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Abstract (including key words)

Standard gait analysis using optical motion captu‘re systems involvés modeling
the foot as a single segment which limits the information on inter-segmental foot
rmotion. Foot models have been shown to be reliable, but limited research is
available that uses these foot models in conjunction with shoes. There are

methodology issues that arise when the subject is wearing a shoe.

The primary objective of this dissertation is to develop a method to analyze the
relative motion of the foot bones within multiple shoes during a variety of
activities. The secondary objective is to apply this method in clinical studies to
investigate the effect on foot kinematics due to shoe modifications or during
different movements. Before any clinical reséarch could be conducted, three
methodology studies needed to be performed. Firstly, a method for validating
holes in the shoe was developed and used to demonstrate that a 2.5 cm hole is
valid for three different shoe types. Secondly, static trials from four different shoe
conditions were found to exceed a minimum important difference (5°).
Consequently, single static trials are important from an injury perspective since
the absolute angular range is calculated. Per-condition static trials are necessary,
however, if the study objective is to examine the symmetry of the range of motion
around the joint. Lastly, in a single-plane fluoroscopy study, soft tissue artifact
(STA) was found to range from 6.46mm and 16.72mm for the hindfoot and
midfoot triad markers, which was comparable to previous values found in

literature.
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Two clinical studies were then conducted and demonstrated that foot kinematics
are influenced by a directional change but appear to be unaffected by a change
in longitudinal torsional stiffness and forefoot flexion. Many possible hypothesés
for these‘results are discussed, including the possibility that the foot has a pre-
determined kinematic pattern while tréveling in a straight line that may be
controlled by a‘pre-determined muscle activation pattern. The hypothesis that
soft tissue is susceptible to injury past its “end-of-range” is also discussed in
reference to foot injuries and the use of interventions. The method used in this
dissertation will assist researchers in their investigations to find the mechanisms

behind how the foot adapts to perturbations.

Keywords: Foot kinematics, running shoes, multi-segmented foot model,

running, lateral cutting, skin artifact error, longitudinal torsional stiffness
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AT ST B i Y b i e .

1 Chapter 1: Anatomy Overview of the Foot and Review
of Foot Kinematic Research

Chapter 1 is an introduction to the anatomical features and functional
biomechanics necessary to comprehend the methodology and results for the
following study chapters, as well as a summary of foot kinematic research. The
anatomical features and functional biomechanics focus on the foot, since it is the
area of interest for this dissertation. Following this section, previously used
technology and methods for analyzing foot kinematics during Agait, as well as
currently employed methodologies such as multi-segment foot models, are
discussed. The objective of this dissertation is to dévelop a method to analyze
kinematic changes of the foot in running shoes which will hopefully lead to
research that will reduce running related injuries. These injuries and their
predictors are discussed next in this selection as the clinical relevance of this
dissertation. In the last few pages of the chapter, the dissertation objective and
the chapter outline are described.




1.1 Anatomical Overview of the Foot

The foot (Figure 1.1) has many functions iﬁcluding load bearing, shock
absorption, protection, leverage, and balance. During gait, the foot is the first
segment to cdntact the ground and therefore must be able to quickly adapt to its.
surroundings. However, in the second phase of the géit cycle the foot must be
able to remain rigid for the forward propqlsion of thé body over the‘ foot.
Maintaining a normal gait pattern ié important for injury prevention of the foot, as
well as for injury prevention in other segments and joints in the kinetic chain as

they are influenced by the motion of the foot.

The foot is a very complex structure comprised of 28 bones; including the
sesamoids, 31 joints, and numerous muscles, tendons and ligaments. The
medial side of the foot contains the medial longitudinal arch, which is conﬁprised
of the talus, navicular, first cuneiform and the first metatarsal. Other bones of the
medial side are the second and third cuneiforms, metatarsals, and phalange
bones'. The lateral side of the 'foot is constructed of the calcanéus, the cuboid,
the fourth and fifth metatarsal and their phalange joints'. It contains the lateral

arch, which is involved in weight-bearing during running and walking®.




Calcaneus
Talus
Cuboid
Navicular
Metatarsals
Cuneiforms
Phalanges

Figure 1.1. Bones of the left foot making up the hindfoot, or rearfoot,
(calcaneus, talus), the midfoot (navicular, cuboid, cuneiforms), or forefoot

(metatarsals, phalanges) (Reprinted with permission. “This article was published in Logan,
Singh, Hutchings. McMinn's Color Atlas of Foot and Ankle Anatomy, third edition. Copyright

Elsevier, 2004.”)



1.2 Bones of the foot

1.2.1 Rearfoot

Figure 1.2. Image of the left foot with focus on the rearfoot (circle) made up

of the calcaneus (1) and the talus (2). (Reprinted with permission. “This article was
published in Logan, Singh, Hutchings. McMinn's Color Atlas of Foot and Ankle Anatomy, third
edition. Copyright Elsevier, 2004.")

The lateral positioned calcaneus and the medial position talus form the bones of
the rearfoot (Figure 1.2), often referred to as the hindfoot. The right calcaneus
bone translates anteriorly along its longitudinal axis and rotates in a clockwise
position when the foot is supinated, while the left calcaneous rotates
counterclockwise during the same movement (Figure 1.3)L No muscles are
directly attached to the talus, thus movement occurs when the muscles around it

contract3.

There are two points of articulation between the two bones: the anterior
(talocalcaneonavicular) articulation and the posterior (talocalcaneal) articulation.
In a portion of the population, there is a third articulation between these two
called the middle (talocalcaneonavicular) articulationl The functional joint

encompassing these articulations is known as the subtalar joint. This joint is able



to move in the three principal planes due to the angulations in its orientation. The

axis of the subtalar joint is 42° from the horizontal and 16° medial from the mid-

line (Figure 1.4)1

Figure 1.3. Description of the corkscrew mechanism of the right calcaneus.
The calcaneus translates anteriorly and in a clockwise direction as the foot

supinates. (Reprinted with permission from Sammarco, James G and Hockenbury, Ross Todd.
“Biomechanics of the Foot and Ankle.” Basic Biomechanics of the Musculoskeletal System. Ed.
Margareta Nordin and Victor H. Frankel. Maryland: Lippincott Williams & Wilkins, 2001.)

Figure 1.4. The axis of the subtalar joint (circle). Top: Sagittal View, Bottom:
Transverse View. (Reprinted with permission from Sammarco, James G and Hockenbury,
Ross Todd. “Biomechanics of the Foot and Ankle.” Basic Biomechanics of the Musculoskeletal
System. Ed. Margareta Nordin and Victor H. Frankel. Maryland: Lippincott Williams & Wilkins,

2001,



1.2.2 Midfoot

Figure 1.5. Image of the left foot with focus on the midfoot comprised of the
navicular (3), cuboid (7), medial cuniform (4), intermedial cuniform (5),

lateral cuniform (6). (Reprinted with permission. “This article was published in Logan, Singh,
Hutchings. McMinn's Color Atlas of Foot and Ankle Anatomy, third edition. Copyright Elsevier,
2004.™)

The midfoot segment of the foot (Figure 1.5), also known as the tarsus, consists
of the navicular, the cuboid, and the medial, inter-medial and lateral cuniforms2.
The bones of this section of the foot create the talonavicular joint, the
calcaneocuboid joint and the cunifonavicular joints. The transverse tarsal joints
include two of these joints, the talonavicular joint and the calcaneocuboid jointl
The functional joint encompassing these joints, the Chopart joint (Figure 1.6),
plays an important role in locking the foot to provide a rigid support for the
forward propulsion of the body or to maintaining a flexible foot capable of
adjusting to uneven surfaces2. The exact details of this function can be found in

section 1.6.2 on joint biomechanics.



Talonavicular
axis

Talus
Calcaneocuboid

axis

Lat.

Calcaneus

Normal Varus

Figure 1.6. Axis of the transverse tarsal joints in the two positions
experienced during a normal gait cycle. Left: Position of the axis during
pronation at the beginning of the stance phase. Right: Position of the axis

during supination at the end of the stance phase. (Reprinted with permission from
Sammarco, James G and Hockenbury, Ross Todd. “Biomechanics of the Foot and Ankle.” Basic
Biomechanics of the Musculoskeletal System. Ed. Margareta Nordin and Victor H. Frankel.
Maryland: Lippincott Williams & Wilkins, 2001.)

1.2.3 Forefoot

Figure 1.7. Image of the left foot with focus on the forefoot encompassing

the first to fifth metatarsals (8-12) and their phalangeals (13-17). (Reprinted with
permission. “This article was published in Logan, Singh, Hutchings. McMinn's Color Atlas of Foot
and Ankle Anatomy, third edition. Copyright Elsevier, 2004.”)

The tarsometatarsal joints, the Lisfranc joints (Figure 1.8), and the

interphalangeal joints are constructed by the metatarsals and the phalanges in



the forefoot, respectively. The Lisfranc’s joint is the articulation running medial-
laterally across the foot between the metatarsal bones and the medial cuneiforms
on the medial side and the metatarsals and the cuboid on the lateral sidel These
joints form an arch-like structure that resists motion of the forefoot allowing only
minimal movement between them2 A key-like model is used to describe the
placement of the second metatarsal head. The first and third metatarsal, and the
three cuneiforms form the lock for the second metatarsal head to fit into, thereby
limiting the movement of the second metatarsal2. The articulations of the distal

and proximal phalageals are the interphalangeal joints.

Figure 1.8. Location of the Lisfranc’s joints in the right forefoot. (Reprinted
with permission from Heckman et al. 2009)

1.2.4 Medial Longitudinal Arch

The medial longitudinal arch is located on the medial side of the foot and
encompasses the calcaneus, talus, navicular and the first ray. These bones work
together with the plantar fascia to create a windlass effect, which is explained in

detail in section 1.4.1 on the plantar fascia2. The rising or lowering of the arch



provides stability or mobility, respectively, depending on the foot function during

the gait cycle.

Figure 1.9. The medial longitudinal arch is located on the medial side of the
foot and encompasses the calcaneus, navicular, medial cuneiform and the
first metatarsal. (Reprinted with permission from Heckman et al. 2009)

1.3 Brief Technical Note

Confusion often arises when discussing the position and movements of the foot
since there is no consensus across researchers for the descriptions of the foot
motions and positions. For the purpose of this paper, adduction and abduction
will occur in the transverse plane, and flexion and extension will occur in the
sagittal plane (Figure 1.10). Often, eversion and inversion is used to describe the
position in the frontal plane; however pronation and supination are used
interchangeably in research. Clinically, pronation and supintation are often terms
used to describe the motion of the foot in all three planes. When the sole of the
foot is pointing laterally, the foot is pronated. This motion is a combination of

abduction, eversion and extension2. The opposite is achieved when the sole of
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the foot is facing medially. This is known as supination and is a combination of
adduction, inversion and flexion2. Since the foot model used in this study
(described in Section 1.8.3) calculates forefoot twist, this will be classified as
either supination or pronation in the frontal plane, and will be considered a
movement as opposed to a position. To maintain uniformity, the motion of the
hindfoot will also be considered pronation and supination in the frontal plane. For
consistency this is how the motion will be described throughout this dissertation
since this is how Jenkyn and Nicol4,5 describe their model, which is the model

used in this dissertation.

Dorsiflexion/ Eversion/Inversion OR

Plantarflexion Supination/Pronation
(for Jenkyn et al.
model)

Figure 1.10. Descriptions of movements in each plane. Dorsiflexion/
plantarflexion are in the sagittal plane. Abduction/Adduction is in the
transverse plane. Eversion/lnversion or Supination/Pronation is in the

frontal plane. (Reprinted with permission from Sammarco, James G and Hockenbury, Ross
Todd. “Biomechanics of the Foot and Ankle.” Basic Biomechanics of the Musculoskeletal System.
Ed. Margareta Nordin and Victor H. Frankel. Maryland: Lippincott Williams & Wilkins, 2001. )
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1.4 Ligaments

1.4.1 Plantar Fascia

The plantar fascia (Figure 1.11) is found on the planar surface and is often
described as the most important ligament in the foot?. This ligament originates
on the medial tuberosity of the calcaneus and inserts at the metatarsophalangeal
jqint, thereby crossing many foot joints'. It also attaches the skin of the heel and -

forefoot to underlying bony and ligamenteous structures?.

The plantar fascia is also the main static stabilizer of the medial longitudinal arch
through the windlass effect (Figure 1.12)". As the first phalanx is dorsiflexed, the
two points of insertion, one on the calcaneus and one on the
metatarsophalangeal, are brought closer together céusing the arch to rise®. This
can be seen in gait at toe-off where the toe is maximally dorsiflexed, which
tightens thé tissue and prevents the arch from collapsing’. It will be
demonstrated in the following pages that at toe-off, the foot is supinated which is

often the motion of the foot when the medial longitudinal arch is raised?.
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Figure 1.11. Location of the plantar fascia on the plantar aspect of the foot.
(Reprinted with permission from Heckman et al. 2009)

The joints and bones concerned

The windlass

Figure 1.12. Visual explanation of the Windlass effect used to rise and lower
the medial longitudinal arch. As the hallux dorsiflexes, as seen in the
bottom picture, the plantar fascia (represented by the rope) causes the first
metatarsal (represented by the longer segment) and the navicular
(represented by the shorter segment) to rise. (Reprinted with permission from Hicks
et al. 1953)

1.4.2 Intrinsic ligaments

Due to the vast number of articulations of the foot, there are numerous ligaments
within the foot, which act as passive stabilizers. The majority are found on the
dorsal aspect of the foot, however some plantar ligaments do existL The

interosseous talocalcaneal ligament (ITCL) connects the talus to the calcaneus,
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along with the anterior talocancaneal ligament (Figure 1.13.7), posterior
talocancaneal ligament, medial talocancaneal ligament, and lateral talocancaneal
ligamentl The ITCL is considered one of the most substantial and important
ligaments in the foot. The most significant ligament in the forefoot is the Lisfranc
ligament, which connects the second metatarsal head to the inter-medial
cuneiform for added stability to this important and complex joint2. The rest of the

ligaments can be seen in Figure 1.13.

(plantar)

1 Tibia

Medial malleolus

Medial (deltoid) ligament of ankle joint

Anterior tibiofibular ligament

Lateral malleolus

Calcaneus

Anterior talofibular ligament

Trochlear surface of talus (ankle joint capsule removed)
Head of talus (under capsule of talonavicular part of
talocalcaneonavicular joint)

10 Cervical ligament

11 Calcaneocuboid joint

12 Dorsal calcaneocuboid ligament

©CRNOUIRWN

13 Calcaneocuboid part I ki
14 Calcaneonavicular part | °f b,furcate I'9ament
15 Dorsal cuneonavicular ligaments
16 Dorsal tarsometatarsal ligaments
17 Dorsal metatarsal ligaments
18 Tuberosity of base of fifth metatarsal
19 Capsule of first metatarsophalangeal joint
20 Tendon of extensor hallucis longus
21 Collateral ligament
22 Cakaneofibular ligament
s 23 Long plantar ligament
. uperior 24 Tendon of fibularis iperoneus) longus
O from the right and above (dorsal) 25 Interosseous membrane
. 26 Posterior tibiofibular ligament
Q from the lateral side Posterior « = 1 7= > Anteror 27 Tibial slip of 28
28 Posterior talofibular ligament
29 Groove for flexor hallucis longus tendon on talus and
Inferior sustentaculum tali
(plantar) 30 Posterior tibiotalar part ! n.,_ _
31 Tibiocalcanean part (deltoid) ; °f ">«<j»1 dehotd ligarent
32 Groove for tibialis posterior tendon
33 Groove tor fibularis (perontvs) brevis tendon

(proxtmal) ~ ~ (distal)

Figure 1.13. Ligaments of the foot. A. Lateral ligaments of the foot from an
oblique dorsal view. B. Medial ligaments of the foot. (Reprinted with permission.
‘This article was published in Logan, Singh, Hutchings. McMinn's Color Atlas of Foot and Ankle
Anatomy, third edition. Copyright Elsevier, 2004.")
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1.5 Muscles and Tendons

The extrinsic muscles originate in the leg and insert in the foot, whereas the
intrinsic muscles originate and insert in the foot. The 12 extrinsic muscles of the
foot can be classified as either plantarflexors or dorsiflexors, and as evertors or
invertors. These muscles are also classified as prétibial which are the anterior
muscles (for example, tibialis anterior), calf muscles which are the posterior
muscles (for example, gastrocsoleus), or foot muscles which are the intrinsic
muscles. Figure 1.14 gives a summary of the muscle activity during the gait

cycle measured from electromyography (EMG).

Mpafcmn 1

ndyi

fttohctp)
pnuftm

mri*mpEEEMEM

Figure 1.14. Electromyography of the lower extremity muscles during one
gait cycle. Preétibial muscles are the anterior muscles of the leg. Triceps are
the posterior muscles of the leg. Intrinsic muscles are the muscles that
originate and insert in the foot. (Reprinted with permission from Novacheck, TF, 1998)
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1.5.1 Plantarflexors and Dorsiflexors

A large group of muscles contract to cause the foot-ankle complex to plantarflex
(Figure 1.15-1.17). These muscles include the gastrocnemius, the soleus, the
peroneus longus, the peroneus brevis, the tibialis posterior, the flexor hallucis
longus, and the flexor digitorium longus®. Contraction occurs in the middle of the
stance phase to slow the forward motion of the tibia over the foot®. Much of the
work of the plantarflexors is done by the soleus in conjunction with the

- gastrocnemius®.

The principa'l dorsiflexors (Figure 1.15-1.17) of the foot are the tibialis anterior,
the extensor hallux longus, the extensor digitorium longus, and the peroneus
tertius®. The tibialis anterior is described as the most important dorsiflexor of the
ankle'. The dorsiflexors eccentrically contract at the beginning of the stance
phase to slow down the foot descent to prevent the foot from slapping the
ground®. They.also contract during the swing phase to ensure that the foot clears
the flo‘ors. Gait cycle events, such as stance phase and swing phase, are

described in section 1.6.1.
1.5.2 Invertors and Evertors

The main invertors (Figure 1.15-1.17) are the tibialis posterior, the tibialis
anterior, the extensor hallucis longus, the flexor digitorum longus and the flexor
hallucis longus®. These muscles insert on the medial side of the foot allowing»

them the correct line of action to invert the foot. The primary invertor is the
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tibialis posterior, which is the main dynamic stabilizer of the medial longitudinal

arch'.

The evertor muscles (Figure 1.15-1.17) originate in the lower leg and attach on
the lateral side of the leg. The principle everters are the peroneus longus, the
peroneus brevis, the peroneus tertius and the extensor digitorum®. The primary

evertors are the peroneus longus, whose function in gait is to depress thé first
metatarsal head, and the peroneus brevis, which acts to stabilize the forefoot

laterally, in other words to resist inversion®®.
1.5.3 Intrinsic muscles of the foot

The intrinsic muscles include the lumbricals and .the’interossei (Figure 1.15 -
1.17)". Located between the metatarsals, these muscles produce plantarflexion
of the middle phalangeal joints of the foot, an important event for the propulsion
phase of walking. Th»e Iunjbricals comprise four muscles that originate from the
flexor digitorum longus tendon and insert to the extensor digitorum longus
stendon?. The interossei muscles are eight muscles that form the deepest intrinsic
muscle layer. The main intrinsic muscles are the abductor hallucis, adductor
hallucis, flexor digitorum brevis, flexor hallvucis brevis and the abductor digiti
quinti, whose function is to support the toes at the metatarsophalangeal joint and
the medial longitudinal arch®. The other important intrinsic muscles’ primary

function is the motion of the great toe, the first phalanx’.




17

Figure 1.15. Superficial dissection of the right lower leg and foot, from the
medial side. Muscles: 2-tibialis posterior, 3-Flexor digitorum longus, 6-
Flexor hailucis longus, 7-Soleus, 14- Abductor hallucis, 16-Tibialis anterior,

17-Extensor hallucis longus. (Reprinted with permission. “This article was published in
Logan, Singh, Hutchings. McMinn's Color Atlas of Foot and Ankle Anatomy, third edition.
Copyright Elsevier, 2004.”)



Figure 1.16. Superficial dissection of the right lower leg and foot, from the
lateral side. Muscles: 1-tibialis anterior, 3-Extensor digitorum longus, 4-
Peroneus Brevis, 5-Peroneus Longus, 7-Soleus, 16-Entensor digitorum
brevis, 17 -Peroneus tertius, 18 - Abduction digiti minimi, 20 - Extensor

haliucis longus). (Reprinted with permission. ‘This article was published in Logan, Singh,
Hutchings. McMinn’s Color Atlas of Foot and Ankle Anatomy, third edition. Copyright Elsevier,
2004.")

»
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Figure 1.17. Deep dorsum of the right foot, from an anteriolaterai view
point. Muscles: 1-Tibialis anterior, 2-Externsor hallucis longus, 3-Extensor
digitorum longus, 5-Peroneus brevis, 6-Peroneus longus, 18-Externsor

digitorum brevis, 22-Abductor digiti minimi. (Reprinted with permission. ‘This article
was published in Logan, Singh, Hutchingis. McMinn's Color Atlas of Foot and Ankle Anatomy, third

edition. Copyright Elsevier, 2004.")
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1.6 Functional Biomechanics

1.6.1 Gait Cycle

The gait pattern of walking and running is commonly discussed by describing the
events in one complete gait cycle. One gait cycle is classified from one initial
contact of either the right or left foot to the following initial contact of the same
foot3. Heel strike is commonly identified as the initial point of contact of the foot
with the ground since most runners, at a jogging pace, are heel runners6 (see
Figure 1.18, this figure will be discussed throughout this section). During the
stance phase, which is when the foot is in contact with the ground, there are

three different rockers, or pivot points, during a normal gait cycle6.

AAKK1 f A

Walking

Figure 1.18. Description of the gait cycle for walking (top) and running
(bottom). Walking has two phases: stance and swing. Running has three
phases: stance, float and swing. (Reprinted with permission from Sammarco, James G
and Hockenbury, Ross Todd. “Biomechanics of the Foot and Ankle.” Basic Biomechanics of the
Musculoskeletal System. Ed. Margareta Nordin and Victor H. Frankel. Maryland: Lippincott
Williams & Wilkins, 2001. )
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At the beginning of the gait cycle, which coincides with the heel strike, the initial
rocker of the foot and ankle is the heel (sinée only heel strikers were used in all
study chapters initial contact will be considered heel strike‘lfor this dissertation).'
After this initial contact, the foot rapidly plantarflexes but is controlled by the
eccentric contraction of the tibialis anterior and other pretibial muscles®. A
‘passive eversion moment also accompanies this plantarﬂexion moment as a
consequence of the lateral contact of the foot with the ground®. Again the
passive moment is controlled by active muscle'moments of the invertors®. During

this phase, the center of pressure (COP) is located under the heel (Figure 1.19)2.

The ankle then becomes the rocker as the momentum of the swing leg moves

the body forward as it is controlled by the active muscle moments. At this point

the-stationary_ foot becomes loaded. This phase is known as midstance, and
occurs when the arches of the foot flex and flatten from the loading of the foot?.
The location of the tibia defines this phase as it moves directly above the ankle
joint in the plane of motion. During this phase, the COP is under the middle of

the medial longitudinal afch?.

As the heel begins to rise off the ground, the pivot point, or rocker, becomes the
ball of the foot. This is the point of contact when the foot pushes off the floor to
propel the body forward. Heel rise, or push-off, occurs when the heel comes off
the ground and the COP shifts to under the ball of the foot®>. The COP continues |
to move anteriorly until it is difectly under the toes. Toe-off occurs at the end df
thé phase when the toe(s) lifts off the ground? ending the stance phase of the gait

cycle.
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Figure 1.19. Location of the center of pressure (COP) for a heel striker (top)

and a midfoot striker (bottom) for one gait cycle. (Reprinted with permission from
Sammarco, James G and Hockenbury, Ross Todd. “Biomechanics of the Foot and Ankle.” Basic
Biomechanics of the Musculoskeletal System. Ed. Margareta Nordin and Victor H. Frankel.
Maryland: Lippincott Williams & Wilkins, 2001. )

The gait cycle for walking can be split into two phases: the stance phase and the
swing phase (Figurel.18, top). The stance phase, which begins at heel strike
and ends at toe-off, is described above using its three rockers3. During the
stance phase there are two phases of double support, which is when both feet
are in contact with the ground. These occur at the beginning and end of the
stance phase surrounding a period of single support, where only one leg is in
contact with the ground7. The second phase, known as the swing phase, begins
at toe-off and ends at the second heel strike of the initial foot3. The foot in
question is off the ground, swinging forward, hence the term swing phase.

Movement is assisted by the forward swing of the leg driving the center of gravity

forward on the supporting leg, which is supported by muscles contractionsé6.

N
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Muscles, particularly the dorsiflexors, ensure that the foot clears. the ground

during this phase®.

The gait cycle for running (Figure 1.18, bottom) is similar to that of walking but
has two main differences; there is no double support phase, and the_ré is a period
of floating, which occurs 'when there is no pedal contact with the ground’. The
running cycle starts with a single support phase (stance), is followed by a float
phase, then a swing phase, and finishes with another period of floating”. The

timeline for the running cycle is shorter than that for the walking cycle as depicted

in Figure 1.18".
1.6.2 Locking mechanism of the foot during gait

One can divide the motion of the foot further by describing the motion of the
subtalar joint and the transverse tarsal joint. At landing, there is a very brief
moment where the subtalar joint inverts as the foot supinates. The foot then
pronates while the subtalar joint everts from heel strike to flat foot>. As this
pronation occurs, the axes of the talonavi.cular joint and the calaneocuboid joint
are parallel and unlocked; consequently the midfoot is free to move (Figure
1.20)2. This allows a flexible foot the ability to adjust to an uneven ground
surface, and also attenuate the shock produced as the foot contacts the ground.
From midstance to push-off, the foot becomes a rigid lever to assist the forward
propulsion of the body. The transverse tarsal joint axes becomes congruent -
which locks the foot joints in place restricting the movement of the footé. This is

accomplished when the subtalar joint is in inversion, or the foot is supinated?. | |
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Talonavicular
axis

Figure 1.20. Axis of the transverse tarsal joints. During pronation, the
subtalar joint is everted unlocking the talonavicular and calcaneocuboid

axis. Supination has the opposite effect and locks the two axes. (Reprinted
with permission from Sammarco, James G and Hockenbury, Ross Todd. “Biomechanics of the
Foot and Ankle.” Basic Biomechanics of the Musculoskeletal System. Ed. Margareta Nordin and
Victor H. Frankel. Maryland: Lippincott Williams & Wilkins, 2001.)

1.6.3 Forefoot movement during Gait

Stabilization of the forefoot in the last half of the stance phase is important as a
rigid forefoot needs to receive the load of the body during push-off when the
forefoot is the rocker6. Intrinsic and extrinsic muscles, that insert into the distal
section of the foot at the metatarsophalangeal joint, are responsible for stabilizing

the hallux and the medial longitudinal arch2.

1.7 Methods for Measuring Kinematics of the Foot during gait

In biomechanical research different methodologies and equipment are used to
measure the kinematics of the foot bones. One of the first methods involved 2D
film analysis; however research has shown that caution should be exercised

when performing 2D analyses8. With technological advances 2D video analysis
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was replaced by 3D video ahalysis; however, this new “methfdd? demanded

significant post-processing. Optical motion tracking systems and ele¢

tracking devices make use of advanced software to perform 3D motion caeture
and are currently common in biomechanics labs. Soft tissue artifact (STA) from
surface sk_in markers that are used with optical motion capture systems has Ied
many researchers to develop 'more direct methods for visualizing the motion of
the foot bones, including different imaging techniques and the use of intracortical
pins with optical motion capturing systems®'2. The following sections 'briefly

explore these different techniques.
1.7.1 Optical Motion Analysis Systems

Optical motion capturing systems record the motion of surface skin markers
located on specific landmarks vof the body using sophisticated cameras with
embedded software. The markers can be either passive (retro-reflective) or
active (blinking lights). Passive retro-reflective marker triads were developed and
are used in this dissertation for ali five studies. Irrespective of the marker type,

the cameras use the reflections from the markers to calculate the triangulated

position of the markers in the lab space. Three collinear markers are then used
to define a segment co-ordinate frame which can then be used to calculate joint
angles, velocities and accelerations, as well as joint morﬁents if the system is
synchroniz_ed with a force plate. These systems can capture kinematics with up
to six degrees of freedom in real time at a rate of up to 500 Hz. For a more
complete clinical interpretation of the movement, three anatomical landmarkers

per segment, which can be virtual markers in the segment co-ordinate frame, can
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be used to calculate an anatomical references frame which can then be used to
calculate the above mentioned measures, including joint angles. This increases

the clinical relevance of the results.

Most passive systems use visible red light or infrared light emitted from the
cameras to detect the retro-reflective markers. Passive systems eliminate the
use of wires during the analysis allowing subjects to maintain their natural gait

patterns.

