Chapter 2:
Background

This chapter will introduce and discuss various aspects of normal,
pathological, and prosthetic foot/ankle systems that have been presented in the
literature. The chapter also provides an overview of trans-tibial prosthesis

alignment and hypotheses that attempt to explain the goal of this process.

2.1 Normal Physiologic Foot/Ankle System

Much effort has been put into studying the inner workings of the
complicated structure that is the foot/ankle complex. Steindler (1955) wrote about
the four main joints of the foot and described their functions for normal feet. These

included the tibio-talar joint (commonly referred to as the ankle joint), the subtalar



joint, the midtarsal joint, and the metatarso-phalangeal joints. Steindler also
explained an equilibrium that must exist in the foot’s complex structure for it to
function properly. The agonist-antagonist muscles associated with the foot must act
together with connective tissues to help maintain a stable structure. The long
muscles of the foot cross many articulations including the tibio-talar and subtalar
joints. Additionally, none of the long muscles of the foot attach to the talus, which

is considered by some to be the keystone of the foot’ s structure (Steindler, 1955).

The evolution of the foot/ankle complex has been discussed in the literature
(Morton, 1935; Susman, 1983). Some unique characteristics of the human foot are
the complete loss of opposability of the hallux (big toe) and the derotation of the
metatarsals from positions commensurate to grasping (rotated towards each other) to
positions more suitable for standing and walking (directed straight
anteroposteriorly) (Steindler, 1955). In general, the human foot seemsto have
evolved into amore physically constrained system than the ape’ s foot, making
fewer movements possible. While this may seem a disadvantage in some
circumstances, it may alow the human to walk bipedally with less muscular effort
than the ape because the constraining factors, ligaments and interlocking joints, may

be functioning to uphold the structure of the foot. The human foot has a strong



plantar aponeurosis that connects the calcaneus to the forefoot and upholds an
“arch” whereas the ape foot does not. Mechanical loading of amputated feet has
shown that the arch of the foot can act as a spring and store significant amounts of
energy (Ker et a., 1987; Alexander, 1992). The energy storing capabilities of the
arch as well as other muscul otendinous and ligamentous tissues are believed to be

useful for activities such as running and walking.

The normal physiologic foot and ankle have commonly been studied as
independent units. Thetibio-talar joint has most commonly been represented by a
single pin joint while the foot has been represented by severa models. One of the
most commonly used models of the foot is the rigid triangular model introduced by
Bresler and Frankel in 1950 (see Figure 2.1). Thismodel is frequently used in gait
analysis becauseit is ssimple and easily defined using markers placed at the ankle,
toe, and heel. Commonly therigid triangular model of the foot is used with inverse
dynamicsto find net reaction forces at the joints (i.e. Ry, and Ry, in Figure 2.1) as

well asjoint moments (i.e. M in Figure 2.1) and powers at the ankle, knee and hip.
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Figure 2.1 — Rigid Triangular Model of the Foot (adapted from Winter, 1990).

Whiletherigid triangular model of the foot is useful and simple, the
physiologic foot is actually a compliant structure with passive and active elements.
For these reasons, some investigators have made models of the foot that are much
more complex and which have spring and damper elements. Scott and Winter
(1993) proposed afoot model with eight segments and eight monocentric, single-
degree-of-freedom hinge joints (see Figure 2.2). Their model also has seven
nonlinear spring and damper contact points with the ground simulating the soft
tissue response at seven locations under the foot. This model may be useful in some
applications but is likely too complex to provide simple understanding of the

function of the foot and ankle.
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Figure 2.2 - Complex biomechanical model of the foot (taken from Scott and Winter, 1993).

