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This was the second Foot and Ankle Research Retreat sponsored by the Foot and Ankle
Interest Group of the Orthopedic Section of the American Physical Therapy Association. It
was hosted by the Department of Biokinesiology and Physical Therapy at the University of
Southern California and was held April 30 to May 1, 2004. The purpose of this second retreat
was to address the measurement of foot motion, focusing on the various foot models that
have recently been proposed in the scientific community. Clinicians and scientists with a
common interest in the measurement of foot and ankle mechanics attended the retreat. The
40-plus participants included registrants from across the US as well as Australia, Singapore,
and England.

A scientific call for abstracts for the retreat was announced in the Summer of 2003. All
abstracts were then peer reviewed for scientific merit and relevance to the retreat. In the end,
14 abstracts were accepted for podium presentations. These were grouped into sessions
addressing multisegment foot models, hindfoot modeling, and new techniques and applica-
tions.

The format of the 2-day meeting included 1 keynote presentation each day, along with
20-minute podium presentations made by some of the participants. Thirty-minute discussions
followed each session and each keynote address. The keynote presenters were chosen for their
scientific contributions in the area of measuring foot and ankle motion. Arne Lundberg, MD,
PhD, from the Karolinska Institute in Stockholm, Sweden gave the first keynote. Dr Lundberg
is a pioneer in the area of measuring multisegment foot motion, and his address was titled
‘‘The Ankle/Foot Complex: Solid Block, Gearbox or Cushion?’’ The second keynote
presenter was Neil Sharkey, PhD, from The Pennsylvania State University. Dr Sharkey
developed one of the first gait simulators, and he presented his research in a keynote titled
‘‘One Step at a Time: Lessons Learned from Cadaver Simulation of Locomotion.’’

In the following pages, you will find a consensus statement, a listing of the presentations and
authors, and an abstract of each of the presentations made at the conference.

1 Professor, Department of Physical Therapy, University of Delaware, Newark, DE.

Foot and Ankle Research Retreat: Introduction

Journal of Orthopaedic & Sports Physical Therapy A-1



Foot and Ankle Research Retreat:
Concensus Statement
Guest Editor
Irene S. Davis, PT, PhD, FACSM1

The development of the consensus statement was
formed in the following manner. After all of the
papers were presented, the participants were divided
into 3 groups. Deborah Nawoczenski, PT, PhD, led
the first group in developing a consensus of ‘‘what we
currently know,’’ which was grounded in the recent
literature, along with what was presented at the
current retreat. The second group, led by Neil
Sharkey, PhD, then identified what was still unknown
(‘‘what we don’t know’’) about measurement of foot
motion. The final part of the consensus, led by Arne
Lundberg, MD, PhD, summarized suggestions for
future research directions (‘‘where do we need to
go?’’). The groups then met as a whole to discuss
each part of the consensus statement.

It is important to note that this consensus state-
ment should be viewed as the state of the present
thought, based upon current knowledge, with the
realization that this will evolve with time. Along with
the abstracts from the retreat included here, we have
included an outside reference list to support these
consensus statements. It is our hope that this sum-
mary of current thought will promote research stud-
ies in the suggested areas, such that some of the
identified gaps in the literature might be filled in the
near future.

What We Currently Know

1. All joints of the foot and ankle have 6 degrees
of freedom movement capacity.

2. The talonavicular joint has the least constraints
and large motion capacity relative to most of the
other joints, but it is not well understood.

3. The foot can be reliably modeled as more than
1 segment.

4. Each of the joints of the foot and ankle has
specific constraints. The motion of the various joints
may be interpreted based on these constraints.

1 Professor, Department of Physical Therapy, University of Delaware, Newark,
DE.

5. The constraints of the joints are based upon
structural influences and these constraints influence
function.

6. There are numerous ways of measuring foot
mechanics, such as with cadavers, surface markers,
bone pins and markers, imaging, and clinical assess-
ment. Each of these methods has advantages and
disadvantages associated with it.

7. There are errors associated with each of the
methods.

8. Segmented models of the foot and ankle may be
required to permit evaluation of many factors such as
foot types, range of motion and alignment,
neuromuscular control, and pathology.

9. Models can be customized based on factors
associated with the user, task, application, and re-
search.

10. The various joints have important contributions
individually, and they have important interrelation-
ships.

What We Don’t Know

1. Which is the best model to use for each specific
application? This refers to choosing the optimal
methodology (ie, imaging, cadaveric, surface marker
methods) and the most appropriate model (ie, 1, 2, 4
segment[s]) of the foot.

2. What is the validity of the various models? For
example, how do these surface marker systems relate
to the underlying bone motion or how do MRI
images relate to muscle function?

3. How much error is associated with the various
foot models?

4. How do results from the various methods com-
pare?

5. What is the influence of forces on kinematics of
the various foot segments?

6. What are the biomechanical factors related to
foot pathology?
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7. What effect do proximal factors (ie, knee and
hip alignment and motion) have on motions of the
foot?

8. Will these foot models help in improving foot
classification in terms of severity?

9. Will these models help in lending insight into
clinical problems?

Where Do We Need to Go?

1. Further establish the reliability of each type of
these models (imaging, cadaveric, surface markers).

2. Proper validation of the various models is
needed to establish that they are measuring the
intended movements. This may involve the use of
invasive and noninvasive validation techniques. How-
ever, if bone motion is being estimated, it should be
validated to true bone motion.

3. Developing simply applied models that are clini-
cally useful for practical decision making.

4. Further development of patient-specific foot
models using geometric information from 3-D imag-
ing.

5. Further utilization of these models for multiseg-
ment kinematics, inverse and forward dynamics, finite
element, and induced acceleration approaches.

6. Development of a database of musculoskeletal
parameters (ie, muscle-force-generating properties)
required as inputs to various models.

7. Utilization of the various models in conservative
and surgical outcomes studies.

8. Establish how the foot interacts with the rest of
the lower extremity.

9. Application of the various models to clinical
problems such as diabetes, repetitive stress syn-
dromes, posterior tibialis dysfunction, and cerebral
palsy.

10. Utilization of various foot models in the static
and dynamic classification of foot types.

11. Use of the various foot models to further
understand relationships between structure, mechan-
ics, and injury in the foot and ankle.

SUMMARY

It is well recognized that the foot is a complex
structure with 26 bones and over 30 articulations.
Measuring its mechanics is a formidable task that is
usually accomplished with a simplification of the
system. The papers presented at this meeting pro-
vided some of the most current research in the area
of multisegment foot modeling. The scientific discus-
sions were rich as the small, intimate, and collegial
environment encouraged an open flow of ideas. It
was acknowledged that much work is still needed in

the development of foot models to improve the
measurement of foot mechanics. However, there was
a strong sentiment among the participants to begin
to apply these models to clinical problems. It was
suggested that this be the focus of the next Foot and
Ankle Research Retreat.

REFERENCES
1. Ananthakrisnan D, Ching R, Tencer A, Hansen ST, Jr,

Sangeorzan BJ. Subluxation of the talocalcaneal joint in
adults who have symptomatic flatfoot. J Bone Joint Surg
Am. 1999;81:1147-1154.

2. Cahuzac JP, Baunin C, Luu S, Estivalezes E, Sales de
Gauzy J, Hobatho MC. Assessment of hindfoot defor-
mity by three-dimensional MRI in infant club foot. J
Bone Joint Surg Br. 1999;81:97-101.

3. Carson MC, Harrington ME, Thompson N, O’Connor JJ,
Theologis TN. Kinematic analysis of a multi-segment
footmodel for research and clinical applications: a
repeatability analysis. J Biomech. 2001;34:1299-1307.

4. Donahue SW, Sharkey NA. Strains in the metatarsals
during the stance phase of gait: implications for stress
fractures. J Bone Joint Surg Am. 1999;81:1236-1244.

5. Hunt AE, Smith RM, Torode M, Keenan AM. Inter-
segment foot motion and ground reaction forces over
the stance phase of walking. Clin Biomech (Bristol,
Avon). 2001;16:592-600.

6. Kitaoka HB, Ahn TK, Luo ZP, An KN. Stability of the
arch of the foot. Foot Ankle Int. 1997;18:644-648.

7. Kitaoka HB, Luo ZP, An KN. Effect of the posterior tibial
tendon on the arch of the foot during simulated
weightbearing: biomechanical analysis. Foot Ankle Int.
1997;18:43-46.

