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DEVELOPMENT OF INSTRUMENTED INSOLE
USING FORCE SENSING RESISTORS

ABSTRACT

This research involves the development of an instrumented insole system which can
be used for continuous and real-time monitoring gait. This project presents the design
of an instrumented insole system for the direct kinetic measurement during human’s
walking activity. In this project, a general introduction, aims, and objectives are
being discussed clearly to state the purposes of this project evidently. Furthermore,
literature review is necessary for research on the aspects such as history, force
distribution, and type of walking patterns to have a clearer understanding about this
project. The related diseases and disabilities are being discussed too as one of the
applications of this instrumented insole system in improving patients’ walking
orientation. Besides, current methods and technologies need to be revised up to date
as they are very useful for conceptual design. Next, a conceptual design has been
proposed where it consists of its own design with the usage of electronic components
in order to achieve the aims and objectives of this project. Each of the components
used in this project is being introduced and the methodology on how the designed
system being constructed is being discussed thoroughly. After constructing the
designed system, gait simulation is being carried out to test for the system. Subject
testing is being conducted as well for comparison and benchmarking with other
studies. Further improvements and optimizations are suggested by referring to each
problems and difficulties. Last but not least, an overall conclusion and future work

are discussed by summarizing the important facts and points of this project.
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CHAPTER 1

INTRODUCTION

1.1 Background

Gait analysis is the study and investigation of the human locomotion pattern, which
can be carried out by using visual observation, sensor technology, video or optical
cameras or integration of these technologies (Senanayake, 2009). Gait analysis is
used in many applications namely, sports performance analysis (Salpavaara, Verho,
Lekkala, and Halttunen, 2009), product design (Ramanathan, Kiran, Arnold, Wang,
and Abboud, 2010), gait rehabilitation (Bachschmidt, Harris, and Simouneau, 1995),
post injury assessments (Tiberi and Maccioni, 2008), and improvement of human

walking orientation (Pappas, Keller, Mangold, Popovic, Dietz, and Moran, 2003).

In general, gait analysis is primarily carried out in two ways. First, it is
carried out in a motion laboratory, with full analysis of the motion of all body
segments using efficiently accurate optical or video camera systems. Second, it is

carried out in a doctor’s office with the physician making visual observations.

The first method is expensive, which requires the maintenance of a high-
technology motion lab, and cumbersome equipment needs to be attached to the
patient, however, this high-cost method produces well-quantified and accurate results
for short distances. The second method is inexpensive compared to the first method
and nothing needs to be attached to the patient, here, the results are qualitative and
difficult to compare across multiple visits.
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So, there is a need for a low cost device that falls in between these two
methods, which can provide quantitative and repeatable results over extended time
periods. In addition, there is a need for monitoring gait over long periods of time.
This is crucial in enhancing the studies and monitoring process done outside of the
motion lab, like Parkinson’s disease (Grandez, Bustamante, Solas, Gurutzeaga, and
Garcia-Alonso, 2009), cerebral palsy (Smith, Coiro, Finson, Betz, and McCarthy,
2002), or diabetes (Al-Tayyar, 1997; Zequera, Stephan, and Paul, 2007).

With such high demand of an inexpensive device for gait analysis monitoring,
more research nowadays focus on sensor technology, due to the several drawbacks
identified on video and optical camera systems beside force platform, such as high
cost and the need for spatial gait laboratories. Many sensor technologies are available
in the current industry, namely accelerometers, gyroscopes, foot switches, load cells,
force sensing resistors, and the list goes on, which facilitate the accurate acquisition

of the gait parameters.

Therefore, the motivation of this project is to design and develop a low cost,
reliable, and portable instrumented insole system. An insole system will be
investigated which is capable of real-time pressure analysis at decided locations of
sensor beneath each foot. Besides, it is designed to provide qualitative and
quantitative information on how the ground reaction forces distributed on the human

foot.

This instrumented insole system will provide instrumented gait analysis
outside of traditional, expensive motion labs. Such a system has the potential to be
highly informative by allowing data collection throughout the day in variety of
environments, thus providing a vast quantity of long-term data not obtainable with
current gait analysis system where this analysis cannot be done by using force

platform in current technology.



1.2 Aims and Objectives

121  Aim

The main aim of this project is to design and develop an instrumented insole using
force sensing resistors which are used to detect Vertical Ground Reaction Forces

(VGRF) of human movement with respect to locomotion and gait analysis.

This project is carried out with the aspiration of developing a cost effective
instrumented insole made of components which are available all the times at a
reasonable prices. There are some other requirements in developing this instrumented
insole, as shown below:

e Cosmetically unobtrusive

e Maintainability and long-lived

e Provide real-time analysis and feedback

e Wearability and easily mounted or installed

e Reliability, durability, functionality, usability

1.2.2  Group Objectives

In order to achieve the project aim, there are some group objectives being set, as the
following:
e To study the biomechanics of human locomotion via biomechanical
analysis.
e To develop a cost-effective, reliable, and durable instrumented system for
biomechanical analysis.
e To collect and analyze gait data collected by the system and benchmark

against published data.



1.2.3  Individual Objectives

In a group of two, each of the group members has their own individual objectives to
fulfil the group objectives, as followed:
e To understand the basic operating of the circuit system/software
generation.
e To design and develop the hardware/software subsystems of the
instrumented system.

e To collect/analyze gait data collected by the system.

1.3 Progress Report Outline

This section is dedicated to show the overall picture of how this thesis is structured.

Besides, a brief outline of each chapter will be stated as followed:

CHAPTER 1: INTRODUCTION

This chapter is mainly about the overall of the conducted project. This chapter briefly

discuss about the project background, aim, group objectives, individual objectives,

scope, overviews, motivation, and thesis outline.

CHAPTER 2: LITERATURE REVIEW

This chapter gives some briefing about the history of gait analysis and the

development of existed instrumented insole from time to time. Some research has
been done by studying the background related to this project and being summarize

into a table form of critical review.

CHAPTER 3: METHODOLOGY

This chapter indicates the methods which used to develop and implement design for

this project. Next, parts of each components being used in hardware design and
software codes generation in software design are shown clearly with the help of
suitable schematic diagrams and layout, includes the equipments and step by step

procedure in completing the prototype.



CHAPTER 4: RESUTLS AND DISCUSSIONS
Test results and collected data are presented in this chapter based on methodology

mentioned in previous chapter. In addition, data analysis is done with respect to the
collected data. Some figures, graphs, and the measured data are included in this
chapter. This chapter ends with a thorough discussion on the problems being faced,

solutions and precautions being taken in this project.

CHAPTER 5: CONCLUSION AND RECOMMENDATIONS
This chapter draws a conclusion of the project, proposes ideas for future work, and

recommendations to improve the implemented prototype.



CHAPTER 2

LITERATURE REVIEW

2.1 History of Gait Analysis

People have been thinking about how they walk since the earliest times. An article
written by Baker (2007) traces the history of this process from time of Aristotle
through the dawn of the modern era of computerised analysis techniques. Through
recounting this history, it is possible to see how present understanding of walking has
developed as a series of steps each based on previous developments in the field and
on the scientific and cultural environment in which the individual contributors were
living (Baker, 2007).

How major developments have often been a consequence of collaborations of
individuals with different expertise? An aspect of the history of this field is
particularly between those with expertise in the life and physical sciences (Baker,
2007). A list of major contributors to the field is shown in table below. From the
table, entries in light type face refer to contributors to general scientific
developments which have become important components of gait analysis but made

no specific contribution to the field (Baker, 2007).

Aristotle (384-322 BCE) can be attributed with the earliest recorded
comments regarding human walk, where he was the person who made the first
known written reference to the analysis of walking. Unfortunately, none of his
propositions were ever tested by experiment. As a consequence, almost all his other

related conjectures are now known to be false whilst this observation is true.
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Table 2.1: Time-line of major contributors to the history of gait analysis (Baker,

2007)

Date Name Location Contribution

384-322 Aristote Athens, Thecries on the movement of
BCE Greece humans and animals.

1501-157€ Girolamo Cardan Milan & Pavia, Italy Consideration of 3-d Joint angles

1564-1642

1596-1650
1808-1679

1642-1727

1668-1738

1707-1783

1708-1777
1734-1806
1783-1855
1781-1840
1797-1856

1804-1891

1806-1871

1795-1878

1806-1875

1844-1924

1830-1804

1849-1892

1850-1918

1830-1804

1831-1892
1861-1917

1896-1966

1879-1835

1893-1971

Unknown

1905-1980
1906-1993
1925-1984

1918-

1923-2006

1926-2000

Galileo Galilei

Rene Descartes
Giovanni Borelli

Isaac Newton
Hermann Boerhaave

Leonhard Euler

Albrecht van Haller
Paul Barthez
Francoise Margendie
Samuel Poisson
Pierre Gerdy

Willhelm Eduard
Weber

Eduard Friedrich
Weber

Ernst Heinrich Weber

Guillaume Duchenne

Freiderich
Trendelenberg

Jules Etienne Marey
Gaston Carlet
Georges Demeny

Edward Muybridge

Willhelm Braune
Otto Fischer

Nikolai Bernstein
Jules Amar
Wallace Fenn

Herbert Elftman

Verne Inman
Howard Eberhart
Pat Murray

Jacquelin Perry
David Sutherland

Jurg Baumann

Piza, Florence &
Padua, Italy
Leiden, The
Netherlands

Pisa & Rome, ltaly
London,

England

Leiden, The
Netherlands

Basel, Swilzerland &

St Petersberg, Russia

France
France
France
France
France

Leipzig, Germany

Leipzig, Germany

Leipzig, Germany

Boulogne, France

Berlin & Leipzig,
Germany

Paris, France
Paris, France

Paris, France

Stanford then
Pennsylvania, USA

Leipzig, Germany

Moscow, Russia
Paris, France
Rochester, USA

New York, USA

Berkeley, USA
Berkeley, USA
Milwaukee, USA

Downey, USA

San Francisco then
San Diego, USA

Basel, Switzerland

The modermn scientific method

Cartesian co-ordinates
1™ test-book on physiclogy

Muscle and tendon biomechanics.
Newtonian mechanics

Application of Newtonian mechanics
to human body

Theory of 3-d joint angles.

Physiology of walking (ideas
reviewed by Weber and Weber).

Anatomy and mechanics of walking.

Mechanik der Gehwerkzeuge (1836).

Brother of and probable collaborator
with Eduard and Willheim.

Founder of electrophysiology.
Reported Duchenne gait pattern.

Orthopaedic surgeon. Reported
Trendelenburg gait pattern.

Physiologist. Force and pressure
measurement. Chronophotography.

Student of Marey. First essentially
correct description of gait cycle.

Student of Marey. Pioneer of
photographic method.
Photography of movement.

First 3-d gait analysis. Der Gang des
Menschen (1895) [9]

Development of theories of motor
control.

Pneumatic three-component force
plate.

Mechanical one-component force-
plate

Mechanical three component force
plate. Kinetics of walking

Founded biomechanics lab at
University of California, Berkeley
Instrumented studies of normal
walking in men and women

Pioneer of clinical electromyography
and observational gait analysis
Digitisation of data from cine film.
Development of walking in children

Integration of cine photography with
electromyography




8

Later, mathematical basis of modern gait analysis were formed by a professor
of both mathematics and medicine in Milan and Pavia, Girolamo Cardan (1501-
1576).As well as being the first European mathematician to use complex numbers
(based on the square root of a negative number), to study probability, and the

properties of three-dimensional angles (Baker, 2007).

Next, Rene Descartes (1596-1650) was the first conceived of an orthogonal
co-ordinate system for describing the position of objects in space. However, it is less
well-known that he also wrote the first modern textbook on physiology, De Homine
(Baker, 2007). His advanced thinking is clearly demonstrated by one of the book’s
figures as shown in figure below which clearly show closed loop motor control with
the movement of the arm being controlled by muscular activity under the influence

of nerves connected to the brain. Feedback is provided by the eyes (Baker, 2007).

Figure 2.1: lllustration from Descartes textbook of physiology De Homine (1662)
(Baker, 2007)

The first experiment in gait analysis was then performed by Giovanni
Alfonso Borelli (1608-1679). Two poles were placed an unspecified distance apart
and tried to walk towards them keeping one pole in front of the other (Baker, 2007).
He found that when doing this, the near pole always appeared to move to the left and
right with respect to the far pole (Baker, 2007). Borelli also studied the mechanics of
muscle and was the first to conclude that the forces within the tendons and muscles
are considerably greater than the externally applied loads (Baker, 2007).
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Next major contribution was made by a team of brothers, namely Willhelm
Eduard Weber (1804-1891), Ernst Heinrich (1795-1878), and Eduard Friedrich
Willhelm (1806-1871). They did considerable experimental work using only a stop
watch, measuring tape, and a telescope (Baker, 2007). They also attempted to work
out the position of limbs at 14 different instants in the gait cycle and were the first to
develop illustrations showing that attitude of the limb segments at these different

instants (Baker, 2007) as shown in figure below.

Figure 2.2: The alignment of the trunk and lower limbs at 14 instants during the
gat cycle (Baker, 2007)

Gaston Carlet (1849-1892), a student of Jules Etienne Marey (1830-1904)
had developed a shoe with three pressure transducers built into the sole and recorded
the forces exerted by the foot on the floor. He was the first to record the double bump
of the ground reaction (Baker, 2007) as shown in figure below. Besides, various
other experimental techniques were used and Carlet’s thesis, publisehd in 1872,
concludes with a succinct description of the normal human gait cycle which is

essentially accurate (Baker, 2007).

Figure 2.3: The characteristic shape of the vertical component of the ground

reaction force as first recorded by Carlet (Baker, 2007)



10

The first three-dimensional gait analysis was conducted by a German
mathematician, Otto Fischer (1861-1917). His work always associated with Wilhelm
Braune (1831-1892). They used continuous exposures with the subject walking in the
dark with Geissler tubes strapped to his body like figure below. A tuning fork was
used to make and break the electrical circuit thus ensuring accurate timing of the
flashes of light. But, they took between 6 and 8 hours to dress the experimental
subject (Baker, 2007).

Figure 2.4: Braune and Fischer’s subject wearing the experimental suit (Baker,

2007)

Demeny’s force plate developed by Braune and Fischer only able to measure
the vertical component, however it was clear that in order to fully understand
walking knowledge of all three components of the ground reaction was required
(Baker, 2007). After that, Jules Amar (1879-1935) was the first to develop a three-
component force plate. This had a mechanical mechanism compressing rubber bulbs
and pneumatic transmission of the signals similar to Demeny’s approach (Baker,

2007) which shown in figure below.

In 1930, another force plate being produced by Wallace Fenn for measure the
horizontal component only and Elftman later made a full three-component
mechanical force plate in 1983 (Baker, 2007). The next development in force plate

technology was that of a full six-component force plate using strain gauges by
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Cunningham and Brown is the late forties (Baker, 2007). The first commercially
available force plates specifically designed for Biomechanics were however piezo-
electric plates. These were developed by Kistler in 1969 (Baker, 2007).

Trome I : e ———
Elevalion [ AT

Figure 2.5: Amar’s “Trottoire Dynamographique” (Baker, 2007)

For sure, a lot of research and developments have been done from time to
time after that and perhaps the final development in gait analysis in the pre-computer
era was the use of electrogoniometers to measure movement at specific joints, for
example the work done by Ed Chao to measure three-dimensional knee movement

using goniometers (Baker, 2007).

Even by the end of the 1970s, instrumented gait analysis had not really
moved away from being a research tool only possible on a limited number of
subjects (Baker, 2007). Equipment was generally cumbersome and time-consuming
to use. Most importantly, the amount of time required to process data and the limited
options for output prevented that data being presented in a format that was clinically
meaningful (Baker, 2007).

Luckily, this was the dawn of the computer era with allowing for faster and
faster processing of data and more and more options for output (Baker, 2007). The
development of modern gait analysis was just waiting to happen, but that is another
story (Baker, 2007).
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2.2 Diseases and Disabilities

Gait stability is an important issue for safe locomotion, especially for the elderly and
people with disabilities. To properly evaluate dynamic gait stability, stability
measurements over a range of tasks and environments are needed, especially for

uneven ground, stairs, ramps, and so forth (Lemaire, Biswas, and Kofman, 2006).

The feet are the foundation of the human body. They provide stability and
support while standing, walking, and running (Karkokli and McConville, 2006).
However, current foot pressure monitoring systems have been data capture intervals
and permit recording of only a few consecutive steps with monitoring equipment
frequently tethered to the subject by cable (Abu-Faraj, Harris, Anbler, Wertsch, and
Smith, 1996).

These contemporary systems are unable to monitor in-shoe plantar pressures
for more than a few minutes. Inherent gait variability requires that large numbers of
steps be examined for reliable analysis and characterization (Abu-Faraj, Harris,
Anbler, Wertsch, and Smith, 1996). This is an important requirement used in
detecting the disabilities or diseases, such as cerebral palsy (CP), Parkinson disease,

diabetes (with neuropathic feet), spinal cord injury, stroke, and so forth.

Walk

mmm=== Slow Walk

Percent Body Weight

Percent Gait Cycle

Figure 2.6: Characteristic pattern of the vertical ground reaction force during a
gait cycle for a slow (patient) and the normal speed (Drerup, Szczepaniak, and
Wetz, 2008)
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For the child with spastic diplegia, cerebral palsy, the ability to ambulate is
compromised. Walking for these children often requires an assistive device or
orthoses to provide balance, support, and foot clearance. Children with CP exhibit
motion disorders, including spasticity, athetosis or atoxia, result in imbalances
between agonist and antagonist muscles, apparent muscle weakness, and a loss of
selective muscle control (Smith, Coiro, Finson, Betz, and McCarthy, 2002). This
results in poor stability during the stance phase of gait and inadequate foot clearance

during the swing phase.

Currently, there is no definition of what constitutes a “satisfactory” surgical
result. Additionally, there are no quantitative indexes which have been used to
describe rehabilitative progress in a clinical series. In order to better understand the
effectiveness of intervention in the correction and rehabilitative treatment of
planovalgus foot deformity, it is essential to objectively describe plantar pressure
characteristics during ambulation (Abu-Faraj, Harris, Anbler, Wertsch, and Smith,

1996).

Therefore, the role of instrumented insole system come into place in detecting
the changes of forces, especially for electrical stimulation (ES) in improving the
mobility by modulating spasticity, unmasking or improving volitional control,
improving joint range of motion, strengthening weak muscles, and stimulation of

muscle during activity (Smith, Coiro, Finson, Betz, and McCarthy, 2002).
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Figure 2.7: Left foot insole sensor location and sample output by sensor for the
(@) normal child and (b) child with planovalgus foot deformity (Abu-Faraj,
Harris, Anbler, Wertsch, and Smith, 1996)
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Parkinson’s disease is a progressive neurodegenerative disease. Gait
disturbance is one of the major symptoms in patients with Parkinson’s disease.
Parkinson’s disease patients walk slowly with shuffling and dragging steps
diminished arm swing and flexed forward posture (Okuno, Fujimoto, Akazawa,
Yokoe, and Sakoda, 2008). The progressive gait disturbance combined with postural
instability finally deprives the patients of locomotion ability and yields medical as

well as social problems (Okuno, Fujimoto, Akazawa, Yokoe, and Sakoda, 2008).

In previous studies, some researchers measured walking of Parkinson’s
disease people (PD) by using motion capture system with multi-camera and
examined such gait parameters as step length, gait velocity, and so on (Okuno,
Fujimoto, Akazawa, Yokoe, and Sakoda, 2008). In addition to differences in the gait
motion, the way of heel contact and toe off motion in Parkinson’s disease seems to
be obviously different from that in normal subject (Okuno, Fujimoto, Akazawa,
Yokoe, and Sakoda, 2008).

Therefore, it is necessary to develop a quantitatively evaluating system of the
severity to measure the plantar pressure patterns during walking, like using
embedded pressure sensors in shoe sole. Through this, the burden of Parkinson
disease patients would be reduces if the features were measured in a gate experiment

without sensors attached to the subjects.

Diabetic patients with peripheral neuropathy often suffer from tissue damage
in their feet due to the loss of protective pain sensation (Zhu, Maalej, Webster,
Tompkins, Bach-Y-Rita, and Wertsch, 1990). Repetitive plantar pressure has been
listed as a strong risk factor for the development of plantar ulcers (Zhu, Wertsch,
Harris, Price, and Alba, 1990). Therefore, foot pressure distribution measurement is

important in the assessment of diabetic feet.

Undeniable, foot is the most frequent site of ulceration in individuals
hospitalized for diabetes and infection (Al-Tayyar, 1997). Foot orthosis therapy is a
common treatment used to relieve plantar pressure, in order to prevent ulceration and
alleviate pain in rheumatic and neuropathic feet. But, no studies that have examined

the relationship between plantar pressure and various orthosis components, such as
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experimental shape variations, for ‘off-the-shelf” shoes in low risk diabetic patients

(Guldemond, Leffers, Schapper, Sanders, Nieman, Willems, et al, 2007).

Figure 2.8: Three-dimensional and a flat display of plantar foot pressures for a

normal subject (Ranu, 1995)

Haxinum
Pressure

Figure 2.9: Plantar pressure patterns for a diabetic patient (high pressures
under the metatarsal head) (Ranu, 1995)

There is a need to develop an insole-based system to quantify the conditions
inside the shoe, to predict the progression of skin breakdown and ulceration in
diabetic patients with peripheral neuropathy as well as spinal injury and stroke
patients. Besides, this system can be tested with incomplete spinal injury and used to
trigger functional electrical stimulation (FES), with demonstrated benefit for both

subject (Bamberg, Benbasat, Scarborough, Krebs, and Paradiso, 2008).
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2.3 Gait Cycle

Walking is one of the most common human physical activities and plays an
important role in daily activities. It can be performed in a variety of ways and
directions and is furthermore a highly energy-efficient method of locomotion
(Rueterbories, Spaich, Larsen, and Andersen, 2010).

The gait cycle is the period of time between any two nominally identical
events in the walking process. The term ‘cycle duration’ or ‘cycle time’ stands for
the length of time that the complete gait cycle lasts (Racic, Pavic, and Brownjohn,
2009). Any event could be marked as the beginning since the gait has to be
performed in a particular sequence where cycles follow each other continuously and
smoothly (Racic, Pavic, and Brownjohn, 2009). Therefore, the instant at which one
foot hits the ground has been generally selected as starting (and completing) event.

The duration of a complete gait cycle is divided into two periods, they are
stance and swing phase as shown in figure below. For each foot, the stance phase,
also called the support or contact phase, it is the phase when the foot is on the ground.
It is initiated with ‘heel strike’ and ends with ‘toe off” of the same foot, constituting

approximately 60 percent of the gait cycle (Racic, Pavic, and Brownjohn, 2009).

Heel strike, also known as heel stance phase, also known as heel contact is a
distinct impact between the heel and the ground at initial contact. Toe off is an event
in the gait cycle when the foot leaves the ground. The swing phase lasts from toe off
to the next initial contact, constituting approximately the remaining 40 percent of the
gait cycle (Racic, Pavic, and Brownjohn, 2009). It denoted the time in which the foot
is off the ground, moving through the air when all parts of the foot are in forward

progression (Racic, Pavic, and Brownjohn, 2009).

There is a period of time when both feet are in contact with the ground, thus
right foot initial contact occurs while the left foot is still on the ground, and vice
versa. This period is known as double support or double limb stance and occurs twice
in the gait cycle which at the beginning and end of the stance phases (Racic, Pavic,
and Brownjohn, 2009).
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Figure 2.10: Gait cycle (Racic, Pavic, and Brownjohn, 2009)

Both the initial double limb support and the terminal double limb support
take up about 10 percent of the gait cycle, or about 20 percent all together (Racic,
Pavic, and Brownjohn, 2009). However, this varies with the speed of walking. The
duration of double support becomes proportionally shorter as the speed increases
(Racic, Pavic, and Brownjohn, 2009). Finally, single support is the period of time
when only one foot is in contact with the ground and when the opposite limb is
simultaneously in its swing phase (Racic, Pavic, and Brownjohn, 2009).

The stance period can be further divided into five functional sub-phases
occurring in the following sequences, they are initial contact (IC), loading response
(LR), midstance (MSt), terminal stance (TSt), and preswing (PSw). Similarly, the
swing phase is broken down into three sub-phases occurring in the orders, namely
initial swing (ISw), mid-swing (MSw), and terminal swing (TSw) (Racic, Pavic, and
Brownjohn, 2009). An overview of the phases of the gait cycle is given in figure

below.
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Figure 2.11: Functional tasks and phases of gait (Racic, Pavic, and Brownjohn,
2009)

Body
weight

ICLR MSt TSt PS TO

Figure 2.12: The vertical force graph can identify with precision all five phases
of gait occurring during stance (Racic, Pavic, and Brownjohn, 2009)

Although the PSw is the final stage of the stance, it can be also regarded as
preparatory phase for the swing period (Racic, Pavic, and Brownjohn, 2009).
Therefore, it is usually considered as an intermediate phase between the stance and
swing. Each of these sub-phases enables lower limbs to accomplish the three basic
functional tasks of gait; they are weight acceptance, single-limb support, and limb
advancement (Racic, Pavic, and Brownjohn, 2009).

The physical ways to analyze gait are based on kinetics and kinematics. The
term kinetics describes the study of forces and moments that cause a movement or
motion of objects and systems (Rueterbories, Spaich, Larsen, and Andersen, 2010).
Those are the example gravitational, ground reaction, other external forces, or forces
produced by muscle contractions (Rueterbories, Spaich, Larsen, and Andersen, 2010).
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Kinetics usually used in foot contact measurement where a reaction force is
generated from the ground. This reaction force is distributed under the plantar
surface of the foot and its effect is to accelerate individual body segments and
transmit force to adjacent segments (Billing and Hayes, 2005). Plantar pressure
measurement techniques offer a visual description of how these forces are distributed
under the foot as well as providing quantitative information about the timing and
loading of individual foot structures (Billing and Hayes, 2005). However, plantar
pressure distribution does not provide information regarding the non-planar forces

which may be applied by the foot (Billing and Hayes, 2005).

As opposed to kinetics, the term Kinematics is used to describe movement not
taking into account the forces that cause the movement (Rueterbories, Spaich, Larsen,
and Andersen, 2010). One approach to measure movement is the direct measurement
of linear and angular displacements provided by joint angles, limb velocities or
accelerations. A second established method is the indirect measurement of movement
with cameras or tracking systems (Rueterbories, Spaich, Larsen, and Andersen,
2010).

In kinematics, there are few target variables, which includes stride length,
stride frequency, contact time, and flight time (Billing and Hayes, 2005). Running
speed is the product of stride length and stride frequency. However, these two
variables are interdependent and their optimisation is the key to improve
performance (Rueterbories, Spaich, Larsen, and Andersen, 2010). The sum of contact
time and flight time equals stride time which is the determinant of stride frequency

(Rueterbories, Spaich, Larsen, and Andersen, 2010).

Left step length l Right step length |
| |

Step width ﬁ/ﬁ, Left foot angle
w \)\ Right foot angle w_

I Stride length I

Figure 2.13: Spatial parameters of gait (Racic, Pavic, and Brownjohn, 2009)
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2.4 Force Distributions

The average person takes 3 to 3.5 million steps per year (Putti, Arnold, Cochrane,
and Abboud, 2007) and it is therefore no surprise that a variety of foot problems can
occur. The foot is the only anatomical structure that comes in contact with the ground
during the gait cycle and also while standing. Hence, it has to withstand any impact
generated as a result of the body weight and in turn the ground reaction force
produced (Putti, Arnold, Cochrane, and Abboud, 2007).

Force distribution measurements not only allow force changes under
localized regions to be examined, but can also be used to extract foot position and
orientation. In standing balance tests, foot position and orientation have been found
to affect postural sway and the mean position of the centre of pressure (COP) (Yip
and Prieto, 1996).

The process generally takes about one to two minutes. This is not a problem
for normal individuals. However, subjects with problems maintaining a stable stance,
such as Parkinson patients, may not be able to keep their feet in position long enough
for the tracing to be completed (Yip and Prieto, 1996). Force distribution
measurements will be able to provide the subject’s foot position and orientation in a

fraction of the time needed for manual tracing (Yip and Prieto, 1996).

In addition, information about the pressure distribution and active foot
contact area during walking is considered to be important for the practice of
neurology and physical medicine (Titianova, mateev, and Tarkka, 2004). It is known
that high pressure in the forefoot area occurs during the push-off phase of gait when
the heel leaves the ground, and the entire body weight is borne on the forefoot and
toe (Titianova, Mateev, and Tarkka, 2004).

Various methods have been used for estimation of gait parameters, however,
only few can provide reliable information about foot pressure distribution during gait.
Most of the techniques are labour-intensive, time consuming or otherwise
insufficient for collecting reliable data (Titianova, Mateev, and Tarkka, 2004).

Recent technology has resulted in flexible and portable walkways with embedded
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pressure sensitive sensors with an instrumented insole system (Titianova, Mateev,
and Tarkka, 2004).

To obtain accurate data, it is essential to identify the placement of the sensors
in the body. There are many methods in identifying the suitable placement of the
sensors, like from research, testing with subjects, or from the foot print techniques
such as APEX foot imprinter, microcapsule socks, Fuji Pres-sensor Mat, and
Shutrack system for locating sensors are investigated (Wertsch, Webster, and
Tompkins, 1992). All of those methods should work best for applications in terms of

accuracy, simplicity, and cost.

One of the measuring systems used was the Biofoot in-shoe system. The
insoles are available in different sizes, permitting a good match to the shoe interface.
Plantar pressures were distributed by the software into major areas by creating 10
areas corresponding to heel, mid-foot, whole forefoot, first to fifth metatarsal heads,
hallux, and lesser toes as shown in figure below (Martinez-Nova, Cuevas-Garcia,

Pascual-Huerta, and Sanchez-Rodriguez, 2007).

HOoOOmMmWIOm

MIDFOOT

Figure 2.14: Division of the foot into 10 areas (Martinez-Nova, Cuevas-Garcia,

Pascual-Huerta, and Sanchez-Rodriguez, 2007)
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Another method would be the Pedar system, which is the one of the most
commonly used systems for in-shoe pressure measurement (Putti, Arnold, Cochrane,
and Abboud, 2007). This system has insoles comprising 99 capacitive sensors. Same
as Biofoot, the foot was divided into 10 regions. The software for the Pedar system
calculates information on 18 parameters where six of the most clinically relevant

parameters were evaluated (Putti, Arnold, Cochrane, and Abboud, 2007).
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Figure 2.15: Pedar insoles pressure output (Putti, Arnold, Cochrane, and
Abboud, 2007)
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Figure 2.16: The 10 regions of the left and right insoles (Putti, Arnold, Cochrane,
and Abboud, 2007)
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A method to estimate the complete ground reaction forces from pressure
insoles in walking was created by Fong, Chan, Hong, Yung, and Fung (2008). The
complete ground reaction forces were collected during a right foot stride by a force
plate at 1000 Hz (Fong, Chan, Hong, Yung, and Fung, 2008). Stepwise linear
regressions were performed to individually reconstruct the complete ground reaction
forces in three directions from the pressure data until redundancy among the
predictors occurred (Fong, Chan, Hong, Yung, and Fung, 2008).
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Figure 2.17: Location of the sensors (in right foot) required in the three
regression models (in grey) (Fong, Chan, Hong, Yung, and Fung, 2008)

Finite models is one of the method for common flat insole and two sets of
specially designed total contact insoles (TCI) were created directly underneath the
foot model by Chen, Ju, and Tang (2003). After the material properties and the
boundary conditions were set up in each of the three foot-insole models, finite
element analyses were performed (Cheng, Ju, and Tang, 2003). The analysis results
were retrieved to a local workstation for the post-processing of the stress
distributions at the foot-insole interfaces. A comparison of values reported in other

studies is shown in table below.
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Figure 2.18: Normal stress distributions on the plantar surface for wearing the
(a) flat insole, (b) three layers, and (c) two layers (Chen, Ju, and Tang, 2003)

Table 2.2: Comparison of values reported in other studies (Martinez-Nova,

Cuevas-Garcia, Pascual-Huerta, and Sanchez-Rodriguez, 2007)

Area Martinez-Nova Putti et al. [3] Bryant et al.
[8] [27]

Mean pressure
Heel 2531 £ 20.2 2643 £ 441 167 £ 24
Midfoot (3.0 & 16.8 109.0 & 38.5 30425
Met Head 1 3082 4+ 361 248.0 £ 701 122 4+ 33
Met Head 2 4058 £ 574 2465 £ 483 188 £ 41
Met Head 3 3041 £ 377 2247 £ 504 154 £ 32
Met Head 4 2036 £ 22.5 161.0 & 49.7 114 £ 39
Met Head 5 1184 £ 183 141.6 & 58.4 80 4 43
Hallux 146.5 &£ 22.5 2804 £ 830 139 £+ 38

Lesser Toes 105.3 £ 143 1303 £ 55.3 B3 £+ 25
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2.5 Current Method/Technology

25.1 Force Platform

Force platforms represent the gold standard method for determining these gait events.
However despite their recognized accuracy, the method is usually restricted to gait
laboratory environments and the number of force platforms available (often two or
three) limits the number of steps per trial that can be recorded (Razian and Pepper,
2003).

As the study on biomechanics is growing, various methods and tolls have
been developed to collect either kinematics or kinetics parameters of the human gait.
And force platform emerges as one of the most common tools used to provide
information on three orthogonal forces and moments exerted by human body. It is
widely used in engineering and medical research, orthopaedics, rehabilitation
evaluation, prosthetics, and other general industrial uses (Gouwanda, Senanayake,

Marasinghe, Chandrapal, Kumar, Tung, et al, 2008).

A novel 3D platform system has been developed by Wang, Liu, and Chen
(2009). This system is suitable for the measurement of human foot pressure
distribution has been presented in their research. The system measures plantar
pressure between the foot and force platform during dynamic movement in real-time,

which can be used in clinical gait analysis (Wang, Liu, and Chen, 2009).

Plantar pressure platform

Computer (Software)

Figure 2.19: The outline of the 3D force platform for plantar distribution
measurement (Wang, Liu, and Chen, 2009)
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This system consists of a 3D force measuring platform and user-friendly
software to graph and analyze the data (Wang, Liu, and Chen, 2009). Furthermore, a
new type of Butterworth low-pass filter is being designed to employ for the signals
preconditioning, the interference signals of the pressure sensor signal can be
effectively filtered (Wang, Liu, and Chen, 2009).

Figure 2.20: The track of the plantar force distribution (Wang, Liu, and Chen,
2009)

However, despite of its capabilities and performances, force platform has
several limitations. One of its limitation is that force platform does not provide either
qualitative or quantitative information on how the ground reaction forces are
distributed on the human foot, from toe to heel (Gouwanda, Senanayake, Marasinghe,
Chandrapal, Kumar, Tung, et al, 2008).

Therefore, due to this reason, a force sensing mat has been designed and
developed that is capable to visualize the force distribution of the human feet.
Polyvinylidene Fluoride polymer (PVDF) wires are used to develop a magic carpet
that is capable of measuring human foot pressure by Paradiso. Then, another
researcher, Srinivasan and his colleagues developed a pressure sensing floor that has
one sensor per square centimetre, with senor spaced apart and each sensor has active

area of certain parts.
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With similar functionalities as the force sensing mat being developed earlier,
a real time force sensing instrument that has different concept is introduced by
Gouwanda, Senanayake, Marasinghe, Chandrapal, Kumar, Tung, and Yulius (2008).
This instrument contains an array force sensing elements as shown at figure below
that is capable of monitoring and recording the movement pattern of a test subject in
standing, walking, jumping, and running (Gouwanda, Senanayake, Marasinghe,
Chandrapal, Kumar, Tung, et al, 2008).

Figure 2.21: Force Sensing Platform (Gouwanda, Senanayake, Marasinghe,

Chandrapal, Kumar, Tung, et al, 2008)
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Figure 2.22: Schematic diagram of arrangements of sensors into quadrants with
connectivity to the ethernet (Gouwanda, Senanayake, Marasinghe, Chandrapal,
Kumar, Tung, et al, 2008)
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25.2 Instrumented Insole

To monitor and analyze the gait of a person, it is necessary to identify and
understand the movements (kinematics) of humans (Jagos, Oberzaucher, Reichel,
Zagler, and Hlauschek, 2010) and the forces (kinetics) (Fong, Chan, Hong, Yung,
Fung, and Chan, 2008) that are applied on the human joints.

