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Abstract

ABSTRACT

Ankle-Foot Orthoses (AFOs) are devices applied to the foot and lower leg when
ankle joint stability has been lost, commonly through, upper and lower motor neuron
lesions resulting in gait abnormalities. Conventional leather and metal AFOs have
been largely superseded by plastic devices in recent years, especially made from
polypropylene (PP). To date the design of AFOs is mainly based on empirical
studies. A survey of the literature indicates that there is a dearth of experimental
investigations in this area. Consequently, more research should be conducted on the
mechanical characteristics of AFOs and their interaction with the limb in order to
improve design criteria, performances and prescription of the orthoses.

The objective of this project was to assess the performance of strain gauges attached
to polypropylene (PP) with the perspective of using them to determine orthotic loads
and stresses generated in polypropylene AFOs during patient’s activity.

Initially PP samples with an extensometer attached on them were tested following as
far as possible the British Standard BS 527-1, with two different tensile test protocols
on an Instron machine with the aim of investigating the material’s viscoelastic
nature.

Strain gauged samples were tested in tension at low (0.158 mm/min) and high strain
rates (2.43 mm/min), in a stress range between 0-2 MPa. Investigation of two
different bonding methods used for gauge foils installation on polypropylene was,
thus, carried out to verify the most preferable technique. This was achieved by
comparing strains measured by the strain gauges and the extensometer, attached to
the side of the sample.

Results obtained by strain gauge testing showed that a better accuracy was achieved
in polypropylene UV light pre-treated samples where strain gauges were attached

with cyanoacrylate adhesive (10% difference at slow rate) rather than in samples in
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Chapter 1: Introduction

CHAPTER 1

INTRODUCTION

1.1 BACKGROUND AND OBJECTIVES OF THE STUDY

Orthoses are devices applied to modify the system of external forces and
moments acting across a joint in a body segment, which is unable to control or resist
these forces due to impairment or disease. The present study concentrates on ankle-
foot orthoses (AFOs) which are devices applied to the foot and lower leg when ankle
joint stability is compromised. They are commonly prescribed in the management of
upper and lower motor neuron lesions resulting in gait abnormalities.

AFOs are amongst the most commonly prescribed categories of lower limb orthoses
and, despite their small size and apparent simplicity, have proved disproportionately
effective in enhancing the function of a wide range of patients group of all ages
(Bowker et al, 1993).

Traditionally made from metal and leather, nowadays AFOs are made from
thermoplastic materials resulting in more cosmetic and lighter devices. The most
common plastics used for AFO manufacture is polypropylene (Showers et al., 1985).
For a correct management of lower limb deformities, an AFO should apply the
required magnitude of forces without interfering with the patient ability to walk,
provide a comfortable pressure distribution preventing soft tissues damaging
(Bowker, 1987) and reduce energy expenditure while helping to approximate a
normal gait pattern when a patient is fitted with the device (Lehmann, 1979).
Therefore an understanding of the mechanical properties of AFOs is important to

succeed in rehabilitation of impaired patients. The interaction between the orthosis
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and the patient’s lower leg is also a relevant parameter when aiming for an enhanced
AFO design.

The majority of experimental studies on AFO concentrates on the gait analysis of
patients donned with the orthosis investigating the resulting gait pattern (Magora et
al.,1968; Dieli et al.,1997; Chu, 1998,2000). These studies, however, are focused on
particular scenarios, e.g. specific types of AFO and pathologies, without providing a
large spectrum of data for improving the effectiveness of AFOs design. A better
understanding of orthotic loads is required to make progress on orthosis prescription
and design. Forces between the AFO and the lower leg during a gait cycle have been
only studied theoretically so far (Leone, 1987; Bowker et al., 1993; Mc Hugh, 1999).
It is the first aim of this project to investigate the use of strain gauges attached on
polypropylene samples with a view of using them to determine mechanical
characteristics of plastic AFOs. Assessment of the biomechanical functions of AFOs
can be achieved, in fact, by measuring gait forces and moment supported by the
orthosis using an instrumented AFO and measuring the ground reaction forces with a
forceplate. In turn this will also allow the estimation of anatomical forces on the
patient’s affected leg to be determined. With data acquired by the mentioned method,
improvements in design criteria of an AFO should be accomplished.

However, a backward step is first required before moving forward to the loads
analysis of the patient and plastic AFO system. The accuracy of strain gauges,
intended to be used for measuring orthotics loads must be, in fact verified. Strain
gauges technology was first used for this purpose by Chu (1996, 1998, 2000) but the
accuracy of the methodology were not discussed. Melissa Webster (2006) then
attempted to study strain gauges application to polypropylene. The latter
investigation, however, does not provide conclusive results indicating whether strain
gauges can be applied in order to study the biomechanical functions of AFOs.

The project described throughout the next chapters of this thesis investigates the
doubts brought about by the mentioned study (Webster, 2006) to assess strain gauges
accuracy on polypropylene. Strain gauging a plastic material in fact involves
different critical aspects related to the material behaviour itself to be considered,
comparing to when dealing with strain gauging a metal (Window, 1992). In addition

the bonding technique to be used for attaching strain gauges to plastic materials is a
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very important aspect in strain gauge accuracy and reliability. An investigation of the
polypropylene viscoelastic nature therefore, was planned before evaluating the
feasibility of using strain gauges for strains measurements on polypropylene.

Then it was planned to compare the performance of strain gauges with other strain
measuring methods, such as exetensometry. Last aim of this project, as anticipated
earlier, was to determine loads taken by the orthosis in a healthy subject fitted with a

strain gauged polypropylene AFO.

1.2 ORGANISATION OF THE THESIS

The second chapter provides an introduction to the subject of orthotic devices,
with particular regards to the lower limb orthoses biomechanics and functions.
Clinical conditions which may be served by those orthotic devices are also described.
Chapter 3 concentrates on ankle-foot orthoses. Materials used for AFO manufacture
are discussed together with the various designs so far developed. Secondly a brief
introduction on gait analysis terminology, parameters and instrumentation used for
this purpose is given to the reader. This will provide a better understanding of the
subsequent part of this chapter which examines principal pathologies treated with
AFOs. The chapter concludes with a review of the research conducted in this area to
date. )

Chapter 4 describes the methods and instrumentation used in the current study.

The fifth chapter illustrates experimental results obtained by the tests conducted on
polypropylene samples and when performing the test on a subject fitted a strain
gauged polypropylene AFO.

Discussions related to the results presented in chapter S are detailed in chapter 6.
Finally the conclusions and recommendations for future studies are provided in

chapter 7.
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Figure 2.1: Ankle Foot Orthosis.

All orthoses operate by applying forces to the body in order to:
e correct deformities by re-aligning the limb;
e control motion of a limb segment;
e compensate for absent forces due to weakened or absent muscle power;
e support anatomical structures from weight bearing.
At least one 3 point-force system is applied by each device on a patient’s limb to
restore more normal functions in pathological situations.
The basic principles on the application of forces system between the body and the
orthosis will be discussed in the next chapter with particular regards on AFOs.

This chapter aims at giving to the reader an introduction to clinical conditions
which may be served by orthotic devices together with an overview of lower limb

orthoses functions.

2.2 CLINICAL CONDITION TREATABLE WITH ORTHOTIC
MANAGEMENT

Disorders or abnormalities of the neuromuscular skeletal system result in a
reduction of patient’s ambulatory ability and consequently requirement of orthotic
devices.

A brief description of conditions that may necessitate the use of orthoses is given

below.
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2.2.1 Motor Neuron Disorders

One of the most common reasons of fitting an orthosis is the loss of stability
through upper and lower motor neuron lesion.

