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growth inhibition are used for larger ones.

Abstract

The ultimate goal of the study of leg length discrepancies is the development of
prosthetic and orthotic devices that equalize both the height difference as well as the
trapsient shockwaves that travel up the tibia during the first 50 milliseconds of impact.

In order to achieve this goal, a preliminary study of the etiology, treatment, and

effects of limb length inequality was performed. This condition has many causes,

ranging from genetics to disease, paralysis, radiation damage, and trauma to the growth
plates. Tile overall effect is the shortening, or in some cases, the lengthening, of one of
the legs resulting in a tilt of the pelvis. This, in turn, causes a wide array of
biomechanical problems over the person’s lifetime, such as lower back and knee pain,
sciatica, and osteoarthritis. Treatment for this condition depends on the severity. Shoe

lifts are used for mild discrepancies, while surgical operations like bone resection and

The elements of the gait cycle were examined, as well as the relationships
between walking velocity with cadence and impact acceleration using a non-invasive

accelerometer strapped to the tibial tuberosity of the subject’s leg. It was found that a

. direct relationship exists between walking velocity and cadence. In addition, a direct

relationship Eetwe_en impact acceleratjon also exists, but this is partly due to the

- ccontribution of angular tibial fi6tion to thietotal measured-acceleratioh; which is onthe = -+

order of 0.6 g at a walking speed of 2.2 m/sec.

Finally, a comparison between tibial strain measurements and impact acceleration




was made in order to establish a correlation between the two. Both non-invasive
accelerometer measurements and invasive tibial strain gage measurements were used. In
this study, a fairly strong negative correlation was found for both walking (-0.68) and
running (-0.74).

- Further work in this field will serve to verify the results obtained in this work, as
well as establish a direct relationship between the degree'of discrepancy and the

acceleration due to impact.




o2 differenceaswell, Ankle-pronatiorsand-collapsed arches on the langerside can occut,

Chapter 1: Introduction

The phenomenon of leg length discrepancy, otherwise known as leg length
inequality or anisomelia, is a common finding in the majority of the world's population.

It is defined as a bilateral asymmetry in the lower limbs which, in the majority of cases, is
not significant, but can nonetheless contribute to numerous degenerative joint diseases
and chronic pain over the course of a person’ s lifetime [2, 8, 9, 12, 14, 17, 18, 19, 26, 27,
28, 30, 32].

There are three primary categories of leg length inequality. Functional leg length
inequality may be caused by a rotated pelvis or pelvic obliquity, caused by soft tissue
shortening, joint contractures, or axial misalignments, such as scoliosis [2, 17, 18, 32].
As a result, the foot on the "short" side is externally rotated into the valgus position, and a

collapsed arch is a common result. The posterior iliac spine is higher on the functionally

shorter side, while lower on the longer side. Anatomical leg length inequality occurs
when there is an actual difference in the overall lengths of the tibia and femur such that
one leg is literally shorter than the other. As a result of this, the anterior and posterior
iliac crests are lower on the shorter side, causing the spinal column to compensate, often

causing scoliosis. .In some cases, foot positioning can serve to compensate for the

causing a functional shortening of the flonger side to attempt to make up for some of the
discrepancy. “Environmental” leg lehgth inequality i% caused by outside, man-made
factors, now that running has become a popular activity in today’ s society. While

3
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running, the part of the road closer to the sidewalk is constantly lower than the surface
closer to the middle of the road. Asa resulf, an uneven running surface is presented to
the runner, and may cause a temporary discrepancy. The treatment for this is simple;
runners rherely have to alternate the direction in which they travel [2, 17, 18, 32].
1.1 Etiology |

The etiological factors associated with leg length discrepancies are diverse, most
of which affect the person during the growth process. The vast majority of cases is
congenital - caused by the individual's genetics, which, in some caseé, causes one leg to
be naturally longer or shorter than the other [18, 19, 27, 28, 30]. The majority of those
with leg length discrepancies have a shorter left leg. It is suggested that this is a direct
result of the normal position of the child in utero, in which the left side of the fetus is
pressed against the vertebrae of the mother. In addition, approximately two thirds of third

trimester fetuses have the1r left leg crossed over thelr nght 1ncreasmg stress in the hip,

knee, and epiphyseal growth areas [2]. Increased stress. in the epiphyseal growth plates
are known to affect grthh [10, 18, 31].

The remainder of cases are caused by acquired means, the most common of which
is physeal injury. The physis is a cartilaginous gfowth area for bones, located on the
proximal and distal ends of both the femur and the tibia (Figure 1.1). Each area has a

: d1fferent growth rate. Dunng chlldhood the inner layer of the physis ossifies, while the

L T L

R s U S SO U

outer Iayer grows miore: cartllage ThlS process continues unt11 adulthood, when the

_ physis fuses with the rest of the bone, causing growth arrest. Irreparable damage to any
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of the physeal areas during the growth process

can cause premature growth arrest in that physis,

stunting the growth of that leg. Most injuries of omoral e
this type are caused by eithér severe burns or
| fractures along the physis, by either breakage or

compression. While there are a number of Tibial

, Growth Plate

different types of fractures and breaks that can
occur in this area, not all of them have the _

potential to cause growth arrest. Only those

Figure 1.1 - Growth plates of the

which cross the physis are dangerous, since femur and tibia near the knee joint

during the healing process they have a tendency to form a bony bridge across the area
(Figure 1.2). Growth arrest will occur in these cases because the bridge ties the growth

region to the rest of the bone [18, 19, 28, 30].

- 7 Some types of fractures such as minimally displaced proximal fracturesand = — — — ——

.= ‘ ( ) .

e < S ety 5 e e S
s oeme oo~ Rigure 1,2 - A break across the.growdh plate that will lead to growtharrest. .
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femoral fractures in young children can cause the opposite effect: growth stimulation. It
is due to the increased blood flow to the area of injury as a natural part of the healing
process. This effect has been known to last for up to two years after the time of injury
[19]. |

While trauma to the growth plate can cause physeal arrest, a number of other
conditions, including disease and paralysis, can cause epiphyseal growth dysfunction. An
infection of the epiphysis or areas adj acent to it, such as septic arthritis, osteomyelitis
about the femur and tibia, or tuberculosis in the hip, knee, and foot can cause the
destruction of physeél cells or the development of a bony bﬂdge across the bone and
physis, causing physeal arrest, or in some cases destroying the physis altogether [18, 19,
30]. Insome cases of chronic osteomyelitis, however, it has been observed that the
increased blood flow due to infection can cause increased growth of that leg, presumably
because of the increased vascular activity [18, 19, 30].

Tumors, such as osteochondroma, giant cell tumors, Ollier’s disease;and -~ -
Recklinghausen have also been known to cause growth problems if present in the physeal
areas. The destruction of the physis can be caused b;' the invasion of a tumor. If present
in the cartilage cells of the Qowth plate, growth potential can actually be stolen away

from the bone. Some tumors, especially vascular malformations that involve large-

portions of the limb, produce increased growth in all areas of the leg.- Such vascular

AR S

» ety
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tumors mclude hemanglomatosrs and thpel Trenaunay Weberﬂ syrrdrome other
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growth inducing tumors include neurofibromatosis, fibrous drsplasm and erms S
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potential to kill the healthy osteocytes and blood vessels in the bone, halting growth in
that region, usually taking years to repair [18, 19].

Muscle paralysis is yet another cause of leg length discrepancy cases, due to the
prolonged amount of immobilization involved. In addition to that caused by trauma,
poliomyelitis - a viral disease which affects the nervous system causing paralysis and
atrophy in the legs - has long been known to contribute to the occurrence of leg length
discrepancies in young children as well as adults. Bone growth depends on compression
forces created by standing, walking, and running, which are severely diminished, if not
absent altogether in paralysis cases. This lack of activity has the potential to cause some
of the same growth difficulties described earlier [18, 19, 28].

1.2 Measurement
When a leg length discrepancy is suspected, a measurement of its degree of

severity is made. Certain degrees of accuracy can be obtained, depending upon what type

anterior superior iliac spine to the tip of the medial malleolis using a tape measure [2, 17,
19,27, 28]. In these cases, finding inequalitie ss than 1.25 cm (1/2") is very
difficult because of the presence of skin and fat over these bony prominences. Another

approach to this is to measure the distance form the anterior superior iliac spine to the

i S ' . N .
patjent is examined at arms length, and the height of the pelvic brims are conipared [2,

of measurement is-used-- The clinical- method involves measuring the distance from the -

_floor; thus eliminating one,of the "fuzzy" endpoints on the body [27). . In.other.casess the, ... suemmms

YR R RITY

L)

'inexpensi\)e and easy way to get a rough picture of the degree of discrepancy.
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In the cases in which the differences are more subtle, the radiological method is
far more reliable, albeit slightly more hazardous to one's health. The patient stands with
the feet 15 to 20 cm apart while X-rays of the pelvis are taken, with the beam focused on
the femoral heads. The differences in their heights, in most cases, indicate a leg length
discrepancy. This assumes, however, that the discrepancy is anatomic and not caused by
joint contractures. The accuraey of such a measurement is within 3 mm. This is the best,
most reliable method when clinical measurements would not provide enough information
[17, 19, 28].

