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Abstract
Individuals with cerebral palsy often have
functional deficits in their feet that adversely
affect their gait. In order to effectively treat
these deficits, an accurate description of the
function of the individual’s foot function is
necessary. The foot is a complex structure
with many intrinsic components. Traditionally,
the foot’s function has been measured through
physical exams, pedobarographs, force plates,
and a single-segment approximation in motion
analysis. With improvements in technology, it
has become clinically practical to measure the

kinematics of the foot using multiple segments.
These models provide the clinician with infor-
mation and insight into the function of intrinsic
structures of the foot, while the foot performs
an actual task. This chapter will explore the
limitations of non-motion analysis measure-
ment techniques, and the traditional single
foot model. The multisegmented foot model
will be introduced with a discussion of its
limitations. Finally, the advantages and utility
of the multisegmented foot model will be dem-
onstrated through normative and clinical
examples.
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Introduction

The bipedal foot is a complex structure of
26 bones, 33 joints, and hundreds of ligaments
tendons and muscles (these values differ slightly
depending on the reference). Major joints of the
foot and ankle are the talocrural (ankle joint),
talocalcaneal (subtalar), transverse tarsal (mid-
tarsal), and metatarsophalangeal. The ankle and
subtalar joints together comprise a mechanism of
two joints, which are linked in motion (Close et al.
1967; Wong et al. 2005). The subtalar and multi-
ple other joints participate in the clinically signif-
icant combined motions of supination, inversion,
and adduction and the corresponding opposite
motion of pronation, eversion, and abduction.
The axes of rotation and range of motion of the
ankle, subtalar, and midfoot joints have been stud-
ied in cadavers, and elegant models of foot func-
tion have been described (Chen et al. 1988; Mann
and Coughlin 1992a, b; Ouzounanian and Shereff
1989; Scott and Winter 1991; Siegler et al. 1988).
These structures serve as a firm foundation for
support, as a flexible and malleable mechanism
for shock absorption and adaptation to uneven
surfaces, and as a rigid lever for propulsion. The
details of these functions vary with task, structure,
environment, and motor control. For example, the
method that the foot uses to accomplish shock
absorption is different for running than it is for
walking (task dependence). The technique used
by the foot to propel the body is different if the
foot is forced to turn out due to tibial torsion than
the technique used if the foot is inline (structural
dependence). The action of the foot will vary
between hard and soft surfaces, level and tilted,
smooth and uneven surfaces, and shod and
unshod conditions (environmental dependence).
The foot performs differently for a person with
an equinus contracture than it does for a person
with a heel toe pattern gait (motor control depen-
dence). Because of these types of differences, it is
crucially important to study and analyze the foot
as it functions in performing the task of interest.
This point was supported by the work of
Cavanagh et al. (1997) who demonstrated that
very few relationships exist between static foot
structure such as that gained from radiological

examination or physical exam and dynamic foot
function as characterized by motion analysis.
They concluded from their work that only
dynamic study during activity allows clinicians
to distinguish between normal and pathological
foot function, to discriminate between the various
levels of impairment, and to quantitatively assess
clinical outcomes. While radiological imaging
can provide insight into the structure of the foot
and physical exam can explore the potential and
limitations of a foot’s capabilities by probing the
limits of range of motion and strength, a foot may
not actually perform up to these potentials during
ambulation. Conversely it is difficult for exam-
iners to match the external forces of a task like
walking in magnitude, direction, and timing; thus,
the foot may not perform up to its capabilities
during the examination.

Measurement Other than Motion
Analysis

Insight into the function of the foot can be gained
through the use of force plates and pressure plat-
forms (Miller 2005; Chang et al. 2002; Church
et al. 2008). These devices measure the interaction
of the foot with the ground. Ground reaction
forces and moments are typically measured
using force plates. A force plate is simply a very
accurate scale that has six outputs: the force in
each of the three directions (Fx, Fy, Fz), the loca-
tion of the center of the application of the force
(also called the Center of Pressure CoPx and
CoPy), and the amount of twist that is applied to
the surface (the free moment designated as Mz).
While very accurate sensitive and fast, force
plates only provide the net result of the body’s
interaction with the ground. That is, if two feet are
pushing on the plate at the same time as might
occur during double support, the force plate
reports the net result of the feet and not the inde-
pendent contributions of each foot. Even in the
case of single foot contact, the plate only reports a
single force and moment regardless of how the
force is distributed underneath the foot. While it is
true that one can get more information by map-
ping the path of the CoP under the foot and infer
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varus and valgus or equinus patterns, one still has
no detailed information of the foot’s function.

This is solved through the use of pressure
platforms, which divide the surface into small
squares and measure the corresponding force in
each region. They provide a more detailed picture
of the ground-foot interaction. There are many
methods for detecting the force ranging from pie-
zoelectric sensor arrays to light refraction, but the
ultimate result is a three-dimensional array of data
(force at each x, y location and time). The spatial
and temporal resolution of the images generated
by commercial pedobarographic systems range
from approximately 3 to 10 mm and 25 to
500 Hz. Thus, a typical resolution can result in a
contact area of approximately 500 sensors (given
a typical adult human foot surface is approxi-
mately 100 cm2). The force is converted to an
average pressure over the given area of an indi-
vidual sensor.