8. Kjaersgaard-Andersen P, Wethelund JO, Helmig P,
Soballe K. The stabilizing effect of the ligamentous
structures in the sinus and canalis tarsi on movements
in the hindfoot. An experimental study. Am J Sports
Med. 1988;16:512-516.

9. Knudson GA, Kitaoka HB, Lu CL, Luo ZP, An KN.
Subtalar joint stability. Talocalcaneal interosseous liga-
ment function studied in cadaver specimens. Acta
Orthop Scand. 1997;68:442-446.

10. Leardini A, Benedetti MG, Catani F, Simoncini L,
Giannini S. An anatomically based protocol for the
description of foot segment kinematics during gait. Clin
Biomech (Bristol, Avon). 1999;14:528-536.

11. Lundberg A. Kinematics of the ankle and foot. In vivo
roentgen stereophotogrammetry. Acta Orthop Scand
Suppl. 1989;233:1-24.

12. Luo ZP, Kitaoka HB, Hsu HC, Kura H, An KN.
Physiological elongation of ligamentous complex sur-
rounding the hindfoot joints: in vitro biomechanical
study. Foot Ankle Int. 1997;18:277-283.

13. Michelson JD, Hamel AJ, Buczek FL, Sharkey NA.
Kinematic behavior of the ankle following malleolar
fracture repair in a high-fidelity cadaver model. J Bone
Joint Surg Am. 2002;84-A:2029-2038.

14. Niki H, Ching RP, Kiser P, Sangeorzan BJ. The effect of
posterior tibial tendon dysfunction on hindfoot kinemat-
ics. Foot Ankle Int. 2001;22:292-300.

Foot and Ankle Research Retreat: Consensus Statement

J Orthop Sports Phys Ther • Volume 34 • Number 9 • September 2004 A-3



15. Rattanaprasert U, Smith R, Sullivan M, Gilleard W.
Three-dimensional kinematics of the forefoot, rearfoot,
and leg without the function of tibialis posterior in
comparison with normals during stance phase of walk-
ing. Clin Biomech (Bristol, Avon). 1999;14:14-23.

16. Sharkey NA, Hamel AJ. A dynamic cadaver model of
the stance phase of gait: performance characteristics
and kinetic validation. Clin Biomech (Bristol, Avon).
1998;13:420-433.

17. Smith KE, Commean PK, Robertson DD, Pilgram T,
Mueller MJ. Precision and accuracy of computed
tomography foot measurements. Arch Phys Med
Rehabil. 2001;82:925-929.

18. Stindel E, Udupa JK, Hirsch BE, Odhner D. A character-
ization of the geometric architecture of the peritalar
joint complex via MRI: an aid to the classification of
foot type. IEEE Trans Med Imaging. 1999;18:753-763.

19. Stindel E, Udupa JK, Hirsch BE, Odhner D. An in vivo
analysis of the motion of the peri-talar joint complex

based on MR imaging. IEEE Trans Biomed Eng.
2001;48:236-247.

20. Stindel E, Udupa JK, Hirsch BE, Odhner D, Couture C.
3D MR image analysis of the morphology of the rear
foot: application to classification of bones. Comput Med
Imaging Graph. 1999;23:75-83.

21. Udupa JK, Hirsch BE, Hillstrom HJ, Bauer GR, Kneeland
JB. Analysis of in vivo 3-D internal kinematics of the
joints of the foot. IEEE Trans Biomed Eng.
1998;45:1387-1396.

22. Woodburn J, Nelson KM, Lohmann SK, Kepple TM,
Gerber LH. Multisegment foot motion during gait: proof
of concept in rheumatoid arthritis. J Rheumatol. [In
press].

23. Woodburn J, Udupa JK, Hirsch BE, et al. The geometric
architecture of the subtalar and midtarsal joints in
rheumatoid arthritis based on magnetic resonance imag-
ing. Arthritis Rheum. 2002;46:3168-3177.

Foot and Ankle Research Retreat: Consensus Statement

A-4 J Orthop Sports Phys Ther • Volume 34 • Number 9 • September 2004



Foot and Ankle Research Retreat II
April 30-May 1, 2004
Los Angeles, CA
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The Foot: Block, Gearbox or Cushion? Some Concepts in
Foot Kinematics
Arne Lundberg, MD, PhD
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KEYNOTE ADDRESS I
The Foot: Block, Gearbox, or Cushion?
Some Concepts in Foot Kinematics
Arne Lundberg, MD, PhD1

INTRODUCTION

The foot is probably the biomechanical entity that
has been subjected to the largest amount of
unvalidated simplification in gait analysis and model-
ing. Whereas the trunk, head, and parts of the upper
extremity are equally often seen as simple 1-segment
structures, alterations of the foot segment have a
larger impact on dynamics calculations. The title of
the presentation refers to 3 different attitudes toward
the foot in movement analysis:

1. The foot is seen as a single solid segment, where
other movements than those occurring at a hypo-
thetical ankle joint (largely coinciding with the
talocrural joint, but often with a single transverse
joint axis) are not recognized

2. The ankle/foot region is seen as a complex of
joints where every possible input will lead to a
specific response at each joint

3. The foot is seen as an energy-absorbing or
redirecting structure, where movement will occur at
several levels, but will largely be unpredictable

None of these attitudes are without problems.
However, they all merit consideration. The solid-block
model is often used in standard gait analysis. Its use
may, in many cases, be justified, as long as some
caveats are remembered: this model is not appropri-
ate in the presence of nonquantifiable deformity or
dysfunction and, of course, not for ankle/foot evalua-
tion. The 2 other attitudes depend on a more
detailed understanding of the underlying kinematic
properties of the ankle and foot. These will be
discussed as mechanical properties of individual

1 Karolinska Institute, Department of Orthopaedics, Karolinska University
Hospital, Huddinge, Stockholm, Sweden

joints, interactions and patterns, where the distinction
between interactions and patterns may be seen as
arbitrary.

In vivo studies of individual joints undertaken at
our institution and elsewhere cannot determine when
and how the different attitudes are relevant, but may
indicate some possible problems inherent in oversim-
plification.

MATERIALS AND METHODS

The studies at our institution of relevance to this
presentation used the following materials and meth-
ods:

Study
Group

Subjects
(n) Method Studied Levels Year

1 8 RSA Ti/Fi/Ta/Ca/Na/CuM/
MT1

1984-1986

2 6 RSA Ti/Ta/Ca/Cu/Na/CuM/
MT1,3,5

1989-1991

3 3 Opt-El Ti/Ta/Ca/Cu/Na 1996
4 3 Opt-El Ti/Fi/Ta/Ca 1998

RESULTS

Mechanical Properties of Individual Joints

The most often discussed mechanical properties
determining joint function are joint surface configu-
ration and restraints. These properties influence joint
axis position and variability and will allow a degree of
categorization into joint types. Joint types of foot and
ankle and approximate ranges of motion in vivo are
as follows:
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Joint
Axis Pattern/Joint

Type
ROM
(max)

ROM
(walking)

Talocrural Axis varying in frontal
plane

60 �20

Talocalcaneal Axis oblique (hinge) 30 �11
Talonavicular Varying (spherical) 90 �20
Calcaneocuboid ?? �20 �10
Other tarsal/

tarsalmetatarsal
Undecided pattern �20

Joint Interactions

Several consistent interactions of the ankle/foot
have been described: (1) the universal joint feature
of the talocrural and subtalar joints, transforming leg
rotation to inversion/eversion and vice versa; (2) the
closed kinematic chain of the tarsal joints; (3) the
windlass mechanism of the medial arch/first ray.

In our studies rotation transferral has been most
prominent in the supination/external leg rotation
arc, with transferral quotients over the whole move-
ment arc between 1:2 and 1:1. The closed kinematic
chain mechanism has been observed, but not as a
universal phenomenon (see further below). The
windlass mechanism has been observed with an
average first ray plantar flexion of approximately 15°
with maximum toe dorsiflexion.

