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Dynamic Foot Biomechanics

Mary M. Rodgers, PhD, PT'

Mary M. Rodgers

he foot is in a location

that requires it to form a

vital dynamic connection

between the human body

and the ground. All up-
right locomotion accomplished by
the human being requires the foot to
continually adapt to and couple with
the body’s surroundings. Tradition-
ally, the dynamic attributes of the
foot have been inferred from cadav-
eric study and qualitative clinical eval-
uation. Biomechanical methods for
dynamic analysis have advanced, pro-
viding a more quantitative and pre-
cise description of foot function dur-
ing movement, especially during
walking.

In this article, static biomechan-
ics of the foot introduces a frame-
work for a selected summary of quan-
titative information relevant to the
dynamic function of the foot. Of all
the activities which require foot
movement, the most {requently per-
formed activity for healthy people is
walking. Much research has been
conducted in the analysis of walking,
and the majority of this article will
concentrate on dynamic foot biome-
chanics during this activity. A classical
description of lower extremity biome-
chanics during walking as found in
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Since clinicians often encounter patients with symptomatic feet, a basic understanding of
“normal” foot function during movement is important for comparison and to assist with treatment
strategies. This article provides a selected summary of quantitative information and current research
findings relevant to the dynamic function of the foot. Functional descriptions of walking and running
biomechanics are provided along with quantitative findings from current biomechanical studies. A
classical description of the biomechanics of gait as found in clinical literature is followed by an
overview of quantitative findings which document kinematic and kinetic characteristics during
walking. The foot kinematics and kinetics which occur during running are presented in the final
section. Extensive databases are still not available for most of the biomechanical parameters which
affect foot motion. However, as advances in biomechanical methods continue and more clinicians
include quantitative techniques in their routine evaluations, more insight into dynamic foot function

will be provided.
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clinical literature is followed by an
overview of quantitative findings
which document kinematic and ki-
netic characteristics of the foot dur-
ing walking. The final section pre-
sents foot kinematics and kinetics
which occur during another common
activity—running.

STATIC BIOMECHANICS OF
THE FOOT

In order to put the dynamic
characteristics of the foot in context,
the basic biomechanical characteris-
tics of the foot under static, or
nonambulatory, conditions will be
summarized. When the foot is free to
move and the leg is fixed (open ki-
netic chain), the subtalar joint is a
gliding joint in supination. The calca-
neus moves anteriorly, inferiorly, and
medially under the talus. During pro-
nation, it moves posteriorly, superi-
orly, and laterally (45). The talus can
be palpated laterally during supina-
tion as the calcaneus moves medially,
and palpated medially during prona-

‘tion as the calcaneus moves laterally.

The subtalar joint is a hinge or uni-
axial joint with an axis running
downward, posteriorly, and laterally
(24). This joint orientation results in
triplanar motion, providing prona-
tion and supination. Inman has re-
ported a wide variation in the sagittal
orientation of the subtalar joint with
respect to the horizontal plane (45 *
22°) and its rotation from the long
axis of the foot (ranging from 4 to
47°) (24). The subtalar joint contrib-
utes more to inversion/eversion the
more closely its axis is aligned with
the longitudinal axis of the foot, and
contributes more to abduction/ad-
duction the more closely its axis is
aligned with the longitudinal axis of
the leg. The subtalar joint orientation
also affects motion in the transverse
view, providing more eversion/inver-
sion and less dorsiflexion/plantar
flexion as the subtalar joint axis ap-
proaches the longitudinal axis of the
foot.

The transverse tarsal joint con-
nects the hindfoot (talus and calca-
neus) and midfoot (navicular and
cuboid) in plane or gliding joints. It
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amplifies and is interdependent with
motions of the ankle joint and subta-
lar joint. As the subtalar joint moves
into pronation, the transverse tarsal
joint is pulled toward pronation re-
sulting in flattening of the medial
longitudinal arch and increasing flex-
ibility of the foot. As the subtalar
joint moves into supination, the trans-
verse tarsal joint is pulled toward su-
pination, resulting in elevation of the
arch and increasing rigidity of the
foot. Tarsometarsal joints are gliding
joints, providing motion which is
translatory or planar. The first ray
connects the first metatarsal and me-
dial cuneiform bones. The axis of
motion is uniaxial and triplanar,
combining dorsiflexion and inversion
or plantar flexion and eversion with
little contribution to abduction or
adduction. Rays two through four
provide flexion extension motion
while the fifth ray allows pronation
and supination to occur between the
metatarsal and the cuboid. The meta-

tarsophalangeal joints are biaxial,
roviding pure dorsiflexion/plantar
exion and abduction/adduction.
he interphalangeal joints are hinge
oints, permitting pure flexion/exten-
sion.

When the foot is weight bearing,
the foot functions in a closed Kkinetic
chain. Movement of the foot will
ause the tibia and fibula to move,
orcing the femur into rotation un-
less the twisting force or torque is
absorbed at the knee joint. When the
triplanar motion of pronation and

supination occurs with the foot fixed,
the leg inwardly rotates, medially de-
viates, and slightly inclines the leg
forward. Supination produces the
opposite results.