The advantages of optical motion capture systems are their high accuracy and
high resolution, often to 1mm-2mm, and less than 1 degree. However, this
accuracy does depend on the quality of the caméras» and markers used, as well
as the marker placement on the subject'. A limitation of this system is that a
marker can only be reconstructed if it is visible to a minimum of two cameras.
Another main disadvantage of this technology is that skin markers produce soft
tissue artifact, which is the error associated with the assumption that the markers
are capturing the movement of the bones and not the movement of the soft

tissue'. Other techniques, such as fluoroscopy and intracortical pins are

14, 15

considered insensitive to soft tissue artifact error These methods are

discussed later in this section.

In most clinical biomechanics labs, the data analysis for optical motion capture
systems is performed using the manufacturers’ software. In the Wolf
Orthopaedic Biomechanics Laboratory (WOBL) the tracking and filtering software

used is EVaRT 4.2 and the analysis software is OrthTraks (Motion Analysis
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Corporation, Santa Rosa, CA). When performing standard gait analysis, WOBL
uses the modified Helen Hayes marker system'®, adding a scapula marker to
decipher the left from the right, with a Motion Analysis Optical Tracking system
(EvaRT 5.04, Eagle HiRes cameras, Motion Analysis Corp., Santa Rosa, CA).
The Helen Hayes marker set (Figure 1.21) consists of 21 passive reflective
markers used to calculate segmental movements of the entire body. The
markers for the standard Helen Hayes model are attached with double sided
adhesive discs 6Qer the following landmarks: both shoulders, both elbows, both
wrists, both superior iliac spinéé, the sacrum, both lateral knees, both lateral
anklés, both toes of the shoes, bbth heéls of the shoes, left and right thigh wand
(mid lateral thigh), and left and right shank wand (mid lateral shank)'®. The
mar‘kers are connected to produce segments. The foot segmént is created by
the toe and heel markers, treatin.g the foot as a rigid segment. This is a major
disadvantage when conducting foot research since no information on the

articulations of the various foot bones including information on the hindfoot,

7
-

midfoot, or forefoot, can be obtained.

Advances in foot modeling have allowed researchers the ability to use optical

motion capture systems to analyze the foot. These new models are discussed in

;
;
[

section 2.2.3. Imaging is another method used to calculate the motion between

segments of the foot since the bones can be directly visualized.




Figure 1.21. Helen Hayes Marker set up with EMG on a patient in WOBL
(left). Motion Analysis reconstruction of the markers in real time (right).

1.7.2 Fluoroscopy

Fluoroscopy is an imaging technique used in hospitals during procedures such as
gastrointestinal examinations, and peripheral vascular and cardiac angiography,
where a physician must view internal organs and bones. In Orthopaedic
medicine, fluoroscopes are common!y used to assist in setting fractures1/. This
eliminates the need for open surgery by reducing displaced and multipartite

fractures by surpassing the tissue and viewing the bones directlyl18

Figure 1.22 shows a typical fluoroscope with a 22.86 cm (9 inch) field of view.
The image intensifier is the distinguishing feature of a fluoroscope. Many of the

other components, including the x-ray tube, filters, and collimation, are similarly



29

found in x-ray imaging machines. Fluoroscopes, however, use real-time x-ray

viewing with high temporal resolution17

Figure 1.22. Image of dual C-arm fluoroscopes set-up for evaluating the
medlolateral view of the foot in the Wolf Orthopaedic Biomechanics
Laboratory.

Fluoroscopes can produce up to 18,000 images in a 10 minute session; in order
for their dose to be safe, they therefore must produce usable images with
relatively few x-ray photonsl17. The fluoroscopes’ high quality image intensifier
allows this to be achieved. Other methods used to reduce the dose received by
the patients are the use of heavy x-ray beam filtration, the aggressive use of low
frame rated pulsed fluoroscopy and the reduction of the number of radiographic

images capturedl?.

A disadvantage of fluoroscopy is its limited field of view. This is particularly a

problem with a 9-inch field of view machine since most patients’ feet do not fit in
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a single image. Radiation exposure is also a disadvantage, however, this can be
reduced if the proper steps are taken to ensure the safety of the patients and the
examiners, for example by wearing lead clothing during the imaging session'®.
Measurement errors are also troublesome when using fluoroscopy. Wearing et
al.?® state that digitizing errors are the primary source of errors inr evaluating
fluoroscopic images. There are also distortion errors for which the magnitude of
the error depends on the speed of the SUbjéct’s movement and the temporal
resolution of the image intensifier®®. However, many of these errors fall within the
limits of digitizing error or can be corrected. These disadvantages do not
outweigh the clear advantage of being able to observe the bones directly, and

therefore several researchers are now using this technology.

Direct tracking of the skeletal movement .is possible with this technique, thereby
eliminating soft tissue artifact errors?®®.  Roentgen stereophotogrammetry (RSA),
is a method that tracks radiopaque tantalum markers (diameter 0.8—1.0 mm)
which are operatively inserted into the bone and are viéible on fluoroscopic
imagesé‘. Although this technique has been used since the 1980522, more
researchers are exploring its vpotenfial for biomechanical research by
investigating image based RSA (IBRSA)?*2. IBRSA uses MRI or CT scans with
fluoroscopy to develop 3D models of the foot and ankle. It is speculated that as

the fluoroscopy field of view increases so will the use of this technology, since it

is a non-invasive method that allows the direct visualization of the bones.
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1.7.3 Other Methods

2D video analysis uses a camera to record a subject's movement in the pléne
perpendicular to the given camera. Multiple cameras allow the research to view
multiple planes (for example sagittal and frontal) 5ut only one plane can be
analyzed at a time. Cualitative observations can be made across planes only.
Data analysis can be difficult as cameras must be perpendicular to the plane of
motion for the specific calculation. For example, if calculating the knee flexion |
angle during running, the camera must be perpendicular to the flex-ion/extension
axis of the knee. One advantage of the 2D analysis system is that it is portable
and so remains useful for on-field analysis and clinical testing. However, 2D
videov analysis is becoming less common in research aé the technology of the 3D
optical motion capture system continues to improve. Although three-dimensional
(3D) video analysis is possible, the tedious post-processing makes this option
less favokable. The post-hoc 3D analysis transforms the two-dimensional data
into th‘ree-dimensional marker coordinates; however the data must first be
digitized and even with technological advances in software this task remains

-

cumbersome.

Intracortical pins with retro-reflective markers aftached to the ends can also be
used instead of skin markers to track the movement of the bones using optical
motion capture systems (see Figure 1.23). This is not common in North America
since most ethics boards will not approve this invasive method. Patient’s boneé
are drilled and bone pins, with retro-reflective markers attached to the ends, are

positioned directly into bones to directly track their movements®. The advantage -
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of this method is that it eliminates soft tissue artifact by surpassing the tissue and
collects the true motion of the bones. This method is often considered the gold
standard in biomechanics since the markers are affixed directly to the bones and
the sampling frequency of the optical motion capture system allows for a dynamic
activity to be analyzed. However, whether or not a subject maintains a normal
foot gait pattern has yet to be proven. Insertion of the intracortical pins requires a
local anesthetic and the drilling of subject’s bones30. Data collection is normally
within two hours of the surgery, which is within the active time frame of the
anesthetic30. Another disadvantage of intracortical pins is that shoes cannot be
changed during a single test session, which limits testing to barefoot or a single

shoe analysis.

Figure 1.23: Bone pins inserted into a subject’'s foot for a walking study
conducted in Sweden. (Reprinted with permission Arndt et al. 2007)



1.8 Previous Research Methods

1.8.1 Foot Kinematics during Gait

Foot biomechanics is a fairly new research discipline relative to other sciences.
Although foot research began early in the 20" century, the kinematics of the foot
joints were often unstudied due to the limitations of contemporary technology®'.
Cadaver research was initially used to investigate the mechanics of the foot;
including the different axis of rotation of each of the major functional joints
" (subtalar, midtarsal and metatarsophalgenal) and the coupling effect of the
hindfoot, midfoot and forefoot®23*. Much of this early research can still be found
in biomechanics text books?. “The mechanics of the foot I. The joints” published
in 1953 is an extensive investigation into the movement of the subtalar joint,
Chopart's Joint and the metatarsal joints®. During this time, Inman was also
influential using cadaver research to conclude that the subtalar joint primarily

‘functions in the frontal plane®.

Years later, Lundberg and colleagues performed in vivo studies using roentgen
stereophotogrammetric analysis (RSA) on eight healthy individuals to investigate

foot and ankle kinematicg?® 25 35 36

. The axis of rotation of the ankle joint was
shown to change based on the position of the foot and the rotation of the leg®, as
demonstrated in earlier cadaver studies®. This is just one of the many result
obtained from these studies, which developed the leading biomedical theories

about the foot. This was a rare study since research ethics boards do not permit
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radiopaque tantalum markers to be injected into healthy subjects in most

‘countries of the world.

For this reason, a more less invasive method was developed fhat examined the
motion of the hindfoot in the frontal plane using 'high—sp'eed cinematography®'.

Two markers located on the bisection of the lower one third of the tibia and two
markers located on the bisection of the calcaneus were digitized for each of the
collected frames (Figure 1.24)%". The marker sets formed two vectors, the angle
found between these two vectors wés termed the Achilles Tendon Angle or the
\\Rearfoot Angle. Although this method gave insight into the motion of the
rearfoot, it only examined the combined motion‘of the subtalar joint and the
talocrural joint. A more uééful clinical model would examine each of these joints

separately. Additionally, the méjority of this research used 2D video analysis.

The research using this metﬁod fueled the excess pronation theory which
shggests that an abnormal éhéunt' of pronation can lead to injury® ¥,
Researchers examined foot-strike position, peak eversion and peak eversion
velocity attempting to discover the normal ranges of each measurement®.
Excessive pronation was established as a risk of injury to all joints along the
kinetic chain and an important element in shoe design. Using the Achilles’ angle
method, researchers explored different shoe parameters throughout the 1980s

38-47

and early 1990s™"’. This research influenced the current categorization of

running shoes: stability, motion control and neutral cushioning shoe®'.
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Soft tissue artifact (STA) error is of great concern with the Achilles’ angle motion
- since the calcaneus markers are located on the shoe increasing the layers
between markers and the actual bones®®. Studies concluded that this error was
too large and holes needed to be cut into the shoe to adequately calculate the
motion of the rearfoot®® '. These techniques improved the soft tissue artifact
error by placing the markers directly on the foot, however, the protocol still
dictated that the markers on the calcaneus be Iodated directly over the Achilles’
tendon. Therefore, the Achilles’ tendon movement could directly influence the

- markers movement.

Figure 1.24. Description of Achilles tendon angle (Beta). Two markers are
placed on the bisection of the calcaneus and the tibia. The angle between
the two vectors, formed by each marker set, is known as Achilles’ tendon
angle. (Reprinted with permission from Novacheck, TF, 1998)

E‘i
£
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With technical advances, the use of three-dimensional motion capture systems
became the gold standard and examination of the 6 degrees of freedom of the

foot joints distal to the subtalar joint became possible. Although much of the
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research still focused on rearfoot motion, information on the movement in the

48-51

sagittal and transverse planes also became available Researchers also

measured the navicular height as a measure of the motion of the arch, both

52, 53

statically and dynamically®* 53, as well as the movement of the forefoot*® >,

Recently, multi-segment foot models have been developed that calculate the
movement of foot segments distal to the subtalar joint> °>*°. These models are

discussed in more detail in Section 1.8.2.

Until the turn of the century, much of the data of such research was collected with
skin markers attached to subjects for detection by the optical tracking system. In
the late 1990s, researchers in Sweden introduced studies using intracortical pins

12,80 aspecially

to demonstrate that soft tissue artifact is an error in gait analysis
present in foot kinematic studies. Since the introduction of intracortical pins,
these researchers haVe published multiple studies describing the kinematics of
most foot joints during walking and most recently running® '® 3% &' They
generally use technical reference frames and not anatomic reference frames,
consequently conclusions‘ of the absolute motion in the anatomical planes are

difficult. However, this research represented an important advancement in foot

kinematics.
1.8.2 Foot Models

A kinematic multi-segment model is a collection of well identified rigid bodies,"
known as segments, which articulate at clearly defined anatomical joints or

functional joints. The models discussed in this section were developed to
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examine the kinematics of the foot and not its kinetics. Of the few models that
were developed to explore both kinematics and _kineﬁcs of the foot, only the
kinematic aspect of these models will be the discussed. The emphasis of this

section is the investigation of the clinical usefulness of the models.

Early modeling was performed on cadavers in the early 1950s until the late
1970s*. Inman used cadavers to investigate the motion of the forefoot with
respect to the hindfoot® His early discoveries maintain important parts of today’s

theories on foot mobility.

. and

Currently, the most frequently used model was developed by Kadaba et a
is commonly known as the Helen Hayes model. Twenty-one markers form the
“marker set, however only two markers are located on each foot: one on the heel
and a second between the 2" and 3™ metatarsal head, which functions as the
distal foot marker'. A vector between the ankle center and the distal foot marker
is used to calculate the orientation of the foot, which is the only foot measurement
calculated with this model. Consequently, the foot is modeled as ai rigid segment
providing no information on the hindfoot, midfoot or forefoot. This remains the

clinical standard despite the inability of the model to capture useful foot

kinematics®.

Since the development of the Helen Hayes model, many researchers have
attempted to develop clinically useful models to examine foot
55-57, 59, 62-72

kinematics™ . Many of the earlier foot models focused on the subtalar

joint and joints proximal to the subtalar joint, as was also observe in gait
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research® 7% 72 Aithough during this time, Scott et al.¥’” developed an eight
segmented foot model with a rigid mid-foot (navicular, cuboid, three cuneiforms,
and 2nd metatarsal). The other segments comprised single bones: the talus, ihe ‘
calcaneus, the first metatarsal, the third metatarsal, the fourth metatarsal, the fifth
metatarsal and the tibia. The data collection and the post analysis become very:
cumbersome as the number of segments increase, thus limiting the usefulness of
the model in a clinical gait laboratory. A threshold exists for the number of useful
segments employed in a clinical foot model and is dependent somewhat on the
- technology available in the laboratory in which the model is being used. For the
studies in this dissertation which will be conducted at the Wolf Orthopaedic
Biomechanics Laboratory énd the Nike Sport Research Laboratory, four to five

segments is considered an acceptable number.

A model developed in 1996 by Kidder et al.>® consisted of joints distal to the
subtalar joint and included the following four segments: 1) the tibia (tibia and
fibula), 2) the hindfoot (calcaneus, talus and navicular), 3) the forefoot (cubdid,
cuneiforms and metatarsals), and 4) the hallﬁx (proximal phalange)®. Clinical
usefulness was attempted by using the Euler metr\wd for describing relative foot
and ankle orientation. However, the use of radiographs to index the reflective
markers and the underlying bones make this model less then desirable as a
standard clinical model. Another setback of this model is that with only one
subject tested it is difficult to generalize the findings, making it difficult to use this-

model clinically without conducting initial validation studies.
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The model of Leardini et al.*® uses the Calibrated Anatomical System Technique
(CAST) to determine the anatomical landmarks which are used to calculate the

1.”® who

desired foot kinematics. The method was presented in Cappozzo et a
attempted to standardize anatomical frame definitions and determinates of the
lower limb bones. The CAST system uses a “pointer” with two markers attached
which are a known distance to the end point. A static trial for each of the bony
landmarkers is obtained while the researcher points to the bony landmark with
the pointer while the surface markers are affixed to the foot. These static trials
~are used to calculate the position of the bony landmark with respect to the
segmental (marker) co-ordinate system so that these “virtual bony landmarks”
can be recreated du.ring the dynamic trials wi-thout having to have a physical
marker at their locations. Anatomic reference frames can then be calculated from

1.5° use this method |

the bony landmarkers during the dynamic trials. Leardini et a
to locate the bony landmarks with respect to the foot markers to calculate
anatomic reference frames. Joint rotations using anatomical reference frames of
the foyllowing five segments were calculated: 1) the tibiaffibula, 2) the calcaneus,
3) the mid-foot, 4) the first metatarsal, and 5) the hallux®®. Measurements in all
three anatomical frames were taken with respect to fhe pvroximal segment of the
segment of interest®®. By using anatomic reference frames, the researchers
have developed a model that uses anatomical terminology to communicate the
findings, bridging the gap between researchers and clinicians. This model can be
used in clinical setting since it uses a non-invasive approach with only five’

segments and uses clinically relevant terminology by incorporating the CAST
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method to identify anatomical landmarks. A potential limiting factor of this model
is its use of metallic clamps to affix the markers to the foot in order to decrease
soft tissue artefact®™®. It remains unknown whether these clamps affect the gait
pattern of the subjects. Another important limiting factor is the fact that the lateral

forefoot was ignoréd.

As model development continued into the late 1990s and earAIy 2000s, some
models continued to increase the number of segments used to eight or ning® %

""" and others focused again primarily on the rearfoot™. Although} these models
| may be beneficial in a research lab ahd produCe valuable information on the

kinematics of the foot, their use in a clinical gait laboratory is limited.

In 1998, Carson et al.* introduced a four segmenf foot model, now known as the
Oxford Foot Model. The tibia, the hindfoot (calcaneus and talus), the forefoot (five
metatarsals) and the hallux segments formed the model. The midfoot-Wavs
considered a mechanism for transmitting motidn between the forefoot and the
hindfoot®. There are no inter-segmental constraints in this model and theréfore
all six degrees of freedom between a pair of segments can be calculated. Similar
to the Leardini. model, all measurements are calculated using anat}omic planes®®.
This group later tested the model for reliability, including inter-subject, inter-tester
and inter-session during walking®. Results from a small sample size (n=2)
showed that most segmental reliability Was good. This model has recently been
implemented in the VICON motion capture system (VICON, Oxford, UK). This isr
a very respected model, however, the combination of the lateral and medial

forefoot as one rigid section does not allow for any motion of the transverse arch
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to be collected. This can be important for pathological assessments since it is
important to understand how the first ray and fifth ray move independent from

each other.

Another model with a practical number of segments was presented in a
publication by Hunt et al.*® and studied healthy males walking and focused on
the hindfoot, the forefoot and the medial longitudinail arch. Describing forefoot
twisting with respect to fhe rearfoot was an objective of this model, while an'other
was to explore the movement of the medial longitudinal arch under dynamic
| conditions. The MLarch in the Jenkyn model (explained in the next section) uses
the same anatomical landmarks; however the MLarch is normaliied to a subject’s
mean whereas the Jenkyn model uses a height/length ratio. From this study,
Hunt et al.>® concluded that the midfoot is an important segment for normal foot
function during the stance phase of walking, and.suggested that more researcher
focus on this area since it is often ovérlooked. ~This conclusion was drawn from
the large amount of -forefoot motion found in all three planes of motion with
respect to the hindfoot, as well as the large contribution of the forefoot» to the
overall foot motion®®. They also discuss the importance of inter-bone motion.
The disadvantage bf this model is that they referenced the forefoot motion with
respect to the hindfoot motion; it is a combination of the motion of all the bones

between the hindfoot and the metatarsals.

.88 was to create a model that

The main objective of a recent paper by Simon et a
~ could measure joint motion in a patient with normal feet and maintain the same

protocol for subjects with pathological feet. They accomplished this by using
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functional angles of the midfoot and forefoot to examine the motion of the
functional segments®. The model used relative motion via projection angles to
examine the motion of the foot using a more descriptive method thought to be

- more appropriate for clinical use.

1.8.3 Multi-Segment Foot Model

The focus of this dissertation is to develop a method to test shoe conditions in a
clinical setting, therefore it is imperative that the model employed be clinically
useful. This means that it should calculate joint angles with respect to anatomical
reference frames and have minimal segments to simplify the post-processing and

interpretation.

The multi-segment foot model used in this dissertation separates the foot into five
segments: the hallux, the lateral forefoot (fifth metatarsal), the medial forefoot
(first métatarsal), the midfoot (navicular, cuboid, three cuneiforms) and the
hindfoot (calcéneus) (Figure 1.25)* 5; This is a simplified version of the Jenkyn
mode! since the subtalar joint and talocrUal'joint are not included, thereby
simplifying the analysis while still supplementing the field with knowledge that is
currently unavailable. As mentioned above, biomechanics of the foot joints
proximal to and including the subtalar joint have been extensively studied. The
Jenkyn model has been shown to correlate well with other models, including the
models discussed in the previous section, and to produce the expected foot joint
movement patterns during gait* °. A recent study explored the possible

functional units and acceptable rigid segments of the foot for gait analysis'®. The
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authors established the following four segments from calculating the movement
of intracortical pins placed in seven foot bones: calc'aneds, navicular-cuboid,
‘medial cuneiform-first metatarsal, fifth metatarsal. Althdugh there appears to be
a difference in the segment location for the cuneiforms, the midfoot marker for the
model developed by Jenkyn et al. is located on the navicular. The cuniform is a

floating bone between the midfoot and the first metatarsal bone.

This simplified Jenkyn model® uses markers placed on five segments in locations
that decrease the amount of soft tissue found between the marker and the bone
(see Table 1.1 for description). For example, the calcaneal maker triad is placed
laterally to avoid the Achilles’ tendon but posteriorly to avoid the peroneals’
tendons. The markers consist of triad clusters of retro-reflective markers which

are used to calculate the following six degrees of freedom: translation and

rotation in the frontal plane, in the sagittal plane and in the transverse plane.

Table 1.1: Placement site descriptions for the eight marker clusters on the
right leg and foot. Each segment has a single cluster except the lower leg
and the midfoot segments which had two clusters (reprinted with permission from
Jenkyn et al., 2007)

Segment Cluster Placement
Hindfoot Posterio-lateral calcaneus, lateral .
: to Achilles tendon

Midfoot Dorso-medial foot over the
navicular tuberosity

Medial Medial-dorsal foot over midshaft of

Forefoot first metatarsal

Lateral Lateral-dorsal foot over midshaft of

Forefoot fifth metatarsal

Hallux Dorsal over the proximal
phalangeal of the hallux
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Figure 1.25: A. Triad cluster location for the five cluster markers of the
Jenkyn model: hindfoot, midfoot, medial forefoot, lateral forefoot and
hallux. B. Triad marker location of underlying bones: calcaneus, navicular,
first metatarsal and fifth metatarsal. The four letter abbreviation, which

describes the bony landmarks for the digitization process, can be found in Table 2. (Reprinted
with permission from Jenkyn et al. 2007)

The CAST system was employed where at least three bony landmarkers per
segment were digitized using a stylus with three markers attached collinearly but
at varying distance to the end-point and to each other. The clusters were affixed
to the foot prior to the commencement of the digitization. These digitization trials,
with the subject standing with their feet at hip width and in quiet standing, are
used to obtain the reference points of sixteen different bony landmarks with
respect to the clusters5 (see Table 1.2 for a full description and Figure 1.26 for a
visual). Segmental reference frames were then calculated and the virtual

anatomic landmarks could be re-calculated with respect to the segmental
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reference frames during each frame of the gait cycle. Anatomic reference frames
are then calculated from each of the three bony landmarks per segment for every
frame of the gait cycle while the subject is walking or running. A quiet-standing
static trial is used to calculéte the neutral position of each joint co-ordinate
system. Quantitative measuren'tents of the hindfoot motion in the frontal plane
with respect to the midfoot, the medial longitudinal arch h‘eight-to—length ratio,v the
forefoot motion in the frontal plane with respect to the midfoot, and the hallux
dorsi-plantar fiexion in the sagittal plane with respect to the first metatatsal can

be obtained with the multi-segmented foot model®.



T N AT 8 i 51

46
Table 1.2: The following is a full description of the bony landmark locations
used to calculate the anatomical reference frames used in 1 ertation.
It is adapted from the Jenkyn et al. model. this includes the complex

and subtalar joint. (Reprinted with permission from Jenkyn et al., 2007)

Segment Tracked landmarks
Hindfoot CAER: eminentia retrotrochlearis (greatest lateral elevation)
CALT: lateral tuberosity (lateral to Achilles tendon attachment)
CAMT: medial tuberosity (medial to Achilles tendon attachment)
Midfoot MCI: first cuneiform (distal dorsal crest)
MNT: navicular tuberosity (most medial point)
MCU: cuboid (lateral dorsal edge at joint with calcaneus)
Medial e .
forefoot MIH: first mgtatarsal head (most dorsal point)
MIB: first metatarsal base (most dorsal point)
Lateral '_ . | .
forefoot MVH: fifth metatarsal head (most dorsaﬁ point)
-MVB: fifth metatarsal base (most dorsal point)
LMM: medial malleolus (most medial point) defined on the lower leg
! Ankle JCS segment
LLM: lateral malleolus (most lateral point) defined on the lower leg
segment
Hallux DH: most distal point of the hallux (and the foot)

'LPH: lateral head of the interphalangeal

MPH: medial head of the interphalangeal
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Figure 1.26: Location of the digitized landmarks for the Jenkyn model is
marked on the subject’s foot.

Before the inter-segmental joint motions are calculated all marker trajectory are
filtered using causal-anti causal O-lag 4th order Butterworth filter. This filter
climate a phase shift in the data due to the filtering processes. The filter is run
first in positive time at half of the cutoff frequency and getting a finite lag in the
causal or positive time direction. Next the data are run through the filter
backwards or in negative time (anti-casual direction) which obtains a lag in the
negative time direction which cancels out the positive lag. The cutoff frequency

has been shown, by experience, to correlate with stride frequency by six times.74
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For example, walking gait is typically 1 Hz so the cutoff frequency is:8Hz™. - For

running this is calculated to be 20 Hz. These values for the walking and-funnin
cutoff frequency or values lower then these values stated here are commonly
used by other researcher'®> ”>"7. These filtered data are then used to calculate

the inter-segmental joint motions which are then normalized to 100% stance time.

The three-dimensional motion of the hindfoot With respect to the midfoot is
calculated with traditional Euler angles. The sequence is y-z-x:
plantarlexion/dorsiflexion (sagittal plane), abduction/adduction (transverse plane),
\ supination/pronation (frontal plane). An anatomical coordinate system is
calculated from the quiet-standing trial and used as the neutral position for all
subsequent calculations. The rotation of the coordinate system in the frontal
plane (x-axis) is obtained for every dynamic frame throughout the stance phase.
This produces the clinically relevant motion of pronation/supination of the

hindfoot with respect to the midfoot (See Figure 1.27A and Figure 1.28A).

The motion of the forefoot is a combination of both the lateral and medial forefoot
segments motion with respect to the midfoot. This allows for the
pronation/supination movement to be calculated which is important ‘when
analyzing the foot's ability to lock and unlock to form an adaptable or rigid foot®.
A vector created from the head of the fifth metatarsal to the head of the first
metatarsal is projected onto the frontal plane of the midfoot segment axis. The
angle is calculated from the mediolateral axis of the midfoot to the projected'
vector (See Figure 1.27B and Figure 1.28B). The calculated angle is known as

the forefoot twist.
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: The'movement of the medial longitudinal arch is reported by the arch height-to-
length ratio. The arch length is found by determining the magnitude of the vector
between the medial posterior aspect of the calcaneus (CAMT) and the first
metatarsal head (MIH) .(See Figure 1.27D and Figure 1.28C). The height vector
is calculated by projecting a perpendicular line from the length vector superiorly
to the navicular tuberosity (MNT). A decreasing height-to-length ratio implies that
the arch is collapsing as found in forefoot pronation. Alternatively, an increasing

height-to-length ratio implies a supinate position with a raising arch.

Analysis of the hallux segment was added to the Jenkyn model to complete the
segments of the foot” (see Figure 1.27C and Figure 1.28D). The hallux angle is
calculated as the dorsi-plantarflexion movement of the hallux relative to the first
metatarsal. The hallux vector is calculated from the anatomical landmarks of the
distal hallux and the proximal hallux, while the first metatarsal is represented by a
vector from the first metatarsal head to the first metatarsal base. The angle

between these two vectors in the sagittal plane is known as the hallux angle.
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Figure 1.27. Measurements from the Jenkyn model. A. Hindfoot motion.
Rotation about the 3-midfoot axis (anterior/posterior) gives supination and
pronation. B. Forefoot twist angle. MvH-MiH vector is projected on the
plane encompassing the 1- and 2- midfoot axis (adduction/abduction,
plantarflexion/dorsiflexion, respectfully). C. Hallux motion. Sagittal plane
motion is the angle of the hallux (H) with respect to the first metatarsal. D.
Medial Longitudinal Arch motion. Height-to-length ratio is calculated by the
same L-vector used in the hallux motion and the height vector which is

projects perpendicular to the L-vector to the navicular tuberosity. (Reprinted
with permission from Jenkyn et al, 2007)
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Figure 1.28. This is the complete diagram of the motions calculated
throughout this dissertation. A. Frontal plane motion of the hindfoot. B.
Forefoot twist. C. Medial longitudinal arch height-to-length ratio. D. Hallux
angle in the sagittal plane. (Reprinted with permission from Jenkyn et al., 2007)

The cluster marker system for this model is made up of triad clusters attached to
bases via carbon-fiber wands (see Figure 1.29). Each marker is an 8 mm delrin
or wood ball covered with reflective tape, (3M, Minneapolis, MN). Only one triad
cluster is needed to represent each rigid segment by describing all six degrees of
freedom for the segment. One of the main benefits of this system is that only one
palpable area is needed. The point marker system, which is the second of the
marker systems, uses three individual markers to represent each rigid segment.
A triad cluster is still needed on the hallux since this segment is too small to place

the necessary three point markers needed to describe its six degrees of freedom.
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Point markers limit the marker’s vibration, which is one of the main advantageous

of this system.