1.3 Effects

Leg length inequality can cause a wide variety of physical and biomechanical
problems during any and all stages of life. Symptoms range from mild and unnoticed to
severe and debilitating, depending on the severity of discrepancy. The most commonly

reported problems are: back and knee pain, pelvic tilt, sciatica, stress fractures,

- a.-.sm-;m »“;:J‘Vault overthe:longer.one:during the. gg1Lcycle As‘a dxrecLIesult the time: between the:

32].
One of the most noticeable effects of anisomelia is an asymmetry in gait, present
even in people with inequalities as little as 1 cm. For the purpose of energy conservation,

people with limb length inequalities must physically step down onto the shorter limb and

right - left and left - right heel strikes is not the same. Research has shown that this time

»

inequality increases, so does the asymmetry in heel strike tifi_le [14,19]. Some patients’

_ osteoarthritis, gait asymmetry, and bone deformities [2, 8, 9, 12, 14,17, 18,19,27,28, =

~difference isindeed adirect function of thedegree-of-discrepancy-in-the-subject—~As-the s s



who have had corrective surgery show some of the same asyinmetry in some cases. This
can be attributed to the fact that while their overall discrepancies have been corrected,
their individual femoral and tibial lengths remain different, placing the knee at different
levels. The leg with the knee lower on the leg naturally swings slightly faster than its
counterpart, thus causing either a faster swing time for that component of gait, or an
increased effort on the patient's part to equalize swing times [19].

Patients with leg length inequalities may be subject to an abnormally high
incidence of stress fractures. As the impact of walking is attenuated in the legs,
microfraetures form. These fractures are constantly created and healed in a continuous
cycle which is stable below a certain threshold. For some severe discrepancies, the
greater force acting on the longer leg exceeds this threshold, thus increasing the risk of

the development of stress fractures on that side [14, 17].

Pelvic tilt is a fairly common finding in cases of leg length inequalities, which

severe. Like gait inequality, pelvic tilt is a direct function of discrepancy. In some cases,

this tilt can cause a functional scoliosis, which is concave to the side of the longer limb.

Vel
A

This is a compensatory mechanism that helps maintain the center of gfa{rity. However, in
approximately 1/3 of the cases, the curve is opposite to the direction of compensation,

e giv_}ng nse 1o the be i f that some forms of sc011051s that develop may be a result of “’

N

;;_ e

. Ly - 3 'u-ﬂ'a!.—'—'.g"‘ :

locomotion, hke walking and runmng, and not Just standing [19]

S Y T ‘.‘b\._ P CTLION P
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Amsomeha mduced sc011031s m turn has been reported as the cause of the
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occurrence of sciatica and possibly lower back pain. Smaticq commonly occurs on the )
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concave side of the scoliotic spine, in which the pressure caused by the curvature of the
spine can put pressure on the dorasl sensory nerve root [17]. The pelvic tilt and spinal
curve also places a constant stress on the muscles, tissues, and ligaments of the lower
back, hip, and knees, causing asymmetric muscle tension in those areas. While there is
conflicting evidence at this point as to whether or not leg length discrepancies are a direct
cause of lower back, knee, and hip pain, it would serve to explain cases in which they are

present [2, 9, 17, 18, 19, 28, 32].

The most debilitating effect of limb
length inequality is the osteoarthritis that can
develop over the course of the patient's

lifetime due to uneven force distribution on

the legs. Osteoarthritis is a degenerative joint
- disease characterized by the thinning and

eventual disappearance of the articular

cartilage. The commonly occurring pelvic tilt

causes a shift of the center of gravity onto the

side of the longer limb, thereby reducing the

contact area of the joint surface on that side

Figure 1.3 - Uncovering of the hip joints
(reproduced from [20])

n.-,-m’t, L ETas

"uncovermg" [18, 19] If this occurs, the stress per unit area mcreases on that joint, ~

-

(Fi 1gure 1.3). ThJS phenomenon is called

causing hip pain and increased wear and deterioration of the cartilaginous joint surfaces.

T

R R TEN B T

* This is theorized to be the precursor to the degenerative changes ‘that cause osteoarthritis
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[2,9, 17,28, 30, 32]. In addition, the loss of cartilage over the course of time has been
hypothesized to increase the difference in leg lengths above what was there previously,
thus worsening the situation. The unequal stresses on the long side can also cause
cartilage degeneration in the knee joints, thus creating the same conditionsrfor
osteoarthritis there as well [9, 12, 19]. This may also be one of the causes of knee pain in
some subjects.

The formation of minor bone deformities in the spine have been directly
correlated with pelvic obliquity and functional scoliosis. These are usually characterized
by concavities in the lower end plates of vertebrae located in the upper lumbar region.
These concavitiee are asymmetrically oriented towards the convex side of the curved
spine. Lumbar deformities are more often found in patients with slightly more significant
discrepancies of above 9 mm [8].

From the preceding information, it is relatively easy to observe the cascading
trend of symptomS*for*peoplef.afﬂieted~withfanisomelia.~~~€onnected with the pelvic tilt : -
which serves to compensate for the difference, there is a host of other biomechanical
problems that may arise, in some cases worsenitlg the situation. One can also easily see
why there would be numerous methods of treating or eliminating this condition.

- 1.4 Treatment

The ultlmate goal of treating leg length dlscrepanc1es is their equahty at full

CLATY T RS N P T A gEt A

’*"fi"To accomp11§f1 this, doctors m‘ﬁ“t“*exeré’lse a“Cettain Amount oﬁmlng inany

treatment method that is chosen. In some cases, however, equahzmg the leg lengths

[ oy mm RTINS AT e osT AT R e R SR A TR P T T A T T R S M IR S L T TR

PERREE R, v e e e

‘ would throw the foot or pelv1s out of the1r ahgnments merely movmg the ptoblem
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somewhere else. In order to avoid this, the existing deformities are analyzed first, as they
may affect the outcome of the treatment [8, 28, 30].

The choice of treatment depends largely on the magnitude of the discrepancy,
which can be categorized by way of severity. Mild leg length discrepancies range from
approximately 0 to 3 cm, moderate ranges from about 3 cm to 6 cm, while severe is
anything above 6 cm [17, 27]. There is, of course, some variation among members of the
medical community on what threshold lengths exist between severity 1eyels, but they are
almost always categorized in such a way that they roughly coincide with treatment
methods [14, 19].

| Within each severity range, several options exist which are used depending upon
the age or physical condition of the patient [30]. Discrepancies of less than two
centimeters are quite common in adults and usually not significantly symptomatic.

Children with discrepancies such as this are usually not treated in the hope that the

difference will tepresontisuoh a small fraction of the total leg lenéthgat it will not pose

any significant problem. Shoe lifts are prescribed for those for whom the smali

differences will create a noticeable limp [2, 14, 27].

For discrepancies between 2 to 5 cm, a number of options are available. Shoe lifts
are commonly prescribed for smaller discrepancies, up to 5 cm. This is slightly less

desnable than correction, as 1t does not correct the problem but it has the distinct

im0

CLETIRL *;(,.»-z.» o ;:c,s:‘fv- e
advantage of one of the only low - cost, non-surglcal solutlons capable of 1mprov1ng gait.
¥

Larger hfts -those greater t than Scem- aroalmostalways less than.the.discrepancy-itselfin ...

SUTAL SRR

order to avoid subjecting the patient’ s ankle to inversion stresses, causing strains [2, 19,

12
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1 cm total leg inequality), low risk;-high-success rate,

e

26, 27, 28, 30].

There are three primary surgical procedures used to correct moderate leg length
differences. The first is epiphysiodesis, or growth inhibition. The location of the |
operation is performed on either the distal end of the femur or the proximal end of the
tibia, where 38% or 27% of the total leg growth can be stopped, respectively. The
purpose of this method is to arrest the growth at one physis, thus slowing the overall
growth of that leg, allowing the shorter one to catch up in such a way that when growth
ﬁnéliy eeaéeé, the legs will be of equal length. The procedure involves removing a block

of bone from the medial and lateral parts of the.growth

plate, and replacing it at a 90 degree angle to create a

bony bridge across the physis, arresting growth in that

L 10

area (Figure 1.4). Epiphysiodesis has several

advantages, such as a high degree of accuracy (within

low morbidity, ease of performance, and no

postoperative immobilization. The disadvantages of

such an operation include possible saphenous nerve

damage, varus and valgus deformities, and unequal Figure 1.4 - Epiphysiodesis

. ) . o on the femur and tibia -
T T AR ‘*knee*helght.saresultlng from‘the mlsl:a:ke Of R et $ 1 LN T St ey T T T e L R L T R S e it e i e
o A e e e T e B TR Ry B T T gt o TR T ARSI T R R L

considering the total limb length and not the individual lengths of the tibia and femur

T g T T e Ty e e ,..4.__;,;.,'-_,;-?_.‘;V-;_‘,;;;‘.‘..‘._‘.:.;,_,:_,:q_;_\:;»v T T g ST L T PRI € AR iy T 1 3 LW s e T I e T S ST T e TR KT TSRS
individually. In'addition, this operation ishighly time d:ependent. Performing if too s60a™

or late will result in over- or undercorrection [19, 26, 27, 30].