Some models of the foot contain bones that bend (Salathe et al., 1986).
Other investigators have performed two-dimensional finite element analyses of
single bone models of the arch of the foot (Patil et al., 1993; see Figure 2.3). Many
models concentrate on the plantar fascia and the energy storing capabilities of the
arch of thefoot. Simkin and Leichter (1990) used avery simple model of the arch
of the foot to examine how the amount of inclination of the cal caneus affects the
energy storage capacity of the arch. Their model consisted of two beams connected

by a spring that was first modeled as a linear spring and then a nonlinear spring (see
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Figure 2.4 — Smple model which examines the role of calcaneal inclination on the energy storing

capacity of the arch of the foot (Smkin and Leichter, 1990).
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Figure 2.5 — More complicated model of the plantar fascia (Kim and Voloshin, 1995).
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Figure 2.4). Kim and Voloshin (1995) used a more complicated model of the
plantar fasciathat consisted of a viscoelastic Kelvin model. Their model aso
included arotational spring and damper at the ankle joint (see Figure 2.5). Kim and
Voloshin (1995) used this model to simulate the release of the plantar fasciain cases
of heel pain. Other models such as the one used by Wrbaskic and Dowling (1998)
have modeled active components that are present in the arch of the foot (see Figure

2.6).

Figure 2.6 — Model containing active elementsin the arch of the foot (Wrbaskic and Dowling, 1998).

The foot and ankle have also been modeled as anatomical rockers. The most
common qualitative rocker model of the foot in gait analysisis the model described
by Perry (1992). Her model uses three rockers to describe the functional
characteristics of the foot during walking (see Figure 2.7). Thefirst rocker, which

Perry called the heel rocker, is used between heel contact and foot flat and is
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primarily an action of the ankle that controls the lowering of the foot onto the
walking surface. The second rocker occurs between foot flat to heel off and is
called the ankle rocker, while the third rocker, which is called the forefoot rocker,

occurs between hedl off and toe off.

Figure 2.7 — Three rocker qualitative model of the foot used by Perry (1992).

The rocker shapes of the foot (without the ankle) have been measured by at
least two investigators, Ju (1986) and Koopman (1989). Both researchers used
rocker models of the feet in computerized forward dynamic models of walking. Ju
(1986) modeled the foot using a quadratic equation and placed circles on the ends of

the feet to simplify calculations (see Figure 2.8). Koopman looked at several foot
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shapes including a measured foot shape (physiological foot) in his model of walking

(see Figure 2.9).

Figure 2.8 — Model used by Ju (1986) to study human walking (left). The rocker foot model used by
Ju (right). Thisfoot is the best-fit quadratic equation to experimental data.

Figure 2.9 — Rigid foot shape models used by Koopman (1989). The “ measured foot” model is the

shape of the human foot, without an ankle.
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Both investigators found that their walking models were sensitive to the
shape of the foot. For example, Koopman found that the shape of the foot had large

effects on ground reaction forces and pelvic rotations.

Most of the models that have been presented here concentrate on the
mechanics of the foot by itself and consider the ankle to be asimple pin joint.
However, some bipeda walking systems and models have incorporated the foot and
ankle together as one system. One exampleisawalking toy that uses circular feet
with rigid ankles. Thistoy walks down sloped surfaces by rolling on one leg while

the other leg is swinging through. In order to do this, the toy must oscillate in the

Figure 2.10 — Diagram of the Miniwalker toy (left). The model of this toy is shown to the right in an
unstable configuration (Morawski and Wojcieszak, 1978).
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frontal plane so that the swing leg can clear the ground without “stubbing its toe”.
Morawski and Wojcieszak (1978) examined one such toy model called the
Miniwalker (see Figure 2.10). They looked at how the stability of the toy changes
with the relative sizes of leg length and radius of the feet. They also compared the
performance of the toy with that of natural human walking and suggested that this

concept could be used in rehabilitation devices such as orthoses and prostheses.

McGeer (1988) developed computer and physical models of walking based
on similar concepts as used by the Miniwalker. However, McGeer also added in
more realistic features of human walking such as swing phase knee flexion and a
trunk segment. A schematic of one of McGeer’s modelsis shown in Figure 2.11.
Thismodel and the others used by M cGeer consistently used circular rockers as the
foot/ankle complex of the model. McGeer’s physical models are passive devices
that walk down gentle slopes much like the Miniwalker. However, McGeer’s
models that have knee flexion during swing phase seem to resemble human walking
to agreater degree than the walking toy, which uses exaggerated side-to-side

movements to insure foot clearance.
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Figure 2.11 — Passive dynamic walking model (McGeer, 1988).

