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Subtalar Joint Axis Location and
Rotational Equilibrium Theory

of Foot Function

Kevin A. Kirby, DPM, MS*

A new theory of foot function based on the spatial location of the subta-
lar joint axis in relation to the weightbearing structures of the plantar foot
is proposed. The theory relies on the concept of subtalar joint rotational
equilibrium to explain how externally generated forces, such as ground
reaction force, and internally generated forces, such as ligamentous and
tendon tensile forces and joint compression forces, affect the mechani-
cal behavior of the foot and lower extremity. The biomechanical effect of
variations among individuals in the spatial location of the subtalar joint
axis are explored, along with their clinical consequences, to offer an ad-
ditional theory of foot function, which may improve on existing podiatric bio-
mechanics theory. (J Am Podiatr Med Assoc 91(9): 465-487, 2001)

The subtalar joint is a functional joint of the human
foot that acts as a mechanical link between the foot
and the lower extremity. Transverse plane rotations
of the leg are converted into frontal plane rotations of
the foot, and vice versa, by the oblique triplanar orien-
tation of the subtalar joint axis. Two of the more im-
portant functions of the subtalar joint are: 1) to allow
the foot to pronate and act as a mobile adapter when
bearing weight on irregular surfaces; and 2) to allow
the foot to supinate into a position of increased sagit-
tal plane stability during the propulsive phase of gait.
Other functions of the subtalar joint have been dis-
cussed previously by other authors.!*

The characteristics of the axis of rotation of the
subtalar joint have attracted the attention of re-
searchers over the years. Manter,”> Hicks,® Root et al,”
and Isman and Inman? all suggested in their experi-
mental studies that the subtalar joint axis is a solitary
axis that passes through the talocalcaneal joint and is
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directed obliquely from posterior-lateral-plantar to
anterior-medial-dorsal. More current research by Van
Langelaan,® Benink,!* and Lundberg and Svensson!!
investigated the axis of rotation of the subtalar joint
using more accurate methods of subtalar joint axis
spatial location with roentgen stereophotogram-
metry. By implanting metallic beads into both the
talus and the calcaneus and then taking standardized
x-rays of the feet in two cardinal planes, these re-
searchers all demonstrated that the subtalar joint
axis is not a solitary axis but rather is better de-
scribed as a number of discrete axes of rotation that,
together, form a bundle of axes passing through the
talocalcaneal joint (Fig. 1).911

Therefore, the most accurate research to date has
demonstrated that the subtalar joint axis no longer
can be accurately described as a solitary axis of rota-
tion but is best described as a multitude of axes of
rotation that all have different spatial locations. In
turn, each discrete spatial location of the subtalar
joint axis is dependent on the rotational position of
the subtalar joint axis.”!! As such, the results from
these researchers suggest that the morphology of the
articulating surfaces of the talus and calcaneus,
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A
STJ pronated
B
STJ neutral
C

STJ supinated

Figure 1. Research using roentgen stereophotogram-
metry 1" has demonstrated that the subtalar joint axis
is not a solitary joint axis but a continuously moving
axis that is better represented as a bundle of axes
passing through the talocalcaneal joint. Here are ex-
amples of how the subtalar joint axis may have differ-
ent spatial locations in relation to the talus and
calcaneus while in the A, subtalar joint pronated posi-
tion (STJe); B, subtalar joint neutral position (STJn);
and C, the subtalar joint supinated position (STJs).
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along with their three-dimensional (3-D) relation-
ships to each other at each point within the subtalar
joint range of motion, determines the spatial location
of the subtalar joint axis for that rotational position
of the subtalar joint. (In this paper, “spatial location”
is defined as the 3-D location and the angular orienta-
tion of the axis of rotation in relation to another
point of reference. “Rotational position” is defined as
a point within the joint’s range of motion, such as
“maximally pronated,” “neutral,” or “3° from maximal-
ly pronated,” in the specific case of the subtalar joint.)

It has been determined that closed kinetic chain
subtalar joint pronation causes plantarflexion and in-
ternal rotation of the talus and closed kinetic chain
subtalar joint supination cause dorsiflexion and ex-
ternal rotation of the talus in relation to the plantar
calcaneus and the ground.’ 3 Previous anatomical in-
vestigations also have noted that the subtalar joint
axis consistently pierces the talus anteriorly at the
superior aspect of the talar neck.2 > 6 8 12 Therefore,
as the talar head and neck rotate and translate within
space in relation to the plantar foot and ground dur-
ing closed kinetic chain rotational motions of the
subtalar joint, so does the subtalar joint axis rotate
and translate in relation to the plantar foot and
ground during these same motions (Fig. 2).1316 The
important link between spatial location of the subta-
lar joint axis and the rotational position of the subta-
lar joint axis has been discussed in detail in the liter-
ature by both the current author!?8 and Nester.!?

In 1987, this author described a clinical method of
determining the representation of the subtalar joint
axis on the plantar foot. How alterations in subtalar
joint axis spatial location can affect the relative
pronation and supination moment arms that ground
reaction force has available on the plantar foot to
produce subtalar joint moments were described. The
concepts of medial and lateral deviation of the subta-
lar joint axis were introduced to explain the author’s
clinical observations that variations in the spatial lo-
cation of the subtalar joint axis affected the overall
biomechanics of the foot during weightbearing activ-
ities (Fig. 3).2° The author also devised a method for
quantifying the plantar position of the subtalar joint
axis, which was first described in a study by Ruby et
al?! that measured the effect of certain anatomical
variables on the peak knee-loading forces during
seated cycling (Fig. 4).

In 1989, the author discussed how pronation and
supination moments are produced across the subta-
lar joint axis by the effects of ground reaction force
and muscular contractile force and also described
the concept of rotational equilibrium across the sub-
talar joint axis. A foot with a medially deviated subta-
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Figure 2. When a foot that functions normally is in relaxed bipedal stance, resting slightly pronated from neutral
position, the subtalar joint (STJ) axis passes through the posterior-lateral calcaneus posteriorly and above the first
intermetatarsal space anteriorly (center, B). As the subtalar joint undergoes pronation motion, the talus internally
rotates and medially translates in relation to the plantar foot, causing the subtalar joint axis to internally rotate and
medially translate (left, A). As the subtalar joint undergoes supination motion, the talus and subtalar joint axis ex-
ternally rotate and laterally translate in relation to the plantar foot (right, C).

lar joint axis causes a net increase in subtalar joint
pronation moment, which results in a foot that is
pronated in standing and is likely to resist supination
motion when supination moments act upon it. In ad-
dition, a foot with a laterally deviated subtalar joint
axis causes a net increase in subtalar joint supination
moment, which results in a foot that is neutral to su-
pinated in standing and is likely to resist pronation
motion when pronation moments act upon it. The
concept of rotational equilibrium across the subtalar
joint axis also was used to describe how the rotation-
al position of the subtalar joint axis during relaxed
bipedal stance is the direct result of the balancing of
the pronation and supination moments acting across
the subtalar joint axis at that time. In addition, the
production of interosseous compression forces in
the sinus tarsi, which are the result of excessive sub-
talar joint pronation moments, was used to describe
the biomechanics and orthotic treatment of sinus
tarsi syndrome.*

The purpose of this paper is to propose a theoreti-
cal model of foot function that is based on the previ-
ously described concepts of subtalar joint axis loca-
tion and rotational equilibrium and that is compatible
with the findings from current biomechanical re-
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search and the author’s clinical observations.'* 2 The
concepts of subtalar joint axis spatial location and
subtalar joint rotational equilibrium will be described
in detail and will be used to explain the response of
the foot to the external effects of ground reaction
force and the internal effects of osseous compres-
sion forces, ligamentous tensile forces, and muscular
tensile forces. This theoretical model also will be
used to describe how alterations in the rotational po-
sition of the subtalar joint and various structural de-
formities of the rearfoot and forefoot affect the spa-
tial location of the subtalar joint axis in relation to
the foot and therefore also affect the balance of sub-
talar joint pronation and supination moments acting
on the foot during weightbearing activities.