Along with variation in the loca-
tion of different joint axes is variation
in the static varus/valgus position of
the forefoot with respect to the
rearfoot. In an investigation of 234
asymptomatic feet, 86.7% were in
varus, 8.8% were in valgus, and 4.6%
demonstrated a neutral forefoot-
rearfoot relationship (20). No signifi-
cant differences were found in the
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: : Range
Joint Motion d )

Subtalar Inversion 5-50

Eversion 5-26 _

Total 10-65 (X = 40°)
Transverse tarsal Inversion 0-20

Eversion 0-10
Metatarsophalangeal Maximum extension 40-90

Maximum flexion 40-50
Interphalangeal Maximum flexion 30-90

TABLE 1. Passive motion ranges for joints of the foot (24,44).

varus/valgus position between gen-
ders or legs. Passive motion ranges
for the different joints of the foot are
summarized in Table 1. The static
characteristics of each individual foot
will influence its dynamic response to
walking and running.

WALKING—FOOT KINEMATICS

The foot has been traditionally
viewed as a static tripod or a semi-
rigid support for body weight. But,
since it has evolved primarily for
walking, it is very definitely a dynamic
mechanism. Three basic dynamic
functions are required of the foot
during walking. The body requires a
flexible foot to accommodate the
variations in the external environ-
ment—a semirigid foot which can act
as a spring and lever arm for the
push-off during gait and a rigid foot
to enable body weight to be carried
with adequate stability. The role of
the foot complex in successful perfor-
mance of all these requirements can
only be understood when studied in
relation to the biomechanics of the
lower limb during walking.

Generalized Description

Basic to the discussion of walking
kinematics is an understanding of the
various lower limb joint axes and
their motions. Many authors have
provided a clinical description of
walking kinematics based primarily
on observation. Starting at the pelvis
and progressing down the leg, these
walking kinematics are described as

follows. During walking, pelvic rota-
tion causes the femur, fibula, and
tibia to rotate about the long axis of
the limb (25). The magnitude of this
rotational motion increases progres-
sively from pelvis to tibia. For exam-
ple, during normal walking on level
ground, the pelvis undergoes a maxi-
mum rotation in each gait cycle of
about 6°, while the tibia undergoes a
rotation of about 18° in the same
period (26). The lower limb gener-
ally rotates internally during the
swing phase and early stance phase
and then externally until the stance
phase is complete and toe-off has
occurred (34).

At heelstrike, the tibia is rotated
internally about 5° from its neutral
position, and the ankle joint is either
in its neutral position or in slight
plantar flexion (60). Compression of
the heel pad occurs at heelstrike, fol-
lowed by traction on both anterior
and posterior calcaneal attachments
during terminal stance (47). The foot
continues toward the floor immedi-
ately following heelstrike, with the
dorsiflexors controlling this plantar
flexion movement to prevent the foot
from slapping down to the foot flat
position (a condition called foot
drop). From heelstrike to just prior
to foot flat, the increasing inward
rotation of the tibia and fibula is
transmitted through the ankle mor-
tise to the talus (37). Inward rotation
of the ankle mortise combined with
the plantar flexed position of the an-
kle tends to shift the forefoot medi-
ally from its neutral, toe-out position.
Heel contact with the ground is lat-
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eral to the center of the ankle joint
where body weight is transmitted to
the talus, creating a pronatory mo-
ment at the subtalar joint which, in
turn, stresses the structures of the
medial arch. The talus rotates medi-
ally on the calcaneus about the subta-
lar axis, forcing the calcaneus into a
pronated position. The foot quickly
pronates, moving approximately 10°
within the first 8% of stance at an
average walking speed (71). In this
pronated position, free motion is
available at the transverse tarsal joint
so that the foot remains flexible, dis-
tal to the navicular and cuboid, and
can bend into close contact with the
supporting surface. At the foot flat
position, the lower limb begins to
rotate externally. Since the forefoot is
now fixed on the ground, the entire
external rotation of the ankle mortise
is transmitted to the talus. As exter-
nal rotation continues, the foot supi-
nates, producing increased stability at
the transverse tarsal joint and along
the longitudinal arch of the foot.
Transverse tarsal joint stability is fur-
ther improved by the increasing body
load being carried and by the firm fit
of the convex head of the talus into
the concave face of the navicular
bone (37).