Movement Patterns

Apart from the above, there will be kinematic
patterns, depending on the function performed and

individual properties of individual feet. One example
of a pattern that does not have the characteristics of
a fixed interaction is the way that the distal joints of
the medial arch increasingly invert as the lower leg is
rotated externally. This can be assumed to be a
function of keeping the foot plantigrade and point-
ing forward. However, if this walking pattern is
abandoned for walking on the lateral edge of the
foot or with the foot pointing outward, the pattern
disappears.

Another example is the rocker pattern seen in
diabetic osteoarthropathy and in extreme pes planus.
This means that the transverse tarsal joint takes on a
hinge-like pattern and moves without inducing the
closed kinematic chain response from the
talocalcaneal joint. In normal feet, both mechanisms
are present and the talocalcaneal joint interaction
decreases with increasing pes planus.

It should be noted that movement patterns vary
not only between, but also within, individuals, indicat-
ing that the ankle-foot joint complex can be used in
several ways to reach a single result.

DISCUSSION AND CONCLUSIONS

Detailed analysis shows that simple models of the
foot joint complex are inaccurate, but this does not
mean that they can’t be used; only that proper
caution should be exercised in using them. The exact
mechanisms of joint interaction are not known, and
there is evidence of unreproducible factors influenc-
ing joint movement patterns.

KEYNOTE ADDRESS II
One Step at a Time: Lessons Learned From
Cadaver Simulations of Locomotion
Neil A. Sharkey, PhD1

Our research team has had a longstanding interest
in the biomechanical function of the foot and ankle,
as well as in the various pathologic conditions leading

1 Center for Locomotion Studies and Department of Kinesiology, The Pennsyl-
vania State University, University Park, PA.

to altered function and how such conditions might
best be treated. Much of the function we wish to
understand occurs internally within the musculo-
skeletal tissues and, as such, is not immediately
amenable to study using research volunteers or pa-
tients. Like many before us, we turned to cadaver
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modeling beginning in 1994 with a relatively simple
static model of forefoot loading and culminating in a
programmable robotic device able to reproduce mo-
tions and forces recorded in standard gait analysis
laboratories. We’ve learned a great deal over the last
10 years, much through intentional experimental
design, and much through happenstance along the
way. This presentation is intended to provide an
historical account of our ongoing efforts to develop a
robust cadaver model of foot and ankle function and,
in so doing, present some of our more interesting
applications, findings, and lessons learned.

Our early experiments using quasi-static modeling
were among the first to incorporate the contributions
made by the extrinsic musculature of the foot. These
initial efforts were focused on examining force and
pressure distributions within the forefoot and were
conducted by inclining the foot at angles consistent
with what is observed in normal subjects at given
instants over the gait cycle. Actuators, interfaced to
the extrinsic plantar flexor tendons with freeze
clamps, were then simultaneously contracted, which
served to plantar flex the foot against a pressure
mapping device placed in series with a force plat-
form. Tendon forces, appropriately scaled across
muscle groups using EMG and anthropometric data
from the literature, were linearly increased until
ground reaction forces were equivalent to those
occurring in life. These studies demonstrated that the
extrinsic digital flexors (FHL and FDL) reduce the
moments and resulting strains imposed within meta-
tarsals during the propulsive phase of gait, suggesting
that muscular fatigue, such as might occur during
intense military training, may play a role in the
etiology of metatarsal stress fracture. The work also
elucidated the load-distributing function of the ex-
trinsic plantar flexors and established predictive rela-
tionships between externally measured regional
plantar pressures and internal metatarsal loading and
strain. The initial model called attention to the
importance of foot pose and muscle action, as even
slight alterations in either factor produced remark-
able changes in forefoot loading and force distribu-
tion. These observations led us to conclude that
inclusion of physiologic muscle action was indeed
imperative to understanding, but also that quasi-static
modeling could only reveal a small portion of the
complex mechanics occurring within each step.

Armed with a reliable means of repetitively simulat-
ing muscle action, we set to the task of developing a
model that would mimic the entire stance phase of
gait rather than selected instants within the cycle.
The result became known as the dynamic gait simula-
tor (DGS). Similar in many ways to its predecessor,
this apparatus used fresh cadaver limbs and stepper

motor-controlled actuators to model relevant muscle
groups, except in this iteration the proximal tibia was
attached to a movable carriage. To simulate the
stance phase of gait the carriage was translated along
a cam path machined to match the sagittal plane
trajectory of the fibula head as determined from gait

 An Evolution 

 
First generation quasi-static model

 
 Second generation dynamic gait simulator 

 
Third generation programmable DGS 
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analysis of a single average-sized individual. Sagittal
and transverse rotations at the knee were not con-
strained. Temporal activities of the triceps surae,
tibialis anterior, tibialis posterior, peroneus brevis and
longus, flexor digitorum longus, and flexor hallucis
longus were synchronized to shank translations using
simultaneous force feedback control. In this second
generation model the biomechanical behavior of the
foot was not only dependent upon simulated muscle
activity and foot-ground interactions, but also upon
the prescribed motion of the tibia. A validation study
describing model function and its ability to produce
reasonably lifelike ground reaction force profiles and
plantar pressure distributions was published in 1998.
The DGS has since been used to study internal
normal bony kinematics, bone and soft tissue strain
environments, and plantar fascia function. Clinically
relevant studies included examinations of tendo-
Achilles lengthening, plantar fasciotomy, and trau-
matic injuries of the ankle. The device also afforded
the capability to evaluate the precision and utility of
techniques commonly used for in vivo measurements
of tissue behavior.

The DGS has enhanced our overall understanding
of foot function and we have come to appreciate the
entire foot and ankle complex as a single functional
unit, with events in the hindfoot intimately linked to
occurrences in the forefoot and vice versa. More
specifically we have found that:

• An intact plantar fascia is critical for proper load
distribution in the forefoot, particularly in late
stance, and the forces transmitted by the fascia to
the forefoot are highly correlated to those pro-
duced by the actions of the triceps surae

• A tight heel cord, as reflected by the degree of
dorsiflexion occurring at initial contact, can pre-
dispose to plantar ulceration by increasing the
shear forces and plantar pressures under the

metatarsal heads, and tendo-Achilles lengthening
is an effective correction

• The ankle and subtalar joints are remarkably
stable structures under load, even in the pres-
ence of significant bimalleolar trauma

• Material strains within the tibial shaft and meta-
tarsals are maximal late in stance, when the
bones experience elevated bending moments as a
consequence of forceful plantar flexion, and the
imposed strain fields are reflected in the bones’
microarchitecture

• Loss of tibialis posterior function can cause small
but significant alterations in bony kinematics,
which helps to explain the long-term sequela of
tibialis posterior tendon insufficiency

• Transducers developed for in vivo study are
useful but have serious limitations

The DGS was a great improvement over previous
efforts, but it still had a number of troublesome flaws.
Foremost among these were the lack of rotational
constraint at the knee and the inability to conve-
niently alter the kinematics of the system. Thus we
retired the second generation apparatus in 2002 in
pursuit of a new more robust model. Kinematics of
our third-generation model are prescribed by 3 pro-
grammable actuators rather than by a mechanical
cam. This improvement enables us to constrain sagit-
tal plane rotations and better reproduce the mo-
ments incurred over stance. Beyond this,
programmable kinematics allows use of individualized
kinematic profiles from any subject or any activity or
condition we wish to investigate. Motion data col-
lected in the gait analysis laboratory can be immedi-
ately input into the model’s control algorithms,
enabling convenient examination of various activities
and conditions. This third generation device will soon
provide new data that have, until now, been largely
inaccessible.
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Foot and Ankle Research Retreat: Abstracts

Session I. Multisegmental Foot Models

AN EXPERIMENTALLY BASED APPROACH FOR MODELING
FOOT-SURFACE INTERACTION

McNitt-Gray JL, 1 Requejo PS, Flashner H

1 Biomechanics Research Laboratory, Department of Kinesiology,
University of Southern California, Los Angeles, CA.
INTRODUCTION

Experimental evidence suggests that the central nervous system
organizes the human body into a number of operational sub-
systems which are coordinated by using some type of hierarchical
control structure. Testing hypotheses regarding the hierarchical
control structure used during foot-first interaction with the envi-
ronment requires the development of an accurate dynamic model.
In this paper, we compare 3 different approaches for modeling the
dynamics of foot-surface interaction during the contact phase of 2
goal-directed multijoint movements that required horizontal im-
pulse generation in opposite directions.
METHODS