Normal Location of the Subtalar Joint
Axis and Its Biomechanical Effects

In his classic 1941 paper on the experimental deter-
mination of the spatial location of the subtalar joint
axis in 16 cadaver feet, Manter® demonstrated that
the average subtalar joint axis in his samples was an-
gulated 16° from the sagittal plane (the sagittal plane
being defined as a line from a bisection of the poste-
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Medially deviated STJ axis

Normally positioned STJ axis

Laterally deviated STJ axis

Figure 3. Ground reaction force acting on the plantar calcaneus (GRFc) in a foot with a normally positioned subta-
lar joint (STJ) axis will cause a subtalar joint supination moment, and ground reaction force acting on the lateral
forefoot (GRFrr) will cause a subtalar joint pronation moment (center, B). In a foot with a medially deviated subta-
lar joint axis, the moment arm that GRFc has available to cause a subtalar joint supination moment is decreased
and the moment arm that GRFer has available to cause a subtalar joint pronation moment is increased, which pro-
duces a net increase in subtalar joint pronation moment (left, A). In a foot with a laterally deviated subtalar joint
axis, the moment arm that GRFc has available to cause subtalar joint supination moment is increased and the mo-
ment arm that GRFrr has available to cause subtalar joint pronation moment is decreased, which produces a net
increase in subtalar joint supination moment (right, C).

rior heel to the first intermetatarsal space) and 42°
from the transverse plane (the transverse plane being
defined as the plantar aspect of the foot). Manter
also found that the medially directed angulation of
the subtalar joint axis ranged from 8° to 24° and the
superiorly directed inclination angle of the subtalar
joint axis ranged from 29° to 47° in the 16 cadaver feet.

In addition to Manter, other authors have per-
formed similar experimental studies that demonstrate
large variations among individuals in the angulation
of the subtalar joint axis. Therefore, even though an
“average” spatial location of the subtalar joint axis
can be quoted for the samples examined by each re-
searcher, it remains clear in the review of these ex-
perimental studies that each researcher found a large
variation among individuals in the spatial location of
the subtalar joint axis in the samples studied.®!!

The author has used the palpation method of sub-
talar joint axis location for the past 16 years on more
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than 2,000 feet to determine the plantar representa-
tion of the subtalar joint axis.2’ In line with what
other researchers have noted,>!! the author has also
found that there is a large variation among individu-
als in the angulation of the subtalar joint axis in rela-
tion to the sagittal plane of the foot. In addition, a
large variation among individuals in the medial
and/or lateral position of the subtalar joint axis in re-
lation to the plantar foot also has been found consis-
tently.!1% 20 The author has discovered a large varia-
tion among individuals in the representation of the
subtalar joint axis on the plantar foot that was ob-
served in many feet examined by means of the palpa-
tion method of subtalar joint axis location, and the
author has hypothesized that this represents a large
variation among individuals in the spatial location of
the subtalar joint axis.

To determine a normal location for the subtalar
joint axis, the author has relied on the basic hypothe-
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Figure 4. lllustrated above is the method for quantify-
ing the plantar representation of the subtalar joint
(STJ) axis as described by the author.2° The longitu-
dinal bisection of the foot is first determined by taking
the width (W) of the posterior heel and bisecting it
(W/2). The line from the bisection of the posterior
heel to the center of the second metatarsal head de-
termines the longitudinal bisection of the foot. The
first subtalar joint axis measurement parameter de-
termines the angular relationship (0) of the subtalar
joint axis to the longitudinal bisection of the foot (in
the example above, 6 = 23°). The second measure-
ment parameter of the subtalar joint axis uses the
distance from the posterior heel bisection to the sec-
ond metatarsal head (b) and the distance from the
point where the subtalar joint axis crosses the longi-
tudinal bisection of the foot to the second metatarsal
head (a) to derive the ratio (a/b) indicating the rela-
tive position where the subtalar joint axis crosses the
longitudinal bisection of the foot (in the example
above, a=110 mm, b =203 mm, and a/b = 0.542).

sis that feet that function the most normally! 3 ¢ also
would have a normal subtalar joint axis spatial loca-
tion. When using the subtalar joint palpation method,
the author has consistently found that the feet that
function the most normally during walking gait have
a subtalar joint axis that passes through the posteri-
or-lateral heel posteriorly and through the first inter-
metatarsal space area of the plantar forefoot anteri-
orly (Figs. 2 and 3).1318 20 It is this normal position of
the subtalar joint axis in relation to the plantar foot,
first noted by the author 16 years ago, that has
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formed the biomechanical basis for the subtalar joint
axis location and rotational equilibrium theory of
foot function.

Since the plantar aspect of the foot is the only
weightbearing aspect of the human body during
walking activities, the ground reaction force that re-
sults from the mass and movements of the human
body above the foot will have a very significant effect
on the function of the foot and lower extremity. At
the rearfoot, ground reaction force acts mostly at the
medial calcaneal tubercle since the lateral calcaneal
tubercle is largely nonweightbearing, on average
being angulated 21° from the weightbearing surface
of the foot.!? In addition, the plantar aspects of the
first through fifth metatarsal heads, and to some ex-
tent the base of the fifth metatarsal, are the primary
weightbearing structures in the forefoot.?

When the subtalar joint axis is in its normal posi-
tion, ground reaction force acting on the medial cal-
caneal tubercle causes a supination moment across
the subtalar joint axis since the medial calcaneal tu-
bercle is medial to the subtalar joint axis. Ground re-
action force acting on the second through fifth meta-
tarsal heads and the fifth metatarsal base will cause a
subtalar joint pronation moment since these plantar
structures are lateral to the subtalar joint axis (Fig. 3).
The longer the distance between these plantar struc-
tures and the subtalar joint axis, the greater the mo-
ment arm will be to produce subtalar joint moments.
Therefore, the longer the moment arm and the greater
the magnitude of ground reaction force acting on
these plantar structures, the greater will be the mag-
nitude of supination or pronation moment acting
across the subtalar joint axis.!>%.20 (“Moment arm” is
defined as the perpendicular distance of the line of
action of the force to the axis of rotation. “Moment”
is the mathematical product of the magnitude of the
force and the length of the moment arm.)

The rotational effects of the contractile forces ex-
erted by the extrinsic and intrinsic muscles of the
foot also are affected by their position relative to the
osseous structures of the foot. All extrinsic muscles
that insert or have osseous pulley systems medial to
the subtalar joint axis will exert a subtalar joint supi-
nation moment with their contraction. All extrinsic
muscles that insert on the dorsal aspect of the foot
lateral to the subtalar joint axis or that have osseous
pulley systems lateral to the subtalar joint axis will
exert a subtalar joint pronation moment with their
contraction. Therefore, in a foot with a normal subta-
lar joint axis location, the posterior tibial, gastrocne-
mius, soleus, anterior tibial, flexor hallucis longus,
and flexor digitorum longus all will have varying
lengths of supination moment arms across the subta-
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lar joint axis. In addition, the peroneus brevis, per-
oneus tertius, and extensor digitorum longus will
have varying lengths of pronation moment arms
across the subtalar joint axis. The magnitude of the
subtalar joint moments produced by muscular con-
traction are dependent not only on the perpendicular
distance of the line of action of the muscular con-
tractile force to the subtalar joint axis (ie, moment
arm) but also on the magnitude of the muscular con-
tractile force. 15

Since none of the intrinsic muscles of the plantar
and dorsal foot directly cross the subtalar joint, they
cannot directly cause either pronation or supination
moments of the subtalar joint. However, in a fashion
similar to the ligaments of the plantar and dorsal foot,
the intrinsic muscles of the foot can resist deforma-
tion of the joints of the foot under weightbearing
loads.?* Therefore, both the intrinsic muscles and the
ligaments of the foot can indirectly affect the overall
balance of pronation and supination moments acting
across the subtalar joint axis by stabilizing the joints
of the foot during weightbearing activities.

Observations from Subtalar Joint Axis
Palpation

During the subtalar joint axis palpation method pre-
viously described, the examiner uses the thumb of
one hand to exert a force plantarly on the foot and
uses the contralateral hand to sense any resultant
subtalar joint motion at the fifth metatarsal head. If
the thumb pushing on the plantar foot is medial to
the subtalar joint axis, then subtalar joint supination
occurs, and if the thumb pushes lateral to the subta-
lar joint axis, then subtalar joint pronation occurs. If,
however, the examiner detects no motion when the
thumb pushes on the plantar foot, then that point is
the point of no rotation and is marked on the plantar
foot (Fig. 5). Palpation of the plantar foot is started
at the plantar heel and is carried out distally at 1- to
2-cm intervals to the metatarsal head level to deter-
mine the points of no rotation for the plantar foot,
which are hypothesized to be the plantar representa-
tion of the subtalar joint axis.!% 1720

Early on in the performance of the subtalar joint
axis palpation method on many individuals of many
age groups and foot types, the author noticed a seem-
ingly unusual finding that seemed contrary to popu-
lar podiatric biomechanics theory of the time. The
theory taught that when ground reaction force acted
on the forefoot, its effect on foot function would be
significantly affected by the spatial location of the
oblique midtarsal joint axis.>4 % Owing to this popu-
lar theory, the author initially assumed that the line of
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points of no rotation on the plantar foot would
change direction at the midtarsal joint level since the
rearfoot points of no rotation should represent the
subtalar joint axis location and the forefoot points of
no rotation should represent the oblique midtarsal
joint axis location. However, in the more than 2,000
feet examined in the past 16 years with the subtalar
joint axis palpation method, it has been noted that
the points of no rotation of the rearfoot and forefoot
always can be represented as a single straight line,
with no apparent change of direction in the points of
no rotation being at the midtarsal joint level (Fig.
6).17,26,27

