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Figure 11:  Calcaneocuboid joint (lateral view)
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The main action of the Achilles tendon is plantar flexion of the ankle joint. Due
to spiral arrangement of the fibers, the fibers from gastrocnemius are attached more
laterally than the soleus. This provides a moment at the point of insertion causing plantar
flexion to be coupled with internal rotation/inversion of the foot on the tibia. The
Achilles tendon can carry immense amount of load. It has been estimated that the load in
the Achilles tendon may be 2.1 times the body weight.[24]

ARCHES OF THE FOOT AND WEIGHT DISTRIBUTION

The foot has been described to contain three arches, namely the medial
longitudinal arch, lateral longitudinal arch, and the transverse arch.

Medial Longitudinal Arch

The medial longitudinal arch (Figure 12) is made up of calcaneus, talus,
navicular, three cuneiforms and their three metatarsals. The pillars are posterior aspect of
the calcaneus and the three metatarsal heads. The talus bone appears to be the key stone
of this arch, though the contribution of the bones to the stability of the arch is disputed.
The stability of the arch is explained using the theory of windlass effect[25] and the
ligaments and muscles are postulated to be the major contributors to the stability of the
arch.

Lateral Longitudinal Arch

The calcaneus, cuboid and the fourth and fifth metatarsal make up this arch which
again depends on the ligaments for the stability. The lateral longitudinal arch is shown in
Figure 13.

Transverse Arch

The bases of the five metatarsals, the cuboid and cuneiform bones make up this
arch. The intermediate and lateral cuneiform are wedge shaped and thus help to maintain
this arch. The ligaments and muscle tendons are also major contributors to the stability
for this arch. The transverse arch is shown in Figure 14.

Importance of Arches of the Foot
The foot may experience forces much higher than the body weight. For example,
during running, the peak vertical forces approach 275% body weight.[25] In the absence

of the arches this force would compress and compromise the blood supply and nerves.
The arches distribute the body weight and prevent compression of neurovascular bundle.
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Arches allow shock absorption and proper weight distribution. The body-weight
borne by the foot is not distributed evenly across the entire sole (Figure 15). Instead,
weight is mainly borne by the heel bone and the head of the 1* metatarsal bone along
with some diffuse weight bearing by the lateral edge of the foot. In standing position
approximately 60% of the body weight is borne by the heel while about 28% is borne by
the forefoot. The rest is borne by the lateral edge of the foot and lateral metatarsals.[25]

GAIT

Human gait has been the subject of various studies. Gait is the result of complex
interaction between bones, muscles and ligaments which allows a wide range of
movement patterns. Though a detailed description of human gait is beyond the scope of
this document, the main aspects which may have a bearing on this study are described
below. Unless stated otherwise, the events described are those occurring during normal
walking gait.

Gait of each foot can be described to consist of two phases which repeat cyclically
and hence the term gait cycle. The two phases are stance phase during which, at least
some part of the foot is in contact with the ground and swing phase during which, no part
of that foot is in contact with the ground. In normal walking, at any given instant, at least
some part of at least one foot is in contact with the ground.

For the purpose of this study, the stance phase of gait was of interest. The stance
phase can be subdivided into heel strike, foot flat, heel rise, push-off, and toe-off, which
describe the sequence of events from the point of initial contact of the foot with the
ground at the end of previous swing phase till the beginning of the next swing phase. The
parts of stance phase of gait and plantar pressure patterns are depicted in Figure 16.

During heel strike, the contact point of the foot is at the heel and the body weight
starts getting transferred from the other foot to the foot under observation. The point of
contact rapidly moves forward as the anterior part of the sole comes in contact with the
ground and the body weight is shared between the heel and the forefoot. This is called
foot flat phase. During the next phase, the body weight is transferred to the anterior part
of the sole thus preparing the foot for heel rise phase during which the heel is not in
contact with the ground and the entire body weight is on the forefoot and lateral surface
of the sole. This is followed by push-off, during which the body is propelled forward by
pushing on the ground with the contact area reduced to the forefoot. The last part of the
stance phase is toe-off, during which the major part of the body weight is borne by the
contra-lateral foot while a small portion of the body weight is entirely borne by the head
of the first metatarsal and the ball of the big toe. The foot then continues into swing
phase during which no part of the foot is in contact with the ground and this is followed
by heel strike and the entire cycle repeats.

