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ABSTRACT

This project set out to develop alow cost, in-home robotic rehabilitation device for
stroke patients suffering arm paralysis. The forecast increase in stroke caused by
obesity and the aging population will place more strain on socia services and
resources. There is a requirement to move away from traditional therapy with the
aternative being computer-based rehabilitation devices that alow patients to

exercise in the comfort and safety of their homes.

This project has researched stroke and its debilitating effects along with
rehabilitation goals and techniques. This research revealed the potential to introduce
a low cost robotic rehabilitation device. The project conceptualised, designed and
manufactured a device that simulates most of the natural range of motion of the arm.
The device is linked to a computer and offers an on-screen representation of the

patient’ s movements.

Testing has shown that the device has great potential in the medical world and will
offer stroke patients a more accessible rehabilitation technique. With some
refinement of the design and improved software, the device will be ready for clinical
testing. All of this work aims to help the patient return to normal everyday living

sooner making them less dependent on social services, friends and family.
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Chapter 1  INTRODUCTION

1.1 Introduction

Robotics and electronics have proven very beneficial in amost al industries and
areas of human life. There has been much research conducted recently into the use
of robotic devices for stroke rehabilitation. They are showing great promise in
restoring movement and strength to a patient’s paralysed limbs after suffering a
stroke.

This dissertation discusses how rehabilitation can greatly improve a sufferer’s
qguality of life. The advantages of using robotic rehabilitation over traditiona
methods are important drivers for this design. The dissertation documents the design
and construction of a computer-based device to help rehabilitate a patient’s upper

limbs.

This chapter discusses the project motivation, objectives and methodology as well as

outlining the structure of the dissertation.

1.2 Motivation

Stroke is a leading cause of disability and devastates the lives of sufferers aswell as
their friends and family. One of the common side effects of stroke is paralysis of one
or more limbs. The limitations caused by the paralysis, and thus the quality of life of
the patient can be greatly improved with rehabilitation, but there are some problems
with the current techniques. It can be difficult for patients to receive enough therapy
to improve their condition because of its high expense, the need to travel and a lack
of therapists. An inexpensive robotic device that can be used in the home has the
potential to help many less fortunate sufferers regain movement and strength in their
arm, thus reducing their reliance on others. Family and friends are usually left with
the heavy strain of looking after stroke victims so helping stroke patients also helps

their carers.



The am of this project is to design and manufacture an effective yet inexpensive
robotic device that can be used for rehabilitating stroke survivors who have arm
paraysis. It is intended that the device will be purchased by the patient and kept in
their home so that they can use it at any time. It will not replace physiotherapists
completely; instead it will supplement their work to achieve better results for the

patients.

1.3 Project Objectives

In order to guide the project, a list of objectives has been devised. They have been

arranged in order of when they will be achieved and are shown below;

1. Research how stroke affects movement and motor skills. Research
current rehabilitation methods and their success.

2. Research available joystick style equipment and their mechanisms,
and determine whether they could be suitable for this device.

3. Create concepts and investigate the strengths and weaknesses of each
concept.

4. Prepare design for construction

5. Investigate and design electronics and control.

6. Test the design and evaluate its performance.
Astime permits:

7. Investigate and design force feedback components.
8. Perform clinical testing and provide professional feedback.

The methodology needed to ensure these objectives are achieved in atimely fashion
will be discussed next.

1.4 Methodology

Research will be conducted into stroke and its effects on the human body. This
project focuses on the paralysis of the arm and how this reduces the patient’s
independence and quality of life. The benefits of rehabilitating arm paralysis and the



currently used methods will be investigated. The possibility of using robotic
rehabilitation devices will be explored and some recently developed devices will be

discussed. Arm movements and ranges of motion will be examined.

Using the background information, the constraints and requirements of the device
will be determined. Some concepts for the structure will be devised and critiqued.
Position monitoring systems will be considered at this point, but designed in detall
later. The best concept will be designed, components drafted and drawings given to
the workshop for construction. Parts to be outsourced will be specified and ordered
through USQ. Once built, the structural part of the device will be tested and

evaluated and changes may be made if necessary.

The position sensing of the device will then be designed in detail. The parts will be
fitted to the device along with any electronics that are required. The electrical circuit
will be designed and implemented. The software and interface needed to make the

position of the device visible on a computer screen will then be developed.

The device will be evaluated as an overall stroke rehabilitation tool. Problems will be
identified, possible solutions/modifications will be suggested and the future work
needed will be outlined.

1.5 Overview of Dissertation

This section outlines the information that is included in this dissertation. The

chapters and their content are listed below;

Chapter 2, Background, investigates stroke and its effects along with rehabilitation
objectives and techniques. It also introduces robotic rehabilitation and looks at some

of the recently developed devices.

Before design can begin, the requirements of the device and the design constraints
need to be known. Chapter 3, Design Constraints and Requirements, contains this

information.

Chapter 4, Concept Development, covers some of the concepts that were devised and
shows which concept was chosen to be designed.



In chapter 5, Final Design and Manufacture of Prototype, the design process and the
workings of the device are documented. Included in this chapter is the design of the

mechanical structure and the electronics.

The development and operation of the software and interface is detailed in chapter 6,

Software and Interface.

Chapter 7, Evaluation and Testing of Design, will look at the functionality of the
design and identify any problems that were found. It will also cover the range of

movement and accuracy testing.

Finally, a summary of the achievements that have been made and the future work
that can be done on this project will be included in chapter 8, Conclusions and

Future Work.

1.6 Conclusion

The need for a better stroke rehabilitation technique has sparked research into using
robotic devices for physical therapy. An effective device could help patients recover
from their paralysis much better than traditional techniques, making them less
dependent on carers and giving them better quality of life. This chapter has set out

the project objectives and methodology.



Chapter2  BACKGROUND

2.1 Introduction

The following chapter discusses the information found while conducting a literature
review on stroke. The topics include stroke and its effects, rehabilitation goals and
techniques, neuroplasticity and muscle development. The research then moves onto
robotic rehabilitation and its effectiveness, and some of the recently developed
devices. An understanding of stroke and rehabilitation was necessary to design a
device that meets the needs of the patients.

2.2 Stroke

Stroke (also known as cerebrovascular disease) occurs when the supply of blood to
the brain is suddenly disrupted. (National Stroke Foundation, 2007). Blood flows to
the brain by a network of blood vessels called arteries, and is responsible for
transporting oxygen and nutrients to brain cells. When the blood flow is cut off, the
brain cells don’'t receive the supplies they need and die. Depending on the extent of
the stroke, and the length of time before medical help is received, part of the brain
can become permanently damaged. This damaged part is referred to as an infarct.
The part of the body that the infarct controlled, will no longer work properly, or not
at all.

2.3 Stroke Statistics

The National Stroke Foundation (2010), have listed a number of statistics on their
website. The ones that are useful for this report are listed below;

Stroke is Australia' s second single greatest killer after coronary heart disease
and aleading cause of disability.

In the next ten years more than half amillion people will suffer a stroke.
About 88 per cent of stroke survivorslive a home and most have a disability.

Close to 20 per cent of al strokes occur to people under 55 years old.



The numbers presented here show the significant effect that stroke has on society.
The Australian Bureau of Statistics constantly reports an ageing population which
will correlate to an increased number of stroke sufferersin coming years.

2.4 Types of Stroke

There are two main types of stroke; ischemic and hemorrhagic, and they are

classified by the way the blood flow to the brain is interrupted.

An Ischemic stroke (Figure 2.1) occurs when an artery to the brain is blocked either
by a blood clot that has formed at the site of the blockage (cerebral thrombosis) or at
another location in the body (cerebral embolism). These blood clots are formed

because of abuild up of fatty deposits on the blood vessel walls.
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Figure 2.1 An Ischemic Stroke occurswhen an artery tothebrain is
blocked by a blood clot (Source: Heart and Stroke Foundation of
Canada, 2008)



A hemorrhagic stroke (Figure 2.2) occurs when a blood vessel ruptures and bleeds
into the brain. According to the American Heart Association (2010) thirteen per cent
of all strokes are hemorrhagic strokes. When the weakened blood vessal ruptures, the
blood pools and presses on the nearby brain tissue, killing brain cells. The blood
vessel can rupture inside the brain, known as an intracerebral hemorrhage or on the

outside of the brain, a subarachnoid hemorrhage.
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Figure 2.2: A Hemorrhagic Stroke occurswhen a blood vessel
ruptures and bleedsinto the brain. (Source: Heart and Stroke
Foundation of Canada, 2008)

2.5 Effects of Stroke

Each stroke is different, and the effects depend on the size of the stroke and where in
the brain it occurs. The American Heart Association (2010) lists some of the

common disabilities caused by stroke including problems with;

the senses (eyesight, touch, awareness of the body);

motor activity (in the arms or legs);



speaking and understanding speech;
eating;

sexuality;

behaviour, thinking, emotions; and

weakness or paralysis of the body (hemiplegia).

If the stroke occurs in the right hemisphere of the brain, it can cause paralysis of the
left hand side of the body and problems with depth perception. Patients can
experience loss of judgement and act impulsively, suffer short term memory loss and
visually neglect the space on the left side of their body (left side neglect).

If the stroke occurs in the left hemisphere, it can cause paralysis of the right hand
side of the body, speech and language problems as well as behavioural and memory
problems. In the opposite way to right hand hemisphere stroke sufferers having an
impulsive behaviour and losing their sensible judgement, left hand hemisphere

patients may have a slow behaviour and not be able to finish tasks because of it.

Patients who have a stroke in their brain stem lose the part of the brain that controls
breathing, blood pressure and heart rate. They can experience problems with these
functions as well as paralysis, vision impairment, difficulty swallowing and hearing

and speech problems.

Strokes that occur in the cerebellum can cause loss of coordination and balance,

dizziness, nausea and vomiting. (Brain Foundation, 2010)

Generally stroke can have a devastating effect on one's personality. It can cause the
patient to become distressed, irritated, depressed, overly emotiona or to feel
helpless. It can make what were once simple tasks very complicated and this can be

difficult to come to terms with for some sufferers.

It is possible for these side effects to improve or even disappear after the stroke, but
again, this will depend on the severity of the stroke, and the rehabilitation that is
received. Thiswill be discussed further in the next section.



2.6 Rehabilitation

The Pocket Macquarie Dictionary (1989, p. 873) defines ‘rehabilitate’ as, to educate
and help (a person affected by an accident or disease) to take up normal activities
again. The following section discusses the reason for rehabilitation, the currently

used techniques and the issues associated with them.

2.6.1 Reason for Rehabilitation

Stroke can drastically reduce a person’s quality of life because of its debilitating
side-effects. The type and amount of rehabilitation required depends on the severity
of the stroke and what parts of the body it has affected. In Australia, rehabilitation
can be received in hospital, a home, or as an outpatient (National Stroke Foundation,
2007). Rehabilitation needs to start as soon as possible after the stroke, and can be
within 2 days of the attack if the patient is stable (Brain Foundation, 2010). There are
severa rehabilitation techniques and these will be discussed in the following

sections.

A rehabilitation team can consist of some or all of the following people; doctors,
nurses, dieticians, occupationa therapists, physiotherapists, psychologists, socia
workers and speech pathologists (Nationa Stroke Foundation, 2007) Obvioudly, the

professionals involved will depend on the problems the patient experiences.

2.6.2 Rehabilitation Goals

The aim of rehabilitation is to help the patient regain as much independence as
possible (Heart and Stroke Foundation of Canada, 2009) and to improve the patient’s
quality of life after the stroke. It helps to learn skills that have been lost or if this
isn't possible, patients will be taught new skills to cope with the changes to their
lifestyle (National Stroke Foundation, 2007). The rehabilitation goals will depend on
the severity of the stroke, and its effects on the patients. For a stroke that has caused
speech problems, rehabilitation will focus on helping the patient to communicate. If
the stroke has caused paralysis to one or both sides of the body, rehabilitation will

focus on getting the patient to re-learn movements and regain muscle strength. This



could mean the difference between a patient being able to open a bottle themselves,
and having to rely on someone else to do it. Rehabilitation can last for months or

years depending on the person.

Recovery is usually greatest in the first couple of months after the stroke and then
gradualy plateaus, but small gains can be experienced long after the stroke (Brain
Foundation, 2010).

2.6.3 Neuroplasticity

Neuroplasticity is the brain's ability to reorganize itself by forming new neura
connections throughout life (MedicineNet.com, 2004). Humans are always learning
new skills, and experiencing new things. The human brain is able to adapt to these
things by training different neurons to control different parts of the body and
remember different things. Neuroplasticity is the saving grace of the damaged or
disabled brain; without it, lost functions could never be regained, nor could disabled
processes ever hope to be improved (MemoryZine, 2009). After a stroke, parts of the
brain can be damaged and the function that these parts controlled will be lost.
However, because of neuroplasticity, a different part of the brain can be trained to
take over the lost functions. For example, if the left side of the brain is damaged
from stroke causing paralysis of the right side of the body, the right side of the brain
can be trained to control the bodily functions. Retraining the brain takes time and
constant repetition of the task.

Carey (2007) listed the principles of retraining a damaged brain based on perceptual

learning and neural plasticity theories. They are;

repeated practice of specific stimuli;

attentive exploration;

vision occlusion;

motivating, meaningful tasks;

use of anticipation trials and imagery;

feedback on accuracy, method of exploration and summary feedback;
calibration of sensation within and across modalities; and

progression from easy to more difficult discriminations.

10



2.6.4 Muscle Development

Muscle atrophy is the wasting of muscles resulting from disuse, or disease (also
called neurogenic atrophy). Disuse is generally related to things like decreased
activity as aging occurs or suffering an injury that prevents use of a body part for
some time. Muscle atrophy caused by stroke falls under the disease category as the
inability to move is caused by the problems with the nerves that supply the muscles.

The most common form of treatment for muscle atrophy is an exercise program
designed by a physical therapist. However, in order to exercise the limbs, the patient
must first be able to use them. Muscle development would be the final stage of
stroke rehabilitation and can only begin once the patient has regained movement in
the affected limb. (MD Guidelines, 2010)

2.6.5 Current Rehabilitation Techniques

The magjority of rehabilitation received is currently through physical therapy.
Another recently developed technique called Constraint Induced Movement Therapy
is aso being more widely used. These will be discussed further below.

2.6.5.1 Rehabilitation by Physical Therapy

As discussed earlier, there are many professionals that can be involved with the
rehabilitation process. This report is mainly concerned with trying to recover the
movement of the patient’s arm, which is presently done by a physiotherapist. This
section will only discuss the techniques used by a physiotherapist to regain

movement of alimb.

In Australia, physical therapy is currently the most widely used technique for
recovering limb movement. It is the most accessible treatment and offers reasonable

results. Physiotherapy can include some or all of the following;

practicing day to day activities like rolling in bed, standing up, walking and
using legs and arms;
exercises to improve strength, sensation, coordination and fitness;

stretching or supporting muscles to reduce their stiffness or pain; and
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choosing to limit the use of the patient’s good limb to encourage use of the
affected limb.

(National Stroke foundation, 2008)

The therapy program depends on the patient and will be determined by medical

professionals. The exercises will change over time as the needs of the patient change.

2.6.5.2 Constraint Induced Movement Therapy

Constraint Induced Movement Therapy (CIMT) or ClI Therapy is a fairly new
technique developed by Edward Taub. It involves constraining the unaffected arm
with a sling and forcing the use of the affected arm for day to day activities. Usualy
after a stroke that causes arm paralysis, the patient will neglect using the affected
arm and hence never regain any movement of it. CIMT utilises the theory of

neuroplasticity and retrains the brain to move theimpaired arm.

Taub & Guswatte (2006) give the three main components of CIMT. They are;
repetitive, task-oriented training of the impaired arm for several hours a day for 10-
15 days, constraining patients to use the impaired arm during waking hours and
applying a package of behavioural messages designed to transfer gains in a clinical
setting to the real world. Over the last 20 years, a large body of evidence has
accumulated to support the efficacy of Cl therapy for hemiparesis subsequent to
chronic stroke (Taub & Guswette, 2006).

Following on from the research into CIMT, a need to automate the treatment has
been recognised, to try and make it administrable in the home. This is necessary to
reduce the amount of one-on-one physical therapy required, in turn reducing the cost
of such a beneficial treatment and making it more easily available for the wider
community. This has led to the development of Automated Constraint Induced
Therapy Extension (AutoCITE), a workstation that can train the patients to carry out
a set of movements which will help them regain use of their arm. The workstation
consists of eight tasks which address the movement of the shoulder, elbow, hand and
wrist. The eight tasks shown in Figure 2.3 are; reaching, peg board,
supination/pronation, threading, tracing, object-flipping, fingertapping and arc-and-
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rings. A computer records the patient’s ‘score’ for each task and compares his or her

scores during the training.
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Figure 2.3: The eight tasks performed at the Auto CITE workstation
arereaching, peg board, supination/pronation, threading, tracing,
obj ect-flipping, fingertapping and arc-and-rings

2.6.5.3 Issues with Current Rehabilitation Techniques

There are number of problems associated with current stroke rehabilitation
techniques, mainly physical therapy. DeAngelis (2010) reported that less than ten
percent of people who had suffered a stroke were still receiving occupational or
physical therapy within two years of thelr attack. This is because therapy is a very
expensive and time consuming treatment. In order to reap significant benefits from
physical therapy, the patient must frequently see a physiotherapist. This can be
difficult for some patients who live a significant distance from the clinic or must rely
on family or friends to drive them. These factors cause great inconvenience and

place alot of pressure on the patient and their family.

Another magjor problem with physical therapy is that the patient might be showing
promise of independence within the hospital or facility but once they get home, the
skillsdon't transfer and the patient must still rely on family or friends. If the skillsdo
transfer, they usually aren’t reinforced when the patient returns home and can
eventualy belost. (DeAngelis, 2010)
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Stroke rehabilitation will usually involve practicing repetitive movements. This can
be boring for both the therapist and the patient, causing them to lose interest in what
they are doing.

2.6.6 Measuring Rehabilitation Progress

An important part of any rehabilitation program is monitoring the progress of the
patient in order to address problems with certain areas. It is paramount that the
patient moves forward with their disability and not backwards which sometimes

happens because of lack of motivation or improper treatment.

There is a variety of tests and scales that are used by therapists to monitor the
progress of a patient. They can be a measure of range and speed of movement, or a
subjective rating of a patient’s ability to perform tasks. The Manua Muscle Test
involves a therapist testing the strength of a limb. The Fugl-Meyer assessment
consists of a therapist noting the general use, reflex, range of motion (ROM),

balance, sensation and other behaviours associated with the affected limb.

2.7 Robotic Assisted Rehabilitation

Robotic rehabilitation has been an active field of research since the 1990s (Celik et
a. 2010). Restoring arm movement after a stroke usually requires teaching specific
movements then constantly repeating them. This sort of work can easily be done by a
robotic device. It is important to note that a robot will not necessarily replace a
therapist but will probably supplement their treatment. Some different types of
robotic devices have been created and tested, and studies have shown that they give
results similar to or better than physical therapy.

2.7.1 Advantages

There are numerous advantages of using robotic devices to aid in rehabilitating

paralysed limbs including the following;

It relieves the need for one on one time with a physiotherapist as the device

can guide the patient through the exercises instead of the therapist.
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An in-home device relieves the need for travelling to a physiotherapist and
allows the patient to do the exercises whenever he or she can.

Robotic devices are consistent and objective when assessing and guiding a
patient.

With the use of games or activities, robotic devices can make the
rehabilitation more fun and exciting.

Correct movements can be forced by locking certain degrees of freedom
(DOFs). Exercise programs can be developed as required by therapists.

With the aid of force feedback, the nature of the device can be changed from
resistive, to neutral to assistive more accurately and consistently than by a

therapist.

However there are some limitations with robotic devices and these need to be
discussed as well.

2.7.2 Limitations

The limitations associated with robotic rehabilitation are;

Exercises that can be done on a robotic device may not correlate directly to
activities of everyday living such as opening ajar (Casadio et a. 2009).
Robotic devices do not have give the human interaction of one on one
therapy.

There is not yet a correlation between robotic measurements and patient
progress. (Celik et al, 2008)

Research has shown that the advantages of robotic assisted rehabilitation outweigh

the limitations and that robotic devices have avery important role in the society.

2.7.3 Recently Developed Devices

There is alot of research being conducted into using robotic assisted rehabilitation
and several different devices have been designed. Some devices have been put into a
clinical situation and initial testing has been conducted. Three of the recently

developed devices will be discussed here.
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2.7.3.1 T-WREX

The T-WREX or the Therapy Wilmington Robotic Exoskeleton shown in Figure 2.4
isaweight reducing structure that has been designed to support an arm weakened by
paralysis. The structure counterbalances the weight of the entire arm without the use
of actuators to enable the user to move around easily and not have to support their
bodyweight. It offers approximately two thirds of the full ROM of an average arm
and has five DOFs. The amount of support the device gives can be varied by adding

or removing rubber bands.