Generation of linear and angular momentum during the takeoff
phase of 2 types of backward rotating somersaults (back: translate
backwards; reverse: translate forward) were modeled using a
6-segment rigid-body model with different foot contact models of
varying complexity. Experimental kinematics and reaction forces
acquired during the performance of each task were integrated to
systematically determine the contribution of error sources associ-
ated to the accuracy of the model. Simulation results of the foot
contact phase of back and reverse somersaults were compared to
experimental kinematic and reaction force data acquired during
each task performed by skilled athletes. The impulse-momentum
relationship was used to establish the degree of agreement between
forward simulations using each foot-surface model and the experi-
mental results.
RESULTS

Differences between simulated and experimental reaction forces
during the later stages of the takeoff phase of the reverse
somersault were attributed to the complexity of the foot segment
model. Comparison of the experimentally measured and simulated
reaction forces suggests that the model and elastic model of
contact were successful in generating bimodal shape of the
reaction force during the takeoff phase of the dive. The duration
of foot contact, using the less complex foot models, was shorter
than that observed experimentally.
DISCUSSION

Inclusion of a multisegment foot model adds to the complexity
of both the dynamic and control models of human movements.
Tasks requiring generation of forward momentum will likely
benefit from a more complex model of the foot. A multisegment
foot model that accounts for segmentation of the foot along the
metatarsal joints allows for a longer contact duration and a more
accurate shank orientation during intervals when horizontal mo-
mentum is generated. The increase in contact time provides better
agreement with the impulse measured experimentally.

MULTISEGMENT FOOT MOTION DURING GAIT: PROOF OF
CONCEPT IN RHEUMATOID ARTHRITIS

Woodburn J, 1 Nelson KM, 2 Lohmann Siegel K, 2 Kepple TM, 2

Gerber LH 2

1 Academic Unit of Musculoskeletal Disease, The University of
Leeds, Leeds, UK; 2Rehabilitation Medicine Department, Depart-
ment of Health and Human Services, National Institutes of Health,
Bethesda, MD.
INTRODUCTION

Rheumatoid arthritis (RA) is associated with the development of
widespread and severe foot impairments, including pain, stiffness,
and deformity. Previous 3-D motion analysis studies of the ankle-
joint complex of the foot modeled as a single rigid body have
detected reduced range of motion, rearfoot instability associated
with pes planovalgus, and loss of rocker function associated with
forefoot pain. This study aims to extend this work by developing
and applying a multisegment kinematic foot model to RA and to
examine the relationship between abnormal motion and foot
impairments.
METHODS

Five healthy adult subjects and 11 patients with advanced RA
were studied. Foot impairments were assessed using standardized
outcomes and clinical examination techniques. A 6-camera 60-Hz
video-based motion analysis system (Vicon 370; Oxford Metrics
Group, Oxford, UK) was used to measure motion of the shank,
rearfoot, forefoot, and hallux segments (segments defined accord-
ing to Carson et al1) and the vertical displacement of the navicular.
Face validity and estimates of repeatability were determined.
Motion patterns were calculated using Visual3D software (C-
Motion, Inc, Rockville, MD) and comparisons were made between
normal and subjects with RA. Relationships between clinical
impairment and abnormal motion were determined through
inspection of individual RA cases.
RESULTS

Across the motion variables, the within-day and between-day
coefficient of multiple correlation values ranged from 0.677 to
0.982 for the normal subjects and 0.830 to 0.981 for patients with
RA. Based on previous studies, motion parameters for the normal
subjects showed excellent face validity. In patients with RA, there
was reduced range of motion across all segments and all planes of
motion, which was consistent with joint stiffness. In the patients
with RA, rearfoot motion was shifted towards eversion and external
rotation and peak values for these variables were increased on
average by 7° and 11°, respectively. Forefoot range of motion was
reduced in all 3 planes (between 31%-53%), but the maximum
and minimum angles were comparable to normal. The navicular
height during full foot contact was on average 3 mm lower in the
subjects with RA in comparison to normal subjects. The hallux was
less extended in the subjects with RA in comparison to normal
subjects (21° versus 33°) during the terminal stance phase.
Individual cases showed abnormal patterns of motion consistent
with their clinical impairments, especially those with predominant
forefoot pain or pes planovalgus.

Foot and Ankle Research Retreat: Abstracts

A-10 Journal of Orthopaedic & Sports Physical Therapy



DISCUSSION

This study offers new preliminary evidence to suggest that
multiple intersegment motion changes occur in the RA foot and
that these are consistent with impairments (pain, deformity, and
stiffness) as a result of the underlying inflammatory disease
process. The rearfoot was unstable and, in cases with pes
planovalgus, associated with abnormal motion in the forefoot and
medial arch. Stiffness was readily detected throughout the foot,
especially at the hallux, and this agrees with the high prevalence of
pathology at this site. Other cases with severe forefoot pain showed
motion changes consistent with protective mechanisms to off-load
inflamed joints. Technical limitations, in part related to RA, were
noted including anatomical landmark location error at sites of foot
inflammation and swelling.

CONCLUSION

In RA, multisegment foot models may provide a more complete
description of foot motion abnormalities where pathology presents
at multiple joints leading to complex and varied patterns of
impairment. This technique may be useful to evaluate functional
changes in the foot and to help plan and assess logical, structurally
based corrective interventions.

REFERENCES
1. Carson MC, Harrington ME, Thompson N, O’Connor JJ,

Theologis TN. Kinematic analysis of a multi-segment foot
model for research and clinical applications: a repeatability
analysis. J Biomech. 2001;34:1299-1307.

ADVANCES IN THE MEASUREMENT OF FOOT KINEMATICS
IN CHILDREN

Stebbins JA, 1 Harrington ME, 2 Thompson N, 2 Theologis TN 1

1University of Oxford, Oxford, UK; 2Oxford Gait Laboratory,
Nuffield Orthopaedic Centre, Oxford, UK.

INTRODUCTION

The Oxford foot model consists of 3 rigid segments (tibia,
hindfoot, forefoot) with an optional hallux segment or vector. The
original model was tested for repeatability in adults,1 and has also
been applied to the measurement of club feet.2 Improvements
have been made to the model based on these results. The current
study applies the model to healthy children and patients with
hemiplegic cerebral palsy.

METHODS

Twelve healthy children (average age, 9 years) were examined on
3 separate occasions. Each child had markers on the lower body
and 1 foot. A Vicon 612 system (Oxford Metrics, Ltd, Oxford, UK)
was used to collect 3-D kinematics. Data from 3 trials for each visit
were averaged and then compared for repeatability. Normal ranges
for each variable were established and 95% confidence intervals
defined. Thirty children with cerebral palsy were also examined to
assess the sensitivity of the model in detecting abnormal foot
motion and as a baseline to determine the effects of treatment.

RESULTS

Results show that variables extracted from kinematic traces of
foot motion have acceptable repeatability in the sagittal and
coronal planes, intrasubject standard deviations varying between 2°
and 6°. However, this increased to a maximum of 10° in the
transverse plane. Characteristic patterns of foot motion were
evident in the cerebral palsy population, which was significantly
different to those with healthy feet. The sensitivity of the measure-
ments to changes in foot kinematics following foot surgery is
demonstrated.

FIGURE. Comparison of patients with CP preoperatively (solid line)
and postoperatively (dashed line) to average healthy subjects data
(±1 SD [grey]).