During the initial 15% of stance phase the entire lower extremity including the
pelvis, femur and tibia rotate internally with respect to the foot. From heel strike to foot
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Mean regional weight distribution expressed as a percent-
age of total load carried by the foot in barefoot standing.
Over 60% of the weight is distributed in the rearfoot, 8%

in the midfoot, and 28% in the forefoot. The toes have lit-
tle involvement in the weight-bearing process.

Figure 15:

Weight distribution in the foot

Note: Reprinted with permission. Nordin M, Frankel VH. Basic biomechanics of the
musculoskeletal system. Philadelphia: Lippincott Williams & Wilkins; 2001, page

239.[25]
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stance phase of gait cycle
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Orientation of the foot and plantar pressure pattern during parts of




flat phase, the subtalar joint everts, the foot pronates and becomes more flexible to absorb
shock and adapt to irregularities of the ground. During the mid-stance phase to push-off
phase the entire situation reverses. The entire lower extremity rotates externally with
respect to the foot while the subtalar joint inverts transforming the foot into a rigid

structure capable of propulsion.
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CHAPTER 3: PATHOLOGY AND TREATMENT

HIND FOOT PATHOLOGY

The hind foot pathology as related to this project is described in this section. The
talonavicular, subtalar and calcaneocuboid joints are considered to be the hind foot joints.
Degenerative changes in these joint may be primary or secondary. Primary degeneration
due to osteoarthritis is rare in the subtalar joint but may occur in the transverse tarsal
joints, i.e., the talonavicular and the calcaneocuboid joints. The talonavicular joint is the
most common site of idiopathic hind foot arthrosis, inflammatory and rheumatoid
arthritis.[2, 7] All three joints may also develop secondary arthritis following trauma or
may be involved in rheumatoid or other generalized arthritic conditions.

The patient usually complains of pain, tenderness or soreness in the ankle joint
during walking. However on physical examination, the ankle joint is often found to be
normal and painless. There may be limitation of inversion-eversion and/or tenderness
over the talonavicular joint. There may be peroneal spasm on inversion.[7] In advanced
arthritis, significant deformity of the talonavicular joint may be observed. In this the
head of the talus tends to drop in a plantar and medial direction. The calcaneus develops
a valgus deformity secondary to this and the forefoot is abducted together constituting an
acquired flatfoot deformity. Radiographic examination may reveal a normal ankle joint
in addition to irregularity and narrowing of the talonavicular joint space.[7] The
symptoms and findings in cases of osteoarthritis of the talonavicular joint are similar to
rheumatoid arthritis. However there is frequently a history of injury since osteoarthritis is
usually secondary to trauma. There may be tenderness on the talonavicular joint and
radiographs may show loss of joint space, presence of subchondral sclerosis,
hypertrophic bone formations and bone cysts. Since osteoarthritis is mostly
asymptomatic, diagnosis must be based on correlation between findings of physical
examination and radiographs. Isolated radiographic evidence of osteoarthritis must not
be considered as the primary pathology. Differential diagnoses include sprains, enthesitis
or tendonitis of the tibialis posterior, fractures, gout, and referred pain.[26]

TREATMENT

Treatment includes conservative and surgical treatment. Conservative treatment
includes pain medications, physiotherapy, shoe modifications and heat therapy to control
the symptoms. A polypropylene ankle foot orthosis with the trim line of the brace
modified to permit 50% ankle motion may also be used.[27]

