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8 . CHAPTER 1 « INTRODUCTION TO BIOMECHANICS: BASIC TERWINOLOGY AND CONCEPTS

Definition of normal stress. Reprinted with permission from QOzkaya, M. (1998). Biome-
chanics. In W.N. Rom, Environmental and Qccupational Medicine (3rd ed., pp.
1437-1454). New York: Lippincott-Raven.

example, consider the whole bone in Figure [-44,
The bone is subject 1o a number ol parallel forces
that act in planes perpendicular to the long axis of
the bone. Assume that the bone is cut inlo two parts
through a plane perpendicular to the long axis of
the bone (Fig. 1-43). 1f the bone as a whole is in
equilibrium, its individual parts must be in equilib-
rium as well. This requires that there must be an in-
ternal force at the cut section that acts in a divection
tangent to the cut surface. Tf the magnitudes of the
external forces are known, then the magnitude F of
the internal force can be calculated by considering
the translational and rotational equilibrium of one
of the parts constituting the bone. The intensity of
the internal lorce tangent to the cut section is
known as the shear stress. It is customary 16 use the
symbol 7 (tau) to refer (o shear stresses (Fig, 1-40).

Assuming that the intensity ol the [orce tangent to
the cut section is uniform over the cross-scclional
area A of the bone, then 7 = F/A.

NORMAL AND SHEAR STRAINS

Strain is a measure of the degree of deformation. As
in the case of stress, two types of strains can be dis-
tinguished. A normal strain is defined as the ratio of
the change (increase or decrease) in length to the
original (undeformed) length, and is commonly de-
noted with the symbol e (epsilon). Consider the
whole bone in Figure 1-5. The total length of the

* bone is . If the bone is subjected to a pair of tensile

forces, the length ol the bone may increcase to I’ or
by an amount A\ = 1" —I. The normal strain is the
ratio of the amount of elongation to the original
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A, Schematic depiction of aggrecan, which is composed of
keratan sulfate and chondroitin sulfate chains bound cova-
lently to & protein core molecule. The proteoglycan protein
core has three globular regions as well as keratan sulfate-
rich and chondroitin sulfate-rich regions. B, Schematic rep-
resentation of a proteoglycan macromolecule. In the ma-
trix, aggrecan noncovalently binds to HA to form a
macromolecule with a molecular weight of approximately
200 » 106. Link protein stabilizes this interaction between
the binding region of the aggrecan and the HA core mole-
cule. C, Dark field electron micrograph of a proteaglycan
aggregate from bovine humeral articutar cartilage
(120,000). Horizontal line at tower right represents 0.5um.
Reprinted with perm)'ssion from Rosenberg, L., Mellmann, W, &
Kleinschmudt, A.K. (1975). Electron microscopic studies of proteo-
glycan aggregates irom bovine articular cartilage. ) Biol Chem,
250, 1877.
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A, A schematic of the confined compression loading configu-

ration. A cylindrical tissue specimen is positioned tightly into
an impermeable confining ring that does not permit defor-
mation (or fluid flow) in the radial direction. Under loading,
fluid exudation occurs through the porous platen in the ver-
tical direction. B, A constant stress v, applied to a sample of
articular cartilage (bottom left) and creep response of the
sample under the constant applied stress (bottom right). The

drawings of a block of tissue above the curves illustrate that
creep is accompanied by copious exudation of fluid from the
sample and that the rate of exudation decreases over time
from points A to B to C, At equilibrium (e}, fluid flow ceases
and the load is borne entirely by the solid matrix (point C).
Adaptedt from Mow, V.C,, Kuei, S.C., Lai, WM., et al. (1980).
Biphasic creep and stress relaxation of articular cartilage in com-
pression: Theory and experiments. § Biomech Eng, 102, 73-84.