Figure2.4: The T-WREX isan weight reducing structurethat has
been designed to support an arm weakened by paralysis (Sour ce:
Housman et al, 2007)

2.7.3.2 HOWARD

The HOWARD, or the Hand-Wrist Assisting Robotic Device shown in Figure 2.5
was designed to help stroke sufferers regain strength and use of their hand. The
patient’s hand is strapped in HOWARD, which is linked to a computer screen. The
device takes the patient through a series of exercises and with the help of force
feedback, can help him or her move their hand when needed. The HOWARD has

been designed to help patients re-learn hand movement and control.

16



Figure2.5: The HOWARD was designed to help stroke sufferers
regain strength and the use of their hand (Source: redOrbit, 2007)

2.7.3.3 MIT-Manus

The MIT-Manus (Figure 2.6) is a robotic rehabilitation device developed by the
Massachusetts Institute of Technology. It initially had two DOFs and could move in
2D horizontal plane. A wrist attachment with three DOFs was later added to exercise
the wrist as well. The initial device was completed in 1991 and it has been worked
on since. It is now a highly functional device that is coupled to a computer and uses
force feedback to assist or resist patient movements. The computer displays the

position and movements of the handle and provides exercises for the patient.

Clinical testing has been conducted with this device (without the wrist attachment) at
the Burke Rehabilitation Hospital in New Y ork and the results were quite promising.
Patients showed reduced movement impairment in their elbows and shoulders.
(Krebset a, 2007)
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Figure2.6: The MIT-Manusisa highly function robotic
rehabilitation device with 5 DOFsto exercise the shoulder, elbow and
wrist (Source: Garrett, 2009)

2.8 Interview with Jude Wilson — Physiotherapist

In June 2010, a casua interview was conducted with Jude Wilson, a physiotherapist
who was worked with stroke patients, to obtain a clinical opinion of the device in
mind. Jude’s overall view was that the device was good idea and would definitely be
a vauable tool for stroke rehabilitation. Jude also brought up some points that
reinforced the literature found in other research material.

The device needs to provide functional movements that correlate to everyday
living.

The best way to regain movement is by repeating movements over and over
again.

Patients are currently not getting enough therapy to reap the benefits of
rehabilitation.

The orientation of the patient is important, that is whether they are
performing tasks sitting, lying or standing.

The orientation of the movements, that is whether they patient needs to move
against gravity, with gravity or neutrally.
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Jude was a helpful reference as the opinions and ideas of someone who has worked

directly with patients are very valuable in the design process.

2.9 Conclusion

Stroke is a leading cause of disability and one of its effects is paralysis in the limbs.
This causes sufferers to lose their ability to do simple, everyday tasks and hence
makes them very dependent on others. Rehabilitation aims to reverse this paralysis,
and help the patient re-learn movements, increase muscle strength and improve
motor skills. Thisis currently done by physical therapy, but new advances in robotic
therapy are making it avery attractive technique for rehabilitation.

19



Chapter 3  DESIGN CONSTRAINTS AND REQUIREMENTS

3.1 Introduction

The following chapter covers the requirements of a fully functional robotic
rehabilitation device that is ready for production and sale. Not al of these
regquirements will necessarily be met in this project, but they will be considered and
developed as future work. The constraints need to be established early so that a
suitable device is designed. The most important feature of the intended device is its

home-based nature. This suggests alow cost, small and effective design.

3.2 Requirements of a Robotic Rehabilitation Device

The following section lists the mgor requirements of a robotic rehabilitation device
(RRD). Each one will be addressed in detail.

3.2.1 Size, Form & Portability

It isintended that the RRD to be designed will be owned by a patient and kept in his
or her home. It could also be kept at a physiotherapy clinic for use during
appointments. It should be easily accessible and set-up should be quick and ssimple
so as to not create another tedious task. The device could be kept on a computer desk
with a computer and be set up at al times (Figure 3.1). This gives a rough idea of
how big the device can be, but a quantitative maximum size window would be
approximately 500 mm wide, 1000 mm deep and 1500 mm high. One would assume
that the only times the device would be moved is if the room needs to be rearranged
or if the patient is moving house, meaning portability isn’t a mgor issue. The form
of the device should be so that it can be clamped to a desk in a safe manner, and be

ergonomically sound.
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Figure 3.1: It isenvisioned that the device will be kept on a medium
sized desk next to a computer. Thisimage showstherelative sizethat
the device could occupy compared to a laptop

3.2.2 Movement

The RRD will need to have movements that mirror the human arm. The particular
movements will be discussed more in a later section but the mechanisms controlling
these movements will be discussed here. The device will be made up of mechanical
joints, either linear or rotational, that will need to be smooth and consistent. They
should be precise and repeatable and be as neutral as possible, so quality

manufacturing and design will be required.

3.2.3 Cost

It isintended that this device will be owned by the patient. To make thisreadistic, the
device needs to be cheap relative to therapy costs and the results that it gives. There
isafair scope for price, depending on the final design and its application. By owning
this device, the patient reduces the amount of therapy they need and can use the
money they are saving to buy a RRD.

3.2.4 Position Monitoring

One of the requirements of the device is that it can track the patient’s movement at

al times. The movement and position of the patient will be used in the computer
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software to monitor their progress and to give them objectives to complete. It will

also be necessary for adapting force feedback to the device.

3.2.5 Force Feedback

It is desirable to have force feedback on a RRD, in order to take patients through the
whole range of rehabilitation; teaching movements, refining motor skills and
increasing strength. Assuming a patient has lost nearly all of their movement, they
will need to first learn movements without having to apply force, and then once this
is done, they will need to learn to move their own body weight. From here, they can
keep building muscle and move heavier and heavier objects. There are many waysin
which force feedback could be used to increase the effectiveness of this device. It

could be used to replicate gravitational forces, simulate friction, obstacles etc.

3.2.6 Lockable movements

It is necessary that certain DOFs can be locked, to focus on particular movements. A
physiotherapist would devise a suitable routine, locking and unlocking DOFs as
required. Certain arm muscles and movements could be targeted depending on the

patient and their condition.

3.2.7 Measuring Movement & Progress

The reason for rehabilitation is to help patients improve and progress. In order for a
physio to help the patient, they need to know where the patient is up to and which
areas need improvement. It is important that the device can map progress over time.

It could do this by measuring strength, ROM, speed, reaction times, accuracy etc.

3.2.8 3D Games

One of the objectives of creating this device is to make rehabilitation more exciting
and keep patients interested. This can be done by getting patients to use the device to

play games on the computer. There are endless possibilities for interface software
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and it will probably be limited by the electronic hardware. The device will act like a

generic joystick being used to play a computer game, just with alarger ROM.

3.3 Design Constraints

It should be noted that the device to be designed is not supposed to be a completed,
fully functioning device. This device is a proof of concept prototype only and may
not fulfil al of the requirements of one that is ready for production. Low cost and
simple mechanisms will be pursued to prove that concepts will or will not work and
determine how they can be developed.

For this project, the main design constraints that will be considered are size,
movement, lockable movements, position monitoring, cost and adaptability of force
feedback. The proof of concept device will be refined as future work to meet the

remaining requirements.

One of aims of this project is to test the ease of which the wide ROM of the shoulder
and arm can be captured and it will be sufficient to test this in two dimensions and
not three. Therefore the mgjor movements of the device will be kept to a single two
dimensional plane. This may mean one of the shoulder’s DOFs will not be included
in the device's movements however simplicity will be maintained while testing the

concept of using aRRD.

The biomechanics of the human arm need to be examined so that a suitable ROM
can be established for the device.

3.4 Movement of the Human Arm

The human arm is a very flexible and useful tool. This section will introduce the

basic structure and mechanics of the human arm in order to understand its ROM.

3.4.1 Basic Anatomy

Human anatomy is quite complex when the body is considered as a complete

working system, however for the purpose of this project, movement of the human
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arm will be ssimplified in order to understand how a rehabilitation device should

work.

A joint is where two or more bones touch and/or articulate. The human arm gets its
dexterity from its three main ‘freely movable joints; the shoulder, elbow and wrist
(Figure 3.2). The bones that make up a freely movable joint are held together by

bands of tissue called ligaments.
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Figure 3.2: Bone Structure of the Human Arm (Source: Wikipedia,
2010)

Movement is given to the joint by a muscle or group of muscles that are attached to a
bone on both sides of the joint. When given a signa from the brain, a muscle
contracts, pulling the bones of ajoint together in one direction. To move in the other
direction, an opposing set of muscles on the opposite side of the joint need to
contract. Take for instance the elbow joint, which is referred to as a hinge joint. It
has one degree of freedom (DOF), flexion (this will be discussed further in the next
section). The elbow joint has 3 main bones. Joining the shoulder and elbow is the
Humerus, and joining the wrist are the Radius and Ulna. Looking at Figure 3.3,
which isaside on view of the elbow at 90 degrees, it can be seen that the Radius and
Ulna can pivot up or down relative to the Humerus. If the biceps muscle contracts

and becomes shorter, it will pull the Radius and Ulna up. Similarly, if the triceps
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muscle, which attaches to the opposite side of the bones contracts; it will pull the
Radius and Ulna down. Nerves in the arm receive signals from the brain and tell the

muscles when to contract, and when to relax.

Biceps muscle
and tendon

Triceps muscle
and tendon

Figure 3.3: Side on view of the human elbow joint (Source: Medical
M ultimedia Group, 2001)

3.4.2 Degrees of Freedom

The shoulder is a bal and socket joint. It has three DOFs, shoulder
flexion/extension, shoulder adduction/abduction and shoulder rotation —
lateral/medial shown in Figure 3.4.

The elbow (Figure 3.5) isahingejoint. It has one DOF; elbow flexion.

Thewrist (Figure 3.6) isamore complicated joint. It isaform of gliding joint known
as the ellipsoid joint. Hamill & Knutzen describe the wrist as having two DOFs;
wrist flexion/extension and wrist adduction/abduction. A third degree, which is

commonly included in the wrist joint, is forearm supination/pronation.
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The human arm as a whole has a total of seven DOFs, which can al be used

simultaneousdly.
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Figure 3.4: Thethree shoulder DOFs (Source: Hamill & Knutzen,
1995)
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ELBOW FLEXION

Figure 3.5: Elbow DOF (Source: Hamill & Knutzen, 1995)
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Figure 3.6: Thethreewrist DOFs (Source: Hamill & Knutzen, 1995)
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3.4.3 Range of Motion

Table 3.1 shows the ROMS of each of the arm’s DOFs. These values are average
ranges of the male air force personnel, who are usualy in peak physical condition,
and would have more movement than the average person.

Table 3.1: Ranges of Motion of the seven DOFs of the arm (Sour ce:
Adapted from Woodson et al. 1992)

M ovement Range of Motion
(degrees)

Shoulder Flexion 188
Shoulder Extension 61
Shoulder Adduction 48
Shoulder Abduction 134
Shoulder Rotation — L ateral 34
Shoulder Rotation —Medial 97
Elbow Flexion 142
Forearm Supination 113
Forearm Pronation 77
Wrist Flexion 90
Wrist Extension 99
Wrist Adduction 27
Wrist Abduction 47
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3.5 Conclusion

Anideal device needsto have the following features and characteristics;

be small enough to fit in the patient’ s home;
covers the movement of a human arm;

has a position monitoring system;
movements can be locked;

progress can be monitored;

has 3D games,

low cost; and

has force feedback.

However, the device that will be constructed for this project will only address the
need to; be small, be low cost, cover most of the human arm movement, have a
position monitoring system and have lockable movements. The DOFs and the ROM

of the human arm have been investigated and concept design can begin.
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Chapter4  CONCEPT DEVELOPMENT

4.1 Introduction

The idea of using a presently available hand control device and modifying it to meet
the requirements discussed in chapter 3 was investigated to save manufacturing
costs. A device that met these meets was not found, so several concepts for a new
RRD were devised. This chapter discusses the various conceptual designs and how
they were critiqued to find the best options for both the structure and the position
monitoring system.

4.2 Presently Available Hand Control Devices

A good way of reducing cost is to use commercially available parts instead of
designing and constructing them. This section investigates joysticks and hand control

devices that are on the market, and their applicability to the required device.

4.2.1 Joystick

Joysticks for computer gaming have been around for years but they are always being
developed to increase the authenticity of the playing experience. Joysticks are also
used to control various sorts of machinery, aeroplanes, remote controlled devices and
many other things. Figure 4.1 and Figure 4.2 show joysticks from a Caterpillar Skid

Steer Loader, and a common gaming joystick respectively.
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Figure4.1: Caterpillar Skid Steer Loader control joystick
(Caterpillar, 2010)

Figure 4.2: A common gaming joystick (Wikipedia, 2010)

The Caterpillar joystick has 2 DOFs and severa buttons which are pushed with the
thumb. It can move side to side and backwards and forwards. Many industrial
joysticks electronically control hydraulic systems. They are often proportional,
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meaning the amount the joystick is moved is relative to the amount of function that
is performed. For example, if the forward movement of the joystick is used for
moving the machine forward, when the joystick is moved a small amount, the
forward speed will be low, but if the joystick is moved all the way forward, the

machine will move at maximum speed.

The gaming joystick pictured has 3 DOFs as well as severa other buttons. It can
move side to side, backward and forward and the handle can also rotate in the Z axis.
Gaming joysticks usualy offer any combination of the X and Y movements, for
example, diagonaly forward. Some joysticks have a form of force feedback built
into them. It isusually quite simple, and gives resistance to movement, or a vibration

sensation.
Suitability of a Joystick

Joysticks can offer the three DOFs of the wrist but unfortunately not those of the
elbow and shoulder. The ‘force feedback’ does not offer the assistive and resistive
forces over the full ROM that is required for a RRD. It would be very hard to add
force feedback to commercially available joysticks because they are not very easy to
modify. Joysticks that are robust enough for this application are available and might
be similar to the one pictured in the skid steer loader. Overal, a joystick is not
suitable for a RRD because it would not be easy enough to adapt it to a design and
would require too much modification to make it worthwhile.

4.2.2 Stewart Platform (Hexapod)

A Stewart Platform (Figure 4.3) is a paralel kinematic mechanism consisting of two
plates joined by six actuators. The movable plate or platform can travel in 6 axes; 3
trandational and 3 rotational. Being a parallel mechanism, all of the actuators work
in paralel with each other, that is, they all move the platform simultaneously. This
gives the device very smooth, accurate, precise movements. Stewart Platforms or
Hexapods as they are sometimes called are available in many sizes, capacities,
accuracies and ROMs. They can be hydraulically, pneumatically, mechanically or
electricaly controlled and are used for anything from assembly machines to CNC

machining and surgical equipment to flight simulator bases (Figure 4.4). As an
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example, Physik Instrumente (2010) make and sell hexapods with capacities from 5
kg to 1000 kg and up to 200 mm travel inthe X and Y axis. Thisisjust asmall range
of the current market though.

For the purpose of a RRD, a handle could be attached to the moving plate, so that a
patients hand can control the position of, for example, a cursor on a computer screen.

Suitability of a Stewart Platform

A Stewart Platform would be able to offer al of the DOFs required for a RRD
however it would be very difficult to lock certain onesif required. As stated, Stewart
Platforms would be ideal in terms of precision and smoothness however this
corresponds to their high cost. They aso have a limited range of travel. A Stewart
Platform would be quite adaptable in terms of mounting, programming and adapting
force feedback however their high cost, limited ROM and inability to lock
movements makes them unsuitable for this application.

Figure 4.3: A small Stewart Platform (Hexapod) (Source: Physik
I nstrumente, 2009)
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Figure4.4: A flight ssimulator base using a hexapod arrangement
(Source: Atallah, 2000)

4.2.3 Haptic Devices

Haptic devices are those that can transfer the sensation of touch from a virtual,
computer based world to the user. Haptic devices are used in situations where a user
requires feedback from a system to make the experience more redistic for a variety
of reasons. This is very difficult thing to do, and is currently being extensively
researched. Typically, the haptic device will use programmed actuators to exert a
force or vibration on the user simultaneously with an action on a computer screen or
in a virtual world in an attempt to make it seem more real. The particular model
shown in Figure 4.5 is made by SensAble Technologies, and has 6 DOFs. It is being
used for training surgeons as shown in Figure 4.6. The reason for using one of these
haptics devices is that the student feels like he or she is cutting into a real human
body and the different tissues with different textures require various cutting forces.

Suitability of Haptic Devices

It might be possible to use a haptic device to cover al of the required DOFs of the
arm. Their limitations and advantages are similar to those of a Stewart platform, in

that they are precise and smooth, but there is difficulty in locking particular



movements. They can be purchased with force feedback and software but are

expensive and may be difficult to adapt to.

Figure 4.5: Haptics Device that can be used to train surgeons
(SensAble Technologies, 2010)

Figure 4.6: A Haptics Device being used to train a surgeon (Lyons,
2009)

4.2.4 Conclusion

None of these commercially available products are idea for an RRD. They al offer

inviting features, but have limitations that make them unsuitable. The main problem
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isthat none of them offer the ROM that is required to exercise the whole human arm.
Cost also precludes the Haptic devices and Stewart Platform. From this research, it
was concluded that a new device needed to be designed to meet the needs of this
particular application. Concepts were developed and will be discussed in the

following sections.

4.3 Previous Work at USQ

Blythe Garrait was a final year Bachelor of Mechatronic Engineering at USQ
Toowoomba campus in 2009. His final year project is titled ” The Development of a
Wrist Rehabilitation Device for Movement Therapy” and its focus was the design
and development of atherapy device to assist physiotherapists in the rehabilitation of
a patient’ s wrist strength and motor control which have been impaired by stroke. His
work is similar to that being done in this project however Garratt only looked at
rehabilitation of the wrist. His work proved successful as he designed and
constructed a device which captures natural human wrist movement over a large and
complex ROM with a mechanical structure that is well suited to the biomechanical
behaviour of the wrist (Garratt, 2009).

Garratt’s wrist device (Figure 4.7) consists of a mechanical structure, electronics,
and interface software. It is available to me and | have been encouraged to use it in
my design if possible. No better options have been found so at this stage, so the wrist
device will be attached onto a structure that will accommodate for elbow flexion,
shoulder flexion/extension and shoulder rotation.
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Figure 4.7: Blythe Garrett'sdevice designed asa USQ final year
project (Source: Garrett, 2009)

4.4 Concepts of Structure

A system of joints will be needed to cover the six of seven DOFs of the arm, and for
simplicity, these have been broken up into the wrist and shoulder /elbow parts. The
shoulder /elbow structure has been conceptualised as a standa one assembly and the
wrist device will be attached to it. The patient will hold or be strapped to a handle
that is part of the wrist assembly.

4.4.1 Concept 1 — Cables and Pulleys

This design pictured in Figure 4.8, uses a simple cable and pulley system to support
the patients arm while they hold the handle. The handle is connected to one end of
the cable and the weight block is connected to the other end. The handle is free to
move in any direction possible and its weight is counterbalanced by the weight
block. The pulleys would be attached to the ceiling or a high shelf of some sort, or a
structure may be provided to support them.
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Figure 4.8: Concept 1 uses cables and pulleysto provide movement to
ahandle
Strengths
itisavery ssimple design involving few parts.
Weaknesses

position monitoring would be very difficult;
adding force feedback would be virtually impossible; and

there is no way to limit or lock movements.

4.4.2 Concept 2 — Lever Arms

This design (Figure 4.9) uses rotational joints to provide trandation of the hand in
the horizontal and vertical directions of a 2D plane. Thereis three joints separated by
linkage bars, with one end fixed to the base, and the other attached to the wrist
assembly. The vertical and horizontal translations will correspond to shoulder
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flexion/extension and ebow flexion respectively. Blythe's wrist device can be
attached to the face plate shown in the model. The joints would have ball bearings
for minimal friction and be as precise as practical. The base plate would be clamped
to adesk and the patient would sit in a height adjustable chair in front of it.

Figure 4.9: Concept 2 usesrotational jointsto provide horizontal and
vertical movement

Strengths

it wouldn'’t require any expensive parts except ball bearings,
has limited precision manufacturing;
itisasimple design; and

it offers easy mounting of wrist device.
Weaknesses
without complex guides, thereis no way to limit or lock movement in certain

directions;
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position monitoring is certainly possible but could become complex
depending on the system used;

force feedback would be difficult to adapt as each joint depends on the other
one; and

possible buckling and rigidity problems.