Upper motor neuron lesions will result in muscle control dysfunction with the

patient no longer able to dictate when muscles should contract. Muscles respond to a
number of different stimuli resulting in involuntary patterns of motion. This
abnormal increase in muscle tone is referred to spasticity. Muscles usually involved
are antigravity muscles, such as hamstrings, quadriceps and adductors. Individual’s
gait becomes stiff and slow.
Several categories of patient exhibit these characteristics; however one of the most
important groups is children with cerebral palsy. Cerebral palsy is a disorder that
affects voluntary motor performance and arises in infancy or childhood as a result of
prenatal trauma, drug exposure, or a congenital defect (Martini, 2006) There are
three main types of cerebral palsy: spastic, athetoid and ataxic. The abnormalities in
motor skill derived by these diseases can be treated by the use of an orthosis to
control involuntary motion, foot positioning and correct deformities.

Lower motor neuron lesions, on the contrary, is usually associated with flaccid
paralysis, caused by reduced muscle tone. Either voluntary or reflex muscle activity
is decreased. Atrophy or wasting of the affected muscles can be seen. The reduction
in muscle tone can be compensated by an orthosis that stabilizes joints and prevents
further developing of deformities.

Post-poliomyelitis deformity, is an example of lower motor neuron lesion caused by
a viral infection that attacks motor neurons in the spinal cord causing paralysis and
atrophy. The degree of flaccid paralysis depends on the level of spinal cord involved.
Periphereal nerve injuries due to trauma, neuritis, or prolapsed invertebral disc cause
several deformities and weakness in the part of the body innervated by the affected
nerve. The principal obvious characteristic of patients suffering from peripheral
nerve injuries is, thus, the flaccid nature of muscles. Treatments may involve
orthoses that can hold the affected limb to improve muscle function. In particular if
the peroneal nerve is affected there is loss of capacity to lift the foot and toes

(dorsiflexion), as well as loss of the ability to evert the foot. The patient while
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walking drags the foot on the ground when bringing it forward. An ankle-foot
orthosis is usually recommended when pereoneal nerve lesion occur.

Another disorder of the central nervous system is multiple sclerosis. The latter is
a degenerative disease which destroys the myelin sheaths of neurons, leading to
slowed impulse conduction or total block, and thereby nerve signals transmission
between the brain, the spinal cord and other part of the body is impaired. Gait
problems in patients affected by multiple sclerosis are related to muscle weakness,
loss of coordination, sensory deficit, loss of balance, fatigue and spasticity. Those
problems can be helped to some extent by physical therapy or ambulatory aids such

as canes, forearm crutches, ankle-foot orthosis, and wheelchair in most severe cases.

2.2.2 Cerebral vascular lesions

Cerebral vascular accidents (CVA), also known as strokes, result from a loss of
brain functions due to problems in the blood supply. Ischaemia of the brain can be
caused by embolism, thrombosis, haemorrhage, atherosclerosis of the cerebral
arteries, brain tumor and 'ruptured vascular aneurysm. As a result of a stroke,
synergies at limbs often occur with hemiplegia, subsequent to a CVA, being one of
the most common encountered causes of control dysfunction. Coordination of flexion
and extension required for normal limbs movement is impaired with the resulting
gait pattern depending on the extent of the lesion. One of the most common
abnormalities seen in hemiplegic patients is equino-varus deformity, due to
dorsiflexors and pronators weakness causing clearance problem during swing phase.
Treatments include the use of orthoses, especially AFOs, or knee-ankle-foot orthoses

(KAFOs) (Figure 2.2), for more severe cases.
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management may assist patients during ambulation postponing complete dependence

on wheelchair.

2.3 BIOMECHANICS AND FUNCTIONS OF LOWER LIMB
ORTHOSES

Whether when standing or during dynamic activities, the body is subjected to

external forces and moments in all the three orthogonal directions. In a healthy body,
these external forces and moments are counteracted by the action of muscles,
ligaments, or other normal body tissues.
As previously discussed a wide spectrum of diseases may compromise the ability of
human tissues to resist or control external loads resulting in an abnormal pattern of
motion. An orthosis applied to a patient can compensate for inadequate internal force
system ensuring a safer and more natural gait pattern when lower limb impairments
are involved.

There are four different ways in which an orthosis may modify the system of

external forces and moments acting across a joint to restore more normal functions
(Bowker et al., 1993).
First, an orthosis may modify the moments acting about a joint reducing the
rotational joint motion, secondly it may modify the normal forces acting about a joint
and thereby restrict translational joint motion at the joint. An orthosis, thirdly, may
also provide an alternative pathway for the transmission of the applied load, reducing
forces and moments carried across the joint. These three mechanisms are referred to
as the direct action of the orthosis, by means the orthosis acts over the joint it
encompasses. The fourth effect provided by an orthosis is the control of the line of
action of ground reaction force (GRF). This mechanism is used mainly to modify
moment about a joint or change the alignment of a joint. Realignment of GRF
produces effects at all level of the lower limb, thus, this fourth approach is referred to
as the indirect action of the orthosis.

Each mechanism described requires three forces to be applied on the patient’s
diseased lower limb segment. Pads, straps, hinged joint centres, elastic bands, springs

or motor element may assist an orthosis in the treatment of pathological conditions.
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The orthosis, finally prescribed, is strictly related to the particular functional
deficit experienced by the patient and to the expected therapeutic outcomes.
However four different classes can be defined in terms of orthoses in according to
the major function provided: supportive, functional, corrective, protective othoses.
The largest class comprehends supportive orthoses used in treatments of all sort of
conditions that require motor-control. Namely spasticity, flaccidity, painful joints,
nerve deficits, architectural anomalies, trauma and congenital conditions can be
treated with supportive orthosis. The latter aims to control joint motion, limit and
prevent development of deformity.

Functional orthoses are characterised by mechanical joints, hydraulic cylinders,
springs, elastic bands to impart active function. They are prescribed to compensate
for weakened or absent muscle power. They are, primarly, used in the treatement of
flaccid conditions.

To correct or realign parts of a limb, corrective orthoses are commonly used. They
can be considered surgical tools, rarely used outside infancy.

Finally, protective orthoses, offer protection and maintain alignment for a painful
joint.

An optimal design of an orthosis results from an evaluation of patient’s
condition along with the principles of design related to fuction of the orthosis.

With this regard an adequate load carrying area should be provided for comfortable
pressure distribution. This aims to minimize the discomfort or damage to soft tissues,
since an orthosis may apply quite considerable forces to the body. Joint positioning
important for a better comfort, cost, ease of application, cosmesis, maintenance and
weight should be also considered during orthosis design. Few of those characteristics
may be controlled by the choice of materials used in orthotics fabrication. Materials
used for the manufacture of orthoses will be discussed with particular reference to
AFO manufacturing, in the next chapter.

Not less important is the knowledge of force interactions between the limb and the
orthosis. The measurement of forces and moments applied by the external device is
the objective of several studies with the aim to improve orthosis performance.
Evaluation of loads applied by AFO on patients’ leg during swing and stance phase

of a gait cycle will be discussed in the following chapter.

-10 -
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mainly related to the introduction of a wide variety of materials used in AFO
manufacturing. Recently, in fact, the traditional AFO made of metal and leather has
been largely superseded by plastic devices. A discussion about materials used for
AFOs fabrication and advantages and disvantages of the use of conventional AFO or

more modern plastic device is given in this chapter.

A description of the most common pathologies which are amenable to treatment
with AFO will be given to the reader along with the appropriate ankle-foot orthosis
prescribed in each case. Forces and moments action patterns applied by those AFOs
on the patient’s lower leg are also shown.