Failure of conservative treatment warrants the use of surgical treatment. Surgical
treatment includes fusion of the talonavicular, subtalar and calcaneocuboid joints, often
referred to as triple fusion. The three joints fused during this procedure are seen in
Figure 17. The procedure is technically demanding. During triple fusion the subtalar
joint is fused in 5 degrees valgus and the talonavicular and calcaneocuboid joints are
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fused in neutral orientation avoiding excessive pronation or supination. Optimal
positioning of the subtalar and transverse tarsal joints is necessary to create plantigrade
foot to avoid abnormal weight bearing. After fusion the patient can carry on daily
activities. However the extra stress on the ankle joint may create a problem. The
pronation-supination (inversion-eversion) motion is lost and only ankle joint motion in
the form of flexion-extension remains after successful triple fusion.[28]

In order to avoid the various problems associated with triple fusion such as
arthritis of the adjacent joints (such as ankle and mid-foot joints), osteoporosis, limitation
of ankle dorsiflexion,[12-15, 28] double fusion (fusion of two out of three joints) or
isolated talonavicular fusion is used. The union rates of isolated talonavicular joint
fusion procedures have been traditionally described to be lower than triple fusion and
ranging from 63 to 97%.[4-11] Talonavicular joint fusion is simpler since the subtalar
joint need not be fused.[28]

Indications of talonavicular joint fusion include osteoarthritis, inflammatory
arthritis, post-traumatic arthritis, posterior tibial tendon insufficiency (PTTI), acquired
flatfoot deformity, rheumatoid arthritis, collapse secondary to rheumatoid involvement of
spring ligament and neuromuscular instability.[28, 29]

The standard method of fixation used clinically involves insertion of two screws
in a retrograde manner.[18, 28] A newer approach is to use a locked compression plate in
conjunction with a single lag screw. The locked plate creates a rigid fixed angle
construct that does not require compression of the plate to bone for stability, which is
imperative for traditional non-locking plate and screw constructs. Locked plates are also
referred to as internal external fixators because they are more biomechanically similar to
external fixation devices. Advantages of fixed angle constructs include increased
resistance to torsional forces, improved fixation in patients with poor bone quality, and
the ability to provide two-column support. The screws in locked plates act in parallel so
there is no toggle effect or loosening with repetitive loads.[20-23] The details of the
surgical procedure used in this study have been described later in this thesis.
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CHAPTER 4: MATERIALS AND METHODS

This study was done by adapting the multi-axis programmable test frame to test
biomechanics of the foot. A turn table, XY table, a device for loading the Achilles
tendon and various other fixtures were used. The entire assembly is seen in Figures 18
and 19.

INSTRUMENTS AND FIXTURES

Multiaxis Programmable Test Frame (Spine Robot)

The multi-axis programmable testing apparatus popularly known as spine robot,
(Figure 20) was developed by Brian Kelly, Ph.D. and Denis DiAngelo, Ph.D. at the
University of Tennessee Health Science Center, Memphis, TN. The robot provides
multi-axis displacement control, force control, or hybrid control. It has four degrees of
freedom (2 translational axes and 2 rotational axes). It has been successfully used in
multiple protocols to test various spine instrumentations used for spinal fusion and spinal
disc replacement. As a part of this study, the robot was adapted by creating and using
various fixtures and specific program to test foot biomechanics.

A feature of this robot is the ability to program tool-tip transformations about a
user defined virtual point in space resulting in multi-axial movement around this point.
This allowed precise control of motion and loading while monitoring the loads at a user
defined point near the ankle joint.

XY Table and Turn Table

An XY table was designed and created using two low friction slides with
appropriate mating plates. This table allowed motion of the foot specimen in the XY
plane thus reducing the constraints on the model. On application of any load to the foot,
the foot was free to move in the XY plane and assume any orientation. This allowed the
rotation of the foot to occur about its natural center of rotation instead of a user defined
point. The XY table was mounted on a turn table which was capable of providing
rotation with a torque of up to 20 Nm. The design of the XY table is explained in
Appendix A.

Achilles Tendon Loading System
The Achilles tendon was loaded during this study using a predefined dead weight.

A device was designed and created which allowed loading of the Achilles tendon in near
physiological orientation. The design of this device is explained in Appendix A.
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Figure 19:  Test set-up (front view)
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