To aid in interpretation, the maximum value at
each location is color coded (six maps at the top of
Fig. 1). While the values at each time point can be
displayed, this is not typically done as the amount
of data would simply overwhelm the clinician in a
typical circumstance. Instead the foot is sub-
divided into anatomical or functional regions,
and the summated pressure in each region is pre-
sented along with normative bands (six graphs at
the bottom of Fig. 1). The method of subdividing
the foot differs with pressure system, software,
and institution. We have found, at the AI duPont
Hospital for Children, that five functional subdi-
visions, heel, medial midfoot, lateral midfoot,
medial forefoot, and lateral forefoot, create a
good practical balance between detail, repeatabil-
ity, and processing time. In this manner the
pedobarograph is very useful for monitoring dia-
betic foot ulceration and for quantifying varus/
valgus and heel contact positions. The test can

Fig. 1 Pedobarographic results from three steps of each foot from a single individual. Green is the left foot and red the
right foot
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be used as a yearly follow-up tool for children
with foot deformities, and it is especially useful to
assess planovalgus feet in young children as
▶Chap. 95, “Pedobarograph Foot Evaluations in
Children with Cerebral Palsy”. The drawbacks of
the pedobarograph are that only normal forces are
measured (no sheer or moment), the speed and
dynamic response of pedobarographs are less than
force plates, and they are not as accurate as force
plates.

While the aforementioned techniques provide
insight into task-specific foot function, they are
limited to the ground-foot interactions. Three-
dimensional motion analysis does not have this
limitation. Three-dimensional motion analysis has
developed into a major component of orthopedic
medicine. By modeling the body as a group of
rigid body segments, it is possible to calculate the
kinematics and kinetics at any articulation
(▶Chap. 93, “Kinematics and Kinetics: Tech-
nique and Mechanical Models”). It is frequently
used for presurgical planning, postsurgical
follow-up, and numerous research studies.

Motion Analysis: Single-Segment Foot
Model

Unfortunately, when clinical motion analysis was
being developed in the late 1980s and early 1990s,
technical capabilities and practical considerations
limited the modeling of a foot to a simple single
rigid segment composed of everything distal to
the ankle or talocrural and the talocalcaneal (sub-
talar) joints. Such a model allows identification of
movement, forces, moments, and powers gener-
ated about the ankle (Winter 2005). As shown in
Fig. 2, the traditional single-segment foot model is
based on a vector that passes from amarker placed
on the rear medial/lateral bisection of the calca-
neus to a “toe”marker that is placed just proximal
to the space between the second and third meta-
tarsal heads. The height of the calcaneal marker is
adjusted up or down so that the vector is parallel to
the plantar surface of the foot.

As a vector, this model cannot provide any
information about the rotation about the foot’s

longitudinal axis (varus/valgus); however, some-
times, the ankle joint center is utilized as a third
point to define the midsagittal plane of the foot to
measure motion in three dimensions. This can be
an unreliable reference. For example, with a col-
lapsed foot (midfoot break), the ankle joint center,
toe, and calcaneal markers may be nearly collinear
or form a plane that poorly corresponds with the
midsagittal plane of the foot. The primary
assumption of the single-segment foot model is
that the foot segment is relatively rigid between
the heel and the toe markers and the structure of
the foot is relatively normal with no static or
dynamic deficits. This assumption combined
with the placement of the markers means that the
measured ankle motion is actually a combination
of all the joints of the foot. These joints include the
proximal and distal tibiofibular joints, the
talocrural or ankle joint, the talocalcaneal or sub-
talar joint, the talonavicular and the calcaneal
cuboid joints, the five tarsometatarsal joints, five
metatarsophalangeal joints, and the
interphalangeal joints. If the bones of the foot
are well aligned and stable, this assumption may
be reasonable, and the ankle motion measured by
the single-segment foot represents the combined
action of the talocrural (tibiotalar) and subtalar
(talocalcaneal) joints. This compound joint can

Fig. 2 Single-segment foot represented by a single vector

1358 J. Henley

https://doi.org/10.1007/978-3-319-74558-9_97
https://doi.org/10.1007/978-3-319-74558-9_97
https://doi.org/10.1007/978-3-319-74558-9_98
https://doi.org/10.1007/978-3-319-74558-9_98


be considered to function as a universal joint
consisting of two successive, nonparallel hinge
joints. While there are methods that attempt to
distinguish and separate the actions of the two
joints (Lewis et al. 2006, 2007), it is beyond the
scope of this chapter. For the remainder of this
chapter, the term “ankle” will be used to refer to
the combined structure and function of the
talocrural and subtalar joints. The effects of the
inferior tibiofibular joint are assumed to be
inconsequential.