When the leg has passed over the
foot, ankle dorsiflexion is initiated.
After heel rise, the ankle joint moves
back into plantar flexion, forcing the
metatarsophalangeal joints to dorsi-
flex. Since the plantar aponeurosis
wraps around the metatarsal heads, a
“windlass” effect takes place which
increases tension across the longitudi-
nal arch, further elevating the arch
and increasing foot stability. Just be-
fore toe-off, the combination of
weight bearing, windlass effect, and
supination ensures that the foot is in
a maximally stable position for push-
oft (14). After toe-off, the leg rotates
medially, once again pronating the
foot and unlocking the transverse
tarsal joint so that the foot returns to
its flexible state for the swing phase
of gait.
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Kinematic Studies

Variables which describe motion,
independent of the forces which
cause the movement to take place,
are referred to as kinematics. Linear
and angular displacements, velocities,
acceleration, center of rotation for
joints, and joint angles are all exam-
ples of kinematic variables (53). Kine-
matic information can be collected
using direct measurement techniques
(ie., goniometers, accelerometers)
and/or with indirect measurement
using imaging techniques (ie., cine-
matography, high speed video, and
stroboscopy). Advantages and disad-
vantages of the different techniques
for the study of walking have been
described by several authors and will
not be detailed in this discussion (66,
72). Instead, results of selected stud-
ies relevant to dynamic biomechanics
of the foot will be presented.

Walking Cadence and Velocity

Many factors affect foot biome-
chanics during walking, including
walking speed and anthropometric
characteristics of the individual (ie.,
limb length). Natural or free cadence
is defined as the number of steps per
minute (step/min) when a subject
walks as naturally as possible. Average
natural cadence ranges from 101 to
122 step/min, with females generally
having a cadence 6-9 step/min
higher than that of males, probably
related to differences in limb length
(68). Many studies have documented
the changes in foot biomechanics
that occur with increasing walking
speed (2,67). For this reason, walking
velocity must be considered when
comparing biomechanical findings
among studies. A classification scale
for a range of walking velocities
for clinical reporting has been sug-
gested by Smidt and is shown in
Table 2 (58).

Walking velocity varies with age
(23). Kadaba et al report mean walk-
ing velocity for young adults of 1.34
* 0.22 m/sec for men and 1.27 *

Velocity

e (mfsec)

Very slow =0.40
Slow 0.41-0.70
Slow to moderate 0.71-1.00
Moderate 1.01-1.30
Moderate to fast 1.31-1.60
Fast 1.61-1.90

Very fast >1.90

TABLE 2. Rating of walking speed (58).

0.16 m/sec for women (30). Normal
velocity for a fit person at the age of
80 years is 1.0-1.2 m/sec, which rep-
resents a 10-20% decline from the
value for younger persons (63). Walk-
ing velocity in children has been re-
ported by Ounpuu et al to be 1.19 =
0.13 m/sec for 31 children (46).
Based on the findings of Wheelwright
et al, walking velocity also varies from
left to right leg (64). In 134 children,
left and right swing time and maxi-
mum foot velocity differed 8-10%,
and double support time following
left stride was significantly different
from right stride. The authors con-
clude that some degree of asymmetry
exists in normal childhood walking
gait, perhaps based on limb domi-
nance.

Displacements

Linear heel movement during
walking has been reported by Winter
in a study with 14 subjects walking at
their natural cadences (68). Vertical
displacement of the heel begins well
before toe-off and reaches maximum
upward velocity just prior to toe-off.
The heel reaches its highest displace-
ment shortly after toe-off. Horizontal
velocity builds up gradually after heel
rise, reaching a maximum level late
in the swing phase, and then rapidly
decreases just prior to heel contact.
Vertical velocity of the heel slows
abruptly at about 1 cm above ground
level, after which the heel is lowered
very gently to the ground.

The forefoot movement during
walking differs from that of the heel.
An initial rise in the forefoot during
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late push-off and early swing phase
has been reported by Winter (68). As
the leg and foot are swung forward,
the forefoot just clears the ground
and then rises to a second peak just
prior to heel contact. Since the toe is
the last to leave the ground, and be-
cause of the accompanying leg and
foot angles, the toe rises to no more
than 2.5 cm above the ground and
then drops to only 0.87 cm clearance
at midswing. As the knee extends and
the foot dorsiflexes, the toe rises to a
maximum of 13 cm just prior to heel
contact.

Foot Placement and Arch Movement

Foot placement angles and arch
movement are other kinematic char-
acteristics that have been investi-
gated. Foot placement varies substan-
tially on successive steps of the same
foot (41). A mean value of 6.8° of

The medial
longitudinal arch was
found to lengthen
from early stance
to foot flat due to
the vertical force of
body weight.

foot abduction has been reported,
with the average difference between
successive foot angles being 2.4°.
Redfern and Schumann modelled
foot placement during gait to investi-
gate how balance is affected (51).
They found that foot placements are
dependent upon location of the
stance foot with respect to the pelvis
in order to help maintain balance
during gait.

In a study of dynamic arch move-
ment using an “electro arch gauge,”
the medial longitudinal arch was
found to lengthen from early stance
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to foot flat due to the vertical force
of body weight (33). It then shortens
with the decrease in body weight and
activation of the arch supporting
muscles. As the posterior calf muscles
activate for push-off, the arch length-
ens again, It finally shortens rapidly
because of the windlass action of the
plantar aponeurosis as the toes dorsi-
flex for toe-off. These findings were
supported by a biomechanical model
of the foot during the stance phase
of walking (55). Using this model,
Scott and Winter found that the

joints that constitute the longitudinal

arch extend slightly when the fore-
foot is loaded. These joints tlex as
the metatarsophalangeal joints ex-
tend during push-off.