BIPHASIC STRESS-RELAXATION RESPORSE
OF ARTICULAR CARTILAGE N COMPRESSION
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Unloaded

t Caliagen

L Waler

r Proteoglycan

Pure shear

. Schematic depiction of unloaded cartilage (A}, and cartilage subjected to pure shear {B). When cartilage is tested in pure shear
“" under infinitesimal strain conditions, no volumetric changes or pressure gradients are preduced; hence, no interstitial fluid flow
occurs. This figure also demonstrates the functional role of collagen fibrils in resisting shear deformation.

the steady applied sinusoidal strain and the steady
* sinusoidal torque response, is a measure of the total
frictional energy dissipation within the material.
For a pure elastic material with no internal {ric-
tional dissipation, the phasc shilt angle 8 is zero; for
atpure viscous (luid, the phase shift angle 3 is 90°.
. The magnitude of the dynamic shear modulus for
“normal bovine articular cartilage has been mea-
_sured to range from 1 1o 3 MPa, while the phase
. shift angle has been measured to range from 9 (o
20° {Haves & Bodine, 1978; Zhu et al., 1993). The in-
trinsic transient shear stress-relaxation behavior of
- the collagen-PG solid matrix along with the steady
> dynamic shear properties also has been measured
- [AZhueral, 1986). With both the steady dvnamic and
“the ransient results, the latter investigators showed
thar the quasilinear viscoelasticity theory proposed
by Fung (1981) for biological materials provides an
accurate description of the flow-independent vis-
‘coelastic behavior of the collagen-PG solid matrix.
Figure 3-17 depicts a comparison ol the theoretical
prediction of the transient stress-relaxation phe-
_nomenon in shear with the results from Fung's 1981
quasilinear viscoelasticily theory.
From these shear studies, it is possible 1o obtain
“some insight as to how the collagen-PG solid matrix
Eunclions. First, we note that measurements of PG
-solutions at concentrations similar to those found in
sarticular cartilage in situ vield a magnitude of shear

modulus 1o be of the order of 10 Pa and phase shilt
angle ranging up to 70" (Mow et al,, 1989b; Zhu «t
al., 1991, 1996). Thercfore, it appears that the mag-
nitude of the shear modulus of concentrated PG so-

A

SIN (/)

Strain

Time

Steady sinusoidal torsional shear imposed on a specimen in
pure shear. The fluctuating strain in the form of a sine
wave with a strain amplitude ¢;and frequency f.
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A, In hydrodynamic lubrication, viscous fluid is dragged
into a convergent channel, causing a pressure field to be
generated in the lubricant. Fluid viscosity, gap geometry,
and relative sliding speed determine the load-bearing ca-
pacity. B, As the bearing surfaces are squeezed together,
the viscous fluid is forced from the gap into the transverse
direction. This squeeze action generates a hydrodynamic

pressure in the fluid for load support. The load-bearing ca-

pacity depends on the size of the surfaces, velocity of ap-
proach, and fluid viscosity. C, The direction of fluid flow
under squeeze-film lubrication in the boosted mode for
joint lubrication. D, Depicts the Weeping lubrication hy-
pothesis for the uniform exudation of interstitial fluid from
the cartilage. The driving mechanism is a self-pressurization
of the interstitial fluid when the tissue is compressed,

The other is {luid-film lubrication, in which a thin
fluid-Alm provides greater surface-to-surface separa-
tion (Bowden & Tabor, 1967). Both lubrication tvpes
appear Lo occur in articular cartilage under varying
circumstances. [ntact synovial joints have an ex-
tremely low coefficient of friction, approximately

0.02 (Dowson, 1966/1967; Linn, 1968;: McCutchen,
1962; Mow & Ateshian, 1997). Boundarv-lubricated

-+ surfaces typically have a coefficient of friction one or

two orders of magnitude higher than surfaces Iubri-
cated by a fluid-film, suggesting that synovial joints
are lubricated, at least in part, by the fluid-film
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CHARTER 4 & RIS Rt 25 OF ARTICULAR C:AR“LAGE
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Increase area of load distribution to decreass the
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INTERFACIAL WEAR

Interaction of bearing surfaces

Results from

Bearing Surfaces in direct contact with
no lubricanc film separating them

ADHESION ABRASION

The fragments adhere
1o each other

The cissue is scrapped
by a harder one

3 )

§

Results in

Disruption of collagen-PG solid matrix
PG "wash out”

Gross alteration of the norimal load cartilage mechanisms

Articular cartilage wear mechanisms.*

*This flow chart is designed for ¢lassroom or group discussion. Flow ¢hart is not meant 1o be exhaustive,
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FACTORS ASSOCIATED WITH CARTILAGE DEGENERATION
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Loasening of collagen network, abnormal PG expansion, and dssue swelllng
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T Cartilage Stifinass, # Parmeabiliy