If there are static deformities in the foot, then
the foot vector will be mal-aligned resulting in a
fixed offset in the ankle angle. For example, in a
foot with metatarsus adductus, the measured ankle
position will be internal relative to what it should
be. One method of addressing this issue is to place
the “toe” marker proximal to the deformity. This
will correct the ankle measurement at the expense
of ignoring the function and position of the distal
foot. The situation is even more problematic if
there is dynamic instability in the foot. When
this happens the rigid body assumption will be
jeopardized, and the measurement of ankle joint
kinematics will reflect the net effect of all the
joints spanned by the calcaneal and toe markers.
That is, the measured ankle joint motion includes
the effects of the midfoot (Chopart) (navicular and
cuboid) movement relative to the hindfoot (talus
and calcaneus) and the forefoot (cuneiforms,
metatarsals, and phalanges) motion relative to
the midfoot (Lisfranc) in addition to the talocrural
and subtalar motion. As an illustration of how
intrinsic foot joints affect the measured ankle
motion, one study using three markers on the
calcaneus measured the motion of the hindfoot
to be generally smaller than that measured by the
traditional single-segment foot model (Lui et al.
1997).

Motion Analysis: Multisegment Foot
Model

Many of the shortcomings of the single-segment
foot can be addressed by utilizing a multi-
segmented foot model. Fortunately, computers
and cameras used for motion analysis systems

have evolved and improved to make this a practi-
cal possibility. Specifically, cameras with
>12 megapixel resolution of sufficient sensitivity
and the corresponding computer power to process
this volume of data in a timely manner allow one
to cover large enough volumes for full body gait
analysis that includes small closely spaced
markers needed to subdivide the foot into multiple
segments. While the ideal foot model would con-
sider the function of all the bones and joints in the
foot, it is obviously impossible to account for
every aspect of the foot’s skeletal anatomy by
monitoring the motion of markers placed on the
skin. Consequently, concessions have to be made
regarding how the foot is modeled and how
marker locations are defined to enable measure-
ment of the model’s components. That is, multi-
segmental foot models still need to cluster groups
of bones together to form segments. Because of
the complexity of the foot, the substantial number
of models that can be imagined to represent the
foot, and the number of laboratories working
independently on this problem, many different
multiple segment foot models have been pro-
posed. The differences between multisegment
foot models include number and selection of seg-
ments, landmarks used, type of marker/clusters
used, definition of the anatomical frames, neutral
reference posture, and offsets. Most models divide
the foot into three or four segments, namely, the
hindfoot (rearfoot), midfoot, forefoot, and hallux.
A majority of the models use three non-co-linear
markers to represent each segment; however,
some markers are shared between two adjacent
segments. Thus some segments have a full six
degrees of freedom; however, relative segmental
displacements are rarely measured or
documented. The shank as the rigid combination
of the tibia and fibula was considered as the prox-
imal segment that the ankle motion is based upon.
In a majority of the models, the calcaneus and the
talus were modeled as a single segment, or con-
versely, the motion of the talus was simply
ignored, and only the relative movement of the
calcaneus and the shank were reported. In either
case, the hindfoot segment is represented by
markers placed on the calcaneus. The number
and placement of markers varies with each
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model as does the determination of hindfoot ana-
tomical axes. As is true for the hindfoot, some
investigators model the midfoot as a rigid seg-
ment, while others consider it to be part of the
joint between the hind- and forefoot. Bones
included in the midfoot section, marker place-
ment, and coordinate axes vary considerably
with each specific model. The forefoot can be
defined as one rigid segment that includes the
five metatarsal bones or split into medial and
lateral segments. The tendency is to group the
first and second metatarsals to form the medial
forefoot and group metatarsals three to five to
comprise the lateral forefoot, but this is not uni-
versal. The hallux is included in a majority of the
models as a segment with one, two, or three
degrees of freedom. If only one degree of freedom
is considered, it is typically flexion/extension.
Abduction or adduction is added for two degrees
of freedom. These motions only require the use of
one marker on the hallux and a shared marker on
the forefoot. For the third degree of freedom,
internal/external rotation, one needs a marker or
cluster on a wand. There are instances where the
lateral toes are modeled, but this is rare. Most
models use a Cardan/Euler angle or Joint Coordi-
nate System (Grood and Suntay 1983) to describe
the orientation of adjacent segments. A deviation
from the standard approach is seen in the Heidel-
berg foot measurement method (Simon et al.
2006) which uses projections that may not neces-
sarily coincide with standard planes of reference.
Additionally, several authors have also modeled
some clinical or functional parameters that are of
clinical interest such as the medial longitudinal
arch index as represented by the ratio of the arch
height to its length. These issues represent prob-
lems of choice, in that clinicians will eventually
have to choose a model with defined structural
and mathematical properties that best suits their
needs. More details regarding specific models can
be found in review articles by Rankine et al.
(2008), Deschamps et al. (2011), and Novak
et al. (2014). Rankine et al. (2008) analyzed
25 papers to classify foot models in terms of
number of segments and joint rotations.
Deschamps et al. (2011) looked at 15 models in
relationship to the number of markers, the number

of modeled segments, the method of 3D angle
calculations, the methodological studies, and sub-
sequent clinical studies. Novak et al. (2014) pre-
sents an in-depth review of five foot models.