Knox (1996) measured the net effect of the human foot and ankle as a unit
in his study of prosthetic and physiologic feet. Knox’s method of measurement
used two markers and the center of pressure on aforce platform to give the effective
shape of the foot and ankle together as aunit. Knox found that this shape was very
important to the function of prosthetic feet (which will be discussed later in Section
2.3). Knox also examined the effective shapes of some normal physiologic
foot/ankle complexes using the same method. The calculation of effective
foot/ankle shape was done by transforming the center of pressure datafrom a

laboratory-based coordinate system to a shank-based coordinate system (see Figure
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2.12). Knox noted similarities between the shapes of the prosthetic feet and the
normal physiologic feet. Knox aso acknowledged that the shapes were created
using only foot deflection in the prosthetic foot cases whereas the shapes of

physiologic feet were created using a combination of foot and ankle actions, both

Figure 2.12 — Calculation of roll-over shape for a prosthetic foot (Knox, 1996). A similar method
was used to measure the roll-over shapes of human foot/ankle systems by placing markers at the
lateral malleolus (* ANKLE") and at the fibular head (“ KNEE").
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passive and active. Nonetheless, the effective shapes, which we refer to as roll-over
shapes since they occur as the body rolls over the foot, appeared in most casesto be
shapes that could be closely approximated using passive structures with rigid ankles.
Knox (1996) devel oped the Shape Foot, which isarigid rocker foot that takes a
shape that is theoretically appropriate for a person of a given height. The Shape
Foot has the ability to separate shape and compliance so that the importance of each
can be observed and examined. Feet were created with varying levels of
compliance, including one with no compliance. When properly shaped, the smple

foot was surprisingly effective for walking, even with no compliance.

Hansen and Childress (2000) have suggested that the roll-over shape of the
physiologic foot/ankle complex may be a good goal not only for prosthetic foot
design, as Knox suggested (1996), but also for the aignment of trans-tibial
prostheses. For this reason the investigators studied the roll-over shapes of the
human foot/ankle complex at different speeds (Hansen and Childress, 2000) and
while wearing shoes with varying heel heights (Hansen et al., 2000q). Figure 2.13
shows the results of a preliminary experiment done with three subjects walking at
five different self-selected speeds—very fast, fast, normal, slow, and very slow

(Hansen and Childress, 2000). Subject specific data and the self-selected walking
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Speeds are shown in Table 2.1 and Table 2.2 respectively. Figure 2.13 showsthe
roll-over shapes for both feet of the subjects and for five different speeds. The

boxed ‘x’sindicate, for each set of roll-over shapes, where the ankle marker was

Table 2.1 — Subject Specific Data for Roll-over Shape Experiment

Subject | Gender Height (m) Weight (kg) Foot Length (mm)
A Male 1.86 77.9 290
B Mae 1.76 98.4 285
C Female 1.70 81.6 266

Table 2.2 — Saf Selected Walking Speeds for the Three Subjects (m/s)

Fpeed Subject A Subject B Subject C
Very Fast 1.94 + 0.16 213+0.11 2.05+0.04
Fast 1.52 +0.04 1.62 +0.03 1.60 + 0.02
Normal 1.42 + 0.04 1.29 + 0.03 1.38 + 0.03
Slow 1.18 + 0.05 0.94+0.04 0.94 +0.03
Very Slow 0.87 + 0.06 0.70 + 0.03 0.70 + 0.04

Figure 2.13 — Roll-over shapes of the Human Foot/Ankle Complex for five different walking speeds

(Hansen and Childress, 2000).
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located. Threeroll-over shapes are shown for each foot at each speed. Theroll-
over shapes at the bottom of the figure are for very slow (~ 0.8 meters per second)
and the ones at the top are for very fast (~ 2 meters per second) walking speeds.

The darker portions of the lines of the roll-over shapes indicate the period of single
limb stance. The roll-over shapes do not appear to change dramatically (between
heel contact and opposite heel contact) as the speed is increased and tend to keep the
same orientation with respect to the shank. At very fast speeds the shapes tend to
flatten somewhat but for most speeds the roll-over shapes seem to remain fairly

fixed. The shapes also seem to be similar between subjects.