DISCUSSION
Repeatability of foot motion has been quantified and average

foot kinematics produced. Work is ongoing to improve repeatabil-
ity. Specifically, the following areas are being addressed: (1)
definition of the longitudinal axis of the tibia; (2) definition of the
longitudinal axis of the forefoot; (3) dividing the forefoot into
medial and lateral segments; and (4) determining which markers
provide the most reliable results for each segment.
CONCLUSIONS

We have shown that despite variability within the healthy
population, it is possible to measure distinct patterns of abnormal
foot motion. Foot modeling has progressed with advances in
technology and understanding of foot motion. However, results still
need to be critically evaluated in the light of observed variability to
determine their reliability and clinical significance.
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MULTISEGMENT FOOT KINEMATICS OF DYNAMIC
HINDFOOT VARUS

Walker MR, 1 Cooney KM, 1 Sharkey NA, 2 Sanders JO, 1 Buczek FL 1

1 Shriners Hospitals for Children, Erie, PA; 2Penn State University,
University Park, PA.
INTRODUCTION

Dynamic hindfoot varus (DHV) is common among children with
hemiplegic cerebral palsy, yet current diagnostic methods oftenlead
to ambiguous treatment choices. To better identify contributions to
the varus deformity, we are developing a kinetic, multisegment foot
model. As a first step, we hypothesized that an anatomically based,

Hindfoot Dorsiflexion
20

-20

Dors

Plan

Forefoot Dorsiflexion
20

-20

Dors

Plan

FF/TIB dorsiflexion
30

-20

dorsi

plant

Hindfoot Inversion
30

-20

Inv

Ever

Forefoot Supination
20

-20

Sup

Pron

FF/TIB supination
30

-20

sup

pron

Hindfoot Rotation
50

-10

Int

Ext

Forefoot Adduction
15

-30

Add

Abd

FF/TIB Adduction
45

-20

Add

Abb

Foot and Ankle Research Retreat: Abstracts

J Orthop Sports Phys Ther • Volume 34 • Number 9 • September 2004 A-11



nonradiographic kinematic model of the shank (SH, tibia/fibula),
hindfoot (HF, calcaneus/talus), and midfoot (MF, remaining
tarsals/metatarsals) could differentiate between normal patients
and patients with DHV.

METHODS

Thirteen markers defined SH, HF, and MF segments (Figure 1).
MF and HF articulate near the transverse tarsal joint, and HF and
SH articulate at the ankle complex (talocrural/subtalar joints).
Right-handed local reference frames are described in Table 1. A
varus offset is present when HF is in subtalar neutral because MC
is slightly superior to LC. Consequently, rotation about v is termed
sustentaculum tali varus (ST varus). Kinematics were recorded
(Vicon 612; Oxford Metrics, Ltd, Oxford, UK) for 5 pediatric
patients with DHV and 6 normal subjects during walking. Cardan
angles were ensemble averaged. Varus/valgus results are presented.

FIGURE. Marker configuration.

RESULTS

HF with respect to SH motion for normal subjects demonstrated
slight ST varus at initial contact, nearly neutral alignment at
midstance, and maximum ST varus at push-off. Patients exhibited a
near constant 12° of ST varus. Motion of the MF with respect to
HF for normal subjects revealed slight ST varus at initial contact, a
brief period of neutral alignment, and a return to ST varus by
push-off. Patients demonstrated MF with respect to HF motion at a
near constant 5° of ST valgus.

DISCUSSION

Normal kinematics obtained compared well to those reported by
others,1,2,3 accounting for differences in nomenclature and refer-
ence frame alignment. At initial contact, ground reaction forces
drive the HF into decreased ST varus with respect to SH. The MF
follows until foot-flat, and then begins a shift into ST varus with
respect to HF to remain flat on the ground. As the heel leaves the
ground, the Achilles tendon pulls the HF into ST varus with
respect to SH due to its medial insertion on the calcaneus. The MF
remains positioned on the ground, resulting in a brief period of
ST valgus with respect to HF at terminal stance. Patients are
continually in maximum ST varus for HF with respect to SH,
presumably due to spastic inverters (anterior/posterior tibialis).
Motion of MF with respect to HF is more difficult to explain in
patients. A relatively greater ST valgus may be due to deformities
associated with chronic stress as the MF lies flat on the ground in
the presence of HF varus.

CONCLUSIONS

The use of palpable bony landmarks to determine ST varus
successfully differentiated HF with respect to SH and MF with
respect to HF kinematics between normal subjects and patients
with DHV.

TABLE 1. Right local reference frame derivations. Variables, glo-
bal position vectors; unit, unit vector.

SH w = unit (midkne-midank)
v = unit [(MM-midkne) X (midkne-midank)]
u = v X w

HF v = unit (midcal-PC)
w = unit [(midcal-PC) X (PC-LC)]
u = v X w

MF u = unit (H5-H1)
w = unit [(H1-H5) X (B5-H5)]
v = w X u
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A FLOATING-AXIS-BASED SOLUTION FOR HINDFOOT,
FOREFOOT, AND FIRST MTP JOINT MOTION

Hunsberger G, 1 Shultz J, Rock D, Zheng Y, Heilman B,
Hillstrom H

1 Drexel University and the Temple University School of Podiatric
Medicine, Philadelphia, PA.

INTRODUCTION

The vast majority of clinical gait analysis laboratories have been
collecting and analyzing lower extremity 3-D kinematic data that
have assumed the foot and ankle to be a rigid body.1 Only in the
past decade have articles emerged that have attempted to charac-
terize foot and ankle kinematics with multiple segments and in 6
degrees of freedom.2-5 No clear standard has emerged for this
purpose.

METHODS

The investigators chose to base their solution on the recom-
mended International Society of Biomechanics (ISB) joint coordi-
nate system of the ankle joint complex,5 which is based upon the
floating-axis solution proposed by Grood and Suntay for the knee.6

An anatomical coordinate system was defined for the following
segments: (1) tibia-fibula, (2) calcaneus, (3) first metatarsal, (4)
second to fifth metatarsals, and (5) proximal phalange-hallux. Four
floating-axis-based joint coordinate systems were specified using
these segment definitions: (1) hindfoot, (2) calcaneus-first metatar-
sal, (3) calcaneus-second to fifth metatarsal, and (4) first
metatarsal-hallux. Note that the definition for the hindfoot was
identical to that of Liu2 and Wu.5 The other 3 joint coordinate
systems were consistent with this definition.

RESULTS

One male subject has been tested and 6-degrees-of-freedom
kinematics have been calculated. Depicted are the rotations for the
first and third joint coordinate systems.
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DISCUSSION
Reliable recognition of the first metatarsal and hallux triads

remains a challenge.
CONCLUSION

A floating-axis-based solution for hindfoot, forefoot, and first
MTP joint motion has been proposed. Validation and normative
data determination still need to be performed.
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Session II. Hindfoot Modeling
IN VITRO VARIABILTY OF SUBTALAR JOINT AXIS OF ROTA-
TION
Ball KA, 1 Woodward SP, Greiner TM
1 New York Chiropractic College, Seneca Falls, NY.
INTRODUCTION

In their classic works of the mid-twentieth century, Inman and
colleagues report the subtalar joint (and in particular the talus) to
be the functional cornerstone of the foot and ankle complex.
Describing the subtalar joint as a ‘‘mitered hinge,’’ this arrange-
ment provides conversion of rotation from the frontal plane (foot
inversion-eversion) into the transverse plane (tibial longitudinal
rotation). Inman and colleagues painstakingly produced histograms
that related the angular orientation of the subtalar joint in ranges
of elevation (42° ± 9°) and mediolateral deviation (23° ± 11°) as
measured from the central ray of the foot. These works by Inman
shaped the way we now think about orthopaedic alignment and
function of the lower extremities. Despite their importance it
should be noted, however, that these results, while functionally
significant, were not actually functionally derived. Instead, esti-
mates were made from cadaveric specimens through manual

inspection of the 2 bones. Presumably the axes selected were
intended to correspond to actual joint function; however, such
presumption requires validation. In an ongoing study, advanced
3-D measurement technologies are being employed to determine
in vivo axes of rotation from 23 cadaveric specimens.
METHODS

Cadaveric specimens (tibia, ankle, and foot) were prepared by
removing muscle with ligaments and joint capsules intact.
Threaded rods were inserted into the tibia, fibula, talus, calcaneus,
navicular, and cuboid. A rigid cluster of 4 markers was attached to
each rod. An OptoTRAK 3D active-marker camera system (North-
ern Digital, Waterloo, Ontario, Canada) recorded marker motion
(30 Hz). To help mimic the function of walking, each leg was
tested in upright stance with the third and fourth phalanges of the
foot fixed to a testing platform, thereby maintaining forefoot
contact. Each tibia was manually manipulated. Otherwise, the
internal bones of the foot and ankle were permitted to move
freely. Detailed calibration procedures were employed to identify
numerous bony landmarks on each specimen, thereby permitting
necessary spatial frames of reference to be established. Three
specific ankle motion patterns consisting of repeated full range
plantar-dorsiflexion (PD), mediolateral (ML) rotation, and
inversion-eversion (IE) were tested. The 3-D marker data were
processed using rigid-segment pose algorithms then, these results
were reprocessed to identify the best-fitting subtalar axis of rotation
for each movement.
RESULTS