Compared with floor-mounted or force platform systems, the in-shoe devices
show more advantages. Subjects are able to wear the in-shoe device while walking in
their normal gait without thinking about where the force platform is. Multiple steps

can be monitored by in-shoe system but not with the force platform.

Despite the force platform system can provide both the shear and vertical
information of the ground reaction force, little loading information about the plantar
surface with respect to the supporting surface mentioned. Besides, with the
development of wireless communication, the in-shoe device can be used not only in
the clinic or laboratory, but also in the outdoor environment, which extends the
usable locations for patients.

Up-to-date, research has been carried out to obtain the orientation velocity
and acceleration of joints using accelerometers, and gyroscopes. Foot pressure
patterns are also widely used in research using force sensing resistors (Grandez,
Bustamante, Gurutzeaga, and Garcia-Alonso, 2009), capacitive (Salpavaara, Verho,
Lekkala, and Halttunen, 2009), load cells (Muller, Brito, Pereira, and Brusamarello,
2010) or foot switches. Combination of the abovementioned sensor types are also
used to obtain parameters of both kinematic and kinetic data for a detailed gait
analysis (Faivre, Dahan, Parratte, and Monnier, 2003; Benbasat and Paradiso, 2005).

Recent advances on gait analysis of diseases, like Parkinson’s disease patients
include portable digital monitoring systems which are instrumented insole systems.
These system allow gathering data by the patient themselves, wearing sensors at
home and outside home. One of the example instrumented system being developed
by Grandez and his colleagues (2009) based on tiny electronic circuits which gather

and transmit data coming from force sensing resistors.
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Plantar area _

Figure 2.23: Placement of sensors in each insole (Grandez, Bustamante,

Gurutzeaga, and Garcia-Alonso, 2009)

Besides the application in medical field, this instrumented insole system has
been developed for the sport events. An insole system was being developed by
Salpavaara and his colleagues (2009). The idea is to measure the forces between foot
and insole with a low-cost laminated capacitive sensor matrix and embedded read-

out electronics.

In comparison to other existing in-shoe measurement systems like F-Scan
systems and Pedar systems, they are trying to make more application-oriented device
that can be easily integrated to larger ambient measurement network (Salpavaara,
Verho, Lekkala, and Halttunen, 2009).

Figure 2.24: There are five measurement areas in the insole. The place and the
size of the capacitive sensor elements inside the insole are illustrated with white

colour (Salpavaara, Verho, Lekkala, and Halttunen, 2009)

Another sensors, like load cells have long been used to sense and measure
force and torque. When properly designed and used, they are very accurate and

reliable sensors. Load cells are applied in several different fields, usually for
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weighing measurement like in pressure measurement. Among many other things,
food, vehicles, and animals are weighed daily in load cells (Muller, Brito, Pereira,

and Brusamarello, 2010).

Figure 2.25: Sphere shaped load cell (Muller, Brito, Pereira, and Brusamarello,
2010)

Other sensors like micro-electromechanical system (MEMS) and
electromechanical film (EMFI) are used as well in designing the instrumented insole
system. The mature bulk micro-electromechanical system technology provides a
great opportunity to further advance the specification of foot pressure measurement
devices (Wahab, Zayegh, Veljanovski, and Begg, 2008).

Moreover, it is proven that a silicon MEMS based pressure sensor able to
measure biomechanical pressure. There are some research or experiments have been
carried out to build the instrumented insole system using this MEMS sensors, for
example in designing the insole pressure sensing for lower extremity exoskeleton
(Wheeler, Rohere, Kholwadwala, Buerger, Givler, Neely, et al, 2009) and for foot
plantar pressure measurement (Wahab, Zayegh, Veljanovski, and Begg, 2008).

Piezo-resistor locations

| M and dimensions

[—_3 [==]

thickness I~ 75

width and length

Figure 2.26: The key design parameters of bulk micro-machined pressure
sensor (Wahab, Zayegh, Veljanovski, and Begg, 2008)



31

Top view,
optical microscope image

Pressure .
Traces in

transducer % Traces in
compression

membrane \ \ ’tension

Silicon
die

Reference
cavity

Side view
during pressure measurement,
illustration

Figure 2.27: One of the MEMS transducer design fabricate. The transducer
shown here is a full Wheatstone bridge configuration with two traces in tension
and two in compression (Wheeler, Rohere, Kholwadwala, Buerger, Givler,
Neely, et al, 2009)

On the other hands, Hannula, Sakkinen, and Kylmanen (2007) developed an
instrumented insole system based on EMFI-film sensor. The EMFI-film is a highly
sensitive transducer which can be used in pressure or force measurement (Hannula,
Sakkinen, and Kylmanen, 2007). In real world, is has been applied in various
applications, for example in blood pressure pulse detection and in touch screen
systems. The advantages of EMFI-film material are its high sensitivity, flexibility,

versatility, and low cost (Hannula, Sakkinen, and Kylmanen, 2007).

Recently, there are few designed being proposed with the combination of
variety type of sensors in order to generate different values of foot pressure
measurement at the same time. One of the famous studies is done by Morris and
Paradiso (2002) where they combine the force sensing resistors (FSRs), piezoelectric
material, Polyvinlylidine fluoride (PVDF), and two pairs of resistive bend sensors

placed back to back to provide bi-directional bend as shown in figure below.
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Circuit Boards, Power Supply,
Resistive Bend Sensor RF Transceiver:
Dorsiflexion / Plantarflexion

- 3 Axes of Gyroscopes
Angular Velocity

- 3 Axes of Accelerometers
Linear Acceleration

- Sonar, Board to Ground
Distance of foot above ground

- Sonar, Board to Board
Distance, angle between feet

FSR (Force Sensitive Resistor)
Stride timing, left-to-right weight distribution

PVDF (Polyvinlylidine Fluoride)
Heel strike

Electric Field Sensor
Distance above ground

Resistive Bend Sensor
Insole bend

Figure 2.28: Schematic of the Shoe-Integrated Gait Sensors (SIGS) (Morris and
Paradiso, 2002)

After that, a homemade shoe with an instrumented insole was being designed
by Faivre, Dahan, Parratte, and Monnier (2003). It authorizes the dynamic recording
of ground reaction force and plantar pressure during gait. The sole of this shoe
contains several holes designed to receive force transducers. Each homemade
transducer is composed of a metallic dynamometric ring (Faivre, Dahan, Parratte,
and Monnier, 2003). A precision strain gauge is fixed on its external face as shown in
the diagram below. The sensors which are used in this design include the

piezoelectric, capacitive, and resistive sensors.

Figure 2.29: Sole with the eight areas and exploded view of transducer (ring,

box, aluminium plates) (Faivre, Dahan, Parratte, and Monnier, 2003)
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Apart from that, a multimodal approached for insole motion measurement
and motion was developed as shown in the figure below. The instrumented insole
system consists of an array of force sensing resistors (FSRs), a dual-axis gyroscope,
and a tri-axis accelerometer. This combination of sensors allow for the plantar
pressure measurement and detect the necessary motion patterns for further analysis in
the fields of fall risk detection and physical activity measurement (Jagos,
Oberzaucher, Reichel, Zagler, and Hlauschek, 2010)
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Figure 2.30: Schematic diagram of one instrumented insole with the included

components (Jagos, Oberzaucher, Reichel, Zagler, and Hlauschek, 2010)

Not only that, there still a lot of instrumented insole designs with the
combination of several sensors, function to measure different kinematics and kinetics
force based on their requirement of the research or study, like a technique for
conditioning and calibrating force-sensing resistors for measurement of compressive
force (Hall, Desmoulin, and Milner, 2008), wireless gait analysis system by digital
textile sensors (Yang, Chou, Hu, Hung, Wu, Hsu, et al, 2009), wireless modular
sensor architecture and its application in on-shoe gait analysis (Benbasat, Morris, and
Paradiso, 2003), compact modular wireless sensor platform (Benbasat and Paradiso,
2005), and the list goes on.



CHAPTER 3

METHODOLOGY

3.1 Introduction

An instrumented insole varies in different ways of design and development depends
on the aim, objectives, and applications accordingly. Today, there are plenty of
researches, tests, and trials being conducted to discover the most effective, simplest,
and cost effective instrumented insole to play the crucial role in pressure detection
beneath foot. In general, an instrumented insole consists of different design options,
they are type of sensors, position of sensors, electronic circuit, data transmission, and
so on. For sure, each design components has own specific functions, advantages, and
disadvantages compared to others. Therefore, the purpose of this chapter is to deliver
the first hand conceptual ideas by the group concerning the vital criteria such as the
most suitable, user-friendly, light-weighted, and commercial available design of

instrumented insole for this project.

In this chapter, a brief introduction of the selected design options will be
discussed. For the hardware section, each selected component and tools used in this
design will be listed clearly regarding their specification, characteristics, and
assembly procedures. Next, the procedures of setting up the software are included in
the software section. This chapter will be ended with the coding and graphical
programming explanation for the design.
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3.2 Preferred Design

To design an instrumented insole, there are several main aspects which need a great
amount of attention in order to obtain the most idea design. These main aspects are
type of sensors, sensor positions, power supply, signal conditioning, data logging,
data transmission, data storage, data display, and data analysis. In this subsection, all

the aspects as mentioned above will be further discussed and explained clearly.

3.2.1 Sensors

The usage of sensor is one important consideration in developing this instrumented
insole where they detect and draw the overall foot pressure distributions of the
system. They are the essential devices in converting a physical measurement to an
electrical output. Forces are being generated by pressing or pressuring the sensors
between instrumented insole and ground during human’s walking or running
activities. Changes in pressure distributions underneath different regions of foot can

be observed by using the following sensors for further analysis:

In this design, two different sizes and shapes of Force Sensing Resistors
(FSRs) manufactured by Interlink Electronics are used, which are in the circular and
square sensing shapes. It is an ideal for designers, researchers, or anyone who needs
to measure forces without disturbing the dynamics of their tests. This sensor can be
used to measure both static can dynamic forces and are thin enough to enable non-

intrusive measurement.

Force Sensing Resistors are a polymer thick film (PTF) device which use the
resistive-based technology. The application of a force to the active sensing area of
the sensor results in a change in the resistance of the sensing element in inverse
proportion to the force applied, which shared similar properties with load cell or

strain gauge (Interlink Electronics, 2010).
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3.2.2  Position of Sensors

Position or placement of sensors beneath the foot varies with the foot pressure
measurement. Different positions of sensors have to match with different foot
pressure measurement. However, position of sensors might be affected by different
aspects such as genders, ages, races, diseases, and so forth.

In this project, it is considered as one of the design options where the sensors
are being distributed under foot regions respectively. These sensors are the main key
in this project on how to measure the applied forces beneath foot during gait
simulation. The circular shape sensors will be placed along the big toe (hallux), first,
and fifth metatarsals where the square shape sensors will be attached under the heel

area.

3.2.3  Power Supply

Without power supply, the whole instrumented system cannot function with the
correct circuit connections and programs. Therefore, providing enough electrical
power to make the force measurement working in a good condition is one of the
crucial factors in operating the whole system. Meanwhile, attention should be paid in
selecting the voltage source which is going to supply the correct range of required
voltages for the electrical and electronic circuitry in the system. Hence, electronic
components such as voltage regulator is being implemented to ensure there is no

extra voltage or current flow that will cause overflow or damage to circuitry.

Rechargeable batteries are used to provide the required voltage to the whole
design for smooth operating along the gait simulation. The 9.0 V batteries are
attached as the input power supply for the whole design system. Voltage regulators
are used in this design to regulate and maintain the input voltage at a constant level.
Difference between the actual output voltages with the internal fixed reference
voltage is amplified and used to control the regulation element in order to correct the

voltage error.
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3.24  Signal Conditioning

Signal conditioning is a process where the analogue signal from the output of sensor
is being manipulated in order to meets the requirement for further processing. Signal
conditioning includes several processes which are filtering, amplification, range
matching, isolation and some other processes required to make the sensor output
suitable for processing. In other words, all the output from sensors is only able to be

processed and analyzed after they undergo a signal conditioning process.

Filtering is the most common signal conditioning function as not all the
signal frequency spectrum contains valid data. This can be done by using filters to
remove all the unwanted noises or signals, either by using the high pass filter on the
higher threshold, low pass filter on the lower threshold, or the band pass filter for the

intermediate signals.

Amplifiers are used to amplify or modify the signals by increasing or
decreasing the amplitude of signals. Signal amplification performs two important
functions which are increasing the resolution of the input signal and its signal-to-

noise ratio.

Signal isolators must be used in order to pass signal from the source to the
measurement device without a physical connection. It is often used to isolate possible
sources of signal perturbations. Also, it is important to note that isolation needs to be
done to the expensive equipments which used o process signal after signal

conditioning from the sensors.

In this design, microcontroller is used to convert the analogue signals from
the sensors to digital signals before further processing in the following subsystem.
Noise filtering is done through software in the data display and data analysis instead
of using RC circuits formed by capacitors and resistors in order to save costs and
flexibility of the software.
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3.2.5 Data Logging

Data logging is a subsystem which records, receives and stores data over time. It
works in line with the microcontroller and serial port by collecting the analogue
signals from sensors and converts them into digital signals so that can be transmitted
to the processing unit. In general, there will be a temporary storage unit where the

digital signals can be stored temporary before being transferred to a processing unit.

Microcontroller is used as the data logging facility in this design where it acts
as the medium in collecting the analogue signals from the sensors. Then, the
microcontroller will store the collected signals temporary before they are being
converted into digital signals and ready to be sent to the processing unit, like

computer or laptop.

3.2.6 Data Transmission

Normally, data transmission is divided into two types, wired and wireless for
transmitting signals from the sensors to data loggers or from data loggers to
processing unit. Both of these transmission types have their own advantages and
disadvantages. Wires or ribbon cables are commonly used in wire communication for
more connections through a circuit, while there are many types of wireless
communications which is specific and harmless to human, for example Bluetooth,

radio frequency (RF), radio frequency identification (RFID), Zigbee, and others.

For a better performance in transmitting the data, wireless communication is
chosen as the data transmission in this design. XBee (ZigBee) module is used instead
of other wireless network which is a specification for a suite of high level
communication protocols using a small, low-power digital radios based on the IEEE
802.15.4-2003 standard for wireless home area networks (WHANS). It has capacity
of 250 Kbits at 2.4 GHz, 40 Kbits at 915 MHz, and 20 Kbits at 868 MHz with a
range of 10 m to 100 m. It is targeted at applications which require a low data rate,

long battery life, and secure networking.
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3.2.7  Data Storage

Data storage, a subsystem which is required by the instrumented insole system to
save the transmitted file into an internal memory or temporary file for further
analysis purposes. It can refer to computer or any other data storage devices, for
instance computer system, laptop, PDA, remote devices, and mobile phones. It is a
process of records (stores) or retrieves (reads) information or data from instrumented
insole system through either wires or wireless communications before further

analysis can be made.

Computer or laptop is use primarily in this design with the purpose of help in
recording the real time data and store the data collected in the form of text files by
using particular software. Other than that, computer or laptop is mostly used now
where they are easy, portable, and convenient for data collecting, processing, storage,

and analysis.

Normally, computer and laptop consist of a quite large internal memory
compare to other device. Hence, more information and results from each analysis can
be stored securely for further processing, comparison, and analysis. Besides,
computer and laptop are capable of receiving and sending the data wireless anytime

and anywhere.

3.2.8 Data Display

Data can be displayed only after being collected and stored in the internal memory or
temporary file of processing unit. It is an output subsystem for presentation of
information for visual, tactile or auditive reception, acquired, stored, or transmitted in
various forms. When the input information is supplied as an electrical signal, the
display is called electronic display. Display subsystem of data can be built by using
programming logic codes, software, or combination of both. Certain parameters can
be shown by setting up specific configuration of the system regarding to data

collected in graphical or tabular forms.
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In this design, National Instrument LabVIEW is used for the data display by
installing into a computer or laptop. LabVIEW is a graphical programming software
developed for measurement, test, and control system by using intuitive graphical
icons and wires which resemble a flowchart. Therefore, the result of data collected
can be displayed where the measurement of forces can be estimated along with a
graph representation in real time.

3.2.9 Data Analysis

Analysis of data is a process of inspecting, cleaning, transforming, and modelling
data with the goal of highlighting useful information, suggesting conclusions, and
supporting decision making. Normally, analysis system can be built by using
programming logic codes, software, algorithms, or combination of both. By using
analysis system, data can be judged or analyzed with specific parameter requirements.
Data can be filtered by removing unwanted, overlapping, or redundant information
which lead to a conclusion of data collected.

Same as data display, National Instrument LabVIEW is used for the data
analysis where particular settings can be made to the software to meet the
measurement requirements for the design. Before data analysis, data can be filtered
as well by using the software according to the level of amplitude and frequency for

better and accurate results.
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3.2.10 Summary of Preferred Design

All the selected design options which being discussed are summarized and illustrated

clearly in the chart below:

N\ 4 1\
Sensors e Orce Sensing Resistors

J (. J/

N\ 4 1\

Rechargeable Battery and

Power Supply Voltage Regulator

( Cof&?t?(?,'ﬂng _r Amplifiers, Filters \

( Data Logging \—( Microcontroller \

Preferred Design ( + Dalos \_( ZigBee (XBee) \
ransmission

( Data Storage \_r Computer and Laptop \

r Data Display \_r NatioEZIbl\r)lsltEr\;JVments \

Data Analysis \_( NatioE:Ibl\?isltEr\;JVments \

Others: Positions

erEes e FOUI Sensors on each foot

J/ (S J

Figure 3.1: A summary chart of design options
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3.3 Process Flow

The overall process of how the instrumented insole system functions in measuring

the pressure distribution beneath foot is summarized in the flowchart shown below:

Power Supply

Provide electrical power to instrumented insole system

L 3

Sensors

Detect the changes in force applied to surface during walking

activities

. =

Signal Conditioning

Filter unwanted noise and amplify the input signal

3

Data Logging

Receive the signal and convert the analogue signal to digital

signal

. o

Data Transmission

Transfer the converted signal through wireless medium

. o

Data Storage

Receive the input signal and store into a memory disc or

temporary file

. .

Data Display

Display and process the received signal by using software

..

Data Analysis

Analyze the retrieved signal with particular parameters in a data

format

Figure 3.2: A general process flowchart of an instrumented insole system
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In addition, block diagram below is used to summarize the flow of the
instrumented insole system as shown below, where it consists of power supply,
signal conditioning, data logging, data transmission, data storage, data display, and
data analysis. This followed by a schematic diagram of the positions of sensors

beneath each foot.

ZigBee

Force

Sensing Data ‘ o
Resistors .
0gging Transmission

Signal

e - - - —————

=
o O
E g
Q 9
53}

onditioning

Figure 3.3: A figure representation of an instrumented insole system design

using force sensing resistors (FSRS)

o,

Figure 3.4: A figure representation of sensors positioning of an instrumented

insole system design
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3.4 Hardware
3.4.1 Components and Tools

In this section, the specification, characteristics, and technical data of each
component used in the design are listed. The main hardware components in
developing the instrumented insole system are as followed:

1. Force Sensing Resistors (FSR-402 and FSR-406 Interlink Electronics)

2. Voltage Regulator (LM7805)

3. Operational Amplifiers (LM324)

4. Microcontroller (Microchip PIC16F877A)

5. PIC Start-Up Kit (SK40C Enhanced 40 Pins)

6. XBee Starter Kit (SKXBee)

There are still some essential components and tools used in completing this
design, such as 10 F electrolytic capacitor, 100 L electrolytic capacitor, 1 kQ
resistors, rechargeable 9.0 V batteries, battery snaps, PVC battery holders, donut
board, male and female connectors, 10 ways ribbon cables, red and black wires,

plastic casing, polymer shoe insole, belts, multimeter, and soldering tools.

X

|}

Figure 3.5: 10 uF electrolytic capacitor (10 pF Electrolytic Capacitor, 2010)

§

Figure 3.6: 100 |F electrolytic capacitor (100 & Electrolytic Capacitor, 2010)
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Figure 3.7: 1.0 kQ resistor (Resistor 1K Ohm % Watt, 2010)

Figure 3.8: Rechargeable 9.0 V battery (Energizer Ni-Mh Rechargeable 9V
Square Batteries, 2010)

Figure 3.9: Battery Snap (9V Battery Snap Connector, 2010)

Figure 3.10: PVC battery holder (9V Sealed Battery Holder with Wires, 2010)
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Figure 3.11: Donut board (Donut Board, 2010)

Figure 3.12: Male connector (Male Connector, 2010)

Figure 3.13: Female connector (Female Connector, 2010)

Figure 3.14: 10 ways ribbon cables (Electrical & Electronic Connectors, 2010)



Figure 3.15: Red and black wires (Wires, 2010)

Figure 3.16: Plastic casing (Aluminium Box Silver, 2010)

Figure 3.17: Polymer shoe insole (Shock Absorbing Sheet, 2010)

Figure 3.18: Belts (Cable Belt, 2010)

47
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Figure 3.20: Soldering tools (How to Solder, 2010)

3.4.1.1 Force Sensing Resistors (FSR-402 & FSR-406 Interlink Electronics)

There are two kinds of Force Sensing Resistors (FSRs) being used in this design;
they are FSR-402 which have a circular sensing area with a diameter 12.7 mm and
FSR-406 with a square sensing area of 38.1 mm x 38.1 mm. They both have the
same thickness around 0.46 mm (FSR Force Sensing Resistor Integration Guide and
Evaluation Parts Catalog, 2010). A force sensing resistor has variable resistance as a

function of applied pressure.

@

Figure 3.21: Interlink Electronics FSR-402 (Force Sensitive Resistor 0.5°°, 2010)
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Figure 3.22: Interlink Electronics FSR-406 (Force Sensitive Resistor — Square,
2010)

The resistance is inversely proportional to the force applied. This FSR is
fabricated using elastic material and formed by several layers. The inner layer is
electrically insulating plastic where it has an active area consisting of a pattern of
conductors which is connected to the leads on the tail to be charged with an electrical
voltage. Besides, it has an intermediate layer of plastic spacer which induces an
opening aligned with the active area as well as an air vent through the tail. The outer
layer would be a flexible substrate coated with a thick polymer conductive film

which is aligned with the active layer.

FLEXIBLE SUBSTRATE WITH
PRINTED SEMI-CONDUCTOR

SPACER
OPENING

SPACER ADHESIVE

/ TIVEAREA

FLEXIBLE SUBSTRATE WITH PRINTED
INTERDIGITATING ELECTRODES

TAIL

Figure 3.23: Interlink Electronics FSR construction (FSR Force Sensing

Resistor Integration Guide and Evaluation Parts Catalog, 2010)
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When external force is applied to the sensor during a human locomotion
activity, the resistive element is deformed against the substrate. The air from the
space opening is being pushed through the air vent into the tail. At the same time, the

conductive material on the substrate comes into contact with parts of the active area.

The more the active areas touch the conductive element, the lower the
resistance. Generally, FSRs have a “Switch-like Response” where some amount of
the force is necessary to break the sensors resistance at rest and push it into the
measurement range. Like load cell or strain gauge devices, FSRs have similar
properties and can provide a cost effective alternative.

Force accuracy ranges from approximately 5% to #25% depending on the
consistency of the measurement and actuation system, the repeatability tolerance
held in manufacturing ranges from 5% to #25% of an established nominal
resistance, and the use of part calibration (FSR Force Sensing Resistor Integration
Guide and Evaluation Parts Catalog, 2010). The force resolution of FSR device is
better than #0.5% of full use force (FSR Force Sensing Resistor Integration Guide
and Evaluation Parts Catalog, 2010).

In this design, six FSR-402 (circular shape) and two FSR-406 (square shape)
sensors will be used beneath the foot region respectively. The purpose of using total
number of eight sensors is to ensure the accuracy of the results in measuring the
force distribution under foot region during human locomotion activity. The readings
from these sensors are capable of identifying the types of walking patterns in order to

detect the disabilities or diseases being faced by tested subjects.
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3.4.1.2 Voltage Regulator (LM7805)

In this design, a 9.0 V battery is used to supply power to the electronic components.
Normally, the operating power for most electronic components ranged from 2.0 V to
5.5 V where too high of input voltage may cause damage to them. Therefore, a
LM7805 5.0 V voltage regulator is used to lower down the input voltage before the

voltage is supply to the whole circuit.

Basically, LM7805 5.0 V voltage regulator consists of three terminal pins;
they are input, ground, and output pin. It employs built-in internal current limiting,
thermal shutdown, and safe-operating area protection which make it virtually
immune to damage from output overloads. Although designed primarily as fixed
voltage regulators, these devices can be used with external components to obtain
adjustable voltages and currents (LM341/LM78MXX Series 3-Terminal Positive
Voltage Regulators, 2005).

Figure 3.24: LM7805 5.0 V voltage regulator (LM7805 5V Regulator, 2010)

| 3 OUTPUT
O [ 3 GROUND
[ NPUT

Figure 3.25: Connection diagram of LM7805 (L7800 Series Positive Voltage
Regulators, 2004)
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Figure 3.26: Block diagram of LM7805 (LM78XX/LM78XXA 3-Terminal 1A

Positive Voltage Regulator, 2010)
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Figure 3.27: Schematic diagram of LM7805 (LM341/LM78MXX Series 3-
Terminal Positive Voltage Regulators, 2005)
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3.4.1.3 Operational Amplifiers (LM324)

Operational amplifier is an amplifier where the output voltage is proportional to the
negative of its input voltage. The LM324 is a low power quad operational amplifier
which consists of four independent, high gain, internally frequency compensated
operational amplifiers.

LM324 operational amplifiers are used in a voltage divider configuration of
the design to achieve a “switch-like” response where a certain amount of force is
required to break the sensors resistance to allow a proportional voltage to leak
through it. The resistance value of the pull-down resistor is inversely proportional to
the force sensitivity range of the FSR and limits the current. The lower the resistance

is used, the higher the voltage saturated at forces.

It is designed specifically to operate from a single power supply over a wide
range of voltages. Operation from split power supplies is also possible and the low
power supply current drain is independent of the magnitude of the power supply
voltage. The details on how to assemble the LM324 operational amplifiers will be

discussed in the later part of this topic.

Figure 3.28: LM324 operational amplifier (Quad Operational Amplifier, 2010)
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Figure 3.29: Pin diagram of LM324 (Low Power Quad Operational Amplifiers,

1999)
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Figure 3.30: Schematic diagram of LM324 (Low Power Quad Operational

Amplifiers, 1999)
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3.4.1.4 Microcontroller (Microchip PIC16F877A)

Microcontroller serves as an important medium in this design between the sensing
element and computer for software analysis. Few types of microcontroller can be
used depending on the desired specification needed. Different type of microcontroller

provides different pins number, input channel, and functions.

In this project, 40 pins Microchip PIC16F877A is a very powerful
microcontroller with easy-to-program features and high computational performance
at an economical price. Besides, it is has electrically erasable programmable read-
only memory (EEPROM) data memory, three timer modules, two
capture/compare/PWM (CCP) modules, universal asynchronous receiver transmitter
(USART) module, master synchronous serial port (MSSP) module, and dual
analogue comparators with input multiplexing (PIC16F87XA Data Sheet, 2003).

Figure 3.31: Microchip PIC16F877A microcontroller (PIC16F877A, 2010)

The Microchip PIC16F877A is used in this design as it consists of 10-bit, up
to 8-channels analogue-to-digital converter (ADC) with programmable acquisition
time, which is sufficient for all eight FSRs inputs used in the design. The ADC
module has high and low-voltage reference input which can be software selectable.

In this microcontroller, USART is presented.
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This USART enables transmission of data serially through serial
communication interface, which has a multiprocessor communication capability
using 9-bit address detection. This will be served as an essential connection formed
between microcontroller and computer processing unit through wireless transmission

in this design.

MCLRAPP — [ 1 _/ 40 [] =—» RB7/PGD
RAO/AND w—w[] 2 39 [ ] «—= RBB/PGC
RAT/ANT =[] 3 38 [J<+—» RB5
RA2/AN2/VREF-/CVREF - [| 4 37 [ | =— RB4
RA3/AN3/VREF+ <= [ 5 36 [] - RB3/PGM
RA4/TOCKI/C1OUT =[] 6 35 [] «—s RB2
RA5/AN4/SS/C20UT =17 ﬁ 34 [] -—» RB1
REO/RD/ANS <[ 8 N~ 33 []<—» RBO/INT
RE1AWWR/ANS <—»[] 9 3 32 [] «<— VDD
RE2/CS/AN7 <—[] 10 <  31[]<=—Vss
VDD — [ 11 % 30 []<—s RD7/PSP7
Vss w112 & 29[]=— RDB/PSP6
OSC1/CLKI —» 7 13 —  28[]-=—» RD5/PSP5
OSC2/CLKO «—[7 14 E 27 [ -—» RD4/PSP4
RCO/T10SO/T1CKI =[] 15 26 [] «—= RC7/RX/DT
RC1/T10SI/CCP2 <[] 16 25 [] =—» RCB/TX/CK
RC2/CCP1 <[] 17 24 [] «—» RC5/SDO
RC3/SCK/SCL <[] 18 23 [ ] =—» RC4/SDI/SDA
RDO/PSP0 <[] 19 22 [ +—» RD3/PSP3
RD1/PSP1 <—»[] 20 21 [] == RD2/PSP2

Figure 3.32: Pin diagram of microchip PIC16F877A microcontroller
(PIC16F87XA Data Sheet, 2003)

From the diagram shown above, there are notably four ports in the
microcontroller which is from A to D. Port A and E are being activated in this design
system which consist of the ADC channels labelled from ANO to AN7. So, this
microcontroller functions to read eight analogue input signals from sensing element
and converting them into digital signals. The signals are then sent to the XBee
module to transmit the data to computer processing unit for storage and analysis. The
details on how to assemble the Microchip PIC16F877A will be discussed in the later
part of this topic.
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Table 3.1: Microchip PIC16F877A microcontroller device features

Key Features Microchip PIC18F4550

Operating Frequency DC - 20 MHz
Working Voltage 20to55V
Flash Program Memory (Bytes) 8K
Data Memory (Bytes) 368
EEPROM Data Memory (Bytes) 256
Interrupt Sources 15
I/0 Ports PortA,B,C,D,E
Timers 3
Capture/Compare/PWM Modules 2
Serial Communications MSSP, USART
Parallel Communications PSP
10-bit Analogue-to-Digital Module 8 Input Channels
Comparators 2
Resets (and Delays) POR, BOP (PWRT, OST)
Instruction Set 35 Instructions
Packages 40-pin PDIP
44-pin PLCC
44-pin TQFP
44-pin QFN

Source: PIC16F87XA Data Sheet, 2003
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3.4.1.5 PIC Start-Up Kit (SK40C Enhanced 40 Pins)

Unlike traditional method of microcontroller configuration, SK40C is a new
technology that can be used in this design. It is another enhanced version of 40 pins
PIC microcontroller start-up kit which is designed to offer an easy assembling as
start-up board for PIC users (SK40C Enhanced 40 Pins PIC Start-Up Kit User’s
Manual V1.1, 2010). This board comes with all the necessary basic components

required which is being soldered for PIC to function.

This device is able to utilize the function of PIC by directly plugging in the
input and output (I0) components in whatever way that is convenient. With UIC00B
(USB ICSP PIC Programmer) connector on board, program can be wrote or loaded
to the PIC in a simplest and fastest way without plugging the PIC in and out.
Furthermore, UART provided in SK40C can be used for communication to
microcontroller or computer. Unlike previous starter kit (SK40B), serial
communication between microcontroller and computer can be done without the need
of RS232 serial port.
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Figure 3.33: Top view of SK40C enhanced 40 pins PIC start-up kit with
components (SK40C Enhanced 40 Pins PIC Start-Up Kit User’s Manual V1.1,
2010)
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Figure 3.34: Side view of SK40C enhanced 40 pins PIC start-up kit (SK40C
Enhanced 40 Pins PIC Start-Up Kit User’s Manual V1.1, 2010)

2855888 auEanans 3
333353555 FER3ABREBEs ©

Figure 3.35: Bottom view of SK40C enhanced 40 pins PIC start-up kit (SK40C
Enhanced 40 Pins PIC Start-Up Kit User’s Manual V1.1, 2010)

T FE A

FoR A E

Pin 1l
of PIC

Figure 3.36: Board layout of SK40C enhanced 40 pins PIC start-up kit (SK40C
Enhanced 40 Pins PIC Start-Up Kit User’s Manual V1.1, 2010)
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Table 3.2: Functions of each labelled components in SK40C enhanced 40 pins
PIC start-up kit
Label ‘ Function

A DC power adaptor socket for user to plug in DC adaptor. The input
voltage should be ranged from 7 to 15 V.

B USB connector for communication between devices and a host
controller (usually personal computers). This function is only valid
for certain model of PIC microcontroller. Please refer to USB
interface section. The power LED will light ON when the USB cable

is connected.

C Toggle switch to On/Off the power supply from DC adaptor.

D Power indicator LED for on board. It will light ON as long as the
input power is correctly connected.

E 2 x 5 box header for UICOOA, USB ICSP PIC Programmer.

2 LEDs (connected to RB6 and RB7) as active High output for PIC
MCU. These LEDs are controllable from PIC MCU.

G Consist of several line of header pin and turn pin. Header pipn
provide connector for user to solder SK40C to prototype board and
use the 1/0 of PIC MUC. 40 pins of PIC MCU except OSC
(connected to crystal) are extended out to these pin. There is an extra
pin on top of MCLR which is labelled as Vi, is connected to the

input power.

H Reserved for UART communication. Tx and Rx pin of SK40C are
connecting to RC6 and RC7 respectively. Ensure PIC use have the
correct UART pin (RC6 and RC7).

I A 2 x Push button connected to RBO and RB1 of PIC MCU. This is

an extra input button for user. It can be programmed as an input

switch.
J Push button with the function of Reset for PIC MCU.

5K of trimmer to set LCD contrast.

L JP8 is provided for LCD Backlight. LCD Display will have backlight
if this pin is shorter.

M JP9 is provided for USB. Connect this pin if users use USB port.
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N 40 pin 1C socket for user to plug in any 40 pin PIC MCU (8bit). It
can be either be 16F or 18F PIC. Of course the IC package should be
PDIP. Inside IC socket, there some electronics components, it
include a 20 MHz Crystal.

@) Turn pin is provided for crystal. 20 MHz is default crystal provided

in SK40C. However, the 20 MHz crystal can be removed and replace
with other crystal. Just remove the crystal and put other crystal on
turn pin without soldering.

P Reserved for 2 x 16 LCD Display. User may solder 2 x 16 LCD

display at this space if want to use it.
Source: SK40C Enhanced 40 Pins PIC Start-Up Kit User’s Manual V1.1, 2010

SK40C enhanced 40 pins PIC start-up kit is used in this design as it is
compact, small, low cost, portable, and user-friendly. Each of the SK40C is around
85 mm x 55 mm (small size) and 50 grams (light weight) which allows to be carried
around. As all components being soldered compactly on the board, there is no extra
soldering needed which might have the risks of having disconnection between wires
or damage to the electronic components. Moreover, SK40C is built to function with
XBee starter kit module. Hence, it saves a lot of developing time and removes the

need of complicated wire connections.
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3.4.1.6 XBee Starter Kit (SKXBee)

XBee is a simple yet reliable wireless communication for embedded applications.
This XBee starter kit module is engineered to meet IEEE 802.15.4 standards and
support the unique needs of low cost and low power wireless sensor networks (XBee
Starter Kit SKXBee User’s Manual V1.0, 2008). With this device, no more searching
for surrounding device and request for connection, it can send data wireless after

powering up without any extra configuration.

Figure 3.37: SKXBee XBee starter kit with components (XBee Starter Kit
SKXBee User’s Manual V1.0, 2008)

Figure 3.38: Board layout of SKXBee XBee starter kit (XBee Starter Kit
SKXBee User’s Manual V1.0, 2008)
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For XBee, it offers indoor communication range up to 30 m and outdoor line
of sight range up to 100 m. Besides, it consists of power down current less than 10
HA. While XBee start kit have been developed to convert 3.3 V required by XBee
into 5.0 V operation and offer connection to computer with USB for more user
friendly solution to ease the process of exploring the possible development
application (XBee Starter Kit SKXBee User’s Manual V1.0, 2008).