Abnormal Stresses and Stralns,
Abnormal Mechanoslectrochemical stmuli

Abnormal ECM Remodeling by Chondrocytes
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Biomechanics of
Tendons and
Ligaments
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OMECHANICS OF TISSUES AND STRUCTURES OF THE MUSCULOSKELETAL SYSTEM

Collagen

Fibroblasts
Ceamp

Fascicular membrane

Schematic representation of the microarchitecture of a tendon.

weight PG aggregate tike that found in the ground
substance ol articular cartilage {see Fig. 3-6).
The PG agaregates bind most of the extracellular

—_— == waler of the ligament and tendon, making the ma-
e — %Q trix a highlv structured gel-like material rather than
e ——— = an amorphous solution. Furthermore, by acting as a

cement-like substance between the collagen mi-
Neary parallel crofibrils, they may help siabilize the collagenous

bundles of skeleton of tendons and ligaments and contribute to
collagen fibers the overall strength of these composite structures.
Only a small number of these molecules exist in ten-
dons, however, and their importance far its biome-
chanical properties has been questioned.

Parallel bundles of
coltagen fibers

Fibroblasts VASCULARIZATION
Fibroblasls

) Tendons and lignments have a limited vasculariza-
Tendon Ligament tion, which aflects directlv their healing process and
B metabolic activity. Tendons receive their blood sup-
ply directly from vessels in the perimysium, the
periosteal insertion, and the surrounding tissue via
Schematic diagram of the structural orientation of the vessels in the paratenon or mesotenon. Tendons sun-
fibers of tendon (A) and ligament (B}; insets show longitu- rounded by paratenon have been referred to as vas-
dinal sections. tn both structures the fibroblasts are elon- cular tendons, and those surrounded by a tendon
gated along an axis in the direction of function. Adapred sheath as avascular tendons. In tendons surrounded
from Snell, R.5. (1984), Ciinical and Functional Histology for by a paratenon, vessels enter from many points on

Medicai Students. Boston: Littie, Brown. the periphery and anastomose with a longitudinal

° svstem of capillaries (Fig. 4-3).
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Load relaxation

= (fength held canstant}
8
Time
A
Creep phenomenon
(load held canstant)
&
o
£
=,
(1]
(=]
Tirme
B

The viscoelasticity (rate dependency, or time dependency}
of ligaments and tendons can be demonstrated by two
standard tests: the load-relaxation test and the creep test.
A, Load relfaxation is demonstrated when the loading of a
specimen is halted safely below the linear region of the
load-deformation curve and the specimen is maintained at
a constant length over an extended period {i.e., the
amount of elongation is constant). The load decreases
rapidly at first {i.e., during the first 6 to 8 hours of loading)
and then gradually more slowly, but the phenomenon may
continue at a low rate for months. B, The creep response
takes place when loading of a specimen is halted safely be-
low the linear region of the load-deformation curve and
the amount of load remains constant over an extended pe-
riod. The deformation increases relatively quickly at first
{within the first 6 to 8 hours of [eading} but then progres-
sively more slowly, continuing at a low rate for months.

L4

avulsion was produced. At the fast loading rate (0.6
seconds), which simulated an injury mechanism in
vivo, the ligatnent was the weakest component in two
thirds of the specimens tested. Al the slower rate, the
load to failure decreased by 20%, and 30% less en-
ergy was stored to failure, but the stiffness of the

! N-iCS OF TISSUES AND STRUCTURES OF THE MUSCULOSKELETAL SYSTEM

bone-ligameni-bone complex was nearly the same.
These results suggest that as the loading rate is in-
creased, bone shows a greater increase in strength
than does ligament.