Initial results from 20 specimens are presented. For the IE
movement pattern the axis of rotation of the subtalar joint was 36°
± 10° elevation and 14° ± 10° medial deviation. Comparable values
for the ML pattern were 51° ± 8° elevation and 9° ± 16° medial
deviation. Results for PD were 30° ± 13° elevation and 21° ± 27°
medial deviation. Mean total ranges of subtalar motion for IE, ML,
and PD were 18°, 12°, and 4°, respectively.
DISCUSSION

Our findings generally support the concepts of Inman and
colleagues; however, while it is clear that functional variability exists
between individual subtalar joints, variability also exists within the
axes of rotation of each subtalar joint. This variability appears to
favor the motion pattern imparted downward from the tibia. For
example, relative to the IE results, ML rotation produced greater
elevation (superior) orientation of the subtalar joint axis of
rotation. Indeed, in some specimens, testing of the PD pattern
produced a functional mediolateral orientation, thereby permitting
the subtalar joint to actually complement plantar-dorsiflexion. The
range of this motion was approximately 15% in comparison to the
range at the talocrural joint.
SUMMARY

In testing of cadaveric specimens, the subtalar joint does
function as a mitered hinge; however, this functionality varies in
relationship to the motion pattern imparted through the joint.

A METHOD FOR THE PATIENT-SPECIFIC MODELING OF THE
HUMAN ANKLE
Lewis GS, 2,3 Piazza SJ 1-3

1 Department of Kinesiology, Penn State University, Philadelphia,
PA; 2Department of Mechanical Engineering, Penn State Univer-
sity, Philadelphia, PA; 3Center for Locomotion Studies, Penn State
University, Philadelphia, PA. This work was supported by NSF grant
BES-0134217.
INTRODUCTION

Previous studies have shown that the ankle joint behaves like 2
hinge axes, talocrural and subtalar, whose locations are highly
variable among individuals.1,2 Therefore, biomechanics of the
ankle is inherently patient-specific, and a noninvasive method to
locate the ankle axes is desirable. Motion of the foot relative to the
shank may be used to locate both ankle axes with the aid of
computational optimization. The purpose of this study is to present
a noninvasive method which uses optimization to locate the 2 ‘‘best
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fit’’ ankle axes for measured motion data. The method was
experimentally validated using computer-generated data and tests
of an anthropomorphic mechanical linkage, in which we compared
the resulting axes with the physically measured axis locations.
Currently, we are extending the method to cadavers to assess the
effects of errors caused by skin movement.
METHODS

An axis location procedure was developed that builds upon the
work of previous investigators.3,4 In the algorithm, a patient-specific
mathematical model of the ankle is determined. Twelve parameters
are used in the model to define the position and orientation of the
2 axes of the ankle joint. The algorithm was first validated with
computer generated data, with and without superimposed random
noise. The added noise was used to examine the robustness of the
algorithm to measurement noise and play in the joints. Next, the
overall experimental method was validated using a mechanical
ankle model. The axes of the model were predicted by the
algorithm using kinematic data measured with a 6-DOF instru-
mented spatial linkage (ISL). The resulting axes were compared to
the physical axes of the model, as determined by spatial digitiza-
tion. This validation was carried out for various axis locations
within a normal anatomical range. The method is currently being
extended to cadavers using 2 ISLs to simultaneously measure ankle
motion: one is mounted noninvasively (as would occur in patients),
and one is fastened directly to the tibia and calcaneus. Differences
in the resulting axes from the 2 ISLs will be assessed to examine
the effect of errors caused by skin movement.
RESULTS

When using computer-simulated kinematic data with no noise,
we found that the algorithm exactly predicted the correct axes for
a variety of cases. The algorithm was found to be robust when
random noise was superimposed on the kinematic data. The
overall method was also shown to be quite accurate when tested
using the mechanical linkage. The axis location errors, averaged
over 5 axis configurations, were 3.7 mm and 5.1° for the talocrural
axis and 1.8 mm and 2.4° for the subtalar axis. Cadaver tests are
currently underway; results from these tests are forthcoming.
DISCUSSION AND CONCLUSIONS

Previous authors3,4 have used optimization to estimate 2 axes of
an anatomical joint, but none have attempted to assess experimen-
tal accuracy nor quantify the important errors associated with skin
movement. This method is currently being extended to incorpo-
rate a talocrural joint axis whose orientation is dependent upon
talocrural joint angle within a single movement.
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ANALYSIS OF PASSIVE MOTION CHARACTERISTICS OF THE
ANKLE JOINT COMPLEX

Ying N, 1 Kim W, 1 Wong Y 2

1 School of Mechanical and Production Engineering, Nanyang
Technological University, Singapore; 2Department of Orthopaedic
Surgery, Alexandra Hospital, Singapore.
INTRODUCTION

The objective of this study is to apply the dual Euler angles
method to investigate the passive motion characteristics of the
human ankle joint complex. Three-dimensional kinematic data of
the ankle joint complex were collected from 10 below-knee foot
cadaver specimens.

METHODS
A nonmetal experimental setup was fabricated to generate

motion in foot cadaver specimens. The kinematic data during
passive dorsiflexion-plantar flexion was measured using a ‘‘flock of
birds’’ electromagnetic tracking device.
RESULTS

The kinematic coupling characteristics and the respective contri-
bution of the ankle joint and the subtalar joint to the gross motion
of the foot with respect to the shank were analyzed based on dual
Euler angle parameters. The results obtained in this study are
generally in agreement with the observations reported previously.
DISCUSSION

There is a significant anteroposterior translation of the talus
during this movement, indicating a significant rolling motion and
a lesser amount of vertical motion also. In summary, the result
supports previous descriptions of the ankle-subtalar complex. The
ankle joint is primarily a hinge joint, but also has a significant
amount of translational motion. It is easy to understand in this
context why the early constrained prostheses failed. For example,
plantar flexion is associated with contingent anterior translation in
the normal ankle. With the use of a rigid hinged prosthesis,
plantar flexion would be associated with an anteriorly directed
force due to the surrounding ligaments, predicting an early failure.
CONCLUSIONS

The dual Euler angles method is suitable for analyzing the
motion characteristics of the ankle joint complex. The motion at
the ankle joint complex involves rotations about, and translations
along, 3 axes.

DEVELOPMENT AND VALIDATION OF A MUSCULOSKELETAL
MODEL OF THE FOOT AND ANKLE

Brown NAT, 1 Beals TC 1

1 Department of Orthopedics, University of Utah, Salt Lake City,
UT.
INTRODUCTION

With great individual variation in foot structure and function,
average representations of foot structure may limit the ability to
detect subtle differences in foot function. Patient-specific
musculoskeletal models may overcome this limitation through
better characterization of variability and deformity.1 However, it is
methodologically problematic to validate patient-specific
musculoskeletal models because criterion measures (eg, muscle
moment arms) are usually obtained invasively. The goal of this
research is to develop and to validate methods for patient-specific
modeling of the human foot and ankle.
METHODS

Bone surfaces were reconstructed (Mimics; Materialise, Ann
Arbor, UK) from CT scans collected from 1 fresh frozen below-
knee cadaveric specimens free from musculoskeletal disease. The
kinematic structures of the talocrural and subtalar joints were
determined from 3-D kinematic data (OptoTrak 7-axis tester;
Northern Digital, Inc, Ontario, Canada) and reports in the
literature. Anterior-posterior and proximal-distal translations of the
talus relative to the tibia were defined as a function of talocrural
flexion-extension. Dorsiflexion-plantar flexion and abduction-
adduction of the calcaneus relative to the talus were defined as a
function of subtalar joint inversion-eversion. Volumetric SPGR and
T1-weighted gradient echo MRI sequences collected from the same
cadaveric specimen were used to define the boundaries of 9
extrinsic foot muscles. Bone surfaces of the tibia, talus, and
calcaneus were also reconstructed from MRI and visually registered
with bone surfaces obtained from CT scans to graphically intro-
duce reconstructed muscles paths with the kinematic model
described above (SIMM; Musculographics, Inc, Chicago, IL). Via
points and wrapping structures were added to maintain physiologi-
cal muscle paths during joint rotations. Moment arm magnitudes
were measured from MRI data sets and determined using the
tendon excursion methods2 for 8 extrinsic foot muscles.