All of these differences in foot models make it
difficult to compare and contrast results from dif-
ferent studies. To make it even more difficult, each
investigator typically utilizes populations that
vary in size, age gender, and diagnosis or partic-
ular deformity. Two studies have examined this
issue by placing an amalgamation of markers
from multiple models on a single subject. The
first by Mahaffey et al. (2013) combined marker
sets of the Oxford model (Stebbins et al. 2006;
Curtis et al. 2009), the Leardini model (Leardini
et al. 1999, 2007), and the MacWilliams model
(MacWilliams et al. 2003). Another paper by
Nicholson et al. (2018) examined the unification
of the Oxford (Stebbins et al. 2006; Curtis et al.
2009), the Leardini (Leardini et al. 1999, 2007),
the duPont (Henley et al. 2004, 2008), Utah
(Saraswat et al. 2012), and Heidelberg (Simon
et al. 2006) models. In summary, while the mea-
sured patterns of movement produced by each
model were similar, fixed or dc offsets were
often present. Additionally, there were differences
in repeatability in the models that may have been
due to differences in therapist’s familiarity with
the models as opposed to an intrinsic model
attribute.

As markers are placed in proximity to other
markers, the precision of marker placement
becomes more critical to the validity of the results.
More to the point, as markers are placed closer
together, small errors in placement have larger
effects on the orientation of the segments defined
by the markers (Brown et al. 2009). For example,
if two markers were placed on the shank with a
center-to-center distance of 400 mm (typical adult
tibial length or distance between ankle and knee
markers), and one marker had a lateral displace-
ment error (displacement orthogonal to the vector
formed by the two markers) of 3 mm, the resulting
error in orientation of the vector formed by the
two markers would be 0.43� of orientation error.
Now, consider two markers placed on the back of
the calcaneus with a center-to-center distance of
18 mm. In this situation, the same 3 mm lateral
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displacement for one marker will yield a 9.5� of
orientation error. Laterally misplacing both
markers in different directions would amplify the
orientation error.

Errors in marker placements can occur for a
number of reasons, most of which are associated
with one’s abilities to visualize or palpate anatom-
ical landmarks and place the markers on the exact
points of identification. The ability to visualize or
palpate anatomical landmarks is complicated by
the fact that most landmarks are covered by skin,
fat tissue, muscle, and/or tendon. It would be
convenient if all subjects had freckles or birth-
marks at the precise locations where we desire to
place the markers; instead, landmarks consist of
flat surfaces, depressions, or points (such as an
epicondyle or a tubercle), and each of these has its
own unique issues. The flat surface identifies an
area for marker placement but provides no precise
point. Consequently, the clinician is faced with the
decision of determining the exact location for
placement of the marker center within the area,
and this is open to interpretation on the part of the
clinician. Pointed surfaces present both a palpa-
tion/visualization problem and a marker attach-
ment problem. For example, the shape of the
medial malleolus resembles a ridge more than a
point, and the clinician is again faced with deter-
mining the location on the ridge where the marker
should be placed. The lateral malleolus, on the
other hand, resembles more of a point and pro-
vides a more precise landmark. However, attach-
ment of the marker over the lateral malleolus is
more difficult because of the fact that it resembles
a point and because the peroneal tendons which
move beneath the marker and result in unwanted
marker motion. More subtle landmarks that are
found in the foot (i.e., the navicular or cuboid
surfaces) are difficult to palpate and almost impos-
sible to visualize in many subjects. Given that
anatomical structures are not clean, simple geo-
metric shapes that exhibit variability even bilater-
ally within an individual (i.e., the left and right
feet of an individual are not mirror images of one
another), precise marker placement is not an easy
accomplishment. Tendons, fat pads, veins, and
interference from other structures such as the
opposing limb may alter the appropriateness of

specific landmarks and require that markers be
placed in other locations. Additionally, the pre-
sentation of these structures may be altered as a
result of therapeutic interventions such as surgery.

To better understand these limitations, a study
to determine the reliability associated with placing
markers on specific anatomical landmarks about
the foot and the ankle was conducted in the gait
laboratory at AI duPont Hospital for Children.
Marker reliability measures were obtained using
14 adult feet (mean, 30 � 7.8 years; average foot
length, 246.26 � 22.11 mm) and 8 pediatric feet
(mean, 6.5 � 2.6 years; mean foot length,
196.38 � 28.80 mm). Three clinicians with
extensive experience in gait analysis identified
anatomical landmarks on the foot necessary to
produce the desired four-segment foot model.
The model used was one developed and used in
the gait laboratory at AI duPont Hospital for Chil-
dren since 2002 (Henley et al. 2004, 2008) which
developed out of a model used at the Richmond
children’s hospital (Henley et al. 2001).

The foot model intrinsic segments consist of
the hindfoot, forefoot, medial forefoot, lateral
forefoot, and hallux. The “ankle joint” is defined
by the relative orientation of the hindfoot and the
lower leg. The forefoot, medial forefoot, and lat-
eral forefoot “joints” are defined by the orientation
of the respective segments with the hindfoot and
the hallux with respect to the forefoot.