13



Limb shortening, or resection osteotomy, is the second method used to treat
moderate discrepancies. It is an option available for adults, late teenagers who have
completed the growth process, or children whose growth patterns cannot be conﬁdently.
predicted. In many discrepancy cases, it is more desirable to wait until full tﬁaturity
before any type of corrective measures are used, thus éliminating the guesswork involved
with predicting the total leg lengths. This operation is almost always performed on the
femur, in which 5-6 cm csn be safely removed. It can also be done on the tibia, in which
2-3 cm can be removed, but there is a higher risk of neurovascular complications and
nonunion. The procedure involves the cutting of a section of either the femur or the tibia
and using either a blade plate or rod to hold the bones in place until they heal. The leg
thén heals like a normal break wound. This is a very attractive option, especially due to
its lack of guesswork, low complication, and no real need for postoperative
immobilizations The negative aspects, however, include the thickening of the longer limb

~ ... _ after shortening, bulging of muscles around the operation—»site;neurovasculardisofders,** -
and muscle weakness. In addition, since the shorter leg is usually the thinner one, the
| possible thickening of the shortened leg will accentuate this difference. Even so,
resection osteotomies appear to be the safest and most reliable method for less severe
discrepancies [19, 26, 27, 30].

st k»\__ffit;~,‘ st The_thud me}h d hyseal staphng, is an experlmental process usmg ths 1d h

rd

insertion of a number of staples across the physis, inedially and laterally, to halt its
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growth (Figure 1.5). Once removed, growth resumes. The obvious advantages to such a
method is the amount of direct control over the physeal growth. The staples can be
removed as soon as the proper leg length equality has been achieved. However, there
have been numerous reports of partial or total failure using this technique. Reports of
shortening and angulation of the longer leg, unpredictable growth spurts, and possible
physeal arrest during the insertion or removal have all been cited as the present dangers:
It is thought that more research must be done before this method is to be safely
considered [19, 27, 30].

There are fewer options available for those who suffer from severe leg length
discrepancies. Limb lengthening, also called distraction osteogenesis, is usually one of
the only courses of action open to patients who suffer from discrepancies between five
and fifteen centimeters [19, 26, 27, 30]. This method is used as a last resort, when all

other methods (such as a combination of epiphysiodesis and shoe lifts) have failed. It is

most often done when the patrent has reached adolescence but before growth has ceased
The procedure begins with an osteotomy, or cutting of the leg bone. This can be done to
either the tibia or the femur, depending on the amount of lengthening desired. In most
cases, up to 5 cm can be obtained from the tibia, and up to 8 cm can be obtained from the

femur. Once the leg is cut, pins are inserted into their proximal and distal ends. Then, by
\

4, Y

means of an externally mounted machine, aslow distraction force is applied. There is
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proportions of the person to be maintained and avoids surgery on the longer side, which
effectively makes the normal side abnormal in most cases. In addition, the patient is
ambulatory and can apply partial weight bearing during the lengthening process. Angular
deformities, refractures, physeal arrest, articular cartilage damage, long term weakness,
and morbidity are the most common side effects of such an operation. Unfortunately, it is
one of the only methods known capable of handling such a severe discrepancy [19, 26,
27, 30].

Discrepancies over 15 cm are usually not amenable to lengthening, shortening, or
any other operative method mentioned above [26]. In the majority of cases, prosthetic
devises are used to compensate for the difference. This is a method of last resort for
those with deformed or functionally useless feet and those whose discrepancies exceed 15
to 20 cm. The process usually involves partial removal of the shorter limb or, in some

cases, a Van Ness rotationplasty, in which the ankle is turned around and piaced at the
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sameqevel as the knee on the longer leg is located. Once this is completed, the prosthetic
fitting can begin. The benefits of the process are quite simple. There is one
hospitalization and one operation. Younger children who are chosen to have this done
adapt very well to their prosthetics, and get used to them quickly, establishing a fairly
normal gait. Unfortunately, it is also very emotionally trying for the entire family -

especially if the children are older. However this process has the ability to completely
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Other methods have been theorlzed to stimulate growth in the physeal region
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time, is the possibility of electromagnetic growth stﬁnulation [19, 30]. Another method,
proposed by Wolff in 1892, involved subjecting the shorter leg to a constant tension,
which is known to stimulate growth in the physis. This idea was extended in the 20™
century into a procedure called “distraction epiphyseolysis”, in which a trans skeletal
distractor is mounted onto the leg to provide the distraction force, thus eliminating the
need for surgical operation [19, 27, 30].
1.5 Present and Future Focus

This work dedicated to the study of leg length discrepancies will start with a
description of gait analysis, moving to the investigation of the relationships among
various gait parameters, such as that between walking velocity and cadence, walking
velocity and impact acceleration, and the correlation factor between bone mounted strain
gage and skin mounted accelerometer measurements. The work will then progress to
provide a reliable way to isolate the contribution of heel impéct to the total measured
tibial acceleration. s

Further work will be done to analyze the correlation between severity of leg length
discrepancy to the force of impact on both legs. If a correlation is found, then the next
step will be to find a method to equalize these forces in order to establish both a uniform

gait and equal impact forces.
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Chapter 2: Elements of the Gait Cycle

2.1 Introduction

For the purpose of analyzing the gait process, the human body can be divided into

two sections: the passenger and the locomotor (Figure 2.1). The passenger, which

consists of the head, neck, trunk, and arms, comprises approximately 70% of the total
body weight, with the center of gravity located just in front of the 10" thoracic vertebra,

approximately 33 centimeters above the hip joints on the average person. Coordinated

muscle activity in this section maintains vertical alignment [24, 25].
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joint
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Balance of the passenger is heavily dependent upon support from the locomotor -
section, which consists of the two legs and the pelvis. The pelvis can be thought of as the
bridge between the two, since it serves as the support for the passenger and the link
between the legs for the locomotor. There is a total of 11 joints in this half, and their
motion is controlled by 57 muscles. Each of the bony segments, such as the pelvis,v thigh,
shank, foot, and toes, act as levers as each limb alternately assumes responsibihty for the
support and forward progression of the passenger section. After passing the weight of the
passenger to the opposite leg, the limb swings forward to once again accept the total
upper body weight during the next gait cycle [24, 25].

2.2 Functional Patterns and Objectives of Gait Cycle

Learning to walk occurs at a very early age for virtually every person such that it
soon becomes an almost unconscious activity. However, there are several functional
objectiyes that the human body’ s locomotor system must fulfill each time any kind of

_activity such as walking or running takes place.

2.2.1 Propulsion

The first and the most obvious functional objective is that of propulsion. The
main objective of walking is to move the body forward so that it inay go from one place
to another. The primary propelling force that causes this forward motion is the constant

falling of body welght The moblhty present at the base of the supportmg hmb due to the

presence of the heel, ankle and forefoot is critical o the V\freedom of thls “‘ffee fall” T
=These Jgugssewe 4s 10 J;ers allowmg the:body. to.move-; forwa_:_

AR

extended. The secondary propelling force is the forward swing of the free leg. The
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_ Due to these two factors, the upper part of the body will fall if the joints’ centersof - -

change of position and alignment provides an additional force as the momentum due to
body weight decreases in the supporting limb. Once the body has moved forward, it is
supported by the swing limb which has now assumed a stance position.. This process
continues cyclically and alternately with both limbs exchanging roles of supporter and

momentum generator [13, 24, 25].

- 2.2.2 Stability

There are also significant challenges to stability when a person stands and walks.
For example, the center of gravity is in the passenger segment of the body in which 70%
of the total body weight is located. This means that only 30% of the total body weight is
supporting the rest. The magnitude and direction of instability is a direct function of the
extent to which the center of gravity is out of line with the rest of the joint vectors. In
addition to this, the bones in the human body are long-and thin, with round, smooth joint

surfaces. This characteristic gives the body significant mobility at the price of stability.

gravity are out of line with one another to any degree [24, 25].