Ligament Failure and Tendon
Injury Mechanisms

Injury mechanisms are similar for ligaments and
tenclons, therclore the folowing description of liga-
ment injury and failure is generally applicable Lo
lendons. When a ligament in vivo is subjected to
loading that excecds the physiological range, micro-
failure takes place even belore the yield point (Py,)
is reached. When Py, is exceeded, the ligament be-
gins to undergo gross lailure and simultaneously
the joint begins to displace abnormally. This dis-
placement can also result in damage to the sur-

Microtailure

Force (N)

| | 1 | I ] i
0 1 2 3 4 5 B 7

Elengation {mm)

Progressive failure of the anterior cruciate ligament from a
cadaver knee tested in tension to failure at a physiological
strain rate. The joint was displaced 7 mm before the liga-
ment failed completely. The force-elongation curve gener-
ated during this experiment is correlated with various de-
grees of joint displacement recorded photographically;
photos correspond to similarly numbered points on the
curve. Reorinted with permission from Noyes, R, and Grood,
£.5 (1976). The strength of the anterior cruciate ligament in hu-
mans and Rhesus monkeys. Age-refated and specios-relared
changes. | Bone Joint Surg, 58A, 1074-1G82.
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*This {law chart is designed for classroom or group discussion. Flow chart is not meant to be exhaustive.
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A, Schematic drawing of the spinal cord and the spinal
nerves (posterior view). The spinal nerves emerge from the

lumbar nerves, 5 pairs of sacral nerves, and 1 pair of coc-
cygeal nerves. Except in the region of the 2nd to the Ttth
thoracic vertebrae (T2-T11), the nerves form complex net-
works called plexuses after exiting the intervertebral foram-
ina. Only the main branch of each nerve, the ventral ramus,

spinal canal through the intervertebral foramina. There are 8
pairs of cervical nerves, 12 pairs of thoracic nerves, 5 pairs of

is depicted. Adapted from Tortora, G.J. & Anagnosiakos, N.P
{1984). Principles of Anatorny and Physiology (dth ed.j. Mew York:
Harper & Row. B, Cross-section of the cervical spine showing
the spinal cord in the spinal canal and the nerve roots exiting
through the intervertebral foramina. C, Cross-section of the
lumbar spine showing the nerve roots of the cauda equina in
the spinal canal. D, Each exiting nerve root complex in the in-
tervertebral foramen consists of a motor root, a sensory raot,
and a dorsal root ganglion.

winds around it many times, pushing its cvtoplasm
and nucleus to the outside layver. Unmyvelinated gaps
called nodes of Ranvier lie between the segments of
the myelin sheath al approximately 1 10 2 mm apart.

The myelin sheath increases the speed of the con-
duction of nerve impulses, and insulates and main-
tains the axon. Impulses are propagated along the

unmvelinated nerve fibers in a slow, continuous way,
whereas in the myelinated nerve Abers the impulses
“jump” at a higher speed from one node of Ranvier
to the next in a process called saltatory conduction.
The conduction velocity of a myvelinated nerve is di-
rectly proportional 1o the diameter of the fber,
which usually ranges from 2 1o 20 wm. Motor fibers
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Schematic drawings of the structural features of a myelinated nerve fiber. Adapted from

Sunderland, 5. {1978). Nervas and Nerve Injuries {2nd ed), Edinburgh: Churchill Livingstone.

on a local oxygen supply, it is natural that the
microvascular system has a large veserve capacity.

The blood supply 1o the peripheral nerve as a
whole is provided by large vessels that approach the
nerve segmentally along its course. When these lo-
cal nutrient vessels reach the nerve, they divide into
ascending and descending branches. These vessels
run longitudinally and frequently anastomose with
the vessels in the perineurium and endoneurium.
Within the epineurtum, large arterioles and venules,
30 to 100 pm in diameter, constitute a longitudinal
vascular system (Fig. 5-4).

Within each fascicle lies a longitudinally oriented
capitlary plexus with loop formations at various lev-
els. The capillary system is fed by arterioles 25 to
130 pwm in diameter that penetrate the perineurial
membrane. These vessels run an oblique course
through the perineuriurn, and it is believed that be-
cause of this structuval peculiarity, thev are easily
closed like valves in the event that tissue pressure
inside the fascicles increases (Lundborg, 1975,
Myets et al., 1986). This phenomenon may explain
why even a limited increase in endoneurial fluid
pressure is associated with a reduction in intrafas-
cicular blood flow.