This consistent experimental observation thus
supports the theory that any forces that act on the
plantar foot while it is loaded to simulate weightbear-
ing conditions will have a direct effect in producing
subtalar joint pronation and supination moments, re-
gardless of whether that force is applied to the plan-
tar rearfoot or plantar forefoot. Therefore, it seems
logical to assume that ground reaction force acting
on any aspect of the plantar foot that is medial to the
subtalar joint axis will produce subtalar joint supina-
tion moment and any ground reaction force acting on
the plantar foot lateral to the subtalar joint axis will
produce a subtalar joint pronation moment, regard-
less of the orientation of the oblique midtarsal joint
aXis.14—17, 20

During weightbearing conditions, the combination
of tensile loading of the plantar ligaments and com-
pression loading of all the joints of the foot creates,
in effect, a more tightly joined and stable architec-
ture to the foot when compared with nonweightbear-
ing conditions, where the forefoot is unloaded and
more mobile relative to the rearfoot. Therefore, dur-
ing many weightbearing motions, the foot may ap-
proximate a relatively rigid unit with all the bones of
the foot rotating around the central pivot of the talus
at the subtalar joint axis. If this concept is valid, then
during many weightbearing motions, the foot can be
effectively modeled as a rigid body with the calca-
neus, cuboid, and navicular all rotating as a single
unit around the talus at the subtalar joint axis and
the more flexible forefoot undergoing relatively
small motions that aid in keeping the forefoot in a
plantigrade position.

In regard to the idea of the foot being modeled as
a rigid body, Nigg? has noted that in the field of bio-
mechanics, the rigid body concept may be valid
where the deformations of the parts of the structure
of interest are insignificant relative to the motion of
the structure as a whole. In addition, biomechanics
researchers have effectively modeled the foot as a
rigid body for years, and this modeling technique is
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Figure 5. The plantar location of the subtalar joint (STJ) axis is determined by the examiner using one thumb to
push on the plantar aspect of the foot and the opposite thumb to detect subtalar joint movements.2® When the
thumb presses on the plantar foot medial to the subtalar joint axis, subtalar joint supination motion occurs (left, A).
When the thumb presses on the foot lateral to the subtalar joint axis, subtalar joint pronation motion occurs (right,
C). Once the thumb presses on a location where no subtalar joint rotational motion occurs, this point on the plantar
foot is marked as a point of no rotation (PNR) (center, B). Plotting the points of no rotation on the plantar foot rep-

resents the plantar location of the subtalar joint axis.'”

an integral part of the determination of how forces
acting on the foot affect the biomechanics of the
foot, lower extremity, and body as a whole during
weightbearing activities.?

Constraint and Nonconstraint
Mechanisms of the Foot

The idea that the foot may rotate in inversion and ev-
ersion about the talus mostly at the subtalar joint and
only slightly at the oblique midtarsal joint during
weightbearing activities is not new or unique. Huson?
proposed that inversion and eversion of the foot oc-
curs about the talus at the subtalar joint axis, rather
than at separate subtalar joint and midtarsal joint
axes. Huson?® classified the foot as functioning with
three osteoligamentous mechanisms: 1) the tarsal
mechanism, 2) the tarsometatarsal mechanism, and
3) the metatarsophalangeal mechanism.

Huson?® noted that when multiple joints interact to
produce motions, which occurs in the foot, the type
of motion that is produced at the joints may be de-
scribed as being either a “constraint” or “noncon-
straint” mechanism. In a constraint mechanism, the
movement pattern of the joints is imposed by the
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shape of the articular surfaces, the insertion pattern
and length of the joint ligaments, the number of joints
within the mechanism, and the relative position of
these joints to each other. In other words, the mo-
tions of the bones in a constraint mechanism are
kinematically closely coupled. However, in a noncon-
straint mechanism, either muscular or external forces
are necessary to determine the direction and magni-
tude of motion at the joints. In other words, the mo-
tions of the bones in a nonconstraint mechanism may
occur independently of each other depending on the
external forces acting on them and are kinematically
only loosely coupled to each other.2

Huson? described the tarsal mechanism as a con-
straint mechanism that consists of the calcaneus, nav-
icular, and cuboid being kinematically closely cou-
pled to each other, rotating on the more fixed talus in
a defined and predictable manner as a unit during
foot inversion and eversion. The tarsometatarsal
mechanism was described as being a nonconstraint
mechanism since the bones in the tarsometatarsal
mechanism may move differently in relation to each
other and in relation to the rearfoot, depending on the
direction and magnitude of ground reaction force or
muscular forces acting on it. The tarsometatarsal
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OMTJ axis

Figure 6. When the points of no rotation (PNRs) are
located on the plantar foot by means of the subtalar
joint axis (STJ) palpation technique,2 they approxi-
mate the plantar representation of the subtalar joint
axis. The fact that the points of no rotation follow the
line of the subtalar joint axis and not the line of the
oblique midtarsal joint (OMTJ) axis indicates that re-
action forces on both the rearfoot and forefoot act di-
rectly on the subtalar joint axis, regardless of the
orientation of the oblique midtarsal joint axis. This also
lends support to the theory that the foot may be effec-
tively modeled as a type of rigid body rotating about
the talus and subtalar joint axis during closed kinetic
chain pronation and supination motion, as has been
suggested by other researchers.%11.26.27

mechanism consists of the five metatarsal bones and
their connections to the tarsus, which have variable
amounts of stiffness to each other, with the second
metatarsal acting as the stiffest metatarsal (which
Huson describes as a “fixed spoke”) during closed ki-
netic chain inversion and eversion of the foot. Huson
also considered the metatarsophalangeal mechanism
to be a nonconstraint mechanism, consisting of the
metatarsophalangeal joints since the bones in the
metatarsophalangeal mechanism may move indepen-
dently of each other, depending on the magnitude and
direction of ground reaction force and muscular
forces acting on it.26

A recent study by Cornwall and McPoil?” of 153
subjects that measured the 3-D kinematics of the cal-
caneus, navicular, and first metatarsal during walk-
ing has supported Huson’s theory of strong kinemat-
ic tarsal coupling during subtalar joint pronation and
supination. The study demonstrated that the 3-D
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movements of the calcaneus and navicular were near-
ly identical to each other and that the first metatarsal
moved very similarly to the calcaneus and navicular
but had slightly more independent motion. The au-
thors thought that the findings of their study support-
ed Huson'’s theory of a constraint mechanism of the
tarsus and a nonconstraint mechanism of the tar-
sometatarsal unit.

The study by Cornwall and McPoil 2" as well as the
relatively sophisticated roentgen stereophotogram-
metry studies done by Van Langelaan,® Benink,° and
Lundberg and Svensson,!!' all indicate that the con-
cept of a two-axis midtarsal joint that determines the
direction of motion of the forefoot to the rearfoot
during weightbearing activities is probably a great
oversimplification of reality and may not be accurate.
In support of this view, in a recent commentary on
the two-axis model of the midtarsal joint, Payne re-
viewed the available research pertaining to the mid-
tarsal joint and suggested that the two-axis model of
the midtarsal joint needs to be improved upon since
recent research findings do not support it.

Rotational Equilibrium Across the
Subtalar Joint Axis

The basic concept of rotational equilibrium is very
straightforward. It states that for an object to meet
the conditions of rotational equilibrium, it either
must be at rest (ie, not rotating) or must be rotating
at a constant velocity. In addition, for rotational equi-
librium to exist across an axis of rotation, the sum of
the moments acting in one direction must exactly
equal the sum of the moments acting in the opposite
direction across the axis of rotation (Fig. 7). There-
fore, any object with an axis of rotation that is at rest
must have a net moment acting across that axis of
rotation that is equal to zero since the moments act-
ing in opposite directions exactly counterbalance
each other.? 3! Specifically, in regard to the foot, in
order to meet the conditions of rotational equilibri-
um across the subtalar joint axis, the subtalar joint
either must not be rotating or must have a constant
rotational velocity, and the sum of the magnitudes of
subtalar joint pronation moments must exactly equal
the sum of the magnitudes of subtalar joint supina-
tion moments (Fig. 8).14