There are a number of compensatory mechanisms present in the human bodyb in
order to counteract the unstable equilibrium inherent in standing, walking, or running.
There are a total of three fcrces acting on the joint of the body when in any kind of weight

bearing mode. There is the falling of the body weight due to instability, the tension in-the

'hgaments and the muscle aet1v1ty in order to counteract ‘this fallmg R

IO IR
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K -Because of the dlfferent mechamsms and dynaxnlcs present durmg walkmg and
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When walking, the body lacks any form of passive stability that would be present during
quiet standing. The body moves from behind to ahead of the supporting foot, and the
area of support moves from the heel to the forefoot. During one complete gait cycle,
different parts of the locomotor system serve to counteract the constantly changing source
and direction of instability. Upon initial loading of the stance, or weight bearing, limb,
the extensor muscles restrain the fall of the body weight. As the body weight progresses

- past the ankle, instability occurs once again. This time, the weight is restrained by the
plantar flexor muscles. These muscles counteract the forces due to both gravity and
forward momentum. Thus, an increase in walking speed puts a greater demand on the
muscles that control deceleration and increase overall dynamic stability [24, 25].

When standing still, the entire body weight is supported by both legs. Loss of one

of the legs by swinging it forward or lifting it up causes the center of gravity to become

eccentric relative to the line of support. There is an instinctual contraction of the hip

~ abductors, serving to shift the center of gravity towards the support limb, thus re = SR
establishing stability in this position [24, 25].
2.2.3 Shock Absorption
The repetitive nature and impact associated with walking has required that shock
absorption be another objective of muscle activity during the gait cycle. It takes place in
three areas of the locomotor system: the anklg knee, and the hip.
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transfer in the forward diregtion [13].

The largest amount of shock absorption occurs in the knee. As the pretibial
muscle restrains the fall of the foot, it forces the rest of the leg to follow the foot. This
causes a forward roll in the muscle, causing knee flexion because the joint center is in
front of the body vector. The quadriceps then react to this by decelerating the rate of knee
flexion [13, 24, 25].

The hip reaction to impact is the immediate unloading of the other leg for swing.
The removal of support causes a drop in the pelvis on that side, whicﬁ is countered by the
stance limb’ s abductor muscles. As the hip motion and loading is countered in this way,
the shock of impact is absorbed by the muscle action in the knees and ankle. Thus, the
total load on the hip joint is reduced significantly [13, 24, 25].

2.2.4 Conservation of Energy

During gait, the center of gravity moves both horizontally and vertically in a

“somewhat sinusoidal fashion (Figure 2:2). ‘This curve; in-an-average person, is about 2.2

times longer than their leg length. As the amplitude of this arc increases, so does the
energy expenditure associated with the‘ gait cycle. Several mechanisms conserve energy
to the body by' flattening this curve, thus reducing the amount of flexion and extension
necéssary in the hip and legs [13].

The first of these components is pelvic rotation. The pelvis rotates by

— A

progression, and increases in frequency linearly as speed increases. This serves to flatten
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Figure 2.2 - Sinusoidal motion of the center of gravity
with no energy conservation mechanisms present
(reproduced from [13])

Figure 2.3 - Sinusoidal motion of the center of gravify with °
- pelvic rotation (reproduced from [13]) '
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intersections of the adjoining cycles less abrupt (Figure 2.3). Additionally, the
magnitude of the grouhd reaction forces as well as the force required to change the
direction of the center of gravity is decreased [13].

In addition to pelvic rotation, there is also a tilting motion in the coronal plane on
the side opposi{e to the weight bearing limb. The magnitude of this listing is about 5
degrees on either side. In order to compensate for this, the knee joint of the swinging
limb must bend in order to gain clearance from the ground. This, like the pelvic rotation,
lowers the center of gravity and flattens the peaks of the arcs (Figure 2.4). It also serves
as a shock absorbing mechanism by allowing some of the force due to impact to rotate the

pelvis to a small degree [13].

li‘igure 2.4 - ,Sinﬁsoidal r.notior;.of the center of gravity with
pelvic tilt (reproduced from [13])
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When walking, the thorax and shoulders rotate back and forth, approximately 180
degrees out of phase with the hip motion. This produces an arm swing in the same
shéulder which appears to have an overall balancing effect which smooths out forward
progression. It has also been illustrated that thoracic ‘rotation decreases in the overall
energy expenditure [13]. |

Upon impact of the foot with the floor, the knee begins to flex by about 15

degrees. In addition, the presence of the foot and ankle allows the pathway of the knee to

remain horizontal, allowing the knee flexion to smooth out the pathway of the hip. Thus,
the flexion of the knee as well as the presence of the foot and ankle joints to serve as

rockers serve to smooth out the discontinuities at the arc intersections (Figure 2.5) [13].

, ~° Figure 2.5 - Sinusoidal motion of the center of gravity with
knee flexion (reproduced from'[13]) .
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2.3 The Gait Process

2.3.1 Cycle Divisions

1

The gait process ;:an be broken up ih to several components corresponding to the
different loading characteristics that také place during each cycle, with minor variation-
among individuals. As these cyclés are broken up into divisions, it is important to note
that due to the symmetrical nature of the process under analysis, a complete cycle can be
thought of as the actions that bring one leg from initial contact with the ground through
the swing and back to initial contact again.

The stance phase is the first of two primary divisions and constitutes 60% of the
total cycle. It begins with initial double stance which initiates the gait cycle (10%). Both
feet are on the floor after initial contact, and there is an unequal sharing of the body
weight by both feet, with more weight being supported by the front lhﬁb. What follows is
a period of single limb support, while the opposite foot is lifted for its swing phase
(40%). This is also called single stahce, as the body’ s entire we'irgﬁt 1si)e1ng:omple?ely
supported by one leg. The duration of the single stance phase élso gives a good )
indication of the support capability of that limb in a loading situation. The final part of>

this phase is called terminal double limb stance (10%), which begins with floor contact

with the other foot. It continues until the original stance limb is lifted for swing. The

TR
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swmg phase makes up the remalmng 40% of the galt cycle The swmg limb merely

v e SR

advances towards double 11mb stance to restart the cycle [24 25] - )

2.3.2 Phases

- Jt . v [ — e
In the previous section, the entire gait cycle was outlined in terms of phasesand
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general actions during each of them. It is now important to examine the action and
reaction of the body during each of these divisions in order to gain a more detailed
understanding of how, wheﬂ, and why each of the muscle actions take place.

In the double stance phase, there is an abrupt transfer of body weight froﬁl a liﬁlb
of stable alignment to one of an unstable alignmen:t. Thus, four functional patterns must
be maintained, as mentioned earlier: forward progression, stability, shock absorption, and
conservation of energy.

The initial contact of the foot with the ground takes place during the first 2% of
the cycle, starting as soon as the heel touches the ground (Figure 2.6). During this stage,

7 ' ’

the hip is flexed, the knee is extended, and the ankle is dorsi flexed to neutral. At this

time, the other limb is at the end of its terminal stance. Upon initial contact, the body

Figure 2.6 - Initial contact




fesponds to the change in load distribution (0-10%). Again, this occurs upon initial floor
contact, and continues until the other foot is lifted to begin its swing. At this time, the
body weight is transferred to the forward limb, while the knee is flexed for shock
absorption. The ankle is plantar flexed in order to limit the action of the heel rocker by
slowly bringing the forefoot to the floor. At this stage, the opposite limb is in its pre-

swing stage (Figure 2.7) [13, 24, 25].

Figure 2.7 - Loading response phase
The loading response of the front leg has brought the body to the beginning of the

single limb support phase. It begins when the opposite foot is lifted off of the ground,
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one limb is solely responsible for supporting the entire body weight and its forward

progression. Durmg the first half of the single limb support phase, called m1dstance (10-
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30%), the opposite foot is lifted up and continues to move forward until the body weight
is aligned over the forefoot. The swing limb advances over the supporting limb by way of
ankle dorsiflexion, while the knee and hip extend. The opposite limb advances through

its midswing phase (Figure 2.8). In the second half of single limb support, called

-
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Figure 2.8 - Midstance phase

terminal stance (30-50%), the center of gravity moves ahead of the forefoot. The heel
begins to rise as the limb advances over the forefoot rocker. The knee increases its

extension and begins to flex slightly. The increased hip extension that takes place puts

ey
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while the weight supporting limb is now prepared for adVaﬁcement (Figure 2.9) [13, 24,

25].
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K begms (73- 87%) The swmg hmb which is now antenor to the body welght lme is

Figure 2.9 - Terminal stance phase

There are four phases of limb advancement: pre-swing, initial swing, mid-swing,
and terminal swing. The pre-swing phase (50-60%) is the second interval of the gait
cycle that involved double stance. It begins when the opposite foot makes contact with
the floor and begins its loading response. The ankle of the swing limb plantar flexes, the
knee flexes, and the hip loses its extension (Figﬁre 2.10). During the initial swing (60-

73%), the foot is lifted off of the ground and the limb is advanced by flexion in both the

hip and knee. The limb advances until it is opposite the stance foot, which is now in mid-

stance (_Figure 2.11). Once the feet are lined v_up.,in the sagittal plane the mid-swing. phase_ _
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advanced further by increased hip flexion. The knee extends in response to the influence

of gravity, while the ankle dorsiflexes to a neutral position. This continues until the
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Figure 2.10 - Pre-swing phase
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ngure 2.11 - Initial swing phase



Figure 2.12 - Mid-swing phase
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swinging limb is forward and the tibia is vertical. The opposite limb is still in its mid

stance phase (Figure 2.12). The final interval of swing, the terminal swing (87-100%),

- begins with a vertical tibia. Increased extension of the knee causes further limb

advancement. The hip maintains its flexion, while the ankle is still dorsiflexed to neutral.