The built-in safety svstem of longitudinal anasto-
moses provides a wide margin of safetv if the re-
gional segmenial vessels are transected. In an ex-

Epineurium

Perineurium
\
Endoneurium

Schematic drawing of a segment of a peripheral nerve.
The individual nerve fibers are located within the en-
doneurium, They are closely packed in fascicles, each of
which is surrounded by a strong sheath, the perineurium,.
A bundle of fascicles is embedded in a loose connective tis-
sue, the epineurium. Blood vessels are present in all layer
of the nerve. A, arterioles (shaded); V, venules (unshaded).
The arrows indicated the direction of blood flow. Adapted
from Dahlin, L.B., Rydevik, B., & Lundborg, G. (1986). The
pathophysiology of nerve entrapments and nerve compression
injuries. In A.R. Hargens (Edl). Effects of Mechanical Siress on
Tissue Viability. Mew York: Springer-Verfag.
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A, Theoretical displacement field under lateral compres-
sion as a result of uniform clamping préssure. B, The origi-
nal and deformed cross-sections are shown for maximum
elongation in the x direction of 10, 30, and 50%. The vec-
tors shown from A to A, B to B’, and so forth, indicate the
paths followed by the particular points A, 8, and $6 forth
during the deformation.

that this kind of deformation can trigger firing of
nerves, resulting in a sensation of pain when the
nerve fibers are laterally compressed. The details of
such deformation ol nerves and their functional con-
sequences have not been studied extensively and re-
quire further research for their elucidation.

Duration of Pressure Versus Pressure Level

Knowledge is limited regarding the relative impor-
tance of pressure and time, respectively, in the pro-
duction of nerve compression lesions. Mechanical
factors seem to be relatively more important at
higher than at lower pressures. Time is a significant

factor at both high and low pressures, but ischemia
plavs a dominant role in longer-duration compres-
sion. This phenomenon s illustrated by the fact that
divect nerve compression at 30 mm Hg {or 2 to 4
hours produces reversible changes, whereas pro-
longed compression above this time period at this
pressure level may cause irreversible damage to the
nerve (Lundborg et ab, 1982; Rydevik et al,, 1981).
Compression at 400 mum Mg causes a much more se-
vere nerve injury aflter 2 hours than alter 15 min-
utes. Such information indicates that even high
pressure has to “act” [or a certain period of time for
injury to occur. These data also give some informa-
tion about the viscoelastic (time-dependent) proper-
ties of peripheral neive tissue. Sufhcient the nuusd
clapse for permanent deformation to develop.

Biomechanical Behavior of
Spinal Nerve Roots

The nerve roots in the thecal sac lack epinetraum
and perinewrium, but under tensile loading they ¢x-
hibit both elasticity and tensile strength. The ulti-
mate load for ventral spinal nerve roots from the
thecal sac is between 2 and 22 N, and lor dorsal
nerve roots [rom the thecal sac the load is between
5 and 33 N. The length of the nerve roots from the
spinal cord to the loramina varies from approxi-
matelv 60 mm at the L1 level to approximately 170
mm at the St level. The mechanical properties of
human spinal nerve roots are different for anv given
nerve root at its location in the central spinal canal
and in the lateral intervertebral foramina. The ulti-
mate load for the intrathecal portion ol human Sl
nerve roots al the Sl level is approximatelv 13 N,
and that for the foraminal portion is approximately
73 N. For human nerve roots at the L5 level, the cor-
responding values are 16 N and 71 N, respectively
(Fig. 5-12). Thus, the values for ultimate load are
approximately five times higher for the foraminal
segment ol the spinal nerve roots than for the in-
trathecal portion of the same nerve roots under ten-
sile loading. However, the cross-sectional arca of the
nerve root in the intervertebral foramen is signift-
cantlv larger than that of the same nerve root in the
thecal sac; thus, the ultimate tensile stress was more
comparable for the two locations. The ultimate
strain under tenstle loading is 13 10 19% for the
human nerve root at the L5-St level (Fig. 5-13).
The nerve roots in the spine are not static struc-
tures: thev move relative to the surrounding tissues
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ART 1+ BIOMECHANICS OF TISSUES AND STRUCTURES OF THE MUSCULOSKELETAL SYSTEM