Table 3.3: Functions of each labelled components in SKXBee XBee starter kit

Label Function

A Connector for either XBee or XBee-Pro module.
B Reset button for XBee module.
C 5 ways header pin for external power supply and interface to

microcontroller. If this kit is connected to microcontroller board, it

should be powered with 5 V.

D 3.3 V power indicator. This small green LED indicates the status of
3.3 V from on board voltage regulator. It should be ON if either 5 V
power or USB connection is connected to SKXBee.

E These are a pair of small LED, red and yellow in color. These LEDs
are connected to on board USB to UART converter. It indicates the
receiver and transmitter activity. It will only work if SKXBee is
connected to PC or laptop through USB cable. Red LED indicates
USB’s transmitter activity; while yellow LED indicate USB’s

receiver activity.

F USB B type socket. If connection to PC or laptop is required, please
connect one end of USB cable (B type) to this socket, while the other

end to PC or laptop USB port.
Source: XBee Starter Kit SKXBee User’s Manual V1.0, 2008
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Table 3.4: Product specification of SKXBee XBee starter kit

Label Definition Function
5V Power input for External power source for SKXBee, the
SKXBee typical voltage is 5 V. On board 3.3 V voltage
regulator will regulate the voltage to 3.3 V for
XBee module. The power is not necessary if
SKXBee is connected through USB cable.
GND Ground or negative | Ground of power and signal.
XB_RX | XBee UART This is XBee module’s receiver pin, it should
receive signal be interfaced to 5 V logic UART, no divider
is necessary. This is an input pin to SKXBee.
It should be connected to microcontroller’s
transmitter pin.
XB TX XBee UART This is XBee module’s transmitter pin, it
transmit signal should be interfaced to 5 V logic UART. This
is an output pin from SKXBee. It should be
connected to microcontroller’s receiver pin.
RESET | XBee Reset pin Reset pin of XBee module. It should be

connected to push button to Gnd, or NPN

transistor.

Source: XBee Starter Kit SKXBee User’s Manual V1.0, 2008

In this design, XBee starter kit is used due to its reliability and cost

effectiveness as wireless transmission module. It has a long range data integrity and

low power consumption compare to other transmission devices, such as Bluetooth.

Each XBee starter kit is around 80 mm x 40 mm (small size) and 160 grams (light

weight) which is portable for user to carry around within the range. In additional,

there is no worry about missing components or disconnection between wires as all of

the necessary components are being soldered perfectly on board.



3.4.1.7 Process Flow

The overall process flow of hardware design is shown as followed:

Power Supply
(9.0V Battery)

-

Voltage Regulator
(LM7805 5.0V)

-

Force Sensing Resistors
(FSR-402 & FSR-406)

-

Operational Amplifiers
(LM324)

-

PIC Start-Up Kit Board
(SK40C Enhanced 40 Pins)

-

Microcontroller
(Microchip PIC16F877A)

-

XBee Starter Kit
(SKXBee - Transmitter)

-

XBee Starter Kit
(SKXBee - Receiver)

-

Computer

(or Laptop)

-

Analysis Software
(National Instrument LabVIEW)

Figure 3.39: Process flow of hardware design
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3.4.2

Hardware Assembly

3.4.2.1 Circuit Diagram

66

The circuit diagram used to assembly the design of this project is shown as followed.

A better version can be found in Appendix A.

SK40C Enhanced 40 Pins

PIC Start-Up Kit

® | MCLR
RAOD
RAl
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RA3
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PICI6F877A
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RB6
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Voo
GND
RD7
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RD4
RCT
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RCS
RC4
RD3
RD2
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.l..TT.l.'TT.I...I..

—® Voo
—® GND
& KC_TX
|—® KC RX

SKXBee

XBee Starter Kit
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Figure 3.40: Circuit diagram of instrumented insole system
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3.4.2.2 Construction of Voltage Regulator (LM7805)

In order to prevent over supply of voltage which might cause damage to the
electronic circuits, LM7805 5.0V voltage regulator is used just right after the power
supply with 100 pF (from the battery) and 10 |F (output) connected in parallel and

grounded as shown in figure below:

an Vau.r
LM7805 °
GND SV
oV 100 pF 10 pF

ov
®

Figure 3.41: Circuit diagram of LM7805 5.0 V voltage Regulator

Figure 3.42: LM7805 5.0V voltage regulators are soldered on donut board
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3.4.2.3 Construction of Operational Amplifiers (LM324)

Each FSR consists of two non-polar leads, one will be connected to voltage input of
5.0 V and the other one will attach to a 1.0 kQ pull-down resistor to ground to form a
voltage divider circuit. The point between the fixed pull-down resistor and the
variable FSRs are connected to the LM324 operational amplifier in order to form a

circuit loop of voltage follower.

Two LM324 operational amplifiers are used in this design system as there are
ten sensors connection of the electronic components. The output voltage of the
voltage divider is channelled to the microcontroller on SK40C enhanced 40 pins PIC

start-up kit board, which will be discussed in the following subsection.

1 kQ

Figure 3.43: Circuit diagram of voltage divider and voltage follower using

LM324 operational amplifiers
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Figure 3.44: LM324 operational amplifiers are soldered on donut board to form

circuit loops of voltage divider and follower.

3.4.2.4 Preparation of Ribbon Cables as Connectors

Ribbon cables are used to connect between FSRs and electronic circuit in order to
reduce the complexity and messy condition of wires for the whole design. Apart
from that, ribbon cables are used as well for the connection between SK40C
enhanced 40 Pins PIC start-up kit with SKXBee starter Kit.

Figure 3.45: Ribbon cables for force sensing resistors connecting from polymer

insole to circuit board
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Figure 3.46: Ribbon cables for force sensing resistors connecting from polymer

insole to power supply and operational amplifiers inside circuit board

Figure 3.47: Ribbon cables for SK40C enhanced 40 pins PIC start-up kit with
SKXBee XBee starter kit

3.4.2.5 Placing Microprocessor (Microchip PIC16F877A) on PIC Start-Up Kit
Board (SK40C Enhanced 40 Pins)

The introduction of a convenient and affordable PIC microcontroller start-up kit
comes with a simplified design that includes built-in voltage regulator, crystal
oscillator, and MAX232 is utilised as part of this project. Hence, the PIC16F877A
will be placed on this 40 pin start-up kit as most of the basic components are already

setup and configured by the manufacturer.
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For the pins configuration, pin (11) labelled Vpp will be connected to 5.0 V
voltage supply and pin (12) will be grounded. Ten pins at Port A and Port B are
connected to FSRs as ADC channels into the microcontroller respectively. Other
than that, pin (13) and (14) are connected to the 20 MHz crystal oscillator grounded
after two parallel 22 pF capacitors.

The output pins for the microcontroller will be configured at pins (25) and
(26) which are the TX (transmitter) and RX (receiver) respectively. Output pins of
TX and RX are connected from the PIC16F877A microcontroller to the SKXBee
XBee starter kit function to transmit data wireless. Caution has to be taken to locate
the position of the first pin on SK40C enhanced 40 pins PIC start-up kit and
PIC16F877A microcontroller. Misplacement of the microcontroller onto the board
might cause trouble of damaging both components. Besides, the occurrence of bend
leads of should be determined which might affect the functionality of the

microcontroller.

Figure 3.48: PIC16F877A microcontroller placement on SK40C enhanced 40
pins PIC start-up kit board
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3.4.2.6 Connecting Force Sensing Resistors (FSR-402 & FSR-406) to Voltage
Regulator (LM7805), Operational Amplifiers (LM324), and PIC Start-
Up Kit Board (SK40C Enhanced 40 Pins)

As mentioned earlier, almost all of the electronic components require operating
voltage between 2.0 V to 5.5 V. Therefore, the 9.0 V input voltage supply (positive
power supply, Vcc) and ground (ground or negative power supply, GND) are
connected to LM7805 5.0V voltage regulator to turn 5.0 V standard voltage supply to
the circuit.

After the voltage supply is regulated, the output of the voltage regulator is
connected to the one lead of each FSR as mentioned in the construction of voltage
divider and follower circuit. Besides, the regulated voltage is being connected to the
input voltage supply of LM324 operational amplifiers and PIC16F877A
microcontroller on SK40C enhanced 40 pins PIC start-up kit board.

SK40C Enhanced 40 Pins
PIC Start-Up Kit
® | MCLR RB7 | @
® | RrA0 RBG | @
® | Ra1 RB5 | ®
® | RrRa2 RB4 | @
- ® | RA3 RE3 | @
® | Ra4 RB2 | ®
® | Rras RB1 | @
® | rEo REO | ®
® | RE2 GND | ®
®| o RD7 | ®
®| enp RD6 | ®
®| osci RD5 | @
® | osc2 RrD4 | @
®| rCo RC7 |®
®| rci1 RC6 | @
®| gc2 RCs | @
Ve Vou | v RCq | @
GND sV ®| rpo —
9V 100 pF 10 nF * RD1 RD2 *
GND
&

Figure 3.49: Circuit diagram of FSRs connected to LM7805 5.0 V voltage
regulator, LM324 operational amplifiers, and SK40C Enhanced 40 Pins PIC
Start-Up Kit Board
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From the operational amplifiers, the outputs of them will be connected to the
SK40C enhanced 40 pins PIC start-up kit board. Since Port A and E of PIC16F877A
are activated as input pins. The outputs are connected to RAO, RAL, RA2, RA3 of
Port A and RA5, REO, RB1, RB2 of Port B. The analogue signals changes are
collected from the FSRs by the PIC16F877A microcontroller and converted into
digital signals.

Figure 3.50: FSRs are connected to LM7805 5.0 V voltage regulator and LM324
operational amplifiers

SSQSRuﬂﬁﬂgﬁfwtﬁ“!ﬁﬂe

s ﬁ )

-

Figure 3.51: FSRs are connected to SK40C enhanced 40 pins PIC start-up kit
board
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3.4.2.7 Connecting SKXBee (XBee Starter Kit) to PIC Start-Up Kit Board
(SK40C Enhanced 40 Pins) and computer

The UART connector outputs (Vpp, GND, TX, and RX) of SK40C enhanced 40 pins
PIC start-up kit are connected to the input pins (Vpp, GND, XB_RX, XB_TX) of
SKXBee XBee starter kit. It has to be ensured that the TX and RX pins of SK40C
enhanced 40 pins PIC start-up kit is connected to the XB_RX and XB_TX pins of
SKXBee XBee starter kit correctly.

SK40C Enhanced 40 Pins

PIC Start-Up Kit

® | MCLR RB7 | @

®| rao RBG | @

® | Ral RBs | @

®| Ra? RB4 | @

®| Rras RB3 | @

®| Rag4 RB2 | @

®| Ras RB1 | @

® rro — 4,——0 Voo e
e o e M B
®| pe> GND | 8— ® KC_TX XBee Starter Kit
o vip rRD7 | ® —® KC_RX

®| oo rD6 | @

®| osc1 RDs | @

®| osc2 rD4 | @

®| RCO RCT | ®

®| ra1 RC6 | @

®| ra2 res | @

®| viss RC4 ®

®| rDo rD3 | ®

» °

RD1 RD2

Figure 3.52: Circuit diagram of SKXBee XBee starter kit connected to SK40C
enhanced 40 pins PIC start-up kit board
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Figure 3.53: SKXBee XBee Starter Kit is connected to SK40C Enhanced 40 Pins
PIC Start-Up Kit Board

3.4.2.8 Positioning Force Sensing Resistors (FSR-402 & FSR-406) to polymer
shoe insole

As mentioned earlier, four FSR-402 (circular shape) and one FSR-406 (square shape)
are attached to each side of polymer shoe insole. FSR-402 will be attached to big toe
(hallux), first, and fifth metatarsals whereas FSR-406 will be attached to heel region
on the show insole. Total of eight sensors will be attached to polymer show insole

and connecting to the electronic circuit via soldered wires.

Figure 3.54: FSR-402 (circular shape) are attached at big toe (hallux), first, and
fifth metatarsals region on polymer shoe insole
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Figure 3.55: FSR-406 (square shape) is attached at heel region on polymer shoe

insole

Figure 3.56: FSR-402 and FSR-406 attached on polymer shoe insole

3.4.2.9 Final Product

All the components are housed inside a plastic casing to serve as a protection to the
connections between electrical components in order to increase the portability and
effectiveness. The polymer shoe insole is being tightened on user’s foot and the
plastic casing on user’s waist using belts to avoid them from failing or dislocation

out of place. The final product is shown as following:
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Figure 3.57: The final product housed inside a plastic casing, waist belt, shoe

belts, and polymer shoe insole with sensors.

Figure 3.58: Polymer shoe insole tightened under user’s foot



Figure 3.59: User and the instrumented insole device
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3.4.2.10 Process Flow

The overall process flow of hardware assembly design is shown as followed:

Construction of VVoltage Regulator
(LM7805 5.0V)

-

Construction of Operational Amplifiers (LM324)

-

Force Sensing Resistors
(FSR-402 & FSR-406)

-

Preparation of Ribbon Wires as Connectors for
FSR-402 & FSR-406

-

Preparation of Ribbon Wires as Connectors for
SK40C & SKXBee

-

Placing PIC16F877A Microcontroller on SK40C
Board

-

Connecting FSRs to Voltage Regulator, Operational
Amplifiers, and SK40C Board

-

Connecting SKXBee to SK40C Board and

Computer

-

Positioning FSR-402 & FSR-406 to Polymer

Shoe Insole

-

Hardware Design housed inside a Plastic Casing,
Ready to be Used & Tested

Figure 3.60: Process flow of hardware assembly design
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35 Software

3.5.1  Microchip PIC Programming

In order for the instrumented insole system to perform the required task, software is
used. Generally, a microcontroller’s function is based on the program writing to
support, operate, and obtain the data. Software contributes one of the essential parts
of this project especially for the data analysis. There are two software are being used
to compile the programming language (mikroC Compiler) and to load or burn it into
the microcontroller (PICKit 2). The steps and procedures of mikroC Compiler and

PICKit 2 will be discussed thoroughly in following sections.

3.5.1.1 Setting Up PIC Start-Up kit (SK40C Enhanced 40 Pins) and USB ICSP
PIC Programmer (UIC00B)

SK40C enhanced 40 pins PIC start-up kit is a board with unique design which
allowed program to be loaded or burned into the microcontroller without the need of
removing it from the board. It comes with UICO0B USB ICSP PIC programmer
connector to offer simple way for downloading program and save a plenty of

development time.

USB connection is used to connect the SK40C enhanced 40 pins PIC start-up
kit and UICO0B USB ICSP PIC programmer to computer. Then, compiled
programming file (HEX code) can be loaded into the microcontroller in less than a
minute. Besides, SK40C enhanced 40 pins PIC start-up Kit has to be powered by the
DC power adaptor socket. After that, the compiled programming file (HEX code) is
ready to be loaded to SK40C enhanced 40 pins PIC start-up Kit.
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Development Board
(Target Device)

To PC or Laptop
USB port

Power supply to
target board

Figure 3.61: SK40C enhanced 40 pins PIC start-up kit with UIC00B USB ICSP
PIC programmer connected (UIC00B USB ICSP PIC Programmer User’s
Manual V1.1, 2010)

T Bl
RN Tt o) T |
s U R AE AL D, (e

Figure 3.62: UIC00B USB ICSP PIC programmer connected to computer with
USB connection cable (UIC00B USB ICSP PIC Programmer User’s Manual
V1.1, 2010)

3.5.1.2 MikroC Compiler

There are two fundamental coding languages used to program a microcontroller, they
are Assembly and C language. Both languages compile in a different ways, format,
and complexity but will generate the same outcome. In this project, C language is
chosen to be used to program the microcontroller from mikroC Compiler. The
procedures of compiling the compiled programming file into HEX code are

explained as followed:
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1. Double-click on the “mikroC Compiler” icon to launch the software.

(3 mikroC compiler for PIC o

File Edit View Project Debugger Run Tools Help

DS HE% | Xl a0 (RR-BEP [ 2amBRAB (%o wd | n&E[F|OW
xl

Code Evplorer o
|2 E|@ )
B
T
2
T
T4
15
Project Setup
Device:
P18F4550 -
Clock:
000.000000 MHz
20 Wessges 2. ing ] 8 Gemmea]
Line/Column essage No. Message Text Unit

2. Go to “Project” tab and browse the drop-down menu, select “New Project”.

[ mikroC compiler for PIC

File Edit View | Project| Debugger Run Tools Help

D@ m |# B @B TR B-ARE | EAR BRR [ Hriod | s %E |5 QB
2, NewProject..

CodsExploter | OH (% Open Project Shift=Ctrl+O

Recent Projects
[ Edit Project... Shift+Ctri+E

Rl saveProject
Save Project As.. )
@ AddToProject.. _
@ Remove From Project.. =%
RE Close Project
&
L]
T
T2
3
T4
5

Froject Setup

EEEEEE
P18F4550 -

Clock:
000.000000 MHz

@ Messages

Line/Colun Message No. Message Teut Urit

3. A window of “New Project” will be prompted out. Fill in the “Project Name”
and “Description”. Browse the ‘Project Path” and for the “Device” drop-
down menu, select “PIC16F877A”. “Clock” blank space should be entered
with “020.00000” which means 20MHz. Click on the “Default” button once
and then click “OK”.
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ECETRR

Project Mame: |FSF| |
Project Path: |E:HU zerg\UeetDeskiophFSRY | [ Browse... ]

Drezcription; Instrumented Inzole Spstem |

Device: F1EFE774, [-]

Clock: |nzn.nnnnnn |

Device Flags:

| IE“[ e H Save ][ Hemu:u'-.fe]

TF I 7
[l _cp 211 = s178F u
[[| _cr oFF = $3FFF

[| DEBUG OFF = $3FFF
[ _oEBUc oM = 37FF

[ WeT OFF = $3FFF Default Settings:

[ WET 256 = $3DFF Click the checkbox on the left
- - ta zelect COMFIG ward,

[l _WaT 1FOURTH = $3BFF

[l W2T HALF = $33FF

m

Default zettings are az follows:

[] _cep_oFF = $3FFF High Speed Oscilatar [HS)- enabled
[l _coo ow = 23zFF — | ‘Watch Dog Timer (WD T)- dizabled
[ _1ve ow = $3rFF Laow Waltage Programming [LYP)- dizable

V| _1ve OFF = 33F7F

[l BODEN OM = $3FFF

[l _BODEN OFF = $3¥BF L Default l ‘ Clear Al ‘
[[| EWRTZ OFF = $3FFF 7

| ok || Cancel

After creating a new project, a new project workspace is created successfully

and programme writing can be started on the blank area.

[3 mikroC compiler for PIC. [F=RE

Fle Edt View Project Debugger Run Took Hep

D3 HO%|XAE | &f LR AEE | 2Am BAR (v iwd|a%E | T @B
x|
B

o 1 char force L1, force L2, force L3,force Lé;
‘ ¥ E ‘ @ 2 char force R1, force R2, force R3,force Rd:
-+ Furctions 3 char txt[6];
b global 4

Code Explorer

»

EEEEERE 2 11 T T

ing FSR variables from left foot.

ing FSR varisbles from right foot.

ing an array or string.

- includes s void tx_data(char, char): //Defining = sub-function. L
| =
7 void main(void) //Starting of main function.
L
s ADCON1 = 0x80; //setting result format, conversion cleck and activating ADC function.
10
1
12 TRISA = OXEE; //setting Port A as {input.
13 TRISE = 0x07: //Setting Port E as [input.
14 TRISC = 0x80: //Sstting Port C as input and ontput.

15

15 PORTA = 000 //Clearing up Port A,

17 PORTE = 0x00; / ing up Port E.

13 BORTC = 0x00; //Clearing up Port C.
18
20 Usart_init(9600); //Setting up baud rate.
2
22
Project Setup | Frgject Summary e (°
Device, 24 force_L1 = adc_read(0)/4: foot FSR 1.

onds .

P16FE77A v 25 Delay_ms(S);

Dlock 26 tx_data('A", force L1); to sub-function.
120000000 MHz = -
‘ W )
@ Messages QConvertn
Line/Colun MessageNo  Message Tex Urit

80: 58 Modified Insert Ci\Users\User\ Desktop\FSR\FSR.c
e —— e i e
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Once finished writing programme, go to “Build” tab and select “Build” in the

drop-down menu. This action is going to compile the program creating .hex

(HEX code) file to be loaded into the microcontroller. If there are any errors,

warning will be mentioned at the bottom area under ‘“Messages”. If it is

successfully built, the program is ready to be loaded into the microcontroller.

20 Usazrt_inic(9600);

do

Frgject Setup

Picject Summayy

Devics 24 force L1 = adc_read(0)/4;

//Setting up baud rate.

//Read forces of left foot FSR 1.

€] compiler for PIC [E=RER
Fie Edit View Project Debugger Run Tooks Help
D2-DR% | XA 62 RBARY (SAm BRR|[veriwd| s %E T 0
Code Expl * B 4
e Explorer b
" 1 char force L1, force L2, force L3,force Lé&: //Defining FER variables from left foot. -
2 char force R1, force R2, force R3,force Ré; SR variables frem right foot. e
- Funclions 3 char txt(6]: ining an array or string. —]
- global 4 =)
includes s void tx_data(char, char); //Defining a sub-function. | e
p i
7 void main(void) —]
8 { 1=}
5 ADCON1 = 0x80; clock and activating ADC
10 @
1 2
12 TRISA = OxEE;
13 TRISE = 0x07; ting Port E as [input. =
14 TRISC = Ox80; ting Port € as |input and output. —]
15 T
16 BORTA = 0x00; aring up Port A. 2
17 PORTE = 0x00; aring up Port E. B
18 BORTC = 0x00: aring up Port . -
o) T4
T8

PIGFET7A - 25 Delay_ms(5): //Delay for § milliseconds.
Clock: 2¢ tx_data('A", force L1); //Transfer information te sub-function.
020.000000 MHz 27 -

« i »
I @ Wessages |2 fing | &8 GConveno]
Ling/Column i " Urit
0 100 Success (Release Build)
0 0 Used ROM: 632 (879 Used RM: 38 (10%)

E 12 Free ROM: 7439 (32%) Free RAM: 330 (90

80: 58 T e s e D e Op SRR

be loaded into the microcontroller

Share with = Burn

Organize = [ Open =

0 Favorites s

Bl Desktop F5R.asm

MNew folder

Date modified Type

2/24/2011 5:36 PM ASM File

4 Downloads |E FSR.c

2/24/2011 5:36 PM mikroC source file

£l Recent Places FSR.cp
FsR.dbg
4 Libraries FSR.dIt
@ Documents FSR.hex
& Music FSR.lst
[ Pictures  FsR.mcl
B videos 8 FSR.ppe
_ FSR_callertable.txt

*d Homegroup

1% Computer
£, Local Disk (C:)
ca Local Disk (E:)
a Local Disk (G:)

“j Network

7

FSR.c

mikroC source file Size: 563 KB

Date modified: 2/24/2011 5:36 PM

2/24/2011 5:36 PM
2/24/2011 5:36 PM
2/24/2011 5:36 PM
2/24/2011 5:36 PM
2/24/2011 5:36 PM
2/24/2011 5:36 PM
2/24/2011 5:33 PM
2/24/2011 5:36 PM

CP File

DBG File

DLT File

HEX File

LST File

Windows Media C...
mikroC project file
Text Document

Date created: 2/24/2011 5:33 PM

6. A list of files is created after compiling the program. The FSR.hex is going to




3.5.1.3 PICKkit 2 Programmer

PICKit 2 is used in this project to load or burn the compiled programming file (HEX

code) into the microcontroller. The procedures of loading the compiled programming

file into HEX code are explained as followed:

1. The connection between SK40C enhanced 40 pins PIC start-up kit, UCIO0B
USB ICSP PIC programmer, and computer is setup. DC power supply is

connected to SK40C. Make sure PICkit 2 software is installed

computer.

2. Double-click on the icon “PICkit 2” to launch the software. If everything is
connected correctly, PICkit 2 will automatically detect the microcontroller
model and the name will appear at “Device Configuration” area. If not, try

reconnecting the microcontroller to SK40C enhanced 40 pins PIC start-up kit

again.

m———————
File  Device Family  Programmer Tools View  Help
Midrange/Standard Configuration
Device: PIC16FBTTA 2FCF
User IDs: FF FF FF FF
Checksum:  OFCF
PICkit 2 connected. 1D = UICO0B V1.0 \ M|CRUCHlp
PIC Device Found. @
VDD PICkit 2
[E1] On -
[ Read ] [ Wirite ] [ Verfy ] [ Bus ] [ Blank Check ] 7] /MCLR =
Program Memory
Enabled Source: |None (Empty/Erased)
[afuu]i] 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF -
000s 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF
o010 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF
a01s 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF
afuedi] 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF
0028 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF
0030 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF
0038 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF
0040 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF
004s 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF
0050 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF
0058 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF 3FFF -
EEPROM Dat
2 Auto Import Hese
Enabled +Write Device
00 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF = Read Device +
10 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF Export Hex Fils
20 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF .
30 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF ~ Plcklt 2
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3. First, microcontroller has to be making sure that it is empty before loading
any program to it. If no, click on “Erase” to wipe off everything in the

microcontroller.

PICkit 2 Programmer - UICOOE V1.0 [P
b

File  Device Family  Programmer Tools View Help

Midrange./Standard Corfiguration
Device: PIC16FBT7A
User IDs: FF FF FF FF

Checksum:  OFCF OSCCA BandGap
Erasing device...Complete @ MICROCHIP
| | VDD PICkit 2
[l On 5.0 -
| Read || wiite || Very || Emse || BankCheck | [ mcir =

4. Then, click on “Blank Check” to check the microcontroller if it is empty.

PICkit 2 Programmer - UICOOE V10 [

File  Device Family  Programmer Tools  View

Midrange./Standard Configuration

Device: PICTGFETTA
User IDs: FF FF FF FF
Checksum: OFCF QSCCAL BandGap

P S Mcrocs

VDD PICKi 2
[l On 5.0 |
[ Read HWrite ”Venfy ”Elase ][Blank[hedc | O mer z

5. To load the created HEX file into the microcontroller, go to “File” tab and
browse the drop-down menu, select “Import Hex”. From the prompt menu,
find the HEX file location in the directory. Click on the file and then click
“Open” to start importing the HEX file.
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Date modified Type
9/11,/201011:53 HEX File

Favorite Links

E| Documents
% Recently Changed
'8 Recycle Bin

Bl Desktop

=
| Recent Places

S Computer

E Pictures
ﬁ Music
E Searches
|, Public

<

File name: FSR hex »  [HExfies

If the HEX code is supported and match with the device, PICkit 2

programmer will successfully import the HEX code.

I PiCkit 2 Programmer - UICOOE V1.0

File  Device Family  Programmer Teols View Help

Midrange./Standard Configuration
Device: PIC16F877A 2F4A
User IDs: FF FF FF FF

Checksum:  SAT7A QSCCAL: BandGap:
‘Hex file sucessfully imported. @ MlcnncHlp
s /DD PICit 2
[C] On 5.0 |
[ Read H Write H Verify H Frase ][Elank[lhed{ | B mer =

After HEX file has been imported, click on “Write” to load or burn the
programme into the microcontroller. The operation status will display on the

“Status Bar” and the “Status Bar” will turn to green if writing is successful.



88

el PICkit 2 Proegrammer - UICOOE V1.0

File  Device Family  Programmer Teols View Help

Midrange./Standard Configuration
Device: PIC16F877A Corfiguration:  2F4A
User IDs: FF FF FF FF

Checksum:  SAT7A QSCCAL: BandGap:
P S Mok
VDD PICkit 2

| Read || wite || Very || Emse || BankCheck | ,?GCLH

8. Next, click on “Verify” to check if the program is properly loaded into the

microcontroller.

el PICkit 2 Programmer - UICO0B V1.0

File  Device Family  Programmer Tools  View  Help

Midrange/Standard Corfiguration

Device: PICTGFBT7A Configuration:  2F4A
User IDs: FF FF FF FF
Checksum:  SATA QOSCCAL: BandGap:

N S Mcsoc

VDD PICkit 2
] On
[Head”Write]IV&rh‘yl’Erase”Blank&ed{] ] /MCLR

9. The microcontroller is now ready to be used.
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3.5.1.4 Process Flow

The overall process flow of Microchip PIC programming design is shown as

followed:

mikroC Compiler ( )

New Project

v

Compile Programming File
(HEX code)

v

Build

____________________________________________________________

PICKit 2 Programmer

\ 4

Import Programming File

v

Load Programming File

!

Verify Program

Figure 3.63: Process flow of Microchip PIC programming design
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3.5.2  XBee Module (SKXBee) Communication

SKXBee is a module that specially designed compact yet easy and reliable platform.
It has filtered the hardware flow control and other 10 for TTL logic interface where
no extra voltage divider is necessary. With minimum interface, it is ready to connect
to microcontroller for embedded XBee development. Moreover, on board USB to
UART converter offer easy yet reliable communication to computer for functionality
test and as XBee dongle. This enables the SKXBee works well together with SK40C
enhanced 40 Pins PIC start-up kit to either transmit or receiver data in this project.

Both SKXBee (circuit and computer side) should be supplied with voltage so
that they can carry out the data transmitting process. Circuit side SKXBee can be
powered up with an external voltage supply of 5.0 V and computer side SKXBee
(XBee dongle) can be powered up by connecting to computer with USB connection

cable. It is also has to be ensured that X-CTU is installed in the computer.

Figure 3.64: XBee module (SKXBee) connected to computer with USB
connection cable (XBee Starter Kit SKXBee User’s Manual V1.0, 2008)
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3.5.2.1 Setting UP XBee Module (SKXBee)

An established connection is needed between SKXBee and computer is needed in
order to receive the inputs from FSRs. To achieve the connection, X-CTU software is
used specially for this SKXBee data transmission. The software should be installed
into computer and settings have to be adjusted before collection of data can be
carried out. The procedures of connecting the SKXBee with computer or laptop are
explained as followed:
1. Click on the icon “X-CTU” to launch the software. Select the “PC Settings”
tab to select the virtual “Com Port” from the drop-down menu. Besides, fill in
the parameters, like “Baud” as ‘9600°, “Flow Control” as ‘None’, “Data Bits”

as ‘8, “Parity” as ‘None’, and “Stop Bits” as ‘1.

PC Settings ] Range Test ] Temninal ] Modem Configuration ]

Com Port Setup

Select Com Port

LISE Serial Fort [COM3E) Baud ECT
Flows Control |MOME -
Data Bits 8 :I'
Parity m
Stop Bits m
| Test / Wuery I

Host Setup | User Com Ports | Ethemet Com Ports |

AP
[ Enable AP
—
AT command Setup
ASCH Hex
Command Character [CC] + <8
Guard Time Before (BT) 1000
1000

Guard Time after (AT

tMadem Flazh Update
[~ Mo baud change

2. Choose the COM Port and click on “Test/Query” tab. A window will prompt
out and show the status of communication with modem, modem type, and

modem firmware version as followed. Click on “OK”.
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C e .F

Communication with moderm.. DK,
kM odem tppe = x<B24
b adern firmware version = 10C0

Fetmy ak,

3. Next, set the address for each module as source address (MY) of circuit side
SKXBee must be match to destination address (DL) of computer side SKXBee
and destination address (DL) of circuit side SKXBee must be match to source

address (MY) of computer side SKXBee.

4. Select the “Terminal” tab on X-CTU software. To enter AT Command Mode,
send the 3-character command sequence ‘+++’ and SKXBee will response ‘OK’
which means that it has already enter the Command Mode. For this project, the
source address (MY) and destination address (DL) of circuit and computer side

SKXBee are set as below:

SKXBeel: MY =1111 SKXBee2: MY = 2222
(Circuit) DL =2222 (Computer) DL =1111
—_—

moxcwcomzsl O izl W 00 x U comi7 o o=
PC Settings I Fange Test Teminal I Maodem Eonliguration] PC Settmgs] Fange Test  Terminal 1 Modem Corfiguration I

Line Status Assert Line Status Assert

ETSIEAER | [07R ¥ [FTST% [k | Cortat| Porer | sacmn| e || 1l | ETSIEREER | 07/ & 7™ Besk™ | conrat| “Fober| sacn| mon.
0K = 0K =
atmyl111 atmy2222
oK 0K

atwr atwr
0OK 0K

atd11111 atdl1111

K 0K

atwr atwr
oK 0K

atcn atcn
oK 0K

+++0K +++0K

atmy atmy

1111 2222

atdl atd]

2222 1111

atcn atcn

0OK 0K

El =

COM36 | 9600 8-N-1 FLOW:NONE Fix: 18 bytes COM17 | 9600 8-M-1 FLOW:NOME R 34 bytes
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5. There is an alternative way to change the source address (MY) and destination
address (DL). Go to “Modem Configuration” tab, click on “Read”, information
gather from SKXBee will be displayed after a few seconds. Click on “MY” and
“DL” to key in new address. After changing the address, click on “Write” to

load the new configuration into SKXBee.

odem: XEEE Function Set

Wersion

PC Settingsl Range Tastl Teminal - Modem Configuration I PC Sattmgs] Range Test] Teminal  Modem Configuration ]
todem Parameters and Firmware— — Parameter View - - Profile Yersions Modem Parameters and Firmware | — Parameter View - -~ Profile Yersions

Read | “wirite | Restore ‘ E\aarScreen| Save Bermeeslnmm Read ‘ wdrite Restnre| Clear Screen ‘ Save ‘ Do cadine
[~ Always update firmware Show Defaultsl Load | versians ™ Always update fimware Show Delau\ls‘ Load ‘ YEISIONS...

Modern: =BEE Function Set

Yersion

= |#eEE BO215.4

ECED

- @ ID-PENID

- @ 12222) DL - Destination Address Low
B (1111) MY - 16hit Source Addiess

- [ 5L - Serial Mumber Low
B PR -XBee Retries
- [ RN - Random Delay Slots
B MM - MAC Mode
- [ NT - Mode Discover Time
- [ CE - Coordinator Enable
B 5C-Scan Channels
- [ 50 - Scan Duration
B 41-End Device Association
- [ A2 - Coordinator &ssociation
- [ & - Aissociation Indication
B EE - 4ES Encryption Enable
- [ EY - AES Enciyption Key

Madify netwarking settings

| ez~

mn

=] =] |#BEE 802154

- @ ID-PANID

- [l (11111 DL - Destination Address Lo
B (2229) MY - 16-bit Source Address

- [ 5L - Serial Number Low
B RF - %Bee Retries
- @ RM - Random Delay Slots
B biM - MAC Mode
- @ NT - Node Discaver Time
-~ [ CE - Coordinator Enable
B 5C - Scan Channels
-~ [ 5O - Scan Duration
B A1 -End Device Association
-~ @ A2 - Coordinator Association
- [ &I - Agsociation Indication
B EE - AE5 Encryption Enable
- [ K - BES Encryption Key

Moadify networking settings

| [ioez ]

m

COM3E | 3R008-H-1 FLOW:NOKE

COMI7 3600 8--1 FLOW NOME

6. After built the connection between these two SKXBee, they can communicate

among each other. Data sent by circuit side SKXBee is ready to receive data

from FSRs and send to computer side SKXBee now.

BB X-CTU [COM36] — | e BB x-CTU [COM17] SEACHL X
P Settings 1 Range Test Teminal I Modem Canfiguration I PC Settings I Fange Test Teminal ] Modem Eonfigulat\on]
Line Stahus Assert Close | Assemble| Clear | Show Line Status Assert Close | Assemble| Clear | Show
DTR W [RTS W [Broak [ | Com Port | Packst | Screen| Hes IcTEl DTR [RTSF [Breok [ | ComPot| Packet | Sereen| Hex
Sent i‘ :'QS%SSL D | Received i‘
ESADASD
YUUYuy
HGUYUIUY . HGUIYUIUY
YU9ITUOO Received YU9ITUOD Sent
HUIVIOUOP HUIVIOUGP
DSFDSFDGG
TYTUUUUUUU -
YGFUYUIYTIU YGFUYUIYTIU
TOPOIPIOP TOPOIPIOP
UIOUIOUIOIU Sent UIQOUIOUIOIU Received
IPTOPIOPIO IPIOPIOPTIO
IUPOIUPICUP IUPOIUPIOUP
IOIUPOTUP _
TUOUTS0-5465463
15246456
414242
45454
545
Received 25454 Sent
15
454
5
454
54 B
UYGIUYOIYUO UYGIUYOTYUOD P
UYHIUYOUI UYHIUYOUL | Received -
COM3 9500 &-N-1 FLOW-NONE Fiw: 128 bytes COMI7 9600 G- FLOWAMONE Fis: 105 bytes
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3.5.2.2 XBee Module (SKXBee) with Microcontroller

More work will be needed if microcontroller is used as host of SKXBee. The
procedures of connecting the SKXBee with microcontroller are explained as
followed:

1. Setup SK40C enhanced 40 pins PIC start-up kit with PIC18F4550. All the

components required are being configured and soldered onto a donut board.

