extensor digiti minimi

Two extensors of the wrist and digits
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— Supinator
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Figure 1.16:  The Supinator muscle




is confined to the phalanges of the fifth digit.

Triangular in overall shape, the anconeus runs from behind the lateral
epicondyle of the humerus to the lateral side of the olecranon and upper
fourth of the posterior uina,

The deep extensors are composed of the following:

Supinator (figure 1.16)
Abductor pollicis longus (figure 1.17)
Extensor pollicis longus (figure 1.17)
Extensor pollicis brevis (figure 1.17)
Extensor indices (figure 1.17)

From their main origin on the lateral proximal ulna the supinator fibres
sweep round and envelop the neck and proximal shaft of the radius. The
fendon has its insertion on the lateral proximal third of the radius.

The abductor pollicis longus arises from the posterior surfaces of the
interosseous membrane, the ulna and the radius. Crossing the two radidl

extensors' tendons, the tendon weaves ifs way to the insertion at the base
of the metacarpal bone of the thumb.

The short extensor pollicis brevis lies alongside the distal border of the
preceding muscle and originates from the posterior interosseous membrane and
radius. This muscle closely follows its neighbour but inserts into the proximc!
phalanx of the thumb. -

Taking origin from the posterior surface of the middle third of the ulna
and the interosseous membrane, the extensor pollicis longus overlaps the
extensor pollicis brevis to a certain extent. The tendon alters direction at

the wrist and runs along the back of the thumb to insert into the base of the

distal phalanx.
The extensor indicis arises from a limited area on the posterior ulna and

inferosseous membrane. lts tendon accompanies the extensor digitorum to the

back of the hand, thereafter inserting into the first phalanx of the index finger.

|.4 Blood Vessels:

Supplied solely by the axillary artery from the shoulder region, the upper

limb receives a generous quantity of blood; the important vessels being shown

in figures .18 and 1.19.
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Figure 1.17. The deep extensors of the forearm.
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Figure 1-18: Arteries of the right arm  [anterior aspect].
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Figure 1-19: Superficial veins
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The main artery of the upper arm, the brachial arfery, is a continuation
of the axillary artery and spirals down the humerus from the proximal medial
surface to the distal anterior region. Several branches issue from this vessel;
the superior and inferior ulnar collateral arteries being of importance in
relation to the elbow region. The former vessel branches quite proximally
and supplies the back of the elbow whereas the inferior ulnar collateral artery
arlses much nearer the elbow, supplying the anterior proximal forearm.

Crossing in front of the elbow, the brachial artery bifurcates to produce
the radial ond ulnar arteries. The radial artery has its origin opposite the
neck of the radius and travels down the lateral side of the forearm whereas
the ulnar artery runs down the medial surface. Both arteries have branches
which anastomose with brachial artery branches. Being derived from the corigin
of the ulnar artery, the anterior and posterior interosseous arteries supply the
anterior and posterior regions of the membrane respectively.

The venous system of the uprer limb consists of deep and superficial
vessels which anastomose freely with each other (figure 1.19).

Superficially, the forearm and hand ore droined by the cephclic, bastiic
and medion velns. The deeper forearm veins accompany the main orieries and
are consequently named the ulnar and radial veins.

In the upper arm, the two deep veins unite to form the brachial vein
which drains into the large axillory vein. The basilic vein is joined by the

median and the median cubital vein and runs along the medial side of the
biceps muscle. On the lateral side, the cephalic vein travels upwards and

bends across the anterior superficial region of the shoulder joint.

1.9 Innervation:

The complexity of innervation of the upper limb dictates that only o

very brief description of the layout of important nerves is applicable to this

thesis. Figure 1.20 shows the general arrongement of such items considered

relevant to the elbow region.

Originating from the lower cervical ond upper dersal  vertebrae, the

brachial plexus of the shoulder region consists of amalaamations of severdl
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origins to produce the upper limb nerves. A brief description of five
principal nerves is as follows: -

After descending deep to the cephalic vein, the lateral cutaneous nerve
of the forearm crosses the lateral side of the elbow and supplies the lateral

half of the anterior forearm.

The medial cutaneous nerve descends next to the brachial artery and
divides above the elbow joint. The larger anterior branch supplies the medial
side of the forearm whereas the posterior branch twists round and supplies the
posterior forearm.

Accompanying the brachial artery in crossing the elbow joint, the medion
nerve proceeds along the middle of the onterior forearm to supply the lateral
side of the palm and digits.

Again descending with the brachial artery, the ulnar nerve crosses the
elbow joint, from a groove on the medial epicondyle, and travels clong the
medial side of the forearm supplying some flexor muscles and the medial side
of the hand.

The radial nerve is the thickest branch of the brachial plexus and passes
between the lateral and medial heads of the triceps to a groove on the humeius.
Several branches appear in the upper arm and the important superficial branch

crosses the elbow joint in front of the lateral epicondyle to supply the laterdl

half of the back of the hand. (See figure 1.21)
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2. FUNCTIONAL ANATOMY

2.1 Muscle Physiology:

Mechanical actions in every part of the body rely on muscles for
their effective execution. Such an important system is, understandably,
very complex in its layout and structure. Accordingly, only a brief
description of the principles of muscle action is given.
2.1.1 Skeletal muscle: Three types of muscle exist; cardiac muscle of the
heart which suffers no etfects of fatigue, involuntary smooth muscle, and
skeletal muscle which powers the limbs by voluntary action. The arrangement
of fibres and the design of the muscle body are determined by the function of
the muscle and a compromise is often made between power, speed and range
of movement (Bourne, 1972). The bulk, or belly, of the muscle is usually
positioned to minimise interference with movement around the skeletal joint.
The flexors of the hand are typical of the use of long tendons to transfer
muscle action to regions of restricted volume.

The muscle fibres join the tendon in several ways to give a variety of
muscle performance. Where the tendon blends with the muscle fibres
longitudinally, the muscle is termed fusiform and is shown diagrammaticaily
in figure 2.la. Unipennate muscles have their fibres attached along one edye
of the tendon (figure 2.!b), whereas bipennate muscle fibres are joined fto
both sides of the tendon (figure 2.lc). In cases where several tendons join
the muscle fibres, as in figure 2.1d, the muscle is termed multipennate.

Muscles are stimulated by electrochemical signals from the brain which
travel down the spinal cord and through long nerve fibres or "neurones".
The cell body of the neuron is contained in the anterior horn of the spinal
grey matter and each axon supplies several muscle fibres as shown in figure
2.2. The combination of neuron and the muscle fibres supplied by the neuron
is termed a motor unit and is the functional unit of skeletal muscle. The
mofor end-plate, the junction of nerve with muscle fibre, is a thin flat plate
composed of acetylcholine and provides the neuromuscular transmission mechanism
(see figure 2.3). |

The number of muscle fibres contained in cach motor unit determines the

finesse of overall muscle action. Leg muscles have a high number per unit

whereas eye muscles, which require accurate control, have very few fibres

|7
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per motor unit (Basmajian [974). To achieve accurate function of muscular
contraction, provision is made for a continuous feedback of information
relating to muscle actions. Sensory organs are incorporated into muscles
and tendons and are called muscle spindles and Golgi receptors respectively.

The information sent to the brain from the sensory organs controls the impulses

which activate the muscle. Several subtle refinements are buili into the
feedback system giving smooth, accurate and automatic control (Katz, 1966).
A generalised diagram of the system is shown in figure 2.4.

2.1.2 Electromyography: As its name suggests, electromyography is the
recording of the electrical discharges or action poteniials, from muscles.
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