The hindfoot anatomical coordinate system is
created from the two posterior calcaneal markers
and the ankle joint center, which was simply
defined as the bisection of the medial and lateral
malleolus markers. The Z-axis of the hindfoot
anatomical system was the unit cross product of
the vector from the bottom calcaneus marker to
the ankle joint center with the vector from the
bottom calcaneus marker to the top calcaneus
marker pointing right. The anatomical Y-axis of
the hindfoot was the unit vector parallel to the
cross product of the global Z-axis and the Z
hindfoot anatomical axis. This was determined
with the patient standing in weight bearing and
the foot flat on the ground. The anatomical X-axis
of the hindfoot was formed from the unit cross
product of the Y and the Z hindfoot anatomical
axes. Thus the Z-axis points to the right of both
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feet, the Y-axis points anteriorly, and the X-axis
points toward the plantar surface.

By utilizing the global vertical when the foot is
flat on the ground, the calcaneal markers define
the eversion/inversion attitude of the hindfoot.
The plantar/dorsiflexion attitude of the hindfoot
is defined to parallel to the floor when the foot is
flat. The internal/external rotation attitude of the
hindfoot was defined by the plane formed by the
calcaneal markers and the ankle joint center.

The Y-axis of the forefoot followed line seg-
ment between the bisection of the navicular and
the cuboid and the bisection of the first and fifth
metatarsal markers. The X-axis was the resulting
cross product of the vector from the first meta-
tarsal to the fifth metatarsal and the Y-axis. The
Z-axis of the forefoot was the cross of the X- and
Y-axes. The medial forefoot segment Y-axis is
the vector from the navicular to the first metatar-
sal. The X-axis is the cross of the navicular to the
2/3 metatarsal with the Y-axis. The Z-axis is the

result of the cross of the X- and Y-axes. The
lateral forefoot segment Y-axis is the vector
from the cuboid to the fifth metatarsal. The
X-axis is the result of the cross of the cuboid to
the 2/3 metatarsal with the Y-axis. The Z-axis is
the cross of the X- and Y-axes. The height of the
arch was calculated as the height of the navicular
with respect to the bottom of the foot, and the
arch index was the ratio of this height to the
distance between the bottom calcaneus and the
first metatarsal markers (Fig. 3).

Data collection consisted of two parts. First, a
method to insure that the subjects’ feet could be
positioned in the exact location and orientation
within the camera volume was tested. The method
consisted of creating plaster of Paris molds that
formed a cast around the sole of each subjects’
feet. The molds were formed directly on the lab-
oratory floor and were immovable. The ability of a
subject to place their feet in the exact same posi-
tion and orientation in the calibrated volume was

Fig. 3 Marker locations for duPont multisegment foot marker set
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tested by having one clinician place the markers
on the feet of each subject. The subjects then
placed their feet in their molds, and the positions
of the markers were recorded using an eight-
camera motion analysis system for 0.5 s at 60 Hz
in a 3 m by 7 m volume. The subjects removed
their feet from their molds, walked around the
perimeter of the laboratory, and then repositioned
their feet in the molds without disturbing the orig-
inal marker placement. A second measurement
was taken with the motion analysis system. The
positions of each marker on each subjects’ feet
were then compared between trials.

The second part of data collection had two
goals: (1) to measure the ability of a single clini-
cian to repeatedly place markers on the same
landmarks on each subject’s feet and (2) to deter-
mine the agreement between different clinicians
placing markers on the same landmarks on each
subject’s feet. Three clinicians placed the marker
set on each subject’s feet twice. Clinicians and
trials were randomized for each subject. Follow-
ing marker placement by an individual clinician,
the subject stepped into the plaster casts, and the
marker positions were recorded. The subject then
stepped out of the casts, and the markers were

removed. A second clinician would then apply
the markers, and the measurement process was
repeated.

Comparison of Fig. 4a–c provides a sense of
the additional of variability when multiple clini-
cians place the markers. Note that each series of
figures was performed on the same individual ten
times.

The variability in marker placement in turn
produced variability in the orientation of the foot
model segments. Table 1 lists the resulting errors
in hindfoot orientation.

Although the specific numerical results are
applicable only to our model, our lab and camera
system, and our clinicians, it is safe to generalize
these trends to all multisegment foot models. That
is, the higher within-clinician reliability and lower
between-clinician reliability suggest that mea-
sures of multisegment foot kinematics are related
to the clinician’s sense of the foot anatomy and
their preferences in placing markers on irregular
surfaces. In light of the work by Gorton et al.
(2009), in looking at a laboratory’s ability to uti-
lize full body marker sets, foot marker sets are not
unique. However, due to the close proximity of
the markers utilized in multisegment marker sets,

Fig. 4 (a) Ten trials of a single subject after stepping in
and out of the mold without having markers removed and
replaced between trials. (b) Ten trials of a single subject
after having markers removed and replaced between trials

by a single clinician. (c) Ten trials of a single subject after
having markers removed and replaced between trials by a
three clinicians
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the variability associated with placing markers has
a more detrimental effect. Researchers need to be
aware of this issue and not rely on reports of
motion analysis system accuracy and marker
tracking ability as the sole limitations in the accu-
racy of data. At this juncture, the accuracy of
marker placement is likely to have a more pro-
found effect.