Although different lower limb impairments may be treated with different types of
AFOs there are three basic considerations in prescribing an ankle-foot orthosis:

1. one should bear in mind that the orthosis is worn by a patient that can walk
without it although not safely. To ensure safety the orthosis must provide
adequate medio-lateral stability during stance phase;

2. the orthosis must provide adequate toe pick up during the swing phase;

3. it is desirable to approximate the normal gait pattern as nearly as possible and
thus reduce energy expenditure (Lehmann, 1979).

A brief overview of studies conducted to evaluate the mechanics of this device will
be also presented with particular attention to the load measurement system used. An
understanding of AFO mechanics, in fact, is important to improve AFO designs and
consequently its performances.

AFO performances can be investigated throughout a gait analysis of a subject
wearing the experimental orthosis. A brief introduction on this technique is detailed
in the present chapter. The terminology used in gait analysis is also explained so that
the reader can better understand all the recalls made on human gait when dealing

with pathologies that affect patients’ locomotor system.

-12-


















twisting a

_band.




Chapter 3: Ankle-Foot Orthoses

Regardless of AFO specific design or the materials used, the ability of an AFO to
achieve maximum benefit is greatly influenced by the shoe worn by the patient.
Changing a shoe, in fact, can alter the biomechanical function of the orthosis.
Although thermoplastic designs are most often used, in some circumstances, a
conventional AFO may be more appropriate. For example when changes in a
patient’s condition are expected an adjustable conventional AFO is preferable. Later,
as the condition stabilizes, and adjustability is not required anymore, a plastic AFO
may be fitted. Different factors should be evaluated for an appropriate AFO
prescription including the degree of muscoskeletal impairment or deformity,
hypertonicity, presence of motor control disorder, and the anticipated prognosis by
means of evaluation of growth and progression of the disease process. An
appropriate consideration of all these factors will result in a positive and beneficial
orthotic outcome for the patient.

A brief overview of advantages and disadvantages of the two main categories of

AFO, plastic and conventional, is given in the following paragraph.

3.2.1 Metal vs Plastic AFO

The more obvious advantage of plastic AFO is the improved cosmesis. Plastic
AFOs can be easily hidden under clothes and shoes interchangeability is also
allowed. Those factors contribute to greater orthosis acceptability by patients,
breaking the stereotypes of disabilities set by society (Shamp, 1983).

The use of thermoplastic materials result also in lighter device thus reducing energy
requirements during patients activities. They are relatively cheap to produce, can be
manufactured quickly and require less maintenance than conventional orthoses
(Bowker et al.,1993) In addition hygiene concerns are easily met with plastic
orthoses that may be cleaned daily (Shamp, 1983)..

However the effectiveness of plastic AFO is dependent on the manufacture and fit of
the orthosis itself. Continuous improvements should be made for a better orthosis
quality. The development of new technologies, such as the computer assisted
fabrication CAD/CAM methods, may allow more accurate orthoses construction

improving their function once fitting on a patient’s leg.

-19-
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Although a higher quality of orthotic practice may be achieve with orthotist
experience and further research, the problem of plastic AFOs adjustability still
remain a disadvantage for those AFOs compared to the traditional metal and leather
ones. Conventional AFOs adjustability is the main reason for the continued
popularity of those devices, which can be easily set to accommodate growth or other
patient’s changes following orthotic treatment.

Either conventional AFOs or plastic AFOs base their function on a 3 point-force
system applied on the patient’s leg. The area upon which forces are applied is greater
in plastic AFO reducing potential of high pressure, discomfort, and skin breakdown.
Although the advantage of adjustability and the fact that their effectiveness is well
recognized in clinical practice, the introduction of plastic materials have reduced the
prescription of conventional AFOs since more advantages have been recognized to

the use of plastic materials.

3.3 GAIT ANALYSIS

Walking is the body’s natural means of moving from one location to another; it
uses a repetitious sequence of limb motion to move the body forward while
simultaneously maintaining stance stability (Perry, 1992).

Ambulation is a functional outcome of a complex interaction between neuromuscular
and structural elements of the lower locomotor system. Its efficiency thus depends on
central nervous system activity which coordinates motor and sensory units of the
lower extremity, free joint motion, and muscle activity.

Alteration of muscle effectiveness and mobility will result in an abnormal gait
pattern. Assessment of pathological conditions affecting locomotion necessitates gait
analysis, defined as the set of methods and techniques aimed at quantitative analysis
of human motion (Rose and Gamble, 2006). From the examination of the patient’s
walking ability, diagnosis of an abnormal gait is obtained and clinical decision can
be made for an appropriate treatment. Gait analysis, in addition to clinical
assessment, also represents an important instrument in the research field, either with

a medical or engineering point of view.

-20 -
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percentage of a gait cycle. Those graphs provide a standard against which the gait of
a patient can be judged.

Figures 3.11, 3.12 and 3.13 show sagittal plane angle at the ankle, knee, and hip
joint. At initial contact ankle plantarflexs until foot flat is achieved (Figure 3.11). At
this point ankle changes its direction toward dorsiflexion continuing to dorsiflex until
it reaches a maximum peak of around 10° in dorsiflexion. A rapid plantarflexion
follows to a maximum of 20-25° just as the foot is pushed off the ground. During
swing phase the ankle moves back into dorsiflexion until it reaches a neutral position
maintained for the rest of the cycle. Muscles, involved in the ankle joint movements,
are mainly plantaflexors and dorsiflexors active respectively in stance and swing

phase.
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Figure 3.11: Ankle angle during a gait cycle. DF and PF stand for dorsiflexion and
plantarflexion (AAOS, 1985).

70

FLEXION —
»n
)
T

0" STANCE | SWING

Figure 3.12: Knee angle during a gait cycle. (AAOS, 1985).



Chapter 3: Ankle-Foot Orthoses

The knee has two flexion waves each starting in relative extension (Figure 3.12). The
first wave allows shock absorption and is due to the action of quadriceps muscles.
The second flexion wave begins at heel off reaching a peak during initial swing of
60° that is the maximum knee angle occurring during the gait cycle (Perry, 1992).

The limb, thus shortens allowing ground clearance. The knee, finally, extends again

before a new cycle starts.

130"
f
S
< o
e N4
STANCE [ SWING

Figure 3.13: Hip angle during a gait cycle. (AAOS, 1985).

At heel strike the hip is flexed and extends until the end of stance phase when it starts
to flex again until the following initial contact (Figure 3.13). The peak in extension is
about 10°, whereas the limit of flexion is 35° (Perry, 1992). The main muscles
involved are the hamstrings, iliacus, rectus femoring and gluteus maximus.

The ground reaction forces (GRFs) are external forces acting on the body that
are equals in magnitude but opposite in direction to those being experienced by the
body. They are related to both gravitational acceleration and mass acceleration due to
body weight movement from one limb to another during each gait cycle (Perry,
1992). Forces plates accomplish the measurement of GRFs, eventually in all the
three orthogonal directions: vertical, medio-lateral, and antero-posterior components
of the GRF can be measured. When those components, usually expressed in terms of
body weight, are plotted against the percentage of gait cycle typical patterns emerge
when dealing with normal subject.

The vertical force shows a characteristic double hump in which the force oscillates
between approximately 110% and 80% of the body weight (Figure 3.14). Peak

related to a GRF greater than body weight is due to a body’s positive acceleration in

-25-
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the vertical direction, in other words, an upward movement f the body centre of mass
(COM). A downward acceleration of the body COM, by contrary, causes a GRF to
drop below the body weight.

Anterior-posterior forces result from friction between the foot and the ground
reflecting the forward and backward acceleration of the body. The maximum
horizontal forces reached are typically around 20% of the body weight (Figure 3.14).