Foot and Ankle Research Retreat: Abstracts

A-14 J Orthop Sports Phys Ther • Volume 34 • Number 9 • September 2004



RESULTS
Model-based, MRI-based, experimental (tendon excursion) and

reported3,4 estimates of muscle moment arms about the talocrural
joint compared favorably. Maximum differences between MRI and
model estimates were 3.15 mm for all 9 muscles (range, 1.5-5.0
mm). Similar results were noted for comparisons between experi-
mental and model data. Model moment arms were consistently
smaller in magnitude than reported values, but differences re-
mained constant across joint angle. Specimen size explains these
differences. Experimental and model estimates of moment arms at
the subtalar joint differed by less than 6 mm for tibialis posterior
and tibialis anterior, but differed by up to 12.5 mm for the
peroneal muscles and flexor hallucis longus.
DISCUSSION

Moment arms are dependent on both the position of a joint’s
axis of rotation and the muscle path about that joint. Thus, these
preliminary data suggest that appropriate representations of joint
structure and muscle paths at the talocrural joint can be achieved
with image-based model techniques. Improvement of the kinematic
model of the subtalar joint is, however, required to better
approximate moment arms about this joint.
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Session III. New Techniques and Applications
DEVELOPMENT OF AN IMPROVED RIGID BODY MODEL OF
THE FOOT

Liu A, 1 Nester CJ, 1 Ward E, 3 Howard D, 1 Derrick T, 2 Cocheba J, 3

Patterson P 2

1 Centre for Rehabilitation and Human Performance Research,
University of Salford, UK; 2 Department of Health and Human
Performance, Iowa State University, IA; 3 Central Iowa Foot Clinic,
Perry, Iowa, USA.
INTRODUCTION

We do not know, nor have any basis for, how we should most
appropriately divide the foot into rigid-body segments. The aim of
this project was to use a walking cadaver model to determine the
kinematics of the tibia and 14 of the 26 bones of the foot, so that a
scientific kinematic rationale can be developed for segmenting the
foot in a new rigid-body model.
METHODS

The Iowa State University walking simulator consists of a rigid
metal frame pulled at a constant speed by a motor down a track. A
pneumatic cylinder delivers a fixed vertical load to the cadaver
specimen mounted in the simulator via a rod connecting a
mechanical knee on the simulator and the cadaver tibia. Forces are
applied through 8 muscles of the lower leg (tibialis posterior,
tibialis anterior, flexor hallux longus, extensor digitalis longus,
flexor digitalis longus, Achilles, peroneus brevis, and peroneus
longus) in a sequence matching in vivo muscle activity data. The
apparatus takes the foot from heel strike to just before toe-off and
the duration of stance would be approximately 1.2 seconds. For 8
cadavers, K wires (1.5 mm) were inserted into the tibia, talus,
calcaneus, navicular, cuboid, 3 cuneiforms, 5 metatarsals, and 2
phalanges of the hallux, and 4-mm marker clusters mounted on
each of these (Figure 1). Kinematic and force plate data were
recorded during 5 walks for each foot.

FIGURE 1

RESULTS
Kinematics of the calcaneus and tibia, and force plate data were,

in gross terms, similar to those described in current literature,
although some characteristics were altered by the simulators
mechanical constraints. Data here are for 1 cadaver only, being
indicative of data processed to date. Between the navicular and
cuboid there was up to 10° of motion in the sagittal plane and up
to 5° in the frontal and transverse planes. Between the cuneiforms
and the navicular, there was generally little motion, the most being
in the sagittal plane (5°). There was some intercuneiform motion,
but this was less than 3°. There was up to 9° of sagittal plane
motion between the cuboid and lateral cuneiform, but less than 2°
of motion in the frontal and transverse planes. The motion
between each of the metatarsals was greatest in the sagittal and
transverse planes. Between metatarsals 1 and 5 there was 5° of
sagittal plane motion, 2° of frontal plane motion, and 9° of
transverse plane motion. Motion between adjacent metatarsals was
of a similar magnitude (2°-9°). There was considerable motion
between metatarsals 4 and 5 and the cuboid. Relative to the
cuboid, they moved 8° and 12°, respectively in the sagittal plane, 7°
in the frontal plane and 5° in the transverse plane. Metatarsals 1,
2, and 3 moved in the sagittal plane relative to their adjacent
cuneiform, the first moving the most (6°), the third the least
(�2°). Frontal and transverse plane motions were evident but less
than 4°.
DISCUSSION

This is the first description of the kinematics of the small foot
bones under walking-like conditions. These early data illustrate the
potential for movement between all of the individual bones of the
foot. Some very small movements, such as those between the
cuneiforms, may be ignored for the purposes of rigid-body
modeling. However, some commonly held assumptions, such as the
existence of a rigid ‘‘lateral column’’ formed by the fourth and
fifth metatarsals and the cuboid are not supported. The metatarsals
show some differing kinematic patterns; the effect of combining
metatarsals in a rigid body model will be simulated from these
data.

INDEPENDENT KINEMATICS OF THE HIND FOOT: AN IN
VIVO NONINVASIVE STUDY
Sheehan FT, 1,2 Rebmann AJ, 1 Rausch TL, 1,3 Wirick BA 1,3

1 NIH Physical Disabilities Branch, Bethesda, MD; 2 University of
Maryland, College Park, MD; 3 Catholic University of America,
Washington, DC.
INTRODUCTION

The most commonly injured joint in the body is the ankle, but
due to a paucity of noninvasive in vivo measurement techniques,
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very little is known in regards to the individual bones of this joint.
Thus, the purpose of this study was to use a novel dynamic MRI
technique, fast-PC MRI, to noninvasively quantify the in vivo
musculoskeletal kinematics of this joint in order to determine if
the hindfoot (tibia, talus, and calcaneus) moves as a single rigid
body.

FIGURE. Calcaneus rotations relative to the talus for 7 male
subjects.

METHODS

Seven male subjects participated in this IRB-approved study.
Subjects were placed supine in a 1.5-T GE magnet and maintained
a repeated plantar-dorsiflexion (PF-DF) movement at 35 cycles per
minute, guided by an auditory metronome. A specialized ankle
loading device was developed to apply a load in PF. During the
movement fast-PC MRI images (3-D velocity and anatomic images
in 24 time frames) were acquired in a sagittal-oblique plane,
containing the soleus musculotendon junction, tibia, calcaneus,
and talus. The 3-D time-dependent orientations and translations of
each bone were derived by integrating the velocity data and then
simplified using a zyx-body fixed cardan rotation sequence. Osteo-
based coordinate systems were established from landmarks defined
on the dynamic anatomical images.
RESULTS

The talus and calcaneus demonstrated full 3-D rotations during
PF and did not move as a single rigid body (Figure 1). This
independence of motion was more pronounced for rotation about
the S/I axis (�y) and at the ends of the range of motion. As
expected, the calcaneus externally rotated and everted relative to
the tibia (data not shown) during PF. Surprisingly, the majority of
internal rotation and inversion during PF occurred at the ankle
joint (talar-tibial) and not the subtalar (calcaneal-tibial) for nearly
all subjects (data not shown).
DISCUSSION

Quantifying the 3-D kinematics in vivo and noninvasively has
demonstrated that the individual bones of the ankle complex do
not behave as a single rigid body. The kinematics of the calcaneus
relative to the talus demonstrated the largest differences in
internal/external rotations and at the ends of the range of motion.
The larger internal rotation and inversion occurring at the ankle
joint, as opposed to the subtalar, is likely due to both the natural
kinematic profiles in these subjects and the anatomical definitions
of joint axes.
CONCLUSIONS

Further work is warranted to determine the consistency of
changes in ankle joint orientation and translation during PF and to
determine the effects of external load on ankle joint kinematics.
Towards this end, further research is underway.