Figure 1.29. Cluster marker set placed on the foot using faux leather bases,
nylon screws and carbon fiber rods. The retro-reflective markers’ reflection

Is visible in the photo.

For the purposes of this dissertation, triad clusters will be used for all five studies.
The majority of the studies conducted involve a shod condition thereby limiting
the use of point markers. Cluster markers require less material to be removed

from the test shoe’s, which better maintains the shoes functional integrity.
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1.9 Clinical Relevance

Men and women of all ages and skill levels enjoy the sport of running. |t is
currently considered one of thé most popular fitness activities. The popularity of
marathons has considerably increased in western societies in the last two
decades’®. In 2004, an estimated 30 million Americans participated in long-

distance running®.

This large population of runners continuously stress their bodies as ground
- reaction forces between two to ten times their body weight are being generated
with every foot strike. For example, a 70-Kg marathon runner sustains an
average of 2800 tonnes of force acting over the three lower extremity joints
during his/her marathon®. The danger for the athlete is not simply in the
immense amount of force experienced by the joints but also in its repetition.
Lutter® calculated that the average runner has 5000 foot strikes per hour. This
repetitive motion means that runners are more likely to suffer overuse injuries
rather than traumatic injuries. Lutter® continues to explain that this repetitive
motion can cause an insignificant biomechanical abnormality to become
significant to the point of causing an athlete to have to cease running. He also
notes that the biomechanical abnormality, not just the symptoms, must be

diagnosed and treated in order to prevent the return of the symptoms®'.

Running injuries can be caused by a single factor, such as a biomechanical -
abnormality, however they are most commonly caused by a combination of

factors. The anatomy of the runner might make him or her more susceptiblé to
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certain injuries. Some runners are simply more biomechanically efficient than

- others; however, the injuries are normally multi-factorial. Another contributor to

running injuries includes the increasing of the mileage or the training duration too

quickly®!: 82,

The body, in particular the foot, is very effective at adapting to
changes, however a common running approach is that of “too much too éoon”.
The runner will increase the mileage, intensity or duration too quickly_and the
body will not be'able to keep up with this increased demand. Running injuries
are caused 60% of the time. by training errors®®, such és those listed above.
MacKenzie, Clement et al.®* also identify training surfaces, a lack of flexibility and

strength, the stage of growth and development of the runner, abnormal

biomechanical features, as well as footwear, as possible contributors to injury.

Many of the studies conducted for this dissertation have involved barefoot or
shod walking, running, or cutting. Today, it is common for clinicians to prescribe
a specific type of running shoe after assessing one’s foot and gait pattern. The
patient will often perform a series of tests including a walking test, a squat test,
maybe even a running test®. The clinician may examine the old shoes of the
individual and ask about any acute or chronic injuries®. The clinician will then
place the patient in a foot type category and prescribe a specific shoe type based

on the patient’s foot type®®

The three major foot types include pronators, neutral, and sUpinators. Three
different types of running shoes attempt to maneuver the foot into a more
supinated position and aid in shock absorption, in an attempt to decrease

injuries. Motion control shoes have medial posts and dual density suppert to
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prevent the foot from excessive pronation. Stability shoes have less medial
support but still provide ‘support against pronation while offering some additional
cushioning. Over-supinators are prescribed neutral cushioning shoes since they
need less motion control design characteristics and more cushioning which are

the characteristics of neutral cushioning shoes.

Designing shoes to fit these categories is the common thought process behind
running shoe design; however minimal comparison research studies have been
conducted. A recent review article concluded that no such research has been
conducted to provide evidence to the prescription of running shoes®”. However,
some studies have compared kinetic variable differences between motion control
shoes and stability shoes or neutral shoes®® 8 #_ One study examined plantar
pressure at the beginning and end of a 1.5 km race and found that there was no
change in those wearing motion control shoes, however those wearing neutral
cushioning shoes experienced an increase in plantar pressure by the end of the
race®. Another study showed that two different neutral cushioning shoes were
able to decrease plantar pressure in cavus feet, as compared to motion control
shoes®. Much more research is necessary to assess how the foot adapts and is
manipulated by the different shoe types. Additionally, these results should be
discussed with reference to injury incidences and not simply biomechanical

changes.

The studies conducted in this dissertation attempt to develop a method for testing
the alteration of the joint angles of the foot in different shoes. This will hopefully

lead to research that will assist in decreasing overuse running injuries caused by
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both athletic shoes and everyday shoes, as well as providing evidence to the
prescription of stability, neutral and motion control shoes. Insight into the
movement of the foot bones may also help reduce injury or improve the treatment
of other joints of the body. During stance phase, the lower extremity is in a
closed kinetic chain activity, therefore looking at how the foot moves and how it
influences other joints in the body cduld reduce the overuse incidence rates of :
athletic injury. The method developed here can be uéed with the standard Helen
Hayes model to evaluate the kinematics of the entire body. Future research

- should also include a kinetic foot model.
1.10 Thesis Objective and Chapter Overview

The primary objective of this dissertation is to develop a method to analyze the
relative motion of the bones of the foot within an athletic shoe, or while barefoot,
during a variety of activities. The secondary objective is to apply this method in
clinical studies to investigate the effect on foot kinematics due to modifications in
the midsole properties of an athletic trainer shoe or during different movements.
In all_five studies, the multi-segment foot model developed by Jenkyn and Nicol*
(2007) is used to conduct a kinematic analysis of the hindfoot, which is
calculated independent of the subtalar joint, as well a kinematic analysis for the
medial forefoot, the lateral forefoot, the medial longitudinal arch and the hallux.

An optical motion capture system is employed in all of the studies to measure the

triangulated positions of the surface markers affixed to the foot. One of the
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studies also uses fluoroscopy to assess the soft tissue artifact error of the optical

motion system and skin-mounted marker clusters.

The sport of interest for this dissertation is running; however, the multi-segment
foot model and method developed will be applicable to a variety of sports shoes.
Running is the focus since, as noted above in section 1.9 the incidence of
running injuries is high in the population of recreational and competitive runners.
It is speculated that this population will benefit from this reéearch since running
shoes have been identified as a possible contributor to injuries while also being

prescribed as a treatment.
1.10.1 Outline

The first section of chapter one was a review of the anatomy and functional
‘biomechanics of the foot during the gait cycle. Also discussed were the different
methods used in calculating foot kinematics. A brief overview of the gait
research methods used in the past were given with a focus on foot kinematics
and multi-segment foot models, inclﬁding the foot model used in the studies of
this dissertation. The common methods used in the five study chapters, for
example the joint angle calculations, CAST method, filtering technique, etc were
also introduced. Finally, the objective of the dissertation was presented followed

by this outline of the chapters.

The first research study, chapter 2, introduces a method for validating the size of
holes that can be cut into a shoe without compromising its structural integrity.

These holes are required when using a multi-segment foot model with optical
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motion capture. Holes must be cut into the shoe to create holes to affix the
marker set directly to the foot while a subject is wearing d@ shoe. The size of the
holes must be also be validated to ensure that the holes are large enough to be

visible by the cameras of the optical tracking system.

A second study, chapter 3, investigates how the use of a single static trial,
compared to pre-condition static trials, may change the interpretation of a
dynamic gait study. The advantages and disadvantages of each method are
discussed in this chapter, including the clinical relevance of the two methods.
Static trials are collected for four different shoe conditions to analyze if the neutral -
positions for the joint co-ordinate systems are affected by a perturbation. A
perturbation, such as footwear or orthotics, has an implication fbr the joint angle
calculations during the dynamic trials, since the static trial is used fo calculate the

neutral position for these trials.

The third study, chapter 4, examines the soft tissue artifact error of two rigid
segments, hindfoot and midfoot, of the multi-segment foot model developed by
Jenkyn et al (2007)°. Landmarks on the bones and markers, which are visible on
the fluoroscopy image, are used to calculate co-ordinate systems for the marker
cluster and the underlying bone for each segment during quasi-static simulated
gait positions. The translational and rotational components are calculated based
on the movement of the triad clusters co-ordinate system relative to the particular

bone segment co-ordinate system.
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The first of two clinical studies is explained in chapter 5. This study examines the
effect of Longitudinal Torsional Stiffness (LTS) and Forefoot Flexion (FFlex) on
the same joint angles calculated in the neutral position study described in chapter
4. Joint angles during barefoot running are compared to joint angles during
running in three distinct shoe conditions: a Nike Free Trainer 7.0, this same Nike
Free shoe with a forefoot carbon plete, and again the same Nike Free trainer with
a full length carbon plates. LTS and FFiex appear not to dramatically change the
kinematic pattern of the foot; however treﬁde were obsewed For example, it

 appears that the foot moves smﬂarly in the @oﬂtrol shoe Nike Free Trainer shoe,

when compared to barefoot. -

This last study, chapter 6, is a pildt study that retains the same proc.edure as that

outlined in chapterk 5. However, the motion of the foot during medial cutting

movements is compared to tHat while running. This study provides insight into
~ how the foot reacts to a directional change as opposed to running in a straight
line, which is studied in chapter 5.
A brief discussion is ihcluded in chapter 7, which is the final chapter of this
dissertation. Foot research is in its infancy; however the researchers that
originally developed cert‘ain theories regarding how the foot behaves and how it is
injured are beginning to question several widely held theories. This discussion
examines how the theories, specifically those related to excessive pronation,
came to be and why researchers are starting to question them. A few new

hypotheses on the factors that produce a running injury are also discussed.
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Chapter 2 - Validation of Holes for Examining
Kinematics of the Foot Using a Multi-Segment Foot
Model |

If the effect of a shoe design parameter on the motion of the foot is being
assessed, then marker triads need to be affixed to the foot while the subject is -
wearing the study shoe. When the protocol calls for a multiple shoe comparison,
this is even more difficult since the markers must remain in the same location and
orientation throughout testing, including shoe changes. Holes in the shoes are
considered to be the best option; however, the size of the hole could change the
functional design of the shoe if important components of the shoe are disrupted.

~ This study provides a method for validating holes cut in the shoe for standard gait
analysis conducted using the triad cluster from the muiti-segment foot model
described in Jenkyn et al. Using this method, future studies will be able to test
shoes without disrupting their intended function.

This chapter will be submitted for publication as an original paper to the Journal
of Biomechanical Engineering.

Shultz, R — developed experiment, analyzed all results and wrote the paper

Jénkyn,_ TR — senior author - helped design the protocol and helped analyze the results
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2 Abstract

Methodology restrictions limit research on foot motion within running shoes,
leading to studies examining the motion of the joints proximal to the hindfoot.
Other joints are avoided because a multi-segmented foot model is necessary for
calculations. This makes holes in the shoe a necessity. The holes need to be
large enough for the reflective markers of an optical tracking system fo be
undisturbed by the edge of the hole but small enough 'not to change the structural
integrity of the shoe. The objective of this study was to develop a method for
testing hole sizes in running shoes to achieve the previously mentioned goals.
- Holes were cut in the shoes at locations that placed the hole above the navicular,
the calcaneus, the first metatarsal, the fifth metatarsal and the hallux for the three
different types of running shoes. The hole locations corresponded to the marker
positions used for the multi-segment foot model developed by Jenkyn and Nicol'
(2007). The model separates the foot into five segments to calculate four
different inter-segmented motions of 1) hindfoot motion with respect to the
midfoot in the frontal plane, 2) forefoot twist with respect to the midfoot in the
frontal plane, 3) the height-to-length ratio of the medial longitudinal arch and 4)
the hallux angle with respect to the first metatarsal in the sagittal plane. A single
subject walked along the runway in the lab in each of the three shoes for 10 trials
for each hole size and each shoe. Hole sizes were increased after each set of 10
walking trials was completed. Results show that a 2.5 cm diameter hole
maintains the shoe integrity and the foot movement within the shoe. Future
research should conduct this study on more subjects and shoe types since it is
assumed that the hole size effect is dependent on both these factors.
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2.1 Introduction
Research has shown that 50-70% of runners will experience a running-related

injury requiring medical attention over their running caréerz. It is’"corm'nonly:v
believed that designing running shoes for specific fdot types helps decrease
running-related injuries since these injuries are thought to be caused by
excessive motion within the foot. Athletes wearing inappropriate footwear for
their specific foot type are therefore at greater risk of injury®”. The proper choice

of shoes could help a runner to prevent these injuries from occurring®’.

- To aid in the design of running shoes, researchers need a quantitative method to

measure the relative motion of the foot within a shoe. One promising method
uses passive reflective markers attached to the dorsum of the foot and optical
motion capture to track the motion of segments within the foot. Some studies
have used custom-made shoes or sandals to allow markers affixed to the foot to
be visible to the optical system® °.

However, suph a setup is not capable of assessing common running shoes with a
more complete upper. This requires “holes” be cut in the upper, making the foot
visible to the optical system. But hole dimensions are |imitéd to ensure that the
integrity of the shoe is not compromised. Several studies have used holes in the

5, 7, 10-13

shoes Of these, only a few stated that a validation of hole size was

1
d7, 10, 11 0, 11, 13.

conducte and published the hole sizes One study completely

- removed the back of the shoe (a 5 cm portion) and replaced it with translucent

»13

urethane film. The modified shoe was considered “reasonably stable””. Bulter

et al.” used a materials testing machine to examine shoe integrity after two holes




69

had been cut into the heel counter. This study found a 10% reduction in heel
counter stiffness.

Many of these studies examined only the alignment of the rearfoot™ '**2. Stacoff
et al."®, using the protocol of Nigg et al.', studied whether tracking markers on
the shoe were an adequate representation of heel motion. Hole size was
validated and found that foot pronation/supination was unchanged for dimensions
smaller than 2.1 cm by 1.7 cm™. They also demonstrated that shoe markers do

not adequately represent heel motion'™. A similar study examining lateral cutting

' - movements'' also concluded that shoe markers were not adequate to represent
rearfoot motion and that markérs should be placed directly on the skin''.

The objective of this study is to quantify the influence of hole size on the
structural integrity of the shoe being tested and on the kinematics of the foot
within the shoe. Two sets of markers were used simultaneously, one set on the
shoe to measure shoe deformation and one set on the foot to measure foot
kinematics. It was hypothesized that oval holés smaller than 1.5cm x 2 cm would

"f have no significant influence on the deformation of the shoe or the kinematics of

the foot in the shde during level walking. Holes, greater than this size, would
tend to decrease the stiffness of the shoe. Three different shoe designs were
examined: a stability shoe, a cushioning shoe and a motion control shoe. It was
further hypothesized that the foot kinematics would differ in nature within the
different shoe designs since the motion control shoe was designed to support the

foot to a greater extent than the other two shoe designs.
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2.2 Methods

2.2.1 Subject and equipment

A single éubject (24 year old female; height 174.5 cm; mass 74.1 kg) volunteered
for this study. This subject had no on-going symptoms from a previous foot or
~ankle injury, no significant foot or ankle injuries at the time of the study, no
obvious lower extremity malalignment and did not regularly wear orthotics.
Written consent was given and the proposal was approved by the institution’s
- Research Ethics Board. Three deéigns .c.)f running shoe were tested: a cushioning -
design (Saucony Myth), a motion control design (Saucony Triump) and a stability
design (Saucony Omid MC 5). All shoes were women’s size 7.

The gait laboratory was equipped with an eight-camera, real-time optical motion
capture system (Eagle HiRes cameras, EvaRT system, Motion Analysis Corp.,
Santa Rosa, CA). Kinematic data were collected at 60 Hz. Twenty-two passive/
reflective markers were attached to the subject’s skin with double-sided tape in a
modified Helen Hayes cohfig_tjratiOn' (i.'e; ohé extrla‘ ma"rke,r placed on the_right
scapula identified front from back). Two (14mm) point markers were affixed to
each shoe on the dorsal toe box and on the posterior heel counter (Figure 2.1,
easy to view on the left foot) to measure the overall deformation during walking.
Walking was chosen as the study activity since this was the first study of this
nature using this model and marker set-up. The author wanted to ensure the
method was feasible and the results reasonable before moving on to the moré
intensive activity of running, where it was expected that the foot segment ranges

of motion would increase and require larger holes.
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Figure 2.1: A,B) Placements of the passive reflective markers on the shoe
and the marker triads on the foot. Only the right foot was instrumented
with the marker triads. Two markers were placed on each shoe, one on the
toe box and one on the heel counter. C) The marker triad cluster are
comprised of a nylon nut and screw with carbon fiber wands protruding
from the head of the screw and attaching to retro-reflective markers.
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2.2.2 Multi-segment foot model marker set

A second markerAs'et was attached to the foot directly. The configuration was
based on/ the rhulti-segment foot model of Jenkyn and Nvicol‘),‘ which functionally
divides the foot into five segments: hindfoot (calcaneous), midfoot (tarsus),
medial forefoot (first metatarsal), lateral forefoot (fifth metatarsal), and hallux
(added for this study). Each ségmént was tracked ‘independently with a triad
‘marker cluster (Figure 2.1c). The triad base consisted of a threaded base that
affixed to the foot with double-sided tépe.l Three 8mm diaméter Delrin balls,
. wrapped in reflective tape, were attached to the base with a nut and carbon-fiber
stalks. The markers could be removed from the base and replaced in the same
orientation, so that the base could remain attached to the foot throughout the

testing protocol.

2.2.3 Testing protocol

The three shoe designs were each tested intact and then with a set of four holes
cut into them. Four sizes of hole were tested with their dimensions becoming
progressively larger, removing more material from the shoe uppers (Table 2.1).
An initial static trial was collected with the subject wearing intact running shoes
and standing in quiet, double support standing. Four extra markers were added
for this trial ohly on the medial aspects of the knees and ankles, to establish
segment-fixed axis directions and the joint centers. These were removed for the

dynamic trials to follow. For all dynamic trials, the subject walked along an 8m |

walkway at a self-selected pace. Ten repetitions were collected for each of the
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three shoe designs, for a total of 30 dynamic trials per intact or hole condition.
When each intact shoe was placed on the subject, the shoelaces were marked
with a pen to ensure the same tension when retied for subsequent trials.
Following the intact trials, sixteen barefoot trials with-marker triads attached were
collected to establish anatomic joint cobrdinate systems of the foot segments
using the CAST method' 5. The subject stood in quiet standing while a barefoot
static trial was collected to establish the neutral position for the foot marker set.
The first (smallest) set of holeé was cut into the right shoes of the cushioning,
~ motion control and stability shoes. Each hole was an oval shape, with a
prescribed long axis and short axis (Table 2.1). The triad markers were removed
from their bases and the test shoe placed on the foot and the laces tightened.
Then the markers were replaced so that they appeared through the holes (Figure
2.1).
In all, four hole sizes were tested on each shoe type (Holes 1 to 4, Table 2.1),
with each test condition progressing from smallest to largest size hole. Since
material was permanently removed with each hole condition, it was not possible
to randomize the hole dimensions on a single shoe. However, for each hole size,
the order of testing of each shoe design was randomized. No hole dimension

exceeded 4 cm.
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Table 2.1: Dimensions of the four hole sizes tested. Each hdléwasan oval

with the long and short axis dimensions. Since material was

nently

cut from the shoe to make the holes, the hole conditions progr“é’s‘sed’from

smallest to largest size. It was not possible to randomize the hole sizes.

Condition Long Short
Axis Axis
[cm] [cm]
Intact 0 0
Hole 1 2.3 1.9
Hole 2 2.7 2.2
Hole 3 3.1 2.5
Hole 4 3.5 2.8

2.2.4 Shoe deformation analysis

The trajectory of each marker was filtered using a 4" order Butterworth

smoothing filter with zero-lag (cutoff of 6Hz). The deformation of the shoe was

quantified with two measures: the length from the toe to the heel markers and the

angle between the heel-ankle-toe markers. These were calculated with custom-

written software (MatLab, MathWorks, Natit:k, MA, USA). The values of these

two measures were taken at the instant of heel rise in stance phase, defined as

the first sample when the vertical coordinate of the heel marker increased after

midstance. The average mean differences were calculated from the average of

the six repetitions from each condition minus the six repetitions from the intact

condition. If the shoe did not respond differently when holes were cut in it

compared to the intact shoe, then this difference should be zero.
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2.2.5 Foot kinematic analysis

The calculations of inter-segmental joint angles of the foot were calculated
according to Jenkyn and Nicol' and were implemented in custom-written soﬁware
(MatLab, MathWorks, Natick, MA, USA). The neutral position (i.e. zero point fbr
each joint position) was defined using the initial barefoot static, quiet standing
trial. Four inter-segmental measures were examined: the hindfoot angle with
respect to the midfoot in the frontal plane, the forefoot angle with respect to the -
midfoot in the frontal plane, the height-to-length ratio of the medial longitudinal
'\ arch, and the hallux angle with respect to the medial forefoot in the sagittal
plane’. Meéns were calculated for the six repetitions of each condition and
values were taken at the instant of heel rise in stance phase. Since there could
not be an intact condition collected for the foot kinematics, each hole size
condition was compared to the smallest hole size condition (Hole 1). An average
mean difference for each set of trial means was then calculated. A minimum
important difference (MID) of 5° was used fdr evaluation of the data'® (see

Appendix A for justification for MID).
2.3 Results

Overall, for each of the three designs of running shoe, the deformation of the
shoe and the kinematics of the foot were not dramatically altered for a hole size
of less than about 2.7 cm x 2.2 cm (Hole 2). The two measures evaluating shoe
deformation are shown in Figures 2.2 and 2.3. The length between the toe and

heel markers at the instant of heel rise (Figure 2.2) is compared for each of the
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holes sizes with the intact shoe for the three shoe designs: cushioning, stability
and motion control.

The smallest deformations were with the motion control shoe. Figure 2.3 shows
the angle between the heel, ankle and toe markers at heel rise. The greatest
change in angle was seen with the largest hole size for both the cushioning and

stability shoes. Little disruption was seen in the motion control shoe for any of

the hole sizes.

10

m Hole 1 - intact
m Hole 2 « intact
O Hole 3 ¢ intact
m Hole 4 - intact

Neutral Stability MC
Shoe Type

Figure 2.2: The deformation of the shoe at heel rise is measured by the
change in the length from the toe and heel markers between the hole
conditions and the intact shoe. This length should not differ from the intact
length if the structural integrity of the shoe was unaffected by the holes.
Three shoe designs were studied, neutral, stability and motion control
(MC). As expected, the smallest deformations with the motion control shoe,
which is the most supportive shoe.
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m Hole 1 - intact
m Hole 2 -intact
B Hole 3 -intact
m Hole 4 - intact

Neutral Stability MC
Shoe Type

Figure 2.3: Deformation of the shoe at heel rise was measured by the
change in the angle between the heel-ankle-toe markers between the hole
conditions and the intact shoe. This angle should not differ from the intact
angle if the shoe was unaffected by the holes. Three shoe designs were
studied, neutral, stability and motion control. The greatest change in angle
was seen with the largest hole size for the cushioning and stability shoes.
Little disruption was seen in the motion control shoe for any of the hole
sizes.

Any alterations to the kinematics of the foot were evaluated with four inter-
segmental measures of foot joint motion at the instant of heel rise. These are
plotted in Figures 2.4 through 2.7. The change in frontal plane hindfoot
kinematics with respect to the midfoot is shown in Figure 2.4. The third and
fourth holes sizes of the motion control shoe surpass the minimum important
difference. Little change was seen with either the cushioning shoe or the stability
shoe for any size hole. For the forefoot motion with respect to the midfoot in the

frontal plane (Figure 2.5) all mean differences were below the 5° threshold.
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The change in the behaviour of the medial longitudinal arch (MLA) (Figure 2.6)
showed little change for the cushioning shoe or stability shoe for all hole sizes.
However, for the motion control shoe large changes, which were above the MID,
were seen for all hole size conditions. This is also observed in the cushioning
shoe for the hallux plane motion with réspect to the medial forefoot shown in
Figure 2.7. These dramatic differences may have been an error due to the
replacing of triad markers after putting the second set of holes. This is seen in
Figure 2.8 where there is an offsét of the ‘hallux joint angle of the first hole. The
~ fact that. the joint motion pattern ié’ksimilar to the other conditions but offset implies
that the marker was likely misaligned when re-positioned. For the other two shoe

Tt~

conditions only the fourth hole of the stability shoe surpasses the MID.




14
12

10

Neutral Stability MC
Shoe Type

Figure 2.4: Change in hindfoot kinematics with respect to the midfoot in
the frontal plane at the instant of heel rise in stance phase. The angle
should not differ from the smallest hole condition (Hole 1). The minimum
important difference was considered to be 5°. Three shoe designs were
studied, neutral, stability and motion control. The minimum important
difference was surpassed for the third and fourth hole size of the motion
control shoe. Little change was seen with both the cushioning and stability
shoes for ail sizes of hole.
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12

10

Neutral Stability MC
Shoe Type

Figure 2.5: Change in forefoot kinematics with respect to the midfoot in the
frontal plane at the instant of heel rise in stance phase. The angle should
not differ from the smallest hole conditions (Hole 1). Three shoe designs
were studied, neutral, stability and motion control. All mean differences
were below the 5° defined as minimum important difference.
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Neutral Stability MC
Shoe Type

Figure 2.6: Change in the behaviour of the medial longitudinal arch (MLA)
at the instant of heel rise. The MLA should not differ from 0.0 if the shoe
was unaffected by the holes. Little change was seen for the neutral shoe or
the stability shoe for any hole size. For the motion control shoe large
changes in arch behaviour were seen for all hole conditions.



82

Shoe Type

Figure 2.7: Change in hallux kinematics with respect to the medial forefoot
in the sagittal plane at the instant of heel rise. The angle should not differ
from the smallest hole conditions (Hole 1). The minimum important
difference was surpassed for all hole sizes of the neutral shoe. For the
other two shoe conditions only the fourth hole of the stability shoe

surpassed the MID.
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Figure 2.8: Range of motion of the hallux with respect to the medial forefoot
for the cushioning shoe condition. The second hole has a similar pattern
shape to the third and fourth hole patterns, but is offset by a positive angle.
It is speculated that the offset is due to an unintended rotation of a marker
triad with respect to its initial position after replacing the shoe.

2.4 Discussion

The objective of this study was to determine whether holes could be cut into a
running shoe upper without significantly compromising its structural integrity or
changing the kinematics of the foot within the shoe. If so, then this method of
optical motion capture used with a multi-segment foot model would be a valid and
non-invasive clinical method to examine the influence of footwear design on foot
kinematics. This study demonstrates that properly sized holes cut can ensure
that the shoe functions as if it were intact and that foot motion is unaffected by
the loss of material. The validated hole size (Hole 2 condition, oval with axes 2.7

and 2.3 cm) was larger than what had been hypothesized. The secondary
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hypothesis was demonstrated to be true as the different shoe designs tended to
deform and alter the foot motion differently. As expected, the motion control shoe
was least affected by the loss of material. This is likely since they are the most
supportive of the three types and are therefore the stiffest.
Comparing the acceptable hole size determined by this paper (Hole 2 condition,
oval with axes 2.7 and 2.3 cm) to those stated in Stacoff et al.'®, the holes in this
study were on average 0.4 cm larger in the short axis for all three designs of
running shoe. The positions of ‘the foot bones when estimated with shoe-
mounted markers have an associated error that varies with the shoe design and
more specifically with the heel counter rigidity'”. It is speculatéd that the our
larger acceptable hole size was due to the diameter of the marker stem, brand of
shoe (Saucony) and the shoe design, rather than the method used to cut or to
validate the holes. Stacoff et al. only cut holes in the heel counter for two point
markers, whereas in this study holes were cut in four locations in addition to the
heel counter. While one would have expected to observe a decrease in
acceptable hole size, in this study compared to Stacoff et al.™, since five holes
were cut in the shoes in this study, compared to two holes in the Stacoff stUdy,
the opposite was found to be true. The four holes cut outside of the heel counter
region likely had little effect on the function of the shoe since they were cut in the
nylon sections of the shoes and not in the support structures. The greater hole
size in this study can then be attributed to cutting only a single hole in the heel

counter region as opposed to two holes as in the Stacoff study.
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A possible limitation of this validation study is that only one subject was tested,

using only one shoe per design and only one shoe brand. Further studies could
investigate other shoe brands, since this may alter the maximum acceptabl_e hole
size. It is speculated that the size limit depends on both the design and brand of
shoe, as well as range of foot motion being studied. This last factor is dependent
on activity being performed (i.e. running versus walking).
One of the challenges with this testing protocol was the need to remove and
replace shoes without changing the positions and orientations of the marker
- triads with respect to the underlying bones of the foot. This was accomplished by
designing the reflective markers removable from their base; the base could
remain affixed to the foot throughout the testing protocol. Several prototype triad
clusters were tried before a successful design was settled on (Figure 2.1c). The
marker triad bases and removable markers were initially quite fragile. They were
easily damaged during removal and replacement of the shoes, and during the
walking tasks performed by the subject. The marker orientation was clearly
identified before detaching‘ the clusters from the bases to allow the reflective
markers to be reattached and positioned exactly the same way each time. The
base of the triad was a thin plastic oval no thicker than a sport sock that athletes
would normally wear. Following this study, the authors added a locking screw to
the markers to ensure that the markers were robustly reattached in the correct
orientation for future studies. The base of the triads was also changed to a faux

leather oval patch that remained no thicker than a sports sock. The leather is
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affixed to the skin (after shaving if neceésary) with medical adhesive spray
(Medical Adhesive Spray, Hollister, Libertyville, IL).