Magnitudes of medio-lateral forces are generally very small, 5% of the body weight

(Figure 3.14), reflecting small acceleration in the medio-lateral direction due to the
exchange of body weight from one limb to the other.
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Figure 3.14: The three components of the GRF acting on the foot during a gait cycle.
(Finney, 1997).
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A moment is defined the product of the force and its lever arm. In gait analysis the
force is represented by the GRF ant the lever arm is the perpendicular distance
between the force line of action and the joint. The moment defined by the product of
those values is referred to be an external moment which will be resisted by the
muscle action creating an internal moment (Figure 3.15). When calculating moments
the effects of gravity and inertia are not included (Perry, 1992). Sagittal plane data

defined a flexion or extension moment in according to the position of the GRF

respect to the joint.

Extension moment due to
internal (muscle) force

Knee flexion moment due to
external force

I

Figure 3.15: Moment exerts by the GRF is opposed by the muscle activity (stance
phase) (Bowker et al., 1993).

3.3.3 Example of method used in gait analysis

A system of forceplates, disguised on a laboratory floor, is usually used to
measure ground reaction forces and moments in three orthogonal directions.
Commonly a forceplate has an upper surface area measuring 40x60 cm and four

transducers, one in each corner. Each transducer generates a signal in response to a
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What has been described is a common methodology used for gait assessment; other
possibilities are available in according to the aim of the studies. Patients can perform

different tasks than just walking and be tested while wearing an instrumented

orthosis to study the performance of the latter.

3.4 PRINCIPAL PATHOLOGIES

Various locomotor disorders may be treated with an AFO. They refer to:
e conditions which result in weakness of the muscles which control the ankle-

foot complex (motor disorders)

* upper motor neuron lesions which result in hypertonicity and spasticity of the
muscles

e conditions which result in pain or instability due to loss of integrity of the

lower leg ankle —foot complex (Bowker et al.,1993).

3.4.1 Motor Disorders

Muscle weakness is usually encountered as a result of injury to a nerve or tendon,
prolapsed intevertebral disc, sacral neurological lesion, and lower motor neuron
diseases. The objective of AFO for this category of functional deficit is to replace the
function of the weakened muscle. Most commonly affected muscles at the lower leg

level are dorsiflexors, plantaflexors, pronators and supinators.

a. Weak or absent dorsiflexors
During the stance phase of gait the dorsiflexors are involved both in the control of
initial plantarflexion and in the pulling of the body weight over the supporting foot.
During swing phase on the other hand, they ensure a sufficient clearance of the foot
over the ground, dorsiflexing the foot. In pathological conditions derived from
weakness of dorsiflexor muscles the moment created by the weight of the foot is
unopposed, thus leading to a rapid plantarflexion in early stance ending with a foot

slap, and to drop foot which imperil ground clearance during swing phase.
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b. Weak or absent plantarflexors

Weakness of the plantarflexors results in excessive dorsiflexion and loss of push off,

reducing walking speed and efficiency during stance phase.
The orthotic requirement is to provide a three-force system to resist the external

dorsiflexion moment induced by the ground reaction force as illustrated in figure
3.19.

-~

L0

Ry

w 1,,

Figure 3.19: Three-force system required to control excessive dorsiflexion (Bowker

etal, 1993).

Conventional orthoses with incorporation of ankle-joint design to limit dorsiflexion
may be used for this purpose, or alternatively the plastic Floor Reaction Orthosis.
The latter shown in figure 3.20, has the disadvantage of being a rigid construction
that also prevents plantarflexion. The addition of an ankle joint which permit

plantarflexion but prevent dorsiflexion may address these requirements (Condie and

Turner, 1997).
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be characterised by the same features necessary to compensate for the disorders

described above with additional feature to control varus or valgus instability

The three-force system required to correct varus and valgus is illustrated below
(Figure 3.22).

!

Varus Valgus
Figure 3.22: Three-force system required to control varus and valgus (Bowker et al.,

1993).

This system can be either provided by a conventional orthosis, or polypropylene
AFO or by spiral ankle foot orthosis. The conventional orthotic treatment consist in a
double metal bar orthosis with a proximal calf band which provides the upper force
shown in the figure 3.22, and a T-strap positioned medially or laterally respectively
to resist pronation and supination which provide the central force (Figure 3.23). The
third force is provided by the shoe. This orthosis incorporates also an ankle-joint

which controls ankle motion.
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Ry

Valgus Varus

Figure 3.24: Four-force system applied by a spiral AFO to correct valgus and varus
(Bowker et al., 1993).

3.4.2 Upper motor neuron lesions

Upper motor neuron lesions, arisen from cerebral palsy, multiple sclerosis, head
injury, and cerebrovascular accidents will result in abnormal muscle tone, known as
spasticity. AFO used in the management of these pathological conditions have to
resist internal abnormal moments generated by the high muscle tone.

Equinus and equninovarus position of the foot are the most common problems
following upper motor neuron disorders.

a. Equinus
Equinus position of the foot will result from an increased tone in the plantarflexor
muscles. Typically no heel contact will occur. Treatment is based on the use of AFOs

that must resist plantarflexion by applying a three-force system (Figure 3.25).
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To this regard Melissa Webster (2006) in a short project carried out in the
Bioengineering Department at  the University of Strathclyde investigated the
application of strain gauges onto polypropylene. Strain gauge values of strain have
been compared to those obtained from an extensometer attached onto strain gauged
polypropylene samples both UV treated and untreated. Results from tensile tests
conducted shown different strain values calculated by the strain gages and the
extensometer but the reason for these discrepancies has not been explained.

Further investigations to assess the feasibility of strain gauges attached to
polypropylene are required. This in turn needs the availability of another accurate
measurement methodology to allow comparisons between data, e.g. have an accurate
extensometer. Once the performance of strain gauges is assessed it will be possible to
use them to determine stresses generated in AFO and orthotic loads during gait

cycles. Evaluate the reliability of strain gauges attached to polypropylene samples
will be the first aim of this thesis.
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CHAPTER 4

METHODOLOGY AND INSTRUMENTATION

4.1 INTRODUCTION

The measurement of loads actually being generated by the orthosis under normal
ambulatory conditions is required to improve design criteria for AFOs. To this regard,
the aim of this study was to investigate the use of electrical resistance strain gauges for
the evaluation of mechanical performance of a polypropylene AFO under loading.
Strain gauges convert a change in dimension into change of ohmic resistance. From the
change in electrical resistance of the strain gauge, usually measured by a Wheatstone
bridge, the magnitude of mechanical strain may be inferred.

However before proceeding towards the test of a normal subject fitted with a strain
gauged polypropylene AFO, strain gauge technology reliabibility was investigated.
First polypropylene (PP) behaviour under tensile load was investigated. Secondly tests
on PP samples with strain gauges attached were conducted. Two different bonding
techniques were used to attach the strain gauges. This was necessary due to
unsatisfactory results encountered using the first method.

Materials and methods used during the development of this project are detailed

throughout this chapter.
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4.2 MATERIAL TESTING

Initially, as mentioned above, tensile tests were carried out on polypropylene

samples.

Sample were obtained from polypropylene (copolymer) sheets with on average a length
of 180mm, a width of 25 mm, and a thickness of 4.5 mm.

Polypropylene specimens were tested using an Instron 5800R tensile testing machine
and following as far as possible British Standard BS 527-1.

The main objective of the material testing was to investigate the polypropylene
behaviour under tensile loads by means of analysis of stress-strain graphs.

After a sample being clamped on the Instron machine, an extensometer was attached to
its side allowing strain measurements. The extensometer was fixed using rubber O’rings
to ensure that no slippage occurred between the extensometer and the sample. The
extensometer before the start of the testing was calibrated to verify its accuracy.
Extensometer measurements were compared with the crosshead movements.

Two different test protocols were created using the software Instron Wavemaker.

First a continuous tensile load from 0 to 1500 N was applied to five samples. The peak
load applied, for the calculated cross sectional area, 120.944 mm? corresponds
approximately to a stress of 12 MPa at approximately 4.8 mm/min.