The normal human physiological foot/ankle complex seems very adaptive
to various situations. One such situation is when wearing shoes of different heel
heights. Able-bodied persons are able to easily adapt their posture and gait when
the height of the shoe hedl is changed. However, thisis aproblem in prosthetics
because most prosthetic feet have rigid ankles and possess no mode of adaptation
when used with a shoe that has a different heel height. Thisis currently seen when
prosthesis users complain to their prosthetist of problems after buying new shoes
that have different heel heights than their previous shoes. Recent experimentation

has shown that able-bodied persons wearing high-heeled shoes tend to create a
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foot/ankle roll-over shape that is oriented similar to their roll-over shape with lower
heeled shoes but with avertical shift due to the effectively taller ankle heights
during stance with the high heeled shoes (Hansen et a., 2000a). A brief example of
thisisshown in Figure 2.14. In this experiment, a subject was asked to walk using

two pairs of shoes (see Figure 2.14-A). One of the pairs of shoes had aflat sole

(A)

(B)

Figure 2.14 — Effect of Heel Height on the Roll-over Shapes of Human and Prosthetic Feet. (A)
Shoes used in the experiment. (B) Resulting Roll-over Shapes (Hansen et al., 2000a).
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while the other had a dlightly raised heel. The subject was asked to walk and the
roll-over shape was measured using both types of shoes (the method for measuring
roll-over shape is described in Chapter 3, Section 3.1). Then the roll-over shape of a
SACH (Solid Ankle Cushioned Heel) prosthetic foot using the same two pairs of
shoes was measured using a quasi-static roll-over method (described in Hansen et
a., 2000b). As can be seen from Figure 2.14, the roll-over shapes of the
physiologic feet do not change considerably in orientation, length or curvature. The
only differenceis seen in the downward translation due to the increased height of
the ankle marker above the force platform. However, the SACH prosthetic foot's
roll-over shape changes dramatically in orientation and positioning aswell asa

slight change in the curvature of the roll-over shape.

The human physiologic foot/ankle complex is a complicated structure.
However, its functionality may be simple—to create a proper roll-over shape that
the human can “roll” over to maintain smooth forward progression of the body
during gait. The foot/ankle system adapts to different heel heightsvia
plantarflexion and dorsiflexion of the ankle. This adaptation resultsin aroll-over

shape that appears to be unchanged in orientation, length, and curvature. These
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findings suggest that the physiologic foot/ankle complex may adapt in other

situations to maintain an invariant roll-over shape when walking on level surfaces.

2.2 Pathological Feet and Ankles

Just as the healthy foot/ankle complex maintains equilibrium with its joints
and muscles, the system settles into a* pathological equilibrium” when one or more
of the components controlling it are flawed (Steindler, 1955). Thisisevidentin
almost all pathologies of the foot and ankle. When a muscle crossing the joints of
the foot is weakened or is spastic, the joint tends to become unbalanced and biased
in the direction of the antagonist or the spastic muscle respectively. While there are
several conditions that cause foot and ankle problems, i.e., cerebral palsy, stroke,
myel omeningocele, multiple sclerosis, brain injuries, incomplete spinal cord
injuries, etc., the foot and ankle problems associated with these diseases are quite
similar. Perry (1992) describes four pathological mechanisms that occur in the foot

and ankle: deformity, muscle weakness, impaired control, and pain.

Deformity is characterized by insufficient mobility or range of motion of a
joint (Perry, 1992). Contractures are the most common forms of deformity. For

example, aplantar flexion contracture causes the foot to be held in a plantarflexed
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position (see Figure 2.15). The resulting toe-walking gait is commonly referred to
as an equinus gait, stemming from the similarity in the positioning of thejoint to

that of a horse’s foot/ankle structure.

Figure 2.15 — Equinus gait. This toe-walking characteristic is seen when persons have plantar
flexion contractures and/or spasticity in the plantar flexors (Perry, 1992).