Problems may be encountered in futuré research with this éetup if the subjects
were to run or perform cutting turns. During fast walking and running the rapid
accelerations at heelstrike have been quantified at 5-15 times the acceleration

I'® 1% This could cause transient vibration of the

due to gravity at the tibial leve
triad cluster that would appear in the trajectories of the reflective markers. Care
was taken to minimize any vibration of the triads by ensuring that each triad
~ weighed less than 100g' and that the cenfer of mass is as close to the base as
possible.
In conclusion, this study validated a method to use optical motion capture and a
multi-segment foot model' to quantify foot joint kinematics relative to the shoe
during weight-bearing, dynarhic activities. Further studies can now be conducted
that examine foot kinematics during various shoed tasks and allow the
simultaneous and independent tracking of shoe deformation. Other researchers
have expressed concern that error in fheir studies arose due to shoe markers

being inappropriate for tracking motion of the foot within the shoe. Skin markers

are thought to be a far better indication of true bone motion in-vivo than shoe

110 11,

markers'’, as demonstrated by Stacoff et a and Reinschmidt et a
However, the data obtained with skin-mounted markers on the foot must also be
treated with caution. Although skin-mounted markers are better than shoe-vr
mounted markers, Reinschmid_it et al."” demonstrated that invasive bone pin

markers are the most representative of bone motion and that skin-mounted



|
87

markers have limits to their accuracy. ‘Care has been taken in-‘this study to
develop a model that positioned the markers over bdny laﬁdﬁ\érks, avoiding
superficial ligaments and tendons that move the skin'. In addition, by ‘using
anatomical landmarks to create anatomical coordinate systems, this: mathod
bridges the gap between thevgait» lab and clinical practice. Also, the clinicél#mnulti-
segment foot model analyzes the hindfoot and forefoot simultaneously by
calculating the joint’'s motion with respect to the midfoot. |
The advantage of this method is that it is able to track the motion of the foot
~ within various shoes and the shoes’ deformation during a single session with the
- use of validated holes and custom triad clusters. This method should be used
primarily for examining relative motion of the foot with respect to different shoes

or barefoot.
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Chapter 3 — Effect of Neutral trial on Foot Kinematics

During gait analysis, a static trial is cdmmon|y used to establish the neutral
position for the joints of interest. Using pre-condition static trials allows the range
of motion to be compared between each condition. A single static trial for all
conditions allows the differences in absolute angles to be compared between
conditions. If a subject is approaching the joint’s end-of-range then the absolute
motion is clinically important not simply the range of motion. It has been
_ suggested that this can induce stress on the soft tissue and bony constraints,
which could lead to injury. This study examines wheth'er separate static trials
should be collected for each footwear condition in a test protocol that uses a
multi-segment foot model. The previously mentioned multi-segment kinemafic
foot model is used to measure the absolute change in neutral position for three
different‘ shoe conditions and a barefoot condition for four inter-segmental

positions of the foot.

This chapter will submitted for publication as a technical note to the Journal of Clinical
Biomechanics.

Shultz, R — developed experiment, analyzed all results and wrote the paper

Jenkyn, TR ~ senior author - helped design the protocol and helped analyze the results
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3 Abstract

During gait analysis, a static trial is commonly used to establish the neutral
position for the joints of interest. This study examines whether separate static
trials should be collected for each footwear condition in a test protocol that uses a
multi-segment foot model. A multi-segment kinematic foot model and optical
motion analysis are used to measure the absolute chahge in neutral position for
four inter-segmental positions of the foot: 1) hindfoot-to-midfoot in the frontal
plane, 2) forefoot-to-midfoot in the frontal plane, 3) hallux-to-forefoot in the
sagittal plane, and 4) the height-to-length ratio of the medial longitudinal arch. A
barefoot condition was co.mpared with three shoe conditions; Nike Frees with
varying amounts of longitudinal torsional stiffness. A minimum important
difference in the neutral position was found between shoe conditions across most
subjects, despite a high variability in both within subjects and shoe conditions.
The shoes tended to raise the arch and to dorsi-flex the hallux compared to
barefoot condition. This study evaluates whether a single static trial or several
per-condition static trials are more appropriate for establishing neutral positions
during gait analyses that compare footwear conditions and concludes that it is
condiﬁonally dependent. Per-condition static trials allow the range of motion to
be compared between each condition. A single static trial for all conditions allows
the differences in absolute angles to be compared between conditions. Absoluté

motion is important clinically when determining whether or not a subject is
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appfoaching a joint’s end of range, since it has been suggested this can induce

stress on the soft tissue and bony constraints and lead to injury.




3.1 Introduction

Optical motion analysis is a powerful technique for quantifying the effect of
footwear and orthotics on gait in clinical and sport biomechanics. Usually, a
series of dynamic tasks (i.e. level walking or running) are collected after an initial
static trial is collected in quiet standing '7. The static trial establishes the neutral
position for the joints of interest or the 2er0 p’oint‘f‘o’rw‘ jo~int;ﬁxed coordinate
systems > 1% However, error in mterpretatton of 1omt ang!es may arise when
testing several footwear or orthotlc condctlons |f a common neutral position from a
single static trial is used for all condmons For example, the shoe condition may
change the absolute joint angle but not the joint range of motion. If the
researcher was unaware of this effect, then the conclusions drawn from the study

about the pathological joint motion could be incorrect.

It has been suggested that muscle patterning during running is predetermined10
with muscles adapting subtly to different footwear geometries at the foot''.
O'Connor et al.”? tried to test this theory, and although not convinced with the
results from their study, did demonstrate that muscle recruitment may not be
altered by a perturbation at the foot. A perturbation can be described as a
disturbance, for éxample from a shoe or orthotic, that may influence the motion of
the foot and cause it to adapt to its presence. This group speculated that a
complex refationship between foot perturbation and neuromuscular response
perhaps exists. Another explanation may be that the foot is a structurally
redundant system with many possible strategies for obtaining the gross

measurements measured with simple foot models'®. With a more complex foot
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model, capable of tracking individual segments, the differences in foot positioning
from different foot perturbations may become apparent. These would likely
appear as differences in ségmental joint neutral positions between footwear
conditions or perturbations. It may be that during a dynamic task the ranges of
motion (ROM) of joints of the foot or lower limb, common variables in-gait
analysis'®, remain constant despite a change of footwear. But the absolute
magnitudes of joint angles are indeed changed with the perturbation, possibly
placing the joint closer to its end range and consequentially at risk of injury. If

per-condition static trials were to be used to define each joint neutral position,

then it would appear as if the perturbation had no effect on the foot joints and
valuable clinically relevant information could be missed. This could be avoided

by using a common, static trial to calculate the absolute joint angles.

This study compares separate neutral positions calculated from quiet standing

static trials collected for each footwear condition in a test protocol. A multi-
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1416 are used to

segment kinematic foot model and optical motion capture
. measure the absolute change in neutral positidn for four inter-segmental
positions of the foot during quiet standing: the hindfoot angle with respect to the
midfoot in the frontal plane, the forefoot angle with respect to the midfoot in the
frontal plane, the height-to-length ratio of the medial longitudinal arch, and the
hallux angle with respect to the medial forefoot in the sagittal plane. It is
hypothized that the neutral position will be significantly different between the

barefoot and shoe conditions. Differences between the three shoe conditions

may also be seen.
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3.2 Methods and Procedures

3.2.1 Subjects

Ten active male subjects volunteered for the study (average age 3045 years;
average height 172.0+0.4 cm; average méss 7047 kg). Subjects had no ongoing
symptoms from a previous foot or ankle injury, no significant foot or ankle injuries
at the time of the study, no obvious lower e*tremity malalignment and did not
wear orthotics. Consent was attained from' the relevant ethics committees at the

research lab where the study was conducted at the authors’ university.

3.2.2 Gait Analysis and Data Collection

The study was conducted at the Nike Sport Research Laboratory (NSRL,
Beaverton, OR). The laboratory is equipped with an eight-camera, three-
dimensional (3D) optical motion capture system (EvaRT 5.04, Eagle HiRes
cameras, Motion Analysis Corp., Santa Rosa, CA). Kinematic data were sampled

at 240 Hz in a 3m x 1.5 m x 1m capture volume.

The foot-ankle complex was analysed using a multi-segment kinematic foot
model that tracks individual foot segments via skin-mounted marker cluster triads,
one per segment. For this study, the foot was functionally divided into five
segments; hindfoot (calcaneous), midfoot (tarsals), lateral and medial forefoot
(metatarsals divided between the 2" and 3™ rays) and the hallux. A full
description of the multi-segment foot model can be found in Jenkyn and Nicol™®,

Four inter-segmental motions were tracked throughout stance phase: the hindfoot

with respect to the midfoot in the frontal plane (hindfoot), the forefoot twist with
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respect to the midfoot in the frontal plane (forefoot), the hallux angle in the
sagittal plane with respect to the first metatarsal (hallux) and the height-to-length

ratio of the medial longitudinal arch (MLA).

Three sets of size 9 Nike Free 7.0 trainers (Nike, Inc, Beaverton, OR) were pre-
cut with five ‘holes’ each (holes of ~2.5 cm diameter) so that the skin-mounted

triad clusters could be tracked by the optical motion capture system (Figure 3.1).

The hole diameters were the maximum that would not sacrifice the structural
integrity of the shoe. This was validated in a separate pilot study on the same
model of shoes used in this study, Nike Free Trainers 7.0, using the validation
method outlined in Chapter 2. The same hole size was found to be valid for the
Nike Frees as was found to be valid for the three Saucony shoes in Chapter 2,
except this time a circle hole 2.5cm in diameter was cut into the shoes since the

shoes were leather and easier to punch out than the nylon Saucony shoes.

Figure 3.1: A) Triad Markers located on the foot for a barefoot static trial.
Bony landmarks are written in pen on the subject’s foot. B) and C) holes cut
in the shoe to affix marker triads (A) to the foot.
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The marker cluster triads were designed so that the reflective markers could be
detached from their base, which remained affixed to the skin of the foot
throughout the testing protocol. This allowed shoes to be changed between test
conditions without changing the locations of the triad bases. After a new shoe
was placed on the foot, the reflective markers for each of the five triads were
replaced with the same orientation as that of the previous shoe and all the initial
digitization trials. The stem of the triad cluster consisted of a nylon screw with
three carbon-fibre wands protruding from the screw head and attached to
wooden balls (8mm diameter) wrapped in reflective tape (3M, Minneapolis, MN).
The base was a nylon nut epoxied to a faux leather patch and affixed to the foot

with medical adhesive spray (Hollister Incorporated, Libertyville, IL) (Figure 3.2).

Figure 3.2: Black base - faux leather, blue - epoxy, white screw - nylon,
black wands - carbon fiber.

A testing session commenced with 16 barefoot digitization trials where three bony
landmarks per foot segment were located with an instrumented stylusl4.  The
four testing conditions were: 1) barefoot, 2) in Nike Frees (control shoes, CO), 3)
in Nike Frees with an added horizontal forefoot carbon plate (FF), and 4) in Nike

Frees with a full-length carbon plate (FL). Conditions 2, 3 and 4 are the same
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shoes, Nike Free Trainers 7.0 available commercially. However, carbon fiber
plates have been added underneath the insole and glued to preveqt,slipping.
Nike Frees are designed to mimic barefoot walking and so have a reiatjvely
flexible sole with little support function such as posting or dual density midsoles.
For the intact control shoe, the forefoot plate shoe and the full length plate shoe,
the longitudinal stiffness was 88.0 N-m/degree, 78.2 N-m/degree and 130.6 N-
m/degree, respectively. Testing was performed in the Mechanics and Materials
lab at Nike and is outlined in detail in Appendix D. For each footwear condition, a
- separate neutral static trial in quiet standing was collected while the subject stood
in the center of the capture volume with feet at shoulder width. Seven dynamic
trials for éach footwear condition were then collected where the subject ran ata 7
min/mile pace (+/- 5%). The subjects started their run on a 50 m track 25 m from
the force plate. Only the right foot was analyzed. The dynamic data were used

for a separate study and is not presented here.

3.2.3 Data Analysis

Trajectory data for each of the markers were filtered using a 4" order Butterworth
filter with zero lag (low pass cutoff at 20 Hz, see chapter one for explanation on
cutoff frequency). The four inter-segmental joint measures were calculated in
software implemented in MatLab (MathWorks, Inc, Natick, MA). For the static,
quiet standing trials, the value for each inter-segmental motion was averaged‘

over 0.5 seconds.
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3.2.4 Statistical Analysis

To test the hypothesis that different footwear'chditions had different neutral
positions, a repeated measures analysis of variatibn' (AN,OVA) with 1 factor at 4
levels was performed on each of the four static measurements. The three shoe
conditions (CO, FL, FF) and the barefoot condition we;rg,;the levels. An average
per condition neutral trial over the cbﬂécta_’_d frames fore'ach subject was used in
the ANOVA. A Tukey test post-hoc test wés used aft;ar the ANOVA to correct the
level of significance to aCco_unt for '_the ,factrthat multiple immparisbh’s had been

made.
3.3 Results

The average joint positions and standard deviations for each of the four inter-
segmental joints examined (MLarch, Hallux, Forefoot, Hindfoot) are shown in
Table 3.1 for each of the four footwear conditions (Bare, CO, FF, FL). Statistically
significant differences are indicated with an asterisk (*) at a significance level of
p=0.05. The multiple comparison test showed that a statistically significant
difference was found between the control shoe condition (CO) and the barefoot
condition (Bare) for both the height-to-length ratio of the MLA (MLarch) and for
the hallux (Table 3.1).
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Table 3.1: Summary of neutral positions: The means and standard
deviations (SD) for each of the footwear conditions across each of the four
inter-segmental joints tested. Statistically significant difference between
the control shoe (CO) condition and the barefoot condition (Bare) were
found for the height-to-length medial longitudinal arch and the hallux angle
at p<0.05. Differences were found between the shoe conditions and the
barefoot condition for the other two inter-segmental joints, but these were
not significant.

MLarch Hallux : Forefoot Hindfoot

(ratio) (deg) (de?) (de%
Mean SD Mean SD | Mean | SD | Mean | SD

Bare | 0.000* 0.001 -0.06* 0.16 -0.08 | 0.17 0.12 0.23

CcO 0.028* 0.036 -8.85* 10.43 -3.92 | 4.95 0.26 2.49

FF 0.022 0.032 -3.26 12.32 -2.20 | 5.97 3.91 8.66

FL 0.008 0.018 -4.38 4.89 -1.80 | 3.52 1.21 5.04

The comparison of absolute neutral positions between footwear conditions is
plotted in figures 3.3 through 3.6.for each of the four inter-segment joints. The
neutral positions for each plot are averaged over 0.5 seconds of the static trial.
These plots were then compared to a minimum important difference (MID) of 5
“degree®. The neutral value of the height-to-length ratio of the medial Iongitudinal
arch was consistent between subjects for the barefoot trial. There was also a
consistent trend of the three shoe conditions raising the arch compared to the
barefoot trial (Figure 3.3). The hallux neutral position was also consistent
between subjects for barefoot, but tended to be more dorsi-flexed for the three
shoe conditions, with differences above the minimum important difference (i.e.

>5°) being seen between shoe conditions (Figure 3.4). Forefoot twist in the
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frontal plane with respect to the midfoot segment was consistent between
subjects for the barefoot condition, but showed differences above the MD
between the three test shoe conditions (Figure 3.5). Hindfoot motion in the
frontal plane with respect to the midfoot was the most variable of all the joints
measured, but differences above the MD were seen between the shoe
conditions and the barefoot condition (Figure 3.6). A large variance was also

observed across each of the subjects.

O1 m2 «3 m4 B5 06 av ES8 «9 «10

Test Shoe Conditions

Figure 3.3: Neutral values of the medial longitudinal arch height-to-length
ratio for 4 conditions over the 10 subjects. The shoe conditions tend to
raise the medial longitudinal arch compared to the barefoot condition.
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Figure 3.4: Neutral positions of the hallux in the sagittal plane with respect
to the first metatarsal for 4 conditions over the 10 subjects. A clinically
significant shift towards increase dorsi-flexion for most shoe conditions for
most subjects compared to the barefoot condition is visible.

o1 02 B3 B4 B5 D6 07 B8 B9 B10
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Test Shoe Conditions

Figure 3.5: Neutral positions of the forefoot with respect to midfoot in the
frontal plane for 4 conditions over the 10 subjects. The forefoot motion
trends to increase towards pronation for the most shoe conditions
compared to the barefoot condition.
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Figure 3.6: Neutral positions of the hindfoot with respect to midfoot in the
frontal plane for 4 conditions over the 10 subjects. The hindfoot motion
has the most variability across all subjects making conclusions difficult.

3.4 Discussion

The objective of this study was to compare four different neutral positions to
assess if these created different interpretations between the shoe conditions that
researchers may need to consider when planning their study methodology. As
hypothesized, this study demonstrated that differences greater than the minimum
important difference (<5°) exist for the four inter-segmental kinematics between
the neutral positions of the barefoot condition and the footwear conditions.
Statistical significance was also demonstrated between two of the shoe
conditions for two of the inter-segmental kinematics (bare compared to CO for
Hallux and MLArch). Therefore care should be taken when establishing a

research protocol that compares different footwear conditions. The condition-
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specific differences in a neutral position can be important methodologically
whether one is interested in the absolute values Qf joint angles or in the relative
changes of joint angles between conditions. If the objective is to examine the
absolute motion of a joint with different footwear conditions then a single static
trial (i.e. barefoot quiet standving) should be uséd to account for the static change
in neutral position due to change in footwear or orthotic. If the objective is to
compare the motion of a joint relative to its neutral position (i.e. the limits and
symmetry of its range of motion) then a condition-specific static trial should be
- used for each of the footwear conditions. This would ensure that differences in
the static trials do not affect the pattern of the motion or the ROM reported for
each condition. Examining the ROM of a particular foot joint with respect to the |

condition-specific neutral position may be important for examining the effects of a

|10

particular perturbation to the joint. As noted above, Stacoff et al. '* suggest that

the foot may have a predetermined kinematic pattern that is maintained even

when an intervention is introduced. Future research investigating these results is
best done using a per-condition static trial. If a single common static trial was
used in this case, then the absolute difference between the conditions, seen in

comparing the static trials, could appear as a difference in the unchanged ROM.

However, potentially useful information may be lost when using condition-specific
static trials. Quantifying the change in neutral position with different footwear, as
obtained when using a single trial for determining the neutral position, may be
important for identifying risks of injury. If during an activity, a subject moves past

the active boundary of a joint's ROM and closer to the passive ROM boundary
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the joint may be at risk of injury'’. It has been suggested that as a joint moves
close to the passive end range, the stress placed on surrounding tissue can cross
the threshold for injury'’. Acéurately reporting the absolute joint position would be
necessary to indicate whether the joint was moving toward the edge of its end of
range during the dynamic tasks, and therefore at increased risk of soft tissue or
bone injury. This would be missed if a condition-specific static trial were used.
Table 3.2 is a summary of the strength and weaknesses of the single and per- .
condition static trials. As explained above each type of static trial can be

- beneficial or detrimental depending on the research question.
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Table 3.2: Summary of strengths and weaknesses of single versus per-
conditions static trials and neutral positions.

Single neutral

Per-condition neutral

-absolute joint positions are
referred to the single, barefoot
neutral

-since the neutral position for
each condition is not known,
the symmetry of the ROM
cannot be determined

No neutral position information
-by only collecting a single
neutral position, no static
positioning information is
known about the footwear or
orthotic conditions

Strengths: Less variability in joint positions | Joint symmetry information
-only one neutral trial is used, | -joint position measure with
in this study it was the Barefoot | respect to a condition-specific
condition which was the most neutral position indicates how
consistent and least variable symmetrically the ROM is
between subjects around neutral

-this is useful for footwear design

End-of-range information and orthotic prescription
-absolute joint positions can
show whether a joint is close or | Neutral position information
exceeding its safe end-of-range | -the absolute positions of the
-this could indicate a condition-specific neutral
mechanism of injury or risk of | positions are themselves of
injury during dynamic activities | importance
-end-of-range is often -footwear and orthotics will alter
assessed statically in barefoot | the neutral position of the foot
by clinicians, therefore using joints, which is useful
the barefoot neutral as the therapeutically and for improving
reference allows clinically performance
significant joint positions to be
identified

Weaknesses: | No joint symmetric information | More variability in joint positions

-by using a neutral trial for each
condition, the variability between
subjects for the neutral position
will be added to the relative joint
positions reported

-in this study, each of the
footwear positions showed large
variability

No end-of-range information
-since joint positions are relative
to condition-specific neutral, it is
impossible to tell whether the -
joint is approaching or exceeding
a dangerous limit
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This observation is relevant for researchers when developing their study
methodology. Care should be taken when reviewing results from the literature
regarding foot joint motion, footwear, range of motion and risk of injury. Further
research on the end of joint range and how it affects different subjects will give
more insight into the importance of establishing a proper static trial for each

specific study objective.

The protocol here now needs to be expanded to dynamic trials. The change in
ROM and the foot joint movement patterns need to be further investigated with a
6hange in footwear using per-condition neutral trials, as well as an investigation
using a common single neutral trial to assess the joint’s proximity to end of range
in different footwear conditions. However, techniques for measuring end of joint
range are limited in the literature and should therefore also be further

investigated.
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Chapter 4 — Quantifying Skin Motion Error in Optical
Tracking of a Multi-Segment Foot Model usmg Single-
Plane Fluoroscopy

Optical gait analysis, as mentioned in Chapter 1, works by affixing reflective
markérs on the body that are visible to infrared or strobe cameras. It is common
practice to discuss the movement of the underlying bones based on the marker
movements. The error associated with this is called soft tissue artifact (STA)
since it is the movement of the soft tissue that could make the marker move
independent of the underlying bone. The study detailed in this chapter aims to
assess the STA associated with the multi-segment foot model marker set used in
subsequent chapters. A 2D Fluoroscope study investigates the STA of the
calcaneus and the navicular. The results from this study should increase the
confidence with which the joint kinematics measured with a multi-segment foot
model and optical motion system are analyzed, since the magnitude and nature

of the STA has been quantified.

This chapter will be submitted for publication as an original paper in Journal of
Biomedical Engineering.

Shultz, R — developed experiment, analyzed all results and wrote the paper

Jenkyn, TR — senior author - helped design the protocol and helped analyze the results
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4 Abstract

During a standard gait analysis, passive reflective or active markers are placed
on the skin and used as landmarks for an optical motion capture system to track
the body’s three-dimensional motion. The trajectories of these skin-mounted
markers are assumed to be an adequate representation of the underlying bone
motions. However, it is generally accepted that some relative motion occurs
between the bones and the skin-mounted markers. Soft tissue artifact (STA) is
~ the error associated with the movement of the soft tissue with respect to the
underlying bone. This study aims to quantify the STA associated with a novel
multi-segment foot model developed by Jenkyn and Nichol (2007) to track joint

kinematics between segments of the foot.

The model uses marker triad clusters on the hindfoot, midfoot, lateral forefoot,
medial forefoot and hallux to track the six-degree-of-freedom segment kinematics
during functional activities. To quantify the STA of the hindfoot and midfoot
clusters, fluoroscopic images were collected on 27 subjects during four quasi-
static positions, 1) quiet standing (non-weight bearing), 2) at heel strike (weight
bearing) of walking stance phase, 3) at midstance (weight bearing) and 4) at toe-
off (weight bearing). Further research will examine the STA associated with the

other three clusters of the model.

To quantify STA, the translation and rotation of the cluster-fixed coordinate
systems were calculated with respect to the bone-fixed coordinate systems in the

sagittal plane. The average translational difference was from 5.90+7.29 mm
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(HeelStrike(HS)-Quite Standing (QS)) to 12.15+0.25 mm (Toe Off (TO)-QS) for
the calcaneus and -7.57+7.58 mm (HS-QS) to -16.42+16.68 mm (TO-QS) for the
navicular. The average rotational differences were 0.13+ 2.23° (HS-QS) to 0.24+
0.48° (MS-QS) and -0.62 + 0.88° (HS-QS) to -0.73 + 0.70° (TO-QS), for the
calcaneus and navicular, respectively. The maximum transiational STA found in
this study (16mm for the navicular), is smaller than the STA reported in the
literature for the thigh (up to 44mm) or the lower leg (up to 21mm), but is larger
than the STA found for point markers affixed to the foot (4.3 mm). This is
~ perhaps due to the use of marker tri.ad clusters that consist of markers on wands
attached to a base affixed to the'foot, which would tend to increase the inertial
and vibrational motions compared to simple pdint markers. Overall, this study
quantifies that the soft tissue artifact of midfoot and hindfoot marker clusters are

comparable with STA found in the literature.
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4.1 Introduction

‘Optical motion analysis systems work by tracking passive reflective or active
markers placed on the skin surface and triangulating their spatial position in three
dimensions with great speed and accuracy. Marker trajectories are considered
an adequate representation of the motion of the underlying bone for identification
of subjects with gross pathologies compared to healthy individuals, despite the
fact that there is relative motion between the tissues'?. Between the bone and -
the skin surface where the marker resides is soft tissue, including muscle and fat,
which moves throughout any dynamic activity®. Soft tissue artifact (STA) is the
error associated with the skin markers moving relative to the underlying bone due
to inertial effects, skin deformation and sliding, and deformation due to muscle
contraction® 3. STA is a detrimental error for gait analysis using optical methods
with skin surface markers since the kinematics derived from any marker set will
be incorrect*. Developing a general algorithm to correct for STA is difficult since
STA is both é systematic and r»andom‘ error?, is specific to the configu‘ration of the
marker set and marker locations®, and is dependent on the nature of the activity

being performed?®.

Studies quantifying the STA have primarily focused on the knee* ¢° with limited
research focused on the ankle'® '" and the foot'2. STA has also been shown to
be joint specific'® due to different muscle, ligaments and fat dispersed between
the bone and the marker. Therefore understanding the amount of STA at one
| joint or of one segment does not aid in the correction of another joint's

kinematics.
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Markers attached to inter-cortical pins drilled directly into the bone eliminates
STA" 111314 ‘however, the effect of this invasive procedure on the gait pattern of
. the foot is still not well understood'*. This techniqUe, when simultaneously
employed with skin mounted markers, has been used to quantify the STA in the
knee™ * % '3 In these studies, the kinematics of the joint were calculated using
both skin mounted markers and markers attached to the bone pins. The
difference in kinematics measured between the tWo techniques was considered
to arise from tissue movement. Using this method during walking, 73% of the
~ kinematic data showed a greater than 5° differénce between joint angles
calculated with skin mounted and bone pin marker sets, with the greatest
difference being at the navicular/cuboid segment with respect to the tibia'. Also,
calcaneal eversion/inversion was found to be overestimated by markers mounted

to the shoe (rather than the skin) during running by 34.7% (4.6°)'.

The use of x-ray fluoroscopy instead of more invasive bone pins may be a better
technique to compare skin mounted marker movement to the movement of the
underlying bone. Fluoroscopy is a non-invasive pro’ceduré that allows direct
visualization of bone motion with a low radiation dosage rate’®. As a
consequence, fluoroscopy is bécoming a useful tool in foot biomechanics
research. A group of studies by Lundberg et al. in the late 1980s, among others,
used fluoroscopy to asses the kinematics of the ankle and foot'®?.
Fluoroscopes have been used to examine the changes in the calcaneal pitch,

which is an indirect measure of the subtalar joint, during the stance phase of

walking gait®®. Participants walked across a platform while fluoroscopic images
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of the foot in the sagittal plane were captured at various points of the gait cycle®.
Difficulties arose when trying to find a consistent gait velocity that would allow the
_researchers to capture the desired frames. Other studies cémbined fluoroscopy
with other imaging tools to examine the ankle joint complex and the foot®® 2,
Digital radiographic fluoroscopy with an optical contact pressure display method
was used to develop and validate a foot model®*. Fluoroscopy data, skeletal

dynamics and active muscle force loading was used to fit the model to six

simulated gait positions, including heel strike, midstance, and toe-off. Another
- study used dual-orthogonal fluoroscopes and magnetic resonance irhaging (MRYI)

x%. Multiple weight bearing and

techniques to investigate the ankle joint comple
non-weight bearing, Static and quasi-static positions were captured. A three-
dimensional model was developed using the MRI images and then, similar to
Gefen et al.?%, the orthogonal fluoroscopic images were used to place the model
in the desired positions. One foot study used fluoroscopy to test the rigidity of the
clinically popular triangle foot model'®. Using the actual bone movement obtained
from the fluoroscope images to assess functional units based on foot rigidity, the

authors proposed a new foot model for clinical practice with a hinge joint at the

anterior talus and the metatarsophalangeal joint.