In addition to placement error, markers
mounted on the skin surface will move relative
to bone when the foot moves. This can be elimi-
nated using intercortical bone pins or external
fixators instrumented with markers or through
the use of radiopaque beads in radiostereometric
analysis (Reinschmidt et al. 1997; Leardini et al.
2005; Wrbaskić and Dowling 2007; Shultz et al.
2011). While the invasive nature of these proce-
dures makes their clinical use impractical, these
studies provide insight into the limitations of foot
models, and they can serve as a reference for other
studies. The measures found in general that the
relative motion of markers and bone to be small
(Tranberg and Karlsson 1998) and less than that
typically found for markers on the shank or thigh
(Leardini et al. 2005) and therefore good enough
for foot bone tracking even though artifacts as
large as 16 mm in the hindfoot and midfoot were
observed at toe-off. In vitro robotic manipulation
of cadaver specimens has shown that skin- and
bone-based systems produce similar foot joint
kinematic patterns (Whittaker et al. 2011; Peeters
et al. 2013; Nester et al. 2007a; Westblad et al.
2002). In vivo bone pin experiments (Nester et al.
2007a, b, 2010; Arndt et al. 2007; Lundgren et al.
2008; Wolf et al. 2008; Okita et al. 2009) revealed
that the motion of major intrinsic foot to be

complex and that the motion of small joints to be
larger than expected (e.g., the talonavicular has a
range of 10� in three dimensions). Nester et al.
(2007a) disagreed slightly in that they believed
that markers will not be able to accurately capture
the precise kinematics of individual foot struc-
tures. However, the modes are likely to continue
to be of value in identifying subjects with gross
pathology. Wolf et al. (2008) used their results to
define segments as grouping of structures that had
the most movement harmony. They concluded
gait analysis should consist of the following four
segments: calcaneus, navicular-cuboid, medial
cuneiform-first metatarsal, and fifth metatarsal.
They also used their later results (Nester et al.
2010) from pins to prose a functional model
consisting of a reported three segment mid- and
forefootmodel: (1) navicular and cuboid; (2) cune-
iforms and metatarsals 1, 2, and 3; and (3) meta-
tarsals 4 and 5. They acknowledged that while this
makes kinematic since it may not be the best
grouping of segments depending on the clinical
issue and the problem being examined.

Perhaps the greatest source of confusion
regarding foot models is defining the anatomical
axes for each segment (Arndt et al. 2007). For
large segments of the body, this poses little prob-
lem, and there are generally agreed standards for
the anatomical axes (e.g., ISB recommendations:
Wu et al. 2002). For example, the thigh is usually
defined as having the Y-axis follow the line join-
ing the midpoint between the medial and lateral
femoral epicondyles and the hip joint center, the
Z-axis perpendicular to the Y-axis and in the plane
defined by the hip joint center, and the two femo-
ral epicondyles pointing to the right. The X-axis is
the line perpendicular to both the Y- and Z-axis
pointing anteriorly (Cappozzo et al. 1995). With
the exception of the metatarsal bones, most of the
bones are small irregular bones that do not have an
obvious anatomical axis. Additionally, while the
motions of the foot and ankle are defined in terms
of cardinal planes, the axes of motion are not
perpendicular to the cardinal planes (Root et al.
1977). Because of the orientation of these joints,
axes of motion pass through all three of the cardi-
nal planes. Therefore, motion which occurs at
these joint occurs in all three planes. The

Table 1 Errors in hindfoot orientation expressed relative
to the room

Within
application

Between
application

Between
clinician

Internal/
external
rotation

2.5� 4.� 7.1�

Inversion/
eversion

4.0� 8.0� 11.2�

Flexion/
extension

0.3� 0.5� 0.5�

1364 J. Henley



geometry of the situation requires that if motion
occurs in one plane, it must also occur in the other
two. The amount of motion occurring in each
plane depends entirely on the direction and mag-
nitude that the rotational axis differs from the
planes perpendicular. Pronation and supination
are the terms that historically have been used to
describe the triplanar motions in the foot and
ankle. These two motions are pure rotation about
an oblique axis resulting in the end position as
three separate rotations in the cardinal planes
(Oatis 1988). The issue is even more confusing
when open chain (OC) and closed chain
(CC) foot/ankle motions are considered. OC pro-
nation produces dorsiflexion, eversion, and
abduction, while CC pronation produces internal
rotation of the tibia, adduction and plantarflexion
of the talus, and eversion of the calcaneus. CC
pronation will cause a lowering of the medial
longitudinal arch height. Pronation is a normal
motion that begins at the time of initial contact
and continues until the time of foot flat in
mid-stance. Pronation facilitates the ability of the
foot to adapt to uneven walking surfaces by
unlocking the joints of the foot to make it flexible.
It also facilitates flexion of the knee allowing the
lower extremity to function as a shock absorber. In
contrast while OC supination produces
plantarflexion, inversion, and adduction, CC supi-
nation produces external rotation of the tibia,
abduction and dorsiflexion of the talus, and inver-
sion of the calcaneus. Therefore CC supination
will increase the height of the medial longitudinal
arch. Supination of the foot begins in mid-stance
and peaks just prior to toe-off and creates a stable,
rigid lever for push-off. This difference in open
and closed chain motion also makes evaluation of
foot function difficult to achieve through physical
examination.