Spasticity, which is an overreaction to stretch, is an example of an
impaired control condition that can ater normal foot/ankle function. When thereis
spasticity in the triceps surae coupled with an equinus position of the ankle, the foot
will contact the ground with the toes first. In some cases, the heel is then lowered to
the floor, stretching the triceps surae and stimulating the oversensitive stretch reflex
pathway to contract the triceps surae and force the foot to bear the weight again on

thetoes. Thetoe-heel-toe gait can be restored to a heel-toe gait through the use of
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ankle foot orthoses (AFOs) (Brunner et a., 1998). In more severe cases of equinus,
the heel does not contact the floor at all. When the plantarflexion contractureis
very strong and cannot be controlled by an AFO, surgery to lengthen the Achilles
tendon can be performed. It isdifficult to lengthen the tendon the proper amount
and it is better to under-lengthen the tendon than to over-lengthen it. Over-
lengthening of the tendon can lead to weak plantarflexors. Weakness of the
plantarflexors can be treated with arigid ankle AFO, which holds the anklein a

neutral position (Waters and Garland, 1991).

In other cases of muscle imbalance of the foot/ankle complex, tendon
transfer surgeries can be performed. Thiskind of procedure moves amuscle's
attachment point to a position that redefines its function so that it lends assistance to
aweakened muscle. The muscle that istransferred should be strong enough to
improve the pathol ogic condition and should preferably be phasic (Jahss, 1991b).
Some of the primary considerations for tendon transfer are the moment arms of the
transferred muscle. As stated earlier in the section on Normal Foot/Ankle Systems,
al the long muscles of the foot cross at |east two joints (ankle and subtalar joints).

Because of this fact, most of the muscles have effective moment arms for both
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inversion/eversion and dorsiflexion/plantarflexion (see Figure 2.16). The effects of

the transferred tendon on both joint axes must be considered.

Arthrodesis (joint fusion) is commonly used in pathological foot/ankle

systems. For example, when pain persists in the ankle joint from conditions such as

Figure 2.16 — Schematic diagram of the long muscles of the foot and their actions on the ankle and
subtalar joints (Mann, 1991).

osteoarthritis, the joint can be surgicaly fused. In addition to eliminating pain by

removing joint movement, ankle arthrodesis can a so provide stability and
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alignment to an unstable joint (Ouzounian and Kleiger, 1991). Animportant
consideration that has been discussed in the literature is the alignment of the joint
for fusion (Scranton, 1991; Mann, 1980; King et al., 1980; Buck et a., 1987). Early
fusions were placed in dight plantarflexion, with women’ s feet being plantarflexed
more due to the increased heel height of their shoes. Recent research suggests that
the ankle should be placed in a neutral position or in slight plantarflexion for women
who wear higher heeled shoes. Problems arise with ankles that are fused in too
much plantarflexion (see Figure 2.17). The extension forces that are placed on the
knee can cause genu recurvatum as shown in Figure 2.18. Anklesthat are fused in
excessive amounts of plantarflexion can be re-fused in amore neutral position (see

Figure 2.19).

Current arthrodesis literature suggests that the ankle should be placed in a
slightly valgus (everted) position. The valgus position is chosen because the tarsals
aremore flexible in eversion. Mann (1991) showed that in eversion, the axes of the

talonavicular and calcaneocuboid joints are parallel. This allows the bones of these



Figure 2.17 — Ankle which has been fused in extreme plantarflexion (Jahss, 1991b).

Figure 2.18 — Genu recurvatum caused by ankle fusion in excessive plantarflexion (Jahss, 1991a).

30
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Figure 2.19 — A wedge was taken out of this ankle and it was re-fused in a more neutral position
(Jahss, 1991b).

Figure 2.20 — Axes of the transverse tarsal joints. In eversion, the talonavicular (TN) and
calcaneocuboid (CC) joint axes are parallel, allowing motion in these joints. When the foot is

inverted, the axes are no longer parallel, restricting joint movement (Mann, 1991).
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joints to move in relation to each other. However, when the foot is inverted, the
axes of the midtarsal joints are no longer parallel. Under this condition the foot
becomes somewhat rigid (see Figure 2.20). Fusing the ankle in dlight valgus
(eversion) givesthe foot more flexibility to adapt to different walking surfaces. Itis
also believed that the foot/ankle should be fused in approximately 10 degrees of

external rotation to avoid overuse of the medial or lateral sides of the foot.