Recent studies have also used x-ray fluoroscopy to assess STA at the knee* and
simple static x-rays to examine STA at the foot 12 One study involved subjects in
quiet standing for three weight bearing positions while two-dimensional roentgen’
photogrammetry captured images of point markers located on the medial

malleolus, the navicular, the medial aspect of calcaneus and the base and head
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of the fifth metatarsal and the first metatarsal '. The error associated with the
translational motion in the sagittal plane was calculated for these point markers

:and found to be 4.3mm’2.

The objective of this study is to use x-ray fluoroscopy to estimate the soft tissue
artifact of the skin mounted marker set used with the multi-segment foot model
developed by Jenkyn et al®®?’. This model was developed as a clinical tool and
incorporates a special marker set of four foot marker triad clusters that are placed
on the skin adjacent to the calcaneus, the navicular, the first metatarsal and the
fifth metatarsal. It is hypothesized that the greater distance from the foot of the
reflective markers on the triad clusters, compared to single (point) markers
placed directly on the skin, will increase the STA error arising from inertial effects.
Nonetheless, the cluster markers are expected to possese less STA than the soft

tissue artifact observed at other locations on the lower extremity.

4.2 Methods
4.2.1 Subjects

Twenty-seven participants volunteered for this study in the Wolf Orthopaedic
Quantitative Imaging Laboratory (WOQIL) at the Fowler Kennedy Sport Medicine
Clinic. All participants had no previous foot or ankle disorders or malalignment,
and no foot or ankle injury in the previous six months prior to the study.
Approval was attained from the relevant ethics committee at the authors’.
university. All participants gave informed written consent before testing 'began

and were screened to ensure that he/she was not 1) pregnant, 2) exposed to
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radiation as a part of his/her occupatioh or 3) had two or more X-ray procedures

of any type due to injury or iliness in the past 12 months.

‘422 Equipment

The WOQIL is equipped with a C-arm x-ray fluoroscope (SIREMOBIL Compact-
L; Siemens Medical Solutions USA Inc., Malvern, PA) with a nine-inch image
intensifier. Automatic contrast control was engaged, but the average exposure
factors were 0.89+0.11 mA and 56.9+0.9 kVp over all the subjects. The complete
imaging sequence of a testing session réquired a total of 60 seconds of x-ray
exposure, which corresponded to a dosage of 4.2 mSv (at an approximate dose
rate of 0.07 mSv/s). All fluoroscopic images were captured with a digital video
capture device and accompanying software (DVD Xpress DX2; ADS
Technologies, Cerritos, CA) and stored in digital format on a laboratory control

PCs. Details of the equipment set up can be found in Dunk et al.%,

The fluoroscope was positioned horizontally to achieve a sagittal plane view of
the calcaneus and the navicular throughout the range of foot motion tested.
Fluoroscopic data were collected at 60 interlaced frames per second.

Custom-made marker triad clusters were developed with lead beads (1mm
diameter) placed in the center of Delrin balls (8mm diameter). The Delrin balls
were covered with reflective tape (3M, Minneapolis, MN) and attached to carbon-
fiber wands (Figure 4.1). These markers could then be recognizable to an optical
motion capture system while the lead beads were visible under fluoroscopy. Thé
three wands of each triad were afﬁxéd to plastic bases that were affixed to the

skin of the foot with double-sided tape (3M, Minneapolis, MN).
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Figure 4.1. Custom-built marker triad clusters visible to both the
fluoroscopic and the optical motion capture systems. Lateral (A) and
medial (B) views of the foot show the placement of the marker triad clusters
in the locations described by Jenkyn et al. (2007). The blue lines visible on
the platform in both photos are the out-of-plane orientation references in 5
degree increments.

A platform was designed to position the subject’'s foot in the center of the
fluoroscope’s field of view. The platform was required since the C-arm of the
fluoroscope could not be lowered to ground level. Blue lines were drawn on the
platform in 5 degree increments of out-of-plane rotation, ranging from 30 degrees
to -30 degrees with respect to the plane of the fluoroscope (see Figure 4.1).
These lines ensured that the same plane of motion was used for each quasi-
static condition and to calculate an average projection error due to out-of-plane

rotation.

4.2.3 Testing Procedure

Leaded clothing was placed over the subject’s upper and lower body, including a
thyroid collar and protective eyewear so that only the feet were exposed to the x-
ray beam. The marker triad clusters were attached to five locations on the foot,

superficial to five bones (navicular, first metatarsal, fifth metatarsal, calcaneus
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and first phalange of the hallux) on the ‘right foot. The 9-inch field of view of the
fluoroscope was not large enough to image the entire foot. Therefore, only the
hmdfoot and midfoot were imaged. Consequently, only the data from the
navncular and calcaneus cIusters were used in this study.

The first phase of testing quantlfued the influence of out-of- plane orientation of the
subject foot on the outcome measures. This was done by imaging the foot at

different orientation with respect to the fluoroscope, from -30 degrees to +30

"degrees at 5-degree increments. The line connecting the second ray and the
\middle of the posterior calcaneus was aligned with each line drawn on the
platform.
From the 13 orientati.ons, the x-ray technologist then chose the orientation that

had the best visualization of the navicular and calcaneus bones. The second

bt dindi oo

phase of testing was then carried out at this orientation with respect to the

i,

fluoroscope. It turned out that testing for all trials of all 27 subjects was carried

e

out between 5 degrees and -5 degrees, and most often at 0 degrees (i.e. parallel

to the plane of the fluoroscope).

The second phase of testing consisted of capturing images of the calcaneus and
navicular in four quasi-static positions, 1) quiet standing (non-weight bearing), 2)
at heel strike (weight bearing), 3) at midstance (weight bearing) and 4) at toe-off
(weight beéring). The subjects imitated one gait step per condition with their right

foot and stopped at the appropriate point in stance phase for each condition for -

an image to be captured.
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4.2.4 Analysis

The digital fluoroscopic images were saved as *.tif files (Adobe lllustrator; Adobe
Systems Incorporated, San Jose, CA) and imported into custom-written software
(Matlab; The MathWorks, Inc, Natick, MA). The center of each marker on the two
triad clusters and eight bony landmarks were manually digitized. The specific
targets on the images of each of the bones were digitized to obtain the x- and y-
coordinates in the irhage frame of reference® *°. Table 4.1 describes the bony
landmarks chosen to define the navicular and calcaneus and Figure 4.2A shows
the points within the image.

Table 4.1. Location .of the manually digitized landmarks for the navicular

and the calcaneus.
Bony Landmark Description

Navicular — 1 Anterior, superior corner (dorsal surface)

Navicular — 2 Posterior, superior corner (dorsal surface)

Navicular — 3 Anterior, inferior corner (navicular
tuborsity)

Navicular — 4 Posterior, inferior corner (navicular
tuborsity)

Calcaneus —1 Superior point of the articular surface for
cuboid (anterior border of calcaneus)

Calcaneus -2 Inferior point of the articular surface for

cuboid (anterior border of calcaneus at
concave point formed by articular surface
for cuboid and the anterior articular
surface of the talus)

Calcaneus -3 Posterior, superior border of the posterior
surface; the posterior border of the
Achilles tendon attachment

Calcaneus —4 Posterior border of the inferior surface; the
superior border of the plantar fascia
attachment.
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Two-dimensional coordinate systems were constructéd for each of the two
marker triad clusters and for the calcaneus and navicular bones. For the
calcaneus bone-fixed coordinate systems, the x-axis was the bone’s longitudinal |
axis defined as the unit vector formed from the midpoint of anterior pair of
digitized bony landmarks to the midpoint of the posterior pair of bony landmarks
(see Figure 4.2A). For the navicular bone-fixed coordinate system, thé x-axis
was defined as the unit vector from the midpoint of the superior pair of digitized
bony landmarks to the midpoiht of the inferior pair of bony landmarks (see Figure

-~ 2.4A).
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Figure 4.2. Fluoroscopic image of the midfoot and hindfoot in the sagittal
view. A) The bony landmarks that were manually digitized to define the
bone-fixed reference frames on the navicular and calcaneous are shown as
white dots (four per bone). The orientations of the bone-fixed x and y axes
are also shown. B) The coordinate systems for the marker clusters and the
bones are shown for the navicular and calcaneous bones. The dashed
lines represent the origin displacement length between the associated bone
and marker systems. The p represents the segment angle between the two
systems. Only (3for the calcaneus is shown.
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The y-axis was calculated by taking the cross product of the unit vector in the x-
direction and that in the out-of-plane z-diréction to obtain the unit vector in the y-

direction as follows,

-

(3,0)=(%,0)x(0,0,-1) and § = Eqgns. 1,2

where x and ¥ are two-dimensional vectors in the plane of the image.

prenLA

<)

For the calcaneus, the x-direction was posterior and fhe y-axis dorsal, while for
the navicular the x-direction is plantar a‘ﬁd‘the y-direction is anterior. The origins
- of the two bone-fixed systems were defined at the centroid of the four bony
landmarks. The marke“r/ coordinate system was constructed in a similar way to
the bone systems, except that the x-axis was defined from marker 1 to fnarker 2
on each triad. The cluster-fixed system origins were also at the centroids of the
three markers per cluster. The orientations of the cluster-fixed coordinate
systems were arbitrary with respect to the bones to which they were attached.
To quantify the amount of error arising due to the skin-mounted marker triad
cluster moving with respect to the underlying bone, the distance between the
cluster and bone-fixed system origins and the relative orientations of the two
systems was calculated. With no skin motion error, the vector between the
origins should be constant in magnitude. The magnitude, or ‘origin displacement

length’ I, was found as follows (Figure 4.2B),

1=y O

Egn. 3

cluster

where O

bone

is the bone-fixed origin and O is the cluster-fixed origin.

cluster
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The relative orientation of the cluster-fixed and bone-fixed systems was defined
by the ‘segment angle’ between the x-axes of each system. The segment angle

was found as follows, -
6= arccos()?,,m o) | Eqn. 4
~ The origin displacement lengths and segment angles for the navicular and
calcaneus in quiet standing (QS) were taken as the reference values. The
lengths and segment angles at each of the three stance phase foot positions
(heel strike, HS; midstance, MS; and toe-off, TO) were comhared to the values in
| QS. In the absence of any skin motion error, the differences between the values

at HS, MS and TO and the reference position QS should be zero.

For a subset of five subjects, tﬁe same bone-fixed and marker-fixed coordinate
systems were constructed for each of the 5-degree interval positions ranging
from 30 to -30 degrees out-of-plane with the subject in quiet standing. This was
done to quantify any error arising from incorrect positioning (i.e. out-of-plane
orientation) of the foot with respect to the fluoroscobe. »The same origin
displacement. length between bone-fixed and marker-fixed system origins was
calculated for each position. The zero-degree foot position was taken to be the
reference condition for this data series. If there was a perspective error that
arises due to out-of-plane orientation affecting the origin displacement lengths
and segment angles, then this could be quantified at each of the 5-degree out-of-

plane intervals.
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To test the intra-test repeatability of manual digitization of markers and bony
landmarks, ten fluoroscopic images were blinded and digitized twice by the same
investigator in random order. This was the same investigator who digitized all
fluoroscope images in the current study. Root mean squared values were
calculated using the formulas found in Gluer et al.3L Individual standard

deviations were found using each set of images.

To ensure that the measurements made were true (i.e. in millimeters, mm) a grid
was built to calculate the scale factor of mm per pixel (Figure 4.3). The distance
between each set of holes was machined to be 15mm, accurate to 50 microns.
The scale factor was determined to be 0.3 mm/pixels in each direction. All
positions digitized from the images were multiplied by this scale factor to give true

measurement in mm.

Figure 4.3. Fluoroscopic image of the grid that was used to calculate the
scale factor to transfer from pixels to mm. There is 15 mm between each
hole set.
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4.3 Results

For the out-of-plane testing on a subset of five subjects, two subjects were
eliminated due to lack of visibility of the markers in all the digital images. Figurés
4.4 and 4.5 show the change in origin displacement length (Figure 4.4) and the
segment angle (Figure 4.5) from their true values due to a changing out-of-plane
orientation of the foot. The results on the remaining subjects showed that
between and including -5-degrees to 5-degrees out-of-plane orientation the

projection errors were less than 10.0 + 8.5mm (for navicular marker) and 7.6+

~ 2.2mm (for calcaneal marker) for the origin displacement length and less than

0.69+0.55° (for navicular marker) and 0.110.18° (for calcaneal marker) for the
segment angle. Errors arising from orientations of more than 5 degrees were
considered unacceptably large. All the data for this study were collected within
the range of -5 to 5-degrees out-of-plane, so these values can be taken as the
linear and angular accuracies for_this method. Since the origin displacement
length and segment angle measures use markers attached to the skin, some of
the error will arise from skin motion relative to the underlying bones, and will not
be purely due to out-of-plane projection. To address this, the apparent lengths of
the calcaneus and navicular bones were also calculated from bony landmarks at
each of the out-of-plane orientations. Figure 4.6 shows the change in the

apparent lengths of the calcaneus and navicular bones, along their long axes,

due to changing out-of-plane orientations. The maximum change in bone length

from their true lengths was 1.4+1.2mm for the calcaneus and 2.3+2.9mm for the

navicular.
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+ Navcular
©Calcaneus

Figure 4.4. Change in the origin displacement length from the true length
for the calcaneus (solid line) and the navicular (dashed line) with out-of-
plane orientation. The differences between the two values in quiet standing
at the zero-degree reference position and +5-degrees out-of-plane positions
were less than 10.0+ 8.5 mm. The out-of-plane errors in origin displacement
length for out-of-plane orientations greater than 5-degrees were considered
unacceptably large.

Figure 4.5. Change in the segment angle for the true angle for the
calcaneus (solid line) and the navicular (dash line). The differences
between the two values in quiet standing at the zero-degree reference
position and =5-degrees out-of-plane positions were less than 0.69%+0.55°.
Errors for out-of-plane orientations greater than 5-degrees were considered
unacceptable.
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+ Navcular..
o Calcaneus..

Figure 4.6. Change in the apparent length of the calcaneus (solid line) and
the navicular (dashed line) bones from true length. The differences between
the two values in quiet standing at the zero-degree reference position and
+5-degrees out-of-plane positions were less than 2.37+ 2.90 mm.

The root mean squared errors (shown in Table 4.2) for the intra-rater repeatability
testing show that all eight points (four navicular and four calcaneal) were digitized
at worst within 2.7 mm, with an average RMS error across all eight points being
1.3+0.7 mm. The largest repeatability error was seen with the calcaneus bony
landmark 3, the Achilles tendon insertion on the posterior aspect of the

calcaneus.



Table 4.2. Root mean square (RMS) errors for intra-rater repeatability
testing. The numbered landmarks correspond to the descriptions listed in
Table 4.1. In general, the calcaneus landmarks showed better results than
the navicular. The periphery of the fluoroscope image was clearer than the
centre, making the calcaneus landmarks easier to visualize and digitize.

X Y X Y X Y X Y
(mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm)

A1 A1 A2 A2 P1 P1 P2 P2
CAL 057 | 061 | 088 | 0.83 | 298 | 247 | 090 | 1.47
NAV 084 | 116 | 112 | 129 | 142 | 258 | 066 | 1.03

The data from four subjects (out of the 27 recruited) had to be discarded since
lack of focus in the fluoroscopic images made the bony landmarks and marker
beads undetectable. For the remaining 23 subjects, the complete analysis was
applied. Table 4.3 lists the differences in origin displacement lengths for the heel
strike (HS), midstance (MS) and toe-off (TO) conditions with respect to quiet
standing (QS) for the calcaneus and navicular for each of the 23 subjects
analyzed. For the calcaneus at HS the average difference for the origin
displacement length compared to QS was 5.90+7.29 -mm. The difference was
6.4617.76 mm for the MS condition and -12.15+0.25 mm for TO. For the
navicular the average differences in origin displacement length with respect to

QS were -7.57+7.58 mm, -7.61+7.61 mm and -16.42+16.68 mm for HS, MS and

TO respectively.
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Table 4.3. The difference in origin displacement length between the stance
phase instances of heel strike (HS), mid-stance (MS) and toe-off (TO) with
respect to the quiet standing (QS) reference position. This is the change in
distance between the origin of the bone-fixed coordinate system and the
marker-fixed coordinate system with respect to QS. These are shown for
each of the test subjects, with the average, standard deviation and range
stated in the bottom four rows. The largest differences for both the
calcaneus and the navicular were seen at toe-off (TO).

Calcaneus o Navicular
Subject ~ (mm) (mm)

HS MS TO - HS MS TO

1 4.48 4.53 -11.96 -7.37 -7.43 10.51
2 4.70 763 | -1243 | -7.74 | -7.78 | 28.08

3 8.56 1.81 -11.74 -7.72 -7.44 5.97

4 14.79 13.36 -12.11 -7.66 -7.72 9.29

5 1.64 -1.49 -12.27 -7.73 | -7.44 7.73

6 8.30 15.47 -12.21 -7.85 -7.71 7.02
7 11.05 8.23 -11.90 -7.48 -7.70 20.99
8 -10.01 -3.14 -12.43 -7.37 -7.86 17.53

9 12.81 -0.48 -12.32 -71.75 -7.68 1.49

10 7.45 10.92 -11.86 -7.46 -7.38 0.90
11 11.92 10.99 -12.24 -7.60 -7.86 28.98

12 -2.66 -0.31 -12.49 -7.69 -7.68 22.81
13 -7.69 -7.45 -12.42 -7.81 -7.88 11.83
14 -8.58 -9.12 -12.04 -7.59 -7.58 8.28
15 2.64 1.99 -11.59 -7.01 -7.15 37.68
16 8.25 10.08 -11.93 -7.00 -7.34 30.48
17 4.72 9.34 -12.35 -7.72 -7.80 7.51
18 11.12 13.64 -12.17 -7.28 -7.56 14.38
19 8.08 - 5.47 -12.37 -7.89 -7.79 12.40
20 14.89 14.85 -12.39 -7.82 -7.78 22.08
21 4.76 6.71 -12.23 -7.65 -7.68 26.08
22 14.34 20.97 -11.88 -7.04 -7.20 16.21
23 10.18 14.55 -12.48 -7.89 -7.51 29.33
Average 5.90 6.46 -12.15 -7.57 -7.61 16.42
Standard

1 : Deviation 7.29 7.76 0.25 -7.58 -7.61 16.68
é Max 14.89 20.97 -11.59 -7.00 -7.15 37.68
Min -10.01 -9.12 -12.49 -7.89 -7.88 0.90
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Table 4.4 lists the differences in segment angle for the HS, MS and TO stance
phase instances with respect to the QS condition for each of the test subjects. It
also shows average, standard deviation and range of valués for the calcaneus
and navicular bone. Al three stance phase instances (HS, MS and TO) for both
the calcaneus and rhavicular bones saw less than 1° change in angular
orientation with respect to QS. For the calcaneus the differences were 0.13+
2.23° for the HS, 0.24+ 0.48° for the MS, and 0.17+ 0.56° for the TO, and for the
navicular these values were -0.62 + 0.88° -0.62 + 0.91°, -0.73 + 0.70°, for the

~ HS, MS and TO, respectively.
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Table 4.4. The difference in segment angle between the stance phase
instances of heel strike ( HS), mid-stance ( MS) and toe-off (TO) with
respect to the quiet standing (QS) reference position. This is the change in
orientation of the bone-fixed x-axis and the marker-fixed x-axis with respect
to @S. These are shown for each of the test subjects, with the average,
standard deviation and range stated in the bottom four rows. The mean for
all conditions of the calcaneus and navicular is shown to be less than one
degree with standard deviations at approximately 0.5-1 degrees, except for
the calcaneus at heel strike (HS). The range of all other values is 2-3
degrees whereas again the calcaneus at heel strike is less than the other

conditions.
Calcaneus Navicular
Subject degrees) (degrees)
HS MS TO HS MS TO
1 0.03 -0.04 -0.03 0.83 0.05 -0.16
2 0.00 -0.01 | -0.12 ~1.30 -1.18 |  -1.31
3 0.10 -0.04 0.00 0.04 -1.10 -0.19
4 - -0.07 0.02 0.07 ~1.71 -0.92 -1.12
5 -0.06 0.12 -0.12 -0.85 -1.16 -0.17
6 0.29 0.95 0.08 0.36 -1.53 | -1.09
7 0.13 -0.08 0.20 -1.43 -033 | -1.05
8 -0.06 -0.10 | -0.08 -0.05 0.04 -1.57
9 0.43 0.49 0.46 -1.18 -1.21 -0.97
10 0.30 0.33 0.12 -1.13 ~0.24 0.02
11 0.07 0.10 0.16 0.03 -0.72 -1.57
12 -0.01 -0.12 -0.04 -0.48 -1.02 -0.97
13 0.06 0.07 0.00 -1.74 -1.40 -1.64
14 -0.01 -0.05 -0.13 -1.63 -0.69 -0.64
15 0.13 0.23 0.17 -1.45 1.25 0.79
16 0.11 0.30 0.23 0.58 1.27 0.17
17 0.28 0.38 0.29 -1.30 -1.11 -1.39
18 0.23 0.40 0.06 0.06 0.34 -0.57
19 0.09 0.21 0.11 -1.43 -1.67 -1.34
20 0.41 0.01 0.03 -0.77 -1.45 -1.31
21 -0.12 -0.06 -0.13 -1.01 -0.87 -0.97
22 0.33 0.35 0.03 0.13 1.16 0.63
23 0.22 2.09 2.64 1.13 -1.67 -0.42
- Average 0.13 0.24 0.17 -0.62 -0.62 -0.73
Standard
Deviation 0.16 0.48 0.56 0.88 0.91 0.70
‘Max__| 0.43 2.09 2.64 1.13 1.27 0.79
Min -0.12 -0.12 -0.13 -1.74 -1.67 -1.64
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- 4.4 Discussion

This study aimed to estimate the soft tissue artifact (STA) occurring between the
calcaneus and navicular bones, and the marker triad cI‘ustér positioned on the
skin superficial to these bones. The foe-off position of the foot was shown to
have the highest average STA error, of 16.42+16.68 mm for the navicular and
12.151£0.25 mm for the calcaneus, compared to the other positions during stance

phase that experienced approximately half the error.

The muscle contraction patterns that oécur at toe-off may explain the increased
STA found in this position compared to quiet-standihg since the muscles adjacent
to the attachment sites of the marker triads are suspected to act differently at toe-
off compared to quiet-standing. The calcaneal marker cluster was placed on the
lateral side of the hindfoot, close to the sheathes of the peroneus longus and the
peroneus brevis that pass posterior to the lateral malleolus. These tendons act
to depress the first metatarsal head and elevate the fifth metatarsal base
throughout the stance phase, except at toe-off*2. The navicular marker was also
placed near tendons on the medial side of the foot. The tibialis anterior inserts
near where the navicular marker cluster was affixed. This muscle tends to
concentrically contract around toe-off in anticipation of the need to help the foot
clear the fioor during the swing phase *. This muscle also tends to eccentrically
contract from heelstrike to midstance® resulting in a different positioning of the
navicular cluster at toe-off. Another tendon that may effect the navicular cluster-
toe-off position differently than the other two positions is the adductor hallux, an

interosseus muscle that stabilizes the forefoot during toe-off only®?.  Muscle
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contraction has been shown to be an element of STA error and is suspected to

be a changing parameter between the foot positions in this study 2.

The translational results of the current study (6.46 — 16.72 \mm) are larger than
the results obtained in the Tranberg et al study'? (4.3mm) that examined the STA
on. point markers at similar locations'?. This is likely due to a difference in
methodology, including the type of markers used. The increased inertia of the
cluster compared to a point marker, due its larger size and weight, make clusters
susceptible to greater movement relative to the bone. The marker clusters also
protrude out from the skin of the foot more than point markers due to their wand
design. This would tend to increase the moment of inertia of the cluster
- compared to point markers, resulting in more vibrétion of larger magnitude
experienced by the marker cluster. Differences may also exist due to digitization
error. Both of these studies used manual digitization but by different methods.
Therefore different intra-rater repeatability makes comparisons difficult betweén

the two studies.

The intra-repeatability of this study was shown to be godd with root mean square
(RMS) values of between 0.57mm - 2.98mm for the célcaneus and 0.66mm —
2.58mm for the navicular. Examining all eight points, the navicular was less
repeatable than the calcaneus. It is speculated- that the periphery of the
fluoroscope image was clearer than the centre, making the calcaneus landmarks

easier to visualize and digitize.

Like Tranberg et al’?, the main limitation of the calcaneus and navicular

segmental calculations was that a two-dimensional assessment was conducted
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for a three-dimensional problem. An attempt was made to incorporate the
rotational component of the marker triads (B — difference in the x-axis of the
marker co-ordinate system with respect to the bony co-ordinate system) within
the plane of motion. However, this may not have been adequate, especially for
the calcaneus which is known to have a corkscrew movemenf pattern with
respect to the tibia during the gait cycle®®. Frontal plane movement in the
caIcanéUs and the navicular with respect to the talus during slow running has

been calculated with bone pins to be as high as 8.3° and 13.5°, respectively™.

1 Anothér Iimitationv to the current study was that subjects were in quasi-static
positions as opposed to performing dynamic movement. This was due to the
limitation of the sampling frequency of the fluoroscopes that would have led to
significant blurring of the images. Inertial effects on the marker clusters and the
anatomy and the magnitude of muscle contractions are suspected to increase
with dynamic movement. This would most likely tend to increase the STA found

at the marker cluster locations.

The limited field of view of the fluoroscope caused additional limitations in this
study since only the navicular and calcaneus bones could be simultaneously
captured perpendicular to the plane of motion. This eliminated the hallux, the first
metatarsal, and the fifth metatarsal bones from the study due to projection errors.
These three other bones had been Captured with a second fluoroscope oriented
at a 75° angle from the horizontal plane (see Appendix B), which was not entirely
perpendicular to the direction of motion of the bones. However, whenv the images

were examined it was concluded that too much movement occurred out-of-plane
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to reliably analyze the STA of these bones. Future two-dimensional studies could
use a jig for the foot to be placed on, similar to the one found in the Tranburg et

al12

Many of the limitations that occurred in the current study can be eliminated with
the use of an image-based Rotrogen photostéreometric analysis (IBRSA)
method, which is a true three-dimensidnal tracking technique that is currently
being implemented in the WOQIL®. This technique reconstructs the six—degree-
of-freedom motion of the bones by fitting a mathematical bone surface model to
\ the two fluoroscopic images. This removes the out-of-plane projection errors as
well as manual digitization errors since direct registration of the bone model to
the images would be used instead. The true rotational and translational STA

errors could then be detected with this technique®.

As hypothesized, the translational errors on the foot were lower than the STA
observed at the knee or thigh, which have been shown to be as high as 31mm*.
Skin markers compared to bone pins in the tibia have also been shown to differ
by up to 23mm in the anterior-posterior direction®. The smaller STA results of the
current study are attributed to the srhaller range of motion of the foot and the

smaller mass of soft tissue in the foot.

Bone pins have also been used in the foot to examine STA. Studies examining
the difference between bone pins and surface markers generally calculate the
joint angles using each marker set and then compute the mean difference

3

between joint angles” ™®. Talocalcaneal joint rotation difference between bone

pins and surface markers in inversion/eversion have been shown to have a RMS
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error of 2.1°"'. Comparison of the current results to these studies is difficult due
to differing methodology and marker locations. But they do imply that the
rotational errors of significantly less than 1° in this study could be an

underestimation of the true three-dimensional rotational STA.

In conclusion, this study demonstrates that there is soft tissue artifact for the
navicular and calcaneal bones and associated triad marker clusters. It appears
that the error is maximum in the toe-off position for both the calcaneus and the
navicular when assessed using quasi-static positions. It is suspected that during
 normal gait the rapid accelerations that accompany heel strike would tend to add
to the initial effects of the markers clusters. Future studies should use a true
three-dimensional analysis of each of five marker triad clusters during dynamic
movement to fully capture the STA error associated with the multi-segment foot

model.

4.5 References

1. Nester, C. et al. Foot kinematics during walking measured using bone and
surface mounted markers. J Biomech 40, 3412-23 (2007).

2. Leardini, A., Chiari, L., Della Croce, U. & Cappozzo, A. Human movement
analysis using stereophotogrammetry. Part 3. Soft tissue artifact
assessment and compensation. Gait Posture 21, 212-25 (2005).

3. Manal, K., McClay, 1., Stanhope, S., Richards, J. & Galinat, B. Comparison
of surface mounted markers and attachment methods in estimating tibial
rotations during walking: an in vivo study. Gait Posture 11, 38-45 (2000).

4. Stagni, R., Fantozzi, S., Cappello, A. & Leardini, A. Quantification of soft
tissue artefact in motion analysis by combining 3D fluoroscopy and
stereophotogrammetry: a study on two subjects. Clin Biomech (Bristol,
Avon) 20, 320-9 (2005).