The choice of 1500 N as maximum load was related to the fact that the viscoelastic
nature of the material could be shown in the applied stress range, although 12 MPa is
less than the quoted yield strength (Crawford,1998). A previous study (Webster, 2006)
was conducted in the Bioengineering Unit under similar test conditions providing
additional results for subsequent data discussion. Finally, with a perspective of using
polypropylene in AFO manufacture, it is important to have a knowledge of PP
behaviour in the stress range likely to be experienced by an AFO. Stresses generated by
AFO were found to be at maximum 2 MPa either from experimental study or through a
finite element analysis (Chu et al, 1995, 1998, 2000), thus the load applied in this study
covers this range.

Using Instron Waverunner the protocol described above created with Instron

Wavemaker was applied to five polypropylene samples.
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E = Bridge voltage (V);
Ks = Gauge Factor;
G = Amplifier Gain.

Regarding the terms on the above equation, the only unknown for the determination of
)

the strain is the Poisson’s Ratio. The latter was calculated experimentally as described
in the following paragraph.

Details on the derivation of the equation above can be found in Appendix A

4.5 POISSON’S RATIO

Four tests were conducted to determine the Poisson’s Ratio of the polypropylene
material. Measurements of both longitudinal and transverse strain were obtained by
creating 2 half bridge on each polypropylene sample tested for this purpose. The voltage
output of the two bridges was connected to an amplifier. Data were recorded utilizing
the system described before for strain gauge testing with the only difference that data
from 5 signals were recorded: load, crosshead displacement, longitudinal and transverse
strain from strain gauges, and strain from the extensometer.

A tensile test protocol was created. It consisted of a ramp going up to 250 N in 5
seconds, a hold step of 10 seconds and a ramp going back to 0 N. This cycle was
repeated 5 times on each sample.

Two polypropylene samples were tested. The load protocol was applied twice on each
sample.

The output from the Wheatstone bridges was used to calculate the Poisson’s Ratio using

its definition:

¢ Equation 2

Where: V = Poisson’s Ratio;
€ = transverse strain;

€] = longitudinal strain.
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the AFO itself. This was necessary because as was shown by previous material tests
0 olypropylene reaches a steady state after being loaded for a while, |
Outputs from strain gauges were recorded while the subject was walking. The data from
. 5 strides were sampled at a frequency of 120 H, An assistant was holding the cables
connecting the AFO to the amplifier during the walking trial.
Outputs from one walk were recorded. Although it was planned to record data from
more than one walking trial to check the repeatability of the obtained results, the
behaviour of the plastic material dissuaded from doing more tests.
AFO calibration was finally performed in order to find the conversion factor to calculate
ankle moments from the strain gauge voltage outputs. The AFO was clamped into a grip
fixed on a table and a known load applied to it. A hanger of 0.9 kg mass was attached
on the AFO in the proximity of the calf section mimic the force that the latter applied on
the subject’s leg. The voltage output corresponding to that load condition was recorded
into the computer and read from a meter connected to the amplifier. Two calibrations
were carried out positioning the AFO in a way to reproduce both dorsiflexion and
plantarflexion of the ankle joint. The figure in the next page shows the dorsiflexion
calibration (Figure 4.10); for the plantarflexion one the AFO was reversed.
Once determined the conversion factor the ankle moment throughout a gait cycle was

calculated from the strain gauges voltage output.
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Chapter 5: Results

Reliability of the strain gauges was evaluated by calculating the percentage

difference between the microstrain Tange measured by strain gauges and

extensometer when polypropylene response to tensile load reaches a constant state

Microstrain range in both the loading and unloading path was, then, calculated for
the last three cycles in each sample, and the difference between ranges obtained by

the two measurements, strain gauges and extensometer, was evaluated. The averages

of the percentage difference of the last three cycles for both untreated and UV light

treated samples at slow strain rate are listed in table 5.5. Table 5.6 shows the average

differences at fast strain.

Slov?' Sample 1 Sample 2 Sample 3 Sample 4
strain

Loading 47.10 | 10.40 | 16.44 | 8.05 | 1590 | 15.40 | 13.03 | 9.70
Unloading | 47.27 | 8.05 | 16.25 | 7.57 | 16.22 | 15.58 | 13.10 | 9.43

Table 5.5: Average percentage differences between strain gauges and extensometer

values of strain for the last three cycles for untreated (U) (M-Bond AE-10 Adhesive)

and treated (T) (cyanoacrylate adhesive) samples at slow strain rate.

Fast Sample 1 Sample 2 Sample 3 Sample 4
strain

rate U T U T U T U T
Loading 21.73 | 11.02 | 23.33 | 15.40 | 22.64 | 1522 | 13.44 | 13.03
Unloading | 21.8 | 11.33 | 33.47 15.65 | 22.71 | 15.33 | 13.56 | 12.98

Table 5.6: Average percentage differences between strain gauges and extensometer

values of strain for the last three cycles for untreated (U) (M-Bond AE-10 Adhesive)

and treated (T) (cyanoacrylate adhesive) samples at fast strain rate.

An adhesion problem in the strain gauges of the untreated sample 1 occurred. A gap

between strain gauges and sample was noticed when the spring clamp,
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PERCENTAGE DIFFERENCE
Load Applied
S00 N 1000 N 1500 N 2000 N
Cycle 1 -25.12 -4.49 -3.72 0.98
Cycle 2 -3.71 -0.86 -1.10 1.75
Cycle 3 -4.56 0.94 -1.99 2.51

Table 5.7: Percentage differences between strain gauge and extensometer values for

the aluminium sample.

An overall average difference of -3.28 was found from the values listed in the table

above. A negative value indicates that higher strains were measured by the

extensometer.

The next chart (Figure 5.17) shows microstrain peak values of consecutive steps for

the 3 cycles applied to the sample. It can be seen that in the majority of the cases (8

out of 12) the extensometer measured higher values, the differences though, as also

showed in table 5.7 are minimal.
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N :
3.90 N*m/V. Figure 5.19 shows moments taken by the orthosis calculated against
time.

25

N A / f
N / / /

3 Tl 7 oy

Strain gauge voltage output (V)
o
\
P
\

-15

Time (s)

Figure 5.18: Wheatstone bridge voltage outpuls during the experimental walking of

the subject wearing the instrumented PP AF 0.
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-

Time (s)

Figure 5.19: Ankle moments taken by the AFQ in the sagittal plane. Positive value

refers to a dorsiflexion movement of the ankle.

The above graph shows an almost constant pattern for the ankle moment at each

stride. Although data from forceplate, mounted below the gait laboratory floor level,

were not analysed during this preliminary test, the patient aimed to step up onto it.

This explains the highest peak of dorsiflexion moments at the second stride: the

subject was concentrating on his following right leg heel strike coincident to the step

on the platform. This is also confirmed by the plantarflexion moment obtained which

is the highest throughout the conducted walking test, the subject made himself sure

to step on the force platform. On average a maximum moment of 10.50 N*m was

found.

Ankle moments for a complete gait cycle by the right leg are showed in Figure 5.20.
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Ankie Moment (N*m)
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Figure 5.20: Ankle moment during one stride of the right leg.

Regarding the ankle moment for a complete gait cycle (Figure 5.20), the results
obtained are in agreement to those observed for a normal gait pattern although
different values are showed. This is because what it is showed here is the ankle
moment taken by the orthosis, and not the total moment experienced by the ankle,
that is referred to be the anatomical ankle moment.

At heel strike ankle plantarflexs. As soon as the foot touches the ground (foot flat)
the ankle starts to dorsiflex until the foot leaves the ground at toe off. At this point
ankle motion changes rapidly from dorsiflexion to plantarflexion. During terminal
swing dorsiflexion occurs again until a neutral position is reached at the end of the
gait cycle.