4.4.3 Concept 3 - Linear Shafts

This design (Figure 4.10) consists of a central bearing block that can move up and
down on two vertical shafts. There is athird shaft that can move horizontally in and
out of the bearing block. This combination gives horizontal and vertical translation
in a 2D plane, which corresponds to shoulder flexion/extension and elbow flexion.
The wrist device would be attached to the end of the horizontal shaft, and provide the
three wrist movements and shoulder rotation. The design would incorporate a
locking mechanism for the vertical and horizontal movements. As with concept 1,
the base plate would be clamped to a desk and the patient would sit in a chair to
operate the device.

Strengths

it would give very precise movements in both directions, providing it is well

manufactured;

easy to fit a locking mechanism, or even a movement limiting mechanism;

and

device could be very robust with appropriate material selection.
Weaknesses

some quality machining required; and

expensive linear motion system may be required.
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Figure 4.10: Concept 3 useslinear movement along 2 axesto cover
therequired ROM

4.5 Concepts of Position Monitoring

Position monitoring is an essential part of aRRD. It needs to be accurate and reliable
in order to control software and correctly assess patient’ s progress. It should be noted
here that in previous work, potentiometers have been used for position monitoring of

rotating components.

4.5.1 Concept 1 - Potentiometers

A potentiometer (Figure 4.11), usually caled a ‘pot’ is a simple eectronic
component that is used as a rheostat or variable resistor. As shown in Figure 4.12,
they consist of aresistive element that has a cylindrical shape. A wiper is connected
to the input shaft and contacts on the resistive element. A voltage drop across the

element can be used to calculate the amount of rotation of the input shaft.
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Potentiometers can be single turn, which gives slightly less than 360° of rotation or
up to about 20 turn, offering about 7200 ° of rotation. For standard applications, their
resistance can range anywhere from 1 Q, to 5 MQ.

Potentiometers can have a linear or logarithmic taper. In linear potentiometers, the
output voltage is linearly proportional to the position of the wiper. They are used in
applications like position control where the output needs to be linear. Logarithmic
potentiometers have a logarithmic output and are used for things like audio volume

control.

Figure 4.11: A multi-turn potentiometer (RS Online, 2010)

Strengths
fairly inexpensive;
easy to implement;
easy to usein acircuit and retrieve signals from;
have been proven in previous work; and

arefairly accurate and preciseif high quality potentiometers are used.
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Weaknesses

offer rotation which needs to be converted to linear movement if necessary.

Figure 4.12: Potentiometer Construction (Wikipedia, 2010)

4.5.2 Concept 2 - Linear Encoders

Linear encoders are used to detect position in a linear axis and utilize properties
including optical, magnetic, inductive, capacitive and eddy current. Most of them,
including the one shown in Figure 4.13 work by using a readhead to measure a
certain aforementioned property, whether it be light, magnetic field etc along a strip
or shaft, and then give an output which can be used to determine the position of the
readhead relative to afixed point.

Encoders can be either incremental or absolute. An absolute encoder gives a unique
signal for each position, whereas an incremental encoder only gives a change in

position between increments and cal cul ations need to be done to determine position.

Linear encoders are used for a variety of applications from digital calipers to high

precision machining tools.



Figure 4.13: A type of Digital Encoder (Digiball, 2006)

Strengths

inherently monitor linear position; and

precise and accurate.
Weaknesses

expensive;
mounting needs to be very precise; and

don’'t aways have an infinite/ customisable length.

4.6 Conclusion

It was found that there were no presently available hand control devices that suited
this application. A new device needed to be designed so concepts were devised.
There were three ideas for the structure and two for position monitoring and the
strengths and weaknesses of each were discussed. The concepts that were chosen for
detailed design will be discussed more in the following chapter.



Chapter5 FINAL DESIGN AND MANUFACTURE OF

PROTOTYPE

5.1 Introduction

This chapter includes all of the processes undertaken to produce a design that could
meet the requirements discussed in earlier sections. It is arranged in an order that
reflects the design process as best as possible. It includes the design of the structure,
as well as the position monitoring system that it supports and the electronics.
Background on engineering theory is included where necessary to help the reader
understand various decisions that were made. A discussion on the design of each part

in the device assembly has been included.

5.2 Choosing a Design

The design that best met the requirements of a RRD was chosen and its design was
pursued. Firstly the structure was chosen, and concept 3 stood out because of several
features. These included; the inherent ease to add movement locking mechanisms to
the device and attach the wrist assembly, the precise and repeatable movements
offered, and its possible robustness. The cost of the main components was thought to

be low enough for this application so was neglected as a weakness.

As mentioned earlier, it was aso confirmed that using the wrist device and attaching
it to the structure was the best option. The wrist rotation DOF will be used for
shoulder rotation as well.

Once the structure was chosen, the position monitoring system had to be
investigated. It was now known that the device would offer direct linear movement,
so the position monitoring had to suit this. Although linear encoders would work
quite well, potentiometers were chosen because of their lower costs and proven
abilities. The fact potentiometers had already been used and their effectiveness had
already been proved aso played a part in the decision. Their weakness of only

providing rotary motion was deemed unimportant.
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5.3 Design of Structure

The design of the structure involved sizing the device, choosing a motion system,
selecting shafts, selecting bearings, and detailed design. Each of these steps will be

discussed in detail in this section.

5.3.1 Sizing

The first step in the design process was to look at the ROM of the shoulder and

elbow and determine how large the structure needed to be to cover this movement.

As stated in chapter 3, the average value for angle A in Figure 5.1 — shoulder flexion
is 188° and angle B — shoulder extension is 61°. Similarly, elbow flexion, shown in
Figure 5.2 is 142°. Using these angles and the average length of the arm, it is
possible to find the ROM in terms of lengths, not angles. For the 95" percentile,
SAA HB59 (1994) gives the distance between the shoulder and knuckles of a British

male as 715 mm, and the distance between the shoulder and elbow as 355 mm.

\
SHOULDER FLEXION (A), B
EXTENSION () NN

T Tm
\
Y -‘}#

Figure5.1: Shoulder flexion and extension (Source: Hamill &
Knutzen, 1995)
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ELBOW FLEXION

Figure5.2: Elbow flexion (Source: Hamill & Knutzen, 1995)

Using this information, a sketch of the arm at full stretch was drawn (Figure 5.3) to
show the extents of movement. It can be seen that the device would need a vertical
ROM of 1430 mm and a horizontal range of 1340 mm. This was deemed to be too
large for a proof of concept device because of the extra materia that would be
required and hence higher costs, higher weight and possible difficulty in position
monitoring. It was a so preferable to keep the patient’ s hand and arm in front of them
as this movement was thought to be more important and more useful for a stroke

sufferer.

The sketch was hence changed to Figure 5.4. As seen, the horizontal ROM has been
decreased to 715 mm and the vertical movement to 1408 mm. Thiswas still too large
for a proof of concept device, so combining shoulder and elbow movements into one
axis was investigated. For example, if the forearm is held horizontal and moved in

and out, thereis elbow flexion as well as shoulder flexion/extension.

The sketch then became that in Figure 5.5. The full elbow flexion of 142° and
shoulder extension of 61° have both been covered and the shoulder flexion of 188°
has amost been covered. The vertica displacement has been reduced to 923 mm
which seems reasonable for this device. However, the horizontal displacement of

715 mm remains too large.
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Figure 5.6 and Figure 5.7 show the final sketches of the arm, with 2 923 x 510 mm
ROM. This covers amost all of the movement of a human shoulder and elbow
however it doesn’'t cover it all in one configuration. Figure 5.6 represents a scenario
where the device handle is fully retracted in the horizontal direction and the handleis
held with elbow fully flexed. The handle is pushed inwards horizontally 510 mm.
There isn't enough range to fully straighten the arm unless the handle is raised
vertically by flexing the shoulder. In Figure 5.7 the handle is fully extended with the
arm straight. When it is retracted 510 mm, the elbow isn’t fully flexed. So it can be
seen that there is an infinite number of movement configurations, with the ROM
depending on the starting position. It was decided that constructing a proof of
concept device with this ROM would offer a sufficient working envelope with a low

enough cost.

At this point it wasn't known how the ends of the horizontal and vertical shafts
would be attached, and what obstacles would be present to reduce the ROM.
Approximately 40 mm was added to the horizontal range and approximately 80 mm
was added to the vertical range to account for this. That brought the design range to
1000 x 550 mm.

1340

1430

Shoulder

Figure 5.3: ROM with Arm Fully Stretched
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1408

Elbow

Figure5.4: ROM reduced by keeping the arm in front of the body
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Figure5.5: ROM reduced again by allowing combined shoulder and
elbow movements
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Hand\

Elbow
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Figure5.6: Final design ROM —scenario 1

510 ROM

Hand
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923 ROM
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Figure5.7: Final design ROM —scenario 2
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5.3.2 Motion System

The next step after sizing the device was to determine how the motion would be
achieved. The initial concept was based on round shafts, but this wasn’t the only
available option. There are many linear motion technol ogies available on the market,
from nylon bushes to linear bearings to wheel and track arrangements. Powered
devices such as hydraulic and pneumatic cylinders and power screws could also be

considered.

In choosing a motion mechanism, force feedback fitment still needed to be
considered even though it wouldn’t be implemented in this project. A requirement

of the mechanism was that a position monitoring system could be fitted.

The SKF linear motion website (2010) was consulted, and several technologies
existed there. They are listed below and shown in Figure 5.8 to Figure 5.10

Ball and roller screws — High efficiency ‘ power screws' used when rotational
movement needs to be converted to linear movement. They come with rolling
elements between the screw shaft and the nuit.

Dry dliding bushes — Composite material cylindrical bushes used for
rotational and oscillating movements under radial loads. They are used where
spaceislimited and they don’t need lubrication.

Linear ball bearings and precision shafts — Essentialy bushes with
recirculating ball tracks for low friction smooth running. They can handle
radia loads and moments about their axis. Precision shaft is available for the
linear ball bearings to run on.

Rail guiding systems — There are a variety of rail guiding systems available.
The standard guides have a carriage containing rolling bearings to give it
linear movement on a rail. Precision rail guides can be purchased with a

combination of rolling el ementsto suit certain applications.
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Figure5.8: Linear bearings and precision shaft (Source: SKF, 2010)

Figure5.9: Ball and roller screw (Source: SKF, 2010)
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Figure5.10: One style of rail guiding system (Source: SKF, 2010)

Ball and roller screws were immediately discarded as an option because they convert
an input rotational motion to linear motion well, but aren’t designed to take a linear

input motion.

Linear bearings and dry dliding bushes were considered next. A discussion into
whether or not the motion system can tolerate ‘ off centre’ loads or moment loads is
required here. Figure 5.11 shows a generic shaft and block arrangement, where the
block is to slide up and down the shaft when aload is applied. If a suitable bearing
surface isn't used in this situation, the off-centre load will cause the block to ‘grab’
on the shaft, and dig into the material. The more load that is applied, the more the
block will dig into the shaft. For this reason, dry bushes have been ruled out because
they aren’t really designed for extra smooth, frictionless motion nor will they work

when an off-centre load or moment is applied.
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Figure5.11: Example of an ‘off centreload’, wheretheload is
applied at a distance from the axis of movement

With the other options discarded, linear ball bearings or rail guiding systems were
left to choose from. Both options seemed very good for this application so a table of
features was created, and the quality of each feature offered by the two systems was
listed.

It can be seen from the table that the linear bearings are the better option because
they are; more customisable, the shafts can be used as the structure, the length of the
shafts and hence the ROM is infinite and the price is more suited to alow cost RRD.
As stated, both systems were good options and rails may have worked well, but for

this design, linear bearings were considered.



Table5.1: Comparison of features of linear bearings and rail guiding

systems
Feature Linear Bearings Rail Guiding System
Mounting Very customisable Reasonably customisable
L oad Carrying capacity Sufficient Sufficient
Can Railsor shaftsbe Yes Probably not
used as structure
Islength of shaft or rail Yes No
infinite
Price Fairly low Higher
Number required 3 3
Easy of fitment Fairly easy, machining Fairly easy, machining
required required

5.3.3 General Structure

It was already known that the genera structure would offer linear motion in two
axes, horizontal and vertical. The origina concept consisted of a single horizonta
shaft, a bearing block with two linear bearings and a single vertical shaft. This was
not going to be a sufficient design as there was nothing to stop the shafts rotating
around each other. It was decided that two vertical shafts guiding the bearing block
would be needed. There would then be a single horizontal shaft running through the
bearing block between the vertical shafts. This design has been 3D modelled in
Figure 5.20.

5.3.4 Shaft Selection

As stated earlier, linear ball bearings were chosen as the motion system and they
would run on circular shafts. The shafts were also required to be the main structure
of the device. They needed to be stiff enough to inhibit flexing and buckling, but
light enough to retain portability and keep the device neutral until force feedback
could be added.
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There were three options available for the main shafts; precision solid shaft, steel
tube or duminium tube. There are several characteristics of a material that need to be
considered, including; stiffness, density, cost, availability and hardness. In many
situations, this one included, a balance of these properties is required, so a
compromise in one or more may be necessary. The first property to be discussed is

stiffness and deflection.

5.3.4.1 Stress and Deflection

Deflection is the displacement of a material when subject to aload, and was the main
concern for this device. It was imperative that the shafts remained straight and stiff
to ensure the linear bearings worked properly and the structure would offer precise,

accurate movements.

Deflection in a materia is related to the stress within it by the following formulae,
where E is the modulus of elasticity, o is stress, € is strain, d/x is the deflection of a
material over its initial dimension, M is moment of force, y is distance from the

neutral axis and | is second moment of area.

E = S_
e
(5.1)
Where
d
e=—
X
(5.2)
And
o =My
|
(5.3)
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Figure 5.12 shows a round cantilever experiencing a side load. The variables

mentioned in the previous formulae are displayed in thisfigure.

M
X
Load - : ; i
| l
| l =
| l
| |
| | !
| |
Neutral AXis—

Figure5.12: lllustration of around cantilever experiencing a side
load

Formulae for deflection of beams were used to estimate the size and material
combination required to keep the structure within acceptable bending limits. To do
this, the structure was ssimplified to that shown in Figure 5.13 with a fixed base and
fixed joint where the horizontal shaft meets the bearing block.

57



950

Load

1000

Figure5.13: Simplified model of structure

Firstly, the two vertical shafts can be treated as one shaft taking half the load that is
actually experienced. Secondly, it becomes very difficult to quickly calculate the
deflection when two perpendicular beams are combined. Instead, the horizontal shaft
was treated as a cantilever beam, fixed at the bearing block and experiencing a point
load at the end. The vertical shaft was treated as another cantilever beam fixed at the
base experiencing a moment caused by the load at a distance from the shaft. Figure
5.14 shows the formula required for the horizontal shaft, and Figure 5.15 shows the
formulafor the vertical shaft.

P y

- | | gy =
()’—7\ Y4 _‘),E[

L —— |

Figure5.14: Deflection formula for a beam under a point load
(Source: Beer et al. 2004)
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Figure5.15: Deflection formula for a cantilever beam under a
moment load (Sour ce: Beer et al. 2004)

There are two properties in these formulae which can be varied, depending on the
material and its cross sectional shape. They are E, the modulus of elasticity and I, the

second moment of area.

The second moment of area of a cross section is its resistance to bending and
deflection. The higher the value, the more resistive the cross section is. Each cross
section has a different formula for calculating second moment of area, the generd

formulafor acircular cross section being;

_pr?
I XX - T
(5.4)
And ahollow circular section;
— p_ 4 4
XX 4 (rO r-I )
(5.5)

See Figure 5.16 for the definitions of r, r; and ro.
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Figure 5.16: Dimensions for moments of area for a solid and hollow
circular cross section

The modulus of elasticity describes the tendency of amateria to deform elastically.
The higher the E value, the less likely it isto deform. The values for carbon steel and
aluminium are shown in
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Table5.2.
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Table5.2: Properties of steel, aluminium and precision shaft

Approximate Densit
. ens
Material M odulus of (kg/m%l Hardness
Elasticity (GPa)
Carbon
ed 200 7900 110
Aluminium 69 2700 60
Precision
Shaft - - 466+

In normal use, the device would only see a few kilograms, or about thirty newtons of
load at the handle. However, stroke patients who have paraysis in their arms may
also be lacking control of thelr torso. This could mean they ‘hang’ off the handle
forcing it to support some of their body weight as well. The RRD will be designed to
have around 5 mm off deflection in either the horizontal or vertical shafts when
loaded with 20 kg or 200 N.

The deflection equations in Figure 5.14 and Figure 5.15 can be used to find a
combination of E and | to withstand the desired loading.

For the horizonta shaft;

_ 3
£l = PL
_- 200 550°
35
=-222"10°
(5.6)
For the vertical shaft;
_ 2
El = ML
2°d
_ 0.5" 200" 550” 10007
2’5
=-55"10°
(5.7)
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The vertical shaft will suffer the most deflection so the material needs to be specified
to tolerate this higher value. Table 5.3 shows the | value required for the two
possible materials, and the corresponding diameter of tube and solid shaft that gives
this|.

Table 5.3: Shaft diametersrequired for sound steel and aluminium

structures
Material | | (mm* | Tubediameter - | Solid Shaft
3mmwall (mm) | diameter (mm)
Steel 27 500 32 27
Aluminium | 79710 44 36

The bearings are available through SKF with 30, 40 and 50 mm inside diameters.
The approximate size of shaft was now known, so some other material properties

were investigated.

5.3.4.2 Density and mass

The densities of steel and aluminium are shown in
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Table 5.2 and it can be seen that a certain volume of steel would be approximately
three times heavier than that same volume of aluminium. This was a big factor in
choosing between the two materials, with the other magor factors being surface
hardness and availability.

5.3.4.3 Surface Hardness

The hardness of a material describes its resistance to plastic deformation when aload
isapplied to it. Linear ball bearings have a number of very hard balls in them that
run on the shaft surface and recircul ate throughout the bearing. This means that the
surface they are running on also has to be quite hard, preferably harder than the balls,
so that they cannot mark or scratch the shaft surface. The higher the loads that the
bearing is withstanding, the more likely the balls are to dig into the shaft so the
harder it needs to be. Unfortunately it is not easy to find avery hard materia that is
light weight and cheap, especially thin walled tube. There are various methods of
describing hardness, with Brinnell hardness being a common one. The approximate
hardness of some common steel and aluminium alloys aswell as SKF' s precision
shaft is shown in
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Table 5.2. It is obvious that the steel and aluminium have much lower hardness than
the precision shaft, however for the light loads that the device will be seeing, it was

thought that aluminium or steel would be sufficient.

5.3.4.4 Availability

Availability was the next thing to be investigated. Linear bearings require an exact
size shaft to run on. As an example the precision shaft that SKF sells for a 50 mm
linear bearing is toleranced between 49.981 — 50.000 mm. For optimum results, the
shaft to be used for this device should also be within this. Unfortunately, thin walled
steel tubeis not readily available at thissize. It issold as ‘50 mm OD’ but is actually
about 48.3 mm. Unfortunately, this was the case with 40 mm tube as well. Thick
walled cylinder tube was available, but was too heavy, and defeated the purpose of
using tube. This only left aluminium, which was available in 50 mm. The alloy 6061
T6 was preferred, but this was not available, so 6061 T4 was the remaining option.

5.3.4.5 Corrosion Resistance

Because the linear bearings were to run on the shafts, their surface could not be
painted for rust prevention. Aluminium has a natural resistance to corrosion unlike
steel which will rust over time. Steel can be chrome plated to prevent rusting but this
IS an extra manufacturing process and cost. Precision shaft contains aloying
elements that resist corrosion.

5.3.4.6 Final selection

The three options for the shafts were steel tube, aluminium tube and precision shaft.
Precision shaft was ruled out early because of its high mass however its hardness
suited the application much better than the other two materials. Steel tube was
unavailable in the required sizes so it was not a viable option either. Aluminium was
the remaining material, and offered some good characteristics including its low
density, natural corrosion resistance and good machinability. Itslack of hardness was

its main downfall but was deemed negligible for this application.
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5.3.4.7 Finite Element Analysis

A solid model of a 50 mm OD x 3 mm wall tube structure was created and a smple
finite element analysis (FEA) was conducted to verify that the stress and strain in the
shafts would be low enough. The results are shown in Figure 5.17 and Figure 5.18.
The maximum deflection of 6.3 mm at the handle was a little higher than the
expected 5 mm, however it was still acceptable as it actually represented the
combine deflection. The stress was very low throughout the structure with the
maximum being about 20 MPa. 6061 T4 aluminium has a yield stress of about 110
MPa, so the structure was sound in that regard. With the shafts selected and verified,

it was time to order the bearings and start the detailed design.