Normal Multisegment Foot Model
Kinematics

The hindfoot as reference to the tibia starts neutral
at initial contact and then rapidly moves into plan-
tar flexion as the first rocker occurs and the foot
achieves foot flat. Additionally, during this initial

stance phase, the hindfoot experiences a period of
rapid pronation and slight external rotation. This
is consistent with subtalar motion and with
increasing foot loading. During foot flat, the tibia
continues to rotate over the foot producing a rel-
ative hindfoot dorsiflexon (second rocker). The
hindfoot continues its relative pronation and inter-
nal rotation position. At toe-off (third rocker), the
sagittal plane motion reversed, and the hindfoot
plantarflexes under the forceful influence of the
gastroc-soleus contraction and supinates. During
the swing phase, the hindfoot quickly dorsiflexes
to prepare for heel strike. In the coronal plane,
during the initial period of stance, the hindfoot
everts and externally rotates. This is consistent
with motion through the subtalar joint to accept
loading. The measured range of eversion is about
4� on average. Inversion occurs in late stance and
proceeds through push-off. There is a single cycle
of eversion and inversion which occurs during
swing phase as the ankle recovers dorsiflexion
and prepares for heel strike (Fig. 5).

The forefoot and lateral forefoot demonstrate
similarly patterned kinematics starting with sharp
dorsiflexion at initial stance as the weight of the
body is supported. This is followed by little move-
ment during the middle of the stance phase. At
toe-off, the forefoot plantar flexes as the muscles
contract and the foot turns into a lever for propul-
sion. During swing the foot relaxes and prepares
for initial contact. The difference between the
medial and lateral components of the forefoot
relates to the offsets provided by the medial lon-
gitudinal arch. The forefoot starts supinated with a
healthy arch; and as the path of the Center of
Pressure (COP) follows the lateral border of the
foot with weight acceptance, the COP moves
medially across the metatarsal heads, and the lon-
gitudinal arch diminishes leading to a pronation of
the forefoot. At toe-off, the shock absorption and
weight acceptance mechanisms are released, and
the forefoot segment supinates in preparation for
initial contact.

The kinematics of the medial forefoot are
reflected in the motion of the arch. With weight
acceptance, the arch height decreases and the arch
length increases, thus decreasing the arch index.
The index peaks at toe-off after which the elastic
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properties and residual muscular action draw the
foot back. Just prior to initial contact, the arch
decreases in height leading to a decrease in the
index.

Note that this model only measures flexion/
extension and abduction/adduction of the hallux
relative to the forefoot. The hallux starts in slight
dorsiflexion relative to the forefoot and gradually
increases throughout stance as the foot flattens.
Dorsiflexion of the hallux continues at terminal
stance during the push-off as the foot pivots on the
ball of the foot (third rocker). After toe-off, the
elastic structures and continued muscle flexion act
to snap the hallux into plantarflexion which it
maintains until initial contact. With respect to the
transverse plane, the hallux is neutral at initial
contact and moves into abduction through stance.
It experiences a short adduction at toe-off and
returns to neutral during swing phase.

Clinical Examples

The following are three example cases to illustrate
the insight that can be derived from using a multi-
segment foot model. The first is of an individual
with a midfoot break, the second is of an individ-
ual with a forefoot adduction, and the third is of an
individual with a cavovarus foot deformity.

Midfoot break (MFB) is a deformity where
there is excessive motion at the midfoot. It is
most common in children with cerebral palsy
(CP) (Gage et al. 2009), but may also be seen in
children with other disorders such as spina bifida
(Maurer et al. 2013). The MFB develops because
the gastroc-soleus muscles are tight and pull the
hindfoot into equinus resulting in a stiff ankle.
This results in a breakdown of intrinsic foot joints,
resulting in excessive midfoot motion, a collapse

Fig. 5 Normal kinematics of the foot from a multisegment model

1366 J. Henley



of the longitudinal arch of the foot, and an ineffi-
cient lever arm. The foot becomes ineffective at
push-off, and this may result in painful calluses
over the navicular and or talus. Surgical interven-
tion is sometimes necessary to establish a planti-
grade foot whereby both the hindfoot and forefoot
are on the ground during standing (Mosca 2010).
The long-term morbidity following surgical treat-
ment of MFB can be serious; thus early diagnosis
and preventative treatments for MFB are critical.
A clinical diagnosis of MFB can be made by
keeping the ankle joint fixed and manipulating
the forefoot. Motion at the forefoot is a positive
sign for MFB as a typical foot should present with
little bending at the midfoot. This can be con-
firmed with a radiograph of the standing foot and
measuring the talonavicular angle on both the AP
and lateral views (Davids et al. 2005). However,
this is just a static measure, and as stated before,
radiographs provide no information about the
dynamic function of the body.

Figure 6 illustrates that a single-segment foot
model (blue ankle graph line) shows the foot to
have a fairly normal sagittal plane motion. How-
ever, the multisegmented foot shows that the
hindfoot has a normal initial contact and first
rocker, yet it fails to dorsiflex with respect to the
lower leg. That is, with the lower leg rotating
forward during stance, the hindfoot rotates with
it. This motion is accommodated as the forefoot
dorsiflexes with respect to the hindfoot as seen in
the bottom graph of Fig. 6.