Stroke or spinal cord injury can cause an ankle dorsiflexor muscle such as
thetibialis anterior to be weak or inactive. This can cause the foot to drop rapidly at
heel contact of gait, whereas the normal function of this muscleisto lessen the
impact of the foot to the ground (see Figure 2.21). Other compensations must occur
during swing to insure safe clearance of the foot, because the tibialis anterior usually
helpsto lift the foot into a neutral position to prevent the person from tripping on the
toes. Many times, in cases such asthis, ankle-foot orthoses can be used in
combination with shoes to solve these problems. The ankle-foot orthosisin this
caseis designed to hold the foot in arelatively neutral position, preventing rapid
foot drop at heel contact and also helping in the clearance of the foot during swing

phase.
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Figure 2.21 — (A) Normal hed strike. (B) Foot slap due to weak tibialis anterior (Hoppenfeld, 1991).

In general, design of orthoses is difficult because the device must surround
the pathologic limb and attempt to restore normal function. In many casesit can
seem that the affected limb is “in the way” and causes many designsto be infeasible

because of cosmetic reasons. Thisis not characteristic of prosthetics and perhapsis
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why more research has been focused on prosthetic devices. Inthe case of an
amputated limb, there is nothing “in the way” and the design can take any number
of directions and still be cosmetically satisfactory. Nonetheless, there are many
more orthosis users than prosthesis users. A clear understanding of normal
foot/ankle function for walking, which the proposed work attempts to explain, may

lead to more research and improved designs of both orthoses and prostheses.

2.3 Prosthetic Feet

When the foot and ankle are amputated, a prosthesis can be used to help the
person return to walking. In many cases, the prosthesis does not have an ankle joint.
For this reason the prosthetic foot must deform in such away to compensate for the
missing foot and ankle. Recently, many new types of prosthetic feet have become
available on the market. These feet take many forms and use various types of
materias, from foam and wood to carbon fiber composites. Numerous studies have
been carried out in an attempt to quantify gait differencesin persons using various
commercialy available prosthetic feet (Postemaet al., 1997; Torburn et al., 1995;
Snyder et a., 1995; Powerset a., 1994; Barth et al., 1992; Gitter et al., 1991,
Torburn et a., 1990). Surprisingly, most of these studies have failed to find

consistent differences in the gait measurements of the prosthesis/user systems for
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the different kinds of feet. Some recent findings, which are presented in this

section, may explain why differences are rarely found.

Many of the newer prosthetic feet have claimed to be “dynamic response”
feet, meaning they store and release energy during the stance phase of gait.
Lehmann (1993) and Knox (1996) tested feet in mechanical testing apparatuses and
found that the “ dynamic response” feet resonate with body weight loads at
frequencies that are considerably higher than usage frequencies for walking. This
led both investigators to question the amount of “dynamic” action that was
occurring during walking with these feet. Although these feet clearly do store and
release energy, al feet that deform elastically store and release energy. Some of the
newer “dynamic response”’ feet were found by Knox (1996) to store and release
more energy than the feet not claiming to be “dynamic response” feet. However,
Knox felt this storage and release of energy was secondary to a more important
function of the feet: the effective shapes that the feet deformed to during walking.
Knox (1996) maintained that the compliance of a prosthetic foot is only important in
that it defines the deformation and subsequent shape that the foot conforms to
during walking. Some energy is returned upon opposite heel contact and unloading