Miodel rame: FEA hodel

Study rame: Study 1
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Figure 5.17: Deflection of aluminium tube structure
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Figure5.18: Stressin aluminium tube structure

5.3.5 Bearing Selection

The linear bearings required were to have a 50 mm inside diameter and be able to
tolerate the loads necessary. SKF was consulted initialy, and quoted approximately
$240 per bearing. This meant the bearings alone would cost $720. At this point the
idea of linear bearings was being questioned because of this unexpected high cost.
BSC Motion Technology were then caled and they quoted $86 per sealed bearing.
This was much more acceptable and the bearings were purchased. A schematic of the
bearing is shown in Figure 5.19. These bearings are rated to a radial load of
approximately 6500 N, which is much higher than necessary.
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Figure5.19: Linear Bearing schematic (Source: adapted from BSC,
2009)

5.3.6 Detailed Design

Once the general size and structure had been determined, it was possible to begin
detailed design. Figure 5.20 shows a 3D model of the completed assembly of the
RRD and Figure 5.21 shows this model in exploded view. It will be referred to

throughout the following section.
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Figure5.20: 3D model of assembled RRD.

Figure5.21: 3D model of exploded RRD assembly.
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Figure 5.22: 3D model of assembled RRD from rear.

The first components to be designed were the bearing block, the base, the shafts, the
top bar and the end bar. The rest of the parts were designed while the aforementioned
parts were being constructed to save time. All maor parts were made from

aluminium to maintain consistency, weldability and low weight.

The base is shown in Figure 5.23 and was made from two pieces of 20 mm
auminium plate. The two plates were welded together then two 50 mm holes were
machined through them both. These holes were tightly toleranced so that the two
vertical shafts could be pressed into them. The combined depth of the two plates
meant that the shafts would stand parallel and square to the base. This was necessary
because of the precise nature of the linear bearings. It would not have been good
enough to simply weld the two tubes to a base plate because it would be impossible
to position them accurately enough and expect the linear bearings to run properly.
Four through holes were drilled in the corners of the base to alow for fixing the
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device to a bench or desk. Two tapped M5x0.8 holes were added to attach the
vertical pulley holder.

Figure5.23: 3D model of Base; made from two piece of 20 mm
aluminium plate

The two vertical shafts (Figure 5.24) were very simple being just a piece of 50 mm
ODx3 mm wall aluminium tube cut to 995 mm. The inside of the top end of the shaft
was machined out to @47 mm, 30 mm deep and a 7 mm hole was drilled through so
that the top bar could be bolted on.

Figure5.24: 3D model of Vertical Shaft; made from 50 OD x 3 mm
wall aluminium tube.
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The bearing block (Figure 5.25) was a piece of auminium 80x80x209, and had three
tightly toleranced holes to house the 3 linear bearings. It was sized so that enough
material was kept between the bearings, and between the bearings and the outer
surfaces. Tabs made from 6 mm aluminium flat were welded on for the threaded rod
locking bars to run through. M5x0.8 tapped holes were added either side and
underneath to attach the cable holder, vertical belt holder and horizontal pulley
holder.

Figure 5.25: 3D model of Bearing Block; made from an 80 x 80 mm
aluminium block.

The top bar (Figure 5.26) was then designed to stop the bearing block travelling too
far and coming off the top of the vertical shafts and also to keep the shafts aligned. It
consisted of aflat plate with two pieces of auminium tube welded to it at the same
centre distance as the vertical shafts. The tube was machined down to 47 mm to fit in
the machined end of the shafts, and they also had a 7 mm hole through them to put a
bolt in. It had M5x0.8 holes both sides to attach the vertical pulley holder and the
vertical cable pulley holder. It also had atab welded on for the vertical threaded rod
to be fixed to.
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Figure5.26: 3D model of Top Bar; made from aluminium plate and
tube.

The end bar (Figure 5.27) was very similar to the top bar, but only had one tube to fit
in the horizontal shaft. It had a hole for the horizontal threaded rod to be fixed to it,
and atab at the bottom for the horizontal timing belt to be looped through.

Figure 5.27: 3D model of End Bar; made from aluminium plate and
tube.

The horizontal shaft (Figure 5.28) was the final mgor component and was very
similar to the vertical shafts except that it had an attachment welded to one end for
the wrist device to be bolted to. This was simply a bent piece of 6 mm flat
aluminium with 4 holes in it. There was another tab welded to this piece of flat for
the other end of the horizontal timing belt to loop through. -
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Figure 5.28: 3D model of Horizontal Shaft; made from aluminium
plate and tube.

The M10 horizontal and vertical threaded rods, which are visible in Figure 5.20,
were aso cut to length. This concluded the structural design and the device was

ready for the position monitoring system.

5.4 Design of Position Monitoring system

Once the design of the structure was complete, detailed design of the position
monitoring began. At this point it was known that rubber belts and gears would be
used to drive potentiometers, as it was necessary to design the structure with the
mounting of these components in mind. The discussion on choosing a position
monitoring system will beincluded in this section for ease of reference.

5.4.1 Choosing a System

It had already been decided that potentiometers would be used as the position
monitoring system, but there still needed to be a way of converting the rotational

motion of the potentiometers to linear motion in the horizontal and vertical axes.

Two ideas were being considered; using a rack and pinion system or a belt and
pulley system shown in Figure 5.29 and Figure 5.30 respectively. For the rack and

pinion system, the potentiometer would be fixed to the moving part, and its shaft
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would be fixed in the gear. The rack would be attached to the structure and as it

moves linearly, the gear would turn, rotating the pot shaft, and varying the signal.

Figure5.29: Example of using arack and pinion to drive a
potentiometer.

The second idea was using a belt and pulley system. This system was chosen and is
fully modelled in Figure 5.20. For the vertical axis, the two ends of a miniature
timing belt were attached to the bearing block, and looped around two gears, one at
the top of the structure and the other at the bottom. The potentiometer was attached
to the gear at the bottom and as the bearing block moves up and down it pulls the
belt around, rotating the gears and turning the pot. The horizontal axis used the same
principle, but instead the bearing block is fixed so the belt was attached to either end
of the horizontal shaft. The gear was mounted on the underside of the bearing block

and rotates when the belt is pulled in either direction relative to the bearing block.
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Figure 5.30: Example of using a gear and belt todrivea
potentiometer.

The belt and pulley system was the better option because it seemed to be easier to fit,
and easier to customise. If the rack and pinion idea was used, it may have been
necessary to machine a rack out of metal to ensure it was strong and stiff enough.

Thiswould be expensive and time consuming.

Once the monitoring system was finalised, design began for mounting the gears and
attaching the belts. Some modifications were made to the major components to fit

the new parts and these were discussed earlier.

5.4.2 Gear and Belt Selection

The components that would determine the design of the position monitoring were the
potentiometers (which will be discussed later) and the timing belts and gears. Local
hobby shops were consulted first for the latter, but did not stock anything suitable, so
a search on the internet was conducted to find a supplier. There were several
businesses listed, and one that looked ideal was Hobby & Engineering Supplies PTY
LTD (HES). They stocked continuous lengths of timing belt, and a variety of gears

to suit.

The best size of the pulleys and timing belt wasn't easily identified at this point. The
main constraints were that the gears would fit where they were intended to, and that
the number of turns associated with a full movement would not be more than that of
the potentiometer. After some quick calculations, it was decided that a 10 turn
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potentiometer would be the most suitable for the larger verticak movement, and to
keep consistency, for the horizontal movement as well. The gears and belts also had
to be strong enough and not slip on each other so that they could be driven by aforce
feedback motor if need be.

For a 10 turn pot, covering 1000 mm of linear travel, the minimum radius of pulley

is;

(5.8)
The space on the underside of the bearing block would be the limiting factor in terms
of pulley size. The maximum was estimated to be 68 mm. Also, because of the
design the vertical pulleys would obstruct the bearing block at the extremities of the
device and limit the ROM. This meant that the pulley was to be as small as possible.
From here, the potentiometer and pulley mounting arrangement were modelled and it
was concluded that the potentiometer would determine the size of the mounting
bracket, not the pulley. A 40 mm diameter pulley would match the size of the
bracket so this was used as an ‘in between’ size and allowed for and increase or
decrease if required.

The other pulley and belt dimension to be determined was the width. There was no
determining factor for this so 9 mm was chosen as it was thought to match the size of

the device. The parts were ordered and detailed design could begin.

5.4.3 Detailed Design

Brackets were needed to hold the gears at the top and bottom of the device for the
vertica belt and aso the gear on the bearing block for the horizontal belt. The
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vertical pulley holder was used for both the top and the bottom brackets and its

assembly is shown in Figure 5.31.

Figure5.31: 3D model of the assembly of the bottom Vertical Pulley
Holder and other components.

The Vertical Pulley Holder (Figure 5.32) is a ‘T’ section made from 6 mm flat
aluminium. It was intended to be made from two pieces welded together but the
workshop decided it would be easier to machine it out of one piece. This resulted in
a neat, accurate shape. The bracket has a 19 mm hole for a ball bearing (red part in
Figure 5.31), and two 4.5 mm holes for M4 screws to mount the potentiometer.
There were also 2 countersunk holes for M5 socket head cap screws to attach the

bracket to the device.

The potentiometer pulley shaft (Figure 5.33) was pushed through the bearing, and a
circlip put in the groove. The gear was put on the end, and its grub screw tightened
on the flat area of the shaft. The potentiometer was fixed to the potentiometer
mounting plate (Figure 5.34) by its nut then followed by the two spacer bars. This

sub-assembly was then screwed to the vertical pulley holder.
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Figure5.32: 3D model of Vertical Pulley Holder; made from
aluminium plate,

Figure5.33: 3D model of Potentiometer Pulley Shaft; made from
steel bar.

Figure5.34: 3D model of Potentiometer M ounting Plate; made from
aluminium plate.
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Figure5.35: 3D model of Spacer Bar; made from steel bar.

Another bracket was needed to attach the ends of the timing belt to the bearing
block. It is shown in Figure 5.36 and is made from a piece of 3 mm auminium
welded to a piece of 6 mm aluminium. There are two countersunk holes for M5
mounting screws, and 2 dots for each end of the belt to loop through. Smooth edges

were required to prevent unnecessary wearing of the rubber belt.

Figure 5.36: 3D model of the Vertical Belt Holder; made from
aluminium plate.

The bearing and potentiometer mounting for the horizontal pulley holder was similar
to that for the vertical pulley holder, with the main difference being the orientation
and mounting of the bracket to the bearing block. The assembly is shown in Figure

5.37 and the pulley holder is shown in Figure 5.38. It is made up of a bent piece of
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6 mm flat aluminium welded to another piece of 6 mm flat aluminium. There are
four M5 countersunk holes for mounting screws. The assembly was a bit more
complicated for this pulley holder because the pulley had to be positioned as the
shaft was being pushed through the bearing. The spacer bars had to be screwed on
first, asthe pulley covered the screw heads.

The horizontal belt was fitted by attaching each end to the tabs on the horizontd
shaft and end bar as discussed earlier.

Figure5.37: 3D model of the assembly of the Horizontal Pulley
Holder and other components.

Figure5.38: 3D model of horizontal pulley holder; made from
aluminium plate.
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5.5 Weight Block (Counterweight)

The weight block was the last part of the device to be added, and was used to
neutralise the vertical weight of the moving components. Once the device was
assembled, a set of kitchen scales were positioned under the bearing block. The
horizontal shaft was lowered until the full weight of the moving components was
being supported by the scales and a reading was taken. Six 20 mm steel concrete
reinforcing bars were welded together and then cut to length so that they weighed
approximately the same as the moving components. A hole was drilled through the

block of bars, before a3 mm steel cable was looped through and swaged.

Two brackets were then made from 3 mm steel. The vertical cable pulley holder
(Figure 5.39) consisted of two pieces welded together with 2 countersunk holes for
M5 screws to attach the bracket to the top bar. There was one M4 tapped hole added
to the smaller piece to screw the pulley on.

The vertical cable holder Figure 5.40 was a similar bracket. It was another ‘T’
shaped arrangement with two countersunk M5 holes to attach the bracket to the
bearing block. A 5 mm hole was drilled through the smaller piece to loop the cable
through. Idedly, these parts would have been made from auminium, but they

weren’t made by the workshop, and steel was the only material available.

The assembly of these components can be seen in Figure 5.22 and it shows how the
cable was put on an angle from the bearing block to the top bar so that the weight

block wouldn’t clash on its way up and down.
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Figure 5.39: 3D model of Vertical Cable Pulley Holder; made from
steel plate.

6

Figure5.40: 3D model of Vertical Cable Holder; made from steel
plate.

5.6 Design of Electronics

At this point, it was known that the circuit and interface software that was designed
in previous work would be re-used and modified to accommodate for the extra two
potentiometers. Being a mechanical based project, no extra research into improving
the electronics of the device was conducted.

5.6.1 Microcontroller and Development Board

The microcontroller used was the PIC16F877A Figure 5.41. Its features include;
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maximum clock speed of 20MHz;

33 Input/output (10) pins,

10-bit, 8 channel Analogue to Digital Converter (ADC);

8K flash program memory;

256 bytes of EEPROM data memory;

two 8-bit and one 16-bit timer;

universal  Synchronous Asynchronous Receiver Transmitter (USART)
module; and

two pulse width modulation (PWM) modules.

(Garrett, 2009)

Figure 5.41: PIC16F877A microcontroller used for the RRD (Sour ce:
Garrett, 2009)

The development board used was the PIC-MT-USB by Olimex (Figure 5.42). Its
featuresinclude;

two 10 pin expansion headers for unused ports;
16 genera purpose 10 pins accessible;
20 MHz crystal on board,;
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serial communication via RS232 — USB embedded integrated circuit;
in Circuit Serial Programming (ICSP) capability;

aphanumeric display 2x16 LCD with backlight;

two push buttons, hardware debounced;

bi-colour LED; and

power supply taken by USB port

(Garrett, 2009)

Figure5.42: Olimex PIC-M T-USB development board used for the
RRD (Source: Garrett, 2009).

A full discussion on why this microcontroller and development board were chosen
has been included in future work and will not be re-written in this dissertation.
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5.6.2 Potentiometers

The wrist device uses precision potentiometers with a resistance of 10 kQ made by
Bourns. These potentiometers have been found to be highly precise and reasonably

accurate, so the same potentiometers were to be used, but in a 10 turn configuration.
The features of these potentiometersinclude;

340° electrical angle without mechanical stops.
Essentially infinite resolution.

Highly linear (£2%).

High rotational life (10 million rotations).
Exceptional quality and rugged construction

(Garrett, 2009)

The potentiometers, pictured in Figure 5.43 were ordered from RS online.

Figure5.43: Bourns 10 turn potentiometer

5.6.3 Circuitry

The previously used circuit had already been proven effective so it was to be re-used.

Two more of the microcontroller's channels were to be used for the extra two
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potentiometers. The previous circuit board consisted of two ten-pin headers and a 6-
pin header to join the development board. A third 9-pin header was used to join the
potentiometer wires. Each potentiometer needed three wires, one for power, one for
ground and one for signal. The power and ground were provided by the development
board through one of the 10-pin headers. The signal from the potentiometer was put
through a simple resistor-capacitor filter circuit (Figure 5.44) then to the other 10-pin

header which joined to the microcontrollers analogue input ports.

However the board wasn’'t designed with expansion in mind, so a new one had to be
made. For this project, it was envisioned that al 8 of the converter’s channels would
be used at some stage, so a 25 wire ribbon cable and 25 pin plugs were used for the
potentiometer wiring. 10 wires were left unused but the circuit board, pictured in

Figure 5.45, was arranged so that the extra ports could be used in the future.

The same reset button was used, as well as the ribbon cable and header arrangement

between the extension ports of the devel opment board.

+5V ' ’ ' '
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F Y F 3 F Y F 3
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Figure5.44: Resistor-capacitor filter circuit.
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Figure 5.45: Photograph of the circuitry used for the position
monitoring system.

5.7 Conclusion

A complete device was successfully designed and constructed. Linear bearings and
round shafts were used to provide linear movement in 2 axes, horizontal and vertical.
These correspond to shoulder and elbow movements and account for numerous
combinations of these. A rehabilitation device for the wrist designed in previous
work was attached to the horizontal shaft to provide the wrist movements and

shoulder rotation. Once the parts and assemblies were modelled in 3D using
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Solidworks, 2D engineering drawings were produced and given to the USQ

workshop for production.

Potentiometers coupled to rotating gear and belt arrangements were used for position
monitoring. Electrical design was undertaken, and the necessary circuitry and
components were soldered onto a printed circuit board. The software used to link the
device with a computer is discussed in the following chapter and testing and

evaluation of the device will follow that.
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Chapter 6 DEVELOPMENT OF SOFTWARE AND

INTERFACE

6.1 Introduction

Functioning software was essential for linking the device to a computer and
providing a quality interface to show the position of the handle on the screen. There
istwo parts to the system; the microcontroller software which ensures the position of
the potentiometers can be sent to the computer, and the computer software which
takes the position readings and displays them in a useful fashion on the screen. This

chapter outlines the operation of the software and the work required in developing it.

6.2 Interface

An interface had been developed in previous work, but needed to be changed to
accommodate the extra DOFs. A full explanation of the interface system can be

viewed in his dissertation, and only a brief outline will be given here.

6.2.1 Microcontroller Software

As before, Oshonsoft PIC Simulator Integrated Development Environment (IDE)

was used for coding.
The microcontroller software' sroleisto isto do the following

perform analogue to digital conversions on the potentiometer output voltages
every 20ms;

convert this raw data to angular position in each axis,

display the datain raw or converted form on an LCD screen,

output the data serially to the RS232[1USB chip on the devel opment board;
allow the user to press buttons to change menus and calibrate the device; and
store the calibration data and last menu state in EEPROM and recall this on

power up.
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A flowchart of the system isshown in Figure 6.1.
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Figure 6.1: Flowchart of the microcontroller software.

(Garrett, 2009)

There were now five potentiometers, X, Y, Z, H and V and these were wired into
ports ANO, AN1, AN2, AN3 and AN4 of the microcontroller. Each channel receives
an analogue signal from its corresponding potentiometer every 20 ms, or at arate of

91



50 Hz and converts it to a digital number. These numbers range from 0 to 1023 and

are directly proportional to the position of the potentiometer.

The functions performed by the built in LCD screen and push buttons have been left
unchanged, however the screen needed to be rearranged to provide enough space for
five values, not three.

The bottom button is used for calibrating the device, that is, setting a zero position.
This would usually be done when a new patient begins using the device or if the

deviceislocked in acertain position for a specific exercise.

The top button toggl es between display modes; raw mode, relative mode and rotation
mode. Raw mode displays the raw, unaltered ADC values while relative mode
displays the ADC vaues relative to the calibrated values. Rotation mode displays the
angle that the potentiometers have rotated relative to the calibrated values.

Calculating the three values that get displayed should be discussed here. Let the raw
ADC vaue, cdibration vaue and relative vaue be RAW, CAL and REL
respectively. Also, let 6 be the angle of rotation.

REL = RAW - CAL

(6.1)
For the single turn potentiometers,
q= REL - 3609
1023
(6.2)
For the 10 turn potentiometers,
g = E 3600 °
1023
(6.3)
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Figure 6.2: Photograph of the LCD screen in rotation mode showing
therelative angel of each of the potentiometers.

6.2.2 Computer Software

The computer software was also based on previous work and was developed in
Microsoft Visual Basic 2008 Express Edition. The requirements of the computer

program are;

log patient movement;

objectively assess and record patient condition;

display movement of the wrist on the screen;

provide visual stimulus in the form of computer games to exercise the wrist
through an appropriate ROM;

allow the therapist to specify maximum limits of wrist motion; and

include playback tools for evaluation by atherapist.

This project will only focus on logging patient movement. It does not aim to produce
an interface of high quality or high functionality, but merely an on-screen
representation of the 6 movements. This will be enough to prove the concept of the
RRD.

Previoudly, the software drew a grid with a central cross in the 2-dimensional
window and placed a crosshair within it. The middle of the screen corresponded to

the calibrated position of the device. The x coordinate, y coordinate and rotation of
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the cross hair corresponded to the flexion/extension, abduction/adduction and

rotation of the wrist of the wrist respectively.

Two more DOFs which reflected the horizontal and vertical position of the wrist/arm
were to be added. For horizontal movement, that is the wrist moving in and out, the
screen was to appear like it was moving backwards and forwards. This was done by
zooming the grid and central cross in as the handle was pulled towards the user, and

zooming it out as the handle was pushed away from the user.

As the handle was moved up and down in the vertical direction, the central cross was
to move up and down, while keeping the three wrist movements relative to it. This
indicated the wrist moving up and down vertically while still using the y position as
the abduction/adduction of the wrist. This meant that the wrist movements could no
longer take up the whole screen, but had to be scaled down to alow for the vertical
position as well. The position of the central cross ranged from ¥4 to % of the height
of the screen. A full wrist flexion/extension or abduction/adduction corresponded to
Y, of the screen. This meant that the crosshair would always stay on the screen.