FOOT KINETICS DURING WALKING

The study of those forces that
cause movement, both internally
(muscle activity, ligaments, friction in
muscles and joints) and externally
(from the ground, active bodies or
passive bodics), is referred to as ki-
netics. Although a large number of
researchers have analyzed muscular
activity and ground reaction forces
during gait, other kinetic parameters
such as joint moments, segmental
energy, joint reaction, and pressure
distribution beneath the foot during
walking have received less attention.
The findings from eclectromyography
(EMG) studies of the foot muscles
during walking will be presented in
the first subsection, followed by find-
ings from force plate and pressure
distribution studies. Calculated ki-
netic parameters, such as joint reac-
tion forces, will be included in the
final subsection.

Foot Muscle Activity During Walking

Many researchers have investi-
gated the EMG activity of lower ex-
tremity muscles during walking. Stud-
ies have shown that many of the
changes in levels of EMG activity oc-
cur at 15-20% of the cycle, when the
foot adapts to the supporting surface

e T
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(3). The tibialis anterior has its major
activity at the end of swing to keep
the foot in a dorsiflexed position
(70). Immediately after heel contact,
the tibialis anterior peaks and gener-
ates forces to lower the foot to the
ground in opposition to the plantar
flexing ground reaction forces. The
tibialis anterior is the only inverting
muscle active during the period of
maximum everting stress, when body
weight is completely on the heel. In
some individuals, the tibialis anterior
plays a minor role in pulling the leg
forward over the foot shortly after
foot flat. A second burst of tibialis
anterior activity commences the toe-
off and results in dorsiflexion for
foot clearance during midswing. The
extensor digitorum has almost identi-
cal activity to the tibialis anterior. It
functions to lower the foot after heel
contact and to dorsiflex the foot and
toes for clearance during swing. A
minor third phase is seen during
push-off and appears to be a cocon-
traction to stabilize the ankle joint.
The gastrocnemius and solcus
show a significant phase of activity,
evident throughout the single limb
support period. It begins just prior to
heel contact and rises during stance,
reaching peak just before midpush-
off (50% stride). From foot flat to
40% stride, the muscles lengthen as
the leg rotates forward about the an-
kle under its control. During push-
off, the posterior calf muscles shorten
to actively plantar flex the foot and
to generate an explosive push-off (es-
timated at 250% of body weight in
tension). Activity rapidly drops until
toc-off, where low-level gastrocnemius
activity continues into swing, proba-
bly showing the gastrocnemius acting
as a knee flexor to cause adequate
knec flexion prior to swing-through.
The peroneus longus has a small
burst of activity during weight accep-
tance (10% of stride) which appears
to stabilize the ankle (possibly as a
cocontraction to the tibialis anterior).
A larger burst during push-oft (50%)
shows the peroneus longus acting as
a plantar flexor. Low level peroneus
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longus activity during early swing is
likely a cocontraction to the tibialis
anterior to control the amount of
foot dorsiflexion and supination.

Other investigators have reported
their findings of intrinsic muscle ac-
tivity in the foot during walking (4,
37). The group of intrinsic muscles
covered by the plantar fascia (flexor
digitorum brevis, abductor hallucis,
and abductor digiti minimi) were
shown to be active at 35% of the gait
cycle. This part of the gait cycle in-
cludes the onset of heel rise, the con-
centration of body weight on the
forefoot, and the beginning of foot
resupination. The intrinsic muscle
activity assists the foot in becoming
more rigid as it resupinates.

Ground Reaction Forces

Gait laboratories usually have
force plates, and ground reaction
forces are one of the most commonly
measured biomechanical parameters
in gait. Ground reaction forces show
the magnitude and direction of load-
ing applied to the foot structures
during locomotion. Since the feet are
the first part of the body to contact
the ground during walking, they
must be able to withstand and trans-
mit these ground reaction forces.
Ground reaction force data also pro-
vide information necessary for the
calculation of ankle joint reaction
forces, which will be discussed later.

The magnitude of vertical
ground reaction force has been re-
ported to range from 1.1 to 1.3 times
body weight depending upon walking
speed (13). At termination of gait,
push-off force diminishes and brak-
ing force increases (28). Footwear
has been shown to attenuate the
peak vertical ground reaction force
values. A rapid loading rate, often
seen in vertical ground reaction force
during the first 25 msec after contact,
has been described as a possible con-
tributing factor in knee joint degen-
eration because of transmission of
impulse through the tibia to the knee
joint (50).

310

The force plate provides only
one instantaneous measure of force
distribution. This measure, called the
center of pressure, identifies the geo-
metric centroid of the applied force
distribution. The center of pressure
path is created by plotting the instan-
taneous center of pressure at regular
time intervals during the entire
stance phase of gait. Studies of the
center of pressure show a normal
progression of the path from just
slightly lateral to the midline of the
heel, along the midline of the foot
up to the metatarsal heads (13,32).
At this point, medial migration oc-
curs so that by toe-off, the center of
pressure lies under the first or sec-
ond toe. This medial migration as-
pect of the center of pressure path
has been described as the most vari-
able among subjects. The center of
pressure path is altered by different
footwear and foot positions (ie., pri-
marily supinated or pronated during
stance phase).