The strain produced by the maximum moment (10.50 N*m) was calculated using
equation 4 (chapter 4). A microstrain of 678.77 was found. The stress relative to that
strain value was determined with Hooke’s law (equation 3, chapter 4), using as
Young’s Modulus an average of the modulus calculated experimentally (1858.72

MPa). 1.26 MPa was the stress achieved in the AFO at maximum load condition.
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CHAPTER é6:

DISCUSSION

6.1 INTRODUCTION

This chapter reviews and discusses the results illustrated in the previous section.
First, polypropylene (PP) behaviour under tensile load is discussed. Secondly,
comparisons between strain values from the strain gauges and extensometer are
analysed in order to comment on the feasibility of use strain gauges for strain
measurements on the PP AFO. Finally, results obtained in the experimental trials

conducted in the gait laboratory are discussed.

6.2 POLYPROPYLENE VISCOELASTICITY

The initial continuous load tests (Figures 5.2, 5.3) show a linear stress-strain
relationship for polypropylene at low stress (0- 4 MPa), whereas at high stress,
beyond the proportional limit, there is a non-linear relationship between stress and
strain, showing the possible onset of a permanent element to the strain. This is
indicative of polypropylene’s viscoelastic nature. The properties of a viscoelastic
material are time, temperature and strain rate dependent, thus the results gained from
these tests would not predict accurately the long term behaviour of polypropylene. In
addition, it is important to note that the test conditions will not be the same
experienced by an AFO, that will be subjected not only to an uniaxial load at a
constant strain rate as applied to the tested polypropylene samples.
Within the linear region the Young’s modulus was calculated for treated and
untreated samples (Table 5.1). Values found experimentally, on average 1821.4 and

1896.04 MPa for standard and treated samples respectively, fall within the range (1.5
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;igzn;::r)l C:j‘?:tla:ios:izzrj:);f:;; (1;:0: a stati.stical analysis, at 0.05 level of
. at UV-light treatment does not alter the
material behaviour allowing its use to pre-treat polypropylene surface before strain
gauges attachment.
While the first protocol applied to polypropylene samples provide an overview of
polypropylene behaviour under a large stress range (0 — 12 MPa approximately), the
ramp tests focused on the linear region of the stress-strain graph. These tests, both in
samples with and without strain gauges, and both UV treated or not, highlight, once
again, the viscoelastic nature of polypropylene. First noticeable indication of this
behaviour is the presence of hysteresis (Figures 5.7, 5.13): the stress-strain paths for
loading and unloading cycles are different. Hysteresis is related to a loss of energy
due to intermolecular bond breakages between the polymer chains that form
polypropylene caused by a viscous slippage between molecules under tensile load.
As the number of cycles increases hysteresis becomes more evident (Figures 5.5, 5.6,
5.13) with cycles getting closer to each other. Polypropylene thus reaches a pre-
conditioned state in which strain values at a given stress are almost constant (Figure
5.12). The approach of a steady state should be taken into consideration when testing
an AFO, investigating its property after a pre-conditioned state has been reached.
Although the unloading path does not follow the correspondent loading path they
both exhibit a linear stress-strain relationship for the encompassed strain range, as
anticipated above (Figure 5.7). The reason why a full recovery to the original length
at 0 load condition is not achieved, even though in the linear region, is related to the
test applied. In the time allowed polypropylene cannot fully recover; plastic material,
in fact, have the ability to recover slowly when the load applied is removed
(Crawford, 1998).
Creep, that is one of the most characteristic features of viscoelastic material, also
occurred (Figure 5.8) at every hold steps. It was found that for successive hold steps
at different stress levels the increase in strain while a constant stress is applied is
almost constant (0.5% of the maximum strain). Equally the strain gained at every 50

N ramp steps is approximately the same at different stress levels. Repeatability in

strain values occurred in successive cycles when a steady state is approached (Figure
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3.9). These reasons might suggest that in the stress range considered, polypropylene
has linear viscoelastic behaviour (Crawford, 1998).

Results from the investigation of material properties under different strain rates
showed that strain values at a given stress are lower when the samples were tested at
a fast strain rate (Figure 5.14). This again, is another aspect of the viscoelastic
behaviour of polypropylene, showing the non instantaneous response of the material
to an applied load. At fast strain rate polypropylene, as anticipated in theory
(Crawford, 1998), appears stiffer than at a slower strain rate. Evaluating the
behaviour of polypropylene under a fast strain rate is particularly relevant when
considering the use of this material for AFO manufacture. When a subject wears an
AFO, the latter will experience high strain rate related to the subject’s walking speed
that can reach 1.6 m/sec (Rose and Gamble, 2006).

When stretched at slow strain rate, polymeric chains in the polypropylene structure
have time to realign themselves (Crawford, 1998). This phenomenon is the so called
cold drawing, typical of plastic material behaviour at slow strain rate, observed when
a polypropylene sample was stretched indefinitely at a low extension rate (Figure
5.10). This behaviour should be taken into consideration when manufacturing a
custom-made AFO. A polypropylene sheet infact is draped over the patient’s positive
cast, in doing this, polypropylene is stretched. Varying the stretching rate, and thus
the strain rate, strength and stiffness properties may change. The pink curve in figure
5.10, instead, is associated to a fast extension rate test. In this situation the sample
broke at a tensile strength of 26.7 MPa, a value comparable with those quoted for

polypropylene (Crawford, 1998).

6.3 STRAIN GAUGES ACCURACY

The accuracy of strain gauges was ascertained by comparisons of strain values
calculated by strain gauges themselves to that measured by the extensometer.
Extensometer calibration proved its precision. An almost 45° line was in fact
obtained when plotting crosshead displacement against values measured by the
extensometer (Figure 5.1). The device used, was then assumed to provide accurate

strain measurements valid for comparisons. The two bonding techniques were
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welght.ed ag'funst each other to assess in some way which methods produce less
€ITOrS 1n straln measurements. Regarding to this it was found that the use of UV light
treatment combined with cyanoacrylate glue gives better results (Tables 5.5, 5.6),
with a reduction in strain gauges accuracy with increased strain rate. In both cases
however, values of strain measured by the strain gauges were higher compared to
those measured by the extensometer. This finding was somehow unexpected.
Reinforcement effects, either local or global, by the gauges on the plastic surface on
which they are installed were rather expected (Perry, 1985). If an increase of stiffness
occurs following a strain gauge attachment, lower strains will be measured. From the
results obtained by these tests it doesn’t appear that strain gauges reinforce the
surface. Lower values of strain would have been measured by strain gauges also if a
slip between the strain foil and a surface took place. This would have been caused by
a failed adhesion between the sample and the strain gauge, but again this is not the
situation encountered.

When strain gauging a plastic material, the influence of the adhesive on the sample
surface must be accounted. The glue itself is a plastic material which posses a
viscoelastic nature as the polypropylene it self. This can compromise the accuracy of
the measurements. From the comparisons of microstrain peak values (Figure 5.15) it
was observed that the strains measured from the extensometer both in untreated and
treated samples were close to the value obtained during the material testing, and thus
in samples in which no adhesive was used. On the other hand, strains values by strain
gauges showed larger discrepancies, especially in untreated samples. This lets one
think that there might be some interactions between the adhesive and the strain gauge
backing material itself, and this interaction does not compromise the extensometer
strains readings. There are factors to which draw attention to justify those
differences. In the time available in this project it was just possible to advance some
hypothesis that must be verify in further investigations.