2. Load the programming to microcontroller using SK40C enhanced 40 pins
PIC start-up kit with UICO0B USB ICSP PIC programmer. The default rate
for SKXBee is 9600 and therefore, set the baud rate of the PIC to be same as
SKXBee.

3. Then, SK40C enhanced 40 pins PIC start-up kit is powered up with external
voltage supply. “Reset” button of SK40C enhanced 40 pins PIC start-up Kit is

pressed and released.

¥000000600600060060000000

..‘aﬁ.as&'auu‘u:‘ capg dEREE

T 1C)
O‘g,. SE11i1 80 F

Reset Button

4. If all connections and setup are correctly done, SKXBee is ready to receive

and send data through wireless XBee dongle from computer.
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3.5.2.3 XBee Module (SKXBee) as XBee Dongle

Compare to communication between SKXBee and microcontroller, SKXBee acts as

XBee dongle is much easier. The procedures of connecting the SKXBee with
computer as XBee dongle are explained as followed:

1. SKXBee is connected to computer using USB connection cable. The address

is set for each module as explained before. Click on the icon “X-CTU” to

launch the software. Go to “Terminal” setting tab to test the communication.

2. Reset button of SK40C enhanced 40 pins PIC start-up kit is pressed as
mentioned before, followed by pressing “OK” and a sentence of ‘Cytron

Press any number’ will appear.

3. Next, press any number. Data in red color is data received while data in blue

color is data sent.

_
o consn e

FC Settings} Range Test  Terminal ] Modem Conf\gulat\on]

Line Status Aszert Clasa
CTS DTR v |RTS v |Break | | romPart

Show
Hex

Clear
Screen

Azgemble
Packet

okiCytron. o
Fress any numberlZ 45678

COM36 | 9600 8-N-1 FLOW:NONE R 18 bytes

4. XBee dongle is ready to receive and send data through wireless SKXBee

from microcontroller.
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3.5.2.4 Process Flow

The overall process flow of XBee module (SKXBee) communication design is

shown as followed:

General Setup

PC Settings
v

Test/Query
v

Set Source Address (MY) and
Destination Address (DL)

XBee Module (SKXBee) with Microcontroller

Setup SK40C Board with PIC18F4550
v
Load Program with PIC Programmer

| ; |

Reset
v
Ready to receive and send data through

wireless XBee dongle from computer

XBee Module (SKXBee) as XBee Dongle

_____________________________________________________________

Connected to computer using USB cable
v
Set Address

i ; i

Reset
v

Ready to receive and send data through

wireless SKXBee from microcontroller

Figure 3.65: Process flow of XBee module (SKXBee) communication design
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3.5.3  HyperTerminal Testing

The most efficient way to determine whether the SKXBee is connected and sending
signals to computer is through HyperTerminal setup. This setup for UART
communication with computer using can be done by connecting SKXBee to
computer directly as new feature of USB to UART has been added to it. It is not
valid for USB connection at SK40C enhanced 40 pins PIC start-up Kit. The
procedures of HyperTerminal testing are explained as followed:
1. Go to “Start-up”, then “Accessories”, then “Communications” and select
“HyperTerminal” to launch the program. For Windows Vista and Windows 7,
HyperTerminal Private Edition 7.0 has to be downloaded and installed into

computer.

2. After plug in the UCOOA to computer and installation of driver, the
functionality of SKXBee is ready to be tested. Open the HyperTerminal
“Connection Description” dialogue box will prompt out. Enter a name in the

space provided, choose an icon for connection, and click “OK”.

F

o |
Connection Description Iili_hj

Enter a name and choose an icon for the connection:

MName:
|SKxBee

lcon:

QK | Cancel |

3. Next, the “Connect To” dialogue box prompted out. Choose the appropriate
communication port for the computer (this port is referring to the virtual
COM port created by X-CTU). In this example, COM11 is assumed to be the
virtual COM port, and then click “OK”.
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F 1
Connect To M

% Instrumented Insole System

Enter details for the phone number that you want to dial:

Country fregion: IMaIaysia {60) ;I

Enter the area code without the long-distance prefix.

Area code; |9111E|

Phone number: I

Connect using: [HDAUDIO Soft Data Fax Modem 1 ~ |

HDAUDIO Soft Data Fax Modem v .
Mobile Connector B
COM3

|CoM4
I_ Detect Carrie £0OMS

¥ Use m“””?F_ _
I Redial on bus TCP/IP (Winsock) -

4. The “COM Port Properties” dialogue box will prompt out. Choose
appropriate settings for the device and click “OK”. The default baud rate of
SKXBee is 9600 Kbps. Change the “Bits per second” to ‘9600’ and “Flow

control” to ‘None’.

[coms Properties MT
Port Settings |
Bits per second: _
Data bits: |2 |
Party: |None |
Stop bits: |1 |
Flow control: |Nore |

Restore Defaults |

ok | cace | il |
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5. After all settings are completed, SKXBee is ready to communicate with
computer and the communication will be shown on HyperTerminal. As
default (if SKXBee is not connected to any inputs), the results are shown as

followed:

% SKXBee - HyperTerminal =R X
File Edit View Call Transfer Help
D& w3 05

123456 7890ABCDEFGHLJKLMNOPQRSTUVHRYZ

Connected 0:02:09 Auto detect 9600 8-N-1

6. The communication between computer and SKXBee can be terminated by
clicking the icon “Disconnect” and can be turned on again by clicking the

icon “Connect”.

@ SKxBee - HyperTerminal =&
File Edit View Call Transfer Help

D@ 308 | &

123456 7890ABCDEFGHIJKLMNOPQRSTUVHKYZ

Disconnect and
Connect icon

Connected 0:02:09 Auto detect 9600 8-N-1
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The overall process flow of HyperTerminal testing design is shown as

followed:

Start

\4

Connection Description Dialogue
Box

A 4

Enter Name, Select Icon

A\ 4

Connect To Dialogue Box

A\ 4

Choose Communication Port

A 4

COM Port Properties
Dialogue Box

A\ 4

Choose Bits per Second, Data Bits,
Parity, Stop Bits, and Flow Control

A 4

SKXBee is ready to communicate

with computer

A 4

Result shows on HyperTerminal

A 4

Terminated by Icon Disconnect and

turned on by Icon Connect

Figure 3.66: Process flow of HyperTerminal testing design
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354 National Instruments LabVIEW Interactions

Once the SKXBee is connected with computer, data can be read (as well as storage
of data) using a software called National Instruments LabVIEW 2009. The
procedures of setting up the configuration are explained as followed:
1. After installing the software into the computer, click on the icon
“LabVIEW” to launch the software.

2. To open a saved file, go to “File” tab, from the drop-down menu, select

“Open”. Browse the file “Instrumented Insole System.vi” from the

appropriate folder.

ane
0 s Window Help
(0] [15ptDialog Font |~ |3~ [ J[e-][#5-]
<INSTRUMENTED INSOLE SYSTEM VERSION 3>
11 -Big Toe (Halluw) Fitered [N | 12- First Metatarsal Fittered QN | L3- Fifth Metatarsal Fittered [ | 14 Heel Fitered |G
SERIAL PORT CONFIGURATION  ERRORS HANDLE 504 50, 50- 50-
VISA Resource Name Error 40- - - -}
Gcowss s Status Code 4 30 HES 4 30 g 3]
5 5 5 5
& 20- & 20- & 20 &£ 20-
Baud Rate Bytes Read FlN 4
o Source 10-} 10-| 10- 10-
glosoo o
a 0 i i 0 | | 0} v | 0 ] i
Data Bits Input BufferSize 0 0005 001 0 0005 001 0 0005 o0t 0 0005 041
A A Time Time Time Time
ol o 4056
L1 - Big Toe (Hallux) L2 First Metatarsal 13 - Fitth Metatarsal 14~ Heel
il Ml i 0 o L p :
: o
o None
Rl - Big Toe (Hallud Filtered [ | B2 - First Metatorsl Fittered QB | 3 - Fifth Metatarsal Fiered BN | R4 - Heel Fitered NG
Stop Bits — — — —
i 50-4 50- 50- 50-
Lo
40+ %- - 40+
Flow Control : 4 3] 2] P e
’, Read Incoming Data ¢ ¢ § H
Hhicne — 5] 5] 3 5
Termination Char
XON Character  (0xA= "\n'= LF) 10 10+ 10 10
il 0t - J o-} - J o} - ! 0t - !
: 0 0005 0a1 0 0005 lut 0 0005 001! 0 0005 041
XOFF Character Time Time Time Time
13 Rl - Big Toe (Hallue) R2 - First Metatarsa! R3 - Fifth Metatarsal Ré - Heel
%0 i Jo 0

3. Then, under the “Serial Port Communication”, select the virtual COM
port created by X-CTU software between SKXBee and the computer
from the drop-down menu of “Visa Resource Name”. In this example,

COM1 i1s used and the “Baud rate” is set to “9600°.
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Next, to run the visual instrumentation, go to the “Operate” tab, and select
“Run”. A dialogue box will appear to ask the selection of a text file to
write the data (for storage purposes). A name (example: LeftFoot.txt) is
entered and click “OK”. Repeat this for the next dialogue box with

different file name.

Savein: j Records - e E; B E~

&= | MName = Date modified Type
D RightFoot 16/11,/2010 15:45 TXT File

Recent Places

Desktop

Gingcle

File: name: | Left Foot |

Saveastype:  [Al Fles (")
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5. After that, the program will start displaying graphs and collecting data

into the text files. Now,

the FSRs.

3vi

the software is ready to monitor the changes in

. Instrumented Insole System_Version:

File Edit View Project

3/&|[@[n]

Operste Tools Window Help

<INSTRUMENTED INSOLE SYSTEI

SERIAL PORT CONFIGURATION

VISA Resource Name

J COM36 =l

Baud Rate Bytes Read

glosoo 2

Data Bits Input Buffer Size

ol o 4056

Parity End Write with

i Termination

giNane Character?

Stop Bits —

'm End Read on
Termination

Flow Control 122607

o None —
Termination Char

XON Charscter  (OxA="\n'= LF)

1 WA
XOFF Character  Timeout (ms)

13

M VERSION 3>

ERRORS HANDLE

Error

Code
10736762

Status
o

Source

VISA Read in B

Instrumented
Insole

System Version3.v
i

Cmd To Write
*IDN?

Read Incoming Data
@

11 -Big Toe (Hallw) Fitered [N

L1 - Big Toe (Hallux)
0

L. - Big Toe (Hallu) Filterec [0

! '
0 0.005
Time

|
001

R1 - Big Toe (Hallux)
o

L2 - First Metatarsal Fittered [N

L2 - First Metatarsal
0

R2 - First Metatarsal Fittered [

v !
0 0005
Time

001

R2 - First Metatarsal
0

L3 - Fifth Metatarsal Fittered [W

0 0. 005
Time

13 - Fifth Metatarsal
0

R3 - Fifth Metatarsal Fittered -

| !
0 0005
Time.

0

R3 - Fifth Metatarsal
0

R4 - Heel

0

L4 - Heel

L4 - Heel

R4 - Heel

Fitered NG

Time
Fitered NG

!
0005 0

1
0.01

1
01

6. To stop the program,

B! Instrumented Insole System Version3:

Fle Edit View Project

i [][@[n]

Operste Tools Window Help

SERIAL PORT CONFIGURATION
VISA Resource Name
fcomss 7
Baud Rete Bytes Read
o600 2
Data Bits Tnput Buffer Size
ol o 409
Paiity End Write with
i Termination
PNore Character!
Stop Bits —
‘m End Read on
Termination
Flow Control  CHE261877
oNone —
Termination Char
XON Character (O0xA="\n'= LF)
11 A
XOFF Character  Timeaut (m:

13

<INSTRUMENTED INSOLE SYSTEM VERSION_3>

ERRORS HANDLE

Error
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10736762
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VISA Read in -
Instrumented
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System Versiond.
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Ui
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Time
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o

1~ Big Toe (Hallus) Fitered [0

|
001
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0 0.005

Time
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o

L2 - First Metatarsal Fittered [

Time
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0

R2 - First Metatarsal Fitered [0

0
0 0.005
Time

R2 - First Metatarsal
0

13- Fifth Metatarsal Fittered [N

L3 - Fifth Metatarsal
0

3 - Fifth Metatarsa| Filtered JING
)
‘\

! 0
0 0.005
Time

R3 - Fifth Metatarsal
0

L4 - Heel

L4 - Heel
0
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R4 - Heel
0

Fitered NG
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0.0:
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The overall process flow of National Instruments LabVIEW interactions
design is shown as followed:

Start

\ 4

Installing Program

File Tab

.

Open & Browse File

\ 4

Serial Port Communication

A\ 4

Select Virtual COM Port
between SKXBee and Computer

\ 4

Visa Resource Name

\ 4

Set Baud Rate

\4

Operate Tab

Select Storage Location

.

Start Displaying Graphs and
Collecting Data into Text Files

\ 4

Monitor Changes in FSRs

Figure 3.67: Process flow of National Instruments LabVIEW interactions design
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3.6 PIC Coding and LabVIEW Graphical Programming

This section is divided into two parts, which are the PIC coding and LabVIEW
graphical programming. The first part refers to the PIC coding used to load or burn
into the microcontroller. It is important to know how the microcontroller converts the
analogue voltages into digital signals so that the data analysis and processing can be

done. The coding will be explained step by step in the next section thoroughly.

The second part in this section explains the graphical programming of
LabVIEW in collecting the data, displaying the output graphs, and storing the results
for future purpose. In this project, LabVIEW is used as part of the data processing
where functions to convert the string into values and filtering low frequency noises.
Same as PIC coding, this analytical system will be explained as well in the next

section in a more clear and detail way.

3.6.1 PIC Microcontroller Programming

The complete PIC microcontroller coding is attached in Appendix B. The procedures

of PIC microcontroller coding are explained line by line as followed.

Similar to other C language coding software, the first part of the PIC coding
is a declaration part. This part defines the variables which are going to be used in the
later part of the program. All spelling of the defined variables should not be similar
to the library function names, such as “Call”, “Return”, and so on. The variables are
defined as character or in short, “char”.

char force L1, force L2, force L3, force L4;
char force_R1, forcer R2, force_R3, force R4;
char txt[6];

void tx_data(char, char);
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The library function “char” declares the defined variable such as from
force_L1 to force_L4 and force_R1 to force_R4 refers to the force sensing resistors
output. The function type ‘“char” indicates the variables are alphanumerical.
force_L1 to force L4 refers to the sensors from left foot and force R1 to force R4
refers to the sensors from right foot. The third line defines an array or string of seven
characters called txt. This variable is going to be used as a string to store up the
converted values and transmit it as output. The last line refers to a sub-function
called tx_data, which is used to write the transmitted data and sends it out to the

output pins. Details are explained in later part of this topic.

void main(void)

This void main(void) indicates the starting point of the main function. The
coding in this main function has the priority to be first executed and any other sub-

functions are linked directly from this main function.

ADCONL1 = 0x80;

ADCON1 register at the address 9Fh is a feature used to activate the
microcontroller’s analogue-to-digital converter (ADC). The ADCONL1 is used to
configure the A/D result format select bit, A/D conversion clock select bit, and A/D
port configuration control bits on the microcontroller. After the A/D conversion is
complete, the result sits in registers ADRESL (A/D Result Low Byte) and ADRESH
(A/D Result High Byte) (Mazidi, 2008). The ADCON1 configuration is shown as
followed:

ADFM | ADCS2 - - PCFG3 | PCFG2 | PCFG1 | PCFGO
where ADFM : A/D Result Format Select Bit
ADCS2 : A/D Conversion Clock Select Bit
PCFG : A/D Port Configuration Control Bits
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For ADCONL1, it is assigned with 0x80 (means “10000000” in binary). The
ADFM result format select bit is set to “1”, which is right justified (6 most significant
bits of ADRESH are read as ‘0’). For the A/D conversion clock select bit, ADCS2 is
set to “0” as default. Hence, the clock conversion is set to Fosc/2. The PCFG
configuration bits are set as “0000”, which means all of the ADC channels are
activated as analogue inputs and the Vgrer+ and Vger are set to Vpp and Vss

correspondingly.

TRISA= 0x2F;
TRISE= 0x07;
TRISC= 0x80;

The next step is to configure the input and output pins (I/0O) of the ports that
are being used. In this configuration, “0s” is assigned to the TRISx register to act as
an output port and “1s” is assigned to the TRISx register to act as an input port. Port
A, C, and E are being utilized in this project. It must be noted that unless TRISXx bit is
being activated, the data will not go from the port register to the pins of the PIC
(Mazidi, 2008). From above, Ox2F (means “00101111” in binary) is assigned to
TRISA and 0x07 (means “00000111” in binary) is assigned to TRISE to make them
as input ports. Port A and Port E is used as input for the eight FSRs.

As for TRISC, 0x80 (means “10000000” in binary) is assigned which
indicates that one output of the eight pins in Port C is set as input pin, which is the
RC7. This pin serves as a RX pin to be used as the communicator between the
microcontroller and the XBee module. The TX pin (RC6 of Port C) is assigned with
“0” to make it as an output port so that it can transfer data to the XBee module.
Therefore, other pins on Port C are set as output port but only TX pin will be used

and this instrumented insole system does not require taking any inputs from

computer.
PORTA = 0x00;
PORTE = 0x00:;

PORTC =0x00:;
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The three lines above are used to clear any values that are being stored in Port
A, E, and C previously before initiating the program.

Usart_init(9600);

This command sets the baud rate of the microcontroller to 9600 kbps, which
means that asynchronous data communication is using 9600 baud rate, eight bit, one
stop bit, and non-parity. This baud rate should match with XBee module’s baud rate
in order to transmit the data correctly.

do

{

force_L1 = adc_read(0)/4;
Delay_ms(5);

tx_data(‘4’, force L1);

while(1);

In this do-while loop, the analogue voltages generated by the FSRs are being
converted into digital signals. This is done by calling adc_read(0) function. The
microcontroller will start to read from channel “0” of the input port, converts the
analogue voltages, and then stores it into the variable of force L1 defined earlier in
the program. The next line of command is used to transfer two data to the sub-
function tx_data, which is a character “A” (arbitrary value to indicate the first sensor)
and the converted value of force L1. A Delay _ms function is used to delay the

execution of 5 milliseconds.

The following line of commands is similar and repeated for force L2 until
force_R4. This is done by putting the “1” into the do-while loop, which indicates that
the function is always true and repeat the process continuously. Now, the

microcontroller has the data and ready to send it out to the XBee module. The sub-
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function tx_data holds a char a as “A” and char b as the value of force_L1. Part of

the sub-function from the main program is shown as followed:

void tx_data(char a, char b)

{

Usart_write(a);
bytetostr(b, txt);

if(txt[0] == )
Usart_write(“0’);
else

Usart_write(txt[0]);

Delay_ms(50);
}

The function Usart_write(a) is used to send the data out from microcontroller.
For example, char a is obtained from the main body and send to the TX pin of the
microcontroller, where char a is the alphabet “A”. Therefore, the first output from

the microcontroller is expected to be the letter “A”.

The library function bytetostr(b, txt) is used to convert char b into a string of
values and store it inside an array called txt which is created in the early part of the
program. If string is detected, the string will be sent but if there is no value detected

from the string, a “0” is sent and displayed as a horizontal straight line.

The if-else command is used to determine the array txt whether it stores any
characters. If the array stores nothing (represented by the bracket ‘ ), the
microcontroller will send out the value of “0”. Else, if the array stores a value, the
microcontroller will send out that value to the TX pin for transmission. This same
command is carried out for the next few characters and all these ended with a delay
of 50 milliseconds using the function of Delay_ms(50). This function ensures that the
microcontroller has enough time to do all the data reading, conversion, and

transmitting before another set of values come into the sub-function.
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The overall process flow of PIC microcontroller programming design is
shown as followed:

Program Starts

y

Defining Variables

!

Setting Up A/D Configurations
Setting Up Port B A/D Enable

Configurations

!

Setting Up Input & Output Port
(Port A, E, C)
v
Clearing Up Input & Output Port
(Port A, E, C)
v

Setting Baud Rate (9600 Kbps)

v

Setting Up Transmit Status, Receive

Status, and Control Register
v

Reading from ADC channels

y

Transfer Data to Sub-Function o
T Value Stored inside

Determining the

Sends Out the Alphabet
SKXBee Transmitter

y

LabVIEW Software

Figure 3.68: Process flow of PIC microcontroller programming design
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3.6.2 LabVIEW Graphical Programming

National Instruments LabVIEW is a powerful development environment for signal
acquisition, measurement analysis, and data presentation. This software gives the
flexibility of a programming language without the complexity of traditional
development tools. Typically, measurement and automation applications can be
broken up into three primary pieces that are acquiring data, analyzing it, and then

presenting it to the enterprise.

Therefore, this software offers much user-friendly functions like drag and
drop buttons to form block diagrams without having complicated coding and
programming language. Basically, it runs on two windows, one is recognized as the
“Front Panel” which is used as an interface for displaying data, and another window

is for “Block Diagram” which is used for graphical programming.

There are three different functional systems have been developed for this
project. Most of the block diagrams are the same, only the formula and graph display
are slightly different. The complete block diagram is separated into parts to reduce

the complexity due to large size of the system. For more details, the complete block

diagram is found in Appendix C.
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In this section, the block diagram interface is discussed. However, only major
parts of the block diagram are being explained due to the complicated system created.
The work flow of data acquiring, conversion, analyzing, and result presenting are
focused in this section rather than the function of each component in the block
diagram. The major parts of block diagram are as followed:

Serial COM Port Configuration

VISA Read and Write of Incoming Data

Removal of Initial Character, Conversion to Integer, and Formula
Result Display

Storage of Data in Text File

I T o

Errors Handler

3.6.2.1 Serial COM Port Configuration

The serial COM port configuration sets up LabVIEW to communicate with XBee
module. It plays an important role to synchronize the streams of eight signal inputs

from the sensors through XBee module for real-time monitoring and analysis.
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In this configuration, settings must be first adjusted to suit the configuration
of XBee module incoming port before any data processing, monitoring, and analysis
can be done. However, there are some important parameters to be taken into
consideration such as VISA resource name, baud rate, data bits, parity, stop bits, and

flow control.

Besides, the terminal character and timeout period are set for the read
operation. VISA resource name refers to the virtual COM port created by the XBee
module. Other parameters of each setting are being configured according to XBee
module specifications as discussed in the previous section of LabVIEW interactions.

“Obtain Queue” is used in this serial COM port configuration, which is
functioned to return a reference to a queue. By using this queue operations functions,
it can create a queue for communicating data between sections of a block diagram or
from another VI. As shown in the serial COM port configuration block diagram
labelling, there is a sub-V1 called “Configure Serial Port”. The front panel and block

diagram is shown as bellow.
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Each part carried out their own working operation, like to set the input buffer
size, set the XON and XOFF characters. These are used only when the flow control
is set to XON or XOFF. From the block diagram, “VISA Configure Serial Port” is
functioned to initialize the serial port specified by VISA resource name to specified
settings. With this function, data can be wired to the VISA resource name input to

determine the polymorphic instance to use or manually select the instance.

For “VISA Set I/O Buffer Set”, it is used to set the size of the I/O buffer and
run the VISA configure serial port. Commonly, not all serial drivers support user-
defined buffer sizes. Therefore, some implementations of VISA might not be able to
perform this operation. If an application requires a specific buffer size for
performance reasons and the VISA implementation cannot guarantee that size, some

form of handshaking is used to prevent overflow conditions.

3.6.2.2 VISA Read and Write Incoming Data

The VISA (Virtual Instrument Software Architecture) read and write incoming data
part consists of a while loop which continuously obtain the incoming data from COM
port. This part is connected to the “Configure Serial Port” from the serial COM port
configuration as discussed before.

This loop will repeat the sub-diagram inside it until the conditional terminal,
and input terminal, receives a particular Boolean value. Hence, this VISA
communication port will continuously read from the serial COM port. If necessary

command is needed, the “VISA Write” function is available.

Obviously, the major function of this part is to ensure that LabVIEW keeps
reading from the connected serial COM port without having any errors. This is done
by using a few case structures built inside the loop to carry out the working operation

efficiently and accurately.
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Figure 3.87: VISA read and write incoming data block diagram labelling for all

versions

From the block diagram, the parts are being shown out for writing bytes to
port, reading the bytes in the buffer, and close session to port. This is done by
combining certain functions, like “VISA” functions. The “VISA Write” to write the
data from write buffer to the device or interface specified by VISA resource name,
“VISA Read” to read the specified number of bytes and returns the data in read
buffer, and “VISA Close” for closing a device session or event object. This
combination forms the VISA read and write incoming data working operation.
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The “Enqueue Element” is to add an element to the back of a queue. If the
queue is full, the function waits timeout in ms before timing out. If space becomes
available in the queue during the wait, the function inserts the element and timed out
is false. If queue becomes invalid such as when the queue reference is released, the

function stops waiting and returns error code 1122.

Furthermore, a delay of 50 milliseconds is made by “Wait (ms)” function to
ensure that the data is read completely by LabVIEW before any other incoming data
is collected. This function will wait the specified number of milliseconds and return
the value of the millisecond timer, which force the current thread to yield control of

the computer.

“Property Node” is functioned to get or set properties of a reference. By using
this function, the properties are get or set and methods on local or remote application
instances, Vis, and objects. This node will automatically adapt to the class of the
object that reference to. “Empty String/Path?” and “Or” expressions are used for

Boolean algorithm.

Next, “Bundle By Name” is used to replace one or more and return the cluster
element. This function refers to cluster elements by name instead of by their position
in the cluster. While for “Unbundle By Name” is used to return the cluster elements.
With the present of this function, there is no need to track the order of the elements
within the cluster. This function does not require the number of elements to match

the number in the cluster.

3.6.2.3 Removal of Initial Character, Conversion to Integer, and Formula

The initial character of A to H represents the input from which FSR sensors and
which side of foot that is detected. Before plotting out the results, the initial character
must be removed and the results must be in integer form. Formula conversion factor
plays an important role to convert the input signals into required parameter for ready
to be displayed out.
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“Spreadsheet String To Array” is used to convert the spreadsheet string to an
array of dimension and representation of array type. It works for arrays of strings or
arrays of numbers. The purpose is to append the incoming string of data from the
XBee module so that the system can execute all the functions with a given time
before another string goes into the loop. Nowadays, the processing power of a
computer can withhold the strings up to a large number, close to infinite.

For “Match Pattern”, this is functioned to search for regular expression in
string beginning at offset, and if it finds a match, it will split the string into three
substrings. A specific combination of characters is required by a regular expression
for pattern matching. As shown in the PIC programming before, the initial character
of the input is an alphabet. Thus, it is simple to match the pattern accurately. By
matching the initial character, “after substring” is taken out (only the strings of

numbers) and wired to integer conversion.

The “Decimal String To Number” is used to converts the numeric characters
in string, starting at offset, to a decimal integer, and returns it in number. From here,
integer can be obtained from string inputs and ready to be plotted in the graph.
Another important function is the “Formula Node”, which evaluates mathematical
formulas and expressions similar to C on the block diagram. In this node, the formula
of conversion factor from output voltage into force is written. With this, all the
incoming inputs are converted into the required parameter before displaying out the

reading and plotting the graph.

There is some modification at this part for system version two where there is
an extra formula node to sum up all the output forces from four sensors into one
output to be displayed in a single graph for each side of foot. This is done by
totalling up all the four inputs and divides them by four. Therefore, the output results

that showed in the graph is the average peak force values by each side of the foot.
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3.6.2.4 Result Display

For the result display part, there are a few functions used which include “Filter”,
“Waveform Graph”, “Build Array”, “Build Waveform”, and “Merge Signals”. After
getting the string readings from the microcontroller and being converted using
formula, the results will be displayed through this part. Each side of five input
signals will be merged together and displayed out with a waveform graph. So, there

are total of two waveform graphs will be shown out at the front panel for left and

right foot.
b " Display Graph Result|
i Filter3
o Left Foot
SE-3 | dt |, Signal H =
Filtered Signal » ;
H ==
en [

Figure 3.91: Result display block diagram version one and version two
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Figure 3.92: Result display block diagram version three
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Figure 3.93: Result display block diagram labelling for all versions

“Filter” in LabVIEW functions to process signals through filters and
windows. It is very powerful as it is capable of carrying normal filter topology, such
as Butterworth, Chebyshev, Elliptic, and Bessel. Filtering can be done by choosing
the type of filter functions, like lowpass, highpass, bandpass, bandstop, and even
smoothing. For the filter specifications, the cutoff frequency (Hz), high cutoff
frequency (Hz), and order of filter can be adjusted depending on the application. In
this instrumented insole system, Butterworth filter with 1000 Hz cutoff frequency

and 6 order of low pass filter characteristics is applied.

——————————————————————————————————
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Figure 3.94: Configuration of filter for all versions
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After the data is filtered, it will be displayed by using the “Waveform Graph”
function. As mentioned before, five input signals from each side of foot will be
gathered and displayed in a waveform graph. From there, results can be monitored
continuously and checked for waveform patterns. Apart from that, “Build Array” is

used to concatenate multiple arrays or append elements to n-dimensional array.

After the collected data passing through “Build Array”, it will come to “Build
Waveform” which is functioned to build an analogue waveform or modifies an
existing waveform based the components that connected. Before the results being
displayed out, “Merge Signals™ is used. This “Merge Signal” is functioned to merge
all the input signals into a single output before connected to the “Waveform Graph”.
It will help to resize the function to add inputs and appears on the block diagram

automatically when a signal output is wired to the wire branch of another signal.

There is some modification at this part for system version three where there
are total of eight different graphs will be displayed at the front panel. Unlike the
system version one and two, those output graphs are not being merged into a single
graph but choose to be displayed out in the corresponding graphs individually.

Through this, the outputs that being generated can be observed and monitored clearly.

3.6.2.5 Storage of Data in Text File

Post-processing of data might be done sometimes by referring to the previous
recorded results. This is why storage of data is needed in this system. There are a lot
of data type can be stored, such as binary file, channel groups (TDMS), TDM, XML,

datalog, and text file.

Well, text file data type is used for the data storage as it is easy, simple, and
can be used in other analytical softwares, like Notepad, Microsoft Office, even
LabVIEW itself. In this part, “File Dialog” is used to display a dialog box which can
specify the path to a file or directory. By using this, user is allowed to select existing

files or directories or to select a location and name for a new file or directory.
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Figure 3.95: Storage of data in text file block diagram A for all versions
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Figure 3.97: Storage of data in text file block diagram labelling for all versions

To open an existing file, create a new file or replace an existing file,
“Open/Create/Replace File” is used programmatically or interactively. Next, “Write
to Text File” will function to write a string of characters or an array of strings as lines
to a file in a text file format. After that, “Close File” will close an open file specified
by refnum and return the path to the file associated with the refnum. Error 1/0O can
operate uniquely in this function, which close regardless of whether an error occurred

in a preceding operation. This is to ensure that files are closed correctly.
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Next, “Array To Spreadsheet String” is functioned to convert an array of any
dimension to a table in string form, which containing tabs separating column
elements, a platform-dependent EOL character separating rows, and, for arrays of
three or more dimensions, headers separating pages. Through this, output from the

“Build Array” is being converted back into string values in order to write in text file.

The “Get Date/Time String” and “Get Date/Time In Seconds” are used to
convert a timestamp value or a numeric value to a date and time string in the time
zone configured for the computer. The “Concatenate Strings™ is used to concatenate
input strings and 1D array of strings into a single output string. For array inputs, each

element of the array is concatenated by this function.

3.6.2.6 Errors Handler

Error handle is an important part in this graphical programming to ensure that the
system can be run in a stable and steady condition without any error occurred. This
might be done by connecting each component with an error handle. In this system,
two kind of error handler are used in sub-VI formats that are “Merge Errors.vi” and

“Simple Error Handler.vi”.

?!\lﬂ Error Out
MAT ke

Errors Handler Errors Handler

Figure 3.98: Errors handle block diagram for all versions

Kk
71 Merge Errors.vi
A

|Simp|e Error Handler.*.ri|

Figure 3.99: Errors handle block diagram labelling for all versions
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For “Merge Errors”, this VI first look for errors among error in 1, error in 2,
and error in 3. Then, the error array in and reports the first error found. If the VI finds
no errors, it looks for warnings and returns the first warning found. But if the VI

finds no warnings also, it returns no error.

File Edit Miew Project Operate Jools Window Help

[ 15pt Application Font |~ [ 8=~ |[wa~ ] [#5~][2al]

14 False 't

ErrorIn1 (No Error) [[Z25F

Error In 2 (No Error) [Z518
Error In 3 (No Error) [E55F

Errer Array In

[This i= a commaon VI, and is most often called with no errors, pretest to make this case fast.|

Figure 3.101: Merge errors block diagram interface for all versions
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Figure 3.102: Merge errors block diagram A for all versions
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Error Qut

)

[This is a common VI, and is most often called with no errors, pretest to make this case fast. |

Figure 3.103: Merge errors block diagram B for all versions

=

>

[Compound Arithmetic|

Mot Equal To 07

Figure 3.104: Merge errors block diagram labelling for all versions
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“Array Size” is used in this sub-VI to return the number of elements in each

dimension of array. Then, this function is connected to “Not Equal To 0?” Boolean

expression. This expression functioned to return TRUE if the incoming data is not

equal to zero. Otherwise, this function returns FALSE. For “Compound Arithmetic”,

it is used to perform arithmetic on one or more numeric, array, cluster, or Boolean

inputs.

Another sub-VI used in this error handler is “Simple Error Handler”. This VI

helps in indicating whether an error occurred. If an error occurred, this VI will return

a description of the error and optionally displays a dialog box. This VI will call the

“General Error Handler” and has the same basic functionality as “General Error

Handler” but with fewer options.
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. last action of the program. If the error in error? is ERROR, the handler creates a message describing the
| error and its source, If the type of dialog = 1 (default), the message is displayed to the user, who can
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Figure 3.105: Simple error handle front panel interface for all versions
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The overall process flow of PIC microcontroller programming design is shown as

followed:

Program Starts

v

Configure Serial Port

v

Producer Loop

v

Write Bytes to Port

v

Read the Bytes in the Buffer

v

Close Session to Port

v

Consumer Loop

v

Removal of Initial Character

v

Conversion to Integer

v

Formula (Conversion Factor)

v

Filter Data Collected

!

Display Graph Results

v

Memory Storage Loop

v

Configure Format of Results

v

A 4

Storage of Data in Text File

\ 4

Error Handler

Figure 3.109: Process flow of LabVIEW graphical programming design
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3.7 Gait Simulation and Subject Testing

In this testing section, it is divided into two parts, which are the gait simulation and
subject testing. The first part refers to the gait simulations based on gait cycle (stance
and swing phase) of each human locomotion activities. It is a simple gait simulation
for collecting the gait characteristic results from the system which might serves as a

reference to match or compare the results from the subject testing.

The second part in this section explains the subject testing specially
conducted for this system. This subject testing is conducted to test the functionality,
usability, reliability, and durability of the instrumented insole system. The design,
including the recruitment, consent forms, and testing protocol will be discussed one

by one at the following sub-section in a more clear and detail way.

3.7.1  Gait Simulation

A few simulations are chosen to be discussed in this project which involved in
common human locomotion activities; they are standing, sitting, walking, and
running. Besides, some testing has been carried out before the gait simulation; they
are initial testing, static device with no inputs, and static device with static forces

inputs. All the results will be showed and explained at the next chapter.

Those initial testing serves as a preparation for the gait simulations in order to
test for the functionality of sensors. These testing are important for the sensors to get
ready and stabilize before the gait simulations so that a more accurate and stable

result can be obtained during the gait simulations.