Schematic drawings of the structural organization of mus-
cle. A, A fibrous connective tissue fascia, the epimysium,
surrounds the muscle, which is composed of many bun-
dles, or fascicles. The fascicles are encased in a dense con-
nective tissue sheath, the perimysium. B, The fascicles are
composed of muscle fibers, which are long, cylindrical.
multinucleated cells. Between the individual muscie fibers
are capillary blood vessels. €ach muscle fiber is sur-
rounded by a loose connective tissue called the endomy-
sium. Just beneath the endomysium lies the sarcolemma,
a thin elastic sheath with infoldings that invaginate the
fiber interior. Each muscle fiber is composed of numerous
delicate strands—myofibrils, the contractile elements of
muscle. C, Myofibrils consist of smaller filaments that form
a repeating banding pattern along the length of the my-
ofibril. One unit of this serially repeating pattern is called
a sarcomere. The sarcomere is the functional unit of the
contractite system of muscle. D, The banding pattern of
the sarcomere is formed by the organization of thick and
thin filaments, composed of the proteins myosin and
actin, respectively. The actin filaments are attached at one
end but are free along their length to interdigitate with
the myosin filaments. The thick filaments are arranged in
a hexagonal fashion. A cross-section through the area of
overlap shows the thick filaments surrounded by six
equally spaced thin filaments. €, The lollipop-shaped mol-
ecules of each myosin fitament are arranged so that the
long tails form a sheaf with the heads, or cross-bridges,
projecting from it. The cross-bridges point in one direc-
tion along half of the filament and in the other direction
along the other half. Only a portion of one half of a fila-
ment is shown here. The cross-bridges are an essential ele-
ment in the mechanism of muscle contraction, extending
outward to interdigitate with receptor sites on the actin
filaments. Each actin filament is a double helix, appearing
as two strands of beads spiraling around each other. Two
additional proteins, tropomyosin and troponin, are associ-
ated with the actin helix and play an important role in
regulating the interdigitation of the actin and myosin fila-
ments. Tropomyosin is a long polypeptide chain that lies
in the grooves between the helices of actin. Troponin is a
globular molecule attached at regular intervals to the
tropomysin. Adapted from Williams. P & Warvsick, R. (1980).
Gray's Anatomy (36th ed., pp. 506-515). Edinburgh: Churchill
Livingstone
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Each sarcomere is composed of the following:

I. The thin filaments (approximately 3 nm in di-
ameter) composed of the protein actin

2. The thick filaments (approximately 15 nm in
diameter) composed of the protein myosin
(Fig. 6-, D & E)

3. The clastic filaments composed of the protein
titin (Fig. 6-2)

-4. The inelastic filaments composed of the pro-
teins nebulin and titin

Actin, the chief component of the thin Glament,
has the shape of a double helix and appears as two
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Sarcolemma Terminal
(muscle fiber nerve
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Synaptic
vesicles
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Schematic representation of the innervation of muscle fibers.
A, An axon of a motor neuron (originating from the celf body
in the anterior horn of the spinal cord) branches near its end
to innervate several skeletal muscle fibers, forming a neuro-
muscular junction with each fiber. The region of the muscle
membrane (sarcolemma) lying directly under the terminal
branches of the axon has special properties and is known as
the motor end plate, or motor end plate membrane. The rec-
tangular area is shown in detail in B. B, The fine terminal
branches of the nerve (axon terminals), devoid of myelin
sheaths, lie in grooves on the sarcolemma. The rectangular

area in this section is shown in detail in C. C, Ultrastructure of
the junction of an axon terminal and the sarcolemma. The in-
vagination of the sarcolemma forms the synaptic trough into
which the axon terminal protrudes. The invaginated sar-
colemma has many folds, or subneural clefts, which greatly in-
crease its surface area. Acetylcholine is stored in synaptic vesi-
cles in the axon terminal. B and C, adapted from Brobeck, J.R.
(Ed.) (1979). Best and Taylor’s Physiological Basis of Medical Practice
(10th ed., pp. 59~113). Baltimore: Williams & Wilkins. D, Cross-
bridge cycle of muscle contraction.
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SART I+ BIOMECHANICS OF JOINTS

soft tissue struclures are complex and still under in-
vestigation.

Analysis of motion in any joint requires the use of
kinematic data. Kincmatics is the branch of me-
chanics that deals with motion of a body without
reference to force or mass. Analysis of the forces
and moments acting on a joint necessitates the
use of both kinematic and kinetic data. Kinetics is
the branch of mechanics that deals with the motion
of a body under the action of given forces and/or
moments.