Pressure Distribution Studies

Since the force information pro-
vided by force plate systems is not spe-
cific to foot anatomical location, the
information is limited in the analysis of
foot movement. For example, when
forces recorded occur underneath
both the fore and rear part of the foot
simultaneously, the center of pressure
may fall at some intermediate point
which is not actually loaded. Informa-
tion about the specific location of pres-
sures as they occur beneath the mov-
ing foot is provided by pressure distri-
bution systems. An increasing number
of studies in pressure distribution have
revealed new information regarding
dynamic foot function during walking.

Although a great deal of individ-
ual variability exists in foot pressures
during walking, the usual location of
peak pressure is beneath the heel. A
comparison of mean regional peak
pressures found by several different
investigators is summarized in the

~ Figure. Differences in values reported

result from the variety of techniques

and subject samples utilized by inves-
tigators (52). These pressure studies
have shown that all metatarsal heads
are loaded during the stance phase
of gait. This finding negates the clas-
sical concept of tripod stance, which
would not allow pressure beneath the
middle metatarsal heads. Pressures
during the first step have been shown
to be similar to midgait pressures.
The pressures recorded for 60 male
subjects, 40-81 years of age, during
first step and during midgait walking
showed significant differences under
the toes, under the first metatarsal
head, and in the heel regions be-
tween the two conditions. This means
that for most of the foot, the pres-
sures which occur during walking are
similar to those present at the first
step. The implications for the work
are that patients who are unable to
walk the distances required for nor-
mal pressure measurement, such as
those with balance problems, can still
be measured using their first step if
regional conversions are utilized.

Pressure distribution beneath the
foot is affected by a number of differ-
ent variables. With increasing speed,
pressures increase and shift medially,
and the toes contribute more by as-
suming more loading (15). Walking
barefoot alters both kinetic and kine-
matic parameters when compared
with walking in shoes. Structural
characteristics of the foot, such as
arch type, also affect pressure distri-
bution. The more rigid, high-arched
foot tends to concentrate pressure
beneath the heel and forefoot, with
minimal pressure beneath the mid-
foot (12). This absence of midfoot
pressure is present even in the higher
loading conditions that occur with
increasing speed of locomotion. The
flexible flat-arched foot shows more
spreading of pressure, including the
area beneath the midfoot.

The classic Morton foot struc-
ture, characterized by a second meta-
tarsal head which is more distally
placed than the first, has also been
shown to influence pressure distribu-
tion (54). Rodgers and Cavanagh re-
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FIGURE . Means (and standard deviations) for pressures under the foot during walking based on pressure studies
(6,15,21,52,59). The regions are hallux (1), medial toes (2), lateral toes (3), first metatarsal (4), second melatarsal
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(5), lateral metatarsal (6), medial midfoot (7), lateral midfoot (8), medial heel (9), and lateral heel (10).

ported second metatarsal head pres-
sures which were significantly higher
in Morton foot subjects when com-
pared with nonMorton control sub-
jects. This finding suggests that indi-
viduals with a Morton foot structure
may be more prone to second meta-
tarsal pressure problems (ie., stress
fractures or inflammation) than
other foot structures. Pressure studies
have also been useful in identifying
areas of concentrated pressure which
may lead to pressure ulcers for indi-
viduals with insensitive feet (10). The
utilization of pressure studies to
screen patients at risk because of foot
structure or disease presents a direct
clinical application of the biome-
chanical technique. The relationship
of pressure distribution to static ra-
diographic foot measures has been
explored by Morag et al (40). In dia-
betic patients with a history of ulcer-
ation, the researchers found that a
low Morton’s index (head of metatar-
sal head 2 less distal to metatarsal
head 1), a lower sesamoid height
(less plantar soft tissue), a small incli-
nation angle of the first phalanx, and
a large deviation of the fibular sesam-
oid from the midline were features

JOSPT e Volume 21 e Number 6  June 1995

which tended to be associated with
higher metatarsal head pressures.

Joint Moments/Joint Reaction Forces

Indirect methods, such as model-
ing, have been used to calculate gait
kinetics when direct methods are not
feasible. These methods are necessary
to calculate forces within the joint
since force transducers cannot pres-
ently be sately used in subjects. Scott
and Winter (55), Winter (68), and
Winter and Robertson (69) have
made significant contributions in the
calculation of joint moments of force
and energy patterns during walking.
The mean maximum ankle joint mo-
ment (normalized to body mass) gen-
erated during walking was found to
be a plantar moment of 1.6 Nm/kg,
occurring between 40 and 60% of
the gait cycle. Plantar flexors were
found to absorb energy during early
and midstance phase as the leg ro-
tates over the foot. Late in stance,
these same muscles plantar flex rap-
idly (producing the plantar moment)
and generate an explosive burst of
energy (push-off). The joints that
constitute the longitudinal arch ex-

tend slightly when the forefoot is
loaded. During push-off, these joints
flex as the metatarsophalangeal joints
extend. A model was used to calcu-
late the magnitude of these joint mo-
ments of force for a small sample (N
= 3) of subjects (55). The magnitude
of the moments depended largely on
the distribution of the load under
the foot which varied considerably
for the small sample of subjects
tested.