For standing simulation, a subject is requested to stand still while information
is collected from the FSR sensors. The subject is asked to look straight ahead, stand
as still as possible with two hands lowered down on the sides and the knees should
not bend (parallel to X-Axis).
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In sitting simulation, the subject is requested to look straight ahead, sit 90
vertical position on a chair with two hands lowered down on the sides, the legs
facing down, and slight contact with the floor. In this simulation, the subject is asked

to maintain the same position along the period of simulation.

For walking simulation, subject is requested to look straight ahead, move
forward in as straight a line as possible, and walking at a normal pace on a treadmill
system with constant speed. The speed of walking must be moderate and not too fast.
In this simulation, the steps taken within the period of simulation will be counted in a
range of distances.

In running simulation, the subject is requested to look straight ahead, move
forward without leaning any sides, and run faster than normal pace on a treadmill
system with a constant speed. The speed of running must be faster than normal
walking speed. Same as walking simulation, the steps taken within the period of

simulation will be counted in a range of distances.

3.7.1.1 Gait Simulation Parameters

To carry out gait simulation, the subject needs to wear the system and ensure that the
device and FSR sensors do not fall out of place. Simulation is carried out based on
the ways and patterns of a human locomotion activity (gait cycle). Table below
explained the type of simulation and parameters that will be used as a guideline in

monitoring and analyzing the locomotion activities of the subject.
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Table 3.5: Type of simulation and parameters based on human locomotion
activity (Gait cycle)

Type of
simulation
Stance Phase

A period when the foot is with its entire length in contact with

Description

the ground.

Initial Contact

A period when the right heel hits the ground at the beginning

(10) of the contact phase.

Loading A period of initial double-limb support and the foot is in the
Response (LR) full contact with the surface.

Mid-Stance A period begins when the contralateral foot leaves the ground
(MSt) and ends when the right heel rises.

Terminal Stance | A period begins with the heel rise and ends when the
(TSt) contralateral foot contacts the ground.

Preswing (PSw)

A period begins when the contralateral foot contacts the
ground and ends with ipsilateral toe off.

Swing Phase A period when the foot is in the air (not in contact with the
ground) and swings forward.

Initial Swing A period begins the moment the right foot leaves the ground

(1Sw) and continues until maximum knee flexion occurs.

Mid-Swing A period of maximum knee flexion and ends when the tibia is

(MSw) in vertical position.

Terminal Swing | A period where the swing cycle ends and the right foot ready

(TSw) to contact with ground.

Others

Walking speed

The rate of motion of walking. Natural or free sped refers to
the subject’s comfortable walking speed.

Cadence The step rate of a subject.

Max Applied The maximum force applied on the sensors in every single

Force step.

Step Time The time duration from the initial heel contact of one foot to
the next initial heel contact of the opposing foot.

Stride Time The time duration from the initial heel contact of one foot to

the next initial heel contact of the same foot.

Step Length

The distance between the point of initial contact of one foot
and the point of initial contact of the opposite foot.

Stride Length

The distance between successive points of initial contact of
the same foot.

Source: Yang, Chou, Hu, Hung, Wu, et al, 2009.
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3.7.1.2 Gait Simulation Formulas

Besides, the formulas used in the data analysing will be listed out and explained one
by one for more understanding on how the data to be collected and analyzed. There
are few main formulas are used in the data analysis and calculation for the results
obtained from the subject testing.

Several spatial-temporal parameters and formulas are selected typically
investigated in gait studies. As the system developed in this project does not allow
the measurement more than two dimensional, the parameters and formula related to
angle are not measured. Besides, camera is not equipped in this simulation, kinematic

parameters and formulas like the joint angles of different parts are not measured too.

First of all, formula of velocity is used to obtain the walking speed of the
subject during the gait simulations. This is done by recording the time with
stopwatch and the distances travelled are being measured. The formula is formed by
dividing the distance measured in meter unit with the time recorded in second unit

which showed as followed.
v= % [m/s] (3.1)

where
v = velocity, m/s
s = distance, m

t=time, s

The step length can be obtained by dividing the distances travelled in meter
unit with number of steps taken by the subject along the simulation. As one stride
length is equal to two steps length, the formula used to calculate the stride length can
be formed by dividing the distances travelled in meter unit with two times of number

of steps taken along the simulation.
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Step Length = % [m] (3.2)

Stride Length = % [m] (3.3)

where
d = distances, m

n = number of steps

After the step length and stride length can be calculated through the formulas
above, the step time and stride time in second unit can be formed by replacing the
distances travelled with the period of time of the simulation in the previous formulas.
The formulas can be showed as followed.

Step Time = — [s] (3.4)

Ser

Stride Time = — [s] (3.5)

where
t=time, s

n = number of steps

Next, the number of steps taken during the gait simulation is being counted
for the purpose of calculate the cadence of subject at their natural walking speed and
running speed. The cadence can be calculated by dividing the number of steps from
the gait simulation with the time recorded in second unit. The formula of cadence can
be simplified as followed.

Cadence = % [step/min] (3.6)

where
n = number of steps

t =time, min
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The third formula used in the results calculation is force weight ratio. This is
a parameter which added to analyse the relations between the force and the weight of
subject. The equation is formed by dividing the forces obtained from the gait

simulation with subject’s weight as followed.

Force

Force Weight Ratio = W

S [N/kg) (3.7)

where
Force = Maximum applied force, N
Weight = Weight of subject, kg

Unlike force plate, instrumented insole system used in this project cannot
obtain other extra parameters directly from the software. Through all the formulas
discussed here, the extra data and results collected from the gait simulation can be
obtained. The parameters like the average step length, average step time, average
stride length, average stride time can be calculated by referring to the data recorded

from the gait simulation and showed as part of the additional results of data analysis.



3.7.1.3 Process Flow

The overall process flow of gait simulation design is shown as followed:

Plan for Gait Simulation

v

Initial Testing

v

Testing Sensors from Left Foot

v

Testing Sensors from Right Foot

!

Combined Testing from All Sensors

y

Static Device with No Inputs

v

Static Device with Static Forces Inputs

v

Standing Simulation

v

Sitting Simulation

v

Walking Simulation

4

Running Simulation

!

Analyze Results Recorded

v

Calculate Forces Obtained

v

Distinguish Maximum Weight

4

Converting to Maximum Achievable Voltage

Figure 3.110: Process flow of gait simulation design
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3.7.2  Subject Testing

A subject testing is being designed for this project to test the instrumented insole
system. The overall procedures on how this subject testing to be designed, including
the subject recruitment, and the testing protocol will be discussed thoroughly in the

following sub-sections.

3.7.2.1 Subject Testing Design

The subject testing design is discussed about how the subject testing will be
conducted, the flow of the subject testing, and the procedures in carrying each
locomotion tasks. This subject testing involved in placing the instrumented insole
inside the subject’s shoe and the circuit board will be attached to the subject’s waist

by using an adjustable belt.

While the subject testing is being conducted, the sensors will detect the forces
distribution beneath the foot. After that, the output signals from the sensors will be
collected by microcontroller. The small antenna of XBee module on the circuit board
will then transmit the output signals to the receiving transmitter at computer. All
signals are digitized and saved on a laptop computer set within 10 feet of the

instrumented insole system during subject testing.

Each subject is asked to perform a series of locomotion tasks, while the
instrumented insole system simultaneously collects the generated data. The results
collected from the system is being analyzed and compared to validate the analysis of
gait parameters from the data acquired by the instrumented insole. The information
gathered did not offer any direct benefits to the subjects tested. After the subjects
complete the testing protocol, gait characteristics are compared to those reported in

previously published studies.
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3.7.2.2 Subject Recruitment

The recruitment is planned to be carried out after the design is being constructed
successfully and tested well in gait simulation. The subjects with healthy gait are
recruited via email and word of mouth. However, most of the recruitment is done via
email where the course representatives of each courses are being informed about this

subject testing.

The message is passed around and the consent form is distributed to every
subject. When the subjects replied with the interest in the subject testing, they are
provided with more details about the testing. After filling the consent form, an
appointment is set up at the Biomechanics Lab according to each group with a

corresponding date and time respectively.

At first, a brief introduction is given about the definition of gait analysis, the
motivation of this project, the basic function of an instrumented insole system, and
the purpose of the subject testing. In addition, the process flow of how the subject
testing will be conducted and the locomotion tasks to be completed are being

explained in order to provide a clear picture of this testing to the subjects.

Furthermore, a terminology is attached together with the consent forms. A
simple diagram of gait cycle is provided together with some terms and explanations
to describe how the gait cycle is formed during human locomotion activity, such as
gait, heel strike, stance, step, stride, and so on. If subject has any questions about the
subject testing or interest to know more about this project, contact number and e-mail

address can be found in the consent form.

All subjects recruited are adults who could understand and follow basic
directions throughout the subject testing. Subjects are excluded if they reported acute
pain which prevented performance of their comfortable and typical movement.
Similarly, subjects are excluded if they have an unstable medical condition, such as
history of lower extremity symptoms, musculoskeletal or neurological disorders
related to lower extremity obvious pathology.
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3.7.2.3 Consent Form

A consent form is prepared for this subject testing. Basic personal information is
required in this consent form, like name, gender, age, date of birth, address, and
course. Contact number and email address are required in order to keep in touch with
those subjects for the confirmation and preparation for subject testing from time to
time. Every single latest news or actions regarding the subject testing will be

informed through these ways.

Every subject is compulsory to attach a digital photo in the consent form.
Apart from that, personal physical conditions, such as height and weight are asked as
well inside the consent form. Furthermore, subjects are required to fill in the details
about the size of shoe and brand of shoe which they are using. This information is
needed in dividing those subjects into different group according to their size of shoes

so that the subject testing can be carried out smoothly.

Next, history of falls in past year and past month are asked to know how
frequent the subjects facing such problem in their current live to ensure that a healthy
walking pattern is resulted from the gait simulation. Lastly, there is a space for the
information regarding subjects’ other medical records related to lower extremities.
This is up most important as subjects with lower extremities problems or diseases are
not recommended to participate in this subject testing. The format of the consent

form is shown at Appendix D.

3.7.2.4 Subject Testing Protocol

After the subject recruitment, those subjects will be grouped into different small
group where each group consists of certain amount of subjects. This grouping
process is done by referring to the size of subjects’ shoes where subjects with same
size of shoes will be grouped together. Subject testing will be conducted group by
group with date and time respectively.
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A schedule of the subject testing is formed by listing out the date, time, and
groups divided for subjects to check and attend the testing on time. Most of the date
and time are chosen depends on the flexibility of subjects because priority is given to

subjects in deciding the date and time that they are available for the testing.

A subject testing protocol is prepared for the subject testing as showed in
Appendix E. Before the subject testing, the subjects are being informed about the
preparations for the testing, like subjects are recommended to wear comfortable t-
shirt, long pants, and sport shoe for the testing where other extra accessories,
decorations, and slippers or scandals are not allowed.

Besides, subjects are advised to be punctual and they need to report
themselves about 15 minutes earlier than their testing time. A short briefing will be
given to all the subjects regarding the correct way to wear the instrumented insole
system. Moreover, questioning section will be held to clear all doubts from subjects

about the testing.

An agreement will be signed by the subject. This agreement is to ensure that
the subjects understand the purpose and procedures of this testing; they are aware of
the possible risks, discomfort, and potential benefits that they might experience
throughout the subject testing. In other words, the signature indicates the willingness
of subjects to participate in this testing.

During the subject testing, a photo of eight-segment representation is taken
from the right side of the subjects. Next, body segment lengths and circumferences
(anthropometric dimensions) will be measured. Next, a short period will be given to
the subjects to accommodate the system at the natural pace prior to test the system

besides letting them familiar with the system before any tasks are started.

After that, there are four locomotion tasks to be carried out, that are standing,
sitting, walking, and running. Each locomotion task will be conducted for a certain
period of time. Subjects are not given specific instruction to complete the tasks to
avoid alterations in natural walking pattern during the testing. At last, subjects are

asked to give comments about the system and the testing.
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3.7.2.5 Process Flow

The overall process flow of subject testing design is shown as followed:

Plan for Subject Testing

v

Design the Subject Testing

!

Prepare Consent Form for Subject Testing

!

Recruit Subjects via email or words

!

Get Replies and Confirmation from Subjects

v

Divide Subjects into Groups

!

Arrange the Date, Time, and Location

v

Make Appointments with Subjects

v

Conduct Subject Testing

v

Briefing and Explain to Subjects

v

Capture Photos of Subjects

v

Measure Body Segment Length

v

Conduct Locomotion Tasks

v

Collect, Process, and Analyze Results

v

Summarize and Publish Results

Figure 3.111: Process flow of subject testing design



CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Result Interface and Format

Before explaining the simulation and results obtained, there is a need to explain the
interface and the format of the results shown in LabVIEW. In this project, there are
eight FSR sensors used for human locomotion analysis. Four sensors are placed
equally beneath each foot where they located around the region of bid toe (hallux),
first metatarsal, fifth metatarsal, and heel.

As mentioned before, forces being generated during human locomotion
activities are the main parameter to be concerned in this project. Therefore, each
sensor has only one axis to be displayed that is force in Newton unit. Conversion will
be done from output voltage into force and display in the form of graphs. In the
graph, X-Axis represents the time taken (duration) in second for the human
locomotion activities, while the Y-Axis represents the forces generated from the

Sensors.

As mentioned before, there are three different formats of LabVIEW systems
being developed. The four sensors will be gathered together and display in a graph
for each side of foot to reduce the complexity of result displaying in the first version
system. The first column of graph result shows the FSR sensors outputs from left
foot, and the second column of graph results shows the FSR sensors outputs from
right foot. The graph position with readings for each foot in LabVIEW is shown in

the next page.
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Figure 4.1: Graph position with display for each foot in LabVIEW version one

Sensors Colors Sensors Position
L1&R1 White Big Toe (Hallux)
L2 & R2 Yellow First Metatarsal
L3 &R3 Orange Fifth Metatarsal
L4 & R4 _ Heel
where L X FSR Sensors from Left Foot (L1 — L4)
R : FSR Sensors from Right Foot (R1 — R4)

Figure 4.2: Display labelling for each foot in LabVIEW version one

There are four different colors used at the first version to represent different
input values from those sensors. Sensors from both left and right foot are being
represented by white for big toe (hallux), yellow for first metatarsal, orange for fifth
metatarsal, and red for heel region. Therefore, there will be four different lines
showing at each graph to which represent to different sensors from both side of foot.
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Next, there are two graphs showed at LabVIEW version two where each of
them represents the average peak force values from left and right foot. In this version,
no colors will be used to represent the output forces as all the forces from each side
have been total up and divide equally to get an average output to be displayed. This
generates an overall view of the forces detected during locomotion activities from
time to time. Compare to the other versions, the average peak force values will be

showed out under each graph.
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R2 - First Metatarsal R4 - Heel
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Figure 4.3: Graph position with display for each foot in LabVIEW version two

For the third version, more graphs will be used to display the output results
from forces detection by sensors. Total of eight graphs will be showed at this version
in order to represent each four sensors from each side of foot. Through this, each
result from eight sensors can be viewed and monitored at the individual graphs
without combining or merged with others outputs. This is useful and essential when
the user is focused on the forces generated by each single sensor, such as checking
the functionality of each sensor before starting any testing or measurement or to

detect the abnormal forces generated beneath each part of foot.
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Figure 4.4: Graph position with display for each foot in LabVIEW version three

Each graph for all versions plots “Force” against “Time”, which is the main
output parameter that being concerned in this project. In this case, “Force” means the
digital signals converted from the analogue voltages from the output voltage of the
FSR sensors. These digital signals are directly related to the changes in the analogue
voltages when the FSR sensors detect the changes in force applied to surface during

human locomotion activities.

However, the digital signals showed out in the graph are being formulated
with the conversion factor of output voltage to force. Through this conversion factor,
data monitoring and analysis can be done by looking at the peak amplitudes and by
comparing the outputs with a consistent reading of normal human locomotion

activities.

The scale for the unit “Time” in the graph is smaller than the original time.
This is due the reason that some settings are made to plot the graph in LabVIEW.
The scale has to be adjusted to suit the function of the component. In these graphs,
each unit of 0.01 in scale represents 10 seconds in real time, which means by factor
of 1000.
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4.2 Analysis Tool

There is a need of some programs that can be used as analysis tool for the recorded
data. Each analysis tool will be discussed on how they function to help in analysing

data in following sub-section.

4.2.1  Adjustment Filter

Adjustment filter is essential in filtering the data generated from the FSR sensors. As
not all of the data generated is smooth and presentable through LabVIEW, this tool is
used so that the data can be filtered with correct order of particular type of filter
before displaying out the data through LabVIEW. By using this filter, the suitable
order of particular type of filter can be set with the purpose to display a better result

for data monitoring and analyzing.

______
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Figure 4.5: Filter adjustment front panel interface
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From the front panel interface, there are three waveform graphs, which are
“Signal”, “Signals In”, and “Filtered Signal”. The adjustment of the filter can be
done in real-time by monitoring the changes and smoothening of the graphs. There
are few options provided in the front panel to let user select the required parameters,
such as filter topology, filter type, lower cut-off, upper cut-off, and order. Besides,
there is “Error In” and “Error Out” provided for the alert function if there is any error

occurred along the filtering process.
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Figure 4.6: Filter adjustment block diagram interface
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From the block diagram interface, there are some inputs need to be set to let
the filter functions as normal, like what shown at the front panel. This can be
consider as an advanced type of filter that can be used to figure out the suitable filter
parameters before data processing and data analyzing can be carried out in order to

produce a better and accurate results for this project.

4.2.2 Read From Text File

After recording the results, analysis tool is need to re-open or post-processing the
data collected for future data analyzing or any advanced data analysis. This is
important especially when errors or mistakes occurred; recorded data needs to be

checked. This can be done by using the “Read From Text File” VI as shown below.
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[ ® o] [tptviog Font__| ][] [ 5]
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Figure 4.7: Read from text file front panel interface
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From the front panel interface, the data that recorded in the text file format
(output readings) will be showed at the “Data String” column which is normally the
force peak values. For the “Data Graph”, it is used to convert the recorded results
into a presentable graphical form. Well, the “Time Stamps” is functioned to
displayed out all recorded results according to the recording time and the FSR
sensors output. Hence, user can select the data to be viewed by clicking the required

period inside the “Time Stamps”.
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Figure 4.8: Read from text file block diagram interface
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From the block diagram interface, there are six major parts to form the
working operation of this “Read From Text File”. First, file dialog will be opened to
select the file to read. The selected file will be read and displayed in string indicator.
Then, the second part is used to convert the tab delimited string into string array and
strip time information. Next, the string array of time stamp data will be loaded into
the list box.

A while loop is used to convert the 2D string array of data to numeric array
and pass into graph indicator. A list box is used to select the index of data to plot. A
wait function is used for front panel activity to pause the while loop until it detects a
front panel activity. After that, front panel controls of current data will be cleared.

The last part of this block diagram is used for the errors checking.
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Figure 4.13: Example of text file created
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4.3 Gait Simulation

As mentioned earlier at the previous chapter, a few gait simulations are chosen to be
discussed here besides the subject testing which involved in common human
locomotion activities. A subject is asked to help in conducting the simulations and
the gait simulation is completed around 30 minutes. The results of each type of

simulation including the initial testing will be showed and explained further in the

following sub-sections.

4.3.1 Initial Testing

The initial test is important in making sure that all the FSR sensors are working
properly in a good condition by monitoring with LabVIEW. Eight FSR sensors are

being tested separately and some output readings being generated as followed.
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Figure 4.14: Initial testing of sensor L1
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Figure 4.15: Initial testing of sensor L2
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Figure 4.16: Initial testing of sensor L3
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Figure 4.18: Initial testing of sensor R1
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Figure 4.19: Initial testing of sensor R2
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Figure 4.20: Initial testing of sensor R3
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Figure 4.21: Initial testing of sensor R4
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Figure 4.22: Combined readings for all sensors



162

By referring to the combined readings for all sensors, the measurable peak of
forces is obtained at approximately 5.90 N. Hence, the maximum weight that can be
distinguished by the system is around 0.60 kg. By converting this force to voltage, it

is correlated to the maximum achievable voltage of 2.83 V.

4.3.2  Static Device with No Inputs

In this situation, static device with no inputs refers to the device when FSR sensors
are not connected and the subject is not wearing the device. The purpose is to
identify the noises created by the devices, like PIC18F4550 microcontroller, SK40C
enhanced 40 pins PIC start-up kit, and XBee starter Kit.
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Figure 4.23: Static device with no inputs results by LabVIEW

From the results obtained, it can be observed that the values fluctuate at an
average force between 20 N and 50 N for all graphs. By converting this force to
voltage, it is correlated to the maximum achievable voltage of 23.99 V. These forces

are referred as noises created by those devices.
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There is unstable decrease and increase of the waveform in each graph
probably because it is the combination of noises created by those devices. To reduce
these noises, filter circuits can be used before the inputs and after the outputs.
However, such filter is not taken into consideration in this project as the effect might
not be that significant. The standard value when there are no readings from the FSR
sensors will be assumed to be around O N to 1 N.

4.3.3  Static Device with Static Forces Inputs

Static device with static forces inputs refer to the devices which is connected with
FSR inputs but not worn by subject. The purpose of this is to observe the effect of
the FSR on the outputs, especially when the FSR sensors are not applied with any
forces. It should not be worn and not being placed into a shoe during this simulation
because different type of shoes consists of different patterns, shapes, and sizes of

insole sheet.
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Figure 4.24: Static device with static forces inputs results by LabVIEW
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From the results obtained, there are no waveforms displayed for all graphs
after the FSR sensors are connected. This is reasonable as the sensors which being
used in this system is the force sensors where they only generate outputs when there
is any force applied to them. Hence, no waveforms should be detected by connecting

the sensors in the condition where no any external forces have been applied to them.
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Figure 4.25: Static device with static forces inputs results by HyperTerminal

For the results generated by HyperTerminal testing, there is no any input
from those devices. This is due to the reason that no forces changes are being
detected by the FSR sensors, which is connected to the devices in this case. Hence,
there is no input generated from the sensors into the microcontroller and send

through XBee module to computer for recording.
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4.3.4  Standing

A subject with weight approximately 45 kg is asked to follow the instructions and
stand with the required position in order to conduct this simulation. The duration for
this simulation is exactly 10 seconds. The results obtained are plotted in the graphs as
followed.
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Figure 4.26: Standing results by LabVIEW

From the results obtained, the waveforms of forces fluctuated between values
of above 0 N and below 50 N. Hence, the maximum weight that can be distinguished
by the system is around 5.10 kg. By converting this force to voltage, it is correlated

to the maximum achievable voltage of 23.99 V.

Comparing with static device with no static forces inputs, the range of forces
generated in this case is slightly higher. However, the force distribution is quite
consistent for some sensors and the no results have been generated for the other
sensors. This is because there are always little movements of human body and the

subject cannot stand completely still.
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435 Sitting

In sitting simulation, a subject with weight approximately 45 kg is asked to follow
the instructions, sit on a chair, and maintain the same position while the information
is collected from the FSR sensors for exactly 10 seconds. The results obtained are
plotted in the graphs as followed.
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Figure 4.27: Sitting results by LabVIEW

From the observed results, it shows that the forces detected by sensors have
the peak value of 0.30 N and below it. Hence, the maximum weight that can be
distinguished by the system is around 0.03 kg. By converting this force to voltage, it
is correlated to the maximum achievable voltage of 0.14 V.

The forces detected by the sensors are not high as expected where fewer
sensors are generating results compared to standing position. This is because the
subject is sitting while the foot is just in contact with the floor. Therefore, not much
pressure pressing the foot towards the floor. Hence, light forces are applied to certain
of the sensors only.
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43.6  Walking

In this simulation, a subject with weight approximately 45 kg is asked to follow the
instruction and walk at a normal and natural pace. The subject is asked to wear the
instrumented insole and walk on the treadmill with 4 km/h (at least 30 steps) in this
simulation for 60 seconds. The results are as followed.

L1 - Big Toe (Hallux) Filtered QWY | L2 - First Metatarsal Fitered WY | 13 - Fifth Metatarsal Filtered [N | L4 - Heel Fittered NG
60 -

w-f ] ||
| I r| ||”

40

40+
308
20_
10-

20-8
A

\n'\uuﬂ‘” {

“” il

[Ili

Force
Force
Force
Force

U-
-10-

i
i ||‘lmh‘ ‘”l.i"'u‘h”l"

U—

i -10-1 -20-1
0.01 0.01 0 0.01 0
Time Time Time Time
L1 - Big Tee (Hallux) L2 - First Metatarsal L3 - Fifth Metatarsal L4 - Heel
0 o 0 0
R1- Big Fitered W | R2- First Metatarsal Fitered PR | F3-Fifth Metatarsal Fitered RN | Ré - Heel Filtered PG

i

|‘ ”ﬂ‘ Il ‘

. 1||
‘[I ‘]HI

¥
] [
H|| HM| i ||}|”“.ll|l|'ul|| |H|‘

|||||'|J Il

Force
Force
Force
Force

il
0 ||||| ||“||“l|l|l|‘“|'

'l||1||l ”] m |l||

10- I|]

0.01

Time Time

Rl - Big Toe (Hallux) R2 - First Metatarsal R3 - Fifth Metatarsal R4 - Heel
0 o 0 [

Figure 4.28: Walking results by LabVIEW

The sensors showed fluctuations in the waveform generated with between 40
N and 60 N. Hence, the maximum weight that can be distinguished by the system is
around 6.12 kg. By converting this force to voltage, it is correlated to the maximum
achievable voltage of 28.79 V.

By observing the results, eight sensors show comparable outcomes where
stable peaks are formed. The graphs showed that the forces applied beneath each side
of the foot changes continuously when a person walking. The changes are considered

random and quite consistent for each step that has taken.
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4.3.7  Running

In running simulation, a subject with weight approximately 45 kg is asked to follow
the instruction and run at a faster than normal pace. The subject is asked to wear the
instrumented insole and walk on the treadmill with 6 km/h (at least 30 steps) in this
simulation for 60 seconds. The results obtained are plotted in the graphs as followed.
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Figure 4.29: Running results by LabVIEW

From the results, the sensors detected forces within a wider range than in
walking simulation, which is between 25 N and 80 N. Hence, the maximum weight
that can be distinguished by the system is around 8.15 kg. By converting this force to

voltage, it is correlated to the maximum achievable voltage of 38.39 V.

These results matched the simulation carried out because when the subject is
running. More peaks are formed in an unstable condition with a big fluctuation. The
force applied beneath the foot changed in a rapid sequence from time to time
continuously and the waveforms are more packs or being repeated rapidly compared

to the normal walking.
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4.3.8  Summary of Results and Discussion

Each type of simulation has it characteristics and peak value which is different from
others. From the results collected throughout the simulation, results are within the
range of forces values from 0 N to 80 N. This is quite a big range which might due to
the different simulation characteristics will produce different patterns of waveform
graphs.

By referring to static device with no inputs and static device with static forces
inputs simulation, there are some noises generated by the devices. This is a normal
phenomenon as most of the electronic devices will generate noises. However, these
noises can be reduced as mentioned before but cannot be removed. This simulation is
essential to let user figure out the standard value when there are no readings from
FSR sensors so that assumption can be made for other simulations.

For the standing simulation, the forces applied are different on each sensor.
Obviously, the sensor L4 and R4 (heel) exerted the most forces as they spike from
the graphs and stay constantly higher than the rest of the sensors. On the other side,
the forces exerted by L1, L2, L3, R1, R2, and R3 (big toe, first, and fifth metatarsals)

are relatively same with not much differences as they located near to each other.

In sitting simulation, the forces applied here are not as high as in standing
simulation. In this case, the sensor L1, L2, L4, R1, R2, and R4 (big toe, first
metatarsals, and heel) exerted the no forces as there is the body is not supported by
foot. The forces exerted for supporting the body weight is being separated and shared
by the chair. For other sensors like L3 and R3 (third metatarsals) are relatively same

with not much differences in this simulation.

For the walking simulation, the pressure distribution is different compared to
the results obtained from standing and sitting. By observing the waveform graphs,
sensor L4 (heel) in left foot gave the first spike in the graph where the stance phase is
started with the heel strike. The waveforms are then followed by the sensor L3 (fifth
metatarsals), and L2 (first metatarsals). This showed that there is a transition of

pressure from the back to the front of the foot.
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At the end, sensor L1 (big toe) gave the last spike in the graph which
indicates the ending of stance phase. This pressure is exerted by the big toe which
indicates the action of toe off where the toe is pushing off to propel the body forward.
After that, there is a short pause where no spikes are seen on the graph before another
heel strike recorded. Swing phase is represented by this short pause where no
pressure is exerted to the floor as the foot is lifted off. There will be the same actions

occurred for the right foot.

In running simulation, the pressure distribution is likely the same as in
walking simulation but with a rapid sequence. The first spike starts at the sensor R4
(heel) in the right foot which indicates the starting of stance phase. The waveforms
are then followed by the sensor R3 (fifth metatarsals), and R2 (first metatarsals). This
showed that there is a transition of pressure from the back to the front of the foot in a

faster sequence.

At the end, sensor R1 (big toe) gave the last spike in the graph which
indicates the ending of stance phase. The action of toe off occurred is bigger
compared to walking simulation where the toe needs more forces is to push off to
propel the body forward. After that, swing phase is occurred and represented by the
short pause where the foot is lifted off. Again, this swing phase is shorter by roughly
33% than the swing phase in the walking simulation. There will be the same actions
occurred for the left foot.

From the results obtained, the force distribution trends are studied to
distinguish common locomotion activities of human being, such as standing, sitting,
walking, and running. However, the results are only applicable to particular test
subject and more results are required to prove these initial readings. Therefore, there

IS subject testing being conducted for future researching and data analyzing.



171

4.4 Subject Testing

The subject testing will be conducted for roughly for less than one week (four days),
from March 28, 2011 until March 31, 2011. The results of the body segment and
circumferences measurement (anthropometric dimensions), and each type of
locomotion activity in the subject testing will be discussed in the following sub-
section regards the subject information and results from the gait simulation after

processing and analysing.

4.4.1  Subject Information

The recruitment of this subject testing is carried out for one week (seven days),
which started from March 21, 2011 until March 27, 2011. Total of 30 subjects are
recruited for the validation of the instrumented insole system and nine groups are

formed. A complete schedule for this subject testing is attached at Appendix F.

There are 50% (15) of male volunteers and 50% (15) of female volunteers
with the ages between 20 to 28 years old where the development of gait is completed
and no degenerative changes related to aging are present. Besides, all of them are
from biomedical engineering where one if from year one trimester one, three of them
are from year three trimester one, ten of them are from year three trimester three, one
of them is from year four trimester one, and 15 of them are from year four trimester
three. Statistically, the range for height is from 152 cm to 182 cm, whereas the

weight is falls between 40 kg to 93 kg.

They are provided with identification number consecutively from 1 to 15 for
both female and male subjects and dividing into nine different groups. As the results
collected will be analyzed and grouped according to subject’s gender. Thus, there
will be an alphabet identification of “M” for male and “F” for female in front of their
identification number. Therefore, there will be total of two set of results will be

processed and analyzed.
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For the size of shoes, one of them is between size 3.1 to 4.0, three of them are
between size 4.1 t05.0, and five of them are between size 5.1 to 6.0, seven of them
are between size 6.1 to 7.0, four of them are between size 7.1 to 8.0, five of them are
between size 8.1 to 9.0, four of them are between size 9.1 t010.0, and one of them is
between size 10.1 to11.0. All the subjects’ information regarding the identification
number and alphabet, gender, age, height, weight, size of shoe, brand of shoe, and

group for conducting the gait simulation are listed in detail at the Appendix G.
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Figure 4.30: Pie chart of gender statistical distribution for subject testing
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Figure 4.31: Bar chart of age statistical distribution for subject testing
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Figure 4.32: Pie chart of age statistical distribution for subject testing
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Figure 4.33: Pie chart of course (year/trimester) statistical distribution for

subject testing
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Figure 4.34: Bar chart of height statistical distribution for subject testing
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Figure 4.35: Pie chart of height statistical distribution for subject testing
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Figure 4.36: Bar chart of weight statistical distribution for subject testing
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Figure 4.37: Pie chart of weight statistical distribution for subject testing
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Figure 4.38: Bar chart of size of shoe statistical distribution for subject testing
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Figure 4.39: Pie chart of size of shoe statistical distribution for subject testing
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Figure 4.40: Pie chart of brand of shoe statistical distribution for subject testing
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Figure 4.41: Pie chart of group statistical distribution for subject testing

4.4.2  Summary of Results

For the overall results collected from the subject testing, each type of locomotion
activity consists of different characteristics and peak value along the period of
subject testing. The collected results are within a big range, from 2 N to 429N which
might due to the different simulation characteristics, patterns of walking by different

subjects, and even the different brand and structure of subjects’ shoes.

All the data collected are being summarized into tables and charts at
Appendix H. The results and parameters of different locomotion activities are
grouped according to genders and being summarized into the tables respectively, like
walking speed, step length, step time, cadence, max applied force, force weight ratio
and so on to make better use of numerical data relating to walking and running

locomotion activities of the subject testing only.

The statistical data included the mean, median, standard deviation, and the
variance of the subject testing is being added as part of the results. It cannot be
denied that those data are useful for doing comparison with other researches and also
wit own simulation results. Furthermore, bar charts are showed to represent all the

statistical distribution of collected results in graphical form.
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The mean values are calculated for the walking speed, step length, step time,
stride length, stride time, cadence, and so forth. Mean is the sum of the data collected
divided by the number of data collected. For example, the mean of the height of the
male subjects is the sum of the height of all male subjects divided by the number of

male subjects in the testing. It describes the central location of the data collected.

Next, median is described as the numeric value separating the higher half of
the testing from the lower half. The median of the data is found by arranging all the
observations from the lowest value to the highest value where the middle one will be
picked. The data of subjects which are less than and greater than the median can be

differentiated through this numerical method.

For the standard deviation, it is widely used to measure the variability or
dispersion of data. It shows how much variation there is from the mean generated. A
low standard deviation indicates that the data points tend to be very close to the mean,
whereas high standard deviation indicates that the data is spread out over a large

range of values.

The square root of the standard deviation is the variance. The amount of
variation within the values of the variable can be measured by taking account of all
possible values and their probabilities or weightings. The standard deviation and the
expected deviation can both be used as an indicator of the “spread” of the testing

distribution.

At the last part of the summary of results, a comparison of mean values for all
parameters is made and analyzed between the genders. The purpose to do so is to
find out the difference of the mean of all the parameters between male and female
participants in the testing. This can be done by subtracting the parameters from two

genders as the formula below.

Difference = Meany — Meang (4.2

where Meany, = Mean for male subjects
Meang = Mean for female subjects
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However, the difference formula is not sufficient to show the differences
between the genders clearly. The range is not showed numerically and this will make
the data to be analyzed difficultly especially when the data involved in large decimal
points or digits, such as max applied force. Thus, the percentage of error is needed to
further confirm the range of difference of mean values in each parameter between

male and female subjects. The formula is as followed.

Difference

%Error = W x 100% (42)

For the parameters in the walking and running simulation, there are negative
and positive values existed in the difference and percentage of error. For the negative
values, it means that the parameters results from female subjects are larger than the
male subjects and vice versa for the positive values. Overall, the male values are

more than the female values for both walking and running simulations as expected.

The difference and percentage of error for walking speed, cadence, max
applied force, and force weight ratio are existed in negative values which mean that
those parameters are being monopolized and controlled by female subjects.
Meanwhile, the anthropometric data, except the age, the height, weight, foot, ankle-

to-knee, and ankle-to-thigh length of male subjects are larger than female subjects.

There are statistical difference between the subject testing of male subjects
and female subjects in different locomotion activities. In general, male subjects have
a longer stride and step length, but take fewer steps per minute in walking
locomotion activities, as compared to female subjects. In overall results, male
subjects have longer stride length as expected with fewer steps and these two factors
combine to give male subjects a slightly faster velocity than female subjects.

In healthy subjects with normal gait, age does not have a measurable effect
on gait unless the population includes older subjects. In this subject testing, the range
of subjects’ ages involved is less than 10 years, and thus not much comparison can
be made between the ages. For a group of subjects aged from 20 to 28 years in this
subject testing, the walking speed is maintained within in each locomotion activity.
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For the statistical differences in subjects’ height, the range is from 152 m to
168 m for female subjects and 160 m to 182 m for male subjects. There is a weak
correlation between step and stride lengths with height during running locomotion
activity, but a stronger correlation exists during walking locomotion activity. The
group of male and female subjects (leg length generally corresponds to height) found
only 7.53% different of the height distribution between male and female subjects.