5. Cappozzo, A., Cappello, A., Della Croce, U. & Pensalfini, F. Surface-
marker cluster design criteria for 3-D bone movement reconstruction. IEEE
Trans Biomed Eng 44, 1165-74 (1997).




136

6. Reinschmidt, C., van den Bogert, A. J., Nigg, B. M., Lundberg, A. &
Murphy, N. Effect of skin movement on the analysis of skeletal knee joint
motion during running. J Biomech 30, 729-32 (1997).

7. Alexander, E. J. & Andriacchi, T. P. Correcting‘forz_deformation in skin-
based marker systems. J Biomech 34, 355-61 (2001).
8. Fantozzi, S. et al. Fluoroscopic and gait analysis of the functional

performance in stair ascent of two total knee replacement designs. Gait
Posture 17, 225-34 (2003).

9. Benoit, D. L. et al. Effect of skin movement artifact on knee kinematics
during gait and cutting motions measured in vivo. Gait Posture 24, 152-64
(2006).

10. Westblad, P., Hashimoto, T., Winson, |.,, Lundberg, A. & Arndt, A.
Differences in ankle-joint complex motion during the stance phase of
walking as measured by superficial and bone-anchored markers. Foot
Ankle Int 23, 856-63 (2002).

11.  Arndt, A,, Westblad, P., Winson, |., Hashimoto, T. & Lundberg, A. Ankle
and subtalar kinematics measured with intracortical pins during the stance
phase of walking. Foot Ankle Int 25, 357-64 (2004).

12.  Tranberg, R. & Karlsson, D. The relative skin movement of the foot: a 2-D
roentgen photogrammetry study. Clin Biomech (Bristol, Avon) 13, 71-76
(1998).

13.  Reinschmidt, C., van Den Bogert, A. J., Murphy,' N., Lundberg, A. & Nigg,
B. M. Tibiocalcaneal motion during running, measured with external and
bone markers. Clin Biomech (Bristol, Avon) 12, 8-16 (1997).

14. Arndt, A. et al. Intrinsic foot kinematics measured in vivo during the stance
phase of slow running. J Biomech 40, 2672-8 (2007).

15. Reinschmidt, C. et al. Tibiofemoral and tibiocancaneal motion during
walking: external vs. skeletal markers. Gait and Posture 6, 98-109
(October 1997).

16. Wrbaskic, N. & Dowling, J. J. An investigation into the deformable
characteristics of the human foot using fluoroscopic imaging. Clin Biomech
(Bristol, Avon) 22, 230-8 (2007).

17. Lundberg, A. Kinematics of the ankle and foot. In vivo roentgen
stereophotogrammetry. Acta Orthop Scand Suppl 233, 1-24 (1989).

18. Lundberg, A., Goldie, I., Kalin, B. & Selvik, G. Kinematics of the ankle/foot
complex: plantarflexion and dorsiflexion. Foot Ankle 9, 194-200 (1989).

19. Lundberg, A., Svensson, O. K., Bylund, C., Goldie, I. & Selvik, G.
Kinematics of the ankle/foot complex--Part 2: Pronation and supination.
Foot Ankle 9, 248-53 (1989).




_________________________________________________________________________________________________________
137

20. Lundberg, A., Svensson, O. K., Bylund, C. & Selvik, G. Kinematics of the
~ ankle/foot complex--Part 3: Influence of Ieg rotation. Foot Ankle 9, 304-9
(1989).

21.  Komistek, R. D., Stiehl, J. B., Buechel, F. F Northcut, E. J. & Hajner, M.
E. A determmatlon of ankle kmemat|cs using fluoroscopy. Foot Ankle Int
21, 343-50 (2000).

22. Wearing, S. C. et al. Sagittal movement of the medial longitudinal arch is
unchanged in plantar fasciitis. Med Sci Sports Exerc 36, 1761-7 (2004).

23. de Asla, R. J., Wan, L., Rubash, H. E. & Li, G. Six DOF In Vivo Kinematics
of the Ankle JOint COmplex? Applicaiton of a COmbined Dual-Orthogonal
Fluoroscopic and Magnetic Resonance Imaging Techmque Journal of
Orthopaedic Research 24, 1019-27 (2006).

24. Gefen, A., Megido-Ravid, M., lizchak, Y. & Arcan, M. Biomechanical
analysis of the three-dimensional foot structure during gait: a basic tool for
clincal applications. Journal of biomechanical Engineering 122, 630-9
(2000).

25. Perlman, P. R., Siskind, V., Jorgensen, A., Wearing, S. & Squires, S.
Changes in the calcaneal pitch during stance phase of gait. A fluoroscopic
analysis. J Am Podiatr Med Assoc 86, 322-6 (1996).

26. Jenkyn, T. R. & Nicol, A. C. A multi-segment kinematic model of the foot
. with a novel definition of forefoot motion for use in clinical gait analysis
during walking. J Biomech 40, 3271-8 (2007).

27. Jenkyn, T. R., Anas, K. & Nichol, A. Foot segment kinematics during
normal walking using a multisegment model of the foot and ankle complex.
J Biomech Eng 131, 034504 (2009).

28. Dunk, N. M., Kedgley, A. E., Jenkyn, T. R. & Callaghan, J. P. Evidence of
~ a pelvis-driven flexion pattern: are the joints of the lower lumbar spine fully
- flexed in seated postures? Clin Biomech (Bristol, Avon) 24, 164-8 (2009).

29. Suzuki, J., Tanaka, Y., Takaoka, T., Kadono, K. & Takakura, Y. Axial
radiographic evaluation in hallux valgus: evaluation of the transverse arch
in the forefoot. J Orthop Sci 9, 446-51 (2004).

30. Komeda, T. et al. Evaluation of the longitudinal arch of the foot with hallux
valgus using a newly developed two-dimensional coordinate system.
Journal of orthopaedic science 6, 110-118 (2001).

31. Giluer, C. C. et al. Accurate assessment of precision errors: how to
measure the reproducibility of bone densitometry techniques. Osteoporos
Int 5, 262-70 (1995).

32. Nordin, M. & Frankel, V. Basic Biomechanics of the Muscloskeletal
System (ed. Leger, D.) (Lippincott Williams & Wilkins, Baltimore, Maryland,
2001). |



138

33. Perry, J. Gait analysis: normal and pathological function (Slack, Inc,
Thorofare, NJ, USA, 1992). _

34. Baker, R. Gait analysis methods in rehabilitation. J Neuroeng Rehabil 3, 4
(2006). -

35. Li, G., Wuerz, T. H. & DeFrate, L. E. Feasibility of using orthogonal
fluoroscopic images to measure in vivo joint kinematics. J Biomech Eng
126, 314-8 (2004).




139

Chapter 5 - Effect of Longitudinal Torsion and Forefoot
Flexion of Running Shoes on Foot Kinematics

Chapter 5 investigates the effect of longitudinal torsion on fdot kinematics during
running. Foot joint angles are calculated while the subject runs in three different
shoe conditions and in barefeet. The multi-segment foot model discussed in
previous chapters is used in this investigation as well. This study is the first of
two in vivo studies that consider the results from the previous studies. Two of the
three types of shoes used in this stUdy were run through the validation study
(Chapter 2) to ensure that the integrity of the shoes was maintained throughout
the current study. The validation study needed to be re-conducted at Nike since
~in the original study the subject walked at a self-selected pace wearing three
different types of Saucony shoes; however for this study the subjects ran at a 7
min/mile pace in variations of the Nike Frees. The marker set employed in this
chapter is the same set that was tested in Chapter 4, where it was concluded that
soft tissue artifact is an issue. The base of the markers was changed to leather
instead of plastic; however this is not expected to change the outcome or to
improve the initial study. Since this study examines the difference between
running and cutting, the range of motion with respect to the foot and not the
absolute motion was obtained. For this reason, a neutral study for each condition
was used to investigate the the range of motion for each inter-segmental joint.

This chapter will be submitted for publication as an original paper in Journal of
Biomechanics.

Shultz, R — developed experiment, analyzed all results and wrote the paper

Jenkyn, TR — senior author - helped design the protocol and helped analyze the results
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5 Abstract

Longitudinal torsion stiffness (LTS) is the resistance of a running shoe to torsional
loading about its long axis. Another shoe property is forefoot flexion (FFIex)
stiffness which is the resistance of a shoe to bend in the sagittal plane at the
metatarsal break. It is speculated that altering the stiffnesses may also affect foot
kinematics. The objective of this study is to explore the effect of LTS on the foot
joint kinematics in the frontal plane and to explore the effect of FFlex on the foot
joint kinematics in the sagittal plane during running. Ten male subjects ran ata 7
min/mile pace in three different training shoes as well as barefoot while an optical
motion capture system tracked marker triad clusters affixed to the right foot. The
three trainers varied in torsiohal stiffness due to carbon-fibre plates of different
lengths glued to the midso»le. A multi-segment foot model was used with optical |
motion capture to track four inter-segmental motions: 1) the hindfoot with respect
to the midfoot in the frontal plane, 2) the forefoot twist with respect to the midfoot
in the frontal plane, 3) the hallux angle in the sagittal plane with respect to the
first metatarsal, and 4) the height-to-length ratio of the rhedial longitudinal arch.
A repeated measures ANOVA with 1 factor at 3 levels was run aéross the
difference of each shoe condition compared to the barefoot condition. Only the
differences between the hindfoot motion of the two shoes with similar stiffness
(Nike Free, Nike Free with a forefoot carbon fibre plate) was found to be
statistically éignificant. However, when compared to barefoot, the maximum-
differences for each shoe condition were greater than the MID (5°) fbr most

subjects in the hindfoot motion and the hallux motion. Differences were also
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found in the forefoot twist motion and the medial longitudinal arch, but to a lesser
degree. These results imply that the shoe conditions affect the inter-segmental
joints in a similar way, which was found to be different from the barefoot
condition. The Nike Free shoe did tend to mimic the barefoot condition more

than the other two modified shoes.
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5.1 Introduction
Altering the properties of a shoe’s sole to optimize its performance is a well-

established pursuit for shoe manufacturers. However, the advantages of some of
these changes are still being debated.™”. Research in this area is controversial
 since certain parameters have been shown in one study to affect foot kinematics
while other studies have shown no significant influence®. One study that
examined 36 different shoe property combinations found that softer midsoles
allowed significantly more rearfoot movement®. In another study, similar midsole
material modifications were found to have no effect on peak acceleration and
time to acceleration, however these outcomes were found to be greater when
subjects ran in 'shoes than when they remained barefoot®. Changes in the
amount of midsole flare were not found to influence the kinematics of the
tibiocalcaneal rotations substantially?, but were found to increase peak pronation

and the total rearfoot movement®.

Longitudinal torsion stiffnessﬁ (LTS) is thé_ property of a running shoe that
quantifies its resistance tb torsion along its long axis®. It was first introduced as a
feature of an innovative running shoe that had th‘e ability to decouple the motions
of the hindfoot and the forefoot'®. It has been speculated that altering the LTS

should affect foot kinematics in the frontal plane.

Much of the early research on shoe torsion was conducted using two-dimensional
(2D) film analyses with reflective markers placed either on the foot or the shoe® |
"' This methodology has been shown to have large projection errors® and high

soft tissue artifact errors, but the general trends of the results are still relevant to
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12, 13

the design of running shoes It was demonstrated that, compared to
barefoot, the shoed conditions decreased torsion of the foot while significantly
increasing the foot pronation'®. This was assumed to be the result of both the
shoe being stiffer than the barefoot condition and the shoe preventing midfoot
motion within the foot. Allowing motion in the transverse tarsal joint is suspected
to decrease this pronation by increasing the torsion angle of the foot, which is

defined as the hindfoot angle in the frontal plane minus the forefoot angle in the

frontal plane'®.

Another shoe property is forefoot flexion (FFlex), which is the ability of a shoe to
bend at the metatarsal break in the sagittal plane. A recent study concluded that
a change in dorsi-flexion and metatarsal flexion can affect the muscle recruitment

patterns and reorganize the motor patterns'*.

Very few studies were found in the literature that used more recent technologies
to investigate the change in foot kinematics due to a change in the LTS or FFlex
of a running shoe. Stefanyshyn and his colléagues have recently investigated
the metatarsophaléngeal joint (MTP) and the effect 6f LTS and FFlex stiffness
(called longitudinal bending stiffness and midsole bending stiffness,
respectively)” ®* 1%, Outcome measures from these studies focused on kinetics,
running economy, and comfort, but not on the kinematics. An example of only a
single representative subject was given to demonstrate the effect of LTS and
forefoot bending stiffness on the metatarsal kinematics® #, however there was no |
other mention of kinematic data during running. in the paper. This study focused

on maximum jump height performance and discovered that as the bending
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stiffness of the shoe increased, a large decrease in MTP joint dorsi-flexion was
observed®. The same trend was observed for running in the single vsubject
example. Change in motion of the MTP joint with respect to LTS and FFlex has
been examined but the effect of these shoe properties on the remainder of the

foot is still unknown.

This study aims to explore the effect of LTS and FFlex on the kinematics of
multiple foot éegments. Barefoot running was chosen as the control. However
there is limited research on foot kinematics for joints distal to the subtalar joint
during barefoot running that can be used as a comparison. Recently, invasive
bone pins have been used to examine the foot’s inter-segmental motion during
slow running'®'®. The usefulness of this method is seriously limited since bone
pins cannot feasibly be used in clinical studies and several shoed conditions
cannot be tested in one continuous session. Another obstacle in foot research is
the lack of standards for foot joint co-ordinate systems ‘(i.e. such as 'Intemational
Society of Biomechanics, ISB) which makes comparison across studies and
during clinical exams difficult'’. Additionélly, research on the foot joints distal to
the subtalar joint has been avoided because of the difficulty in placing the

reflective markers directly on the foot while a subject is wearing running shoes'®.

A novel multi-segment foot model using passive reflective marker triads is used in
the current study to evaluate the inter-segmental motion of the hindfoot, medial
and lateral forefoot, medial longitudinal arch and the hallux. The model uses the

midfoot as the segment of reference for the kinematics of the hindfoot and the
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forefoot®®. The description of the model can be found in Jenkyn and Nicol”® and

Jenkyn, Anas et al.2% 2!

The primary objective of this‘ study is to use a multi-seg‘ment foot model fo
explore how foot kinematics are influénced with a set 6f Nike Free trainers that
have different longitudinal torsion and. forefoot flexion stiffnesses. Three shoe
conditions are tested as well as the barefoot condition while the subject is
running. qur inter-segmental métions are measured: hindfoot in the frontal
plane, forefoot in the frontal plane, height-to'ength ratio of the medial longitudinal
arch and hallux in the sagittal plan-a._._»@w:fgf}h;;measure is calculated from the
" hindfoot and forefodf measures; this is th_e ‘tg(siqn‘ aggle’ in the frontal plane. ltis
hypothesized that an increased shoe stiffness;will qégrease the range of motion
of the hallux segment as seen in a previous study® ‘%‘_. A flexible shoe may allow
for the foot to ‘roll through’ the stance phase of gait (in the sagittal plane) as the
subject runs, whereas a stiff shoe may act as a rigid leve,r‘_v._ca,USing a foot slap to
occur during early stance'®. This would tend to affect the motions of the hindfoot,
forefoot and medial longitudinal arch. The pronation of the foot as a whole has
already been shown to be proportional to the longitudinal torsion stiffness of the
shoe as the torsional angle decreases'®, but it is hypothesized that this will also

be seen in this study for the inter-segment foot joint angles.

A secondary objective of this study is to examine whether running with the
unaltered Nike Free, the study shoe, mimics barefoot running. This is what the
shoe was designed to do since barefoot running populations have been shown to

have extremely low running-related injuries compared to more conventionally
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shoed running populations®. If a participant has had adequate training with the
- Nike Free, it is speculated that their foot kinematics and kinetics would be similar

to the kinematics and kinetics calculated during barefoot running.

5.2 Methods
5.2.1 Subjects

}Ten active male subjects volunteered for the study (average age 30+5 years;
average height 172.0£0.4 cm; average mass 70%7 kg). The subjects were
- heelstrikers who ran a least 15 km a week and considered themselves ‘rrunners’.
The majority of thenj were regular subjects in the Nike Sport Research Lab and
could consistently run a 7 min/mile pace for multiple trials. Subjects had no
ongoing symptoms from. p?evidﬁs foot or ankle injuries, no significant foot or
ankle injuries at the time of the study, no obvious lower extremity malalignment
and did not wear orthotics. Consent was attained from the relevant ethics
committees at the resewéréﬁy lab where the study was conducted and from the

authors’ university.

5.2.2 Experimental equipment

The study waé conducted at the Nike Sport Research Laboratory (NSRL,
Portland, Oregon). The laboratory is equipped with an eight-camera, real-time
three-dimensional (3D) optical motion capture system (EvaRT 5.04, Eagle HiRes
cameras, Motion Analysis Corp., Santa Rosa, CA) with an integrated floor-
mounted forceplate (Kistler, Amherst, NY). Kinematic data were sampled at 240

Hz and kinetic data at 1200 Hz.
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- Three types of size 9 Nike Free 7.0 trainers (Nike, Inc, Beaverton, OR) were used
in this study. The first shoe was unchanged from how it was manufacturéd and
is considered the control shoe (CO). The second shoe was a modified version of
the control shoe with a forefoot carbon-fib'er p!ate (FF) placed directly below the
insole and glued to the insole to preveﬁ% shppage The third shoe had a full

length carbon-fiber plate (FL) ptaced :tmder the insole “All shoe modifications

took place in the Sample Room at‘ lee Im‘: Beaverton, Oregon). Three

pairs of each type of shoe were used in the study

Five ‘hdles’ (holes of size ~2.5 'cr_n in diameter) were p"ré-cUt in eéch of the nine
paifs of shoes. For the three pairs of each type of shoe, the location of the
midfoot hole differed slightly. The location of the navicular tuberosity on each test
subject determined which pair of shoes was used during testing. The holes
~ allowed marker triad clusters to be attached to the skin of the foot and at the
same time be visible to the optical motion capture system (Figure 5.1). The
marker triads were Iocatéd on the foot according to the muiti-segment foot model
described by Jenkyn and Nicol®. The. maximum size of thé holes that could be
cut in the shoe without sa,criﬁcing its structural integrity was validated in a
separate pilot study. The pilot study{.&sed thé hole vatidation. method outlined in
Chapter 2. It was suspected ﬂ';at‘-‘thé ﬁaturé -fofhthe‘ study activity would affect the
valid hole size. However this appears not to be the case since a 2.5 cm diameter
hole was found to be valid for both walking,'cutting and running in four very -
different shoe types (Saucony — Neutral cushioning, stability, motion control, Nike

— Frees). Only the Nike FL and the Nike CO shoe were analyzed using this
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method since the CO and FF were shown to have similar stiffness. All three shoe

types shoes were mechanically tested.

Figure 5.1. A) Location of the marker triad clusters on the foot. The base of
the cluster remains affixed to the foot throughout the test protocol while
the wand and marker portion is removed to allow for shoe changes. B) The
three shoe types tested are the control (Nike Free trainer 7.0, left), the
control shoe with a forefoot carbon plate attached to the midsole (middle),
and the control shoe with a full length carbon plate attached to the midsole
(right). All shoes have five holes cut in the upper at the heel counter on the
lateral side, the toe box above the hallux, along the medial and lateral sides
above the first and fifth metatarsals and on the medial side above the
navicular tuberosity. C) Example of the anatomical landmarks that are
digitized at the beginning of the test session. The landmarks form the
anatomical co-ordinate systems for the dynamic trials. This is further
explained in Jenkyn et al.
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The longitudinal torsion stiffness (LTS) of the shoes along the axis running from
the toe to the heel was measured both before and after the holes were cut in the
shoe upper with a material testing machine (Instron, MA, USA). The LTS of the
shoes with holes was within 5% of that for intact shoes further validating the hole
size. For the intact control shoe, the forefoot plate shoe, and the full length plate
shoe, the LTS were 88.0 N-m/degree, 78.2 N-m/degree and 130.6 N-m/degree,
respectively. 'An fn-house device also measured the forefoot stiffnesé in the
sagittal plane of the sarhe three shoes. This device measures the amount of
“force required to bend the shoe one degree at the forefoot break. These were
found to be 0.85 N/degree, 0.28 N/degree and 0.20 N/degree, for the full length
plate shoes, the forefoot plate éﬁoes, and the control shoe, respectively. See

appendix D for a more detailed descriﬁfion of these testing procedures.

Marker triad clusters were design_eq,, and, ‘_t::uilt in-house so that the wand and
reflective marker portion cqulld,/beﬁ__de;gqhe‘d; .frqm' their.base, which remained
affixed to the skin of the foot thr,ough,‘out‘th.e testing protocol. This allowed for
subjects to change shoes between test conditions without altering the locations of
the marker triads. The stem of the triad cluster consisted of a nylon screw with
three carbon-fiber wands protruding from it to which were attached three wooden
balls (8mm) wrapped in reflective tape (3M, Minneapolis, MN). The base was a
nylon nut epoxyed to a faux leather base and affixed to the foot via medical
adhesive spray  (Hollister Medical Adhesive Spray; Hollister Incorporated,

Libertyville, IL).
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5.2.3 Multi-segment foot model

The foot complex was analyzed using a multi-segment kinematic foot model that
tracked five foot segments and the inter-se'gmental motions \between them via
one marker triad cluster per segmenf. For this study, the foot was functionally
divided into the hindfoot (calcaneous), midfoot (tarsals), lateral and medial
forefoot (5" and 1! metatarsals respectively) and the hallux (both phalanges). An
expanded description of this multi-segment kinematic foot model can be found in

Jenkyn and Nicol®® and in Jenkyn, Anas, et al.l?'.

Throughout one stance phase of the gait cycle, »the three-dimensional trajectory
of each marker on each cluster was triangulated with the optical motion capture
system and used to calculate the inter-segment motions of each foot segment.
The motions were reported as follows: the hindfoot with respect to the midfoot in
the frontal plane (hindfoot), the forefoot twist (of both forefoot segments) with
respect to the midfoot in the frontal plane (forefoot), the hallux angle in the
sagittal plane with respect to the first metatarsal (hallux) and the height-to-length

ratio of the medial longitudinal arch (MLA).

5.2.4 Procedure

The testing session began by iocating the positions on the foot where the marker
triad clusters could protrude through the holes correctly and the markers could be
placed over the correct bony landmarks®. The base of each triad cluster
~ remained on the foot for the remainder of the testing session while the reflective

markers were removed and replaced with each shoe change.
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A barefoot static trial, which is used to calculate the neutral position for the
barefoot condition, was collected while subjects stood in the center of the capture
volume (2.0m x 1.0m x 1.5m) with feet Hip-width apart. Next, a series of barefoot,
quiet standing trials where 16 bony landmarks were digitized with an
instrumented stylus as outlined by Jenkyn and Nicol®® (see Figure 5.1c). The
three anatomical landmarks per segment are described by the CAST system?* 24

and were used to establish the énatomical co-ordinate frames for each condition:

1) barefoot (bare), 2) Nike Free trainers control shoe (CO), 3) forefoot carbon-
~fiber plate (FF) and 4) full length carbon-fiber plate A(FL'”)'L”'A per-condition static

trial was collected and used as the neutral position :fé?"'iééch condition. This

method was used since the objective was to examine the range of motion of the

foot while the subject was wearing the different shoes.

Seven dynamic trials were collected per condition wha!é partndpants ran down an
50m runway at a 7 min/mile (+ 5%) pace. Timing gates were used to ensure that
the participants reached the target speed during each tnal Subjects were
requested to strike the force plate with their nght foot whlle not concentrating on
contacting it. The force plate data were used to |nd|cate the timing of the heel

strike and toe-off.

All subjects performed the barefoot running trials first to ensure that a minimum of
seven good barefoot trials were collected for each subject, since disruption of the
marker clusters was more likely to occur during a shoe change. After the
barefoot condition, the three shoe conditions were tested in random order. Static,

quiet standing trials were collected for each footwear condition before the



152

dynamic trials. The digitization trials were only repeated if the orientation of a

marker cluster was disrupted during a shoe change.

5.2.5 Data and statistical analysis

Data»were filtered using a low-pass 4™ order Butterworth filter (cut-off frequency
of 20 Hz, justificaﬁon for this cut-off frequency can be found in chapter 1.8.3) with
zero lag. Each dynamic trial was normalized in time to 100% of stance phase.
The inter-segmental joint angles of the multi-segment foo; ;n{)del were calculated
in custom-written software (MatLéb; The MathWorks, Natick, MA) from thé three-
dimensional marker trajectories. The static trials collectéd fqr each footwear
condition were used to establish the neutral position of the‘inter-segmental joints
for the condition’s dynamic trials. This allowed for the ra;'lge of motuon of each
joint to be comparable between footwear conditions ratﬁéﬂ;th;r; the absolute joint
range of motion. For each of the four inter-segment rhotl;f;é, ah average mean
difference between each shoe condition and the barefoot condition was
calculated throughout stance phase. The maX|mum méan differences (MMD) for
each inter-segmental motion for the three shoed conditlons for all subjects were
recorded. The timing of each MMD was also recorded (as a percentage of
stance phase). The foot frontal plane torsion ang!é was calculated by subtracting
the hindfoot motion in the frontal plane from the forefoot motion in the frontal

plane throughout stance phase. The maximum torsion angle and its timing in all

conditions were then calculated.

Statistical significance and the minimum important difference were evaluated. A

repeated measures analysis of variance (ANOVA) with 1 factor at 3 levels was
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performed for the maximum mean differences for each of the four inter-segmental
motions and on the maximum torsion angle. The three mean differences of each
shoe condition (CO, FL, FF) compared to barefoot running were the three levels
of the ANOVA. A p-value of less than 0.05 was considered to be significant. The
Tukey post-hoc test was used to correct for multiple comparisons. An average
over the collected trials for each subject was used in the ANOVA. The minimum
important difference was 5° for the inter-segmental joint angles and 0.03 for the
medial longitudinal arch (mm/mm) (see Appendix A for a detailed explanation of

- this calculation).

- 5.3 Results
Figures 5.2-5.3 and 5.5-5.6 plot the inter-segmental joint motions for the hindfoot,

forefoot, hallux and medial longitudinal arch respectively. Figure 5.4 plots the
torsion angle. Each plot shows the barefoot condition (Bare) and the three shoe
conditions (CO, FL, and FF). The first three figures (5.2, 5.3 and 5.4) show the
motion of the foot in the frontal plane and the last two figures (5.5 and 5.6) show
the motion of the foot in the sagittal plane. Each motion curve for-each condition
is averaged over the three best trials for all 10 su'bjects in the stud‘y. The timing of
all curves is normalized to 100% stance phase of running, starting at initial

contact (0%) and ending at toe-off (100%).

Comparing Figure 5.2 to 5.3, the hindfoot has a larger range of motion than the
forefoot with respect to the midfoot. The torsion angle (Figure 5.4), which is the
difference between the forefoot and hindfoot motions, is therefore primarily

influenced by the motion of the hindfoot. The increased pronation of the FF
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conditions seems to coincide with a positively increased torsion angle, whereas
the increased supination of the FL condition coincides with a negatively increased
torsion angle. In the frontal plane, the barefoot and control condition (CO) seem
to move similarly with a minimal torsion angle during the first 60% of the stance
phase, followed by an increase from heel rise until toe-off, where it reaches a
maximum fqr all the conditions. The similar minimal torsional angle for the Bare
and CO is likely due to the similar movement patterns of the hindfoot and forefoot
as seen in Figures 5.2 and 5.3 until approximately heel rise where the hindfoot

begins to pronate.

The hallux and medial longitudinal arch motions are plotted in the ségittal plane.
Figure 5.5 demonstrates that the range of motion of the haiiuxdunng barefoot
running is small compared to all three shoe conditions through‘butthe first 60% of
stance phase. The three shoe conditions each produce"a?i'i‘igh plantarflexion
peak at approximately 40% of the stance phase, whereas 'the hallux angle
remains around zero at this point for the barefoot condition. The motion of the
MLA (Figure 5.6) tends to split into two groups. The Nike Free control shoe (CO)
tends to mimic barefoot walking and the FL ahd FF conditions were similar.

However, overall the shape of MLA motion curves is similar across all conditions.
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Figure 5.2. Hindfoot motion in the frontal plane with respect to the midfoot
for the barefoot (gray triangles = Bare) and the three shoe conditions (black
line = CO, dashed line= FF, gray line= LF). For all four conditions the
hindfoot is supinated at heelstrike and then pronates until 30-50% of the
stance phase, when it begins to supinate again. The highest peak
pronation is observed for the FF condition, while the FL condition appears
to hinder the foot's ability to re-supination after midstance. The CO
condition and the barefoot condition tend to produce similar movement
patterns.
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Figure 5.3. Forefoot twist in the frontal plane with respect to the midfoot for
the barefoot (gray triangles = Bare) and the three shoe conditions (black
line= CO, dashed line= FF, gray line= LF). The motion of the forefoot is
limited in range and tends to mimic the hindfoot motion. The forefoot
motion remains close to its neutral position throughout the stance phase,
which has been shown to occur during running 25 The FL and FF
conditions showed similar motions, and the CO and Bare were also similar.
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% Stance Phase

Figure 5.4. Longitudinal torsion angle in the frontal plane, which is defined
as the forefoot motion minus the hindfoot motion. This is shown for the
barefoot (gray triangles = Bare) and the three shoe conditions (black line =
CO, dashed lines FF, gray line= LF). There is a large negative torsion angle
from heel strike until midstance for the FL condition, whereas the FF
condition has a large positive torsion angle from 20-70% of the stance
phase. The barefoot condition and the CO condition tend to remain around
3 degrees until approximately 60% of the gait cycle where it begins to
positively increase until it reaches a maximum at heel strike.