Limb advancement is completed when the leg is ahead of the thigh and the foot makes
“free fall” contact with the floor. The other limb is in terminal stance at the end of this

phase (Figure 2.13) [13, 24, 25].




Chapter 3: Experimental Methods

The underlying focus of this work is the study of leg length discrepancies. Fistt it
was important to establish the primary causes, biomechanical effects, and methods of
treatment for this condition. In addition, a summary of the elements of the gait cycle was
required in order to establish a basic understanding of the joint and muscle activiry during
the stance and swing phases. The primary goal of research, however, is to determine how
the impact due to heel strike as well as the loading response of the legs changes as a result
of mild, moderate, or severe discrepancies. In order to measure these quantities,
acceleration measurements from a small skin mounted accelerometer will be used. It has
been shown that the resulting error arising from having the measuring device mounted on
the skin rather than in the bone is less than‘5%. Error in this range is acceptable for this

type of measurement [34]

In order to use acceleratlon as a basis for measurement, it is important to
understand its relationships with other parameters of gait, such as walking velocity,
angular motion of the tibia, and the loading response of the tibia at the time of impact.
For tlﬁs to be effectively determined, different methods of measurement must be used. A
kinematic analysis using position markers will yield the angular motion of the tibia during

the gait cycle. Surgically mounted strain gages on the upper tibia will be used in order to

e e R T
T T TR e R S T T R SR

e ““easuré the reactlon “forces in the tibia durmg The time of 1mpa# These will be e

compared to accelerometer measurements in order to finda correlatlon between thetwo. ... .. —
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3.1 Non-Invasive Accelerometer Measurements
The use of non-invasive techniques to obtain information about ground reaction
forces and the acceleration due to impact is the most ideal, as it requires no surgical

procedures on the subject and takes very little time to prepare for data collection. This

- allows for many sets of data to be recorded during a given session.

The use of accelerometers placed on the leg during the gait cycle allows for the
measurement of the magnitude of acceleration due to heel strike that occurs once per
cycle. By comparing the impact acceleration at different walking speeds, the relationship
between the two parameters can be determined. It is anticipated that this method will
eventually be used to compare the difference in heel strike acceleration differences in
people afflicted with varying degrees of leg length inequality.

3.1.1 Experimental Apparatus and Procedure

All of the non-invasive accelerometer measurements were made in the Taylor

- eomputer . The c_omputer converted the data from analog to d1g1tal atarate of 1 kHz, or_

Gymnasmm at Lehi;gh University. A small (2 g) accelerometer was affixed to the tibial
tuberosity (immediately below the patella) of the subject’ s right leg using a simple
canvas strap. The trahsducer was mounted to the strap by way of a small aluminum
brace, which allowed it to remain vertical during the mounting process. The transducer,
which gave an output of 10 mV per g, was connected to an amplifier which boosted the
51gnal by a factor of 100. The amplifier was powered by a 27V DC power supply The

‘amphﬁed sighal W’as then'sent 16 a convef'fer whlch thade ThHe data readable by the™™ === =
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1000 samples per second (Figure 3.1). A,,..,t?t;%l,,g.fs,i_x_t@@n.sgco_nds.,of data were recorded
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Figure 3.1 - Experimental setup for non-invasive
acceleration measurements

for each trial.

A total of seventeen subjects - all healthy, unfatigued males, were chosen to

—participate-in this experiment. Each subject walked on a treadmill at five different

speeds: .89, 1.11, 1.33, 1.55, and 1.78 m/sec (2, 2.5, 3, 3.5, and 4 mph). The data taking

process for one trial took approximately one minute. In this time, between 8 - 12 heel

strikes were recorded onto the computer, depending on the walking speed.

3.1.2 Data Reduction and Analysis

The data was recorded as a text file on the computer, and was processed using a
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e peaks were isolated by eye; and their-locations 'and»fmagnitudes-.werezmafked~and»zrecorded.:

peak finding program. Each rial was graphed indivi

dually in an exploded Qlew, the
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~ inaseparate data file. Tn ordet to determirie whether or not thie'differences in the time’
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" toe (Figiire 3.2). I order to minimize the movement of the markers relative to the- -

and acceleration averages were statistically significant or, in other words, from the same
parent group éf data, an analysis of variances (ANOVA) was performed on each
individual set of data. AN OVA calculates the standard deviation among all of the data
points in each set and then compares it to the average standard deviation among each set
aé a whole. Once the analysis v;'as performed, the heel strike times and accelerations
were each averaged, normalized for each trial in order to take into account variances
among the subjects, and graphed as a function of walking velocity with error bars to take
standard deviation into account.q‘
3.2 Kinematics

Kinematic analysis using position markers is used in order to trace the path of the
jointé in motion during the gait cycle. From the position data which is recorded onto a
computer, information about the angular and translational velocities and accelerations can
be found. This method is used in order to determine the contribution of angular motion
of the tibia during the moment of heel strike. o o e T
3.2.1 Experimental Appgratus. and Procedure

Positional data of the Subjecﬁ was taken using the Ariel Performance Analysis
System (APAS). Retroreﬂecti;fé fnarkers were affixed to the subject’ s body using
athletic tape. One was pléced c;n the rotation axis of the hip, the knee, the plantar and

dorsiflexion axis of the aﬁkle, the heel, the top of the head, and the rockerjoint of the 5

underlying tissue in the hip, knee, and ankle joints, a device consisting of two wooden

o] = i

"% “fods and a hinge aligned with the rotation axis of the kee WaS AHACHEA t0-tHE AT KGR h—=-"
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Figure 3.2 - Retroreflective marker positions on the locomotor
section

order to constrain their movement. Thus, the hip-knee and knee-ankle distances were

forced to Qé(i)ﬂnstahtﬁfg , 4].
The subject theﬁ walked on a treadmill at two speeds: 2.2 m/sec and 2.5 m/sec.
The position data was recorded using a video recorder and four electronically shuttered
cameras, which were zoomed into a 2 m by 1 m by 2 m viewing volume. Behind each
camera was a 1000 W lamp which illuminated the reflective markers and allowed the

cameras to pick up their position (Figure 3.3). Samplés were taken at 50 Hz, and the

T p—

- positional data is recorded and interpretedﬂ_}'lsAi_ng the frame grabbing module of the APAS

system {3, 4].
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Figure 3.3 - Camera and treadmill placement for kinematic analysis

"3.2.2 Data Reduction and Analysi T T e

Once the position of each marker was plotted as a function of time, the angular
position and velocity measurements were obtained. The data analysis in this section was
done using Corel Quattro Pro Spreadsheet. The primary area of focus is the angular
velocity of the tibia over the gait cycle. Thus, the positions of the ankle and the knee

were plotted in both the x- and y- directions, and the expression for the tibial angle was

B 4w [

obtained using the expression: ST
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0 =tan” (x, - X)/(Vi-Yo)>
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respectively. A negative angle is when the

hip and knee are in flexion, while the (u> Yn)

positive angle is when the hip and knee

are in extension, immediately before heel (X Vi)

strike (Figure 3.4). Each cycle of gait was

Y - Position -

then isolated,

and the time of heel strike determined. (X, ¥.)

This was done by interpreting the heel y - X -Position

displacement. Each minimum per cycle  Figure 3.4 - Coordinate points for the hip,
knee, and ankle

corresponded to the heel making contact

with the walking surface. The times were recorded and matched with the corresponding

angle measurements at those times. From the

above angle calculation, the angular velocity

S ~was measured by taking En_ay)efag?;?f{ﬁé"

slopes adjacent to each data point. The results
were plotted in order to find the instantaneous

angular velocity at the time of impact.

Combined with the computer }w\

calculations to isolate the angular velocity, a

R AT T o o -

" simulation was created using SDRC’s I- D | .