Nashman and Vaughan reported
on the ankle joint moments during
walking in 10 subjects (42). They
found that the plantar flexion-dorsi-
flexion moment was characterized by
a small dorsiflexor moment at heel
contact followed by a plantar flexor
moment increasing from foot flat to
a peak during push-off. This moment
was consistent both within individuals
and also across the subject popula-
tion. They also found that the inver-
sion-eversion moment was consistent
within individuals, but across subjects
was variable.

As mentioned in the section on
force plate studies, the ground reac-
tion forces during gait are {ransmit-
ted proximally to the rest of the body
through the foot, compressing each

joint along the way. These compres-

sive forces have been shown by Radin
et al to contribute to the formation
of osteoarthrosis (49,50). Joint reac-

Compressive forces
have been shown
to contribute
to the formation
of osteoarthrosis.

tion studies of the ankle have been
few, probably because this joint dem-
onstrates osteoarthritic changes less
often than the hip and knee joints.
Stauffer et al have shown ankle joint
compressive forces of approximately

3
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3 times body weight from heelstrike
to foot flat (62). A further rise to a
peak value of 4.5 to 5.5 times body
weight occurs during heel-off when
the plantar flexors are undergoing
strong contraction. Seireg and Ar-
vikar have derived maximal ankle
joint reaction forces of 5.2 times
body weight from mathematical mod-
els (57). Procter and Paul found a
peak of 3.9 times body weight for
ankle joint reaction force during
walking (48).

Stauffer et al also reported ankle
shear forces of 0.6 times body weight
in a posterior direction (62). After
heel rise, talocrural shear forces were
anterior and reduced to less than
half of the previous posterior forces.
Subtalar joint reaction forces have

been calculated by Seireg and Arvikar

(57). The peak resultant force in the
anterior facet of the talocalcaneona-
vicular joint was 2.4 times body
weight and 2.8 times body weight for
the posterior facet. Peaks for both
locations occurred in late stance
phase of the gait cycle.

FOOT KINEMATICS DURING
RUNNING

A considerable amount of re-
search has been conducted in the
area of running biomechanics and
is presented in a detailed review by
Williams (65). The position of other
body parts and the timing of their
movements are basic to an under-
standing of the motion of the foot.
Although other body parts (primarily
the hip and knee) have received
most of the attention, several investi-
gators have contributed to a func-
tional description specific to foot mo-
tions during running at moderate
speeds (5,36).

Generalized Description

For the running gait in which
heel strike occurs, initial contact is at
the lateral heel with the foot slightly
supinated. This position results from
swinging the leg toward the line of
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progression. Slight plantar flexion of
the subtalar joint occurs along with a
supinated to a pronated position be-
tween heelstrike and 20% into sup-
port phase. The foot remains prona-
ted between 53 and 85% of the
support phase. Maximum pronation
occurs between 35 and 40% of sup-
port phase, approximately the time
when total body center of gravity
passes over the base of support. Full
pronation marks the end of the ab-
sorbing and braking period of sup-
port as the foot begins its propulsive
period. Maximum ankle dorsiflexion
occurs 50-55% into support phase
when the center of gravity is forward
of the support leg. The foot begins to
supinate and returns to a neutral po-
sition from 70 to 90% of the support
phase. The foot then assumes a supi-
nated position for push-off.

Kinematic Studies

Several stride variables which
directly affect running kinematics
and kinetics have been described by
Cavanagh (8). These include stride
length at different speeds, optimal
stride length, timing of the phases of
running gait, and foot placement.
Timing of the biomechanical events
in running is variable since it de-
pends on running speed, type of
shoe, and individual anatomic varia-
tions. For example, Kaelin et al re-
ported interindividual (N = 70) and
intraindividual variabilities (20 repeti-
tions each for six subjects) for several
parameters during running (31). The
maximum pronation angle during
foot-ground contact showed a range
of 20° among the 70 subjects, but
only 7 to 12° within the same individ-
ual. Vertical touchdown velocity of
the foot during running varied be-
tween 0.64 and 2.3 m/sec for the 70
subjects. Scranton et al reported an
average duration of support phase
for jogging of 0.2 sec and for sprint-
ing of 0.1 sec (36).