Figure 5.5. Hallux motion in the sagittal plane with respect to the first
metatarsal for the barefoot (gray triangles = Bare) and the three shoe
conditions (black lines CO, dashed line= FF, gray line = LF). The motion of
the hallux during the shoe conditions is different from the barefoot
condition with the barefoot condition tending to reduce the range of dorsi-
flexion and plantarflexion. The FF condition appears to increase the dorsi-
flexion compared to the CO condition. The FL condition reduced dorsi-
flexion compared to the other conditions.



159

Figure 5.6. Height-to-length ratio of medial longitudinal arch for the
barefoot (gray triangles = Bare) and the three shoe conditions (black line=
CO, dashed line= FF, gray line = LF). Forefoot frontal plane motion appears
to follow the dropping of the medial longitudinal arch . The arch drops in
the beginning of the stance phase and rises in the second half. The
barefoot condition and the CO condition tended to be similar. The other
two conditions, FL and FF, were also similar but begin with the arch in a
lower position at heel-strike.

The mean positions, standard deviations and ranges of motion of each of the four
inter-segmental measures are listed in Table 5.1 for each of the barefoot and
three shoed conditions. Also listed in the bottom row is the maximum torsion
angle. Recall that positive values mean supination for the hindfoot (Hind) and the
forefoot (Fore) motions, plantar-flexion for the hallux (Hal) and a rising medial
longitudinal arch (MLA). Recall for the torsion angle that a positive value means
the hindfoot is more pronated than the forefoot. Since this is a discrete measure,
the minimum and maximum values given are across the 10 subjects. Table 5.1

indicates that the CO condition and the barefoot condition produce similar
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hindfoot and forefoot motion, although the standard deviations are high with
respect to the range of motion for both these inter-segmental joints. The hallux
has the highest variability but also the largest range of motion. The MLA also
tends to move similarly for the barefoot and CO cond,itions."No sighificant
differences were found between conditions for the maximum ‘torsibn angle.

Table 5.1. Inter-segmental joint measures and longitudinal torsion angles.
Means, standard deviations and ranges of motion are given for each
hindfoot, forefoot, hallux medial longitudinal arch and torsion angle
measures. Positive values mean supination for hindfoot (Hind), supination
for forefoot (Fore), plantar-flexion for hallux (Hal) and a rising medial
longitudinal arch (MLA). The means, standard deviations and ranges are
- taken across the stance phase of running. A positive torsion angle means
the hindfoot is more pronated than the forefoot. Since the difslon angle is
a discrete measure the minimum and maximum values are fuunﬂ across the

10 subjects. —
Bare co FF |  FL
Mean (SD) | Mean (SD) | Mean (SD) | Mean (SD)
Max  Min | Max Min | Max Min | Max  Min
2.0 2.0 3.3 1.6 0.1 21 | 1.0 2.7 .
Hind (°)
8.8 -5.6 9.2 -5.4 8.7 -7.9 9.7 -7.1
1.3 1.5 1.7 0.7 0.8 0.6 1.1 0.6
Fore (°) ‘
-55 2.1 -53 1.9 -4.9 2.0 -4.0 2.0
-7.9 3.9 -6.7 5.7 -6.1 75 -4.0 5.2
Hal (°)
: -1.2 -20.2 0.3 -18.2 1.9 -20.9 1.6 -16.4
0.007 0.01 0.06 0.009 | 0.004 0.01 0.004 0.01
MLA (ratio) _
0.03 -0.01 0.02 -0.01 0.02 -0.02 | 0.008 -0.02
Maximum -3.0 15.7 -0.04 16.8 -0.03 17.0 -0.3 18.5
Torsion
Angle 195 266 | 311 204 | 189 -332 | 264 -22.3
(N-m/deg)
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The differences between the three shoe conditions and the barefoot condition are
listed in Table 5.3. The maximum mean differences and the timing of these
maxima during stance phase are listed for each of the four inter-segmental
measures. The largest maximum mean differences were found for the hallux
segment with the hindfoot segment being the second largest. However,
- statistical significance was only found between the CO shoe and the FF shoe in
the hindfoot condition for the maximum mean difference between the shoe
condition and the barefoot condition (p <0.05). There was no significant
difference found for the timing of these maximum mean differences. This is
probably due to the high variability seen in the timing of the maximum mean
differences for all shoe conditions. '

Table 5.2. Difference between shoed conditions and barefoot condition.
Maximum mean differences and timing of maximum during stance phase
are given to compare each of the three shoe conditions with the barefoot
condition for each of the four inter-segmental measures. Differences in
mean and timing that are significantly different from 0.0 at p<0.05 are
indicated with an asterisk.

CO-Bare FF-Bare FL-Bare
Mean (SD) Mean (SD) Mean (SD)
Timing  (SD) Timing  (SD) Timing (SD)
. 8.4* 33 124" 6.7 122 32
H 0
ind () 550  28.7 477 314 625 33.4
6.0 36 73 65 7.4 28
Fore (°
re () 525  31.1 582  26.0 55.0 35.8
X 0 14.1 83 126 59 15.3 56
522 39.1 56.6 34.5 67.6 34.2
. 002 001 003 001 0.03 0.02
MLA (ratio
(ratio) | 764  27.4 539  35.9 88.6 15.7

There was great variability in the results between the 10 subjects in this study.
For some subj'ects, there were minimal differences between shoe conditions for .
each of the inter-segmental measures. For others there were large differences

between all shoe conditions and all joint measures. The remainders were a
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mixture of the two. Table 5.3 illustrates the differences between each of the three
shoe conditions with respect to the barefoot condition for each of the four inter-
segmental motions, showing each subject individually. Diﬁefences greater than
the minimum important difference (MID) (of greater than 5° for Hind, Forev, Hal, or
0.03 or greater for MLA) are indicated in gray. Differénces greater than 10°
(0.054 for MLA) are indicated in black. Differences-thét are not greater than the

MID are in white.
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Table 5.3. Differences between the shoe conditions and the barefoot
condition for each of the subjects in this study for each of the four inter-
segmental measures. The minimum important difference (MID) was taken
as greater than 5sfor HF, FF and HX and as 0.03 for MLA. Conditions that
were above the MID by 59 (0.03) or more are indicated in gray shading,
those by 109 (0.054) or more in black shading. Conditions that were below
the MID are in white.
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CO-

Bare 3.98 24.33

Bare 3.85 25.87

Bare 13.01 23.73 0.06
CO-
Bare

F~
Bare

11.85 10.49 16.82 0.01
19.01 11.37 13.64

Bare 12.23 17.60

CO-

Bare 3.23 3.95 4.55 0.01

Bare 4.41 0.02

Bare 11.61 0.01
CO-
Bare

F~
Bare

11.43 27.54
10 16.10 12.39
17.51

Bare

5.4 Discussion

The objective of this study was to investigate the foot joint kinematics during
running and how they are altered in three shoes with varying torsion and bending
stiffnesses, compared to the barefoot condition, in the sagittal and frontal planes.
The movement patterns for the inter-segmental motion appear to be consistent
with previous research1824. (Figures 5.2 to 5.6). The control shoe and the
barefoot conditions tended to produce similar movements in all inter-segmental
joints, as hypothesized, with the exception of the hallux and torsion angles during

stance phase. However, these trends were not statistically significant.
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The motion of the foot in the frontal plane was examined by calculating the
torsion angle (Figure 5.4) from the hindfoot motion (Figure 5.2) and forefoot
motion (Figure 5.3) in this plane. The expected relationshi\"p between stiffness,
torsional angle and pronation was shown to more complex than expected. The
increased pronation during midstance of the hindfoot in the FF shoe condition
tended to cause a larger positive torsion angle as the hindfoot and forefoot
moved in the same direction. This shoe is also the shoe with the least
longitudinal torsion stiffness. It appears that the greater flexibility of the rear
- section of the shoe tended to allow the hindfoot to move dramatically with respect
to the midfoot and the rigid forefoot. However, the FL shoe condition, which is
the torsionally stiffest shoe, seems to affect the foot as well. The increased
supination of the hindfoot tends to create a larger negative torsion angle during
the loading response and into midstance. It was expected that the FL shoe
would cause the hindfoot and forefoot to move more as a unit and that there
would be little rotation between the forefoot and the hindfoot. However, the larger

torsion angle is due to the opposing rotation of the forefoot and the hindfoot.

The foot was also examined in the sagittal plane. ' The hallux motion and the
medial longitudinal arch motion shoﬁld be correlated in this plane‘ due to the
assumed presence of the windlass effect. This can be seen by examining the
barefoot condition, as the heel rises and the hallux becomes dorsi-flexed, the
MLA begins to rise. Earlier in stance phase when the hallux is in a more neutral
position, the plantar fascia is not taut which allows the arch to drop as the foot is

loaded. Examining the shoe conditions, it appears that this correlation between
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hallux and MLA is disrupted. The arch continues to move in a similar pattern to
the barefoot condition, especially the control shoe; however the hallux motion is
much different. Upon further inspection one can see that the windlass effect is
still somewhat present as the FF condition and the FL condition produce a hallux
motion that remains more plahtar-flexed and an arch motion that remains lower.
The lower arch position may be due to rigidity of the midsole of the shoe allowing
minimal motion of the forefoot and hindfoot which are in direct contact with the
insole of the shoe. The bones forming the arch however are free to drop until
- they themselves reach the insole of the shoe. This of course would require a
mobile foot. The FL shoe was shown to have a decreased dorsi-flexion when
compared with the control shoe. As hypothesized, this stiffness in the forefoot
appears to have limited the hallux ability to dorsi-flex. One study found that this
has the ability to affect the muscle recruitment patterns and motor pattern which

may explain some of the varied movement in the other inter-segmental joints'.

Statistical significance was bnly found for the hindfoot segment between two
shoe conditions that have similar LTS and FFlex values (LTS: 78.0 Nm/degree
for FF shoe and 88.0 Nm/degree for CO shoe; FFlex: 0.28 N/degree for FF shoe
and 0.20 N/degree for CO shoe). It appears that changing the LTS and FFlex do
not influence the inter-segmental foot kinematics measured in this Study. Future
research should investigate other parameters that might be more likely to change
by the addition of the forefoot plate; for example, thickness and hardness of the -

midsole have been shown to influence foot kinematics'®.
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High inter-subject variabivlity and unsystematic small shoe sole effects are
common in shoe research % 27 This type of data also make finding statistically
significant differences difficult since a stronger within subject difference is needed
between conditions. For this study, no strong conclusions based on statistical
significance could be made due to the large inter-subject variability and the
relatively small sample size. This is not unusual in foof research, since high
variability across subjects exists even in bone pin studies where skin artifact
errors are not present?®®. A post-hoc power analysis showed that 40 subjects

- would be necessary tor show a statistically significance between outcome effects

of the size reported in this study (with a=0.05, power = 0.80).

However, the lack of statistical significance across shoe conditions is notv
suspected to arise due to the lack of power. An inability for a perturbation to
dramatically disrupt the foot kinematics has previously been shown''. A possible
explanation for the measured foot kinematics being uninfluenced by the midsole
stiffness change is that the foot is speculafed to be a structurally redundant
system?. A redundant system has multiple kinematic patterns with which to
achieve the same kjnematic solution. Multi-segment foot models calculate the
angular articulation of a segment with regard to another segnient, considered a
functional unit or a rigid segment. A perturbation may change the position of the
individual bones but the segment kinematics remain unchanged. Future research
should attempt to 1) examine the functional units of this model and 2) try to
measure the individual bony articulations within each segment under a

perturbation.
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The idea of a redundant system seems improbable since a recent study by Wolf

et al.'®

examines the movement of individual foot bones using invasive bone pins
in seven different foot bones'®. Functional units were designated from this
research and support the definition of segments in the model used in this study.
Future analysis should involve imaging technologies, such as fluoroscopy, to
difectly visualize the foot bones and give further insight into the effects of
perturbations on foot kinematics. Currently, there are technical aspects that

make using fluoroscopy difficult, such as the limited field of view of the imaging

* and the sample frequency limited to 30 frames per second® %,

The second possible explanation for the non-significant results in this study is
that the body uses muscle activation to maintain a preferred foot position for a
given movement?. Introducing an intervention causes the muscles to increase or
decrease their activity to maintain the general kinematics and kinetics of the foot
for a given movement?’. This theory is still under investigation, since research
has focused on the kinetic partnerrtheory related to impact forces and soft tissue
damping®®. However, Roy et al. have already demonstrated that the muscle
activity of certain extrinsic foot muscles was unaffected by a change in LTS
EIectromyography (EMG) and MRI data also appeared to show that no
neuromuscular adaptation was observed when varus and valgus shoe
perturbations were tested®. Collecting kinetics and extrinsic muscle activation
may give insight into this theory and the effects observed in this study. The fact.
that muscle activity was not collected in this study is a limitation. Although, it

appears that LTS does not affect the measured foot kinematics, Stefanyshyn and
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colleagues found that increasing the LTS of a shoe had physiological and

mechanical advantages' ® *.

The most recent study from this group concludes
that LTS improves running economy but that the muscular activation patterns of
the extrinsic foot muscles remain the same®. The underlying mechanism of these

effects is still unknown.

Another limitation of this study is that participants were not split into groups
according to two suspected dependent variables: foot type and foot muscle
training. This is due to the small sample size. The individual subject gait curves
for each inter-segrﬁent motion suggest that sub-groups may exist. It is
speculated that these groups depend on foot type'® and the amount of muscle
training the subject had due to the regular use of Nike Free shoes. It is
speculated that participants with flexible, mobile feet may have been influenced
more by changes in LTS than subjects with immobile feet. However, Figures 5.2
to 5.6 show that when wearing the control shoe and when barefoot, subjects |
appear to have similar average kinematics. Since the Nike Frees were developed
to mimic barefoot running, the shoe appears to function as infended,'however this
is an average and so we cannot infer what is happening within each subject. It is
unknown whether this is a trained effect, since the subject’s use of Nike Free

shoes or barefoot running is unknown.

Results from the current study did show that the majority of the mean differences
between the shoe conditions and the barefoot condition were greater than the
minimum important difference for the hindfoot and the 'halllux. It should be

mentioned that the minimum important difference for this study was acquired
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from a bone pin study where skin artifact error is not present®’. Since this multi-
segment foot model uses skin-mounted marker clusters, it is susceptible to skin
artifact error. . However, statistically significant difference have previously been
found in foot kinematics between shoed and barefoot conditions during runningg’
10.19 and durihg cutting'! using skin-mounted markers. For running, the effect
was present between the barefoot condition and the shoed conditions but not
between the different shoed conditions®.  Similar to Stacoff et al (1991), the
differences were more extensive in the hindfoot. In a study by the same group on
~cutting turns, there were statistical significance between the stiffest shoes and
barefoot, but not for less stii‘f shoes'!. It is possible that the shoes in the current

study were not stiff enough to obtain a statistically significant difference between

conditions.

In conclusion, clinicians and researchers.showd be aware of the large inter-
subject variability that is present whenever assessing feet, since it appears that
different patients may have different strategies during running for adapting to
footwear perturbations. This study demonstrates that there were no statistically
significant differences in foot kinematics between shoes with different longitudinal
torsion stiffnesses or forefoot flexion stiffnesses. However, there appears to be a
an important difference between the shoed conditions and barefoot condition.
Future research should attempt to distinguish between the two possible
explanations for the non-significant shoe results; either the foot is acting as a .
redundant system to maintain a preferred loading pattern, or there is an adaptive

muscle activation pattern that is influenced by the footwear conditions.
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Chapter 6 — Kinematics of the Segments of the Foot
during Level Running and Medial Cuttmg Turns using a
Multi-segment Foot Model |

Chapter 6 is a pilot study that examines the dlfference in foot joint kinematics

during running in a straight line and performing an anticipated medial cut at a 60
degree angle. Three subjects performed the two tasks in the same Nike Free
trainers that were validated and used in Chapter 5. No other studies were found
that examined the difference in kinematics of foot joints distal to the subtalar joint
during running and cutting. Methodological difficulties with this study, including
the destruction of the markers during the cutting turn, were one of the suspected
issues that discourage researchers from examining foot mechanics during
cutting. Subjects were only able to cut at 70% effort for this reason.

This chapter will be submitted for publication as an original paper in Gait &
Posture.

Shultz, R — developed experiment, analyzed all results and wrote the paper

Jenkyn, TR - senior author - helped design the protocol and helped analyze the results
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6 Abstract

Optical motion analysis was used to quantify the three-dimensional kinematics of
several foot segments during level running and medial cutting turns. A multi-
segment model tracked the foot as five individual segments: hindfoot (calcaneus),
midfoot (tarsus), medial forefoot (first metatarsal), lateral forefoot (fifth
metatarsal), and the hallux. Four inter-segment motions are reported: 1)
hindfoot-to-midfoot motion in the frontal plane, 2) forefoot twist with respect to the
_midfoot in the frontal plane, 3) medial longitudinal arch height-to-length ratio and
4) the hallux angle with respect to the medial forefoot in the sagittal plane. The
neutral position for each motion was defined by per-condition static trials in quiet
standing. Three male athletes performed two tasks: level running run (7 min/mile)
and an anticipated medial cutting turn. Each was performed barefoot and in Nike
Free training shoes.

Throughout stance phase, the hindfoot-to-midfoot motion, the forefoot-to-midfoot
motion, and the hallux-to-first metatarsal motion, were shown to be greater than
the minimum important difference (>5°) between the medial cutting task and the
running task for both the shoe condition and the barefoot condition. The hallux
motion demonstrated the largest change in the barefoot condition occurring at
approximately half of the stance phase while the hindfoot segment was the
largest for the shoe condition occurring at approximately three quarters of the
stance phase. The hindfoot was the most variable for the maximum mean |
difference (MMD). The forefoot motion was only slightly different compared to

the other inter-segmental joint motions, which is likely due to the minimal range of
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motion that was observed in the frontal plane for the forefoot duri.ng these tasks.
The medial longitudinal arch (MLA) height-to-length ratio tended to show
differences between the two tasks but again these appeared fo be minimal.

Future research which places the midfoot marker on the lateral side of the foot
may improve the procedure and should investigate the trends found in this study

with a larger subject size.
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6.1 Introduction
Studies of the kinematics of the joints that make up the foot-ankle complex during

level walking, to date, have primarily been limited to hindfoot motion with respect
to the tibia" 2. This is sufficient to characterize the movement of joints proximal to
the subtalar joint and hindfoot, but does not give information about the more
distal, and clinically important, foot joints during level walkking®* 4. With
improvements in optical tracking accuracy have come investigations of foot joint
kinematics more distal than the hindfoot, including the motion of the longitudinal

arches and the metatarsophalangal joints5“‘; Single plane fluoroscopy

technology has also lead to studies of foot joint motion during level walking'? 2.
However, the most accurate description of three-dimensional foot joint kinematics
comes from bone pin studies, which are not readily applicable in clinical practice

due to their invasiveness'*"”.

Despite these studies, there is still limited research on foot jdint kinematics during
other gait tasks, such as cutting turns and running. Studies examining the
kinetics and muscle activation behaviour of the ankle-foot complex have pointed
to the medial direction change as a common mechanism for lower exiremity

1824 |t is speculated that

injuries, including sprain of the ankle lateral ligaments
understanding foot joint motions during this movement could lead to greater

insight of the ankle joint kinematics and kinetics

Three studies have examined foot kinematics during cutting. These compared
barefoot versus shoed conditions and focused on the effects of specific shoe and

orthotic designs 28, However, these studies only considered the forefoot,
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hindfoot, ankle and lower extremity. Useful data were lost by treating the forefoot

as a single segment and by not ihcluding a separate midfoot segment®®.

Only one study has examined multiple foot joint motions of joints distal to the
subtalar joint during barefoot running®. To. overcome the methodological
difficulty of measuring accurate kinematics of all the foot jdints vduring running,
this group used invasive bone pins to directly track the bone motions about
several joints®. Howéver, the study reported their results in technical frames of
reference as opposed to anatomical frames, which severely limits their clinical
usefulness. Another Qroup examined the'metatarsophalangeal (MTP) joint
during running, specifically how MTP joi'nt extension correlated with running

economy®' and foot sole position®.

What is missing from the literature is a comprehensive study of the three-
dimensional kinematics of the foot joint during medial cutting turns and level
running. This should be studied in both barefoot and shoed conditions since it is
expected that the foot moves differently for each condition. The objective of this
study was to compare several foot joint motions during level running and
anticipated medial cutting turns. Foot joint kinematics were evaluated using a
multi-segment kinematic foot model and an optical motion capture system, a
modification of the method developed by Jenkyn and Nicol®® *. Four inter-
segmental motions were examined: hindfoot (calcaneus) with respect to the
midfoot (tarsus) in the frontal plane, twist of the forefoot with respect to the
midfoot in the frontal‘plane, angle of the hallux (both phalanges) with respect to

the medial forefoot (first metatarsal) in the sagittal plane, and the height-to-length



ratio of the medial longitudinal arch. Each measure was calculated throughout

stance phase of both movement tasks in both a barefoot condition and avshoed
condition. It was hypothesized that the four inter-segmvental joint motion patterns
during medial cutting turns would be spatially and temporally different from those
- during the running task due to the differing position of the tibia with respect to the

foot and pathway of the body centre of mass.

6.2 Methods
6.2.1 Subjects

Three male subjects (age = 27+ 7 years, weight = 69 + 5 kg) volunteered for this
study. None of 'the subjects had any gait abnormalities of neurological or
orthopaedic nature, or any history of surgery or severe tréuma to the lower leg or
foot. Each subject was a heelstriker who ran at least 15 km per week and was
considered a ‘trained cutter’ in the Nike Sport Research Laboratory (NSRL)
database. A ‘trained éutter’ implies that the subject demonstrated to a Nike
researcher that he couild consistently cut at the same effort while planting on the
forceplate. This study was part of a larger running study conducted at the NSRL
on Nike Free Trainers. Three of the running subjects from the larger study
returned to complete a cutting session on a different day. The same researcher
performed the testing on all three subjects for both the running and cutting

sessions.
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6.2.2 Experimental equipment

The study' was conducted at the Nike Spbrt- Research Laboratory (Nike Inc.,
Beaverton, OR). The laboratory was equipped with an eight-camera, real-time
optical motion capture system (EvaRT 5.04, Eagle HiRes cameras, Motion
Analysis 'Cdrp., Santa Rosa, CA) with an integrated floor-mounted forceplate
(Kistler, Amherst, NY). Kinematic data were sampled at 240 Hz and kinetic data

at 1200 Hz.

Three sets of size 9 Nike Free 7.0 trainers were pre-cut with five round ‘holes’
(hole size ~2.5 cm diameter). The difference betweén the shoe sets was the
navicular hole location, which changed by about 1.0 cm across shoe sets in the
anterior/posterior direction. The location of each subject’s navicular tuberosity
determined which shoe set was used. Holes were needed so that marker triad
clusters, attached to the skin of the foot, were visible to the optical motion capture
system while a subject was wearing the shoe (Figure 4.1). The maximum size of
the holes that could be cut into the shoe without sacrificing the shoe’s structural
integrity was validated in a separate pilot study on fhe same model of shoes as in
this study (sée chapter 2 for further details on this method). These are the same

shoes that were used in Chapter 5 for the running study.

The marker triad clusters were designed so that the reflective markers could be
detached from their base, which remained affixed to the skin of the foot
“throughout the protocol. This allowed changing of the shoe between test
conditions to occur without disrupting the marker locations or orientations. The

stem of the triad cluster consisted of a nylon screw with three carbon-fiber wands
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protruding from the screw head. Wooden balls (8mm diameter) attached to the
wands were wrapped in reflective tape (Figure 6.1). The base was a nylon nut
epoxied to a faux leather base and affixed to the foot via medical adhesive spray

(Hollister Medical Adhesive Spray, Hollister Incorporated, Libertyville, IL).

Segment Cluster Placement

Hindfoot Postero-lateral calcaneus,
lateral to achilles tendon

Dorso-medial foot over the

Midfoot navicular tuberosity
Medial Medial-dorsal foot over
Forefoot midshaft of first metatarsal
Lateral Lateral-dorsal foot over
Forefoot midshaft of fifth metatarsal

Dorsal foot over the distal
Hallux

phalange

Figure 6.1. Placement site descriptions (right) for the five marker clusters
seen on the subject (left). Each segment of the foot model had a triad
cluster. Only the right leg and foot kinematics were studied with the multi-
segment foot model.

6.2.3 Multi-segment foot model

The foot was functionally divided into five segments; hindfoot (calcaneous),
midfoot (tarsus), medial forefoot (first metatarsal), lateral forefoot (fifth metatarsal)
and the hallux (both phalanges). One cluster triad tracked each segment and
was placed on the foot according to Jenkyn and Nicol29. Each cluster triad

resolved the six degree-of-freedom position and orientation of the segment to
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which it was attached. From this four inter-segmental motions were calculated
throughout stance phase (Figure 6.2): A) the hindfoot with respect to the midfoot
in the frontal plane, B) combined twisting of the two forefoot segments with
respect to the midfoot in the frontal plane, C) the angle of the hallux in the sagittal
plane with respect to the medial forefoot and D) the height-to-length ratio of the

medial longitudinal arch (MLA).
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Internal rotation
(positive)

Figure 6.2. Four inter-segment motions are reported: A) hindfoot motion in
the frontal plane with respect to the midfoot segment (supination, positive),
B) forefoot supination-pronation in the frontal plane with respect to the
midfoot segment (supination, positive), C) the hallux angle in the sagittal
plane with respect to the first metatarsal (plantarflexion, positive), D) the
height-to-length ratio of the medial longitudinal arch (rising of the arch,
positive). The neutral or zero position for each motion was defined during
quiet, double support standing. (Reprinted with permission from Jenkyn et al.

2007).

6.2.4 Experimental Protocol

Two testing sessions were conducted on separate days, first the running session

and then the cutting turn session. Each testing session began with a series of
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barefoot trials in quiet standing with the subject at the center of‘the capture
volume (3.0 m x 1.5m x 1.0 m) with feet shoulder width apart. Each static trial
digitized one of 16 bony landmarks as outlined in Jenky\n and Nicol® USing an
instrumented wand. Each fobt segment had a minimum of three bony landmarks
digitalized to create anatomical co-ordinate frames of each segment [31], except
for the two forefoot segments which shared landmarks. The bony landmarks
were palpated by the same researcher for all subjects. A final quiet standing trial
was then collected to establish the zero points for the segment anatomical
frames.

After digitization, the dynamic trials (either running or cutting) were performed in
barefoot to ensure that a minimum of 7 good stance phases were collected per
activity with no disruption to any of the marker clusters. After the barefoot trials
were collected, the reflective markers were removed from their bases and the
shoes were carefully placed on the feet. Another static trial was then collected in
quiet standing to establish the shoed neutral positions (per-condition). The
digitization trials were only repeated if a marker cluster had been disrupted from
its original positioh during the placement of the shoe.

The» two movement faské tested were level running (at a 7 min/mile pace * 5%)
and medially-directed, anticipated cutting turns. "For the running trials, subjects
were requested to strike the forceplate with their right foot without concentrating
on contacting the plate (Figure 6.3A). For the medial cutting turns, subjects
approached the forceplate at an angle of approximately 60 degrees to thev

direction of running and left at the same angle (Figure 6.3B). The subjects were
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asked to cut at approximately 70% maximal effort. Preliminary data showed that
at 100% maximal effort the navicular marker was damaged or rubbed the floor
during the planting stage of the cut. Shear forces for each cutting trial were
calculated from the floor-mounted forceplate and compared to a maximum
barefoot cutting trial to ensure consistency across trials. Only right foot strikes

were studied for both movements.

Figure 6.3. Subject motion paths for the A) level walking and B) medially-
directed, anticipated cutting turns, showing the sequence of footfalls
approaching and leaving the forceplate.