During relaxed bipedal stance, the rotational posi-
tion of the subtalar joint commonly is determined by
measuring the position of the calcaneal bisection to
the ground, which is called the relaxed calcaneal
stance position.?? Feet that function most normally
have a subtalar joint rotational position in relaxed bi-
pedal stance that is approximately halfway between
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Figure 7. A, When a weight of 200 N is positioned 3.0
m from the axis of rotation in a seesaw, 600 Newton-
meters (Nm) of moment is produced. Rotational equi-
librium can be produced in the seesaw only when the
counterclockwise (CCW) moments equal the clockwise
(CW) moments across the axis of rotation. B, If the axis
of rotation is moved in the seesaw to a location that is
2.0 m from the left end of the board and 4.0 m from the
right end of the board, then the counterclockwise mo-
ments (200 N x 2.0 m = 400 Nm) are of less magni-
tude than the clockwise moments (200 N x 4.0 m =
800 Nm). Clockwise rotation will result since rotational
equilibrium is not achieved. C, Rotational equilibrium
will again be achieved once the seesaw board rotates in
a clockwise direction until its right end rests on the
ground and becomes motionless. Ground reaction force
(GRF) acting on the right end of the board contributes a
counterclockwise moment to the seesaw, which allows
rotational equilibrium to be achieved again.

the neutral and the maximally pronated position of
the subtalar joint.?* Rotational equilibrium then dic-
tates that since the subtalar joint of the normal foot
comes to rest at a rotational position that is approxi-
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mately halfway between the neutral position and the
maximally pronated position while in relaxed bipedal
stance, it is at this rotational position of the subtalar
joint that the magnitudes of subtalar joint pronation
moment and subtalar joint supination moment must
equal each other exactly. Viewed another way, the
foot will rotate about the subtalar joint in relaxed bi-
pedal stance until it “finds” the rotational position of
the subtalar joint where the sum of the magnitudes
of subtalar joint pronation moments and the sum of
the magnitudes of subtalar joint supination moments
can exactly counterbalance each other so that rota-
tional equilibrium can be achieved and the subtalar
joint can come to rest. This mechanism is true not
only for feet that function normally, but also for feet
that function abnormally.

The concept of rotational equilibrium across the
subtalar joint axis can then be used to explain why
the spatial location of the subtalar joint axis is of crit-
ical importance to the normal function of the foot.
Any translation or rotation of the spatial location of
the subtalar joint axis away from its normal position
will cause a change in the lengths of the moment
arms that muscular contractile forces and ground re-
action force have available to produce either prona-
tion or supination moments of the subtalar joint and
will produce a change in the prevailing balance of
subtalar joint pronation and supination moments
(Fig. 8).

Any medial or lateral deviation in the spatial loca-
tion in the subtalar joint axis also can have signifi-
cant effects on the kinematics and on the magnitude
and temporal patterns of loading forces acting on the
structural components of the foot and lower extremi-
ty during weightbearing activities. As mentioned ear-
lier, the author has described these foot types with
abnormal subtalar joint axis location as having either
medially or laterally deviated subtalar joint axes.!* 17,20
It is likely, theoretically, that medial or lateral spatial
movements of the subtalar joint axis in relation to
the plantar foot of as little as 1 mm to 2 mm can
cause abnormal foot function and can lead to foot
and/or lower-extremity pathology.?

It then becomes clear that with the determination
of the spatial location of the subtalar joint axis, along
with the knowledge that the foot can be approximat-
ed or modeled as a rigid body that rotates around the
subtalar joint axis, the concept of subtalar joint axis
rotational equilibrium becomes a very effective
method of analyzing many of the interactions of the
external and internal forces acting on the foot. A
more detailed analysis of the concept of rotational
equilibrium across the subtalar joint axis and its ef-
fect on the loading forces on the structural compo-
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Rotational equilibrium across STJ axis:
Supination moments = Pronation moments
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Rotational equilibrium:
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Figure 8. The forces acting on either side of the sub-
talar joint (STJ) axis may be modeled to be mechani-
cally similar to the seesaw illustrated in Figure 7. In
this model, counterclockwise rotation is supination
motion, and clockwise rotation is pronation motion. A,
Rotational equilibrium cannot be achieved until the
supination moments equal the pronation moments. B,
If a medially deviated subtalar joint axis is present in
a foot (modeled above as the left shift of the subtalar
joint axis), the relative moment arms for the forces
causing subtalar joint supination and pronation mo-
ments are altered so that the supination moments are
less than the pronation moments, which results in
pronation motion. C, In a foot with a medially devi-
ated subtalar joint axis, the resultant pronation mo-
tion will stop only once rotational equilibrium is again
achieved by another structure in the foot (eg, the floor
of the sinus tarsi of the calcaneus), causing a supina-
tion moment to counterbalance the excessive prona-
tion moments caused by the medial subtalar joint axis
deviation.
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nents of the foot has been described previously by
the author.

Physical Characteristics of Feet with
Medially Deviated Subtalar Joint Axes

Since the subtalar joint axis passes anteriorly
through the talar neck, a foot that has a talar neck
and head that are relatively medially positioned in re-
lation to the plantar surface of the foot will also have
a medially deviated subtalar joint axis.2 6 8 12 [t is
this abnormal medial spatial location of the talar
head that causes the characteristic clinical appear-
ance of the foot with medial deviation of the subtalar
joint axis (Figs. 9-11).

During relaxed bipedal stance, feet with medially
deviated subtalar joint axes will demonstrate the fol-
lowing three clinical signs that distinguish them from
other types of feet. First, when the foot is viewed
from above, the medial border of the midfoot will
demonstrate a convex shape within the transverse
plane. Second, also evident when viewed from
above, the soft-tissue contour of the talar head and
neck at the anterior ankle joint area will be more me-
dially positioned and internally rotated in relation to
the calcaneus than normal (Fig. 10). Third, when the
foot is viewed from its posterior aspect in a standing
position, there will be increased convexity in the me-
dial midfoot area just inferior and anterior to the me-
dial malleolus (Fig. 11). All of these clinical signs are
directly caused by the abnormal medial position of
the talar head in relation to the calcaneus and rest of
the foot.

Even though feet with medially deviated subtalar
joint axes typically have lower medial longitudinal
arch height than normal, some feet with medially de-
viated subtalar joint axes may also have a normal
medial longitudinal arch height during relaxed bi-
pedal stance. In addition, the posterior bisection of
the calcaneus may be either inverted, vertical, or ev-
erted during relaxed bipedal stance in feet with me-
dially deviated subtalar joint axes. Therefore, mea-
surement of the relaxed calcaneal stance position is
not a reliable indicator of the position of the subtalar
joint axis or of the prevailing pronation and supina-
tion moments acting across the subtalar joint axis
during weightbearing activities.”

Since the concept of subtalar joint axis spatial loca-
tion dictates that the actions of ground reaction force
and muscular contractile force in feet with medially
deviated subtalar joint axes will cause increased mag-
nitudes of subtalar joint pronation moment and de-
creased magnitudes of subtalar joint supination mo-
ment when compared with normal, these feet nearly
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Internally rotated
and medially
translated talus

Figure 9. Feet with medial deviation of the subtalar
joint (§TJ) axis have an internally rotated and medially
translated talus that results in excessive subtalar joint
pronation moments during weightbearing activities.

will always be maximally pronated at the subtalar
joint during relaxed bipedal stance.!¢17 34 3% Owing to
the maximally pronated subtalar joint position, these
feet will tend to have increased magnitudes of in-
terosseous compression forces acting between the
anterior aspect of the lateral process of the talus and
the floor of the sinus tarsi of the calcaneus. In gener-
al, the greater the medial deviation of the subtalar
joint axis, the greater will be the interosseous com-
pression force within the sinus tarsi, owing to the in-
creased subtalar joint pronation moments acting on
these feet.

Because of the increased subtalar joint pronation
moments acting on a foot with a medially deviated
subtalar joint axis, this foot type will be much more
likely to resist supination motion when subtalar joint
supination moments act upon it. For example, foot
orthoses designed to increase subtalar joint supina-
tion moment will be less likely to supinate feet with
medially deviated subtalar joint axes out of their max-
imally pronated position when compared with feet
with more normal subtalar joint axis locations.'*!” To
sufficiently counteract the increased magnitudes of
subtalar joint pronation moment acting on these feet,
conservative treatment of pronation-related symp-
toms of the foot and lower extremity should include
foot orthoses using antipronation techniques, such as
the Blake inverted orthosis?®*% and/or medial heel
skive techniques.!6 17 It is logical to conclude that
both the Blake inverted and medial heel skive orthot-
ic techniques effectively increase the subtalar joint
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Figure 10. Two signs of medial deviation of the sub-
talar joint axis, when the foot is viewed from above,
are the abnormal medial convexity in the medial mid-
foot area (black arrows) and the abnormally medially
positioned and internally rotated soft-tissue contour
of the talar head and neck (white lines and arrows).

supination moments and decrease the subtalar joint
pronation moments by redirecting the reaction
forces acting on the plantar foot from a more lateral
to a more medial location.!*1?