of the prosthetic foot, but this energy is believed to go into helping the trailing leg to
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move off the walking surface. Knox contended that the effective deformed shape of
aprosthetic foot was the most important characteristic, and that this shape should be
approximately circular and have aradius that is approximately equal to the length of
the person’s femur. Knox also showed that the Flexfoot, which is considered to be
one of the best prosthetic feet on the market, deformed to a smooth circular shape.
Other feet such as the SACH, which is on the low-cost end of commercially
available feet, had shapes that were more élliptical. Knox’stwo methods for finding
the roll-over shapes of the prosthetic feet (one dynamic and one quasi-static) were
compared with each other and with athird quasi-static method (see Figure 2.22)
which made use of a prosthetic foot loading apparatus (Hansen et a. 2000). All
three methods resulted in similar roll-over shapes, verifying that the shapes of the
feet could be found using quasi-static methods as Knox suggested (see Figure 2.23).
Hansen (1998) suggested that the alignment of different prosthetic feet could be
sensitive to their individua roll-over shapes, duein part to the observation that a
certified prosthetist set different alignments for four different types of feet for the
sameindividual. Thisled Hansen (1998) to develop the roll-over shape alignment
hypothesis. This hypothesis was closely related to the hypothesis of an invariant
physiologic roll-over shape for the human foot and ankle. The roll-over shape

alignment hypothesis states that a prosthetic foot is aligned by the prosthetist such
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Figure 2.22 - Roll-over shapes of four types of prosthetic feet found using a quasi-static PFLA
(Prosthetic Foot Loading Apparatus) method (Hansen et al. 2000). The top schematic is of the PFLA
and the middle schematic shows the five orientations of prosthetic foot loading that are used. For
each orientation the COP (center of pressure) location is found in shank-based coordinates and
plotted for variousforcelevels(i.e. =400N, = 600N, = 800N). The COP pointsfrom same

force levels and fromall orientations can be joined to approximate the roll-over shapes of the feet.
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Figure 2.23 — Comparison of three methods used to measure roll-over shapes of prosthetic feet. The
stars indicate discrete points along the roll-over shape found using the quasi-static prosthetic foot
loading apparatus method. The dashed lines indicate roll-over shapes found using a continuous
quasi-static roll-over shape measurement technique. The solid lines indicate roll-over shapes found

using a dynamic technique that is similar to walking (Hansen et al. 2000).

that the foot’ s roll-over shape isimplicitly matched with someideal roll-over shape
asclosely as possible. This hypothesis seems to explain why many gait studies

seldom find consistent differences between the different types of feet, as discussed
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earlier. The explanation liesin the observation that most of these studies align the
prosthetic feet before the gait studies are performed. This tends to minimize the
differences between the mechanical characteristics of the feet and to make the feet
al behavein asimilar way. There are afew exceptions to this alignment protocol.
Neither Torburn et a. (1990) nor Powerset a.

(1994) performed alignments on each of the

feet they fitted to subjects undergoing gait

anayses. In both studies, one foot was

randomly selected and aligned according to

current clinical techniques, which are largely Figure 2.24 — Roll-over shapes of feet

in Torburn et al. (1990) study. Note
based on experience and alignment iterations. that four of the feet have very similar

The other feet used the same alignment as this roll-over shapes. Gait differences were

not found between any of these feet.
foot. These studiesfound very few differences
between most of the feet but did find differences between four of the feet (Carbon
Copy Il, SACH, Seattle, and STEN) and the Flexfoot. However, we have measured
the roll-over shapes of Carbon Copy 11, SACH, Seattle, and STEN and they are all
quite similar while the Flexwalk’ s shape is quite different (see Figure 2.24).

Assuming the roll-over shapes of Flexwalk and Flexfoot would be similar for

walking, this would explain why gait differences are seen between the Flexfoot and
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the other four feet. The similar roll-over shapes would also explain why differences
were not found between the other four feet. In other words, the roll-over shape
alignment hypothesis would predict similar alignments for the Carbon Copy 1,
SACH, Segttle, and STEN feet based on the observation that their shapes are dll

quite similar.

The roll-over shape hypothesis seems logical because of the way prosthetists
adjust alignment based on statements by their clients such as “feelslike I’'m walking
up ahill” or “feelslike I'm stepping down an incline”. The feet in these cases
would need to be dorsiflexed and plantarflexed respectively to get them to feel asif
the person is “walking on level ground”. Theroll-over shape of Flexwalk is much
longer than the other shapes seen in Figure 23. It was hypothesized that this longer
shape made it possible for the person to continue rolling on the Flexfoot while the
other feet would roll to the end of the keel and pivot about that point. Thiswas
hypothesized (Hansen et a. 2000) to be the cause of the reduced |oading effect to
the sound limb shortly after heel contact in persons using the Flexfoot (Torburn et

al., 1990; Powers et al., 1994).
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2.4 Trans-tibial Alignment