3-D CHARACTERIZATION AND LOCALIZATION OF
ANATOMICAL LANDMARKS OF THE FOOT

Xiang Liu, 1 Wangdo Kim, 1 Burkhard Drerup 2

1 School of Mechanical and Production Engineering, Nanyang
Technological University, Singapore; 2 Klinik und Poliklinik fú̈r
Technische Orthopú̈die und Rehabilitation, Universtú̈tsklinikum,
Mú̈nster, Germany.
INTRODUCTION

The anatomical landmarks are important for the study of the
movement of the foot and ankle. In this paper, a method for
extraction of curvatures and evaluation of prominent features on
foot surface is developed. The goal is to attain approximating
surfaces to the unevenly distributed data measured by the 3-D
noncontact scanner and localize the anatomical landmarks. The
procedure consists of several steps producing a parametrized
representation of the foot surface with regularly distributed data
points, each providing coordinates, derivatives, and curvatures,
thus allowing the maps of mean and Gaussian curvature to be
plotted.
MATERIAL AND METHODS

A plaster cast was taken from the right foot of a 40-year-old
healthy man. Measurement was done by the FastSCAN Scanner
(Polhemus, Colchester, VT). The density of measurement points
was about 40/cm2.
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FIGURE 1. The 3-D display of map of Koenderink shape index of
the ankle area from 3 different viewpoints and the underside of the
foot. Code: red, convex; green, saddle-shaped; blue, concave;
white, transitions between these 3 different shapes.

Using the method described in Frobin and Hierholzer,1,2 the
principal curvatures, mean curvature, Gaussian curvature, and
Koenderink shape index3 can be calculated. To separate convexity
from concavity, the map of Koenderink shape index is drawn.
RESULTS

The Koenderink shape index maps of the ankle regions and the
underside of the foot (Figure 1) clearly separate the convexity
from the concavity and characterize the foot surface.
DISCUSSION

Although the reproducibility of the locations still needs further
investigation, as well as other possible geometric models of
defining the landmarks, the method has provided an objective way
of determining anatomical landmarks.
CONCLUSION

The malleolar regions including the surrounding structures do
distinguish themselves by their distinctive characteristics, as well as
several other characteristic regions on the underside. The center of
gravity of several points in the targeted landmark provides an easy
way to localize the landmarks with good accuracy, although further
investigation is still necessary on the reproducibility.
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RELIABILITY AND VALIDITY OF THE IOWA ANKLE
RANGE-OF-MOTION DEVICE
Wilken J, 1 Saltzman C, Yack HJ
1 The University of Iowa, Iowa City, IA.
INTRODUCTION

The importance of ankle range of motion to pathology of the
foot and ankle has long been observed clinically and has been
demonstrated in several recent studies.1,2 For this reason, passive
ankle range of motion is frequently assessed clinically. Though
goniometry is the standard method of assessment, validity and

repeatability can be problematic due to goniometer alignment, as
well as potential variations in location and magnitude of forces
applied to the foot. To address these issues, more sophisticated
methods of assessment have been developed.3,4 Though these
devices have demonstrated value, they are costly and not practical
for many clinical or research applications. We have developed a
new, relatively inexpensive device for ankle range-of-motion mea-
surement that allows angular measurements at predetermined
force levels. The goal of this study was to determine the repeatabil-
ity and validity of this new device.
METHODS

Range-of-motion testing was performed using the Iowa Ankle
Range of Motion device (IAROM) (Figure 1). Subjects were placed
in the device with the long axis of their foot aligned with the clear
acrylic footplate and their tibia secured to the base plate. The
device axis of rotation was adjusted so that it approximated the
ankle axis of rotation. Angular measurement was made using a
digital inclinometer that was zeroed on the tibial crest before it was
fastened to the footplate. To control the torque applied about the
ankle joint, a hand-held force gauge was used. Ankle range of
motion was recorded at torque levels of 10, 15, 20, and 25 Nm. To
evaluate device repeatability, 17 subjects (mean age, 53 ± 14 years)
were tested by a licensed physical therapist and a recent high
school graduate. Subjects were recruited from foot and ankle
clinics at University of Iowa hospitals and clinics. Each subject was
tested on a noninvolved limb 3 times at all 4 force levels by both
testers. Order of testing was randomized. To evaluate device
validity, 12 physical therapy graduate students with no history of
lower extremity pathology were tested. Ankle range of motion was
simultaneously assessed using the IAROM and an Optotrak motion
analysis system, using a standard foot marker system. As with
repeatability testing, the subjects were evaluated 3 times at each
force level.
RESULTS

For the repeatability testing, intraclass correlation coefficients
(ICCs) were calculated for each combination of force level (4) and
cycle number (3) that were evaluated. The average ICC value was
0.92 with a range of 0.88 to 0.94. These ICC values indicate close
approximation between the measures of a physical therapist and a
novice with minimal training. For validity testing 12 comparisons
were again made with a mean correlation value of 0.96 (range,
0.93-0.98).

FIGURE 1

DISCUSSION

Advantages of this device include demonstrated validity and
reliability, ease of use, controlled force application, and reasonable
cost to produce. The nature of force application allows for even
distribution of forces across the foot that can be visually verified via
the clear footplate.
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CONCLUSION
The Iowa Ankle Range of Motion device is a valid and

repeatable tool that can be easily fabricated for clinical and
research use.
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ASSESSING FIRST METATARSAL MOTION LIMITATIONS
DURING GAIT
Wilken J, 1 Saltzman C, John Yack
1 University of Iowa, Iowa City, IA.
INTRODUCTION

The use of gait analysis for valid and meaningful assessment of
motion in the foot and ankle has proven to be a formidable
challenge. Modeling the foot and ankle has recently gained a great
deal of attention due to the recognized limitations of traditional
tracking techniques. Though single-segment rigid-body tracking of
the foot can be used to provide reasonable estimates of foot and
ankle kinematics, in many applications more complex models are
required to better understand foot pathology and the conse-
quences of surgical intervention. Due to the complexity of bony
architecture and motion in the foot, the assumption of segment
rigidity across multiple joints limits assessment, resulting in the loss
of potentially valuable information.

Recent research has attributed to the first ray an important role
in modulating stresses experienced by the forefoot. Tracking of the
first metatarsal, therefore, may prove to be especially valuable in
assessing patients with pathologies in which loading of the forefoot
may be affected, as seen in patients who have limitations in ankle
ROM. The purpose of this study was to determine if individuals
with limited ankle motion approximate their first metatarsal passive
end range of motion during gait.
METHODS

Motion between the tibia and first metatarsal was assessed in 5
individuals (4 male, 1 female) with an average age of 70 ± 8 years.
All subjects included in the study had successfully undergone ankle
replacement and/or ankle fusion greater than 1 year prior. In this
initial group of subjects, a total of 7 limbs were evaluated using
plain film radiographs and gait analysis. An Optotrak motion

analysis system was used to record the 3-D position of the first
metatarsal and tibia during gait. Motion of the first metatarsal was
tracked with a lightweight marker triad mounted on the first
metatarsal. A digitizing process was used to identify the location of
underlying bony geometry relative to each segment’s marker triad.
Lead beads placed over digitized points were identified on AP and
dorsiflexion stress radiographs and used to align the first metatar-
sal local coordinate system with the bony segment. KinGait 3
(Mishac, Inc, Waterloo, CA) was used to calculate 3-D joint
displacements in accordance with Grood and Suntay.2 To deter-
mine the extent to which individuals with limited ankle motion
approach their passive end range of motion, first metatarsal
maximum dorsiflexion as determined by a dorsiflexion stress
radiograph was compared to maximal displacements during gait.
RESULTS

The average difference between the maximal dorsiflexion range
of motion values, as measured on radiograph and during gait, was
3.8° ± 2.4°. Figure 1 shows representative data for end range of
motion and gait for 1 subject.

FIGURE 1

DISCUSSION
In the patient population studied, individuals approximated first

metatarsal maximum dorsiflexion during gait, thereby repeatedly
stressing the passive structures. This abnormal stress may have
long-term consequences on the articular and ligamentous struc-
tures of the foot and could contribute to arthritic changes seen in
this population.1

CONCLUSION
In individuals with restricted ankle motion, maximal first meta-

tarsal dorsiflexion during gait is at the end range of passive
motion, as seen on radiographs suggesting abnormal joint stress.
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