When a load is applied to the polypropylene sample polymer chains begin to flow,
the adhesive that is a plastic material as well is being stretched together with the
sample, strain gauges that are in direct contact with the adhesive layer measure the
amount of strain being transmitted by the glue. If the Young’s modulus of the

adhesive is lower than the one of the polypropylene the strain measured by strain
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gauges n-nght Increase due to the higher deformation experienced by the glue. This
effect rfught be missed by the extensometer because it is not positioned along with
the strain gauges on the sample surface. Anyway it is not possible to state that this is
the real reason to explain the higher values measured from strain gauges since the
adhesive properties in term of Young’s modulus and time dependant deformation are
not well known,

Ensuring a thinner bonding layer is nevertheless advisable, this is also proved by the
results obtained that showed better accuracy when strain gauges were attached upon
cyanoacrylate glue. Although the first adhesive was suggested by a major strain
gauges supplier (Vishay Micro-Measurement), issues on the workability of the glue,
in fact were met. The consequential thicker layer got from the use of the M-Bond
AE-10 adhesive might be an explanation of the worse performance of strain gauges.
An ideal adhesive should not require clamping after gauge installation (Window,
1992) but the use of the above mentioned glue necessitates of a mechanical clamping
whereas for cyanoacrylate, thumb pressure was sufficient to achieve a thin layer.
Although the mechanical clamping, it was not possible to achieve a thin adhesive
film over the sample surface, as advisable, because the glue showed a rapid
polymerisation. Presence of voids in the adhesive line can also be a cause of errors
during the measurements. There are indications (Window, 1992) that voids in the
glue can results in ‘hot spot’, and this, in case of plastic samples can cause local loss
in specimen properties leading to inaccurate measurements. If this is the situation
encountered it will explain the higher values calculated from strain gauges. In
contrast, however, a reduction in sample properties should also affect extensometer
measurements but this does not seem to happen. It seems again that there is a dealing
just between the polypropylene surface and the strain gauge foil, maybe modifying
the backing foil properties over which the gauge grid are mounted and thus altering
the transmitted strain. Voids just under the backing foil, can alter the strain gauge
d to an expansion of the metal due to the increased
to be measured. This hypothesis

oids in the adhesive

metal grid behaviour. This will lea
local temperature and thus to higher strain outputs
however does not have a strong basis since the presence of v

nnot be ruled out and in addition the configuration created in each strain

layer ca
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i?;?;:ti::‘nples should compensate for thermal effects providing the require heat
.An ideal glu.e, moreover, should exhibit minimum creep. Regarding to this the
Increase of microstrain both measured by the extensometer and calculated from strain
gauges output during every hold step was observed in each sample. In the majority of
the hold steps in treated and untreated samples strain gauges showed a higher creep
than that determined by the extensometer, however a not precise pattern in creep
amount was found for the samples tested making difficult evaluation of the creep.
What can be said is that the creep in samples with an adhesive layer is higher
compared to that experienced by polypropylene sample without any glue, especially
when considering untreated samples. Also this consideration, thus, may discourage
the use of the M-Bond AE-10 adhesive.

Another hypothesis takes into account the gauge length. The gauge length is a strain
gauges parameter representative of the area over which strain is measured. The
extensometer has a gauge length of 10 mm, while strain gauges of 2 mm and 5 mm
length were installed in untreated and treated samples respectively. A strain gauge
measures the average of strain over the area covered by the grid, the smaller the
gauge the smaller the region on which measurements are concentrated. If the material
used behaves uniformly gauge length does not represent a source of errors because
the deformation experienced by the sample is the same in each of its parts. If the
material behaviour is odd, increasing the gauge length the values obtained will come
from an average over a larger area giving lower values than those provided by a more
concentrate measurement over the region of maximal strain. Doubts on the uniform
behaviour of polypropylene arose. If polymer chains do not stretched evenly the
different gauge length of the extensometer and strain gauges can explain the higher
strain values calculated by the strain gauge voltage output. T his hypothesis is strictly
related also to the consideration that extensometer and strain gauges were not
positioned over the same surfaces in the samples, besides specimens faces were
distinguished by a different superficial finish. Polypropylene samples, in fact, were
characterised by polished anterior and posterior surfaces over which strain gauges

were attached and by rough lateral surfaces on which the extensometer was

positioned. Polymer chains characterising the samples might be stretched differently
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;Z(liy?reo::z:eo;:;:\:fiirrer;tvleincglszlf:::m diverse surfaces might consequently varies,
nt areas on the sample can be explain by an
uneven stress distribution that might be related to the shape of the sample itself and
to the small distance between the region of measurement and the points of load
application (figure 4.3) causing stress concentration. If the stress is concentrated over
the central area of the sample, strain gauges can measure higher strain values than
those measured by the extensometer measuring strain in the proximity of the sample
edge. Uncertainties brought about by these considerations must be verified in further
investigations.
With the view of use strain gauges for studies on polypropylene AFO a poor
workability of the glue used, can lead to a wrong alignment of strain gauges on the
surface providing erroneous data. Workability problems, as mentioned before, were
encountered during the attachment of strain gauges using M-Bond AE-10 adhesive.
The aluminium test was conducted for the purpose of determining if the
discrepancies observed between the strain gauges and extensometer measurements
could have been related to the quality of the strain gauges bonding technique used or
the polypropylene behaviour itself. The results obtained (Figure 5.16) showed that
strain gauges are accurate enough for strain readings on an aluminium sample. A
percentage difference in terms of microstrain of -3.28 represents in fact, a
satisfactory result. The repeatability of strain values at same load condition was
expected since the stresses were in the linear region of the aluminium (Figure 5.17).
The fact that constant values for a given load were measured both by, extensometer
and strain gauges, put doubts on strain gauge quality and bonding techniques off.
This however, is based on a test of one aluminium sample, a larger sample size
would have been preferable but due to the limited availability of strain gauges and
the restriction in the time allowed for this study it was not possible to conduct more
tests.
Considering the modest results obtained by strain gauges attached with the M-Bond
AE-10 adhesive on polypropylene samples, the AFO was instrumented using UV

light treatment and cyanoacrylate glue. Although differences in measurements persist
also with this bonding technique, strains values from strain gauges were not

considered totally erroneous to dissuade AFO experimentation.
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6.4 COMMENT ON STRAIN GAUGED AFO DATA

As anticipated earlier, the encountered problem that appeared in the 45° element
rosettes unabled orthotics forces calculation. During this preliminary study, the AFO
dorsiflexion and plantarflexion moments were thus estimated. The results obtained
however do not provide valid data for further study comparisons. They, in fact, were
obtained from just one walking trial and apparently are strictly related to the
particular orthosis used. It should be stated that the orthosis was typical of an AFO
that might be prescribed on patient with flaccid paralysis of the dorsiflexor muscles.
The results obtained show that strain gauges do not provide completely erroneous
data when attached to a polypropylene AFO. Moments graphs (Figure 5.19, 5.20)
display the expected pattern for ankle moments in the sagittal plane, although this
statement is based on just one walking trial. Polypropylene behaviour in fact was
some how unexpected and discouraging in continuing other experimental analysis
with the subject donned with the instrumented orthosis. When trying to record the
voltage outputs from strain gauges at zero load condition continuous drift on strain
gauges readings was recorded and a long recovery time was observed on unloading
the AFO. The cause of that it is thought to be due to the thickness of the orthosis
itself. The custom made orthosis, in fact, might have been too thin, and thus too
flexible and deformable for the load conditions applied during walking. In other
words the AFO could have been over stressed, also if the stress corresponding to the
maximum moments (1.26 MPa) was found to be lower than the maximum stress (2
MPa) quoted to be generated in a polypropylene AFO by Chu (1998, 2000), however
in these studies no details on orthosis thickness and geometry are mentioned,
although Chu described the type of AFOs.