Prosthesis alignment, in general terms, is the geometrical positioning of
various prosthesis components with respect to one another for the purpose of
achieving a natural gait pattern. The research proposed on alignment principles will
focus on the alignment of trans-tibial prostheses; however, the principles should be

useful for alignment of other lower limb prostheses and orthoses. Alignment of a
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Figure 2.25 - Sx degrees of freedom associated with trans-tibial alignment. a) Dorsi- flexion and
plantarflexion. b) Anterior and posterior tranglations. c) Shortening and lengthening of the leg. d)
Inversion and eversion of the foot. €) Medial and lateral trandations. f) Toe-in and toe-out of the
foot (rotation).
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trans-tibia prosthesisinvolves positioning of the artificial foot with respect to the
residual limb socket. The six degrees of freedom that are used clinically to describe

the alignment areillustrated in Figure 25 (af).

Prosthesis alignment is currently governed by rules of thumb, trial and error,
and experience (McCollough 111 et a., 1981). The procedures used to align
prostheses have no scientific basis that is supported by research (Hansen, 1998). At
this point, aignments are done iteratively with subjective observations suggesting
the position and orientation adjustments. An influx of new types of prosthetic feet
has made alignment even more difficult, with the various types of prosthetic feet
necessitating different alignments. However, the differences in mechanical
properties of these feet may provide insight into the alignment process. A scientific
understanding of alignments might greatly reduce the time needed to build alimb
and reduce the cost of production. The alignment could be built into alimb without
the need for alignment hardware, not only saving time and expense but also

reducing prosthesis weight.

Very little research has been published regarding prosthesis alignment.

Zahedi et a. (1986) conducted the most extensive study of lower limb prosthesis
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alignment. They measured the final alignments of several trans-tibial and trans-
femoral prostheses. They aso measured alignments done by severa different
prosthetists and alignments done by the same prosthetist at different times. The
main finding of Zahedi et al.’s (1986) study was that thereis alarge amount of
variability in the alignments performed, both between patients and with multiple
alignments on the same patient. Such large variability is not entirely unexpected in
aprocessthat islargely governed by trial and error aswell as a patient’s and

prosthetist’ s subjective observations.

Hannah et al. (1984) hypothesized that prosthetic alignment servesto
minimize differences in the hip and knee kinematics between the affected and non-
affected limbs. In other words, alignment was hypothesized to optimize joint
kinematics symmetry between the limbs. Many of the alignment changes resulted
in insignificant changes in kinematic symmetry. The alignment adjustments that did
result in significant changes usually made the kinematics more asymmetric.
Although aspects of symmetry would appear to be a guide for alignment, the kind of
symmetry proposed by Hannah et al. (1984), i.e., joint kinematic symmetry, would
not always result in a symmetric movement of the body® center of mass. For

example, if the roll-over shape of the prosthetic foot of aunilateral prosthesis user is



quite different than that of their physiological foot/ankle complex and the joint
kinematics are symmetric, the person’s body center of mass motion will be
asymmetric. Even if an alignment process based on kinematic symmetry would
work, it would still involve walking trials similar to those currently used, which

could be undesirable, even if the method were systematic.

Zahedi et al. (1987, 1988) suggested that step-to-step variability could be
used to help aign prostheses. The rationale behind this hypothesis was that “ step-
to-step variation is dependent on the degree of control during gait” (Zahedi et a.,
1987, 1988), and that appropriate alignment tends to maximize the prosthesis user’s
control of their gait. Reducing the amount of step-to-step variability seems
important to alignment, but the process of reducing variability may not easily be
linked with foot adjustments. Again, as with possible methods based on kinematic

symmetry, walking trials, observations, and adjustments would be required.

The roll-over shape alignment hypothesis, as described earlier, is arecently
devel oped idea concerning the alignment of trans-tibial prostheses (Hansen, 1998).
The proposed research on alignment will investigate this hypothesis as atool for a

priori alignment.