Characteristic symptoms that the author has noted
as occurring with increased frequency in individuals
with medially deviated subtalar joint axes include
plantar fasciitis, hallux limitus, second metatarsopha-
langeal joint capsulitis, abductor hallucis muscle
strain, sinus tarsi syndrome, posterior tibial tendini-
tis, posterior tibial tendon dysfunction, medial tibial

Figure 11. When the foot with medial deviation of the
subtalar joint axis is viewed from the posterior aspect,
there is abnormal medial convexity in the medial midfoot
just inferior to the medial malleolus (white arrows).
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stress syndrome, chondromalacia patellae, and pes
anserinus bursitis. Many other types of painful syn-
dromes of the foot and/or lower extremity also may
occur owing to the medial deviation of the subtalar
joint axis since the increased subtalar joint pronation
moment that results may cause abnormal magni-
tudes of loading forces on the structural components
of the foot and/or lower extremity. Effective treat-
ment of these pathologies with the use of the con-
cepts of subtalar joint axis location and rotational
equilibrium are beyond the scope of this paper and
are discussed in detail elsewhere.!”

Physical Characteristics of Feet with
Laterally Deviated Subtalar Joint Axes

Feet that have laterally deviated subtalar joint axes
are much less common than feet that have medially
deviated subtalar joint axes. For a foot to have a lat-
erally deviated subtalar joint axis, the talar head and
neck must be more laterally positioned in relation to
the plantar foot than normal (Fig. 12). In general, the
lateral deviation is more evident at the rearfoot than
at the forefoot when the subtalar joint axis palpation
technique is used in these feet. The lateral deviation
of the subtalar joint axis dictates that the actions of
the ground reaction force and muscular contractile
force will cause increased magnitudes of subtalar joint
supination moment and decreased magnitudes of
subtalar joint pronation moment relative to normal.'*

Externally rotated
and medially
translated talus

STJ axis

Figure 12. Feet with lateral deviation of the subtalar
joint (STJ) axis have an externally rotated and laterally
translated talus that results in excessive subtalar joint
supination moments during weightbearing activities.
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During relaxed bipedal stance, feet with laterally
deviated subtalar joint axes will demonstrate the fol-
lowing three clinical signs that are caused by the ab-
normal lateral location of the talar head. First, when
the foot is viewed from above, the medial border of
the midfoot will demonstrate a concave shape within
the transverse plane. Second, the soft-tissue contour
of the talar head and neck at the anterior ankle area
will be more laterally positioned in relation to the
calcaneus than normal (Fig. 13). And third, when the
foot is viewed from posterior in standing, there will
be increased concavity in the medial midfoot area
just inferior and anterior to the medial malleolus
(Fig. 14). Feet with laterally deviated subtalar joint
axes tend also to have higher than normal medial
longitudinal arch height and commonly demonstrate
a pes cavus deformity.

One of the most interesting aspects of this foot
type is that when it is observed during relaxed bi-
pedal stance, one or both of the peroneal tendons
may be under tension (ie, bowstrung), indicating
tonic contractile activity in the peroneal muscles
(Fig. 15). This clinical finding is evident only when
the standing patient is observed from the lateral as-
pect. Therefore, the examiner must be sure to direct-
ly examine the peroneal tendons for tonic peroneal
contraction during the standing examination of the
patient.

The increased tonic activity in the peroneus brevis
and/or longus produces a subtalar joint pronation
moment that is necessary to counteract the exces-
sive subtalar joint supination moments that are com-
mon in the foot with a laterally deviated subtalar

Figure 13. Two signs of lateral deviation of the subta-
lar joint axis, when the foot is viewed from above, are
the abnormal medial concavity in the medial midfoot
area (black arrows) and the abnormally laterally posi-
tioned and externally rotated soft-tissue contour of
the talar head and neck (white lines and arrows).
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Figure 14. When the foot with lateral deviation of the
subtalar joint axis is viewed from the posterior as-
pect, there is abnormal medial concavity in the me-
dial midfoot just inferior to the medial malleolus
(black arrows).

joint axis. The author has repeatedly observed that
feet with significant lateral deviation of the subtalar
joint axis will maximally supinate at the subtalar
joint (ie, the foot will invert until the patient is stand-
ing on the lateral aspect of the foot) during relaxed
bipedal stance if the patient is instructed or shown
how to relax the peroneal muscles during standing.
Therefore, the tonic contractile activity of the per-
oneal muscles that commonly occurs in feet with a
laterally deviated subtalar joint axis is probably nec-
essary to allow the foot to function in a plantigrade
position during weightbearing activities. Without ab-
normal contractile activity of the peroneal muscles in
feet with a moderate to severe lateral deviation of
the subtalar joint axis, the individual would either
walk on the lateral aspects of the feet or repeatedly
experience inversion ankle sprains.

Because of the increased supination moments act-
ing on feet with laterally deviated subtalar joint axes,
these feet characteristically also will be much more
difficult to pronate with foot orthoses than feet with
more normal subtalar joint axis locations.!* 17 To suf-
ficiently counteract the increased magnitudes of sub-
talar joint supination moment acting on these feet,
conservative treatment of supination-related symp-
toms of the foot and lower extremity should include
the judicious use of foot orthoses with everted heel
cup shapes (ie, lateral heel skives), everted balancing
positions, and forefoot valgus wedges. These in-shoe
modifications will redirect the reaction forces acting
on the plantar foot from a more medial location to a
more lateral location, thereby causing increased sub-
talar joint pronation moments and a decreased ne-
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Figure 15. Feet with laterally deviated subtalar joint
axes often demonstrate tonic contraction of the per-
oneus brevis and/or peroneus longus muscles during
relaxed bipedal stance (black arrows), which is evi-
dent in the visualization and/or palpation of the bow-
stringing of the peroneal tendons on the lateral
aspect of the foot. Tonic peroneal contraction is often
present in feet with laterally deviated subtalar joint
axes to increase the pronation moment so that the
forefoot can remain in a plantigrade position.

cessity for the individual to activate the peroneal
muscles to allow a more stable, plantigrade gait pat-
tern.'” Even though these orthotic modifications are
extremely useful in such feet, it also must be strongly
emphasized that attempting to excessively pronate a
patient’s foot past the maximally pronated subtalar
joint position with everted orthoses and/or valgus
wedges must be done with extreme caution and care
to avoid possible degenerative changes to the joints
of the foot in the future.

Symptoms that the author has noted as occurring
with increased frequency in individuals with laterally
deviated subtalar joint axes include inversion ankle
sprains and peroneal tendinitis. By clinical application
of the above biomechanical theories, the author has
successfully and conservatively treated more than 100
patients with chronic peroneal tendinitis who had pre-
viously failed treatment with multiple other foot or-
thosis designs. The methods of conservative treat-
ment of pathologies caused by feet with laterally
deviated subtalar joint axes are beyond the scope of
this paper and are discussed in detail elsewhere.!”

Effects of Rearfoot Structure and
Position on Subtalar Joint Moments

In a normal foot, since the subtalar joint axis is posi-

tioned lateral to the plantar weightbearing area of the
calcaneus (ie, the medial calcaneal tubercle), ground
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reaction force acting on the medial calcaneal tubercle
will cause a subtalar joint supination moment. The
magnitude of subtalar joint supination moment pro-
duced is dependent not only on the length of the mo-
ment arm from the subtalar joint axis to the plantar
aspect of the medial calcaneal tubercle, but also on
the magnitude and direction of the ground reaction
force vector acting on the plantar calcaneus.!317 20,34

The morphology of the articulating surfaces of the
talus and calcaneus determines the spatial location
of the subtalar joint axis in relation to the talus and
calcaneus at each rotational position of the subtalar
joint.*11 However, morphological variations in the
calcaneus separate and distinct from the talar articu-
lating facets also will cause an alteration in the spa-
tial location of the subtalar joint axis in relation to
the plantar calcaneus. Therefore, the spatial location
of the subtalar joint axis relative to the plantar calca-
neus will be determined not only by the morphology
of the articulating facets of the subtalar joint, but
also by the structure of the body of the calcaneus
and by the rotational position of the subtalar joint.3*

Sgarlato! and Root et al® have described frontal
plane deformities of the rearfoot, such as rearfoot
varus and rearfoot valgus, and also have proposed
theories on how these structural deformities of the
foot affect the function of the foot and lower extrem-
ity. The author proposes that the biomechanical ef-
fects of the frontal plane rearfoot deformities can be
more easily analyzed mechanically and more com-
pletely understood if they are instead approached
with the use of the subtalar joint axis location/rota-
tional equilibrium theory.