Figure 6.3 shows the interface screen immediately after the device has been
calibrated. All axes read zero, and al visual indicators are central. Figure 6.4 show
the interface when the arm is pushed away from the body and lowered, with the wrist
extended, abducted and rotated. Figure 6.5 shows the other extreme where the arm is
pulled towards the body and raised, with the wrist flexed, adducted and rotated.
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Figure 6.3: Image of the interface screen immediately after device
has been calibrated.
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Figure 6.4: Image of the interface screen when arm is pushed away
from the body and lower ed, with thewrist extended, abducted and
rotated.
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Figure 6.5: Image of the interface screen when arm ispulled towards
the body and raised, with the wrist flexed, adducted and rotated.

6.3 Conclusion

A simple interface was created for the RRD by updating software developed in a
previous USQ project. The interface shows the position of the device handle in 5
axes, by 5 different on screen variables. The microcontroller reads the positions of
the potentiometers, displays them in useful formats on the development board’s LCD
screen and sends them via USB to the computer. Software for the microcontroller
was written in PIC Simulator made by Oshonsoft. Using Microsoft Visua Basic, the
computer then calculates the actua position of the device and displays it on the

screen in both numeric form, and pictorial form.

The software for this device only logs patient movement and does not fulfil any of
the other requirements of a fully functioning device. However this covers the scope
of the project as the remaining requirements of the software were to be left as future

work.
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Chapter 7  EVALUATION AND TESTING OF DESIGN

7.1 Introduction

Evaluation and testing is an important step in any design task. Both qualitative and
quantitative testing was done on the device to determine its suitability as a stroke
rehabilitation tool. The ROM, accuracy and precision of the device were tested as
well as the general functioning of the components. This chapter discusses the results
and findings of the testing and gives some suggestions for improvement where

necessary.

7.2 Structure

Manufacture and assembly of the structure proceeded quite well however the device
did not work as well as expected. There were a few issues with the device and these
will be discussed below.

7.2.1 Problem with linear bearing joints

The linear bearing joints were very sticky and rough and would only work when the
moving force was applied directly through the axis of movement. This was very
unhelpful as it made the vertical movement virtually useless because the handle was
never going to be directly in line with the vertical shafts. The horizontal movement

was also much too rough for this application.
Causes

Severa observations were made while testing the device. The aluminium tubes were
very loose and ‘sloppy’ in the linear bearings where they were supposed to be very
tight and rigid. The horizontal shaft was fully extended and moved around to test the
play in the joints. A movement of 10 mm from side to side, and up and down was
measured at the end of the horizontal shaft. There was also some visible marking and
wear on the aluminium tubes. The third observation was that the further the force

was from the axis of movement, the harder it was to move the device.
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Due to time constraints, the exact cause of the problem is not known. There is two
likely causes and they are; the aluminium is too soft for the balls of the linear
bearings to run on and they are ‘digging’ into the tubes or that the aluminium tubes
are undersize and the linear bearings are too sloppy to work properly. A third
unlikely but possible cause is that the machined housing for the linear bearingsis not

the correct size, and the pressfit istoo tight.
Solutions

There are several fixes for this problem. One which would combat both possible
causes is coating the surface of the tubes with a hard substance by a process such as
hard chroming or hard anodising. These processes could add from a couple of
microns to tenths of a millimetre to the diameter of the tube as required. They would
also offer a much harder surface that the balls wouldn’t be able to dig into and grab

on.

Another, more drastic solution would be to redesign the device using smaller, solid
precision shafts. This is not the ideal solution as discussed throughout the design
chapter because of the added weight. However, looking at the design now,
downsizing the shafts would mean that other components could be downsized as
well, making this option more viable. Linear bearings could aso be replaced with

another linear motion system.

7.2.2 Horizontal Shaft Rotation

The horizontal axis only has one linear bearing as opposed to the vertical, which has
two. The horizontal shaft has nothing to align it, and is free to rotate about its linear
axis as well as move in a linear direction. With the current design, the horizontal
threaded rod for the locking mechanism is stopping the shaft from rotating. This is
not ideal as the threaded rod passing through the locking tab creates extra friction

and roughness is in the movement.
Causes

Thereis no guidance system for the horizontal shaft.
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Solutions

Another linear bearing could be added above, below or to the side of the current
horizontal bearing. Another option would be to add a round bar parallel to the
horizontal shaft and another tab on the bearing block with a bush in it for the bar to

trave in.

7.2.3 Top Bar Bending

Asshown in Figure 7.1, the top bar has bent on one side because of the weight block
hanging off of it. It hasn't caused any other damage to the device, or stopped the

weight block moving, but isn't desirable.

Causes

Weight block istoo heavy for the structure of the top bar.
Solutions

One option is to lower the mass of the moving components, so the size and mass of
the weight block can be reduced. Another option is to make the top bar stronger so it

can hold the mass of the weight block.

Figure 7.1: Photograph showing the bending that thetop bar has
experienced.
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7.2.4 Changes to Wrist Device Mounting

To combat the problem with the linear bearings, it was thought that moving the wrist
device and hence the handle as close to the vertical shafts as possible may make it
easier to move the horizontal shaft up and down. The bent piece on the end of the
horizontal shaft was cut off, and the wrist device was bolted directly to the flat on the
end of the horizontal shaft. Figure 7.2 shows the new mounting arrangement.

Figure 7.2: Photograph of new wrist device mounting arrangement.

By doing this, the orientation of the wrist device was changed, and it was no longer
mounted as it was designed to be. Unfortunately the ROM of the wrist
abduction/adduction and flexion/extension was impeded.
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Table 7.1 shows the approximate reduction to the ROM after the changes.
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Table7.1: ROM of wrist device after mounting changes.

M ovement Original ROM after
ROM changes
Adduction 48° 40°
Abduction Unlimited 40°
Flexion 80° 40°
Extensions 80° 40°
Forearm Unlimited Unlimited
pronation
Forearm Unlimited Unlimited
Suppination

7.3 Range of Motion

The ROM of the device was determined ssimply by measuring the distance between a

pair of datum points on the device at its four extremities; maximum vertical,

minimum vertical, maximum horizontal and minimum horizontal. Photos were taken

with the tape measure in view for records. The photographs are shown in Figure 7.3

to Figure 7.6.
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Figure 7.3: Maximum vertical measur ement.

Figure 7.4: Maximum horizontal measurement.
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Figure 7.5: Minimum vertical measurement.

Figure 7.6: Minimum Horizontal measurement
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Table 7.2 shows the measurements taken and the difference between them. This
difference corresponds to the ROM of the device. The desired range was 923 X
510 mm and approximately 80% of this has actually been achieved in both
directions. This was mainly due to the unforeseen size of the position monitoring
system, and locking mechanisms. This could be easily fixed by increasing the size of

the shafts by the required dimension.

Table 7.2: M easurementstaken to deduce ROM

AXIS Minimum Maximum Achieved Desired
(mm) (mm) ROM (mm) | ROM (mm)
(Max-Min)
Horizontal 36 431 395 510
Vertical 88 828 740 923

Some experimenting was done to determine the ROM that the human arm would
experience using the device in the 740 x 395 mm window. As stated earlier, there is
infinite number of combinations of using shoulder movements and elbow
movements together, so thisis difficult to quantitatively measure. Some photographs

(Figure 7.7 to Figure 7.12) have been taken as examples of the possible movements.

105



Figure7.7: Position 1

Figure 7.8: Position 2
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Figure 7.9: Position 3

Figure 7.10: Position 4
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Figure7.11: Position 5

Figure 7.12: Position 6
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7.4 Position Monitoring System

The position monitoring system has worked very well. It is robust and of high
quality so is very reliable. There were a couple of minor issues with some
components that can be easily fixed.

7.4.1 Grub Screw holes Stripped

One issue was that the grub screws in the potentiometer pulley shafts were too big
for the thickness of material that was holding them and the threads were stripped
(Figure 7.13).

Causes
The specified grub screws were too hig.
Solutions

Smaller grub screws need to be used; perhaps a M2 or M3 thread would be better.

Figure 7.13: Photograph of potentiometer mounting arrangement,
specifically noting the lack of grub screw in the hole.
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7.4.2 Wasted Range of Motion

As mentioned in a previous section, the position monitoring components did finish

being larger and take up more room than expected.
Causes

Unfortunately, manufacture of the structure had already started before the position
monitoring system was fully designed. The extra components took up more room
than originally expected and hence reduced the ROM of the device.

Solutions

The size of the structure needs to be increased slightly to account for the reduced
ROM.

7.4.3 Testing

Other than the couple of issues discussed, the position monitoring system worked
very well. Some testing was done to determine the precision and accuracy of the
device. For each axis, the locking nuts were set to the extremities of the device. The
handle was moved to one extremity then to the other and this was repeated 10 times.
The position was read from the software and recorded at each extremity for each
trial. These readings were compared with the physical measurement taken with the

tape measure. Table 7.3 and Table 7.4 show the results.
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Table 7.3: Resultsfor Horizontal Axis Testing

Resultsfor Horizontal Axis (mm) — Physical Range=0-395 mm

Min _ M ax
Tria Physical Softewar El\:lrI gr Physical Softewar é\f rac))(r Range Fé??c?re
1 0 0 0 395 39327 | 173 | 39327 | 173
2 0 0 0 395 39327 | 173 | 39327 | 173
3 0 0 0 395 39327 | 173 | 39327 | 173
4 0 0 0 395 39327 | 173 | 39327 | 173
5 0 0 0 395 39327 | 173 | 39327 | 173
6 0 0 0 395 39327 | 173 | 39327 | 173
7 0 0 0 395 39327 | 173 | 39327 | 173
8 0 0 0 395 39327 | 173 | 39327 | 173
9 0 0 0 395 39327 | 173 | 39327 | 173
10 0 0 0 395 39204 | 296 | 39204 | 296
hax 0 296 296
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Table 7.4: Resultsfor Horizontal Axis Testing

Resultsfor Horizontal Axis (mm) — Physical Range=0- 740 mm

T T M T M g | Rance
Physical | Software Physical | Software
1 0 0 0 740 74134 | 134 | 74134 | 134
2 0 0 0 740 74134 | 134 | 74134 | 134
3 0 122 | 122 740 74134 | 134 | 74256 | 253
4 0 122 | 122 740 74012 | 012 | 74134 | 134
5 0 122 | 122 740 74012 | 012 | 74134 | 134
6 0 122 | 122 740 73890 | 110 | 74012 | 0.12
7 0 244 | 244 740 73890 | 110 | 74134 | 134
8 0 244 | 244 740 73890 | 110 | 74134 | 1.34
9 0 244 | 244 740 73890 | 110 | 74134 | 1.34
10 0 244 | 244 740 73890 | 110 | 74134 | 1.34
é\ff‘gr 2.44 1.34 253

The horizontal axis seems a little more consistent than the vertical. The range of the
vertical movement seemed to stay fairly constant; however the minimum and
maximum values were changing. Lack of time meant that further testing to find the

cause of thiswasn'’t possible.

The horizontal axis offered very high precision, with 9 out of 10 trials giving the
same measurement. Its electronic measurement of 393.27 mm as opposed to the

measured 395 mm equates to an error of 0.5% which is quite good.

The vertical axis was not as precise, with some variance in the readings. The
maximum error in the measurement was about 0.4%, with the maximum variance in
the range being 253 mm. In both axes, there was an error in the range of
approximately 2-3 mm. The device was deemed accurate and precise enough for the

proof of concept application.

112



7.5 Software and Interface

There wasn't really a method of quantitatively testing the software. The only check
that was done was to make sure correct on-screen function was corresponding to the
device movements and this was happening as desired.

7.6 Effectiveness of Device

At this stage there has been no form of clinical testing conducted with the device. It
has not been assessed by any medical professionals, so the only evaluation of
effectiveness of the device will be the opinion of the author.

Currently, the device would not be very effective as a stroke rehabilitation tool
because of the poor performance of the linear bearings. The movements are too
rough for use by someone with impaired motor skills and coordination. However,
with this problem fixed, and some general refinement of the design, the device
shows very good potential as a RRD. A little more work with the software would

mean a simple game could be devel oped to compl ete the proof of concept device.

7.7 Conclusion

There were some problems with the device, the main one being that the linear
bearings were not functioning as desired. This would have been fixed if time
permitted, instead it will be left as future work. The ROM was a little less than
expected as space was lost to the position monitoring components. The position
monitoring system worked well, and was quite accurate and precise. The software
and interface was very simple but functioned as it was designed to.

113



Chapter 8  CONCLUSIONS AND FUTURE WORK

8.1 Introduction

This project has included researching stroke and its effects, rehabilitating arm
paralysis and current rehabilitation techniques. Robotic rehabilitation was
investigated as a technique and after it was found to be very promising, a low cost
robotic rehabilitation device was designed and constructed. The device was tested
and evaluated and the problems were noted. The project has resulted in a step

towards the design of afully functioning robotic rehabilitation device.

This chapter discusses the achievements made by this project and explains the future
work required to make the device ready for clinical testing. Figure 8.1 shows the
designed robotic rehabilitation device 3D model.

Figure 8.1: 3D model of therobotic rehabilitation device ready to be
used
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8.2 Achievements

The project objectives that were established at the beginning of the project will be

revisited in this section and the achievements will be discussed.

Thefirst objective was to research how stroke affects movement and motor skills and
to research current rehabilitation methods and their success. This was accomplished
by thoroughly researching stroke and its effects. It was found that stroke was a
leading cause of disability, one of its effects being paralysis of the limbs. Research
was conducted into rehabilitation and the problems that patients currently
experience. The necessary steps to regaining movement were understood so that a
suitable device could be developed. Robotic assisted therapy was found to be very
promising in rehabilitating limb paralysis and some recently developed devices were
discovered. All of this research was documented in chapter 2. It was obvious that a
low cost device would be very beneficia to stroke patients.

Once objective 1 was completed, the requirements of a robotic rehabilitation device
were determined and recorded in chapter 3. This was not an explicit objective but
was necessary so that a suitable device could be designed. The next objective,
Research available joystick style equipment and their mechanisms, and determine
whether they could be suitable for this device, was completed. Chapter 4 explains
that this proved unfruitful as the requirements of the device didn’t match anything

presently on the market and a completely new design was needed.

Creating concepts and investigating the strengths and weaknesses of each concept
began. Severa designs, shown in chapter 4, were investigated for both the structure
and the position monitoring system. The best structure type was chosen first, and
designed in detail so that the position monitoring system could be investigated
further and then decided upon.

Chapter 5 details the full design process from specifying a motion system to
mounting the potentiometers as per the prepare design for construction objective.
All of the parts and assemblies were modelled using Solidworks, then detailed on 2D
drawings so that the USQ workshop could build the device. The structure was
designed first with position monitoring in mind. Potentiometers coupled to a gear

and belt system were used for locating the device. The mounting of these parts was
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determined once the layout of the structure was known, and more parts were
designed and constructed as required. The electronic circuitry needed to link the
potentiometers to the computer was then designed and made. The microprocessor
software and computer software were developed using Oshonsoft’s PIC Simulator
and Microsoft Visual Basic respectively. This fulfilled the investigate and design

electronics and control objective.

Test the design and evaluate its performance was the next objective. The findings
from this are included in chapter 7 and show that there were a couple of problems
with the design however it was successful as a proof of concept device. The linear
bearing joints did not perform as well as desired because of the roughness and
stickiness of the motion. The position monitoring system, however, performed very

well with errorsin precision and accuracy of fractions of a percent.

Time didn’'t permit the addition of force feedback to the device. The device was
intended to be neutral for the time being, but this was only moderately achieved due
to the friction in the linear bearings. The device was not ready for clinical testing at
this point either. This left investigate and design force feedback components and
perform clinical testing and provide professional feedback as objectives to achieve

in future work.

8.3 Future Work

The requirements of arobotic rehabilitation device were outlined in chapter 3. It was
also stated that not all of the requirement could be addressed in this project. Thereis
quite a bit of work necessary to get the project to the point where it can be clinically
tested. The future work needed will be divided into four aress; structure, wrist

device, force feedback and software.

8.3.1 Structure

The size and shape of the device is quite good and it easily fits on a desk beside a
computer. There are some changes to the structure that would make the device a
better atool for stroke rehabilitation.
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The final DOF of the shoulder, abduction/adduction, needs to be accommodated for
in the device. It is believed this could be quite complex and would need to be done

carefully so that the device doesn’t become too large or heavy.

The linear bearing joints also need to be improved. At this stage, they are much too
rough and the device can only be moved when the load is applied along the axis of

movement. Chapter 7 gives some possible solutions to this problem.

The ROM of the device was reduced by the position monitoring components. The
device either needs to be bigger, or a dight redesign is needed to move the
obstructions out of the way of the moving components.

An enclosure for the moving components would be beneficial in making the device
safer and more aesthetically pleasing. This would be needed before the device could
be sold commercially.

8.3.2 Wrist Device

The wrist device designed in a previous project was attached to the end of the
horizontal shaft of the device. It was not designed to be mounted in this way, and
thus its ROM has been impeded. Work needs to be done to correct this and will
probably entail designing a new wrist device that is better incorporated into the rest
of the device.

There is also no method of locking the movements of the wrist device. Locking
mechanisms need to be added and should be addressed if any redesign is done.

One other improvement that can be made to the wrist device is including a soft
handle (Garrett, 2009).

8.3.3 Force Feedback

An attempt was made to make the device neutral by adding a weight block that
counteracted the mass of the moving components. This would have been successful

if the joints had minimal friction. However, a neutral device isn’'t able to move the
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patient’s hand for them to teach them movements, nor is it able to increase the

strength of the arm by resisting motion.

A variable force feedback system would make the device much more flexible in that
it could be used as an assistive, neutral or resistive rehabilitation tool. These three

steps are very important in the rehabilitation process.

The device has been designed with force feedback in mind. Each axis of the wrist
device has shafts for coupling electric motors to. The gears used for the horizonta
and vertical position monitoring have also been designed so that that motors can be

added without too much modification.

8.3.4 Electronics and Software

Severa improvements to the electronics were recognized by Garrett (2009). They
included;

replacing the ribbon cable connecting the potentiometers with shielded
computer cableto avoid interference;

using a printed circuit board for the interfacing circuit;

mounting electrical hardware in a neat box;

investigation into using machine vision in calculating the position of the
device; and

possible improvements to accuracy of sensing before feedback can be added.

More robust wiring and a method of keeping the wires protected as the components

move around will also be necessary on acommercia device.

The software requires quite a bit of work. It is currently very ssmple and merely
shows the position of the wrist. There needs to be much better on-screen view,
preferably in 3 dimensions and games or scenarios need to be created. One of the
requirements of such a device is the ability to map and record progress to identify
weak and strong areas. A program to do this also needs to be developed. This work

will probably need to be left as an entire project for a software engineer.

118



8.4 Conclusion

This dissertation details the design and construction of an exercise device for use in
therapy of the arm. The proof of concept device that has been designed and
constructed meets the majority of the objectives set at the beginning of the project.
Six out of the seven DOFs of the arm have been captured by rotational and linear
movements. The position of the hand is tracked using potentiometers and displayed

visually on a computer screen.

The device shows the potential to be developed as an effective computer based
exercise device to assist in the rehabilitation of arm movement in stroke patients.
Stroke recovery depends upon frequent, repetitive exercise. This device offers the
advantage of being a cheap, home based therapy technique that alows patients to
exercise whenever they can. All of this work aims to help the patient return to
normal everyday living sooner, making them less dependent on social services,

friends and family.
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Appendix B CODE LISTING

Appendix C contains two pieces of code; the microcontroller code developed in
Oshonsoft’s PIC Simulator and the Computer code developed in Microsoft Visual

Basic.

B1 Microcontroller Code

"This software is designed for use with the wrist rehabllltatlon
"device. The purpose of the software is to read analogue
"voltages on the pots, update the LCD display and send the data
"to the computer.