On the other sides, the weight range for female subjects is from 41.06 kg to
71.32 kg and 50.72 kg to 91.45 kg for male subjects. In this statistical difference,
there is a weak correlation between force weight ratios with weight during running
locomotion activity, but a stronger correlation exists during walking locomotion
activity. Total of 26.22% different between the weights distribution between two

genders.

Size and brand of shoe is not considered as one of the factor that can affect
the gait simulation in subject testing. There are nine different size and 14 brands of
shoes used by subjects in this testing. From the mean values showed in tables and bar
charts, there is not much different for each size of shoe. This can be explained by the

equal forces distribution from different size of shoes in this testing.

So, the hypothesis of both simulations is made where the larger values of the
anthropometric data might influence the step length, step time, stride length, stride
time, walking speed, cadence, and force weight ratio. Another hypothesis is that a
few parameters might be affected by the anthropometric data inversely, which means
the larger the difference and percentage of error for the anthropometric data, the

more the negative values the few parameters will be.

The force distribution trends are being studied well through the subject
testing where the common locomotion activities of human being are distinguished
with different gait parameters. Valuable data and results are being collected from this
subject testing for further data processing and analyzing. The overall results
generated are quite satisfied and matched with the readings from gait simulation
reasonably. Hypothesis is made for the testing but further research has to be carried

out in order to prove the accuracy and consistency of the hypothesis.
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4.4.3  Benchmarking of Results

After processing and analysing the results collected, it is essential to benchmark the
present results with other studies to understand the differences between the
anthropometric details, parameters, and gait patterns of subject testing and
experiment from other countries. There are four kind of benchmarking will be done,

which are between genders, between devices, normal, and abnormal gait.

4.4.3.1 Benchmarking between Genders

First, a benchmarking between genders is made to study the differences of forces
applied for female and male subjects during the standing, sitting, walking, and
running locomotion. The average, maximum and minimum peak forces for female
and male subjects during all kind of locomotion have been tabulated and represented

graphically at Appendix I.

For the standing locomotion, most of the average and maximum peak forces
for female subjects are higher than male subjects with more negative values of
difference and percentage. But, the minimum peak force for male subjects is
comparatively higher than female subjects. Overall, the range of average peak forces
by both subjects are from 1.02 N to 13.03 N, the highest value for maximum peak
force is 400 N by female subject, and the lowest value for minimum peak force is 2

N by most of the subjects.

By comparing the graphs of overall peak forces for female subjects, more
forces have been applied at the left foot, especially at the heel region (L4). For the
right foot, more forces are concentrated at the first metatarsal region (R2). The range
of the forces from left foot is wider than the right foot where the maximum peak
forces are around 1100 N from left foot and 1000 N from right foot. Therefore, by
analyzing the forces distribution during standing locomotion, female subjects tend to
shift their left foot to heel region and shift inner around the metatarsal region for their
right foot.
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Same for the male subjects, more forces have been applied at the left foot
around the heel region (L4). For the right foot, more forces are distributed at the first
metatarsal region (R2) which is slightly same with the female subjects. The
maximum peak forces from left foot are around 1200 N and about 850 N from right
foot. After analyzing the overall peak forces for male subjects, it can be concluded
that male subjects tend to shift their left foot to heel region and shift inner around the

metatarsal region for their right foot during standing locomotion.

By observing the overall peak forces from both foot for female and male
subjects during standing locomotion, the graphs showed that more forces have been
used by female subjects than male subjects. Most peak forces are below 2000 N for
female subjects and below 1500 N for male subjects which are about 500 N different
between both subjects. However, the results for male subjects are more reasonable
compare with the female subjects. The inaccuracy of results might be caused by
some factors, like the standing position, body angle while standing either forward or

backward by referring to the vertical direction of standing posture.

Like standing locomotion, most of the average and maximum peak forces for
female subjects are higher than male subjects with negative values of difference and
percentage for the sitting locomotion. In addition, minimum peak force for female
subjects is higher than male subjects as well. Overall, the range of average peak
forces by both subjects are from 0.05 N to 11.69 N, the highest value for maximum
peak force is 386 N by female subject, and the lowest value for minimum peak force

is 2 N by most of the subjects.

By comparing the graphs of overall peak forces for female subjects, more
forces have been applied at the left foot, especially at the heel region (L4) which is
same as the standing locomotion. For the right foot, more forces are concentrated at
the first metatarsal region (R2). The range of forces from left foot is wider than right
foot where the maximum peak forces are around 1300 N from left foot and 500 N
from right foot. Therefore, by analyzing the forces distribution during sitting
locomotion, female subjects tend to shift their left foot to heel region and shift inner
around the metatarsal region for their right foot.
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Same for the male subjects, more forces have been applied at the left foot
around the heel region (L4). For the right foot, more forces are distributed at the first
metatarsal region (R2) which is slightly same with the female subjects. The
maximum peak forces from left foot are around 600 N and below 250 N from right
foot. After observing the overall peak forces for male subjects, it can be concluded
that male subjects tend to shift their left foot to heel region and shift inner around the

metatarsal region for their right foot during sitting locomotion.

By monitoring the overall peak forces from both foot for female and male
subjects during the sitting locomotion, the graphs showed that more forces have been
used by female subjects than male subjects. Most peak forces are around 1200 N for
female subjects and below 800 N for male subjects which are about 400 N different
between both subjects. Less force has been applied in this locomotion as expected
because not much force will be used to support the body while sitting. But, the
results showed for female subjects are less reasonable as the values should be lower

than male subjects according to their ranges of body weight.

In the walking locomotion, most of the average peak forces and maximum
peak forces for female subjects are higher than male subjects by getting more
negative values of difference and percentage. However, the minimum peak force for
male subjects is comparatively higher than female subjects. Overall, the range of
average peak forces by both subjects are within 1.68 N to 12.79 N, the highest value
for maximum peak forces is 417 N by female subjects, and the lowest value for

minimum peak force is 2 N by most of the subjects.

By observing the graphs of overall peak forces for female subjects, overall
forces are distributed equally at both foot and all the foot regions. The range of
forces applied is similar for both foot, which are below 2000 N. Compare to previous
locomotion, the forces generated in this locomotion are more pack, concentrated, and
saturated. The peak forces generated during each step taken by the subjects can be
monitored clearly along the walking locomotion. Therefore, the results showed that
the pattern and forces applied by female subjects are distributed equally beneath the

foot region during walking locomotion.
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Same for the male subjects, overall forces are generated and distributed
equally at both foot. The range of forces applied is slightly lower than female
subjects, which are below 1600 N. Unlike female subjects, forces applied at the heel
region (L4 and R4) from both foot for male subjects are comparatively lower than
other regions. Compare to previous locomotion, the forces generated in this
locomotion are more pack, concentrated, and saturated as well. By referring to the
results, it can be concluded that male subjects tend to use the front part of the foot

region rather than heel region during walking locomotion.

From the graphs of overall peak forces from both foot for female and male
subjects, more forces have been generated by female subjects than male subjects.
Most peak forces of female subjects are around 2500 N and 2000 N for male subjects
which are about 500 N different between both subjects. Obviously, the range of
forces applied is bigger for female and comparatively more steps have been taken
than male subjects. The results for walking locomotion are quite reasonable and
acceptable as the forces generated during walking locomotion are normally one to

one and half times more than the body weight.

Like previous locomotion, most of the average and maximum peak forces for
female subjects are higher than male subjects with more negative values of
difference and percentage for the running locomotion. Besides, most of the minimum
peak forces for male subjects are higher than female subjects. Overall, the ranges of
average peak forces by both subjects are from 0.90 N to 15.54 N, the highest value
for maximum peak forces is 429 N by female subjects, and the lowest value for

minimum peak force is 2 N by most of the subjects.

The overall peak forces generated by female subjects from left foot is slightly
lower than the right foot. However, the forces have been applied at both foot are
equally distributed like in the walking locomotion. During running locomotion,
forces are generated more at the big toe (L1) and first metatarsal (L2 and R2) regions.
The range of forces from right foot is wider than right foot at this locomotion where
most peak forces are around 1000 N from left foot and around 1500 N from right
foot. By analyzing the forces distribution in this locomotion, female subjects tend to

apply more forces and use the front part of foot while running.
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Same for the male subjects, more forces have been applied at the right foot
than left foot. Most of the forces have been applied around the big toe (L1) and first
metatarsal (L2 and R2) regions which is slightly same with the female subjects. Like
in the walking locomotion, fewer forces have been generated at the heel (L4 and R4)
regions for both feet. Most peak forces from left foot are around 800 N and below
1000 N from right foot. After observing the overall peak forces for male subjects, it
can be concluded that male subjects tend to shift their body much more to the front
where more forces will be concentrated at the front part of the foot and there are only

a little or light movement for the heel regions during running locomotion.

By monitoring the overall peak forces from both foot for female and male
subjects during the running locomotion, the graphs showed that more forces have
been used by female subjects than male subjects as usual. Most peak forces are
below 3000 N for female subjects and below 2500 N for male subjects which are
about 500 N different between both subjects. Obviously, the range of forces applied
is bigger for both subjects and comparatively more steps have been taken than during
the walking locomotion. Results showed that more force has been applied in this
locomotion as expected because the forces used during running locomotion are

normally two to three times more than the body weight.

After observing and analyzing all of the locomotion, the force distribution
trends are being studied well through this subject testing where the common
locomotion activities of human are being distinguished by monitoring the pattern,
concentration, and saturation of peak forces generated. The average, maximum and
minimum peak forces have been calculated and tabulated accordingly. The overall
results generated by each sensors of the insole system are quite satisfied and matched
with the theory from gait simulation reasonably. However, some of them are not
close to the ideal values which might be affected by certain internal or external

factors.
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4.4.3.2 Benchmarking between Devices

Apart from the benchmarking between genders, an additional benchmarking between
devices is performed as well for the instrumented insole system and treadmill system.
The data like average, maximum and minimum peak forces are being calculated and
tabulated for a clear understanding. Furthermore, graphs are plotted to show a clearer

picture of the overall peak forces generated from both foot for both subjects.

The range of average peak forces for running locomotion is wider than the
walking locomotion, where the values are around 310.46 N between female and male
subjects in running locomotion from 565.42 N to 875.88 N. For walking locomotion,
there is about 136.41 N different between female and male subjects which is from
395.44 N to 531.85 N. Overall, the average peak forces for running locomotion is
higher than walking locomotion, which are 720.65 N and 463.65 N respectively.

The maximum peak forces achieved for walking locomotion is lower than in
the running locomotion as expected where an overall peak forces of 1342.60 N for
walking locomotion and 1766.49 N for running locomotion. For minimum peak
forces, forces generated in the walking locomotion are lower than the running

locomotion, which are 345.66 N and 427.86 N for running locomotion.

For walking locomotion, the overall peak forces recorded by insole system
are within 500 N to 4500 N. At the other side, the overall peak forces recorded by
treadmill system are lower than the insole system, where all the peak forces
generated are below 3500 N. Next, the overall peak forces recorded during the
running locomotion are higher than the walking locomotion, where the peak forces
recorded by the treadmill system is around 4000 N and 4500 N by the insole system.

Obviously, there is a wide range of forces recorded by the insole system
which is around 4000 N but there is a small range of forces detected by the treadmill
system for both locomotion. Moreover, steps that taken by the subjects can be
observed clearly in the results recorded by insole system. For results recorded by the
treadmill system, not much change of peak forces can be monitored where the trend

line is less fluctuated as compare to results recorded by insole system.
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Furthermore, the big fluctuation of trend line showed at the graphs recorded
by insole system provides the maximum and minimum peak forces for each step that
have been taken by subjects from time to time in both locomotion which cannot be
showed at the graphs recorded by treadmill system. The graphs showed for this
comparison which are recorded by the insole system are the results from combination
of all sensors for both foot. As mentioned in previous comparison, peak forces
generated at different regions beneath the foot can be detected by different located
sensors. Thus, insole system can provide both separated and combined peak forces

according to different type of analysis and requirements.

Through this benchmarking, the advantages of using insole system in
detecting the peak forces generated by subjects during each locomotion are being
discovered and identified. It can be concluded that treadmill system is used
particularly to provide a general peak forces generated beneath the foot but not as
advance as insole system which is able to detect the peak forces at different regions
beneath foot, the steps taken by the subjects, and even displaying out the maximum
and minimum peak forces applied by the subjects at all of the locomotion either
separately or combined together in a graphical form.

4.4.3.3 Benchmarking for Normal Gait

Some data from several researches and studies from other countries regarding the
normal gait analysis are used in this benchmarking with the present results. The
comparison tables between the present subject testing and other studies are showed at
Appendix I. The lists of data from other researches and studies which used in the

benchmarking are showed at the table below.

The earliest gait analysis which found for the benchmarking is by Oberg and
his colleagues at 1993 which is about the basic gait parameters for normal subjects.
For the study done by Auvinet and his colleagues involved in a big population which
is around 200 subjects. But there are four times lesser for study of Titianova and his

colleagues with quite a big range, from 21 to 61 years old.
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For the studies done by Korea and Netherland researchers are the few studies
from the table above which has the group of subjects whose age is nearer to the
present subject testing. Studies from Canada (McKean, Landry, Hubley-Kozey,
Dunbar, Stanish, and Deluzio, 2007) and Japan (Yu, Riskowski, Brower, and
Sarkodie-Gyan, 2009) showed quite a big range of age for the subjects involved in

their testing, which is roughly from 18 to 65 years old.

Table 4.1: Demographic Information and analysed parameters of previous gait

analysis for normal gait

Study (Year) Nationality of  Number of Subjects Age of
Population (Male, Female) Subjects

Oberg et al. (1993) Sweden 30 (M: 15, F: 15) 20-29
Auvinet et al. (2002) France 282 (M: 138, F: 144) Over 20
Titianova et al. (2004) Finland 62 (M: 21, F: 41) 21 -61
Cho et al. (2004) Korea 98 (M: 51, F: 47) 20-29
Ryu et al. (2006) Korea 32 (M: 20, F: 12) 20-29
McKean et al. (2007) Canada 42 (M: 18, F: 24) 35-65
Senden et al (2009) Netherlands 20 (M: 10, F: 10) 20-29
Yu et al. (2009) Japan 10 (M: 5, F: 5) 18 - 49

Two tables are formed to tabulate the data for comparison between present
results and eight of other studies for both male and female subjects from a few
countries. There are certain parameters are not stated or listed in some of the studies
and thus some of the parameters are not available for the comparison. In the
comparison, almost all the subjects from those studies are around twenties years old,
which is the same as the present subject testing. This is important as the walking
speed and step length might be affected by the age of subjects.

For female subjects, there are a few differences can be noticed from the
comparison of normal gait parameters for female subjects. First, there is a different
between the height of subjects from Asia and Western. The height for Asia female

subjects are around 1.58 to 1.60 m and 1.65 to 1.70 m for Western female subjects.
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Obviously, female subjects from Malaysia, Japan, and Korea share the similar
heights due to the smaller physical condition of body of Asia countries.

In the weight aspects, it is common for Western female subjects to be higher
because they are taller than Asia female subjects, and yet, in this case, the Malaysia
female subjects have the mean of weight which is much lighter than the female
subjects from Japan. This might be caused by the difference of nationality and the
lifestyle that affect the physical condition of body indirectly in different countries.

However, this might not affect much to other parameters in the studies and testing.

By comparing to other population, the walking speed of Malaysia female
subjects is not comparable as a constant speed is set for the present testing. However,
Asian country showed a slower walking speed than the other countries for the female
subjects, such as Korea and Japan, which is more or less having the similar walking
speed. For female subjects from Japan and Korea, the walking speed is around 0.88

to 1.12 m/s, where the other countries vary from 1.24 to 1.54 m/s.

The step length of female subjects from Malaysia is higher than other
countries including the Asian countries, which is 0.94 m. The mean of the step length
in the studies for female subjects from Korea, and Sweden are around 0.59 to 0.61 m,
whereas for the France, Finland, and Netherlands are having the step length around
0.74 to 0.75 m. This may due to the differences of leg length, height, and walking
speed between the countries. Thus, stride length is larger than the Asian and Western

countries too.

The cadence of the female subjects from France, Finland, Netherlands, and
Sweden are higher than female subjects from Korea and Malaysia. The cadence for
the Western countries is around 120.24 to 124.80 step/min which is higher than male
subjects as well. For Asia country, around 107.30 to 112.50 step/min of cadence is
achieved. This might caused by the culture of different countries which the rhythm of

living is slower than other countries.

On the other hands, the mean of height and weight for male subjects from the

present testing is close to the studies from the Asia country. This may be one of the
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factors that affect the walking speed for Asia subjects, including the present results,
which is slower for the male subjects from Asian compare to Western countries. This
might due to the same ratio of height and leg length of the population. However, a
constant speed is set for the male subjects in the testing and hence, not much

comparison can be done for this walking speed parameter.

In this benchmarking, the step and stride length of present results is slightly
larger with the studies from other countries, which are 1.06 m and 1.92 m. The mean
of the step length in the studies for male subjects from Sweden, Finland, Japan, and
Korea are around 0.62 to 0.74 m, whereas for the France and Netherlands are having
the step length about 0.83 m. For the stride length, the male subjects from Finland
are having much longer stride than the male subjects from Korea and Japan but lower

than the male subjects from Malaysia.

The male subjects from Finland produced the highest cadence, which is
120.80 step/min and the lowest is achieved by the male subjects from Malaysia with
89.68 step/min. This showed that more steps are taken by male subjects from Finland
in a minute which approximately 0.50 seconds to step for a distance of 0.74 m. For
the other countries, like Korea, France, Netherland, and Sweden, the male subjects
scored around 107.24 to 118.80 step/min.

In conclusion, a few differences between the subjects from Asia and Western
are being determined, like in the aspects of height, walking speed, step length,
cadence, and so on. This might due to certain uncontrolled or controlled reasons and
factors, such as physical condition of body, lifestyle, and nationality. It can be
concluded that most of the parameters affect or change proportionally to each others.
However, there are still a lot of parameters not included in this benchmarking which
can be improved by considering more factors from every aspect, like races or ages in

future.
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4.4.3.4 Benchmarking for Abnormal Gait

Except for the normal gait comparison, some data for abnormal gait are being
compared with the present testing results as well. Most of the abnormal gaits are
taken from subjects with disabilities or diseases, such as multiple sclerosis and
Parkinson’s disease. The comparison table is showed at Appendix I. The lists of data
from other researches and studies which used in the abnormal gait benchmarking are

as followed.

Table 4.2: Demographic Information and analysed parameters of previous gait

analysis for abnormal gait

Study (Year) Nationality of Number of Subjects Age of
Population (Male, Female) Subjects

Bogataj et al. (1997) Austria 20 (M: 20, F: 0) 40 - 49
McKean et al. (2007) Canada 39 (M: 24, F: 15) 35-65
Morris et al. (2008) USA 5(M:2,F:3) 54 77
Chen et al. (2009) China 24 (M: 19, F: 5) 4-12
Givon et al. (2009) Israel 81 (M: 28, F: 53) 22-41
Verghese et al. (2010) USA 40 (M:0, F: 40) Over 70
Tanaka et al. (2010) Japan 43 (M: 0, F: 43) 50 - 60
Allet et al. (2010) Switzerland 71 (M: 35, F: 36) 55-71
Gaudreault et al. (2010) Canada 11 (M: 5, F: 6) 7-15

By referring to the table above, the earliest study is by Bogataj and his
colleagues at 1997 for 20 stroke subjects. After that, a study on osteoarthritis subjects
from Canada is studied by McKean and her colleagues. Another latest study from
Canada is by Gaudreault and his colleagues. Next, Morris and her colleagues have
carried out a research at year of 2008, where the research is mainly focused about the

subjects with Parkinson’s disease.

Another study of the abnormal gait parameters found for the benchmarking is

by Chen and his colleagues for cerebral palsy young subjects from China. For the
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studies done from USA (Verghese and Xue, 2010) and Japan (Tanaka, Shigematsu,
Motooka, Mawatari, and Hotokebuchi, 2010) are mainly focused for the subjects

with arthroplasty and predisability problems.

Furthermore, Givon and his colleagues work on the gait impairment in
multiple sclerosis. In addition, a big group of diabetic subjects are being recruited for
the study by Allet and his colleagues from Switzerland. Huge amount of subjects and
quite a wide range of ages of subjects are recruited in these studies where the

information provided serves as a good reference for present testing.

Obviously, the walking speeds of stroke subjects are three to four times
slower than healthy subjects. This might due to the reason that the excursions in the
knee and hip are decreased and their weight bearing on the affected leg is not stable.
Their independent during gait is comparatively lower than healthy subjects as
external support is needed. They faced difficult in accomplishing the distance per
session where bad gait symmetry is happened that the subjects lacked the push-off on
the affected side.

According to Bogataj and his colleagues, knee flexion is performed instead of
ankle plantar flexion at the beginning of the swing phase. More time is needed to
make a small step, same as the stride. This might due to the slow weight shifting to
the impaired side and small excursions in hip, knee, and ankle joints on both sides.
Most of the subjects walked rigidly where the flexion of the knee for shortening the
leg during the swing phase on the affected side is compensated by inclining the trunk

on the non-affected side while leaning on the something, like crutch.

Osteoarthritis is a dynamic, progressive disease causing significant disability
and loss of function (McKean, Landry, Hubley-Kozey, Dunbar, Stanish, and Deluzio,
2007). Knee osteoarthritis is two to three times more prevalent in females than males
and females have two times the risk of developing bilateral knee osteoarthritis. This
might affect the biomechanical environment of the lower limb. However, the gait
parameters of these subjects having the values which is much closer to the readings
of healthy subjects.
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From the study, it mentioned that female subjects walked with less hip
internal rotation, a smaller flexion moment, and a larger adduction moment than
male subjects. Male subjects have greater hamstring and quadriceps strength than
females. Like healthy subjects, their stride lengths are quite similar with the normal
gait readings. As a summary, the osteoarthritis subjects are having higher weight,
slower walking speed, and shorter stride length of the population relative to the

healthy subjects.

Parkinson’s disease is one of the most common degenerative diseases in the
general population. The results showed that the stride length of Parkinson’s disease
subjects is smaller but more stride time is needed compare to healthy subjects. Like
other abnormal gait studies, Parkinson’s disease subjects have a tendency to be
smaller in most of the parameters. Thus, those parameters, like step length, step time,

walking speed, and so on can be extracted as features to evaluate gait disorder.

The walking speed of cerebral palsy children is selected as one of the better
indicators of walking ability, speed decreases with injury pain, and increases with
recovery. Walking speed different in the study probably resulted in the different age
range of subjects. No difference in duration, which indicated that duration could not
be an evaluation standard for children with cerebral palsy. Their step lengths are
shorter as they faced difficult in stable walking and the requirement of the

coordination ability of neuromuscular system is higher than the stable walking.

This might be caused by high muscle tension, weak control and balance
ability of limbs, low speed and accuracy of posture change for children in cerebral
palsy. During normal walking, they have to turn to compensatory mechanism, which
is to decrease single support period and increase double support period to keep the
balance of body to decrease the risk of fall and coordinate next motion. Thus, the

results for the gait parameters are the lowest values among other studies.

Multiple sclerosis is a significant gait impairment leading to decreased
activity and limitations in function. These parameters are consistent with spasticity
and motor weakness, found in most of multiple sclerosis subjects from the study

done by Givon and his colleagues. Overall estimation of gait parameters is
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significantly lower in multiple sclerosis compare to healthy subjects, and highly
correlated with neurological disability.

The gait parameters are found to be associated with decreased gait walking
speed, decreased step length, and shortened single support with prolonged double
support compared to healthy subjects. Thus, it can be concluded that the multiple
sclerosis subjects experienced more replaced overtime their neurological impairment

increased in severity and their walking ability is decreased.

Predisability is a common symptom that will be faced when a person gets
older. From the study, the findings showed that elderly individuals with predisability
have slower walking speed and stride length during normal pace walking compared
to the nondisabled subjects. Thus, execution of customary motor tasks is said to
require a substantially greater effort in older adults compared with young adults, and
even normal older adults perform activities of daily living, such as walking close to

their maximal capabilities.

Total hip arthroplasty is a well-accepted treatment modality for severe hip
osteoarthritis, and it is considered as one of the most successful orthopaedic
procedures. Gait analysis has been widely acknowledged as an objective method for
evaluating the gait function after total hip arthroplasty. Thus, this study is being
selected and added into the benchmarking. In comparison with subjects in other
studies, the subjects in this study showed lower walking speed, stride length, and
cadence although the mean age of subjects is not lower than the mean ages of those

in other studies.

By referring to the study, these parameters have been reported to normalize
within one year, one to three years, two to four years, and eight to ten years after
total hip arthroplasty. These differences might be attributed to the fact that the
subjects faced more severe hip pain, and tried to reduce the load-bearing ability of
the involved hip. It is believed that the values of the mean stride length, single
support duration of the involved legs, cadence, and walking speed increased after the
operation.
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Type two diabetes mellitus and its common complication peripheral
neuropathy, affect a large population. Peripheral neuropathy leads to sensory and
motor deficits, which often result in mobility-related dysfunction, alterations in gait
characteristics and balance impairments. As expected, diabetic subjects with
peripheral neuropathy have lower gait walking speed, shorter stride length, and
decreased cadence compared to the normal gait from healthy subjects.

Foot ulceration is the most common cause of amputation in diabetic subjects.
Neuropathic plantar ulcerations result from repetitive stress over areas of high
pressure associated with deformity or joint limitation Although the readings of
parameters can be considered and categorized into normal gait but extra foot care and
shoe gear education are needed essentially to prevent the increased of dynamic foot

pressure. It is one of the identified risk factors in the formation of diabetic foot ulcer.

Locomotor system impairments such as progressive muscle weakness, muscle
fatigue, and the development of joint contractures alter the fait abilities of children
with Duchenne muscular dystrophy (Gaudreault, Gravel, Nadeau, Houde, and
Gagnon, 2010). Natural walking speed is reduces in comparison with healthy
subjects due to the decreased step length. Their short step length is a consequence of

decreased hip extension angles seen during the locomotion activities.

The cadence observed is quite high for these subjects which might be a way
to preserve their walking speed considering their reduced step length. As regards
kinematics and Kinetics, subjects with this disability modify their trunk and lower
limb position so that the flexor muscles sustain the effort rather than the extensors
during the locomotion activities. It can be concluded that the subjects can effectively

use their quadriceps to sustain an external moment.

In a conclusion, the analysis on temporal and spatial gait parameter of normal
and abnormal groups demonstrated some necessary parameters which can be used to
assess the walking ability. This benchmarking successfully demonstrates a difference
in gait characteristics between normal and abnormal gait. It is important for better
understand the mechanism underlying the improvement in gait analysis and

characteristics, further calculated the respective contributions of parameters.
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4.5 Readings from Multimeter

The multimeter is used to test and measure the maximum voltage obtained when a
force is exerted on the FSR sensors when the changes in force applied occurred

during human locomotion activities.

A circular shape FSR sensor, FSR-402 is placed under the big toe (hallux)
region and a square shape FSR sensor, FSR-406 is placed under the heel region of a
subject with the body weight of approximately 45 kg. From the unit conversion, 1 kg
of body mass is equivalent to 9.81 Newton. By converting the unit, 47 kg is
equivalent to 461.07 Newton. An output resistance of 4.32 kQ and 4.71 kQ is

recorded respectively from the multimeter.

Figure 4.43: Output resistance of FSR-406 (heel region) by multimeter
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4.6 Problems and Difficulties

There are some problems and difficulties encountered during the whole process of
developing this instrumented insole system. Most of these problems occurred due to
the lack of basic knowledge especially in software and programming. Along the
developing process, trial and error is carried out from time to time to gain more
understanding on how the system works and fix those problems one by one. Some of
these problems also affect the outcome of the results causing deviation and
inaccuracy in the gait simulation. These problems and difficulties are mentioned and
discussed in the following sections.

4.6.1 Force Sensing Resistors Interface

The Interlink Force Sensing Resistor (FSR) is the only sensor and the most important
component that used in this design. However, this component is quite expensive and
is not available in the local market. Therefore, some survey is done to look for a
better quality and reasonable prices among companies from overseas. Finally, total of
eight sensors purchased from a Singapore company (the nearest overseas company)

through internet.

FSR sensor is a very sensitive component, but there are some disadvantages
as well. First of all, the noises produced by the sensors are rather high. From the
result collected, most of the results are affected by the noises (both from the devices
and sensors) where the displayed results is not exactly the results that generated by
the sensor. It affects the gait simulation due to the deviated and inaccurate results

collected.

Moreover, the sensor is a very thin component with thickness at
approximately 0.46 mm. Heat is generated when it is powered up. In the simulation,
this sensor will be encapsulated beneath insole sheet and placed into subject’s shoe.
Thus, the heat generates faster (due to self-heat and environment temperature). There

is a possibility that the heat will damage the sensor and causing it to malfunction.
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4.6.2 XBee Module Interface

The efficiency and accuracy of XBee module will reduce when something is blocked
by wall between the transmitter and receiver. Transmitted data to computer is found
to be not same as the data generated by the sensors where some readings might be
missing at the intermediate. Therefore, a wide space with no wall blocking between
is needed for the gait simulation and subject testing to prevent such incident

happened.

Another common transmission problem is the XBee module will not able to
transmit the data properly when the battery gets weak. The XBee module will start
sending looping results, which signifies that the power is low. Compare to Bluetooth

module, XBee module in wireless transmission has a less power consumption.

The typical power consumption of XBee module transmitting data at default
baud rate 9600 Kbps using UART is 45mA. A normal 9 V battery supply will
usually last for three hours. However, it still used up quite a number of 9 V battery in
this project during the subject testing. Total of six 9 V batteries and two rechargeable

9 V batteries are used for conducting 30 subjects of the subject testing.

Table 4.3: Specifications of XBee module

Specifications Average ‘ Unit
Transmit Current 45 mA
Receive Current 50 mA
Power-down Current <10 A
Sleep Time 3600 S
Wake Time 5000 ms
Time Transmitting 50 %
Average Current 0.9141 mA
Cyclic Sleep Current 0.045 mA
RF Data Rate 250 kbps

Source: XBee/XBee-PRO OEM RF Module, 2006
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4.6.3 PIC Coding and Programming

PIC programming is one of the important softwares that being used in this project to
collect the analogue signals and converts them into digital signals. PIC programming
can be written either in Assembly language C, C language or a mixture of both.
Because of this, there is some confusion in using both languages at the same time as
there is lack of experience to program in assembly language. Finally, assembly

language mixture with C language is used.

Besides, the UART or USART function used in ADC module in PIC is not
written in any examples or books clearly. Different reference books explained
different type of examples and style of writing this UART function. During the
writing process, trial and errors have to be carried out in exploring the function of
Usart_write in mikroC compiler, including the initial function to set the baud rate,
reading function to collect input signals from sensors, and writing function to write

and send the converted signals.

pre
Messages ‘ Quick Converber|
Errors WWarnings Hints
Line Message Mo. Message Text Unit
o 1 mikroCPIC 1618.exe -MSF -DBG -pP 18F4550 -DL -011111114 -fo20 NC:\Users\DELL\Documents\,...
1] 1139 Available RAM: 2027 [bytes], Available ROM: 32768 [bytes]
a 126 All files Preprocessed in 359 ms
1] 122 Compilation Started FSR.c
20 324 Undedared identifier 'UART_Init' in expression FSR.C
] 324 Undedared identifier 'UART_Write' in expression FSR.C
73 324 Undedared identifier 'UART_Write' in expression FSR.c
75 324 Undedared identifier 'UART_Wirite' in expression FSR.C
78 324 Undedared identifier 'UART_Write' in expression FSR.C
80 324 Undedared identifier 'UART_Write' in expression FSR.c
83 324 Undedared identifier 'UART_Write' in expression FSR.C
85 324 Undedared identifier 'UART_Wirite' in expression FSR.C
o 102 Finished {with errors): 20 4 2010, 15:50:33 FSR.mcppi
< r
Compiled C:\Users\DELL\Documents'\Study\Year 4 Sermn 2\Final Year Project\Codes\PIC

Figure 4.44: Error message during compiling UART function

Furthermore, there is also unclear information of what is the format of the
output for the analogue to digital conversion. Some reference books mentioned that
the output is a 10-bit binary data separated into lower bit and higher bit, but some of
them wrote the output is the decimal voltage translated from the inputs (Mazidi,
2008). Therefore, there is no any idea about following which reference books due to

the lack of understanding in judging and selecting the correct option to be taken.
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4.6.4 LabVIEW Discovery

LabVIEW is another software that used in this project, which responsible for
collecting data from microcontroller, processing them into a displayable graphical
form, and analyzing those data using extra features, such as filters, conversion factor,

and data storage functions.

This software is totally new and not included in the course structure. So, a lot
of time is allocated to learn up this software and to practically implement it on this
project. Due to the lack of references related to this software, limited and basic
knowledge is acquired only. For sure, reading is done and examples are being

referred from time to time in completing this task.

First, there are several times that LabVIEW is failed to read the data from the
COM port even though the communication has been connected successfully through
XBee module with microcontroller. Next, while loop and case structure are used in
some parts of the system. Some troubles are faced in selecting the loop and structure
condition (TRUE or FALSE) so that those parts can be operated well.

Error

Status Code

3 -1073807202
Source

Property Mode {arg1) in =
VISA Configure Serial

Port (Instr).vi-» Configure
Serial Port.vi-
=Instrumented Insole
System.vi -

Figure 4.45: Error message during configuring serial port

Other problems are like in converting the string input to array format or
converting the decimal string to number, using the match pattern function, formula
node for conversion factor, build array and waveform for results displayed purpose.
Besides, times are used to learn and build sub-VI like Configure Serial Port, Error
Handler, Adjustment Filter, and Read File From Text File in order to carried out the

required task and work the system perfectly.
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4.6.5 Hardware Assembly

Some of the electronic components are fragile in this project. Mostly, the problems
occurred during or after soldering process. One common recurring problem is the
loose connection of wires and components on the donut board after soldering. In
some cases, the fragile single core copper wires are snapped and detached from the

solder points which might cause the circuit malfunction or even short circuit.

In additional, the pins of LM324 operational amplifier, PIC18F4550
microcontroller, SK40C enhanced 40 pins PIC start-up kit, and XBee starter kit can
be bent or broken down easily. Sometimes, the pins might be loose and pops up from
the donut board easily. Therefore, extra attention is needed in placing such
components onto donut board, especially for LM324 operational amplifier as the pins

are tiny and smaller compared to others.

Next, the connection of wires between components are quite complicated in
this project as it involves ten FSR sensors, where each sensor are connected with two
different output wires to the electronic circuit. Furthermore, each sensor outputs are
connected to resistor and operational amplifier correspondingly. Hence, there are
quite a number of electronic components needed to be connected together where an

arrangement is needed to before placing all of them inside a donut board.

Figure 4.46: Wires connections of electronic components
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4.6.6  Noise Disturbance

From the results obtained, there are noises existed without FSR sensors connected
and even not wearing by user as well. The sources of these noises are still unknown
and not mentioned in any data sheet. But, the guess would be that they origin from
the sensors, PIC16F877A microcontroller, and SK40C enhanced 40 pins PIC start-up
kit board outputs.

It is not denied that those noises affect the gait simulation results in terms of
consistency and accuracy. The results displayed in the graphs are fluctuated and not
stable along the period of gait simulation which makes the collected data difficult to

be processed and analyzed.
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Figure 4.47: Noises generated by the devices (without filter)

As discussed earlier, there is a formula used as the voltage to force
conversion factor. The input signals (output voltage) from the sensors will be
converted by using this formula so that the output signal (force) can be displayed out
as results. If there is the present of noises, this formula is not able to be performed in

order to distinguish and record the correct and accurate readings from the sensors.

L1 = (11*5/255)/0.6%63.765;

Figure 4.48: Formula used for conversion factor
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4.6.7  Time Delay

During the testing and trial of this project, LabVIEW will somehow has delay in
displaying the readings and graphs after the system has been switched on and
connected for a long time. When this happens, LabVIEW shows the results of the
sensors after a few seconds. The possibility to this is that the delay time for each
result sent from XBee module does not match with the result deliver to LabVIEW for

data processing and displaying.