Rearfoot varus and rearfoot valgus deformities
should be considered as having their effect on foot
function not by altering the frontal plane structure of
the posterior calcaneus but rather by altering the po-
sition of the medial calcaneal tubercle in relation to
the subtalar joint axis, which, in turn, effectively al-
ters the length of the subtalar joint moment arm to
the medial calcaneal tubercle (Figs. 16 and 17). Rear-
foot varus deformity may then be viewed as having
an effect on the subtalar joint moments similar to
that of surgically shifting the plantar aspect of the
calcaneus to a more medial position in relation to the
dorsal aspect of the calcaneus since rearfoot varus
deformity, in effect, causes the medial calcaneal tu-
bercle to be positioned relatively more medial to the
subtalar joint axis. According to the same logic, rear-
foot valgus deformity may be viewed as having an ef-
fect on subtalar joint moments similar to that of sur-
gically shifting the plantar aspect of the calcaneus to
a more lateral position in relation to the dorsal as-
pect of the calcaneus since rearfoot valgus deformi-
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ty, in effect, causes the medial calcaneal tubercle to
be positioned relatively less medial (or relatively
more lateral) to the subtalar joint axis.!? 18,20, 34 [n
other words, the spatial location of the subtalar joint
axis in relation to the medial calcaneal tubercle is af-
fected by variations in the frontal plane structure of
the calcaneus.

To further clarify these ideas, it is helpful to ana-
lyze these rearfoot deformities in more specific de-
tail. A foot with a rearfoot varus deformity, which
may be caused by a varus structural alignment of ei-
ther the tibia or the calcaneus, has a calcaneus that is
inverted in relation to the ground while in neutral
calcaneal stance position.! The inverted position of
the body of the calcaneus positions the medial cal-
caneal tubercle more medial to the subtalar joint axis
than would be present in a foot without a rearfoot
varus deformity (Figs. 16 and 17). An increase in
rearfoot varus deformity will then cause an increase
in subtalar joint supination moment due to the in-
creased length of moment arm that ground reaction
force has available to produce subtalar joint supina-
tion moment. A decrease in rearfoot varus deformity
will cause a decrease in the subtalar joint supination
moment due to the decreased moment arm that
ground reaction force has available to produce subta-
lar joint supination moment.!7 40

Therefore, the common clinical observation that
feet with high degrees of rearfoot varus deformity
have increased tendency toward supination instabili-
ty of the rearfoot (ie, inversion ankle sprains) is ex-
plained easily by the fact that increased rearfoot
varus deformity increases the net subtalar joint supi-
nation moment because of the increased length of
subtalar joint moment arm to the medial calcaneal
tubercle. However, the common clinical observation
that lesser degrees of rearfoot varus deformity tend
to cause pronation of the foot from the subtalar joint
neutral position is explained not by the inverted posi-
tion of the calcaneus to the ground, but rather by the
effect that rearfoot varus deformity has on the posi-
tion of the forefoot to the ground (Fig. 18).4

Rearfoot varus deformity causes the forefoot to be
inverted to the ground while the subtalar joint is in
neutral position, assuming the foot has no frontal
plane forefoot deformity.! The inverted position of
the forefoot to the ground causes an increase in
ground reaction force on the lateral aspect of the
forefoot, which causes an increased subtalar joint
pronation moment since the lateral forefoot is lateral
to the subtalar joint axis (Fig. 18). The increase in
subtalar joint pronation moment tends to cause
pronation motion away from the subtalar joint neu-
tral position. Therefore, the final rotational position
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Figure 16. The posterior aspect of the right foot is modeled with the calcaneus resting on the medial calcaneal tu-
bercle connected via the subtalar joint (STJ) axis to the tibia and talus, which are joined together as a talotibial
unit. A, Ground reaction force on the calcaneus (GRFc) in the normal foot causes a subtalar joint supination mo-
ment since it acts medial to the subtalar joint axis. B, In a foot with a rearfoot varus deformity, the inverted position
of the rearfoot effectively increases the subtalar joint supination moment by moving the medial calcaneal tubercle
more medial to the subtalar joint axis. C, In a foot with a rearfoot valgus deformity, the everted position of the rear-
foot effectively either decreases the subtalar joint supination moment or increases the subtalar joint pronation mo-
ment by moving the medial calcaneal tubercle more lateral in relation to the subtalar joint axis.

A B C
_~ STJ axis / STJ axis _~ STJaxis
Metatarsal
heads Sesamoids
Medial
calcaneal
tubercle
Normal Rearfoot varus Rearfoot valgus

Figure 17. A, In a normal foot, the medial calcaneal tubercle is medial to the subtalar joint (STJ) axis. B, In a foot
with a rearfoot varus deformity, the medial calcaneal tubercle is effectively shifted more medial to the subtalar joint
axis, which increases the subtalar joint supination moment when ground reaction force acts on the calcaneus. C, In
a foot with a rearfoot valgus deformity, the medial calcaneal tubercle is effectively shifted more lateral in relation to
the subtalar joint axis, which either decreases the subtalar joint supination moment or increases the subtalar joint
pronation moment.
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Figure 18. A, In a rearfoot varus deformity standing in subtalar joint (STJ) neutral position, both the calcaneus and
forefoot are inverted to the ground. B, Ground reaction force acting on the calcaneus (GRFc) causes a relatively
small supination moment when compared with the pronation moment that results from ground reaction force act-
ing on the fifth metatarsal head (GRFs). As a result of the larger magnitude of subtalar joint pronation moment,
pronation motion occurs until there is ground reaction force acting on the first metatarsal head (GRF1), which also
causes a decrease in the ground reaction force on the fifth metatarsal head. C, Therefore, subtalar joint pronation
motion will continue in the rearfoot varus foot until a subtalar joint rotational position occurs in which the supina-
tion moments counterbalance exactly the pronation moments (right). This mechanical analysis demonstrates that
pronation occurs in a rearfoot varus foot specifically owing to its inverted forefoot position, and not owing to its in-

verted rearfoot position.

that the subtalar joint assumes during relaxed bipedal
stance occurs only when the subtalar joint has
reached a rotational position in which an exact coun-
terbalancing of subtalar joint pronation moments and
subtalar joint supination moments has been attained
(ie, subtalar joint rotational equilibrium).4 1735 40
Through an analysis similar to the one described
above, a foot with a rearfoot valgus deformity has
the medial calcaneal tubercle either less medially po-
sitioned or more laterally positioned in relation to
the subtalar joint axis than normal since a rearfoot
valgus has an everted calcaneus-to-ground relation-
ship (Figs. 16 and 17). In addition, many feet that
function similarly to a foot with rearfoot valgus de-
formity may not demonstrate an everted frontal
plane deformity, but may show apparent lateral dis-
placement of the calcaneus to the tibia (John Weed,
DPM, personal communication, 1981). Either a rear-
foot valgus deformity or a laterally displaced calca-
neus will cause the medial calcaneal tubercle to be
either less medially positioned or more laterally posi-
tioned than normal, which will cause a decrease in
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the moment arm that ground reaction force has to
produce subtalar joint supination moment by its ac-
tion on the plantar calcaneus. Severe rearfoot valgus
deformity or severe lateral displacement of the calca-
neus may cause such a large lateral relative move-
ment of the medial calcaneal tubercle to the subtalar
joint axis that the medial tubercle becomes posi-
tioned lateral to the subtalar joint axis. When this
level of deformity occurs, ground reaction force act-
ing on the plantar calcaneus causes a subtalar joint
pronation moment rather than the normal subtalar
joint supination moment.32

Therefore, the common clinical finding that feet
with rearfoot valgus deformity and/or a laterally dis-
placed calcaneus are maximally pronated at the sub-
talar joint during relaxed bipedal stance (and during
other weightbearing activities) is explained easily by
the relative reduction in the moment arm that ground
reaction force has available to produce subtalar joint
supination by its actions on the medial calcaneal tu-
bercle. Without an adequate subtalar joint supination
moment acting across the subtalar joint axis to coun-
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terbalance the pronation moments being caused by
the effects of ground reaction force on the lateral fore-
foot and midfoot, the foot is likely to be maximally
pronated since the position of subtalar joint rotational
equilibrium for these feet in standing is the maximally
pronated subtalar joint position. In effect, feet with
rearfoot valgus deformity or a laterally displaced cal-
caneus also have medially deviated subtalar joint axes
because of the relative medial position of the subtalar
joint axis to the plantar calcaneus.# 15 1720, 33-35

As mentioned earlier, rotational motion of the sub-
talar joint during weightbearing activities also alters
the relative position of the medial calcaneal tubercle
to the subtalar joint axis (Fig. 19). Closed kinetic
chain subtalar joint pronation causes the calcaneus
to evert in relation to the talus, which causes the
talus and subtalar joint axis to translate medially and
internally rotate in relation to the medial calcaneal tu-
bercle. Closed kinetic chain subtalar joint supination
causes the calcaneus to invert in relation to the talus,
which causes the talus and subtalar joint axis to
translate laterally and to rotate externally in relation
to the medial calcaneal tubercle.319 34