"Author: Jake Salomon

"Year: 2010

Define CONF_WORD = 0x3f72

Define CLOCK_FREQUENCY = 20

"Define lcd dlsplay data lines
Define LCD_BITS

Define LCD_DREG = PORTD
Define LCD_DBIT = 4
Define LCD_RSREG = PORTD
Define LCD_RSBIT = 0
Define LCD_RWREG = PORTD
Define LCD_RWBIT =1
Define LCD_EREG = PORTD

Define LCD _EBIT = 2
Define LCD_READ BUSY_FLAG = 1

"Define variable types
"Raw adc values
Dim xraw As Word
Dim yraw As Word
Dim zraw As Word
Dim hraw As Word
Dim vraw As Word
"Relative values
Dim xrel As Word
Dim yrel As Word
Dim zrel As Word
Dim hrel As Word
Dim vrel As Word
“"Calibration values
Dim xset As Word
Dim yset As Word
Dim zset As Word
Dim hset As Word
Dim vset As Word
"Angle values

Dim xangle As Long
Dim yangle As Long
Dim zangle As Long
Dim hangle As Long
Dim vangle As Long
"Display mode

Dim mode As Byte
"Positive flags
Dim xpos As Bit

125



Dim ypos As Bit

Dim zpos As Bit

Dim hpos As Bit

Dim vpos As Bit

"Button flags

Dim butl pressed As Bit

Dim but2_pressed As Bit

"Timer value

Dim timerl As Word

timerl = 40536 “for 20ms delay

"Define symbols

Symbol butl = PORTB.5 “button 1

Symbol but2 = PORTB.4 “button 2

Symbol green_led = PORTB.2 “"green led
Symbol red _led = PORTB.1 “red led

Symbol backlight = PORTD.3 "lcd backlight

"Start of program

start:

AllDigital

"Initialise lcd and custom characters

Lcdinit

Lcddefchar 0, Oxlc, O0x14, Oxlc, O0x00, O0x00, O0x00, O0x00, Ox00
“"degree symbol

"Initialise analogue port

ADCON1 = %10000000

"Initialise ports

TRISA = %11111111
TRISB = %11111001
TRISC = %10111111
TRISD = %00000000

"Set Timer registers
T1CON = %00100001
"Set interupt registers
INTCON.TMROIE = O "no interrupt on timer0O
INTCON.GIE = 0 “disable global interrupt
Hseropen 56000 “initialise serial communication
green_led = 1 “turn green led on
red led = 0 ~“turn red led off
"Print splash screen to LCD
backlight = 1
Lcdemdout LcdClear
Lcdout "Arm Therapy"
Lcdemdout LcdLine2Home
Lcdout "Device JMS 2010"
WaitMs 3000
"main program
Gosub restore “restore calibration values and menu state

main:
While PIR1.TMR1IF = O
Wend
TMR1H = timerl.HB
TMR1L = timerl.LB
PIRL.TMR1IF = 0 “reset timer flag
Gosub measure “perform ADC conversions
Gosub convert
Gosub buttons “check if buttons are pressed
Gosub display "print results to Icd
Gosub serial “"send data to computer
Goto main “start again
End
restore:

"Restore zero settings and display mode from EEPROM
Read 0, xset.HB
Read 1, xset.LB
Read 2, yset.HB
Read 3, yset.LB

126



Read 4, zset.HB
Read 5, zset.LB
Read 6, hset.HB
Read 7, hset.LB
Read 8, vset.HB
Read 9, vset.LB

Read 10, mode “was read 6
"check that data is valid or use defaults
If mode > 2 Then

mode = O
Endif
If xset > 1024 Then
xset = 0
Endif
IT yset > 1024 Then
yset = 0
Endif
If zset > 1024 Then
zset = 0
Endif
If hset > 1024 Then
hset = 0
Endif
If vset > 1024 Then
vset = 0
Endif
Return
"Perform analogue to digital conversions
measure:
zraw = 0
Xraw = 0
yraw = 0
hraw = 0
vraw = 0

Adcin 1, xraw "x and y are wired incorrectly on device. the
wrong wires are going to the pots.

Adcin 0, yraw

Adcin 2, zraw

Adcin 3, hraw

Adcin 4, vraw

Return
"Send data serially to computer
serial:

Hserout "X

IT xpos = 0 Then

Hserout "-"

Endif

Hserout #xrel, "y
IT ypos = 0 Then
Hserout "-"
Endif
Hserout #yrel, "z"
IT zpos = 0 Then
Hserout "-"
Endif
Hserout #zrel, "h"
IT hpos = 0 Then
Hserout "-"
Endif
Hserout #hrel, "'v"
IT vpos = 0 Then
Hserout "-"
Endif
Hserout #vrel, LT
Return
"Update lIcd display
display:
Lcdcmdout LcdClear “clear the lcd
"Print menu options
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Lcdcmdout LcdLinelPos(16)

Lcdout "'M™
Lcdecmdout LcdLine2Pos(16)
Lcdout "'S™

Lcdcmdout LcdLinelHome

Select Case mode

"Display the raw adc values

Case 0
Lcdout "X, #xraw
Lcdcmdout LcdLinelPos(6)
Lcdout "Y', #yraw
Lcdemdout LcdLinelPos(11)
Lcdout "Z", #zraw
Lcdcmdout LcdLine2Home
Lcdout "H", #hraw
Lcdcmdout LcdLine2Pos(6)
Lcdout "'V, #vraw

"Display the raw difference from the zero position

Case 1
Lcdout *'X"
IT xpos = 0 Then
Lcdout **-"
Else
"Lcdout " ™'
Endif

Lcdout #xraw
Lcdcmdout LcdLinelPos(6)
Lcdout Y™
IT ypos = 0 Then
Lcdout "-"
Else
"Lcdout "™ ™'
Endif
Lcdout #yraw
Lcdecmdout LcdLinelPos(11)
Lcdout "'Z"
IT zpos = 0 Then
Lcdout **-"
Else
"Lcdout " ™'
Endif
Lcdout #zraw
Lcdcmdout LcdLine2Home
Lcdout "H"
IT hpos = 0 Then
Lcdout **-"
Else
"Lcdout " ™'
Endif
Lcdout #hraw
Lcdcmdout LcdLine2Pos(6)
Lcdout "'V*
IT vpos = 0 Then
Lcdout "-"
Else
"Lcdout "™ ™'
Endif
Lcdout #vraw

"Display the angle in degrees from zero position
Case 2
"Convert raw adc values to angle
Lcdout X"
IT xpos = 0 And xangle > 0 Then
Lcdout -
Else
"Lcdout ' ™
Endif
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"Lcdout '

"Lcdout ™

"Lcdout ™

"Lcdout '

Lcdout #xangle.LW, O

Lcdemdout LcdLinelPos(6)

Lcdout "Y"

IT ypos = 0 And yangle > 0 Then
Lcdout -

Else

Endif

Lcdout #yangle.LW, O

Lcdcmdout LcdLinelPos(11l)
Lcdout "z"

IT zpos = 0 And zangle > O Then
Lcdout -

Else

Endif

Lcdout #zangle.LW, O

Lcdcmdout LcdLine2Home

Lcdout "H™

IT hpos = 0 And hangle > 0 Then
Lcdout "-"

Else

Endif

Lcdout #hangle.LW, O

Lcdemdout LcdLine2Pos(8)

Lcdout V"

IT vpos = 0 And vangle > 0O Then
Lcdout -

Else

Endif
Lcdout #vangle.LW, O

EndSelect
Toggle green_led
Toggle red_led

Return

"Poll the buttons

buttons:

If butl = 0 Then

Endif
If but2 = 0 Then

butl pressed = 1
Else “button not being pressed

IT butl pressed = 1 Then “button has been released

mode = mode + 1
mode = mode Mod 3

butl pressed = 0 “reset button status

Endif

but2 pressed = 1
Else “button not being pressed

IT but2 pressed = 1 Then “button has been released

xset = Xraw
yset = yraw
zset = zraw
hset = hraw
vset = vraw
Write O, xset.HB
Write 1, xset.LB
Write 2, yset.HB
Write 3, yset.LB
Write 4, zset.HB
Write 5, zset.LB
Write 6, hset.HB
Write 7, hset.LB
Write 8, vset.HB
Write 9, vset.LB

Write 10, mode

but2 pressed = 0 "reset button status

"check i1if button is down

"check i1if button is down



Return
“Conve
conver

Return

Endif

xrel

yrel

zrel

hrel

vrel

Endif
rt raw results to rotations
T:
xrel = xraw - xset
yrel = yraw - yset
zrel = zraw - zset
hrel = hraw - hset
vrel = vraw - vset
If xrel > 1024 Then
xrel = 65535
xpos = 0
Else
xpos = 1
Endif
IT yrel > 1024 Then
yrel = 65535
ypos = O
Else
ypos = 1
Endif
If zrel > 1024 Then
zrel = 65535
zpos = 0
Else
zpos = 1
Endif
If hrel > 1024 Then
hrel = 65535
hpos = 0
Else
hpos = 1
Endif
If vrel > 1024 Then
vrel = 65535
vpos = O
Else
vpos = 1
Endif
xangle = 340 * xrel / 1023
yangle = 340 * yrel / 1023
zangle = 340 * zrel / 1023
hangle = 3600 * hrel / 1023
vangle = 3600 * vrel / 1023
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B2 Computer Code — Main Application

I mports M crosoft. Vi sual Basi c. Power Packs
| nports System Math
Public C ass Mai nApplication
Di m screensi ze As Size
Dmrelative = Fal se
Dmgrid = True
Di m gameon = Fal se
Dimtesting = Fal se
Di m newt arget = True
Di m got ocenter = True
Di m xtarget As | nteger
Di mytarget As |nteger
Dimtargetrad As Integer = 16
Dimtarget _ext As Integer = 40
Dimtarget _flex As Integer = 40
Dimtarget _add As Integer = 28
Dimtarget _abd As Integer = 12
Di mrighthand As Bool ean = True
Di m coneext (180) As Deci nal
Di m conefl ex(180) As Deci nal
Di m maxabs(180) As Deci nal
Di m mi nabs(180) As Deci nal
D m maxcurve(180) As Poi nt
Di m m ncurve(180) As Point

Private Sub Mai nApplication_Load(ByVal sender As System bject,

ByVal e As System Event Args) Handl es MyBase. Load
" Maxi m se wi ndow

Me. W ndowSt at e = For MW ndowSt at e. Maxi m zed

Me. Resi zeRedr aw = True

Me. Set Styl e(Control Styl es. Al'l Pai ntingl nWrPai nt,

Me. Doubl eBuf f ered = True

Me. Set Styl e(Control Styl es. Opti m zedDoubl eBuf f er,

screensi ze = Me. Si ze
RS232COM Show()
End Sub

Private Sub Mai nApplication_Paint(ByVal sender As bject,
e As System W ndows. For ms. Pai nt Event Args) Handl es Me. Pai nt

Di m xpos As Deci nal

Di m ypos As Deci nal

Di m zpos As Deci nual

Di m hpos As Deci nal

Di m vpos As Deci nal

Di m hposlinear As Deci mal
Di m vposlinear As Deci mal
Di m ext ensi on As Deci mal

Di m abducti on As Deci nal

Di m pronati on As Deci nal

Di m hori zontal As Deci nal
Dimvertical As Decinal

Di m nunberlines As Deci nal
Dim xtran As Deci nmal
Dimytran As Deci nal

Di m scal efactor As |nteger
Dimvertical offsetfactor As I|nteger
Dimlinefactor As I|nteger

By Val
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Sin(zpos

Si n(zpos

Sin(zpos

Sin(zpos

Round( nu

Di m arrow = My. Resources. nyarr ow

Di m gri dpen As New Pen(Col or. Bl ack, 1)
gridpen. DashStyl e = Draw ng2D. DashSt yl e. Dash
Dimline As |nteger

Di m poi nt1 As Poi nt

Di m poi nt 2 As Poi nt

Di m poi nt 1cross As Poi nt

Di m poi nt 2cross As Poi nt

scal efactor = screensize.Wdth / 1000
vertical of fsetfactor = screensize. Height / 400

xpos = Val (RS232COM xPOT. Text) * 340 / 1023
ypos = Val (RS232COM yPOT. Text) * 340 / 1023
zpos = Val (RS232COM zPOT. Text) * 340 / 1023
hpos = Val (RS232COM hPOT. Text) * 3600 / 1023

hposl i near = hpos * PI / 180 * (39.77 / 2)
vpos = Val (RS232COM vPOT. Text) * 3600 / 1023
vposlinear = vpos * Pl / 180 * (39.77 | 2)

"Cal cul ate onscreen transl ations
If relative = True Then
If righthand = True Then

extension = xpos * Cos(zpos * PI / 180) - ypos *
* Pl [/ 180)
abduction = ypos * Cos(zpos * PI / 180) - xpos *
* Pl / 180)
pronation = zpos
El se
extension = -xpos * Cos(zpos * Pl / 180) + ypos *
* Pl / 180)
abduction = ypos * Cos(zpos * PI / 180) + xpos *
* Pl / 180)
pronation = -zpos
End | f
xtran = screensize.Wdth / 2 + extension * scal efactor
ytran = screensize.Height / 2 - abduction * scal efactor
x|l abel . Text = Round(abduction, 2) & "°"
yl abel . Text = Round(extension, 2) & "°"
z| abel . Text = Round(zpos, 2) & "°"
El se
xtran = screensize.Wdth / 2 + xpos * scal efactor
ytran = screensize.Height / 2 - ypos * scal efactor
x| abel . Text = Round(xpos, 2) & "°"
yl abel . Text = Round(ypos, 2) & "°"
z| abel . Text = Round(zpos, 2) & "°"
End | f
hl abel . Text = Round(hposlinear, 2) & "md
vl abel . Text = Round(vposlinear, 2) & "mmi

numnber | i nes 35 - Round(25 * hpos / 2132, 0)

| inefactor = screensize. Wdth / nunberlines
hori zontal = 30 + (28 * hpos / 1138)
vertical = (vpos / 3600) * (screensize.Height /

"Draw grid if selected
If grid = True Then

"Draw vertical grid |ines

For Iine = -Round(nunberlines / 2, 0) To
nberlines / 2, 0)

4)
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pointl. X = screensize.Wdth / 2 - linefactor * line
pointl.Y =0

point2. X = pointl. X

point2.Y = screensi ze. Hei ght

If line = 0 Then
e. Graphi cs. DrawLi ne( New Pen( Col or. Bl ack,
hori zontal ), pointl, point2)
El se
e. G aphi cs. DrawLi ne(gridpen, pointl, point2)
End I f
Next |ine
"Draw horizontal grid lines
For line = -Round(nunberlines / 2, 0) To
Round(nunberlines / 2, 0)

pointl. X =0

pointl.Y = screensize.Height / 2 - linefactor * line
poi nt 2. X = screensize. Wdth

point2.Y = pointl.Y

"If line = 0 Then

"e. Graphi cs. DrawLi ne( New Pen( Col or. Bl ack, 40),
poi nt1l, point2)
"El se
e. G aphi cs. DrawLi ne(gridpen, pointl, point2)
"End If
Next |ine
End I f

"Enabl e high quality antialiasing
e. G aphi cs. Snoot hi ngMode = Dr awi ng2D. Snoot hi ngvbde. Anti Al i as

' Render gane graphics
I f ganeon = True Then
If newtarget = True Then
I f gotocenter = True Then
xt ar get screensize.Wdth / 2
yt ar get screensi ze. Height / 2
El se
"Cenerate a randomtarget wthin naxi num notion

ranges
xtarget = (screensize.Wdth / 2) - scalefactor *
(Cnt(Int(((target_ext + target flex) * Rad()) + 1)) - target_flex)
ytarget = (screensize.Height / 2) - scal efactor
* (Cint(Int(((target_abd + target _add) * Rnd()) + 1)) - target add)

End | f
newt ar get = Fal se
End | f

e. Graphi cs. DrawEl | i pse(New Pen(Col or. G een, 3), xtarget
- targetrad, ytarget - targetrad, targetrad * 2, targetrad * 2)
If (xtran - xtarget) ~ 2 + (ytran - ytarget) » 2 <
targetrad » 2 Then
newt arget = True
got ocenter = Not (gotocenter)
End | f
End | f

' Range of node testing
If testing = True Then
"Record maxi num and m ni nrum abducti on for each degree of
ext ensi on
I f abduction > naxabs(Cl nt (extension) + 90) Then
maxabs(Cl nt (extension) + 90) = abduction
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El sel f abduction < minabs(Clnt(extension) + 90) Then
m nabs(Cl nt (extension) + 90) = abduction
End | f
For i = 0 To 180
maxcurve(i) = New Point(screensize.Wdth / 2 + (i -
90) * scal efactor, screensize.Height / 2 - Clnt(maxabs(i)) *
scal ef act or)
m ncurve(i) = New Point(screensize. Wdth / 2 + (i -
90) * scal efactor, screensize.Height / 2 - Cint(mnabs(i))
scal ef actor)

*

Next

"Plot the cone of circunduction
e. Graphi cs. Dr awPol ygon( New Pen( Col or. Bl ack, 3),
maxcurve)
e. Graphi cs. Dr awPol ygon( New Pen( Col or. Bl ack, 3),
m ncurve)
End If

"Draw Crosshair at correct position

poi nt 1cross. X = 0

poi nt 1cross. Y = screensize.Height / 2 - vertical

poi nt 2cross. X = screensize. Wdth

poi nt 2cross. Y = pointlcross.Y

e. Graphi cs. DrawLi ne( New Pen( Col or. Bl ack, hori zontal),
poi nt 1cr oss, poi nt2cross)

"Transformtarget inmage fromtop |left pixel
e. Graphi cs. Transl ateTransform(xtran, (-vertical + ytran))
e. Graphi cs. Rot at eTr ansf or n{ zpos)

"Draw target inmmge at correct position

e. G aphi cs. DrawLi ne(New Pen(Col or. Red, 2), -32, 0, 32, 0)
e. Graphi cs. DrawLi ne( New Pen(Col or. Red, 2), 0, -32, 0, 32)
e. Graphi cs. DrawLi ne( New Pen(Col or. Red, 2), 0, -32, 8, -16)
e. Graphi cs. DrawLi ne( New Pen(Col or. Red, 2), 0, -32, -8, -16)
e. G aphi cs. DrawEl | i pse(New Pen( Col or. Dar kBl ue, 2), -32, -32,
64, 64)
End Sub

Private Sub Mai nApplication_Resize(ByVal sender As (bject, ByVal
e As System Event Args) Handl es Me. Resi ze
screensi ze = Me. Si ze
End Sub

Private Sub ExitTool StripMenulteml_dick(ByVal sender As
System Obj ect, ByVal e As System Event Args) Handl es
Exit Tool Stri pMenul teml. dick
RS232COM C ose()
Me. d ose()
End Sub

Private Sub Pl ayTool StripMenultem Cick(ByVal sender As
System bj ect, ByVal e As System Event Args) Handl es
Pl ayTool Stri pMenultem O i ck
ganmeon = True
Pl ayTool Stri pMenul t em Checked = True
FreeMove TSM Checked = Fal se
End Sub
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Private Sub StopTool StripMenultem Cick(ByVal sender As
System Obj ect, ByVal e As System Event Args) Handl es
St opTool StripMenultem dick
ganmeon = Fal se
Pl ayTool Stri pMenul t em Checked = Fal se
End Sub

Private Sub Easy TSM Cick(ByVal sender As System Object, ByVal
e As System Event Args) Handl es Easy TSM d i ck
targetrad = 32
Easy TSM Checked = True
Medi um TSM Checked = Fal se
Hard_TSM Checked = Fal se
End Sub

Private Sub Medium TSM C i ck(ByVal sender As System bj ect,
ByVal e As System Event Args) Handl es Medi um TSM d i ck
targetrad = 16
Easy TSM Checked = Fal se
Medi um TSM Checked = True
Hard_TSM Checked = Fal se
End Sub

Private Sub Hard TSM C i ck(ByVal sender As System bject, ByVal
e As System Event Args) Handl es Hard_TSM d i ck
targetrad = 8

Easy TSM Checked = Fal se
Medi um TSM Checked = Fal se
Hard_TSM Checked = True

End Sub

Private Sub Fl exi on_Text Enter(ByVal sender As Object, ByVal e
As System Event Args) Handl es Fl exi on_Text. Enter
target _flex = Fl exion_Text. Text
End Sub

Private Sub Ext text Enter(ByVal sender As hject, ByVal e As
System Event Args) Handl es Ext _text.Enter
target _ext = Ext_text. Text
End Sub

Private Sub Adb_Text Enter(ByVal sender As hject, ByVal e As
System Event Args) Handl es Adb_Text. Enter
target _abd = Adb_Text. Text
End Sub

Private Sub Add_Text Enter(ByVal sender As hject, ByVal e As
System Event Args) Handl es Add_Text. Enter
target _abd = Add_Text. Text
End Sub

Private Sub RHand _TSM d i ck(ByVal sender As System (bject, ByVal
e As System Event Args) Handl es RHand _TSM Cl i ck
RHand_TSM Checked = True
LHand_TSM Checked = Fal se
ri ghthand = True
End Sub

Private Sub LHand_TSM d i ck(ByVal sender As System Cbject, ByVal
e As System Event Args) Handl es LHand _TSM C i ck
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RHand_TSM Checked

LHand_TSM Checked

ri ght hand = Fal se
End Sub

Fal se
True

Private Sub FreeMove TSM Cick(ByVal sender As System Qbject,
ByVal e As System Event Args) Handl es FreeMove TSM C i ck
gameon = Fal se
testing = Fal se
Pl ayTool Stri pMenul t em Checked = Fal se
FreeMove TSM Checked = True
End Sub