A higher number of walking trials are required to assess reproducibility and allow

comparison with analogue studies; this unfortunately was not possible in the time

available.
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CONCLUSIONS AND FUTURE
RESEARCH

Improvements in the design criteria for ankle-foot orthoses (AFOs) require an
understanding of the mechanical characteristics of the device and its interaction with
the lower limb. Nowadays conventional AFOs have been superseded by plastic
orthoses mainly made from polypropylene (PP). Investigation on polypropylene
AFOs should be conducted and a method by which measure orthotic loads should be
studied. The use of strain gauged technology for these purposes, have been
investigated in this project.

Because of problems usually involved in strain gauging a plastic material, it is
necessary to verify the achievable accuracy of this technology when applied on
polypropylene before moving towards an AFO biomechanical study.

In turn, this first step requires the properties of polypropylene to be understood. Tests
on polypropylene samples were conducted with the aim of investigating the material
viscoelastic properties. Hysteresis, creep and differences in stress and strain
behaviour at various strain rates occurred, highlighting material time dependant
behaviour.

The investigation on the use of strain gauges for strain measurements on
polypropylene sample showed that a better accuracy is achieved when polypropylene
is pre-treated with UV light and strain gauges attached with cyanoacrylate adhesive.
Comparisons of strain gauges and extensometer values at slow strain rate (0.158
mm/min) showed an average difference of approximately 10% for UV light treated
samples and 19% for untreated samples where strain gauges were installed using M-

Bond AE-10 Adhesive. At fast strain rate (2.43 mm/min) the accuracy of strain foil is

reduced, percentage differences of about 13 and 22 were found respectively for
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treated and untreated samples. The repeatability on extensometer measured strains
brought about doubts on strain gauges reliability on polypropylene confirming again
the accuracy of the extensometer as showed by the calibration. Another indication of
that inaccuracy of strain gauges is related to the viscoelastic behaviour of
polypropylene was obtained by testing a strain gauged aluminium sample. A
percentage difference between strains measured by strain gauges and extensometer
of -3.28 was found in the aluminium test.

The unexpected finding of higher strain values calculated from Wheatstone bridge
voltage outputs compared to those measured by the extensometer requires that
further investigations must be done to assess the consistency of the advanced
hypothesis. Tests on polypropylene samples using strain gauges and extensometer
with the same gauge length should be conducted to verify if the discrepancies found
are related to a different local behaviour of the material, which can not be equally
read by strain gauges and extensometer if measurements are taken over different
lengths. In the tests conducted differences in strain at local level can be related to an
uneven stress distribution due to the shape of the specimens been tested in
conjunction with the proximity of load application to the area on which strain gauges
and extensometer were attached. It is therefore suggested to use a longer sample with
a different shape, e.g. dumb bell shaped specimen, to reduced stress concentration
and thus strain over particular sample spot.

Scrupulous attention must be placed on the bonding technique used for strain gauges
installation when aiming for accurate measurements. Results obtained discouraged
the use of M-Bond AE-10 adhesive due to its poor workability and the thicker layer
obtained on the surface samples. The adhesive film placed on the sample surface
represents a critical parameter to be evaluated to achieve more precise results due to
its intrinsic viscoelastic nature that can compromise strain gauge measurements. The
properties of the adhesive should be better understood. Adhesive elongation
properties should be as close as possible to those of polypropylene; by mean similar
Young’s modulus so that when a load is applied same strain is generated in the two

plastic materials. In addition presence of voids should be avoided to limit thermal

effects both in the sample and in the proximity of gauges grid causing higher strains

to be measured.
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Due to the better accuracy of strain gauges when attached using cyanoacrylate
adhesive and UV light surface pre-treatment, the experimental AFO was strain
gauged with the just mentioned bonding technique.

Because of electronic wiring problems encountered in the 45° element rosette it was
not possible to determine forces supported by the custom-made polypropylene AFO.
Moments taken by the orthosis in the sagittal plane were on the other hand
calculated. The pattern obtained follows the plantar and dorsiflexion moments for a
normal subject during walking. This was a first preliminary study on the evaluation
of orthotic loads, further experimental trials should be conducted in order to propose
an accurate methods for the study of biomechanical functions of AFOs. The use of an
instrumented AFO can be then combined with the use of force plates and kinematic
data acquisition system performing a more complete loads analysis of the system
AFO-lower limb during gait cycles. In this way anatomical loads can be also
evaluated providing important information for an improvement in AFO design

criteria and thus functionality.
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Appendices

A1l: Calculation of strain from
Wheatstone bridge voltage output

Bridge excitation 3

Figure Al.1: Wheatstone bridge circuit.

The Wheatstone bridge is an electrical circuit characterised by four resistance
connected to each other. The bridge voltage (E), which was set at 3 V for the tests, is
applied between 1 and 3, whereas the voltage between 2 and 4 is the voltage output
(e), recorded during the tests. The voltage output, thus is the difference between the

potential at the point a and the one at the point b.

e=E, -E, (Equation Al.1)

Where E, is the potential at the point a, defined in according to the Ohm’s law as:

E,=R]I, (Equation Al.2)
With 7, being the current flowing through R, and R,. Similarly E,, the potential in

b, is defined:
E, =R, (Equation A1.3)
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With 1, being the current flowing through R, and R,.

I, and I, are defined, applying the Ohm’s law between the two bridge-arms in

which the resistances are connected in series under the E potential:

E
1= R +R, (Equation A1.4)
— E E .
2 R +R, (Equation A1.5)
R, |_ R, R; |_ R4
(a) (b)

Figure A1.2: Strain gauges positioning for axial strain reading in both the sample

surfaces.

When a Wheatstone bridge is created for reading axial strains (Figure Al.2) the

resistances of the bridge are defined as follow:

R =R+0R (Equation A1.6)
R, =R-VviR (Equation A1.7)
R, =R+0R (Equation A1.8)
R, =R-VOR (Equation A1.9)

With v being the Poisson’s Ratio and OR the small change in resistance caused in the

circuit b an applied load.
Substituting in equations Al.2 and A1.3 the resistance equations A1.6 and A1.9, and

the current definitions (equation Al.4, AL.5), it follows:

R+OR .
= . Equation A1.10)
Eq R+0R+ R-VOR (Eq
R—-VOR .
= . (Equation A1.11)
Ey R+ SR+ R-VR
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Thus e is defined:

_ OR + véR
2R+ SR -vOR

The latter equation is obtained substituting and simplifying equations A1.10 and

E (Equation A1.12)

AL.11 in equation Al.1. The value (AR - VOR) is negligible so the formula above

becomes:

SR(1+v)
2R

e =

-E (Equation A1.13)

R . ) ) )
Where ? is the electrical strain. The latter is related to the mechanical strain in the

gauge factor (K) definition as shown:

R =Ke (Equation A1.14)

Substituting equation A1.14 in equation A1.13, and solving the so obtained formula

in terms of strain (&), the required deformation is found:

p=2€ (Equation A1.15)
(1+v)-E-K,
R R
R, R
(a) (b)

Figure A1.3: Strain gauges positioning for strain measurements due to bending in

both the surfaces of the sample.

When a Wheatstone bridge is created for reading bending strains the resistances of

the bridge are defined as follow:

R =R+R (Equation A1.16)
R,=R-4R (Equation A1.17)
R, =R+JR (Equation A1.18)
R,=R-0R (Equation A1.19)
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Substituting in equations A1.2 and A1.3 the resistance equations A1.16 and A1.19

and the current definitions (equation A1.4, AL.S), it is obtained:

R+ 3R
E, = E (Equation A1.20)
2R
R—-voR
E,==—"".FE  (Equation A121)
2R
e is then defined:
e= ET?‘R (Equation A1.22)

Using electrical strain definition (equation A1.14) in the above formula (equation

A1.22) and solving it to calculate the strain, if follow:

£=— (Equation A1.23)

-96 -