6.2.5 Data Reduction and Analysis

The trajectories from each of the cluster markers were individually filtered using a
4th order Butterworth filter with a low pass cut-off frequency of 20 Hz (justification
for cutoff frequency can be found in chapter 1, section 1.8.3) that was dual
passed to obtain zero-lag. Calculations of the inter-segmental positions of the
multi-segment foot model were performed by custom-written software (Matlab,
The Mathworks, Natick, MA). The inter-segmental positions from each static trial

were averaged over 0.5 seconds to obtain the neutral positions. From the
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dynamic trials, the hindfoot motion, the combined forefoot twist, the height-to-
length ratio of MLA and the hallux angle were calculated throughout stance
& phase for five running and the five cutting trials each \for bérefoqt'and-shoe
conditions. The timing of trials was normalized to 100% stance phase (frbh héel
strike to toe-off). The trials for each condition were averaged and standard
deviations for each condition for each inter-segmental motion were calcdlated.
Maximum mean differences (MMD) and minimum mean differences (MNMD)
between the running and cutting curves were then calculated for each condition
for each subject. The timing of MMD and MNMD as percentages of stance
phase were also captured. Only descriptive statistics were used to examine
difference between conditions due to the small sample size and the high standard
deviation found in the foot kinematics' ®. A minimum important difference was

considered to be 5° or greater '’.

6.3 Results
Table 6.1 compares the cutting and running kinematic curves for each of the four

inter-segmental motions in both the barefoot and shoed conditions. The
measures listed are the maximum mean differences (MMD), the timing of the
MMD (TMMD), the minimum mean differences (MNMD) and the timing of MNMD
(TMNMD). For each of these measures the means and standard deviations (SD)

are reported.
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Table 6.1. The maximum mean differences (MMD) between the cutting trials
and the running trials, the timing of the MMD (TMMD), the minimum mean
differences (MNMD) between these same trials and the timing of MNMD
(TMNMD) are listed. The four inter-segmental motions (HF-Hindfoot, FF-
Forefoot, HX - Hallux, MLA - Medial Longitudinal Arch) are shown for both
the barefoot and shoed conditions. For each, the means and standard
deviations (SD) are reported. '

Barefoot
MMD TMMD MNMD TMNMD

Mean SD mean | SD mean | SD mean SD
HF 173 | 66 | 97.0 ‘4.0 24 4.1 387 | 27.0
(deg) . P Ao l“E‘ i " - B
FF 6.3 - 29 753 260 0.02 0.02 62.7 22.5
HX 19.0 4.3 51.0 455 { o0t | 01 | 413 16.9
(deg) R S IR RSN R N
MLA 0.04 0.03 64.3 32.6 | 0.0004 |0.0003 53.6 | 163
(ratio)

“Shoes | o
MMD TMMD MNMD TMNMD

mean SD mean SD mean SD mean SD
HF* 25.8 28.8 70.0 21.9 4.3 | 49 42.0 14.5
(deg) , |
FF 8.7 3.9 38.7 18.2 25 4.0 49.8 17.6
(deg)
HX 20.4 1.5 75.9 8.5 0.8 2.1 41.3 16.9
(deg)
MLA 0.09 0.13 39.4 5.7 0.04 0.11 64.0 14.0
(ratio)

*The data for subject 2 were removed from the hmdfoot shoe condition since the
triad cluster was offset during this trial

This comparison shows that the hallux segment has the largest maximum mean
- difference for the barefoot condition (MMD = 19.0° £ 4.3), whereas the hindfoot

segment has the largest MMD for the shoe condition (MMD = 25.8° + 28.8).
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These differences occur on average at 51.0% +45.5 of the stance phase for the
hallux segment for the barefoot condition and in late stance (TMMD = 70.0% +
21.9) for the hindfoot segment of for the shoed condition. However the barefoot
condition for the hallux segment is highly variable with a standard deviation of
45.51% stance phase. The hindfoot segment also shows large variance for the
maximum mean difference for both the barefoot and shoed conditions
(MMD=17.3° + 6.61,bare; MMD=25.8° + 28.8, shoed), although it is smaller
during the barefoot condition than during the shoe conditions. The maximum
mean differences and variability between the forefoot mption and the motion of
the arch were considered minimal compared to the other two joint motions. It
should be noted that this difference tends to occur during the first_ half of stance
phase during the shoed condition and during the second half of stance phase

during the barefoot condition for both running and cutting (see Table 6.1).

The minimum mean differences show that during a portion of the cutting task,
each of the inter-segmental motions tends to mimic their motidns observed
during running. However, the timing of the MNMD occurrence is inconsistent and

the magnitude is often limited (see Table 6.1).

Figures 6.4 and 6.5 show the mean curves (averaged over the three subjects) for
the four inter-segmental motions for the barefoot (Figure ’6.4) and the shoed
conditions (Figure 6.5). The hindfoot segment motions pattern during cutting is
similar to that during running around midstance only (30-50% of stance phase)
for both the shoed and barefoot conditions. The forefoot range of motion is small

compared the hindfoot motion and hallux motion, and tends to remain around its
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neutral position for both conditions and for both activities. The hallux motion
during the Cutting task appears to deviate from the running task with a similar
kinematic pattern buf out of phase by 20% of stance. The pattern of the hallux
motion during these activities appears to be similar betwee_n. taské (Figure 6.4C
and 6.5C). As seen in Figures 6.4D and 6.5D there is little difference between
the medial longitudinal arch motion between the barefoot condition and the shoe
condition. The minimum important difference for the medial longitudinal arch
height-to-length ratio is considered to be 0.03 (refer to Appendix A for this
calculation). However, qualitatively the patterns for the MLA kinématics during
the cutting task appear opposite to fhat during the running task for the barefoot

condition and out of phase by 40% of stance for the shoed conditions.
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Hindfoot motion In the Frontal Plane with respect to the Midfoot Forefoot motion In the Frontal Plane with respect to the Midfoot

MLA Height-to-Length Ratio in the Sagittal Plane
Hallux motion In the Sagittal Plane with respect to the First Metatarsal

D)
Figure 6.4 Barefoot kinematic curves of the averaged inter-segmental joint motions during barefoot running (dashed line) and cutting (solid line). Four
motions are shown: A) hindfoot motion with respect to the midfoot in the frontal plane, B) forefoot motion with respect to the midfoot in the frontal
plane, C) hallux motion in the sagittal plane with respectto the first metatarsal, and D) medial longitudinal arch height-to-length ratio. The horizontal
axis is normalized to 100% stance phase. The hindfoot is the most different between tasks, with the inter-segmental motions significantly different in
the first and last 40% of stance phase. For the forefoot, the cutting trials show more variability than the running trials. However, the range of motion for
both tasks is small and the forefoot kinematics are similar between tasks. The hallux motion is the least variable and yet shows the greatest difference
between the cutting and running tasks. The kinematic curves show similar patterns in both tasks, but they appear to be out of phase by about 20% of
the stance. The medial longitudinal Arch (MLA) motion during cutting appears to be out of phase by 40% compared to during running.
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Hindfoot motion in the Frontal Plane with respect to the Midfoot

MLA Height-to-Length Ratio In the Sagittal Plane

40 50 60 100
% Stance phase % Stance phase
C) D)
Figure 6.5 Shoed kinematic curves of the averaged inter-segmental joint motions during shoed running (dashed line) and cutting (solid line). Four
motions are shown: a) hindfoot motion with respect to the midfoot in the frontal plane, b) forefoot motion with respect to the midfoot in the frontal
plane, c) hallux motion in the sagittal plane with respect to the first metatarsal, and d) medial longitudinal arch height-to-length ratio. The horizontal axis
is normalized to 100% stance phase. The hindfoot shows the largest variability of all the inter-segmental joint motions, particularly for the running task.
Similar to the barefoot condition in Figure 4.4 the hindfoot during cutting is consistently different from that during running for the first and last 40% of
stance. During both the running task and the cutting task the forefoot remained close to its neutral position. Hallux motion was similar to the barefoot
condition as seen in Figure 4.4. The hallux motion is the least variable and yet shows the greatest difference between the cutting and running tasks,
\(/jvhi_ch have a similar pattern but appear to be out of phase by 20% of stance. Medial longitudinal arch motion during cutting appears to be opposite that
uring running.
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6.4 Discussion
The objective of this study was to compare foot joint kinematics of four inter-

segmental motions using a multi-segment foot model during Iével running and
anticipated medial cutting turns. These were studied in barefoot and in running
shoes using optical motion capture. This study compared the two movement
tasks, rather than between the barefoot and shoe conditions.

As expected, throughout stance phase, three of the four measured inter-
segmental motions, the hindfoot-to-midfoot motion, the forefoot-to-midfoot
motion, and the hallux-to-first metatarsal motion, showed a greater difference
than the minimum important distance (MID) (>5°) between the medial cutting task
and the running task for both the shoe condition and the baréfoot condition. The
hallux motion demonstrated the largest change in the barefoot condition
occurring at approximately half of the stance phase while'the hindfoot segment
was the largest for the shoe condition occurring at approximately three quarters
of the stance phase. The hindfoot was the most variable for the MMD. The
forefoot motion was only slightly different compared to the other inter-segmental
joint motions, which is likely due to the minimal range of motion that was
observed in the frontal plane for the forefoot during these tasks. The medial
longitudinal arch (MLA) height-to-length ratio tended to show differences
between the two tasks but again these appeared to be minimal. As noted by
Jenkyn®® the MLA tends to be related to the motion of the forefoot pronation-
supination twist in the frontal plane and it is speculated to also be influenced by

the motion of the calcaneus.
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The differences between the cutting and running tasks were likely driven by the
more medial positioning of the lower leg segment during a cutting turn relative to
the foot during stance phase, as well as the pathway of the body center of mass.
During level walking along a straight path, the tibia remains in the same vertical
‘plane throughout stance phase. The center of mass also remains on a generally
straight trajectory in the direction of motion. It appears that the adaptations of the
foot to the medial lean of the leg ahd the change in the trunk position occurs in
the hindfoot since there was minimal difference in the forefoot and MLérch
motion pattern between the running task and cutting task. This may also be due
to the instruction to cut at 70% maximum effort as it may have caused the
subjects to maintain more of rigid forefoot during their cutting trials. The motion
of the hallux in the sagittal plane was also limited by the floor which may explain
why the pattern of motion in the sagittal plane during cutting is similar to that
obtained during running.  However, the hallux motion tended to be out of phase
when compared between the cutting and running gait patterns, most likely a
consequ‘ence of the increased push-off required at toe-off during a cutting
movement. Ovérall, as hypothesized it appears that the four inter-segmental
motions calculated during running and cutting are either spatially or temporally
different. However, these differences may not be similar between the shoes and
barefoot running and cutting, as seen in Figure 6.4 and 6.5, specifically the
hindfoot and the medial longitudinal arch. Further research is need to compare
acrosé these conditions (shoes and barefoot) while subjects are running and

cutting while wearing shoes or in barefeet.
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A weakness of the current study is that unanticipated cutting turns were not
examined. It is suspected that unanticipated direction changes would alter the
joint motion during the cutting trials, as they have been shown to double the
moments at the knee during unanticipated side stepping®. A future study where
the timing and direction of the cutting turn were unknown to the subject prior to
each trial could test this hypothesis. Also, the subjects were asked to cut at only
70% maximum effort which is likely to decrease the range of motion of the foot
during the cutting trials. Placing a marker cluster on the cuboid instead of the
navicular would allow the subjects to cut at 100% maximum effort. However, this
would be an adaptation to the multi-segment foot model used in this study that
would need prior validation.

In this study, the high within-subject and between-subject variability seen could in
part be due to a small sample size, and the skin motion error that is inherent with
skin-mounted marker clusters and optical motion capture. Skin-mounted markers
are known to move relative to the underlying bone which introduces errors into
the measured kinematics, particularly in smaller distal segments such as those of
the foot'®. During running, the rapid deceleration of the foot at heel strike is
speculated to cause inertial motions in the marker clusters® that are independent
of the underlying bones. It has been noted in the Iiterature that as a subject’s
pace incre_ases from walking to running there appears to be an increase in the
standard deviations of kinematic measures®.

It is difficult to compare this study to previous foot kinematic studies due to the

methodological differences. Using this multi-segment kinematic foot model, the
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hindfoot and forefoot kinematics are calculated with respect to the midfoot.
Previous studies often calculate hindfoot motion with respect to the tibia, which
‘combines hindfoot motion with subtalar and ankle joint motions®. Several
studies havé also used technical coordinate frames of reference whereas in this
study anatomic frames were used'” *’. As Arndt et al*® mention, the lack of an
International Society of Bipmechanics (ISB) recommended joint coordinate
system for the foot-ankle complex continues to make comparisons across/

studies difficult.

No other data were found examining the kinematics of joints distal to the subtalar
joint during barefoot medial cutting movements. A few studies examined shoe
kinematics or lower limb kinematics using two-dimensional fiim analysis, but
these results can not be compared to the present study 2> 2. However, the gait
curves of the stance phase for the hindfoot motion from this study and a study by
Reinschmidt et al*’ show a similar gait pattern. |

Although this study gives insight into how the foot joints react to a direction
change compared to level running, further research is necessary to further
characterize these results. Future studies focusing on joint motion during a
directional change, such as a cutting turn, or during running, should examine a
variety of running shoes worn and tested oh a larger number of subjects. This
study does provide evidence that the foot moves differently during running and
cutting turns, which may influence not only the joints in the foot but also the other

joints more proximal. This may be important when analyzing lower limb
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biomechanical parameters and their influences on lower joint pathologies,

including commonly occurring sports injuries.
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7 Chapter 7: Conclusion

The overall objective of this thesis was to develop a method to measure four
inter-segmental joint motions of the foot using a multi-segment foot modél during
running in a variety of shoe modifications and different dynamic movements,
such as running and cutting. Favourable results were found in most of the
studies, with the exception of the rotation component of the soft tissue artifact.
The results of the three methodological studies influenced the protocol for the
two clinical studies, including the size of the window cut into the testing shoes,
which type of neutral trial was used, and the error associated with using skin
surface markers. Conclusions from the clinical tests demonstrate that the foot
appears to have a method for adapting to foot perturbation or that the sensitivity
of the system was not high enough to capture the true motion of the individual
foot bones during running in different running shoe conditions. This was not the
case for a change in direction, a cutting turn compared to level running, where
the joint curve patterns of motion for the measured inter-segment joints for the
cutting turn deviated from the running curves.

Past research has shown that soft tissue error decreases when the passive
reflective markers are affixed directly to the foot via windows in the shoe as
opposed to placing the markers on the shoe. In chapter 2, a method was
developed to ensure that the structural integrity of the shoe and the joint motion
patterns of the foot are maintained when these windows are cut into the shoe.
The method analyzed the motion of the foot and the deformation of the shoe
simultaneously, and determined the maximum window size that could be cut into
a shoe to achieve the previously mentioned objectives. A winddw size of 25 m
provided adequate space for the markers to avoid rubbing against the shoe. It
Was observed that the foot motion deviated from the previous joint patterns for
hole sizes above this size for the hindfoot, hallux and the medial longitudinal
arch. As expected, the motion control shoe was the most affected by the holes,
followed by the stability shoe and the neutral cushioning shoe. This window size
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validation procedure should be conducted before the commencement of any
research study that uses a multi-segment foot model to test the function of
running shoes. | )

The method developed in chapter 2 was used to validate the hole sizes for the
Nike Free trainers that were tested in chapters 5 and 6. Results of this testing
revealed that a 2.5 cm hole size was appropriate for the Nike Free Trainers 7.0,
which is similar to the hindfoot holes reported in Stacoff et al." (1.7 x 2.4 cm).
Future research should continue to test different brands and types of running
shoes, since the studies conducted in this dissertation, along with the Stacoff
study, tested three different shoe brands and four different shoe types (metion
control, stability, neutral cushioning and Nike Free trainers) and found similar,
validated hole sizes.

It is suspected that different brands and types of running shoes will also affect
the neutral position of each of the inter-segmental joints, ultimately affecting their
absolute motion during a dynamic task. As discussed in chapter 3, this is an
important concept for researchers examining running-related injury mechanisms,
specifically those researchers who are investigating the underlying mechanisms
for the clinical effectiveness of orthotics and specifically designed running shoes
for specific foot types. These devices are designed to alleviate pain and restore
function. Static trials of ten participants were collected while the subjects stood
in quiet-standing in three different shoe conditions and barefoot. The results
showed that there were statistical differences between the shoe conditions and
the differences were greater than the MID for the four inter-segmental joint
motions. These differences in the neutral positions would not be observed in a
dynamic test if a pre-condition static trial method is used, and consequently
valuable data will be lost. The method of static trials is an important
consideration when designing the methodology of a research study that
examines the differences in kinematics across different shoe conditions. As
shown in chapter three, there are strengths and weaknesses to both of these
methods. The single neutral position produces less variability in the joint
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positions and is able to investigate the end-of-range, but the researcher is unable
to separate the neutral position from the ROM, meaning that no data on the
neutral position is obtained, nor is information on the symmetry of the joint. The
per-condition trial, on the other hand, produces information on the joint symmetry
information by separating the neutral trial from the range of motion, which means
that the researcher also obtains information on the neutral position. The
disadvantage with this method is that there is more variability in the joint
positions and no end-of-range information is available.

Thfoughout this dissertation, different hypotheses on how the foot adapts to a
footwear perturbation have been discussed. These proposed hypotheses,
include pre-determined muscle activation patterns, pre-determined kinematic foot
patterns and also the idea that the foot is a redundant system. There is also the
idea that there is an end-of-range or an active boundary for each structure of the
body that when surpassed can increase an athlete’s risk of injury. Knowing the
absolute range of motion of the joint for each condition is important for
investigating this hypothesis. The evaluation of all of these hypotheses is
important and depends on the careful selection of per-condition neutral positions
or a single neutral position for the study’s methodology.

Another methodological consideration is the amount of soft tissue artifact the skin
surface markers are susceptible to in the given marker locations on the foot.
This is one of the most discussed errors of gait analysis. Chapter 5 attempted to
calculate the rotational and translational components of the STA for the hindfoot
and midfoot cluster markers used in this dissertation. These markers are located
on the lateral calcaneus (hindfoot) and the navicular tuberosity (midfoot). The
average translational differences were from 5.9047.29 mm (HS-QS) to
12.15+0.25 mm (TO-QS) for the calcaneus and -7.57+7.58 mm (HS-QS) to -
16.42+16.68 mm (TO-QS) for the navicular. The average rotational differences
were 0.13+ 2.23° (HS-QS) to 0.24+ 0.48° (MS-QS) and -0.62 + 0.88° (HS-QS) to -
0.73 £ 0.70° (TO-QS), for the calcaneus and navicular, respectively. The hindfoot
marker cluster better represented the motion of the calcaneus than the midfoot
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marker cluster represented the motion of the navicular. However, both markers
moved more relative to the underlying bone during the toe-off position than the
heel strike or midstance position. This amount of STAis perhaps to be expected
since it is higher than the STA found when point markers are used on the foot but
less than the STA observed when skin markers are attached to the lower leg or
thigh. It is suspected that the rotational component might not have been
accurately measured since it was consistently lower than one degree which
seems very low compared to other observed values in research. Further
research using Roentgen stereophotogrammetry analysis (RSA) and 3D imaging
technologies, including dual fluoroscopy, is suspected to better calculate this
error.  Also, the STA associated with the other three segments of the multi-
ségment foot model, the medial forefoot, the lateral forefoot and the hallux, need
to be quantified. The use of skin markers is one of the limitations of the other
studies in this dissertation due to STA.

The other main limitétion for the running shoe studies was the small sample size.
As noted in the study chapters, this is a common issue in foot research that use
multi-segment foot models. The post-analysis for these studies is very
cumbersome which generally restricts studies to examining low numbers of
subjects. The use of ¥raditional statistics is also difficult with this population, not
only because of the small sample size, but also because of the high variability
within subjects and between subjects. As noted in the study chapters, this is
partly due to the STA, which is influenced by the vibration and inertial motion of
the marker clusters which has been shown to increase with increased speeds
such as during running.

The results and limitations of the previous three methodological studies were
considered during the design of the two clinical studies. The first of these two
studies examined the effect of longitudinal torsion stiffness (LTS) and forefoot
flexion on foot kinematics and only found a statistical difference for the hindfoot

motion between the Nike Free control shoe condition and the Nike Free with the
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forefoot plate, which happens to be the two shoe conditions that are similar in
LTS and FFlex. However, majority of the shoe conditions compared to the
barefoot condition during ruﬁning for the hindfoot and the ha“llux angles were
greater than the MID. Although not significant, the shoe with the forefoot plate
did tend to restrict the motion of the forefoot which increased the motion of the
hindfoot and medial longitudinal arch since they remained free to move, whereas
the shoe with the full length plate tended to minimize the ROM in most inter-
segmental joints compared to the barefoot condition. On average, the foot
motion when the subject was wearing the Nike Free téhdad to mimic barefoot
running pattern quite well compared with the other two shoe conditions, with the
exception of the hallux motion. It appears that the three shoe conditions were
unable to dramatically perturb the foot's range of motion pattern differently. This

is seen in the joint motion curves found in chapter 5.

The second clinical study investigated the motion of the fbot during cutting and
during running and concluded that a directional chaﬁge influenced the motion of
the foot since the joint angles were greater than thé MID. Examining the inter-
segmental joint curves from the two clinical studies, it ié obvious that a directional
change dramatically alters the movement of the foot compared to a change in the
LTS or FFlex of the shoe, mostly in the hindfoot and the midfoot. This infers that
during a straight path, the foot may have a pre-determined range of motion
(ROM) and joint pattern that is unable to be perturbed by a change in LTS, but is
perturbed by a change in direction. Considering the results from chapter 3 as

well, which examined the change in the neutral position, it appears that the shoes
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may modify the absolute joint angular motion of the foot but do not'disrupt the
joint pattern. This may be an important result for injury mechanisms and the idea
of end-of-range. This is best explained with an example. A \subject’s end-of-
range for a certain soft tissue is considered to be located at 25 degrees of
-eversion in the hindfoot. This_ same subject runs in a pair of shoes and has a
hindfoot eversion of 5 degrees to 20 degrees (ROM = 15 degrees) throughout
stance phase. If this same subject runs in a different pair of running shoes which
positions the subject’_s hindfoot in an absolute range of 15 degrees to 30 degrees
6f eversion throughout stance phase, the ROM is still equal to 15 degrees, but
now the subject has surpassed the end-of-range for the joint. If the subject
continues to run in this second pair of shoes, it is speculated that over time the
increased stress on soft tissue constraints of the joint will cause weakening and
eventually an over-use injury may occur. This concept needs to be investigated
further, including the development of a method for dynamically testing end-of-
range and the examination of how per-condition static trials versus single static

trials affect the dynamic trials of different shoe conditions.

Future research should also examine the joints proximal to the foot when the
longitudinal torsion stiffness of the footwear is altered or during a directional
change. The joints proximal to the subtalar joint are influenced by the motion of
the foot joints via the kinetic chain during a closed chain exercise. The model
used in this dissertation is compatible with the Helen Hayes marker set that is
commonly used in most gait laboratories, consequently all foot joints and lower

extremity joints can be examined simultaneously. Pressure and kinetic data
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should also be captured to examine whether LTS, FFlex or a direction change
affect these measures. It is suspected that since the carbon plates change the
hardness of the shoe, there will be a pressure change that may or may not be

due to a change in LTS.

Overall, these studies demonstrate that it is possible to test the motion of a foot
within a shoe during a variety of activities, including running, walking and cutting,
and during a variety of shoe conditions when using a multi-segment foot model
and optical motion capture. The objective of this dissertation was not to develop
a foot model but to develop and test a clinical method to investigate various shoe
conditidns. The following section demonstrates one possible usage of this
method to assist researchers in their quest to discover the mechanism behind

how the foot adapts to perturbation.

7.1 Addition to current research — The theory of Excessive
Pronation |

The theory that excessive pronation of the foot produces running related .injuries
‘was developed from retrospective studies examining biomechanical
abnormalities of injured groups compared to control groups *°. When more
pronated feet were observed in an injured group compared to a control group, it
was concluded that having pronated feet was a risk of injury for a runner > -8,
Studies concluded that 58—68% of these injuries were obtained by subjects who

had moderate to severe pronated feet > 2. Injuries due to excessive pronation of

the foot during the stance phase of running were shown to occur in the foot as
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well as other segments and joints proximal to the foot including the hip, knee,

and Achilles tendon ’.

Certain injuries were thought to occur in athletes with a certain foot type. The
following chart, created by MacKenzie é, shows the different injuries related to
each foot type. Injuries of athletes with pes cavus feet were suspected to be
caused by a léck of shock attenuation ability ® A pes cavus foot was suspected
to be unable to achieve the necessary pronation position in the early stages of
the gait cycle to adapt to the terrain and be flexible enough to_adeqluately»shock
absorb. Pes planus feet tended to lead to injuries due to -abnormal rotation of the
foot, ankle, tibia and continue up the kinetic chain . This foot type is suspected
to be unable to form the necessary rigid lever needed for propulsion in the later

stages of stance phase.
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Table 7.1. Table of injuries related to foot type ©

Pes Cavus Pes Planus

(high-érch, over supinatgd) (low-arch, over pronated, flat foot)
lliotibial band friction | Tibial stress syndrome
syndrome

Planter fasciitis Paltellpfemoral péin syndrome
Stress fractures Posterior tibialis tendonitis
Achilles tendonitis AchiIIes.tendonitis

Gastroc/soleus muscle strain | Plantar fasciitis

Trochanteric bursitis

Peroneal tendonitis

Metatarsalgia

Running shoe companies tend to design running shoes for these specific foot
types, promoting either motion control features to prevent excessive pronation or
extra cushioning to assist supinators °. However, in recent bone pin studies, and
even skin-mounted marker studies, it appears that despite an intervention
(orthotic/shoe), the foot joint motion remains consistent if the path of motion is

straight, such as it is in running. This is shown in the running study and the
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cutting study in this dissertation. The range of motion and joint pattern of the foot
joints remained unchanged despite the shoe condition changing during level
running. However, when the path of motion is changed, as in the cutting versus
running study, the joint angles did deviate from the optimized joint pattern

observed during the running trials.

These results have challenged the thinking of foot biomechanists. In the last
decade, new research has been able to specifically contradict the previously
published foot kinematic research. The results of several resent studies have
begun to challenge accepted theory that excessiVe pronation and high impact

peaks lead to injury'®.

A few new paradigms were included as possible rationale for the study
observations throughout the proceeding chapters. The issue is whether the foot
kinematics are unaltered by a footwear perturbation, but why does the subject’s
pain decrease with the use of an orthotic or a change in running shoes that have
been prescribed to change the foot kinematics. One possible theory is that the
foot has a pre-determined movement pattern that is controlled by muscle
activation. Therefore, orthofics and motion control shoes rescue the muscles
and soft tissues by supporting the bones in the foot. The joint's ROM remains
constant but the strain on the soft tissue is decreased, as is the pain. The fact
that kinetics and electromyography (muscle activity) were not captured during the
studies in this dissertation is a limifation since they might have answered some of

these questions.
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The second possibility that was discussed was that the foot is a structurally
redundant system. With technology advances, researchers should be able to
decrease the number of bones pér segment in multi-segment foot models until
the articulations of each bone can be individually measured reliably. Then the
trué motion of the foot when disrupted by a footwear perturbation could be

known.

The last possibility was discussed in chapter 3. One of the major problems with
conducting research on the foot is that inter-subject variability is very high, as
seen throughout this dissertation. This means that small sample sizes that are
often used in this type of research are not often generalizable. However,
perhaps this subject variability is the exact underlying theory that needs to be
analyzed in order to discover the mechanism behind foot injuries and orthotic or

shoe prescription.

One potential possibility is that everyone is different. Each person has a different
neutral zone where they remain pain free. If the subject remains within the
neutral zone by not surpassing their active boundary (or end-of-range), they will
avoid injury, as discussed in chapter 3 and above. If for whatever reason, such
as too much training, weak muscles, or harder running surface, the subject is
unable to maintain joint motion within the desired neutral zone, they may
experience pain. If an orthotic or shoe can correct the malalignment, then they
remain injury-free. The ROM may remain the same but rather than moving
thought an absolute angle outside the subject’'s neutral zone, the subject now

moves within the joint end-of-range.
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The subject variability becomes important \rvhen discussing the limits of an
individual’'s end-of-range. An example would be two runners that have the same
injury and receive the same orthotic but one becomes injury-free ‘while the other
does not. It is speculated that the injury-free athlete had a larger neutral zone

range before crossing their end-of-range than did the other athlete.

“In conclusion, researchers need to be conscious of soft tissue artifact errors
when plannir\g their methodologies. Other methodological considerations include
hole sizes for the windows cut into the shoe and the single versus per-condition
static trials for establishing neutral positions. The studies performed in this
dissertation should assist researchers with these questions. Using chapter 2, the
validation study, a valid window size was determined. The chart accompanying
chapter 3 should assist researchers in their decision on single versus pre-

condition neutral trials depending on their research objective.

Foot research is in its infancy. The foot is a difficult body segment to study
methodologically, compared to the knee for example. The foot, comprised of 26
bones, has only small joint excursions which makes tracking motion difficult.
However, the foot is a very important segment since it is the segment that
contacts the ground. Therefore much of what happens in the foot influences the
joints that are more proximal in a closed kinetic chain. Hopefully with
technological advances and novel foot models, such es the one used in this
dissertation, analysis of the foot will become easier and more reliable so rhat
some of the hypothesis addressed in this dissertation can become standard foot

theories.
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