Sesamoids

STJ axis

Medial
calcaneal
tubercle

STJ pronated

STJ slightly pronated from neutral

Therefore, because of these relative spatial transla-
tions and rotations of the subtalar joint axis in rela-
tion to the plantar foot during closed kinetic chain
subtalar joint pronation and supination, the subtalar
joint moment arms to the medial calcaneal tubercle
also are altered. Subtalar joint pronation causes either
a decrease in the subtalar joint supination moment
arm or an increase in the subtalar joint pronation mo-
ment arm that ground reaction force has available by
its actions on the medial calcaneal tubercle. Subtalar
joint supination causes either an increase in the subta-
lar joint supination moment arm or a decrease in the
subtalar joint pronation moment arm that ground re-
action force can produce by its actions on the medial
calcaneal tubercle. In effect, pronation and supination
motion of the subtalar joint can be thought to influ-
ence the relative lengths of the supination and prona-
tion moment arms to the medial calcaneal tubercle,
similar to the way in which structural deformities of
the rearfoot also influence the moment arm lengths to
the medial calcaneal tubercle.!” 18,34

The above analysis points to one of the most im-
portant aspects of the subtalar joint axis location/ro-

Metatarsal
heads

STJ axis

STJ supinated

Figure 19. When a normal foot is standing slightly pronated from the subtalar joint (STJ) neutral position, the sub-
talar joint axis passes just lateral to the medial calcaneal tubercle posteriorly and passes over the first inter-
metatarsal space anteriorly (center, B). Subtalar joint pronation causes the subtalar joint axis to internally rotate
and medially translate in relation to the plantar foot so that it becomes positioned well medial to the first metatarsal
head and more medial to the medial calcaneal tubercle (left, A). Subtalar joint supination causes the subtalar joint
axis to externally rotate and laterally translate so that it becomes positioned more laterally over the metatarsal
heads and more lateral to the medial calcaneal tubercle (right, C).
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tational equilibrium theory. By focusing on the deter-
mination of the relative lengths of the moment arms
from the medial calcaneal tubercle to the subtalar
joint axis, it allows both rotational position of the
subtalar joint axis and congenital structure of the
rearfoot complex to be biomechanically quantified
by means of the same parameters. Combining this
analysis with the other spatial movements of impor-
tant anatomical landmarks in the rearfoot (eg, the
posterior calcaneus for determining the moment arm
length for the Achilles tendon/gastrocnemius-soleus
complex) will allow future researchers to more effec-
tively quantify the kinetics of the rearfoot complex
during weightbearing activities.

Possibly more importantly, the subtalar joint axis
location/rotational equilibrium theory readily ex-
plains the biomechanical effects of rearfoot surg-
eries, such as the posterior calcaneal displacement
osteotomy, which commonly are used in the treat-
ment of acquired flatfoot disorders, such as posterior
tibial tendon dysfunction.** Medial displacement of
the posterior fragment in a posterior calcaneal dis-
placement osteotomy alters the relative structural lo-
cations of the posterior-plantar calcaneus to the
more superiorly located talar articulating facets (Fig.

20). The net mechanical effect of this osteotomy is to
cause an overall increase in subtalar joint supination
moment since both the moment arm that ground re-
action force has available to cause subtalar joint su-
pination moment and the moment arm that gastroc-
nemius and/or soleus contraction has available to
cause subtalar joint supination moment are in-
creased. By analyzing the relative location of the sub-
talar joint axis in relation to the plantar calcaneus
prior to rearfoot surgery, the surgeon may be better
able to predict the correct amount of calcaneal dis-
placement necessary to achieve optimal postsurgical
results.!3

Effects of Forefoot Structure and
Position on Subtalar Joint Moments

Since the plantar aspect of the forefoot is subjected
to ground reaction force in nearly all weightbearing
activities, the relative position of the weightbearing
structures of the forefoot to the spatial location of
the subtalar joint axis has an important effect on the
biomechanics of the foot and lower extremity as a
whole. Closed kinetic chain pronation of the subtalar
joint causes medial translation and internal rotation

A B C
Talotibial
unit Medially
// deviated
STJ axis
Normal STJ :
; . Posterior
axis location
calcaneal

Calcaneus

displacement

osteotomy \

/)

GRFc

Normal STJ axis location

Medially deviated STJ axis

*

GRFc

Posterior calcaneal
displacement osteotomy

Figure 20. A, In a foot with a normal subtalar joint (STJ) axis location, ground reaction force acting under the cal-
caneus (GRFc) causes a subtalar joint supination moment. B, In a foot with a severely medially deviated subtalar
joint axis, such as that seen in posterior tibial dysfunction, ground reaction force under the calcaneus actually may
cause a subtalar joint pronation moment. C, Posterior calcaneal displacement osteotomies exert their mechanical
effect on the feet with severely medially deviated subtalar joint axes by altering the relative location of the plantar
and posterior calcaneus so that ground reaction forces and Achilles tendon tensile forces acting on the calcaneus
are relatively more medially positioned (B) than preoperatively (C).
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of the subtalar joint axis in relation to the stationary
forefoot. Conversely, closed kinetic chain subtalar
joint supination causes lateral translation and exter-
nal rotation of the subtalar joint axis in relation to
the forefoot (Figs. 2 and 19). Because of the relative
translations and rotations of the subtalar joint axis
above the weightbearing portions of the forefoot dur-
ing closed kinetic chain pronation and supination,
these motions will have a direct effect on the relative
moment arm lengths that ground reaction force has
available to produce either pronation or supination
moment of the subtalar joint during weightbearing
activities.!319

The theory that the ground reaction force acting
on the metatarsal heads may, in fact, cause direct pro-
duction of subtalar joint supination and/or pronation
moments is based on the premise, which is often used
in biomechanical studies of the lower extremity, that
the foot may be modeled effectively as a rigid body
rotating about the talus during weightbearing activi-
ties.28 29 In support of this theory, the author has
noted earlier that during the subtalar joint axis palpa-
tion examination technique on more than 2,000 feet,
the points of no rotation on the plantar rearfoot and
plantar forefoot represent a single line, indicating that
the rearfoot and forefoot are basically “locked” into a
relatively rigid structure that rotates primarily about
the subtalar joint axis (Fig. 6). In addition, Fuller® re-
cently described how the location of the subtalar
joint axis in relation to the center of pressure on ei-
ther the plantar forefoot or the plantar rearfoot can
explain the mechanical basis for certain pedal pathol-
ogy. Finally, Huson’s theory on the constraint mecha-
nism of the human tarsus,?® which has been support-
ed by the tarsal kinematic research of Cornwall and
McPoil,>” and the roentgen stereophotogrammetry
studies done by Van Langelaan,’ Benink, and Lund-
berg and Svensson!! are all consistent with the cur-
rent author’s theory that the subtalar joint axis is the
primary inversion/eversion axis of the foot.

To further expand on this topic, an example of a
normal foot in which the subtalar joint axis passes
superior to the first intermetatarsal space area of the
foot will be explored. In this foot, ground reaction
force acting on the first metatarsal head will produce
a small subtalar joint supination moment since the
first metatarsal head lies medial to the subtalar joint
axis (Figs. 2 and 19). If the foot then pronates so that
the subtalar joint axis internally rotates and trans-
lates medially, the spatial location of the subtalar
joint axis will then be medial to the first metatarsal
head. In this pronated foot, ground reaction force
acting plantar to the first metatarsal head will now
cause a subtalar joint pronation moment since the
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first metatarsal head is lateral to the subtalar joint
axis. If the same foot then supinates so that the sub-
talar joint axis externally rotates and laterally trans-
lates until it is positioned over the third metatarsal
head, then any ground reaction force under the first
metatarsal head will have a longer subtalar joint supi-
nation moment arm than in the initial resting posi-
tion. Therefore, the relative spatial location of the
subtalar joint axis to the metatarsal heads is altered
by closed kinetic chain pronation and supination mo-
tions that, in turn, will determine both the magnitude
and the direction of moment that is produced across
the subtalar joint axis by the actions of ground reac-
tion force on any specific weightbearing area of the
metatarsal heads or forefoot.!317.20

In a similar fashion to closed kinetic chain subtalar
joint pronation and supination, variances in the trans-
verse plane structural relationships of the forefoot to
the rearfoot also may alter the relative spatial loca-
tion of the subtalar joint axis to the forefoot. Weiss-
man® claims that the ideal forefoot adductus angle is
8°. Through radiographic analysis, forefoot rectus
foot types have been defined as having a forefoot ad-
ductus angle of less than 12° to 14°, and forefoot ad-
ductus foot types have been defined as having a fore-
foot adductus angle of greater than 12° to 14°.1 32 50
Therefore, the large variances in the transverse plane
relationship of the forefoot relative to the rearfoot in
the human population indicates that each foot pos-
sesses a unique transverse plane structural angular
alignment of the forefoot to the rearfoot, which, in
turn, affects the relative alignment of the subtalar
joint axis to the plantar forefoot.