B et Tt b e P e

DEAS CAD software. A simple model was

designed (Figure 3.5), consisting of two long ~ Figure 3.5 - I-DEAS rendefiﬁé.rof
: ‘ human leg
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cylinders to reproduce the femur and tibia, with a smaller, thicker cylinder for the hip. In
the Mechanism Design task, all of the instances were defined as rigid bodies and the
pelvis was grounded. Two revolute joints were planed at the intersection between the
tibia and femur, and the hip and knee. This type of joint provides only one rotational
degree of freedom. Thus the total mechanism has two degrees of freedom.
Using the experimental data, the individual knee and hip angles were calculated.
In order to obtain the individual angles, the previous equation was utilized to calculate the
angles of the hip
&= tan” (%, - Xp)/(¥Vy-¥ds
and tibia
0 =tan" (x, - /(YY)
relative to the vertical (Figure 3.6).
However, since the tibia angle Revolute 1
depends upon the angle of the hip, it
does not yet represent the true angle

of the knee, t. The true knee angle

Y - Position

can be obtained merely by

subtracting the tibial angle with the

T=e_6. . ’. R et o / . ” . (xﬂ’».y;), o f

X- Position

A’typical plot of hip and knee angles

Flgure 3.6- Hlp, knee, and t1b1a1 angles 5,0, and

were 1nput (w1th angular ve1001ty zrespectivel,
. s y s e
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measurements closest to the average) using the Cubic Spline option in the Function
Creation command . The plots of angle vs. time for the knee (Figure 3.7, Figure 3.8) and
hip (Figure 3.9, Figure 3.10) are shown. The mechanism was solved using I-DEAS’
internal mechanism solver. A total of 40 data points were input for walking at 2.2 m/sec,
and 37 were input for 2.5 m/sec. Each was solved using a mesh size of .1, or 10 solution
points per input data point.

3.3 Invasive Tibial Strain Gage Measurementsl

Invasive techniqﬁes are those which require some amount of surgery for the
mounting of measuripg apparati on the human body. A set of three strain gages mounted
onto the tibia is used in order to measure the strain present in the tibia during the stance
phase of the gait cycle. This information will be used to compare with the accelerometer
measurements to find a correlation between the two. If there is, then a simple, non-
invasive technique can be used to find the forces present in the tibia in place of a more
 expensive and more painful surgical method.

3.3.1 Experimental Apparatus and Procedure

Two different measuring mechanisms were used during this phase of the
experiment: a skin mounted accelerometer and a bone mounted strain gage set. The
accelerometer was, as previously mentioned, mounted onto an aluminum brace and then

... to.the tibia, immediately below the patella, by way of a canvas strap tied around theleg, "~

TR T A LRI A Tt sy

The orientation was such that the wire was pointéd upWérds towards the belt hne,makm
it easier to tape to the leg to avoid entangling during the data acquisition phase. The

strain gage set, on the other hand, was surgically attached to the tibial bone itself,
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Figure 3.7 - Knee angle vs. time for a walking speed of 2.2 m/sec
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Figure 3.8 - Knee angle vs. time for a walking speed of 2.5 m/sec
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Figure 3.10 - Hip angle vs. time for a walking speed of 2.5 m/sec
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immediately below the patella as well. Three strain gages were mounted this way, and
positioned such that the center one was oriented vertically, while the other two were 45°
from the vertical. Thus, with both the accelerometer and strain gage, both the impact
acceleration due to walking and running as well as the reaction forces present in the tibia

during the time of impact are measured and recorded.

Multi Channel Tape Recorder

Amplifier Amplifier
,g/ - ,-"7/ B - -
5 =/
0Qe 0 Qo

\"Dm_nmr\’m&mm&gg

Figure 3.11 - Experimental setup for non-invasive accelerometer and invasive
tibial strain measurements

The room in which the data acquisition took place contained a force plate in the
floor, ¢orinected to another c}lahnel in the tape recorder (Figure 3.11). The subject |
walked, and later ran, over the force plate by taking a total of three steps - one before the

force plate, one on it, and one after it. A total of 19 trials were performed in this manner,
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with each one differing only by the type of footwear used. Since the strain gage and
accelerometer measurements were made simultaneously, it is not thought that the change
in footwear has any effect on the correlation factor between the two.

Outputs from each strain gage and the accelerometer were sent through an
amplifier, which boosted the signal by a factor of 10, thus making the conversion factor
for the accelerometer 100 mV/g, and -10.43 microstrain/mV for the strain gage. The
amplified signals were then sent to a multi-channel tape recorder so that they could be
analyzed at a later time.

3.3.2 Data Reduction and Analysis

The multi-channel tape recorder was connected to a computer analog to digital
converter, with a two channel input. The first connected the input from the vertical strain
gage, while the second carried the data from the accelerometer. A computer program was
used in order to transform the analog data to millivolts and write it to an external data
file. Once all of the information was transferred from the tape to individual data files, it
was filtered using an exponential smoothing function in Quattro Pro. This had to be done
in order to proceed to peak identification, which utilized the same peak location program
mentioned earlier.

The peaks were tagged and measured two ways. First, their magnitudes were
' ' " measured with reference to a baseline, or zero strain or acceleration value. The peak to

peak'va}ues were alsorecorded. This was done in ordér to more tho'roﬁéhly estab'lﬂishrtrh'e‘

.elements of each measurement that correlated with one another. Each set of peaks, with

their magnitudes and times, were again recorded in separate data files, which were

46

1

i

R R ol s o s do-sani €3¢ UL E SRS

o e ORAZE T 04 aA T T A AR
P A AL %”:}},:,_.y BRI E TG EE Bt Jocy

§

S




imported into Microsoft Excel for analysis.

As mentioned earlier, there was a total of three steps per trial: the step before, on,

and after the force plate. Each of these steps was isolated and placed into its own

subgroup, and after eliminating peaks which did not register properly or did not appear at

all, a correlation analysis was performed.
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Chapter 4: Dependence of Impact Acceleration and Cadence

Upon Walking Velocity

4.1 Introduction and Theory

Along with the components of the gait cycle, there are also parameters that are
associated with the locomotive process. The most obvious of these is walking velocity,
which is merely the speed at which one walks. Free speed walking is the speed at which
a person normally walks, corresponding to the lowest amount of expended energy per
cycle. The duration of the walking cycle is the elapsed time between successive heel
strikes of the same foot. By definition, it is inversely related to cadence, which is defined
as the frequency of heel strikes per second by the same foot. Stride length is the distance
between successive heel strikes of the same foot, while step length is the linear horizontal

distance between the line of center of grav1ty and the heel upon 1mpact w1th the ground

(F igure 4 1) These two parameters are d1rect1y proportlonal to walking veloclty [20, 21,

RS

22].
At the time of impact, the heel striking the ground subjects the leg to transient
shockwaves that travel up the tibia in the span of approximately 50 milliseconds. The

1mpact forces due to heel strikes as a result of walking and runmng are the major cause of

RS VPRRNS RIS s R e R “x —;m “hS *\1)’2“'{;@?
2 -

S shm sphnts and degeneratlve joint d1seases such as osteoarthntls later on in llfe [5, 15,

e e B Sy .
R

16, 33]. The total tibial acceleration is influenced by a number of dlfferent factors such

as the walking surface, the subject’s fatigue, and possrbly their walking or running
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Figure 4.1 - Stride and step length

Wivrelioc‘ity, which will be shown here. There are two distinct components making up the
total measured acceleration at the time of heel strike: the irhpact of the heel with the
ground and the angular velocity of the tibia immediately prior to impact [15, 16].

The influence of walking velocity on cadence and tibfal aéceleration will be
examined. Using a small skin - mounted accelerometer placed on the tibial tub)erosity of

.. theright 1?g, 15 subjects were me%sured at different \yoaﬂdng’gpgeds. The magnitude and

times of their impacts were measured using a peak finder program, and from this, the

velocity-cadence and velocity-acceleration relationships were found. The relationship

between these two parameters is important to understand because of its use in

i ENt e S
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determining the chances of the development of degenerative joint diseases in the legs and
the force distribution in the joints during the gait cycle.

The angular motion of the tibia causes an acceleration in the radial direction as
given by the following equation:

A =-0Xt)r

The negative sign is added because the acceleration is orieﬁted in the distal, or outward,
direction. The sign convention used makes a positive value of 6 to be when the knee and
hip are extended, immediately before heel strike, and a negative value of 0 to be when
both are flexed. Thus, a positive value of § corresponds to when the leg is swinging
forward, ahead of the center of gravity.

Thus, the total tibial acceleration is the sum of the angular velocity and impact

components:

A = A+ A

Substituting the above expressions into the above equation, we obtain:
Amtal =- O)Z(t)l‘ + A1
This equation can be rewritten in order to obtain the expression for impact acceleration in

terms of measurable quantities, since Am; and o are both measured experimentally [16]:

A= A10tal.+ ot

The different-components of-tetal-measured acceleration were-isolated-using a~ ~- -

kinematic analysis system called APAS, which uses reflective markers attached to various

joints on the lower half of the body; spébifically, the hip, knee; ankle, heg:l, and toe [3, 4].