Clinical evaluations have sug-
gested a relationship between prona-
tion of the foot during running and

a variety of lower extremity problems,
such as shin splints and knee pain. At
present, quantitative data do not sup-
port the relationship, -although this
may result from inadequate analytical
techniques. For example, studies of
rearfoot motion have been conducted
in two-dimensions, although prona-
tion occurs in more than one plane.
McClay and Manal found no differ-
ence between two-dimensional and
three-dimensional peak eversion an-
gles during running (38). However,
foot abduction angle did influence
the two-dimensional analysis of ever-
sion. Clarke et al have reviewed sev-
eral different studies of rearfoot
movement in running (16). They re-
ported an average maximum prona-
tion angle of 9.4° over all studies.
The authors suggest that a maximum
pronation angle of 13° and total
rearfoot motion greater than 19° dur-
ing running would be considered
excessive. However, at present, no
single parameter reliably predicts safe
rearfoot movement during running.

Several investigators have studied
the effects of footwear and orthotics
on pronation. Stacoff et al reported
on the effect of running shoes and
spikes on the shoe/foot motion in
running (61). They found that, at
touchdown, the torsional movements
with both shoe types are quite differ-
ent from those of running barefoot.
With shoes, the torsion angle is re-
duced back to zero (more so with
running shoes than with spikes), and
the pronation angle is increased be-
yond the barefoot values. The au-
thors suggest improvement of run-
ning shoes with respect to torsion
and the spikes with respect to prona-
tion. Eng and Pierrynowski found
reductions of 1-3” in the talocrural/
subtalar joint motion (frontal and
transverse planes) with soft foot or-
thotics (18).

Nigg et al have investigated the
relationship of arch height to angular
motion of the leg in running (44).
They found that arch height does not
influence either maximal eversion
movement or maximal internal leg
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rotation during running stance.
Their findings support the assump-
tion that foot eversion is coupled to
internal rotation of the tibia during
the first half of running stance.

FOOT KINETICS DURING
RUNNING

Direct measurement of running
kinetics poses more difficult technical
problems than during the slower
speeds of walking gait. Targeting a
force plate is more difficult at the
higher speeds without altering the
normal running gait patterns. The
faster motion requires more distance
for running and, therefore, longer
cables or telemetry systems must be
utilized for EMG data collection.
Treadmill running has been used for
EMG data collection, although the
pattern of running is different from
that seen over natural terrain or on a
track. Because of these problems, few
researchers have directly measured
foot muscle activity during running.
More research has been conducted
in ground reaction forces and pres-
sure distribution during running. In-
direct calculations of foot muscle
forces, segmental moments, and joint
reaction forces during running have
been performed by a few researchers.

Foot Muscle Activity During Running

Studies have shown that EMG
activity increases with running as
compared with walking. Miyashita et
al have reported that integrated EMG
activity of the tibialis anterior and
gastrocnemius increases exponen-
tially with increasing speed (39). Ito
et al report that with increasing run-
ning speed, the integrated EMG
increased during swing, but re-
mained the same during the con-
tact phase (27).

Ground Reaction Force Studies

Several authors have suggested a
link between common running inju-
ries and the impact forces at foot

JOSPT e Volume 21 @ Number 6 o June 1995
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strike which can occur thousands of
times during running (29,35). Force
plate analysis has shown that peak
vertical loading force during running
is more than twice that of walking
and occurs at least twice as fast. Perry
extrapolates that the forces imposed
on the supporting tissues would re-
flect a four-fold increase in strain
(47). Since microtrauma is cumula-
tive, running creates symptoms that
do not arise with ordinary walking.

Force plate data for jogging and
running are much more variable
from step to step when compared
with walking. The pattern and magni-
tude of the vertical ground reaction
force during running also differ sig-
nificantly from those which occur
during walking. Variables that affect
vertical ground reaction force data
include touchdown velocity of the
heel, position of the foot and lower
leg before contact, and movement of
these structures during impact (43).
Two distinct peaks are usually present
in the vertical ground reaction force
curve for heel-toe running (heel
strikers): the impact force peak and
the active force peak (11,18,19). Typ-
ical peak vertical ground reaction
force values for distance running
speeds are 2.5-3.0 times body weight.
DeClercq et al found that although
the amplitudes of the vertical ground
reaction forces do not differ notably
in barefoot running compared with
shod running, barefoot running im-
poses a maximal deformation to the
fatty heel tissue, reducing its func-
tional role from shock reduction to-
ward local protection of the heel
bone (17). The heel pad deforms to
a maximal percentage deformation of
61 * 6% in barefoot running, while
running in shoes produces a defor-
mation of 36 = 3%. Shoes appear to
increase the effective stiffness of the
heel pad.

The pattern of force is dependent
upon the orientation of the foot at
initial contact, which is determined
by whether the runner is a forefoot,
midfoot, or rearfoot striker (11).
Most runners initially contact the

ground with the outside border of
the shoe, while some make contact
with the rear lateral shoe (rearfoot
strikers). Harrison et al report that
mean foot contact time is reduced in
forefoot strikers as compared with
rearfoot strikers (0.20 seconds com-
pared with 0.19 seconds) (22). Ca-
vanagh and Lafortune also found
slightly shorter contact times for the
midfoot strikers compared with the
rearfoot strikers (11). In addition,
rearfoot strikers demonstrate a sharp
initial spike in vertical ground reac-
tion force generally absent from the
midfoot striker patterns. Midfoot
strikers produced two positive peaks
in the anterior/posterior force dur-
ing the braking phase. The mean
peak to peak amplitude for mediolat-
eral ground reaction force was three
times greater in the midfoot strikers
than that for the rearfoot strikers
(0.35 body weight and 0.12 body
weight, respectively). These findings
indicate that the loading rates within
the muscles and joints are affected by
the type of initial foot contact during
running.