The total of eight sensors is sending signals out to the LabVIEW through
XBee. This might used up a few milliseconds for collecting the data in the
microcontroller. Therefore, there is a delay wrote in the PIC coding with the purpose
to wait for the data collecting process from sensors and buffering the collected data
before sending out to the LabVIEW. Besides, a few milliseconds might be used as

well for the data transmission through XBee module.

Inside the LabVIEW, delay functions are used for this incident. Delays of 50
milliseconds are used in the VISA read and write for incoming data from the sensors,
matching alphabet of each sensor, and storage of data in text file. The accumulation
of a few milliseconds of delay for each result from the sensors outputs to the

LabVIEW system eventually will stack up to a few seconds of delay after a long run.

Ty Error Qut
i il |

Errors Handler

|CI05E Session to F':J-rt|

Figure 4.49: Delay function in LabVIEW
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4.6.8  TextFile Saving

In the LabVIEW graphical programming system created, sensors from each side of
foot are saved to an individual text file. Since there are ten sensors from two side of
foot, there are two individual text files. If the number of input increased, there will be
more text file created.

LabVIEW is capable of saving the inputs in a spreadsheet format by using the
“Write To Spreadsheet File”. However, this function is not being carried out due to
the insufficient of knowledge and examples of such function. So, “Write To Text File”
function is used instead of the “Write To Spreadsheet File” as it might carry the same
function in saving the files. For this, “Read From Text File” VI is created to read and

display the results that being recorded through “Write To Text File” function.

2 Write To Spreadsheet File (DEL)vi Front Panel
File Edit View Project Operate Tools Window Help

(1] [15pt Dialog Font |~ | [~ [ ][22~ ] [€5~]

Figure 4.50: Write to spreadsheet file front panel interface
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Figure 4.51: Write to spreadsheet file block diagram interface

Although there are only two individual text files being created for each time
of gait simulation, they might eats up quite a number of memory and space in the
computer. For 10 minutes, the text file size might go up to 700 KB for one individual
text file, so total of two individual text file will be around 1.40 MB. This might be

inconvenient to the gait simulation for long period of time.

4.6.9 Data Analysis Format

Only a basic data analysis and summary of results are done due to the insufficient of
time and pack schedule for the subject testing. In this project, basic and general
techniques are used to summarize the data collected from subject testing through a
few types of software, like Microsoft Office Word and Microsoft Office Excel.

The data collected from the subject testing is being analyzed by summarizing
all of the results in terms of step length, stride length, cadence, walking speed, and so
on for each locomotion activity. After that, tables and bar charts are formed. Other

advanced methods are not being used in this project for the data analysis purposes.
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4.7 Further Improvements and Optimizations

After identifying the problems and difficulty, efforts and precautionary steps should
be taken to minimize or overcome the problems and difficulty highlighted previously.
The following sub-section will discuss about the improvements and optimizations

that has need to be carried out in order to perform the system perfectly.

4.7.1  Force Sensing Resistors Interface

Due to the budget constraints, FSR is the only sensors that used in this project. In
order to get a more accurate or informative results, a few bend sensors,
accelerometers or gyroscopes can be added into this instrumented insole system. This
might improve the results generated with more information about the bending of the

foot, the velocity, acceleration, and the angle of the foot positions.

During the gait cycle especially the mid stance phase, the foot is bent because
the body weight is being transferred to the front part of the feet before pushing off
with a toe off. Therefore, flexible bend sensor which is around RM 85.00 can be
added to the arch of each foot to measure the forces exerted, dorsi-flexion and
plantar-flexion of foot.

On the other hands, triple axis accelerometer which costs around RM 150.00
can be attached on the ankle, knee, and waist level to measure the angle of rotation
and linear acceleration during gait simulation. Gyroscope with RM 125.00 can be
considered as well to be attached together with the accelerometers to measure the

angular velocity.

By using such extra sensors, the gait simulation is not restricted to two
dimensional measurements, but three dimensional measurements. In this case, the
parameters that being focused is no longer the forces only, but the linear and angular
acceleration, linear and angular velocity, and the angle of rotation. This made the

system becomes more professional and specific in monitoring the gait simulation.
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Figure 4.52: An example of flexible bend sensor (Flexible Bend Sensor, 2010)

Figure 4.53: An example of triple axis accelerometer (Triple Axis Accelerometer
Breakout - MMA7260Q, 2010)

Figure 4.54: An example of gyroscope (Gyro Breakout Board — ADXRS610 300
degree/sec, 2010)
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4.7.2 XBee Module Interface

In this project, the instrumented insole system works wirelessly through XBee
module. However, the transmission will be disturbed sometimes due to certain
reasons, like environmental factors. This might enhanced by replacing it with XBee-

PRO module, which is the upgraded version of XBee module.

XBee-PRO starter kit which costs RM 225.00 has a better communication
range than XBee module. Like XBee module, XBee-PRO module is soldered on
SKXBee-PRO. This XBee-PRO module supports the unique needs of low-cost, low
power wireless sensor networks. The module requires minimal power and provides

reliable delivery of data between devices.

Figure 4.55: An example of XBee-PRO starter kit (XBee Starter Kit SKXBee
User’s Manual V1.0, 2008)

The module operates within the industrial, scientific, and medical (ISM) 2.4
GHz frequency band and is pin-for-pin compatible with each other. It offers higher
transmitter power which will cover up to 1.5 km of wireless communication range.
Long range data integrity, point-to-point, point-to-multipoint, and peer-to-peer

topologies are supported in this enhanced module.



Table 4.4: Comparison between XBee module and XBee-PRO module
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Specifications XBee XBee-PRO

Transmit Current 45 mA 215 mA
Receive Current 50 mA 55 mA
Power-down Current <10 pA <10 pA
Indoor/Urban 30m 100 m
Outdoor Line-of-sight 100 m 1500 m
Transmit Power 1mw 100 mW
Receiver Sensitivity -92 dBm -100 dBm

Source: XBee/XBee-PRO OEM RF Module, 2006

4.7.3 PIC Coding and Programming Enhancement

The main problems of PIC programming in this project are related to a few main
functions, such as USART and ADC conversion. It cannot be denied that these
functions are important for the PIC programming as they functioned to get the output
signals from sensors, collect the data generated, convert them into digital signals, and
then send to computer for processing and analyzing. Without such functions, the

system cannot function and thus the gait simulation cannot be carried out.

In completing this project, the process of learning PIC programming is done
in a very short time and only fundamentals are being used to compile the program.
To enhance the understanding and writing skill in this PIC programming, a lot of
readings have to be done by exploring more information, examples, and suggestions

which can be found from reference books and forums.

There are a lot of styles in writing the codes, extra time is needed in
researching different style and format of writing to figure out which style and format
is the best suit for this system. Besides, trial and errors cannot be avoided and must
be carried on from time to time by checking the compiled codes. This is essential in

figuring out the problems and solving them with better solutions.
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4.7.4 LabVIEW Enhancement

As mentioned before, LabVIEW has a “Write To Spreadsheet File” function which
can be used to reduces the chances of mixing up the text files of each sensors. The
entire text file can be merged together into a single spreadsheet file. A proper format

of data inputs can be preset to suit the user’s need.

This function converts 2D or 1D array of string, signed integers, or double-
precision numbers to a text string and writes the string to a new byte stream file or
appends the string to an existing file. As for reducing the size of the files, results can

be selectively chosen before it is written into the text file.

There are some inputs that can be wired to configure the format of data, such
as format of string, file path, 2D data, 1D data, append to file, transpose, and new file
path. Through this function, the user can make modifications by setting a specific
period of time or in what threshold amplitudes that the software should start

recording the data.

Write To Spreadsheet File.vi

format (36.31)

file path (dialog if empty)
20 data

10 data —'

append to file? (new fileF) - :
transpn:us,e? (no:F)

new file path (Mot & Path i...

Figure 4.56: Write to spreadsheet file VI

Nowadays, LabVIEW has a new function that offer the convenient way of
acquiring the data from COM port, like “Bluetooth Discovery”. Same as this
function, a “SKXBee Discovery” is believed to be developed as well in future by
eliminating the use of third party software in establishing a XBee module connection
between the devices and the computer. Without third party software, lesser

procedures can be carried out providing a more user friendly interface to the user.
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4.75  Advanced Hardware Assembly

Several precautionary steps are being carried out in the hardware assembly process to
reduce the time taken for troubleshooting and hastened the progress of the project.
First of all, a suitable and flexible protective plastic casing is added to house the
circuit board from external harm. The plastic casing is being worn by subjects

together with a belt during gait simulation.

The tail of FSR sensor is secured with a layer of building tape and the sensing
layer is protected with a layer of masking tape. This can prevent the sensors from
slipping out of position or dislocation of the wires. Moreover, the wires are carefully
arranged and sorted out to maximise their length going out from the sensors to the
circuit board. In this case, rainbow cables are used instead of red and black wires to
pair sensors according to each side to avoid unnecessary criss-crossing and tangling.

As mentioned before regarding the messy soldering on the donut board, the
tip of the solder gun is cleaned and sharpened using sand papers. The copper wire
leads should not be bent too much or rotated before inserting into the donut board as
this might cause the wires to snap off easily. For those messy wires, cellophane tape

is used to tie them together.

After the soldering process, the connectivity of all the components is checked
using multimeter. Furthermore, a lot of patience and time are invested in the process
of troubleshooting these hardware components. Apart from that, printed circuit board
(PCB) is recommended to reduce the complexity of wires and the inconvenient that

faced during soldering process.

Figure 4.57: An example of PCB (PCB Fabrication, 2010)
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4.7.6  Noise Reduction

One of the most important steps to improve the design system in this project is to
reduce the source of noises. With less noise generated and constant outputs from the
FSR sensors and devices, a more accurate results can be collected, processed,
displayed, and analyzed. In addition, the actual forces applied beneath foot can be

determined if less noise is produced by the design.

One of the common ways to reduce the noises from the sensors is to place an
RC (resistor and capacitor) filter on each sensors before the input signals go into the
microcontroller as showed below. The resistor will be connected in series with the
input from the voltage divider and sensors; the capacitor will be connected to the
ground, and the output of this RC filter will be connected to the input of

microcontroller.

QOutput from Input to
Voltage Divider Microcontroller
o———— Resistor » 0

- Capacitor

1

Figure 4.58: An example of RC filter

Besides, another suggestion is by changing the values of the pull-down
resistor used in the voltage divider configuration to lower than 1.0 kQ in order to
improve the measurement range of the applied force. This pull-down resistor is
chosen to maximum the desired force sensitivity range and to limit current. The
current through the FSR should be limited to less than 1 mA/cm=of applied force.
These low bias currents from the operational amplifier reduce the error due to the

source impedance of the voltage divider.
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4.7.7  Rechargeable Power Supply

As mentioned before, power supply is one of the problems that faced during gait
simulation. The first idea intended is using rechargeable lithium-ion battery as power
supply to the design system. In this project, 9 V rechargeable batteries are used
instead of rechargeable lithium-ion battery due to the budget constraints.

The market price for a 7.4 V (1300 mAH) and 11.1 V (2200 mAH) lithium-
ion battery cost around RM105.00 and RM180.00. Plus, they need a specific lithium-
ion battery charger which would cost around RM 50.00. By comparing the price with
a normal 9 V rechargeable battery, they are far more expensive than expected.
However, lithium-ion batteries consist of more voltage and current supply where

they are able to be recharged and last for more than six hours.

TGS £ 5360 (R

Pro Lite V2

Li-Polymer 480mAh 3S 11.1V (3-Cell Pack)

(2:0"(.) Cont/40C Burst (9.6A/19 2A)
rge as 3-cell or
fire TP480-3SJPL2

Figure 4.59: An example of lithium-ion battery (ThunderPower Lithium
Polymer Battery — 480mAH 11.1V with JST Connector, 2010)

In this project, rechargeable 9 V batteries are being considered, but it is not as
useful as lithium-ion battery because it can only last up to three hours for the XBee
module. In this project, batteries that can last for at least half a day are recommended
to avoid the frequent time of charging and changing the batteries. Thus, lithium-ion

battery is still the best optimization.
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4.7.8 Amounts and Positions of Sensors

Increasing the number of FSR sensors is always a good way in improving this
instrumented insole system. With more sensors, more force distribution can be
observed and determined during gait simulation. By adding more sensors, it is
believed that the effectiveness and accuracy of this system can be greatly improved.

In this case, two to six sensors can be added into this system. Those sensors
can be placed beneath the second and fourth metatarsals for a better force distribution
monitoring. Then, the total of seven sensors can be placed beneath the foot to form a
better instrumented insole system as shown in the figure below. But if the cost is

within the budget limit, more sensors can be attached at the lesser toes.

Figure 4.60: Possible of FSR sensors’ arrangements

This will increase the ability of system to detect toe off timing more
accurately then the force plate. Besides, the four coarsely spaced sensors provide
reasonable approximation to the force distribution measured by the force plate, and
are capable of providing information about shifting weight patterns from stride to

stride which is not available from a force plate.

As mentioned before at the FSR interface, other types of sensors can be
added as well to work together in getting the readings in term of different parameters.

Bend sensors can be added at the arch of foot. On the other side, the accelerometers
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and gyroscopes can be attached at the ankle, knee, and waist level. For the main
circuit board, it can be worn together with the belt by the subject at waist level.

Waist Level
Belt

Circuit Board

Knee Level
Accelerometer

Gryroscope

Bend Sensor

Ankle Level

Figure 4.61: Possible of sensors’ arrangements

The inclusion of other sensing parameters could further improve the accuracy
and effectiveness of the instrumented insole system. The measurements from these
individual parameters should complement each other in order to accurately detect the
force distribution of a human locomotion activity with more information and details

can be processed and analyzed.

With such advanced system, the overall lower extremity movements can then
be observed, as well as the outcomes from the gait simulation can be enhanced. At
that time, this instrumented insole system is no longer restricted for the gait analysis,
but it can be used with other medical purposes, like fall detection system, athlete

training system, podiatric laboratory, and so on.
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4.7.9  Data Analysis Enhancement

There are varieties of methods that can be used for the data analysis in this project.
Some common methods that can be used are like Classification and Regression Trees
(CART), Bayes Decision Theory, Nawe Bayes, Support Vector Machines (SVM),
Neural Network, and so on.

CART is a decision tree tool which is distributed by Salford Systems
software. It uses binary recursive partitioning; each node is split into exactly two
nodes, and the process is repeated with each child node. This software analyzes the
data through a set of rules which determine the following node splitting (to create the
tree), tree completion, tree pruning, and terminal node classification. One of the great
benefits of CART is that the tree provides information about the most useful
parameters in the feature set, as the splits at each of the nodes represent the features
which best classify the data.

Bayes decision theory is a classification method based on probabilities. It
assumes that the classification problem can be described in probabilistic terms, and
that all the underlying probability values are known or can be reasonably
approximated. Use of Bayesian approach is usually to update the prior probabilities
as new information becomes known. However, Nawe Bayes assumptions are
unlikely to apply to the gait feature data, which are certainly not independent and this
is not expected to provide the best classification. But, it is included to see how well a

simple technique could perform.
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Figure 4.62: Example formulas of Bayes rules (Morris, 2004)
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SVMs are a classification method based on a linear learning machine (a
learning algorithm that uses linear combinations of the input variables). This method
uses linear discriminant functions, which means that the form of the underlying
function is known or assumed), and the testing data are used to estimate the values of
the parameters of the classifier. Unlike Bayes methods, SVMs require no knowledge

or assumptions of the underlying probability distribution of the samples.
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Figure 4.63: Example formulas of Support Vector Machines (Morris, 2004)

An artificial neural network is an adaptive learning method that represents the
data through the use of a parallel network of nodes (‘“neurons”) arranged in layers
and connected by weighted links. The link weights are determined by the testing data.
The neural network is built by composing layers consisting of multiple neurons,
where the input is usually a vector of multiple features. Neural networks are not
limited to a single layer; multiple layers can be added serially, by using the outputs

of the first layer as inputs to the next layer.
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Figure 4.64: Example formulas of neural network (Morris, 2004)



CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion and Future Work

As a conclusion, a Force Sensing Resistor (FSR) based instrumented insole system
for gait analysis has been successfully developed. Basically, the design of this project
can be classified into two categories which are hardware and software setups. A
circuit diagram is drawn and the setup is planned for the construction of hardware
components. The hardware setup includes the fabrication of the instrumented insole

and the configuration of electronic circuitry using FSR sensors.

For software part, mikroC Compiler is used to write the codes for the
microcontroller behaviours in getting the output signals from sensors, collecting
them, and send to processing unit. Besides, PICKit 2 Programmer is executed to
program the corresponding language code into the microcontroller. And lastly,
LabVIEW graphical programming interface is used to create a system that can
collect, filter, and display input readings from all the sensing components used in this
design. Furthermore, HyperTerminal is used to test for the connection between

SKXBee between microcontroller and computer.

Subject testing has been carried out in getting more valuable information and
data regarding the gait simulation. The results have been processed and analyzed
where the walking pattern and gait analysis have been monitored and studied.
Overall, the results collected are satisfied and matched with the description of a gait

analysis as expected.
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Comparison and benchmarking are done for the collected results between
genders, devices, and other studies from other countries for normal and abnormal
gait. However, only a group of subjects with a small range of ages involved in this
subject testing. It is believe that the changes of the basic gait parameters most
frequently seen with advancing age are a reduction of gait speed and step length.
Therefore, gait of different groups of subjects with different ages should be studied

in order to complete a perfect gait database for a wider range of age’s population.

In this project, real time gait simulation using sensors is proven to have the
capability of providing sufficient information. With the successfully integrated
wireless communication of XBee module, real time gait simulation can be carried out
in a radius up to 20 meters distance. This range provides a large space for the subject
to move around during the gait simulation. The software LabVIEW is also having
more than 80.65% success rate in identifying the data coming from the XBee module.

The gait parameters analysis indicated that the system can be further
developed into a better force distribution system like wearable podiatric laboratory,
which can be great use in evaluating gait over longer periods of time than are
available in motion laboratories. These enhancements also allow the evaluation to be
carried out in a neutral environment, such as subject’s home. It would allow the

evaluation of subjects without access to a motion laboratory.

The design of the instrumented insole for gait analysis can be further
enhanced by incorporating other sensing components coupled with a critically
programmed force detection algorithm. Other improvements on the design like using
lithium ion battery to prolong the usage time and RC filter to reduce the noises can
be done as well for a better performance. Therefore, the whole system could set a

new milestone for future researches in areas related to gait analysis.

In a nutshell, valuable experiences and plenty of knowledge are gained in
completing this project by constructing the hardware and utilizing the programming
language. This project serves as a great opportunity to apply the knowledge and
theory practically which has been studied throughout the four years and be prepared

before going to the industry.
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5.2 Cost and Expenses

For a student, budget of RM 500 will be given to carry out a project. Since this is a
group project of two students, total of RM 1000 is given to purchase the required
electronic components in completing this project. The total amounts spend achieving
this project is RM 981.83, where the shipping fees, travelling expenses, and paper
photocopy are not included. The expenditure of this project is within the given

budget, as shown at Appendix J.

5.3 Gantt Chart

This project started from the title selection and subsequent tasks like setting aims and
objectives in order to come out with conceptual designs, and journal study for the
preparation of literature review. Project planning and research are needed throughout
the timeframe of this project to update the latest information and technology. Along
the way to complete the project, meeting and consultation with supervisor weekly is
set for reporting the status and progression. At the end of the semester, a progress

report and presentation are presented to show the work done for the whole semester.

For the following semester, work continued from last semester, where
preferred design is selected from the proposed conceptual design or combination of
them. Then, a list of electronic components is prepared for building the prototype.
After a thorough market research and survey, electronic components and parts will
be purchased with a reasonable price within the budget limit. Construction and

building of prototype will be started in line with the programming codes are written.

Next, the prototype is being debugged and tested to ensure if it meets the
requirement of this project. In addition, troubleshooting and improvement is needed
to enhance the performance of prototype. Data is collected from subjects and being
analyzed. Finally, thesis report submission and presentation is done in order to draw
a conclusion for the project. Gantt charts are shown at next page for details about the

progress of work being carried out during these two semesters.
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APPENDIX A: Circuit Diagram of Instrumented Insole System
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APPENDIX B: PIC Microcontroller Coding
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char force_L1, force L2, force L3,
force L4,

char force_R1, force_R2, force_R3,
force_R4;

char txt[6];

void tx_data(char, char);

void main(void)

{
ADCON1 = 0x80;

TRISA = 0x2F;
TRISE = 0x07;
TRISC = 0x80;

PORTA = 0x00;
PORTE = 0x00;
PORTC = 0x00;

Usart_init(9600);

do
{
force_L1 = adc_read(0)/4;
Delay_ms(5);
tx_data(‘A’, force L1);

force_L2 = adc_read(1)/4;
Delay_ms(5);
tx_data(‘B’, force L2);
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force L3 =adc_read(2)/4;
Delay_ms(5);
tx_data(‘C’, force L3);

force_L4 = adc_read(3)/4,
Delay_ms(5);
tx_data(‘D’, force L4);

force_R1 = adc_read(5)/4;
Delay_ms(5);
tx_data(‘E’, force R1);

force_R2 = adc_read(6)/4;
Delay_ms(5);
tx_data(‘F’, force R2);

force_R3 = adc_read(7)/4;
Delay_ms(5);
tx_data(‘G’, force_R3);

force_R4 = adc_read(8)/4;
Delay_ms(5);
tx_data(‘H’, force_R4);

Iwhile(1);
}

void tx_data(char a, char b)

{
Usart_write(a);
bytetostr(b,txt);
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if(txt[0] == )
Usart_write(‘0%);
else
Usart_write(txt[0]);

if(txt[1]=="")
Usart_write(‘0);
else
Usart_write(txt[1]);

if(txt[2] == ")
Usart_write(‘0);
else
Usart_write(txt[2]);

Delay_ms(50);
}
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APPENDIX C: LabVIEW Block Diagram
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APPENDIX D: Subject Testing Consent Form
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[ SUBJECT TESTING CONSENT FORM

UT ‘ R Healthy and Pathological Gait Subjects
UNIVERSITI TUNKU ABDUL RAHMAN Instrumented Insole Evaluator TeSting

We are students from Universiti Tunku Abdul Rahman, who are currently studying
year four trimester two in Biomedical Engineering. The purpose of this consent form
iIs to find out your interest in joining our research as a voluntary participant. It will be
grateful if you would like to assist us in completing this research.

PART A - INTRODUCTION

Gait analysis is the study and investigation of the human locomotion pattern,
which can be carried out by using visual observation, sensor technology, video or
optical cameras or integration of these technologies. Gait analysis is used in many
applications namely, sports performance analysis, product design, gait rehabilitation,
post injury assessments, and improvement of human walking orientation.

Therefore, the motivation of our project is to design and develop a low cost,
reliable, and portable instrumented insole system. An insole system is investigated
which is capable of real-time pressure analysis at decided locations of sensor beneath
each foot. In addition, it is designed to provide qualitative and quantitative
information on how the ground reaction forces distributed on the human foot.

This instrumented insole system will provide instrumented gait analysis
outside of traditional, expensive motion labs. Such a system has the potential to be
highly informative by allowing data collection throughout the day in variety of
environments, thus providing a vast quantity of long-term data not obtainable with
current gait analysis system where this analysis cannot be done by using force
platform in current technology.

This is why this subject testing is being proposed and conducted to collect
more and more data in proving the functionality of the system. Through this subject
testing, problems and difficulties of the system can be figured out. Further
improvements and optimizations can be taken to prevent the same incident happened
again in future.

This subject testing involved in placing the instrumented insole inside your
shoes and the circuit board will be attached to your waist by using an adjustable belt.
While you are walking, the sensors will detect the forces distribution beneath your
foot. After that, the output signals from the sensors will be collected by
microcontroller. The small antenna of XBee module on the circuit board will then
transmit the output signals to the receiving transmitter at computer. All signals are
saved on a laptop computer set.
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PART B — INSTRUCTION

Before the test is being carried out, initial test will be conducted to let you familiar
with the instrumented insole inside your shoe. This initial test is important in making
sure the system can work properly in a good condition in order to prevent any
unwanted errors occurred during the subject testing. Besides, a photo of eight-
segment representation will be captured where the body segment lengths and
circumferences (anthropometric dimensions) are being measured at the same time.

A series of tasks will then be conducted for each subject approximately 30
minutes, which is divided into different locomotion activities; they are standing,
sitting, walking, and running. The idea schedule to conduct such subject testing will
be on week 11. The details of these tasks are as followed:

a) Standing
» Look straight ahead; stand as still as possible with two hands lower down
on the sides, and the knees should not bend. Place your feet so they point
forward (and parallel to X-Axis).
» Maintain the standing position at least for 10 seconds.
» Two trials are needed.
b) Sitting
» Look straight ahead, sit 90 vertical position on a chair with two hands
lowered down on the sides, the legs facing down, and slight contact with
the floor.
» Maintain the sitting position at least for 10 seconds.
» Two trials are needed.
¢) Walking
» Look straight ahead, move forward in as straight a line as possible, and
walking at your normal pace, as if you are taking a brisk walk in the park.
» Walking for at least 30 steps within 60 seconds.
» Two trials are needed.
d) Running
» Look straight ahead, move forward without leaning any sides, and run
faster than your normal pace, as if you are chasing a bus.
» Running for at least 30 steps within 60 seconds.
» Two trials are needed.

% ATTENTION ***

If you are interested and willing to join our testing, please fill in the consent
form at next page and send back to us (with your academic timetable as well).
We will confirm you with the date, time, and venue for the testing as soon as
possible.



PART C - PERSONAL INFORMATION

Name

Gender

Age

Date of Birth :
Address
Telephone

Email
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Compulsory Digital Photo

Student ID

Course

Year/Trimester

Height (in cm)

Weight (in kg)

Size of Shoe

Brand of Shoe

History of Falls* : (in the past year) (in the past month)

*Fall = Inadvertently coming to ground

Other Medical Records (Related to lower extremities):
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PART D - TERMINOLOGY

THeel Strike Toe oﬂT THeel Strike

Stance Swing

~60% ~40%
. y

One Stride

Gait

Heel strike
Stance
Step
Stride

Swing

Toe off

Figure D.1: The gait cycle (Morris, 2004)

Manner of walking.

Time at which the heel first makes contact with the floor;
indicates end of swing and start of stance.

Period in which the foot is in contact with the floor; this
generally takes up about 60% of the stride cycle.

Interval between two successive heel strikes for opposite feet.
Interval between two successive heel strikes of the same foot.
Period during which the foot is not in contact with the floor;
this generally takes up about 40% of the stride cycle.

Time at which the great toe is first no longer in contact with

the floor; indicates end of stance and start of swing.

Contact us if you have any doubt:
Chan Meng Nen 017-6180923 cmengnen@gmail.com

Leng Yen Ran

016-8119232 yenran_87@hotmail.com
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[ SUBJECT TESTING PROTOCOL

U T R Healthy and Pathological Gait Subjects
el | nstrumented Insole Evaluator Testing

PART A - PERSONAL INFORMATION

Name

Subject ID
Student ID

Course

Year/Trimester

Size of Shoe

Brand of Shoe

Group

Date of Test

Time of Test

PART B — AGREEMENT

Attention: The information and results of this subject testing are private and
confidential in order to protect the right and privacy of volunteers. These data
and results obtained will be used for project and research purpose only.

My participation in this study is voluntary. Refusal to participate or dropping out of
the subject testing at any time will involve no penalty or loss of benefits. | confirm
that the purpose of the research, the study procedures, the possible risks, discomfort,
and potential benefits that | may experience have been explained to me. Alternatives
to my participation in this research study also have been discussed. All my questions
have been answered. | have read this agreement. My signature below indicates my
willingness to participate in this research study.

Subject’s Signature (Date/Time)



PART C - TASKS

No.
1

Tasks to be Completed
Photo of eight-segment representation
» Right side of the subject.
» Standing straight and the face look straight ahead.
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Remarks

Anthropometric data measurement
» Foot length (m)

» Ankle-to-knee length (m)

» Ankle-to-thigh length (m)

3

Standing

e) Look straight ahead; stand as still as possible with two
hands lower down on the sides, and the knees should not
bend. Place your feet so they point forward (and parallel to
X-AXis).

f) Maintain the standing position at least for 10 seconds.

Sitting

g) Look straight ahead, sit 90 “vertical position on a chair with
two hands lowered down on the sides, the legs facing
down, and slight contact with the floor.

h) Maintain the sitting position at least for 10 seconds.

Walking

i) Look straight ahead, move forward in as straight a line as
possible, and walking at your normal pace, as if you are
taking a brisk walk in the park.

J) Walking for at least 30 steps within 60 seconds.

Running

k) Look straight ahead, move forward without leaning any
sides, and run faster than your normal pace, as if you are
chasing a bus.

I) Running for at least 30 steps within 60 seconds.

PART D - RECOMMENDATION AND IMPROVEMENT

Comments:

Contact us if you have any doubt:
Chan Meng Nen 017-6180923 cmengnen@gmail.com
Leng Yen Ran 016-8119232 yenran_87@hotmail.com
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APPENDIX F: Subject Testing Schedule
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[ SUBJECT TESTING SCHEDULE

U T R Healthy and Pathological Gait Subjects
I | nstrumented Insole Evaluator Testing

INSTRUCTION

The schedule of subject testing is arranged according to the size of shoes. You may
check your name, time, and location at each group. There are some requirements
hope to be followed by you for the day of subject testing in order to collect and
process a better results from the testing. The requirements are as followed:

Wear

Shoe

Figure F.1: Sample of wearing for subject testing

» A comfortable t-shirt and long pants will be good.
» Other extra accessories or decorations are not recommended.

» Enclosed shoe with stocking, sport shoe is recommended.
» Slippers or scandals are not allowed for this subject testing.

» Please be punctual, report yourself at the location of subject testing about
15 minutes earlier than your testing time.
» If possible, arrive at the time before we start the subject testing for each

group.
» A short briefing will be given at the start of subject testing.



GROUP 1

Date : March 28, 2011 (Monday)
Location : SE Block, Biomechanics Lab
Time :12.00 pm —2.00 pm
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Contact No.

Brand of Shoe

1 | Chou Miew Fatt 6 Nike 016-7312108
2 | Cheah Ee Ling 7 Power 016-6697425
3 | Chew Kah Mun 7 Amesdex 016-2823802
4 | Fong Suw Wei 7 Adidas 012-2762418

GROUP 2

Date : March 28, 2011 (Monday)

Location : SE Block, Biomechanics Lab

Time 3.00 pm —4.00 pm

Brand of Shoe

Contact No.

\ Size of Shoe

1 | Leng Yen Ran 6 Power 016-8119232
2 | Chan Meng Nen 8 Nike 017-6180923
GROUP 3
Date : March 28, 2011 (Monday)
Location : SE Block, Biomechanics Lab

Time :4.00 pm —6.00 pm

Brand of Shoe

Contact No.

\ Size of Shoe

1 | Wong Wei Fong 4 BUM 016-7057702
2 | Karen Ho Shin Jye 4.5 Converse 012-8774133
3 | Loo Yi Shing 5 Converse 019-3999673
4 | Fong Lai Imm 8 New Balance 019-5528836

GROUP 4

Date : March 29, 2011 (Tuesday)

Location : SE Block, Biomechanics Lab

Time :9.00 am —10.00 am

Size of Shoe

Brand of Shoe

Contact No.

1 | LimYin Pei 4 Nike

019-3852203

2 | Low Me Yin 55 Converse

016-2442301




GROUP 5

Date : March 29, 2011 (Tuesday)
Location : SE Block, Biomechanics Lab
Time 3.00 pm —5.00 pm

266

Contact No.

Size of Shoe

Brand of Shoe

1 | Wong Zhen Yang 8 Power 017-3692038
3 | Yap Kian Ming 9 Nike 016-2579417
4 | Tung Ren Sin 10 Power 016-4533281
5 | Cheah Soon Keong 10 Admiral 012-3166647

GROUP 6

Date : March 30, 2011 (Wednesday)

Location : SE Block, Biomechanics Lab

Time :10.00 am — 11.00 am

Contact No.

\ Size of Shoe \ Brand of Shoe

1 | Kho Ching Leong 7 North Star 016-8652343
2 | Dennis Tan Eng Beng 8 Kappa 016-7496118
GROUP 7
Date : March 30, 2011 (Wednesday)

Location
Time

: SE Block, Biomechanics Lab
:3.00 pm —5.00 pm

\ Size of Shoe

Brand of Shoe

Contact No.

1 | Ng Eng Hui 8 Bata 017-6298606

2 | Joseph Ting Shyue 9 Nike 012-6278115
Horng

3 | Ong Chin Horng 10 Admiral 016-7000520

4 | Teoh Boon Yew 11 Adidas 016-6938726




GROUP 8

Date : March 31, 2011 (Thursday)
Location : SE Block, Biomechanics Lab
Time :9.00 am — 11.00 am
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Contact No.

Size of Shoe  Brand of Shoe

1 | Lee Zhi Hong 9 Power 017-2889144
2 | Teng Woon Sheng 9 Nike 012-6698115
3 | Teh Chek Min 9 Power 016-4892480
4 | Ooi Heap Guan 9.5 New Balance 016-4952414

GROUP 9

Date : March 31, 2011 (Thursday)

Location : SE Block, Biomechanics Lab

Time 21.00 pm —3.00 pm

Contact No.

\ Size of Shoe  Brand of Shoe

1 | Mah Wai Lai 5 Swiss Polo 017-4343088
2 | Chong Chau Ling 6 Viss 016-2209821
3 | Loh Mey Chern 6.5 Brooks 014-6002785
4 | Nurul Izwazi Mohd Nor 7 Admiral 013-3115460

Contact us if you have any doubt:
Chan Meng Nen 017-6180923 cmengnen@gmail.com
Leng Yen Ran 016-8119232 yenran_87@hotmail.com
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N SUBJECTS’ INFORMATION

U T R Healthy and Pathological Gait Subjects
Instrumented Insole Evaluator Testing

SUBJECT TESTING GROUPS

The subject testing is divided into nine groups, where each group is carried out with
different date, time, location, and certain amount of subject involved. The details are
as followed:

Group \ Date Time Location Total of Subjects
1 28.03.2011 | 12.00 — 14.00 | Biomechanics Lab 4
2 28.03.2011 | 15.00 - 16.00 | Biomechanics Lab 2
3 28.03.2011 | 16.00 —18.00 | Biomechanics Lab 4
4 29.03.2011 | 09.00 - 10.00 | Biomechanics Lab 2
5 29.03.2011 | 15.00-17.00 | Biomechanics Lab 4
6 30.03.2011 | 10.00 —11.00 | Biomechanics Lab 2
7 30.03.2011 15.00 - 17.0 | Biomechanics Lab 4
8 31.03.2011 | 09.00 —11.00 | Biomechanics Lab 4
9 31.03.2011 | 13.00 - 15.00 | Biomechanics Lab 4

30

Total No. of
Subjects

SUBJECT TESTING INFORMATION

Attention: The information and of this subject testing are private and
confidential in order to protect the right and privacy of volunteers. These data
obtained will be used for project and research purpose only.