Private Sub RangeOf MotionTool StripMenultenml O ick(ByVal sender

As System Object, ByVal e As System Event Args) Handl es
RangeCOf Mot i onTool Stri pMenulteml. dick

testing = True

gameon = Fal se

RangeOf Mot i onTool Stri pMenul t eml. Checked = True

Pl ayTool Stri pMenul t em Checked = Fal se

FreeMove TSM Checked = Fal se

End Sub

Private Sub OnTool StripMenultem Cick(ByVal sender As
System bj ect, ByVal e As System Event Args) Handl es
OnTool Stri pMenultem C i ck

OnTool Stri pMenul tem Checked = True
O f Tool Stri pMenul t em Checked = Fal se

grid = True
Ref resh()
End Sub

Private Sub O f Tool Stri pMenultem i ck(ByVal sender As
System bj ect, ByVal e As System Event Args) Handl es
O f Tool Stri pMenultem O i ck
OnTool Stri pMenul tem Checked = Fal se
O f Tool Stri pMenul t em Checked = True
grid = Fal se
Ref resh()
End Sub

Private Sub Wi stTool StripMenultem dick(ByVal sender As
System Obj ect, ByVal e As System Event Args) Handl es
Wi st Tool Stri pMenultem O i ck
Wi st Tool Stri pMenultem Checked = True
Devi ceTool Stri pMenul tem Checked = Fal se

ssxl abel . Text = "Abduction:"
ssyl abel . Text = "Extension:"
sszl abel . Text = "Pronation:"
sshl abel . Text = "Hori zontal : "
ssvl abel . Text = "Vertical:"

relative = True
End Sub

Private Sub Devi ceTool Stri pMenultem O ick(ByVal sender As
System bj ect, ByVal e As System Event Args) Handl es
Devi ceTool Stri pMenultem C i ck
Wi st Tool Stri pMenult em Checked = Fal se
Devi ceTool Stri pMenul t em Checked = True
ssxl abel . Text = "XPOT: "
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ssyl abel . Text "YPOT: "
sszl abel . Text "ZPOT: "
sshl abel . Text " HPOT: "

ssvl abel . Text = "VPOT: "
relative = Fal se
End Sub

Private Sub hl abel _Cick(ByVal sender As System Object, ByVal e
As System Event Args) Handl es hl abel . dick

End Sub
End d ass

B3 Computer Code - RS232COM

Public C ass RS232COM
Dm WthEvents serial Port As New | O Ports. Seri al Port

Private Sub RS232COM For nCl osi ng(ByVal sender As Cbject, ByVal e
As System W ndows. For ns. For nCCl osi ngEvent Args) Handl es Me. For nCl osi ng
If serialPort.lsQOpen = True Then
serial Port. d ose()
End | f
End Sub

Private Sub RS232(ByVal sender As System Cbject, ByVal e As
System Event Args) _
Handl es MyBase. Load
"If serial port is active close it so transfer protocols can
be established
If serialPort.|sQOpen Then
serial Port. d ose()
End | f
"Define transfer protocols
Wil e serial Port.lsCpen = 0
Try
serial Port. Port Nane = " COwW"
seri al Port. BaudRate = 56000
serial Port.Parity = 1O Ports. Parity. None
serial Port.DataBits = 8
serial Port.StopBits = IO Ports. StopBits. One
seri al Port. ReadTi neout = 200
serial Port. Open()
Catch ex As Exception
MsgBox(" Pl ease connect device and press OK. ")
End Try
End Wile
End Sub

Private Sub DataRecei ved(ByVal sender As Object, ByVal e As
System | O Ports. Seri al Dat aRecei vedEvent Args) Handl es
seri al Port . Dat aRecei ved
'Get data sentence from COML port
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DimBuffer As String
Try
Buf fer = serial Port. ReadLi ne()
Me. Begi nl nvoke(New Stri ngSubPoi nt er (AddressO Di spl ay),
seri al Port. ReadLi ne())
Catch ex As Exception
End Try

End Sub

Public Del egate Sub StringSubPointer(ByVal Buffer As String)
Public Sub Display(ByVal Buffer As String)
Di m x_char_pos As Byte
Dimy _char_pos As Byte
Dim z_char_pos As Byte
Di m h_char_pos As Byte
Di m v_char_pos As Byte
Di m num chars As Byte
"Determine length of string and positions of narker
characters
num chars = Buffer.Length
X_char _pos Buf fer. | ndexOF (" x™)
y_char _pos Buf fer. I ndexOF ("y")
z_char _pos Buf fer. | ndexOF ("z")
("h")
V")

h_char _pos Buf f er. | ndexOF "
v_char _pos Buf fer. | ndexOf ("
' Check that the data string is valid
I f x_char_pos = 0 And (x_char_pos < y_char_pos < z_char_pos
< h_char_pos < v_char_pos) Then
Recei veDat a. Text = Buffer

xPOT. Text = Buffer.Substring(x_char_pos + 1, y_char_pos
- x_char_pos - 1)

yPOT. Text = Buffer. Substring(y_char_pos + 1, z char_pos
- y_char_pos - 1)

zPOT. Text = Buffer. Substring(z_char_pos + 1, h_char_pos

z_char_pos - 1)
hPOT. Text = Buffer. Substring(h_char_pos + 1, v_char_pos
h_char_pos - 1)
vPOT. Text
v_char_pos - 1)
Mai nAppl i cati on. Refresh()

Buf fer. Substring(v_char_pos + 1, numchars -

El se
Recei veDat a. Text = "ERROR"
End |f
End Sub

' Private Sub Label5 Cick(ByVal sender As System Object,
ByVal e As System Event Args) Handl es Label 5. ick ' ??2???

'"End Sub
End d ass
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Appendix C DETAIL DRAWINGS

Appendix B contains the 2D details drawings of the part assemblies required for
construction by the USQ Workshop. The drawings were created in Solidworks by
the author and reflect the initial construction of the device. The drawings have been
scaled down from A3 to fit in the appendices.

139



CZeENEELS I - © ] 3LvC [addv] JHO[NMA ToNdioseq | ON JON'NO'S
9J|AT( uoneljigeys [eJ} Qddv S %

g uonelliqeysy Piong - —owm m:nENo equiooMo0 | am: 5 = Serondy ndsy NOITOMALSNGS 903 G3NGHACY | 0V
s soquni Bupeiq T > AR EEED 76 0L e} 5110300V 2C % 22 LM ) 8 2 511 0201434 |08
AHVNINIT3Hd 991AaQ uoneljiqeysy axoJ1s Nwvid 1 =
SNLY1S ONIVS] 0L/90/60 swr IN9Is3a - - - - B 1
B T s o uowojeg ajer -+ i
WSV - 1anoa NI 1 _ By - S s =

37vIS 1ON Oa M :SSYIN *$3Mdd¥ JONVITIOL ON"ATNO JONTUIAT4 404 TalY ) NMOHS SNOISNINIO “ISIMUTHLO GILON SSTINN Y wriz's 38 0L STOVRING GINIKOYA TIV

MSI NMO ¥IFHL LY OS 00 ONIMYAEA OL ONIMYI3d LNOHLIM LSITONILLND SY LSITWALI ONISN SHOLYOIdEY

*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N

WIEZO ¥ ONINIHOVIV WW('Z ¥ NOILVOREYA :ATddY TIVHS SLINITONIMOTIOH FH1 SNOISNANIO TIONVHTIOLNA §04
"SALINNLINOOSIA UNZ 18 "3 LLYdS UT3N ONY SHNG ‘SUINEO0D <YHS 3/CINZY "GALYNINON 3dAL B 3218 40 38 0L STTHM

7101 1d ¥55/5Y SINIWIUINDIY IHL HLIM FONVAHODOY NI 38 OL dS, AHO93LVO 03!
“7 BUE /'L SNOLLD3S ONIANTOX3 %40 L 1d pSLSY SINSWFHNOZH 3HL HLIM 3ONVOH0IOY NI 38 OL 49, AHO9ILYO O3

M3IA d379N3SSY JIULINOSI

_ ‘O'N'N 3000 Im_z_n__ ‘O'N'N - AJO9ILYD G13M 39 OL ONIATIM 1TV
A00ig WbIBM | | 143
alqen wbism| 1 €e

fslind eiqeg| | 143
J8pIOH Aeling @IqeD [BoeA| | 5%
ISp|OH B|qeD [EABA| | 0g
MeRg Q) Y| T 67
MBI0G PEOH UoNNg 0L X ¥iN| 8 8C
SOHS 0L X G| 7} 12
aHH 0L XON| ¥ 9
Jaysep Buudg | 2 14
Joysem Bunds Zyn| 2 24
Jsysemiel4 9| 9 €T
IMNOWN| € [44
GHH 09X9N| € ¥4
INOIN| T) 0Z
Jeg Jaoeds| 6l
eje|d Bununoyy Jejewonuslod| 7 8l
Isjpwonusiod| ¢ 2l
veus Aaind| 1 9
eyg Aeling Jejewoguaiod|  z Ge
eg [eoeA| | 14
18pIOH Jiog [eoniep| | €l
J8pIoH Aelind [eanisn| 7 4!
1o [JUOZUOH| | L
Buueag |leg| ¢ oI}
J8p|OH Ka| Nd [E}UOZLOH | 6
Jeag Bul| ¢ 8
HeuS [eoniepA| T L
egpual | 9
legdol| | G
Buueag Jeaur| ¢ ¥
Jeys [ejuozlioy| | €
¥ooig Buveeg| | 4
eseg| | )
37111 ALD "ON W3LI




o uuﬂm— - - 1 TON A
99 gﬁ :o_—.ﬁu._—_nmf—mm y—o.hu.m wel Qadv ERuN 1 Ald kZMSm_:ODmﬁ“M_WDHHFM_MMMM_M My .W 3lve D&&(- MO _ wa SOIoSe0 | ON [ON'ND'3

- - MOIHD w0y pACUAdE ey Jod Jnoyym Aued pay) @ of pawsuen ol 5 slenosddy Jod sy NOILONYLSNOD ¥0< A3A0¥deY | OV

A3 qunn Buimeq 3 RO R e it s L ) B R EEED 1€ 0L EL 511 G300V 26 ¥ £z HLM 0L 8 Z S1I 030V1d3d |08
AHYNINM3H AL : o I o

SNLVLS ONVEG 0L/90/60 sir - |N9IS3a HOIH wwg - - - = -

9dlA8(Q uollelijigeyay 9ol *3ENNN L34Vd 3 LO3MONd SNIVINOD
BV [ owmauosowvowes 0 uoneHIaEUSH MMONS ONN S 37¥OS|  qNv 3LON AG NMOHS NOLLISOd diVvLS E I I N 1

-

G°L: ¢ 3TVIS
37iviaa

S"L:2 ATVIS
alviaa

MSI NMO ¥IFHL LY OS 00 ONIMYAHA OL ONIMYI3d LNOHLIM LSIT ONILLND SY LSITWALI ONISN SHOLYOlEY

*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N

WSV - 1anoda NI 4l
37vIS 1ON Oa

*$3Mcid¥ JONFUTIOL ONATNO FONTuTI 4O T () NMOHS SNOISNINIO “ISIMUIHLO GILON SSTTNN v wriz's 38 O SIOVARINS GINHOYA TIY
WIEZO ¥ ONINIHOVIV WW('Z ¥ NOILVOREYA :ATddY TIVHS SLINITONIMOTIOH FH1 SNOISNANIO TIONVHTIOLNA §04

"SALINNLINOOSIA UNZ 18 "3 LLYdS UT3N ONY SHNG ‘SUINEO0D <YHS 3/CINZY "GALYNINON 3dAL B 3218 40 38 0L STTHM

7401 1d ¥55/5Y SINIWIUINDIY IHL HLIM FONVAHODOY NI 38 OL ¢S, AYODLVO ATaM

7 BUE /'L SNOLLD3S ONIANTIXT %40 L 1d pGISY SINSWFHNOZH 3HL HLIM 3ONVCH0IOY NI 38 OL 49, AHODILYO QTHM

_ ‘ON'N 3000 Im_z_n__ ‘ON'N - AYOO31YO @13M 38 OL ONIATIM 11V

M3IA d3A01dX3 JIULINOSI




€10l 13318 01N - AOY Q3AVIHHL ) 3
00€ X 00€ ANININNTY WWOg - 31¥71d } 4
001 x00g WNINIANNTY Wwog - 31v1d b b
3z1s NOLLdRIOS3A| "ALD "ON W3l
DISIM NMO HIFHL LY 0S 00 ONIMYHA OL ONINY333H LNOHLIM LSITONLLLNO SY LSIT WAL ONISN SHOLYORIEYS
*LO34H00 SV N3HV.L 38 TIVHS ONIMYHA ‘LOITINOD ONIMYEA ONV L8113 F43HM :3LON

€0l

4
A ONINIHOVIA 340439

6d aseg CZeENEELS I - | adav © | 31v0 [add¥] ¥HO [NMa ToNdioseq | ON JON'NO'S

- T oao sndw ed equioomMmoo L am N o[ty NOILOMHLSN00 Hod G2n08acy [ 0 |~

A3 SquiN Bune.g RO R AR ED L WALI0L S310H SN Xz 03aav |08 -

AHVNINIHd oseg NMVHG I =

SNLY1S ONIVS] 0L/90/60 shr |N9IS3a B B B B B - =

gv [ onnnowoarome 1wy e ONN G2t ERAR =°E°—“m mx“ﬂ - - - - - = T

WSV - 1an0a NI dl . - - - [ = =
JTVIOS LON 0Q _ mv_—. W—' - mm<s_ “$3MddV JONVITTOL ON“ATNO JONTUIATH MO FMY ( ) NMOHS SNOISNINIO “ISIMUTHLO GILON SSITNN Wi WriZe 38 OL SIOVINS GINKOY TV
Wwez'0 ¥ ONINIHOYIN ‘WWO'Z F NOLLYOEY :ATddY TIVHS SLINITONIMOT104 FHL SNOISNIWI O3ONVHTI0LINA 04
“SELLINNILNODSIA ONZ 18 "3 LIVdS UT3M ANV SHUNE ‘SUANE0D diVHS 3ACWEY ‘JALYNINON 3dAL ® 3218 40 38 OL SUTEM

740 | 1d $65.5Y SINIWIHINDIY 3HL HLIM JONVAH0ODY NI 38 OL S, AHO9I1WO 013N
“p PUE /'L SNOLLOIS ONIONTOXT 720 | 1d PGELSY SINFNFHINOZY FHL HLIM IONVOHOIOV NI 38 O1 49, AHODIIVO 0TAM
lonn - 13000 HSINI4| "O'N'N'd9 A09ILVO GTIM 39 OL ONIGTIM TIV
00€ 00€
| | |
= ] ] T
¢0 | [  F—— I —
N
o
M3IA D1¥13NOSI LS

>
]
M3IA dOL
L00F e
- ' 37IS L4VHS NO ONIAGNId3a IONVNTT0L
N \H ZANY | SWALI NYHL
& ; ﬁwg.o.v 05PXZ
\ N A L4100+ Ld
> ‘ on & S
8 . 00 , @ 3
e A
=
5 )
s —I—
« 01 AG0XIN
HATYPXL -




6d aseg SEFEEL I - | adav © | 31v0 [add¥] ¥HO [NMa ToNdioseq | ON JON'NO'S
- E YO snduw B9 equIOOMOO ] DSN [ Fowvesy NOILOMHLSN00 Hod G2n08acy [ 0 |~
A3 SquiN Bune.g RO S vvaa —|oeue] - | - S L WALI0L S310H S ¥ C3aaV |08 -
AHVNINITIHd oseg B g g T T = =
SNLY1S ONIVS] 0L/90/60 swr IN9Is3a B B B B B - =
gv [ onnnowoarome 1wy e ONNSZ:L ERNAR =°E°—“m mx“ ﬂ - - g g g 1= B
WSV - 1an0a NI dl . - - - [ = =
JTVIOS LON 0Q _ mv_—. W—' - mm<s_ “S3MMdd JONFUTTOL ON "ATNO FONTHIST MO Y () NMOHS SNOISNINIO “ISIMUTHLO GFLON SSTINN VY Wizt 39 0L SIOVRINS TINHOYA TIY
Wwez'0 ¥ ONINIHOYIN ‘WWO'Z F NOLLYOEY ‘ATddY TIVHS SLINITONIMOT104 FHL SNOISNIWI O3ONVHTI0LINA H04
“SELLINNILNODSIA ONZ 18 "3 LIVdS UT3M ANV SHUNE ‘SUANE0D diVHS 3ACWEY ‘JALYNINON 3dAL ® 3218 40 38 OL SUTEM
740 | 1d $65.5Y SINIWIHINDIY 3HL HLIM JONVAH0ODY NI 38 OL S, AHO9I1WO 013N
“p PUE /'L SNOLLOIS ONIONTOXT 720 | 1d PGELSY SINFNFHINOZY FHL HLIM IONVOHOIOV NI 38 O1 49, AHODIIVO 0TAM

_ ‘ON'N - 3009 Im_z_n__ ‘ON'N d_AY093LVO d13M 38 OL ONIQTIM TTV

LiL 3TVIS

S SPX1 =
< < N
dALOLE \ NYHLSPX ¥ S ol
— > ~ << &
== 2] - - - - - %\“ |
ciol
ONIQ1IM ¥ILAY INIHOVA
dALOMY
S
o« (O )
o
g
o
] N J
7 00¢
=3 - - - - - - O+
. J
ONIQTIM Y3 LAY INIHOVA S
4 &
9% 5Tl

00¢

MSI NMO ¥IFHL LY OS 00 ONIMYAEA OL ONIMYI3d LNOHLIM LSITONILLND SY LSITWALI ONISN SHOLYOIdEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N




MSI NMO ¥IFHL LY OS 00 ONIMYAEA OL ONIMYI3d LNOHLIM LSITONILLND SY LSITWALI ONISN SHOLYOIdEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N

6d | eus [eandop [FSPNEELS I - | adav ﬁ © 2| 31v0 [dddv] YHO [NMd ToNdioseq | ON JON'NO'S
. N N 5 = sienoady sad sy NOILONYLSNOD ¥04 A3N0HdcY | OV -
— . OO sndwe) equiooOMOO0 ] DSN [ Fodvary 2l
AHVNINZHd 1Jeys [ediap OWRORO | SAT INMVAD N o o
SNLYLS ONIMva 04/30/60 swr [N9IS3d - B - N B T =
gv [ onnnowoarome 1wy e ONNSZiL F7vog] =°E°—“m mx“ —.v = T EI I 1= 5
WSV - 1anoa NI dl . - - - - - T =
37vIS 1LON Oa _ Biy's 'SSYIN *$3MNdd JONPITTOL ONATNO JONIUTIT 4O F () NMOHS SNOISNINIC “ISIMUIHLO GILON SSTTNN Y Wriz's 33 0L SIOVRING TINIHOYA TIY
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddV TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
“SALINLNOTSIA N T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 OL ST
7101 1d 75,5 SINIWIUINOZ JHL HLIM JONVANODDY M 38 OL S, AHOILYO 0TI
7 PUE /'L SNOLLOZS ONINIOXA P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHO0IIY NI 38 OL 9, AHOA YO 01N
_ ‘ON'N - 3009 Im_z_n__ ‘O'N'N dO AYOO3LYO dT3M 38 OL ONIGTIM TV
S'L:L ATVIS
M3IA JRL3NOSI
M3IA LNOUYd
M3IA 3als
g (%)
NON 7@
T
I
I
I
|
~ 4 —~ ~ -~ ’ = ~ 7z —~ ~ - 7’ =
8
~ 7’ —~ ~ v =~ o ~ 7’ —~ ~ v -
— T~
oty .
o
i >
NYHL LD
=2 0 ng
GT0+
£
G66 ANININNTY Wwg X o WwQs - 3did L I
Erd NOILdI4OS3a| °ALD "ON WaL




MSI NMO ¥IFHL LY OS 00 ONIMYAEA OL ONIMYI3d LNOHLIM LSITONILLND SY LSITWALI ONISN SHOLYOIdEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N