= 0N
plane
| T ———3agittal

plane

plane

Kinematics

Kinematics delines the range of motion and de-
scribes the surface motion of a joint in three planes:
frontal (coronal or longitudinal), sagittal, and trans-
verse (horizontal) (Fig. 7-2, A & B). Clinical mca-
surements of joint range of motion define the
anatomical position as a zero position for measure-
ment. This taxonomy will be used for joint motion
throughout this book. Other taxonomies and refer-
ence systems exist (Andriacchi et al., 1979 Grood &

Proximal/
distal

internal/external

Ftexion/
extension:

Medial/
lateral

Anlerior/\ /
posterior ;

Varus/
valgus

A, Frontal (coronal or longitudinal), sagittal, and transverse
(horizontal) planes in the human body performed easity for
both the tibiofemoral and the pateflofemoral joint. B, Depic-
tion and nomenclature of the six degrees of freedom of knee
motion: anterior posterior translation, medial/lateral transla-

tion and proximal distal translation, flexion-extension rota-
tion, internal-external rotation, varus-valgus rotation.
Adapted from Wilson, S.A,, Vigorita, V.J., & Scott, W.N.
(1894). Anatomy. In N. Scott (Ed.), The Knee (p. 17). Philadelphia:
Mosby-Year Book.
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OMECHANICS OF JOINTS

Joint Reaction Forces at the Knee in Flexion

Knee flexion influences the patellofemoral joint reaction force by changing the angle petween
the patellar tendon and the quadriceps tendon (Calculation Box Fig. 7-3-1, A& 8 ).

The angle between the patellar tendon (P) and the quadriceps tendon (Q) is 35° with the
knee flexed 5° (left top) and 80° with the knee flexed 90° {left bortom). Values for the ten-
don angles are from Matthews and Associates (1977), who determined the angle roentgeno-
graphically after placing two metal wires along each of these tendons.

The patellofemaral joint reaction force with the knee in 5 and 90° of flexion is obtained by
constructing a parallelogram of forces for each situation and using trigonometric calcutations.
The patellofemoral joint reaction force ()) is the resuttant of the two equal force components
through the patetlar tendon (P) and the quadriceps tendon (Q). As the angle between these
force components becomes more acute with greater knee flexion, the resultant joint reaction
force (J) becomes larger. Adapted from Wiktorin, Cv.H. & Nordin, M. (1986). Introduciion to
Problem Solving in Biomechanics (pp. 87-129). Philadelphia: Lea & Febiger.

¢ N85 1000w
L d
35° g/
7
~
//
—) //
P ____________ //
1000 N J = 60%.409

22024 P2 - . o
Tibio femoral flexion 5* J2 = Q2 + P2 - 2PQ+ cos 35

J = /361695
J = 601.41

=]
—>
J? = QF + P2 - 2PQ = cos 80"
oo | flexion 60° = /1652703
i ibio femoral (lexion 9 J = 1285.57
Calculation Box Figure 7-3-1A. Calculation Box Figure 7-3-1B.
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OMECHANICS OF JOINTS

External Forces Acting on the Body in
Equilibrium During a Single-Leg Stance

Calculation 8ox Figure 8-2-1 shows external forces acting on
the body in equilibrium during a single-leg stance. The ground
reaction force is equal 10 bedy weight (W). The gravitational
focce of the stance leg is equal to one-sixth of body weight;
the remaining force is equal to five-sixths of body weight.

The internal forces acting on the hip joint are found by sepa-
rating the joint into an upper and lower free-body; the upper
free-body is considered first. In this free-body, two moments
are required for stability. Moment equilibrium is attained by
the production of two equal moments. A moment arising
from the farce of the abductor muscle (A) times abductor
force lever arm (¢) counterbalances the moment arising from
the gravitational force of the superincumbent body (5/6 W)
times gravitational force lever arm (b), which tends to tilt the
pelvis away from the supporting lower extremity. Q, center of
rotation of the hip joint.

Force A is equal 10 two times body weight and has a direction
of 30" from the vertical. The magnitudes of its horizontal (A)
and vertical (A)) components are found by vector analysis.
Perpendiculars are drawn from the tail of A 1o a honzontal
and a vertical line representing A, and A, respectively. A, and
A, can then be scaled off. Alternatively, trigonometry is used
lo find the magnitudes of the components.
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Top, View of the medial aspect of the foot. Middle, View of the lateral aspect of the foot.
Bottom left, Superior view of the foot. Bottom right, Anterior view of the ankle mortise,
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