There are 30 volunteers (15 females and 15 males) are being invited to join this
subject testing. All of them are being divided into nine groups as mentioned before
according to their size of shoes. The basic information, like name, gender, age,
course, height, weight, size of shoe, and brand of shoe are being listed into a table as
below:



Gender

Course

Size of Shoe

Brand of Shoe
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Age

Height

Weight

Group

FO1 | Cheah Ee Ling F 24 Bl Y4T3 158.0 45.0 7.0 Power 1
F02 | Chew Kah Mun F 23 Bl YAT3 152.0 53.0 7.0 Amesdex 1
FO03 | Chong Chau Ling F 20 Bl Y3T1 158.0 50.0 6.0 Viss 9
FO4 | Chou Miew Fatt F 23 Bl Y4T3 166.0 49.0 6.0 Nike 1
FO05 | Fong Lai Imm F 22 Bl Y3T3 168.0 56.0 7.0 New Balance 3
F06 | Fong Suw Wei F 24 Bl YAT3 166.0 75.0 7.0 Adidas 1
FO7 | Karen Ho Shin Jye F 22 Bl Y3T3 164.0 56.0 4.5 Converse 3
FO08 | Leng Yen Ran F 23 Bl Y4T3 158.0 45.0 6.0 Power 2
FO9 | Lim Yin Pei F 21 Bl Y3T3 157.0 45.0 6.0 Nike 4
F10 | Loh Mey Chern F 23 Bl Y4T3 152.7 40.5 6.5 Brooks 9
F11 | Loo Yi Shing F 22 Bl Y3T3 157.0 45.0 5.0 Converse 3
F12 | Low Me Yin F 24 Bl Y4T3 166.0 60.0 5.5 Converse 4
F13 | Mah Wai Lai F 22 Bl Y3T1 159.0 48.0 5.0 Swiss Polo 9
F14 | Nurul Izwazi Mohd Nor F 28 Bl Y1T1 160.0 65.0 7.0 Admiral 9
F15 | Wong Wei Fong F 23 Bl Y3T3 158.0 40.0 4.0 BUM 3
MO01 | Chan Meng Nen M 23 Bl Y4T3 160.0 63.0 8.0 Nike 2
MO02 | Cheah Soon Keong M 25 Bl YAT3 179.0 93.0 10.0 Admiral 5
MO03 | Dennis Tan Eng Beng M 22 Bl Y3T3 172.0 60.0 8.0 Kappa 6
MO04 | Joseph Ting Shyue Horng M 21 Bl Y3T1 174.0 80.0 9.0 Nike 7
MO05 | Kho Ching Leong M 22 Bl Y3T3 167.0 50.0 7.0 North Star 6
MO06 | Lee Zhi Hong M 21 BIY4T1 168.0 67.0 9.0 Power 8
MO07 | Ng Eng Hui M 24 Bl Y4T3 172.0 62.0 8.0 Bata 7
M08 | Ong Chin Horng M 24 Bl YAT3 178.0 79.0 10.0 Admiral 7
M09 | Ooi Heap Guan M 23 Bl YAT3 179.0 71.0 9.5 New Balance 8
M10 | Teh Chek Min M 23 Bl Y4T3 172.0 61.0 9.0 Power 8
M11 | Teng Woon Sheng M 23 Bl YAT3 182.0 87.0 9.0 Nike 8
M12 | Teoh Boon Yew M 22 Bl Y3T3 180.0 85.0 11.0 Adidas 7
M13 | Tung Ren Sin M 22 Bl Y3T3 166.0 57.0 10.0 Power 5
M14 | Wong Zhen Yang M 20 Bl Y3T3 172.0 63.0 8.0 Power 5
M15 | Yap Kian Ming M 24 Bl Y4T3 174.0 72.0 9.0 Nike 5
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APPENDIX H: Summary of Results



Total amount of female subjects (n) : 15

Range of age (years)

Range of height (cm)

Range of weight (kg)

Anthropometric
Information

Walking

Running

:20-28
: 152 - 168

:41.06 - 71.32

Table H.1: Descriptive statistics for female subjects
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Parameters Mean Median Sgr;gggﬂ Variance
Age (years) 22.9333 | 23.0000 1.7915 3.2095
Height (cm) 159.9800 | 158.0000 | 4.9301 24.3060
Weight (kg) 52.0560 | 50.2100 9.5097 90.4353
Foot Length (m) 24,6000 | 25.0000 1.5024 2.2571
Ankle-to-knee Length (m) 39.6667 | 40.0000 3.9219 15.3810
Ankle-to-thigh Length (m) 46.2000 | 45.0000 3.4476 11.8857
Walking Speed (km/h) 4.0320 4.0300 0.0056 0.0000
Cadence (steps/min) 107.2960 | 106.6200 | 11.9026 141.6715
Avg. Step Length (cm) 94.2652 | 62.9595 | 111.8085 | 12501.1385
Avg. Step Time (s) 0.7545 0.6391 0.2824 0.0798
Avg. Stride Length (cm) 145.2347 | 125.2716 | 86.2999 7447.6681
Avg. Stride Time (s) 1.1326 1.1254 0.1387 0.0192
Contact Time (s) 0.7416 0.7078 0.1694 0.0387
Max Applied Force (N) 558.9549 | 534.9138 | 107.2339 | 11499.1060
Force Weight Ratio 10.7869 | 10.9041 1.0704 1.1457
Running Speed (km/h) 5.9400 5.9400 0.0000 0.0000
Cadence (steps/min) 134.8827 | 130.6100 | 25.7500 663.0638
Avg. Step Length (cm) 115.9519 | 75.0466 | 1757047 | 30872.1525
Avg. Step Time (s) 0.5276 0.4615 0.2848 0.0811
Avg. Stride Length (cm) 189.6623 | 149.2736 | 191.4172 | 36640.5299
Avg. Stride Time (s) 0.9409 0.9188 0.3057 0.0935
Contact Time (s) 0.5071 0.5507 0.0886 0.0079
Max Applied Force (N) 1353.0350 | 766.4539 | 2364.2750 | 5589796.225
Force Weight Ratio 25.2245 | 13.0424 | 41.6566 1735.2682




Total amount of male subjects (n)

Range of age (years)

Range of height (cm)

Range of weight (kg)

Anthropometric
Information

Walking

Running

15
:20-25

: 160 - 182
:50.72-91.45

Table H.2: Descriptive statistics for male subjects
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Parameters Median gi,?gg;ﬂ Variance
Age (years) 22.6000 | 23.0000 1.3522 1.8286
Height (cm) 173.0000 | 172.0000 | 6.0474 36.5714
Weight (kg) 70.5520 | 70.5100 | 12.7652 | 162.9496
Foot Length (m) 28.4667 | 28.0000 1.6847 2.8381
Ankle-to-knee Length (m) 43.8000 | 43.0000 | 4.6629 21.7429
Ankle-to-thigh Length (m) 50.4000 | 50.0000 | 3.3123 10.9714
Walking Speed (km/h) 4.0307 4.0300 0.0026 0.0000
Cadence (steps/min) 89.6787 | 96.4800 | 27.3990 | 750.7043
Avg. Step Length (cm) 105.6119 | 69.0911 | 114.2695 | 13057.5195
Avg. Step Time (s) 0.9786 0.6615 0.8639 0.7462
Avg. Stride Length (cm) 191.8486 | 132.4668 | 185.5299 | 34421.3257
Avg. Stride Time (s) 1.7018 1.2437 1.3069 1.7081
Contact Time (s) 0.9780 0.7698 0.8204 0.6731
Max Applied Force (N) 795.8732 | 737.6018 | 178.9941 | 32038.8891
Force Weight Ratio 11.2517 | 11.1740 0.9186 0.8438
Running Speed (km/h) 5.9407 5.9400 0.0088 0.0001
Cadence (steps/min) 130.3580 | 125.1200 | 15.7022 | 246.5582
Avg. Step Length (cm) 81.0904 | 78.6935 | 16.7633 | 281.0076
Avg. Step Time (s) 0.5068 0.5037 0.1196 0.0143
Avg. Stride Length (cm) 144.6860 | 152.0150 | 23.4828 | 551.4418
Avg. Stride Time (s) 0.9323 0.9591 0.1050 0.0110
Contact Time (s) 0.5180 0.5522 0.1129 0.0128
Max Applied Force (N) 1084.2188 | 1086.8190 | 302.7396 | 91651.2802
Force Weight Ratio 15.3884 | 13.5814 3.6179 13.0893




Anthropometric Information

Foot Length Satistical Distribution for
Subject Testing
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Figure H.2: Bar chart of foot length versus subject ID
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Figure H.3: Bar chart of ankle-to-knee length versus subject 1D

Ankle-to-Thigh Length (cm)

80
60
40

20

Ankle-to-Thigh Length Satistical
Distribution for Subject Testing

® Male
H Female

Figure H.4: Bar chart of ankle-to-thigh length versus subject ID
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Subject Testing — Walking

Walking Speed Satistical Distribution for
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Figure H.5: Bar chart of walking speed versus subject ID
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Figure H.6: Bar chart of cadence versus subject ID

Step Length Satistical Distribution for

Subject Testing

m Male
H Female

o
o
O

o O O O O o
o O O O O
n T M N

(wo) ybua daxs

" ST

VIN
€TN
TN
TTN
0T\
6N
8N
LIN
E
SN
YN
€N
N
TN
ST4
4%
€14
[4%]
114
0T4
64
84
& ]
94
S4
¥4
€4
[&]
T4

Subject ID

Figure H.7: Bar chart of step length versus subject 1D
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Step Time Satistical Distribution for

Subject Testing
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Figure H.8: Bar chart of step time versus subject ID

Stride Length Satistical Distribution for
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Figure H.9: Bar chart of stride length versus subject 1D
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Figure H.10: Bar chart of stride time versus subject ID



Contact Time (5s)
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Figure H.11: Bar chart of contact time versus subject 1D
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Figure H.12: Bar chart of max applied force versus subject ID
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Figure H.13: Bar chart of force weight ratio versus subject ID
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Subject Testing — Running

Running Speed Satistical Distribution for
Subject Testing
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Figure H.14: Bar chart of running speed versus subject ID
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Figure H.15: Bar chart of cadence versus subject 1D
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Figure H.16: Bar chart of step length versus subject ID
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Step Time Satistical Distribution for

Subject Testing
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Figure H.17: Bar chart of step time versus subject 1D
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Figure H.18: Bar chart of stride length versus subject ID
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Figure H.19: Bar chart of stride time versus subject 1D



Contact Time Satistical Distribution for
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Figure H.20: Bar chart of contact time versus subject ID
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Figure H.21: Bar chart of max applied force versus subject ID

Force Weight Ratio

Force Weight Ratio Satistical Distribution
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Figure H.22: Bar chart of force weight ratio versus subject ID
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Table H.3: Comparison of mean between genders

281

Anthropometric
Information

Walking

Running

Parameters (Fl\élriaarlle) (II\\/I/IZZ?Q) Difference e 3 e
Age (years) 22.9333 | 22.6000 | 0.3333 1.4748
Height (cm) 159.9800 | 173.0000 | 13.0200 | 7.5260
Weight (kg) 52,0560 | 70.5520 | 18.4960 | 26.2161
Foot Length (m) 24.6000 | 28.4667 | 3.8667 | 13.5832
Ankle-to-knee Length (m) 39.6667 | 43.8000 | 4.1333 9.4368
Ankle-to-thigh Length (m) 46.2000 | 50.4000 4.200 8.3333
Walking Speed (km/h) 40320 | 4.0307 0.0013 0.0000
Cadence (steps/min) 107.2960 | 89.6787 | 17.6173 | 19.6449
Avg. Step Length (cm) 94.2652 | 105.6119 | 11.3467 | 0.0000
Avg. Step Time (s) 07545 | 0.9786 0.2241 | 22.9001
Avg. Stride Length (cm) 145.2347 | 191.8486 | 46.6139 | 0.0000
Avg. Stride Time (s) 1.1326 1.7018 0.5692 | 33.4469
Contact Time (s) 0.7416 0.9780 0.2364 0.0000
Max Applied Force (N) 558.9549 | 795.8732 | 236.9183 | 29.7683
Force Weight Ratio 10.7869 | 11.2517 0.4648 0.0000
Running Speed (km/h) 50400 | 5.9407 0.0007 0.0118
Cadence (steps/min) 134.8827 | 130.3580 | 4.5247 3.7410
Avg. Step Length (cm) 1159519 | 81.0004 | 34.8615 | 42.9909
Avg. Step Time (s) 0.5276 0.5068 0.0208 4.1042
Avg. Stride Length (cm) 189.6623 | 144.6860 | 44.9763 | 31.0855
Avg. Stride Time (s) 0.9409 | 0.9323 0.0086 0.9224
Contact Time (s) 0.5071 0.5180 0.0109 2.1042
Max Applied Force (N) 1353.0350 | 1084.2188 | 268.8162 | 24.7935
Force Weight Ratio 25.2245 | 15.3884 9.8361 | 63.9189




282

APPENDIX I: Benchmarking of Results
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Comparison between Genders

Table 1.1: Average peak forces for female and male subjects during standing

locomotion by using instrumented insole system

Female Male Difference %Difference

5.05 5.36 0.31 5.78

5.42 7.43 2.01 27.05
2.74 244 -0.30 -12.30
13.03 7.38 -5.65 -76.56
2.84 1.02 -1.82 -178.43
8.36 5.25 -3.11 -59.24
2.84 0.38 -2.46 -647.37
5.03 5.33 0.30 5.63

Average Forces Generating in Each

Sensor During Standing Locomotion
14

12 A
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/ /\\ = Female
8 A
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Force (N)

=== verall
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\4 /
O T T T T T T v T 1
1 L2 L3 LW RL R R3 R4

Sensors

Figure 1.1: Graph of average forces generating during standing locomotion versus

sensors by using instrumented insole system
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Table 1.2: Maximum peak forces for female and male subjects during standing

locomotion by using instrumented insole system

Female WP Difference %Difference
338.00 215.00 -123.00 -57.21
329.00 250.00 -79.00 -31.60
138.00 231.00 93.00 40.26
400.00 398.00 -2.00 -0.50
304.00 206.00 -98.00 -47.57
400.00 296.00 -104.00 -35.14
217.00 83.00 -134.00 -161.45
340.00 192.00 -148.00 -77.08

Maximum Forces Generating in Each
Sensor During Standing Locomotion

450.00
400.00
350.00

/'\
00T A\/ N/
250.00 7*,/ / \ /\ \ / Female
200.00 / \/ \ v Male
\ \ /

100.00 \v/

Force (N)

L1 L2 L3 L4 R1 R2 R3 R4

Sensors

Figure 1.2: Graph of maximum forces generating during standing locomotion versus

sensors by using instrumented insole system
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Table 1.3: Minimum peak forces for female and male subjects during standing

locomotion by using instrumented insole system

Female WP Difference %Difference
2.00 4.00 2.00 50.00
2.00 10.00 8.00 80.00
2.00 4.00 2.00 50.00
4.00 4.00 0.00 0.00
2.00 4.00 2.00 50.00
2.00 2.00 0.00 0.00
2.00 2.00 0.00 0.00
2.00 2.00 0.00 0.00

Minimum Forces Generating in Each
Sensor During Standing Locomotion
12.00

10.00 //\\
8.00
/ \ e [emale
6.00
/ \ e \ale
4.00 /\\
2.00

0.00

Force (N)

L1 L2 L3 L4 R1 R2 R3 R4

Sensors

Figure 1.3: Graph of minimum forces generating during standing locomotion versus

sensors by using instrumented insole system
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Figure 1.4: Graph of overall peak forces from left foot for female subjects during standing locomotion versus time (Insole System)
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Figure 1.5: Graph of overall peak forces from right foot for female subjects during standing locomotion versus time (Insole System)



287

Force (N)

Overall Peak Forces from Left Foot for Male Subjects During Standing Locomotion

1400
1200
1000 L1
800 [ l [N | I L2
600 4 I [ L3
400 - L4
200

0

Time (Seconds)

Figure 1.6: Graph of overall peak forces from left foot for male subjects during standing locomotion versus time (Insole System)
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Figure 1.7: Graph of overall peak forces from right foot for male subjects during standing locomotion versus time (Insole System)
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Figure 1.8: Graph of overall peak forces from both foot for female subjects during standing locomotion versus time (Insole System)
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Figure 1.9: Graph of overall peak forces from both foot for male subjects during standing locomotion versus time (Insole System)
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Table 1.4: Average peak forces for female and male subjects during sitting

locomotion by using instrumented insole system

Female Male Difference %Difference
2.31 0.43 -1.88 -437.21
0.68 2.00 1.32 66.00
0.59 0.39 -0.20 -51.28

11.69 3.66 -8.03 -219.40
0.83 0.48 -0.35 -72.92

2.44 1.13 -1.31 -115.93
1.76 0.05 -1.71 -3420.00
2.28 0.43 -1.85 -430.23

Average Forces Generating in Each
Sensor During Sitting Locomotion

== Male

14.00
12.00 /\
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Figure 1.10: Graph of average forces generating during sitting locomotion

versus sensors by using instrumented insole system
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Table 1.5: Maximum peak forces for female and male subjects during sitting

locomotion by using instrumented insole system

Female \ Male Difference %Difference
160.00 38.00 -122.00 -321.05
81.00 104.00 23.00 22.12
46.00 85.00 39.00 45.88
386.00 267.00 -119.00 -44 .57
77.00 117.00 40.00 34.19
400.00 131.00 -269.00 -205.34
190.00 21.00 -169.00 -804.76
160.00 38.00 -122.00 -321.05

Maximum Forces Generating in Each
Sensor During Sitting Locomotion
450.00

5000 A

300.00 /\ / \

250.00 /A\ / \ Female
/ \\

200.00

/AN, _
150.00 N\ \\ / \ e
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Figure 1.11: Graph of maximum forces generating during sitting locomotion

versus sensors by using instrumented insole system
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Table 1.6: Minimum peak forces for female and male subjects during sitting

locomotion by using instrumented insole system

Female \ Male Difference %Difference
21.00 2.00 -19.00 -950.00
2.00 4.00 2.00 50.00
2.00 2.00 0.00 0.00
152.00 140.00 -12.00 -8.57
4,00 85.00 81.00 95.29
6.00 4,00 -2.00 -50.00
2.00 2.00 0.00 0.00
21.00 2.00 -19.00 -950.00

Minimum Forces Generating in Each
Sensor During Sitting Locomotion

160.00
140.00
120.00
100.00 \\
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60.00 [\ \ —Male
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Figure 1.12: Graph of minimum forces generating during sitting locomotion

versus sensors by using instrumented insole system
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Overall Peak Forces from Left Foot for Female Subjects During Sitting Locomotion
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Figure 1.13: Graph of overall peak forces from left foot for female subjects during sitting locomotion versus time (Insole System)
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Figure 1.14: Graph of overall peak forces from right foot for female subjects during sitting locomotion versus time (Insole System)
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Overall Peak Forces from Left Foot for Male Subjects During Sitting Locomotion
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Figure 1.15: Graph of overall peak forces from left foot for male subjects during sitting locomotion versus time (Insole System)
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Figure 1.16: Graph of overall peak forces from right foot for male subjects during sitting locomotion versus time (Insole System)
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Overall Peak Forces from Both Foot for Female Subjects During Sitting Locomotion
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Figure 1.17: Graph of overall peak forces from both foot for female subjects during sitting locomotion versus time (Insole System)
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Figure 1.18: Graph of overall peak forces from both foot for male subjects during sitting locomotion versus time (Insole System)
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Table 1.7: Average peak forces for female and male subjects during walking

locomotion by using instrumented insole system

Female VET Difference  %Difference
10.87 8.66 -2.21 -25.52
11.11 9.44 -1.67 -17.69
5.48 3.30 -2.18 -66.06
8.96 1.68 -7.28 -433.33
9.07 3.56 -5.51 -154.78
12.79 8.39 -4.40 -52.44
7.45 1.90 -5.55 -292.11
10.24 1.77 -8.47 -478.53

Average Forces Generating in Each
Sensor During Walking Locomotion
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Figure 1.19: Graph of average forces generating during walking locomotion

versus sensors by using instrumented insole system
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Table 1.8: Maximum peak forces for female and male subjects during walking

locomotion by using instrumented insole system

Female W ELE Difference %Difference
402.00 402.00 0.00 0.00
402.00 400.00 -2.00 -0.50
327.00 333.00 6.00 1.80
400.00 354.00 -46.00 -12.99
338.00 379.00 41.00 10.82
417.00 400.00 -17.00 -4.25
392.00 323.00 -69.00 -21.36
400.00 402.00 2.00 0.50
Maximum Forces Generating in Each
Sensor During Walking Locomotion

450

400 -

300
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L% 200 —— Male
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100

50

0 T T T T T T T )
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Figure 1.20: Graph of maximum forces generating during walking locomotion

versus sensors by using instrumented insole system
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Table 1.9: Minimum peak forces for female and male subjects during walking

locomotion by using instrumented insole system

Female \ Male Difference %Difference
2.00 13.00 11.00 84.62
13.00 2.00 -11.00 -550.00
10.00 4.00 -6.00 -150.00
2.00 2.00 0.00 0.00
2.00 10.00 8.00 80.00
2.00 2.00 0.00 0.00
4.00 13.00 9.00 69.23
2.00 2.00 0.00 0.00
Minimum Forces Generating in Each
Sensor During Walking Locomotion
14
HRWAN Al
10
2 8 \/ \ /\ / \ e Female
s A N /N .
LL

NEVA N/ N/ _\
NIV RV VA7 \
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Figure 1.21: Graph of minimum forces generating during walking locomotion

versus sensors by using instrumented insole system



298

Overall Peak Forces from Left Foot for Female Subjects During Walking Locomotion
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Figure 1.22: Graph of overall peak forces from left foot for female subjects during walking locomotion versus time (Insole System)
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Figure 1.23: Graph of overall peak forces from right foot for female subjects during walking locomotion versus time (Insole System)
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Figure 1.24: Graph of overall peak forces from left foot for male subjects during walking locomotion versus time (Insole System)
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Figure 1.25: Graph of overall peak forces from right foot for male subjects during walking locomotion versus time (Insole System)
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Figure 1.26: Graph of overall peak forces from both foot for female subjects during walking locomotion versus time (Insole System)
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Figure 1.27: Graph of overall peak forces from both foot for male subjects during walking locomotion versus time (Insole System)
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Table 1.10: Average peak forces for female and male subjects during running

locomotion by using instrumented insole system

Female VET Difference  %Difference
10.73 8.66 -2.07 -23.90
10.62 7.15 -3.47 -48.53
5.41 1.83 -3.58 -195.63
5.58 0.90 -4.68 -520.00
9.69 4.71 -4.98 -105.73
15.54 11.54 -4.00 -34.66
7.32 3.09 -4.23 -136.89
9.73 1.53 -8.20 -535.95
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Figure 1.28: Graph of average forces generating during running locomotion

versus sensors by using instrumented insole system
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Table 1.11: Maximum peak forces for female and male subjects during running

locomotion by using instrumented insole system

L1 L2

L4 R1

Sensors

R3

Female Male Difference %Difference
402.00 402.00 0.00 0.00
402.00 400.00 -2.00 -0.50
338.00 346.00 8.00 231
400.00 331.00 -69.00 -20.85
398.00 396.00 -2.00 -0.51
429.00 400.00 -29.00 -1.25
404.00 325.00 -79.00 -24.31
402.00 402.00 0.00 0.00
Maximum Forces Generating in Each
Sensor During Running Locomotion
500.00
450.00
400.00
350.00 \4,74\\\//
2 300.00 ==Female
& 250.00
S 20000 —Male
150.00
100.00
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0.00 T T T T

Figure 1.29: Graph of maximum forces generating during running locomotion

versus sensors by using instrumented insole system
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Table 1.12: Minimum peak forces for female and male subjects during running

locomotion by using instrumented insole system

Female \ Male Difference %Difference
2.00 13.00 11.00 84.62
2.00 2.00 0.00 0.00
2.00 13.00 11.00 84.62
2.00 2.00 0.00 0.00

17.00 10.00 -7.00 -70.00
2.00 2.00 0.00 0.00
2.00 4.00 2.00 50.00
4.00 13.00 9.00 69.23

Minimum Forces Generating in Each
Sensor During Running Locomotion
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Figure 1.30: Graph of minimum forces generating during running locomotion

versus sensors by using instrumented insole system
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Figure 1.31: Graph of overall peak forces from left foot for female subjects during running locomotion versus time (Insole System)
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Figure 1.32: Graph of overall peak forces from right foot for female subjects during running locomotion versus time (Insole System)
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Figure 1.33: Graph of overall peak forces from left foot for male subjects during running locomotion versus time (Insole System)
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Figure 1.34: Graph of overall peak forces from right foot for male subjects during running locomotion versus time (Insole System)
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Overall Peak Forces from Both Foot for Female Subjects During Running Locomotion
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Figure 1.35: Graph of overall peak forces from both foot for female subjects during running locomotion versus time (Insole System)
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Figure 1.36: Graph of overall peak forces from both foot for male subjects during running locomotion versus time (Insole System)
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Comparison between Devices

Table 1.13: Average, maximum and minimum peak forces for female and male

subjects during walking locomotion by using treadmill

Female
Average 395.44

531.85

Overall
463.65

Maximum 1021.31

1342.60

1342.60

Minimum 345.66

570.41

345.66

Table 1.14: Average, maximum and minimum peak forces for female and male

subjects during running locomotion by using treadmill

565.42

Average

875.88

Overall
720.65

Maximum 1342.21

1766.49

1766.49

488.25

Minimum

427.86

427.86
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Figure 1.37: Graph of overall peak forces from both foot for both subjects during walking locomotion versus time (Insole System)
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Figure 1.38: Graph of overall peak forces from both foot for both subjects during walking locomotion versus time (Treadmill)
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Figure 1.39: Graph of overall peak forces from both foot for both subjects during running locomotion versus time (Insole System)
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Figure 1.40: Graph of overall peak forces from both foot for both subjects during running locomotion versus time (Treadmill)



Comparison of Parameters with Other Studies for Female Subjects (Normal Gait)

Table 1.15: Comparison of parameters with other studies for female subjects

310

Oberg et al. Auvinet et al. Titianova et al. Cho et al. Ryu
(1993) (2002) (2004) (2004) (2006)
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
(n=15) (n=144) (n=41) (n=47) (n=12)
Age (years) N/A N/A 41.20 (10.90) 22.90 (4.90) 24.10 (1.60)
Height (m) N/A N/A 1.65 (0.05) 1.59 (4.90) 1.58 (0.06)
Weight (kg) N/A N/A 66.70 (8.90) 52.30 (6.90) 50.70 (6.30)
Walking Speed (m/s) 1.24 (0.17) 1.54 (0.12) 1.49 (19.60) 1.12 (0.11) 1.08 (0.14)
Step Length (m) 0.59 (0.06) 0.75 (0.05) 0.74 (7.30) N/A 0.61 (0.04)
Step Time (S) N/A N/A 0.50 (0.04) N/A N/A
Stride Length (m) N/A N/A 1.49 (14.40) 1.17 (12.50) 1.19 (0.09)
Stride Time (s) N/A N/A N/A N/A N/A
Cadence (step/min) 124.80 (9.00) 123.60 (7.20) 120.80 (8.30) 112.50 (6.50) 109.26 (10.71)
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Table 1.16: Comparison of parameters with other studies for female subjects (Continue)

McKean et al. Senden et al. Yu et al. Present Testing
(2007) (2009) (2009) (2010)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
(n=24) (n=10) (n=5) (n=15)
Age (years) 48.70 (10.30) 24.50 (3.03) 29.40 (11.40) 22.93 (1.79)
Height (cm) 1.70 (0.10) 1.70 (0.06) 1.59 (6.70) 1.60 (4.93)
Weight (kg) 66.20 (9.70) 63.70 (7.30) 60.80 (15.60) 52.06 (9.51)
Walking Speed (m/s) 1.40 (0.20) 1.50 (0.15) 0.88 (0.10) 4.03 (0.01)
Step Length (m) N/A 0.75 (0.06) N/A 0.94 (111.81)
Step Time (s) N/A 0.50 (0.03) N/A 0.76 (0.28)
Stride Length (m) 1.40 (0.20) N/A 1.25 (0.10) 1.45 (86.30)
Stride Time (s) N/A N/A 1.09 (0.10) 1.13(0.14)
Cadence (step/min) N/A 120.24 (6.96) N/A 107.30 (11.90)




Comparison of Parameters with Other Studies for Male Subjects (Normal Gait)

Table 1.37: Comparison of parameters with other studies for male subjects
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Oberg et al. Auvinet et al. Titianova Cho et al. Ryu et al.
(1993) (2002) (2004) (2004) (2006)
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
(n=15) (n=138) (n=21) (n=51) (n=20)
Age (years) N/A N/A 41.90 (11.60) 23.50 (2.70) 24.90 (2.00)
Height (m) N/A N/A 1.79 (0.06) 1.72 (5.00) 1.71 (0.04)
Weight (kg) N/A N/A 81.10 (10.30) 68.30 (9.70) 69.10 (7.90)
Walking Speed (m/s) 1.23(0.11) 1.59 (0.13) 1.50 (19.60) 1.19 (0.11) 1.17 (0.11)
Step Length (m) 0.62 (0.04) 0.83 (0.06) 0.74 (7.40) N/A 0.66 (0.04)
Step Time (S) N/A N/A 0.50 (0.04) N/A N/A
Stride Length (m) N/A N/A 1.49 (14.90) 1.27 (9.90) 1.32 (0.08)
Stride Time (s) N/A N/A N/A N/A N/A
Cadence (step/min) 118.80 (7.80) 116.40 (7.20) 120.80 (8.30) 111.80 (6.40) 107.24 (7.78)




Table 1.18: Comparison of parameters with other studies for male subjects (Continue)

McKean et al. Senden et al. Yu et al. Present Testing
(2007) (2009) (2009) (2010)
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
(n=18) (N =10) (n=5) (n=15)
Age (years) 52.20 (10.10) 24.50 (2.76) 30.80 (12.90) 22.60 (1.35)
Height (m) 1.80 (0.10) 1.84 (0.05) 1.77 (7.40) 1.73 (6.05)
Weight (kg) 78.90 (13.50) 72.50 (8.89) 85.0 (19.60) 70.55 (12.77)
Walking Speed (m/s) 1.60 (0.20) 1.55 (0.18) 0.92 (0.10) 4.03 (0.00)
Step Length (m) N/A 0.83 (0.07) N/A 1.06 (114.27)
Step Time (s) N/A 0.54 (0.03) N/A 0.98 (0.86)
Stride Length (m) 1.50 (0.10) N/A 1.26 (0.10) 1.92 (185.53)
Stride Time (s) N/A N/A 1.16 (0.10) 1.70 (1.31)
Cadence (step/min) N/A 112.32 (5.79) N/A 89.68 (27.40)
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Comparison of Parameters with Other Studies for Abnormal Gait

Table 1.19: Comparison of parameters with other studies for abnormal gait
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Bogataj et al. McKean et al. Morris et al. Chen et al. Givon et al.
Stroke Osteoarthritis Parkinson Cerebral Palsy Multiple Sclerosis
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
(n=20) (n=39) (n=5) (n=24) (n=81)
Age (years) N/A 56.05 (12.50) 65.30 (N/A) 6.38 (1.67) 36.20 (0.50)
Height (cm) N/A 1.75 (0.10) 1.70 (N/A) 1.12 (0.12) N/A
Weight (kg) N/A 89.90 (15.55) 71.30 (N/A) 18.63 (4.76) N/A
Walking Speed (m/s) 0.46 (N/A) 1.30 (0.25) N/A 0.44 (0.31) 0.86 (3.00)
Step Length (m) 0.22 (N/A) N/A N/A 0.13 (0.06) 0.45 (1.05)
Step Time (s) 2.10 (N/A) N/A N/A 0.17 (0.08) 0.66 (0.02)
Stride Length (m) 0.44 (N/A) 1.35(0.15) 1.13 (0.26) 0.25 (0.11) N/A
Stride Time (s) 4.15 (N/A) N/A 1.22 (0.21) N/A N/A
Cadence (step/min) N/A N/A N/A N/A 94.40 (2.10)




Table 1.20: Comparison of parameters with other studies for abnormal gait (Continue)

Verghese et al. Tanaka et al. Allet et al. Gaudreault et al. Present Testing
Predisability Arthroplasty Diabetic Duchenne Healthy
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
(n =40) (n=43) (n=71) (n=11) (n=30)
Age (years) 79.70 (5.80) 59.70 (7.90) 63.00 (8.00) 9.30 (2.60) 22.77 (1.57)
Height (cm) N/A 1.52 (5.20) 1.66 (8.50) N/A 1.66 (8.56)
Weight (kg) N/A 56.20 (7.60) 83.60 (16.60) N/A 61.30 (14.52)
Walking Speed (m/s) 1.04 (0.12) 1.02 (0.25) 1.22 (0.17) 0.62 (0.12) 4.03 (0.00)
Step Length (m) N/A N/A N/A 0.37 (0.07) 0.99 (111.23)
Step Time (s) N/A N/A N/A N/A 0.87 (0.64)
Stride Length (m) 1.18 (0.11) 0.71 (6.70) 1.32 (0.13) N/A 1.69 (144.13)
Stride Time (s) N/A N/A N/A N/A 1.42 (0.96)
Cadence (step/min) N/A 117.40 (12.00) 110.06 (10.82) 100.40 (8.40) 98.49 (22.61)
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APPENDIX J: Expenditure of Project



Product Code

Product Name

Qty

Retail Price (RM)
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Amount (RM)

1 SK40C Enhanced 40 Pins PIC Start-Up Kit. 1 19.95 19.95
2 SK40-C2 40 pins PIC Start-Up Kit Combo 2 1 65.90 65.90
3 SKXBee XBee Starter Kit 2 97.50 195.00
4 ulCo0B USB ICSP PIC Programmer V2010 1 25.45 25.45
5 UIC-S ICSP Programmer Socket 1 20.00 20.00
6 UCO00A USB to UART Converter 1 29.00 29.00
7 IC-PIC-18F4550 IC PIC18F4550 1 17.50 17.50
8 KC-USB Bluetooth USB Dongle 1 20.00 20.00
9 CR-H49S-20M Crystal H49S (Low Profile) 20MHz 2 2.00 4.00
10 CP-CC-1PF Ceramic Capacitor 1pF 2 0.20 0.40
11 CP-MC-0.33U Multilayer Capacitor 33F 2 0.30 0.60
12 CP-EC-16-10 Electrolytic Capacitor 16V 10F 3 0.20 0.60
13 CP-EC-16-100 Electrolytic Capacitor 16V 100F 3 0.25 0.75
14 RS-025W-1K Resistor 0.25W 5% 1K 15 0.05 0.75
15 RS-050W-1K Resistor 0.5W 5% 1K 12 0.10 1.20
16 RS-1W-1K Resistor 1W 5% 1K 10 0.20 2.00
17 VR-7805 Voltage Regulator +5V 5 1.00 5.00
18 IC-LM-324 IC LM324 3 1.50 4.50
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19 IC-LM-324N IC LM324N 3 1.10 3.30
20 IS-14PIN IC Socket-14 Pin 6 0.20 1.20
21 CN-PH-M140S Straight Pin Header (Male) 1x40 Ways 2 2.00 4.00
22 BD-DB-PP-1024 Donut Board (Big) 10x24cm 1 2.25 2.25
23 BD-DB-PP-0615 Donut Board (Small) 6x15cm 1 0.80 0.80
24 CN-02-2510 2510 PCB Connector 2 Ways 2 0.36 0.72
25 CN-04-2510 2510 PCB Connector 4 Ways 5 0.60 3.00
26 CN-05-2510 2510 PCB Connector 5 Ways 5 0.75 3.75
27 CN-08-2510 2510 PCB Connector 8 Ways 8 0.80 6.40
28 - KCO01-101 2 Pin R/Switch Black 4 0.80 3.20
29 - Heat Sink TO-220 30x25x10mm 2 0.65 1.30
30 - Heat Sink TO-220 (02-21) 2 0.55 1.10
31 - Heat Sink TO-220 25x15x10mm 2 1.50 3.00
32 BC-3 Super Battery Charger 1 35.00 35.00
33 - Energizer Rechargeable Battery 2 48.00 96.00
34 BA-9V 9V Battery (Maxell) 4 5.00 20.00
35 - Power Heavy Duty 9V Battery 2 2.50 5.00
36 - Panasonic 9V Battery 2 4.50 9.00
37 CN-BA-9S 9V Battery Snap 2 0.40 0.80
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38 CN-BA-9H 9V Battery Holder 2 3.00 6.00
39 WR-RM10 Rainbow Cable 10 Ways (meter) 5 4.50 22.50
40 TO-PH-17150 Philips Test Pen 1 3.50 3.50
41 BO-130071045-SA Aluminium Box (130x71x45mm) Silver 1 15.00 15.00
42 - Single Core Wire 10.5 mm (meter) 16 0.30 4.80
43 FSR-402 Force Sensing Resistor (Circular) 8 24.40 195.20
44 FSR-406 Force Sensing Resistor (Square) 2 31.26 62.52
45 - 971-PC Adapter 1 5.00 5.00
46 - Polymer Shoe Insole 6 3.90 23.40
47 - Loop Hook (meter) 3 1.40 4.20
48 - Shoe Belts 4 2.50 10.00
49 - Waist Belt 1 5.90 5.90
50 - Binding Tape 1 1.90 1.90
51 - Black Tape CTP 24mm 1 1.70 1.70
52 - Cellotape 24x30 3 IN 1 1 3.99 3.99
53 - Modelling Clay 1 1.20 1.20
54 - Foam Board 1 2.60 2.60
981.83

Total (RM)