Angular position anii velocity measurements were made prior to each heel strike inorder— -~ ——
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to analyze the contribution of each component to the total measured quantity. From this,
the true acceleration caused by heel impact with the ground was found using both
computer calculation and simulation.
4.2 Results and Discussion

The graph of average normalized cadence and walking velocity in miles per hour
is shown below (Figure 4.2). It can be seen that there is a linear relationship between
walking velocity and cadence, with the slope of the line given by

C=0.334v + 0.696,

where C is the cadence, normalized for a walking speed of 0.89 m/sec (2 rhph), and v is

the walking velocity in meters per second. The y - intercept is a significantly high value,

normalized cadence
o
[oe)

L4

0.8 - 13 1.8
velocity, m/sec

" Figure 4.2 - Plot of normaliZed cadence vs. walking velocity
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and would suggest that even with a zero walking velocity, there is a positive value for the
cadence. This can be explained by the fact that at slower walking velocities, the natural
gait cycle becomes distorted, with more time spent in the single stance immediately after
heel strike. It is questionable whether or not the linear relationship illustrated in Figure
4.2 will be maintained as velocity is decreased further towards zero. In addition, for
higher velocities, in thg range of 2.44 - 2.66 m/sec (5.5 - 6 mph), the subject is no longer
capable of maintaining speed by walking, and must make the transition to jogging or
running. Because of the differences between these two phenomena, it does not make
sense to assume that this straight line continues to a normalized cadence value
significantly larger than 1.5 or 2.

The use of ANOVA served to prove that the difference between data from each
trial per person was statistically significant. This verifies that the data taken per trial was

not from the same parent group of data, and that there is a definite relationship between

the two variables.
The results of the above mentioned averages are graphed as shown (Figure 4.3).
Thé end result is that total tibial acceleration is linearly proportional to walking velocity,
with a slope of the‘lin‘e given by
A= 1.829v: 0.613,

-

where A is the total measured tibial acceleration and v is the speed of walking inm/sec.

ROty

'm‘-%fr:?m-ifﬂ"ﬂ’-‘??@‘f*MﬁEh“ﬁké"ﬂféT'Bétiév'éen velocity and cadence, this equation implies a nonlinear .

relationship as walking speed decreases towatds zero. The direct relationship between

velocity and impact acceleration'is similar in nature to prior research done on the
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Figure 4.3 - Plot of normalized impact acceleration vs. walking velocity

relationship between walking velocity and ground reaction forces, suggesting that there
may be a correlation between the two phenomena [1, 6].

The type of analysis performed with the collected data allowed for fairly

‘consistent peak identifying and tagging-for each of the trials.- Some small error is present

here, however, since the data reduction was perfdrmed by hand. The impact times were
marked by tagging the maximum value of the shockwave that is measured by the
accelerometer. While the time to reach this maximum value should be consistent, it is a
strong function of the magnitude of the impact, which, as seen from the previous figure,
qan\ﬂuctu:ate s-igni_ﬁcantly. The time différence due to this change in magnituc_le is onsthe L
ordef of milliseéonds, which is of the same order of magnitude as the variation seen in the

samples. The peak to peak value recorded may not adeqﬁately represent the heel strike

that took place at that time. Thus, it.is safe to assume that this is the primary source of

53

—




error.
The results from the position analysis using APAS can be seen below. Angular
position and velocity were plotted over the course of one complete gait cycle, with the
heel strike in the middle of the graph. Results are shown for a walking speed of 2.2 m/sec
(Figures 4.4, 4.5). The angle of the tibia begins at a maximum position of about -60
degrees and a velocity of approximately 1.5 sec’, representing the point at which the foot
is the furthest behind the center of gravity, moving towards the vertical. The foot then
crosses the \{erti‘cal, directly below the center of gravity, achieving maximum positive
velocity. The tibial angle increases further until it reaches a maximum of about 20
degrees. At this point, the angular velocity is zero, as the body prepares for heel strike.
Impact with the ground occurs immediately after this, at an average angle of 6.079 +1.85
degrees and an average angular velocity of -4.115 + 0.226 sec’. This is the point of
maximum negative angular velocity for the tibia. At the time of heel strike, the tibial
_ angle then moves back towards the vertical to a negative quantity as the ankle servesasa~— —————
rocker for the progression of the body weight. The angle gradually decreases as the knee
and hip are flexed and the foot is brought up to the starting position.
Measurements were also made at a walking speed of 2.5 m/sec (Figures 4.6, 4.7).
While the overall trend for the progression of the tibial angle and angular velocity is the
same, their values at the time of impact are d_ifferent. ‘The ‘average angle at impact is 1.69
| +4.15 deg;'ees, while the a{verage anguiar velocity of -3.89" i 0.48 seb"; | | -

All of the paranieters and variables have been obtained for the time of impact.
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Figure 4.5 - Tibial anguiar velocity for a walking speed of 2.2 m/sec
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Figure 4.6 - Tibial angular position for a walking speed of 2.5 m/sec
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Figure 4.7 - Tibial angular velocity fo_r a walking speed of 2.5 m/sec
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seen that

B .the samplmg rate does not allow for a prec1se measurement of the exact time of impact.

UCEIR

The distance between the hip joint and the accelerometer is assumed to be on the order of

0.4 m, or 40 cm. Substituting ® and 6 into the expression for impact acceleration, it is

A=A, + o) = A, - 6.77 m/sec?

for waiking at a speed of 2.2 m/sec. The total contribution of gravity and angular motion

is 6.774 m/sec?, or 0.69 times the acceleration due to gravity. The expression for walking
at 2.5 m/sec is
A=A +a’(t) = A, - 6.06 m/sec?,
showing the contribution due to the angular motion of the tibia is 0.617 g. These
contributions are significant since the impact due to walking is on the order of 2-3 g’s.
The values are both larger than the measured contribution of 0.44 g at a walking speed of
1.5 m/sec made by LaFortune and Hennig [15], indicating a direct relationship between
walking speed and the contribution of angular motion of the tibia to total measured
“acceleration. The measurements taken at 2.5 m/sec, however, imply that while the
contribution may inc.rease initially, it reaches a maximum at a specific walking velocity,
and then gradually decreases as speed increases until the gait cycle changes to running.
There are two primary sources of uncertainty using this type of measurement
technique. The first arises from isolating the time of heel impact with the walkiﬁg surface

by way of finding a mlmmum in heel y d1sp1acement Whlle this is a loglcal method

R
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‘Thus, it allows the correspondlng va.lues of tibial angle and angular velocity to be
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erToneous. This is one of the p0551b111t1es when attempting to examine. the source of the
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large standard deviation for the second trial (2.5 m/sec). The second source of
uncertainty arises in the approximation of instantaneous tibial angular velocity. The
averaging of the adjacent slopes gives an approximation, but not the exact value at that
pqint. Both of these sources of uncertainty are significant, but not essential to eliminate
in order to obtain an estimate of the contribution of each component of impact to the total
measured value.

The results of the computer mechanism simulation cén be seen in Figures 4.8 and
4.9 for a walking velocity of 2.2 m/sec, and Figures 4.10 and 4.11, which show the
angular velocities of the hip and knee joints for a walking velocity of 2.5 m/sec.
Comparing it with the results obtained from the previm;s section, is can be seen that the
results are almost identical. Starting from the posterior position, the leg increases angular
velocity until it reaches a maximum immediately below the center of gravity. It then

decreases as it reaches its maximum positive angle and swings back slightly before the

~ heel hits the ground. The angular velocity changes sign as the heel is used as-atocker for — — - ——

the progression of body weight and then brought back to the beginning of the
measurement cycle.

At the time of impact, the angular velocity of the knee joint is -5.5 sec and -5.25
sec” for walking speeds of 2.2 and 2.5 m/sec, while the corresponding hip joint velocities

at the time of i 1mpact are 1 sec for both walkmg velocities. The sum of these yleld the . .

ISR [P AT 7 Al Gttt

angula.r velocity of the tibia at the heel strike: -4.5 sec™ for walking at 2.2 m/sec, and
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-4.25 sec for walking at 2.5 m/sec. These values are slightly great& in magnitude than
the calculated averages of -4.12 and -3.89 sec! by factors of 8.5% and 8.47%,
respectively. These discrepancies have largely been accounted for in the previous
discussion of possible errors inherent in the spreadsheet analysis process.

4.3 Conciusions

There are numerous parameters associated with the phases of the gait cycle, such
as walking velocity, cadence, impact acceleration, and stride length. Understanding of
the relationships among them is highly beneficial in the context of experimental analysis.
The relationship between walking speed and steps per second, or ca(ience, was examined.
It was shown that a linear relationship does indeed exist between the two parameters
illustrating that as walking speed increases, cadence increases as well. These results
concur with prior research completed in the field [1, 7, 11, 20, 29].