Based on the information provided by the single-
segment foot model, one might conclude, in this
case, that while there was a slight reduction in ankle
motion, the range was quite reasonable. However,
the information from the multisegment model indi-
cates that the ankle motion is quite restricted with
considerable abnormal movement in the midfoot.
Given this additional information about the true
muscle tightness across the ankle, clinical manage-
ment would differ greatly, and surgical treatment
options would likely be considered to prevent pro-
gression of themidfoot break. This is confirmed in a
lateral photograph (Fig. 7) of the subject that clearly
shows the midfoot break and the relative motion of
the fore- and hindfoot segments.

The following (Fig. 8) illustration shows how
the multisegment foot model views the intrinsic
motion of the foot. In the figure, the hindfoot is
fixed in place and the other parts of the foot move
relative to it. The red lines represent the foot just
after initial contact when it first reaches foot flat,
and the blue lines represent the foot at terminal
stance or push-off.

Next is an example of an individual with an
adducted forefoot (Fig. 9).

Note (Fig. 10) how the single segment (ankle)
portrays a neutral presentation, while the multi-
segment foot has the hindfoot external and the
forefoot adducted. That is, the rear of the foot
externally rotated and the front of the foot
pointing inward in adduction for a net neutral
presentation in a non-neutral foot.

Dorsiflexion

Plantarflexion

Plantarflexion -9.9

0.0

10.0

16.5

-15.3
-10.0

0.0

10.0

18.4 hindfoot

ForeFoot

ankle

Dorsiflexion

Fig. 6 Sagittal plane
motion of a foot with a
midfoot break. Top graph.
Hindfoot: relative motion of
the hindfoot and the lower
leg. Ankle: relative motion
of the whole foot as
modeled as a single
segment. Bottom graph.
Forefoot: motion of the
forefoot relative to the
hindfoot as modeled by a
multisegmented foot
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Finally, here is an example (Fig. 11) of an
individual with cavovarus foot deformity where
the relatively strong peroneus longus and tibialis
posterior muscles cause a hindfoot varus and fore-
foot valgus (pronated) position.

With a single-segment foot model, we get no
information in this plane, while the multi-
segmented foot model (Fig. 12) shows the tor-
sional situation very clearly along with a larger
than normal arch. Note that the torsion in this case
is relatively rigid and constant over the gait cycle.

Summary

The foot is a complex structure with many indi-
vidual parts that play a key role in one’s ability to
walk. Thus understanding its function is crucial.
While there are many tools and methods used to

measure a foot’s function, it is vital to make the
measurements during the task of interest. There-
fore, while physical exam and radiographic stud-
ies provide useful information, they fall short
because the information gained can only be
extrapolated to what occurs in functional tasks

Fig. 7 (a) Early stance where the foot is initially flat on the ground. (b) Late stance where the forefoot is still flat on the
ground and the rearfoot has risen off the ground

Fig. 8 Wire diagram representation of the motion of a foot
with midfoot break as tracked by a multisegment foot
model

Fig. 9 An individual with forefoot adduction
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Internal 14.4 hindfoot

ankle

Forefoot

10.0

0.0

-11.6

10.6

0.0

-10.0

-15.9

External

Adduction

Abduction

Foot Prog (vs Tibia)

Fig. 10 Foot progression
and forefoot adduction/
abduction of an individual
with metatarsus adductus.
The single-segment ankle is
traced in blue, while the
multisegment hindfoot and
forefoot are depicted in red

Fig. 11 Individual with cavovarus foot deformity

Supinated (Varus)

Pro/Supination

Pronated (Valgus)

Hindfoot

16.7

10.0

0.0

-8.1

19.6

10.0

0.0

-11.1

0.40

0.35

0.30

0.25

0.19

Forefoot

Arch Index

Fig. 12 Multisegment foot kinematics of individual with cavovarus foot deformity
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such as walking. While functional measurements
can be made using motion analysis, traditional
single-segment foot models were the only practi-
cal option in the past. Improvements in computer
and camera technology have allowed clinicians to
develop more sophisticated multisegmented
models that can be used clinically. The ideal mea-
surement of each individual bone is probably
impossible due to the small size and proximity of
individual bones. Additionally, markers have to be
attached to the supple skin covering which gener-
ates an unwanted relative motion. However, the
foot can be divided into functional units that can
be measured in a practical manner. The one caveat
is that there are many multisegmented foot models
each with a unique manner of segmenting and
marking the foot. Thus, each model makes its mea-
surement from a different perspective.While this is
an inconvenience, it is not unsurmountable. If one
understands the limitations and assumptions of the
model used, one can still gain tremendous insight
into the function of healthy and pathological feet as
was illustrated in the examples above. More accu-
rate measurement of foot motion through the use of
a multisegmented foot model will enable physi-
cians and physical therapists to more accurately
identify and classify deformities, plan more spe-
cific and effective management techniques, and
improve evaluation of treatment outcomes.

Cross-References

▶Equinovarus Foot Deformity in Cerebral Palsy
▶ Foot Deformities Impact on Cerebral Palsy Gait
▶Kinematics and Kinetics: Technique and
Mechanical Models

▶ Pedobarograph Foot Evaluations in Children
with Cerebral Palsy

▶ Planovalgus Foot Deformity in Cerebral Palsy
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