The importance of transverse plane structure of
the foot on the balance of subtalar joint pronation
and supination moments during weightbearing activi-
ties can be explained more easily by examining the
relative spatial location of the subtalar joint axis to
the forefoot in three feet with identical rearfoot
structure but variances in forefoot-to-rearfoot trans-
verse plane structure (Fig. 21). Foot A has a relative-
ly normal forefoot adductus angle of 10°. Foot B has
an increased forefoot adductus angle of 20°, which
would be considered a forefoot adductus foot type.
Foot C has a forefoot adductus angle of 0°, which
would be considered a forefoot rectus foot type.

In Foot A, with a 10° forefoot adductus angle, the
subtalar joint axis passes anteriorly over the first in-
termetatarsal space. In Foot B, the increased fore-
foot adductus angle of 20° causes the forefoot to be
relatively more medially positioned in relation to the
subtalar joint axis. The ground reaction force acting
on the first metatarsal head of Foot B now has a
longer moment arm to produce subtalar joint supina-
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A B C
STJ axis T i
- STJ axis — STJaxis
Metatarsal
heads
Sesamoids
Medial
calcaneal
tubercle
Normal Forefoot adductus Forefoot rectus

(10° forefoot adductus)

(20° forefoot adductus)

(0° forefoot adductus)

Figure 21. In Foot A, there is 10° of forefoot adductus and the subtalar joint (STJ) axis is positioned just lateral to
the medial calcaneal tubercle and over the first intermetatarsal space of the forefoot. In Foot B, 10° of forefoot ad-
ductus has been added to Foot A so that 20° of forefoot adductus results. The medial shift in the forefoot in rela-
tion to the subtalar joint axis in Foot B results in a net increase in subtalar joint supination moment. In Foot C, the
forefoot adductus of Foot A has been changed to a forefoot rectus (0° forefoot adductus). The lateral shift in the
forefoot in relation to the subtalar joint axis in Foot C results in a net increase in subtalar joint pronation moment.

tion moment, and ground reaction force acting on
the fifth metatarsal head now has a shorter moment
arm to produce subtalar joint pronation moment. Be-
cause of this relative medial shift of the forefoot to
the subtalar joint axis, which is caused by the 10° in-
crease in forefoot adductus angle, ground reaction
force acting on the plantar forefoot of Foot B now
causes a net increase in subtalar joint supination mo-
ment, when compared with Foot A.

According to the same logic, the decrease in fore-
foot adductus angle in Foot C causes a relative later-
al shift in the forefoot to the subtalar joint axis, when
compared with Foot A. Ground reaction force acting
on the forefoot of Foot C will cause increased subta-
lar joint pronation moment since the fifth metatarsal
head now has a greater pronation moment arm and
the first metatarsal head has switched from having a
supination moment arm to a pronation moment arm.
As a result of this relative lateral shift of the forefoot
to the subtalar joint axis, which is caused by the 10°
decrease in forefoot adductus angle, ground reaction
force acting on the plantar forefoot of Foot C now
causes a net increase in subtalar joint pronation mo-
ment, when compared with Foot A.

The author proposes that the characteristic clini-
cal changes that occur in feet with structural vari-
ances in the transverse plane relationship of the
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forefoot to the rearfoot are due to the relative medial
or lateral shift of the forefoot to the subtalar joint
axis and the mechanical effect this has on the bal-
ance of subtalar joint moments, which result not
only from ground reaction force but also from mus-
cular tensile forces and ligamentous tensile forces
during weightbearing activities. Even though the
spatial location of the subtalar joint axis remains
constant to the rearfoot as long as the subtalar joint
rotational position does not change, the changes in
transverse plane structural relationship of the fore-
foot to the rearfoot significantly affects the balance
of subtalar joint supination and pronation moments.
In turn, any alteration in the balance of subtalar joint
pronation and supination moments affects the rota-
tional equilibrium across the subtalar joint axis,
which will change the mechanical response of the
foot to both externally and internally generated
forces acting upon it.14 343549

The above analysis of the effect of structural vari-
ances of transverse plane forefoot-to-rearfoot relation-
ship also readily explains the biomechanical effects of
rearfoot and/or forefoot surgeries that alter the trans-
verse plane structural position of the forefoot rela-
tive to the rearfoot. A classic example of this is the
Evans calcaneal osteotomy, in which the anterior
calcaneus is structurally lengthened by means of an
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osteotomy and bone graft (Fig. 22). Since the Evans
calcaneal osteotomy structurally lengthens the lateral
column of the foot, leaving the medial column the
same length, the forefoot is directly forced into a
more adducted structural position in relation to the
rearfoot.>156

The increased structural forefoot adductus that
the Evans procedure creates results in a more medial
position of the forefoot relative to the subtalar joint
axis that, in effect, increases the subtalar joint supi-
nation moment by a mechanism similar to that de-
scribed above for a forefoot adductus foot type. The
net result of the Evans procedure, therefore, is to in-
crease the subtalar joint supination moments and de-
crease the subtalar joint pronation moments acting
on the foot; this, in turn, helps eliminate the common
symptoms seen in flexible pes valgus deformities
that are caused by excessive subtalar joint pronation
moments. The above analysis leads to the obvious
conclusion that one of the possible practical benefits
of the subtalar joint axis location/rotational equilibri-
um theory would be to allow for more accurate pre-
operative prediction of the amount of transverse
plane correction necessary in a surgery, such as the

Calcaneal
osteotomy

Medially deviated STJ axis

Evans calcaneal osteotomy
with bone graft

Evans calcaneal osteotomy, to achieve optimal post-
surgical results.

Conclusion

The subtalar joint axis location/rotational equilibrium
theory of foot function attempts to explain and clarify
the many experimental and clinical observations of
the mechanical behavior of the foot that researchers
and clinicians have made over the years. The theory
also was developed to explain and clarify the au-
thor’s experimental and clinical observations relating
to the mechanical behavior of the foot.!3-18 20,3335 40 Tn
addition, the theory was developed to offer an addi-
tional theory of foot function that may improve on the
traditional podiatric biomechanics theories, which
are based largely on the works of Root et al.” 3

The central premise of the theory is that the spatial
location of the subtalar joint axis in relation to the os-
seous components of the foot, which may be altered
by both subtalar joint rotational position and foot
structure, directly affects the magnitude and relative
balance of pronation and supination moments acting
across the subtalar joint axis during weightbearing

Cc

STJ axis

Bone graft
inplace ™

Lateral column lengthening with
STJ axis in more normal position

Figure 22. A, The plantar aspect of a right foot with a severely medially deviated subtalar joint axis (STJ). B and C,
The mechanical effect of an Evans calcaneal osteotomy on a foot with a severely medially deviated subtalar joint
axis is to lengthen the lateral column of the foot by interposing a bone graft into the anterior calcaneus so that the
forefoot becomes structurally more adducted in relation to the rearfoot and the subtalar joint axis. The Evans cal-
caneal osteotomy therefore produces its biomechanical effect by effectively increasing the supination moment
acting across the subtalar joint axis in much the same way that an increase in the forefoot adductus angle also in-

creases the subtalar joint supination moment.
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activities. In addition, alterations in the spatial loca-
tion of the subtalar joint axis change the mechanical
effect that both external forces (eg, ground reaction
force) and internal forces (ie, ligamentous tensile
forces, muscular tensile forces, and joint compres-
sion forces) have on the structural components of the
foot and lower extremity. The net balance of subtalar
joint pronation and supination moments then affects
not only the rotational position of the subtalar joint
but also the direction, angular velocity, and angular
acceleration of movement of the foot about the subta-
lar joint axis, and the other pedal joint axes, during
weightbearing activities.

It is vitally important to point out that the simplifi-
cation of the foot into this one model of foot function
does not explain all of the complex interactions be-
tween the external and internal forces that act on the
multiple joint axes of rotation that exist within the
human foot and lower extremity. Specifically, the
joints of the midfoot, including the midtarsal joints,
have been purposely omitted in order to simplify the
discussion of the mechanical characteristics of the
subtalar joint. When this was done, however, many
important factors that affect the mechanics of the
foot and that also are critical in determining the me-
chanical characteristics of the foot and lower ex-
tremity may have been omitted. Hopefully, the theory
of foot function presented here will serve as a useful
basis for the production in the future of a more com-
plete theory of foot function that will, likewise, be
based on scientific research and clinical observation.

The development of better theory to explain the
experimental results of researchers and observations
of clinicians is of paramount importance if a higher
level of knowledge of the mechanical nature of the
foot and lower extremity is desired. Better theory
also allows more coherent synthesis of new research
and clinical findings and provides important direc-
tion for future research. Finally, and possibly most
critically, better theory allows for a more complete
understanding of the complex interactions of the
foot and lower extremity with their surrounding envi-
ronment so that more effective methods of treatment
of painful conditions of the foot and lower extremity
may be developed.
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