The path of the center of pres-
sure also depends upon the type of
initial foot contact during running.
The center of pressure path for rear-
foot strikers follows from the rear
lateral border to the midline within
15 msec of contact (11). The center
of pressure path then continues
along the midline to the center of
the forefoot where it remains for al-
most 2/3 of the entire 200 msec con-
tact phase. Midfoot strikers running
at the same running speed make ini-
tial contact at 50% of shoe length.
The center of pressure path then mi-
grates posteriorly as the rear part of
the shoe makes contact with the
ground. This posterior movement
coincides with a drop in the ante-
rior/posterior ground reaction force.
When the end of posterior migration
is reached, the center of pressure
rapidly moves to the forefoot where it
remains for most of the contact
phase.

313



Downloaded from www.jospt.org at on March 13, 2022. For personal use only. No other uses without permission.

Copyright © 1995 Journal of Orthopaedic & Sports Physicai Therapy®. All rights reserved.

Journal of Orthopaedic & Sports Physical Therapy®

FOOT/ANKLE THERAPY

Pressure Distribution Studies

Very little information is available
regarding pressure distribution under
the foot during running. Cavanagh
and Rodgers have shown that pres-
sure patterns during running vary
with foot type (ie., different arch
heights or metatarsal lengths) (12).
The increased loading which occurs
with running remains concentrated
under the heel and forefoot in the
more rigid high-arched foot. In the
more flexible flat-arched foot, the
increased load is spread beneath the
entire foot, including the midfoot
region. Cavanagh and Hennig found
that the average peak pressure dur-
ing the contact phase of running
(868 kPa) occurred under the heel
for a sample of 10 rearfoot strikers
(9). Although pressures were much
higher beneath the heel of these
rearfoot strikers, more of the contact
time was spent on the forefoot.

Muscle Forces, Segmental Impulse,
and Joint Reaction Forces

Several investigators have devel-
oped mathematical models to predict
muscle forces during running. Forces
generated by the dorsiflexors and the
gastrocnemius have been calculated
by Harrison et al (22). They report
peak forces in the dorsiflexors of 0.52
times body weight, which are active
only during the first 10% of the
stance phase, The gastrocnemius gen-
erated a substantially greater peak
force of 7.53 times body weight. Cal-
culations by Burdett revealed that the
gastrocsoleus group had the highest
predicted force (5.3-10.0 times body
weight) of the ankle muscle groups
(7). Predicted forces in the tibialis
posterior, flexor digitorum longus,
and flexor hallucis longus group
ranged from 4.0 to 5.3 times body
weight. The peroneus tertius and ex-
tensor digitorum longus did not show
any predicted force during the stance
phase of running.

Impulse is the effect of a force
acting over a period of time and is
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determined mathematically as the
integral of the force-time curve. Ae et
al calculated the impulse generated
by different body segments during
running (1). The researchers found
that the foot generated the largest
mean impulse compared with other
body segments. This impulse in-

The foot generated the
largest mean impulse
compared with other

body segments.

creased with faster running, suggest-
ing that the foot plays an important
role in projecting the body and in-
creasing running velocity.

Ankle joint reaction forces dur-
ing running have also been calcu-
lated by several investigators. Harri-
son et al reported maximum ankle
joint reaction of 8.97 and 4.15 times
body weight for the compressive and
shear components, respectively (22).
Burdett predicted that compressive
forces on the foot along the longitu-
dinal axis of the leg reached peak
values from 3.3 to 5.5 times body
weight during running (7). In addi-
tion, he reported mediolateral shear
forces which ranged from a medial
force of 0.8 times body weight to a
lateral force of 0.5 times body weight.
Furthermore, the vertical reaction
forces and other calculated forces
were determined to be approximately
2.5 larger in running (at a 4.47
m/sec pace) when compared with
walking.

SUMMARY

This article has described current
findings related to the dynamic bio-
mechanics of the asymptomatic foot
during walking and running. Func-
tional descriptions of walking and
running biomechanics have been
provided along with quantitative find-

ings from current biomechanical
studies. Extensive databases are still
not available for most of the biome-
chanical parameters which affect dy-
namic foot motion. However, as ad-
vances in biomechanical methods
continue and more clinicians include
quantitative techniques in their rou-
tine evaluations, more insight into
dynamic foot function will be pro-
vided. As our understanding im-
proves, we can provide more effective
therapeutic approaches to lower ex-
tremity injury and better design pro-
tective shoewear. We may eventually
see computer-aided design of shoes
and therapeutic exercise programs
based on biomechanical measure-
ments performed in the clinic.  JOSPT
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