During impact of the heel with the walking surface, there are two primary
components that are measured simultaneously. There is the acceleraﬁon due to impact,
and the acceleration caused by the _aﬁgular motion of the tibia during swing and pre-
stance. Using the Ariel Performance Analysis System, SDRC’s I-DEAS, é.nd simple
trigonometry, the angular velocity of the tibia was isolated at the time of impact in order
to estimate the magnitudes of the above components.

It was established that angular motion contributes significantly to the total

4

measured acceleration. This contribution is somehow dependent upon the subject’s
walking velocity. It would seem that, given the current data, that as walking speed

increases, angular acceleration decreases at the time of impact and thus its influence

/
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decreases. Further study in this field is recbmmended, with special focus placed on
establishing a wider range of walking velocities in order to more effectively determine the
effect of walking velocity on impact angle and tibial angular velocity, as well as
in&easing the sampling rate to 200-300 Hz, allowing for more precise identification of
the time and, consequenﬂy, more precise identification of angular position and velocity at

the time of impact.



Chapter 5: Correlation Between Impact Acce:leration and

Tibial Strain Measureménts

5.1 Introduction

At the instant the heel strikes the walking surface during the gait cycle, a
shockwave travels up the tibia to the femur and the rest of the body. This shockwave is
highly dependent on the conditions of the walking surface, footwear, and the velocity at
which one walks [5, 15, 16, 33]. Immediately after the impact occurs, the loading
response takes place; the center of gravity moves over the heel rocker as the leg that made
impact with the floor is now bearing the total weight of the locomotor section [3, 4, 5, 6,
24].

Both phenomena - the shockwave through the tibia and the loading response of

the leg - oceur at the same time. By using both a skin - mounted accelerometer and a
series of bone mounted strain gages, it will be determined whether or not there is a direct
correiation between the acceleratiori due to impact and the forces present in the tibia. If
so, then it would be possible to extract force and strain measurements about the tibia by
way of an inexpensive, non-invasive technique.

5.2 Results and Discussion

The 51gn1ﬁcant results of the analy51s are shown below and 1nclude data from

s~ DIl ew T e T STTERL

both walkmg and running (Figures 5 1 5 2) It is shown that there is a falrly strong (-0. 68

for walkmg, -0.74 for running) correlation between the output from the accelerometer and
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the strain gage output during the first step taken prior to making contéct with the force
Table 5.1 shéws the time delay between the measured acceleration as measured by the
accelerometers and the strain measured by the strain gages. plate. Regression lines
through the data show that the relationship is linear, with the equation of the line given by
S=-228.0g- 1484
for walking and
S =-132.0g - 2500
for running, where g is the accelerometer output in g’s and S is the output from the strain

gage in microstrains. Table 5.1 shows the time delay between the measured acceleration

walkin

data pt strain data pt accel time (ms) avg stdev
1138 17843 1066  163.4983 72

1012 221.16 987 255.57 25

956 187.56 914  268.8057 42

1336 187.41 1260  256.1085 76

951 204.37 904  305.152 47

1242 21189 1216  234.267 26

959 185.08 919 227588 40— e
1081 165.5 1029  128.4712 52 475 18.853
running

datapt strain datapt accel time(ms)  avg stdev
1101 269 1021 456.3261 80

919 302 850  652.2062 69

730 287 674  451.266 56

951 289 891  394.4073 60

985 329 921  881.5356 64

993 343 | 928  406.7475 = 65 . d

798 330 706 613.72 92

1275 326 1199 652.545 76 -

923 313 859 - 67834 64

1077 402 982 - 1066 95 724 13.312

Table 5.1 - Time measurements for impact and tibial strain
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as measured by the accelerometers and the strain measured by the strain gages for both
walking and running. It can be seen that there is a clear time delay between the impact
acceleration and the loading response of the tibia, with an average time difference of 47.5
msec for walking and 72.1 msec for running.

The remaining data from both the second and third steps over the force plate for
walking and running, did not yield results that gave a clear correlation between strain and
acceleration, even after eliminating the false readings. A number of factors had the
potential to cause this condition, such as the subjec;t’s knowledge of the measming
process. During the data acquisition phase, the subject was aware of the locatio;l of the
force plate and that the measurement was going to be taken at that location. Asa result, it
is possible that the anticipation of impact with the force plate has an effect on the overall
gait pattern prior to and during the time of impact. The step after impact, sinc';g it is after
the data that has been recorded, is erratic because of its perceived lack of significance by
the subject. Thus, it is likely that the only aspect of gait during the measurement period
that would show a correlation between the strain gage and accelerometér ojutput's is the
first step.

5.3 Conclusions

Immediately after the heel makes contact with the ground, two phenomena take

place adjacent to each other in‘the time domain. The first is a shockwave, traveling

-

through the tibie(i and femur, as a result of the impact of the foqt with the walking surface.

Immediately after impact, the WEi’gh'tAb'earing phase of the'leg begiﬂs. By‘placin'gan' o

a

accelerometer and a set of strain gages on the fibia, both the acceleration due to impact
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and the loading response of the leg can be measured. It has been shown that there is a
correlation (-0.68 for walking, -0.74 for running) between the peak to peak magnitude of
the strain gage output and the baseline magnitude of the accelerometer measurements.
This illustrates that it is possible to use a simple, inexpensive, and, most importantly,
non.-invasive technique to measure the reaction forces of the tibia from the acwcelerometer
readings.

Further work is highly récommended to confirm the results obtained in this
section. A method alternative to having a subject walking over a force plate taking no

more than three steps per trial is desired. The ideal measurement technique that would

. yield the most consistent results would be to have the subject walking on a treadmill at

various speeds, with.botthtrain gage and accelerometers connected. This would allow
much more than three data points per trial to be taken, and would allow for more

consistent results by allowing the subject to fall into a reg;ular, relaxed walking style. The

only difficulty associated with continuing research in this area is ﬁﬁdiﬁﬁlbjééﬁ willing

to participate in the surgical procedure required to screw in the strain gage brace to the
tibia. If overcome, a more definitive correlation between these two parameters can be

found.
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‘mild differences (below 5 cm), shoe lifts are prescribed. While this does not take care of

Chapter 6: Conclusions

Leg length discrepancies are categorized as a functional or anatomic difference in | |
the lengths of the lower limbs caused by disease, genetics, or trauma during growth. The
effects of this condition diffqr in severity depending upon the degree of length inequality.
For mild differences, there is often no significant biomechanical problem or complaint by
the subject. For more severe (5 cm and up) differences, the pelvic tilt commonly
associated with leg length discrepancies causes both immediate problems, such as lower
back and knee pain and gait asymmetry, and more long term problems, such as sciatica,
bursitis, and osteoarthritis caused by the change in the surface area of the hip joint in

contact with the pelvis.

Treatment also depends on the degree of severity and the age of the patient. For

the cause, it compensates for the difference in height and eliminates some of the gait
asymmetry. For moderate differences, such as those between 5 and 15 cm, resection
osteotoiny, epiphysiodesis, or physeal stapling are often used. For those patients
suffering from severe discrepancies (15 cm and above), prosthetic fitting after amputation
is one of the only options available.

The ultimate goal of stgdying leg length discrepancies is the development of
orthotic and pfosthétic devices to equalize the acceleration due to impact. Iﬁ order to

accomplish this, it was important to establish the causes, effects, and treatment of this
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_condition. Once established, the elements of the gait cycle were examined, as well as the-
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relationship between walking velocity with other gait parameters such as impact
acceleration, cadence, and tibial strain immediately after impact. It was found that a
direct relationship exists between walking velocity and imi:act acceleration, part of which
is due to the contribution to total measured acceleration by the angular motion of the
tibia. This quantity has been shown to contribute on the order of 0.6 g for a walking
speed of 2.2 m/sec. In addition, a direct relationship was found to exist between walking
velocity and cadence. It was found that as walking speed increased, the normalized
cadence of subjects increased as well. This trend is thought to decrease nonlinearly at
very low walking speeds before a normal gait cycle is reached. Through the use of
surgically applied strain gages and skin mounted accelerometers, a correlation was found
between impact acceleration aﬁd tibial strain at the moment of impact for walking (-0.68)
and running (-0.74). These results are encouraging, as it shows that a relationship can be

made between the impact acceleration and the tibial strain, thus making it possible for the

use of non invasive techmques for such a measurement in the future.

Further work and experiments in each of the above mentioned subjects is highly
recommended to verify the results found in this work. M Additional .experiments will
follow, such as the measurement of the change of impact acceleration as a function of
discrepancy. Orthotic devices will be individually studied, with particular focus 6n their
ability to provide proper shock absorption and gﬁit equalization. The ultimate goal of this
will be the developni’ent of orthotic and prosthétic devices that not only restore proper Iéga*

length but also restore symmetry to the gait cycle and equahze the acceleratlon dueto .
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