TR - - > 7] 31vC [0ddv] YHO [NMa ToId75550 | ON [N N 3
6d | joolg Bulleag Qddv 23
- - MO3HO m: n E N “ E oogoo 5 - skenoiddy Jad sy NOILONYLSNOD ¥04 A3N0HdcY | OV -
A Joqun Bumeiq T o u a h am: = owsoe] - | - [swr $310H WX 8 C3aav |08 -
AHVYNINITZHd yoolg Buleag 501 ST |Nmvid B T
SNLYLS ONIMva 04/30/60 swr [N9IS3d - - - - - -1 -
gv [ onnnowoarome 1wy e ONN 2} ERRE :ogo—ﬂm mx“ —.v = = — 1= 1 =
WSV - 1anoa NI dl Z Z Z - il Z
37vIS 1ON Oa _ BY6'p :SSYIN *$3Mdd¥ JONRITIOL ON"ATNO JONRUISS H04 WY () NMOHS SNOISNINIC “ISIMZHLO GILON SSIINN VR wriz's 38 0L SIOVRING TINHOVA TIV
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddY TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
“SALINLNOTSIA ONA T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 0L ST
71011 75,5V SINWIUINOZR THL HLIM JONVANODOY NI 38 OL oS, AHODILYO 0TIN
7 PUE /'L SNOLLOZS ONINIOX3 P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHOIIY NI 38 OL 9, AHOA YO 01N
_ ‘ON'N - 3009 Im_z_u__ ‘O'N'N dO AYOO3LYO dT3M 38 OL ONIGTIM TV
M3IA 3ais M3IA LNOYA
VOGLLL YO 602
o (5701 7
= g = =
B , LB
e N | S e 1]
- !
M3IA D1¥L3NOSI 3. | (562
o - , 65 2
o
SaN3HIOE _  — | - 5 W
LoosAgeen 1 (A8 ‘ﬂ
cl Hm.v@ ]
S
M3IA dOL
(sv0l ) -
B [T
! ! =
B I~ //
! n
7 4 ‘ﬁ
3
- a
I
I
w 1
3dIS ¥3IHLO NO¥4
0EXGLE WNININNTY WWS - 31v1d 4 4 _wwn>_rm.ovmvm§0
602 ANININNTY WWQg X Wwog - va IYYNOS b 3 SLATY DX T \ .
3ZIS NOLLdIOS3a| "ALD ‘ON Wall
_— -




MSI NMO ¥IFHL LY OS 00 ONIMYAEA OL ONIMYI3d LNOHLIM LSITONILLND SY LSITWALI ONISN SHOLYOIdEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N

19

6d | qoolg mr__‘_mmm [SEAEE S m— - addv n W F 31¥0 |add¥] ¥HO [Nma ToNdioseq | ON JON'NO'S
- ~ [woano snauwe) equIooOMoOO | am n E Skeroxddy 5od sy NOILOIISNOD 903 CInodacy | OV |-
A3 oquny bupeiq RO R B R EEED S310F SN X8 300V [08 -
AHVNINIT3Hd )oo|g Buueag Nwvid T 1 T
SNLYLS ONIMva 04/30/60 swr [N9IS3d - B B N B s =
gv [ onnnowoarome 1wy e ONN 2} F7vog] =°E°—“m mx“ —.v = T EI I 1= 5
WSV - 1anoa NI dl . - - - - - T =
37vIS 1ON Oa _ BY6'p :SSYIN *$3Mdd¥ JONRITIOL ON"ATNO JONRUISTS H04 RIY () NMOHS SNOISNINIC “ISIMZHLO GILON SSIINN VR wriz's 38 0L SIOVRING TINHOVA TIV
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddY TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
“SALINLNOTSIA ONA T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 0L ST
7101 1d 75,5V SINIWIUINOI THL HLIM JONVANODDY M 38 OL S, AHOILYO 0TI
7 PUE /'L SNOLLOZS ONINIOX3 P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHOIIY NI 38 OL 9, AHOA YO 01N
_ ‘ON'N -:3d00 Im_z_n__ ‘O'N'N dO AYOO3LYO dT3M 38 OL ONIGTIM TV
Lk ATVIS
{0e]
Sl . —
(gvoL ) NYHLZ9 P
|
I
~
N
<
w W
P
o —
o] - — oy - — I— -
o sy
NYHLS0L P Ry
S
$3903 3AISLNO TV
YIINVHO oG X € 08
NYHL 29D X2
,
(gv01 ) 7
I
e
S
=) I
I
7 o}
T

YEL

60¢




M3IA J1RM1L3INOSI

0gx 0y WNININATY Wwg - 31¥1d b €
0g NNININNTY TTYM WWE X 0§ - 3dld [4 4
G.X00€ WNININNTY WS - 31¥71d b }
3218 NOILdRIOS3A| “ALD ‘ON W3l
DISIM NMO HIFHL LY 0S 00 ONIMYHA OL ONINY333H LNOHLIM LSITONLLLNO SY LSIT WALl ONISN SHOLYORIEYS
*LO34H00 SV N3HV.L 38 TIVHS ONIMYHA ‘LOITINOD ONIMYEA ONV L8113 F43HM :3LON

vogll

G

GLE

6d 1eg doy TR IS - - | adav © | 31v0 [add¥] ¥HO [NMa Uoldipseq | ON JON'NO'S
- a0 sndw B9 equIOOMOO ] DSN [ Fowvesy NOILGALSNGS H0J G3n08aY | 0V |-
A3 oquny bupeiq RO R B R EEED V3L 0L S310H SN X £ 0300V |08 -
AHVNINIHd Jeg doj NMVHG I =
SNLYLS ONIMva 04/30/60 swr [N9IS3d - B B N B s =
gv [ onnnowoarome 1wy e ONNSZL 37vos] :ogo—ﬂm mx“ —.v = T EI I 1= =
WSV - 1anoa NI dl . - - - - - T =

37vIS 1ON Oa 6360 :SSYIN *$3Mdd¥ JONRITIOL ON"ATNO JONRUISS H04 WY () NMOHS SNOISNINIC “ISIMZHLO GILON SSIINN VR wriz's 38 0L SIOVRING TINHOVA TIV

WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddY TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04

“SALINLNOTSIA ONA T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 0L ST

7101 1d 75,5V SINIWIUINOI THL HLIM JONVANODDY M 38 OL S, AHOILYO 0TI
7 PUE /'L SNOLLOZS ONINIOX3 P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHOIIY NI 38 OL 9, AHOA YO 01N
_ ‘ON'N -:3d00 Im_z_n__ ‘O'N'N dO AYOO3LYO dT3M 38 OL ONIGTIM TV
M3IA 34Is V0 00
VO 0¢ {051 )
gl




MSI NMO ¥IFHL LY OS 00 ONIMYAEA OL ONIMYI3d LNOHLIM LSITONILLND SY LSITWALI ONISN SHOLYOIdEY

*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N

M

EREELS I - S | 31v0 [add¥] ¥HO [NMa wo)idiosag [ oN foN'N'D'3
6d legdoy Q.ddv EE) Tonmss
& = =
- B YRET) sndwed) equuooMoo SER0iGdy oy NOILOIISNG) 507 GI0HacY | 0V
A3 SquiN Bune.g RO R u ﬂ— h am : B R EEED V3L 0L S310H SN X £ 0300V |08 -
AHVNINIHd Jeg doj NMVHG I =
SNLYLS ONIMva 04/30/60 swr IN9Is3a B B B N B s =
gv [ onnnowoarome 1wy e ONN Lit ERNAR =°E°—“m mx“ﬂ - - g g g = B
WSV - 1anoa NI dl . - - -1 -1 T =
37vIS 1ON Oa _ 6%6'0 'SSYIN *$3Mdd¥ JONRITIOL ON"ATNO JONRUISTS H04 RIY () NMOHS SNOISNINIC “ISIMZHLO GILON SSIINN VR wriz's 38 0L SIOVRING TINHOVA TIV
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddY TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
"SFALINNLNOOSIA UNZ 18 HALLYdS TT3M ONV SNE ‘SHN00 dVHS JACHEY GALVNINON 3dAL B 32IS 40 38 0L ST M
9101 }d $85,SY SINSWIUINDIY 3HL HLIM JONVAHOOOV NI 38 OL S, AHODI1YO AN
“p PU /L SNOLLO3S ONIONTOXT ¥ 40 | 1d YSGISY SINFWIHINOY FH1 HLIM FONYOH0IIY NI 38 01 49 AHODIIVO OTAM
_ ‘ON'N - 3009 Im_z_n__ ‘O'N'N dO AYOO3LYO dT3M 38 OL ONIGTIM TV
NAHL LD
8
o
G20~ LY D 12
0
0€
G'¢:L TVIS
@ [os1) ﬁ
NYHL 0 vpXxe
- .
dALOLY ol Geo+ \ o
| \ \ \
Y
ot - - Lo -
' 3 & ” | 7 Z
L T~ S - A — - - -—+ | I f o
| 7 \ W 7 \
. v =) |
NYHLS0L O , // K
S / -
— 19
[
NYHL 80X yel
QX
NYHL YD X ¥ 008
. Sy ~____—




6d Jeg pug CZeENEELS I - | adav © | 31v0 [add¥] ¥HO [NMa ToNdioseq | ON JON'NO'S

2 =
- om0 snd we) equioomMmoo | am: = Skeroxddy 5od sy NOILOIISNG) 507 GI0HacY | 0V

A JaqunN Bumeig T > = owsoe] - | - [swr €A1C3aav [oa -
AHVNINIHd leg pu3 NMVHG I =
SNLYLS ONIMva 04/30/60 swr [N9IS3d - B - N B s =
gv [ onnnowoarome 1wy e ONN Lt F7vog] =°E°—“m mx“—l = T EI I 1= 5
WSV - 1anoa NI dl . - - - - - T =

37vIS 1LON Oa _ B0 'SSYIN "$3MNdd¥ JONPITTOL ONATNO JONIUTIT 404 F () NMOHS SNOISNINIC “ISIMUIHLO GILON SSTTNN Y Wriz's 33 0L SIOVRING TINIHOYA TIY

WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddY TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04

“SALINLNOTSIA ONA T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 0L ST

7101 1d 75,5V SINIWIUINOI THL HLIM JONVANODDY M 38 OL S, AHOILYO 0TI
7 PUE /'L SNOLLOZS ONINIOX3 P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHOIIY NI 38 OL 9, AHOA YO 01N
_ ‘ON'N - 3009 Im_z_n__ ‘O'N'N dO AYOO3LYO dT3M 38 OL ONIGTIM TV
M3IA 3aIS T

M3IA JIYLINOSI

%€ WNINIANTY We - 31v71d } €
0€ WNININNTY TTYA WWE X 06 - 3did ) 4
GLX 05} WNINIANTY WG - 31¥1d b b
3718 NOLLJI4OS3A| "ALD "ON W3l
ISId NMO HIFHL LY OS 00 ONIMYHA OL1 ONIM¥IA3H INOHLIM LSITONLLLND SY 1SI WAL ONISN SHO1VOldEYd
*LOFHHOO SV NNV 38 TIVHS ONIMYAA 'LOINOD ONIMYED ONY 1SITWALI FHIHM ‘JLON

30IS SIHL @T3IM ON -

Svy

SL)

{

VO 05}

V0 0€ (gie)




MSI NMO ¥IFHL LY OS 00 ONIMYAEA OL ONIMYI3d LNOHLIM LSITONILLND SY LSITWALI ONISN SHOLYOIdEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N

e TTET 1= sndweo equoomooy bsn [T e
- - MO3HO
A3 oquny bupeiq RO R B R EEED € WAL C300Y |08 -
AHVNINIHd leg pu3 NMVHG I =
SNLYLS ONIMva 04/30/60 swr [N9IS3d - B - N B s =
gv [ onnnowoarome 1wy e ONN Lt F7vog] :ogo—ﬂm mxﬂ—l = T EI I 1= 5
- WSV - 1anoa NI dl - ~ _ ~ - I o
\! 37vIS 1LON Oa _ B0 'SSYIN "$3MNdd¥ JONPITTOL ONATNO JONIUTIT 404 F () NMOHS SNOISNINIC “ISIMUIHLO GILON SSTTNN Y Wriz's 33 0L SIOVRING TINIHOYA TIY
- WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddY TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
\ “SALINLNOTSIA ONA T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 0L ST
N 7101 1d 75,5V SINIWIUINOI THL HLIM JONVANODDY M 38 OL S, AHOILYO 0TI
- - 7 PUE /'L SNOLLOZS ONINIOX3 P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHOIIY NI 38 OL 9, AHOA YO 01N
b:Z 3TVIS —
- \ _ ‘ON'N - 3009 Im_z_n__ ‘O'N'N dO AYOO3LYO dT3M 38 OL ONIGTIM TV
o /
’
S30Vd ¥ dAL
1738 {3880y NO ¥vam \
IN3IAIE4 OL 1d w 4
\
dAlL 1 \
\ \ -
IS
B dAL oLy
= N
a w
— /
\
A
IS
N _ 1 L—~
-
\ , 2
g L S
Ll -
R - NYHL 0 @
S~ — 0+
—
= H 41 L
= S
(<)
T NYHL L
N
ol
o L
o
INd
- — 23
NYHL G0L P
(4 1T
ST0- P 0t 1 ,
0 | I
S (o)

GL




TR - - > 7] 31vC [0ddv] YHO [NMa ToId75550 | ON [N N 3
6d pel eluoziio addv S
MEUS [euozLoH N T Doao m:n ENU NG—EOOBOOP am: 5= SEroicdy 100 sy NOILONILSNOD 04 G3AO8AeY | OV | -
A3d Joquny Bumeig 5060 T - |ousuie| - - | SWr WAL C3aav |08 -
AHVNINT3Hd Heys [eluozLoH Nwvid B T
SNLYLS ONIMva 04/30/60 swr [N9IS3d - - - - - -1 -
gv [ onnnowoarome 1wy e ONNSZt ERRE :o:—o—mm mxm —.v = = — 1= 1 =
WSV - 1anoa NI dl o Z Z Z - il Z
37vIS 1ON Oa _ BYE'E :SSYIN “S3MNckd¥ JONTIOL ON"ATNO JINTUTIT 404 Fu () NMOHS SNOISNINI “ISIMUTHIO GILON SSTTNN v wriz'e 38 OL SIOVANS GINHOVA TV
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddV TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
“SALINLNOTSIA N T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 OL ST
71011 75,5V SINWIUINOZR THL HLIM JONVAHODOY M 38 OL S, AHODILYO 0TIN
7 PUE /'L SNOLLOZS ONINIOXA P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHO0IIY NI 38 OL 9, AHOA YO 01N
_ ‘ON'N - 3009 Im_z_n__ ‘O'N'N dO AYOO3LYO dT3M 38 OL ONIGTIM TV
M3IA 3a1s M3IA LNOY4
0SS
1 I
—
o
\ \
) )
, ,
- \/ Lﬂ B B - - )
I
) -
o
, ¢
o - - LS - - - -
/ / K \
€
a3 r T i
i
889
G:L ATVIS
M3IA JId13NOSI
M3IA dOL
\ \ o
, ,
czad
, ,
\ T o o

11X WNINIANTY WWg - 31¥1d } 4 4
88¢ 13318 0L - 00 A30v3dHL b €
- WNINIANTY WWg - 31¥1d b 4
as¢s ANININNTY Wwg x g0 Wgs - 3did b b
3z NOLLdROS3a| "ALD ‘ON W3l
ISId NMO HIFHL LY OS 00 ONIMYHA OL1 ONIM¥IA3H INOHLIM LSITONLLLND SY 1SI WAL ONISN SHO1VOldEYd
*LOFHHOO SV NNV 38 TIVHS ONIMYAA 'LOINOD ONIMYED ONY 1SITWALI FHIHM ‘JLON




MSI NMO ¥IFHL LY OS 00 ONIMYAEA OL ONIMYI3d LNOHLIM LSITONILLND SY LSITWALI ONISN SHOLYOIdEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N

eieic]

EREELS I - S | 31v0 [add¥] ¥HO [NMa wo)idiosag [ oN foN'N'D'3
6d jeys |ejuoziioH addv m.m_
- - ; N Sgeno. d s NOILONYLSNOD ¥04 A3N0HdcY | OV -
A Joqun Bumeiq YOI sn n w Nu “a woo OOP am : B Qag&_ﬁ k <_m. <m_% A1 3aav [o0d -
04/90/60 s [NMVNG
AHVYNININTHd yeys [ejuoziioH B B 1 1= =
SNLYLS ONIMva 04/30/60 swr [N9IS3d - B - N B s =
gv [ onnnowoarome 1wy e ONN Lt F7vog] =°E°—“m mx“ —.v = T EI I 1= 5
WSV - 1anoa NI dl - - - - - T =
37vIS 1ON Oa _ BYE'E :SSYIN *$3Mdd¥ JONRITIOL ON"ATNO JONRUISTS H04 RIY () NMOHS SNOISNINIC “ISIMZHLO GILON SSIINN VR wriz's 38 0L SIOVRING TINHOVA TIV
- WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddY TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
\ “SALINLNOTSIA ONA T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 0L ST
71011 75,5V SINWIUINOZR THL HLIM JONVANODOY NI 38 OL oS, AHODILYO 0TIN
7 PUE /'L SNOLLOZS ONINIOX3 P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHOIIY NI 38 OL 9, AHOA YO 01N
! S30V1d ¥ dAL _ ‘O'N'N -:3d00 Im_z_n__ ‘O'N'N dO AYOO3LYO dT3M 38 OL ONIGTIM TV
1739 4388NY NO ¥vam .
IN3AZ¥d OL 1Y , Sil ATVIS
N A1N3INdOT3IATA Z NALI
/, 14 6L
dAL 1Y \ 8'651
( -1 72 0} ¥ -00°06 NMOA P
~ —
“Lmr‘ ’ ( A \ \ é &
& B
| [ - - —t - - - - - t - — =3
A
!
s ) N pooy
e T INEE dALOW
[44] ’ g0+ NHHLSBX ¥
0y d3ava¥HL ¢IN / \
-
> >
_ s _ |
> > _
< < 7
ERy 885 ,
Sl A7VIS
NYHL LD
\ \
—
b e
\ / . ) \
-
2 2 m
. - Lt e : ‘ 1 .
oo o =
/K & = >
0L
I
\ l T slt ,
Sl
05 0€




| FEEWEEE| - - =) 9580 | 'ON [ON'N'D'3
gaploH As|ind [ediuP Q.ddv S 2| 310 [ddd¥] YHO [NMa
RICH ASlind 1eatpA N T Doao m:n ENU NG—EOOBOOP am: 5 = SEroicdy 100 sy NOILONILSNOD 04 G3AO8AeY | OV | -
AT JsqunN Bumelq - - - - - o1 - -
AHVYNINITZHd 19p|oH Asjind [eonuapn e ST |Nmvid B T
SNLYLS ONIMva 01180122 swr [N9IS3d - - - - - -1 -
gv [ onnnowoarome 1wy e ONN L) ERRE :ogo—ﬂm mx“—l = = — 1= 1 =
WSV - 1anoa NI dl . Z Z Z - il Z
37vIS 1ON Oa BY1°0 :SSYIN *$3Mdd¥ JONRITIOL ON"ATNO JONRUISS H04 WY () NMOHS SNOISNINIC “ISIMZHLO GILON SSIINN VR wriz's 38 0L SIOVRING TINHOVA TIV
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddV TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
“SALINLNOTSIA N T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 OL ST
71011 75,5V SINWIUINOZR THL HLIM JONVAHODOY M 38 OL S, AHODILYO 0TIN
7 PUE /'L SNOLLOZS ONINIOXA P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHO0IIY NI 38 OL 9, AHOA YO 01N
_ ‘ON'N -:3d00 Im_z_n__ ‘O'N'N - AYOO3LYD d13M 36 OL ONIATIM 11V
M3IA 3AIS M3IA LNOYH
V0 S9
7 Yol 7 43
1o )
° LI [
- g i Q AL
ﬁj SYpxe
3 ] I
& - - e
) ~
] b S000- 619
° €000
] N J 5 f :
] L I N
B = 3
L \. Wi
M3IA J1IdL13NOSI 9 0¢ dALGY
\ % ,
14 / dALSH
Il
T - =
| &
9 QBXTUD
NYHLG'SP
' 69
0 X 8¥ WNINIANTY WW9 - 31v1d 3 4
Gl XG9 WNINIANTY Ww9 - 31v1d 2 I
371 NOLLdIMOS3d| °ALD ‘ON W3
[MSI NMO dIFHL LY OS 00 ONIMYHA OL ONIYYISFH LNOHLIM LSITONILLND SV 1SIT WAL ONISN SHOLYIMEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N




[FSEREELS B - S | 31v0 [add¥] ¥HO [Nma ToId75550 | ON [N N 3
upss| Aolind ‘_muoEo_wr—auom Qddv 23
i - B YRET) sndwed) equuooMoo - SER0iGdy oy NOIOMALSNGD 903 GINOHAcY | 0V |~
A3 SquN Bune.g R o u ﬂ— h am: IR EED SA00EO dITouId C30aV |08 -
AHVNINZHd yeys Aajind Jalowonualod 0. ST |Nmvad I o o
SNLYLS ONIMva 01180122 swr IN9Is3a B B B N B s =
gv [ onnnowoarome 1wy e ONN L2 ERNAR =°E°—“m mx“ ﬂ - - g g g = B
WSV - 1anoa NI dl - - - T =
37vIS 1ON Oa _ 630'0 'SSYIN *$3Mdd¥ JONRITIOL ON"ATNO JONRUISS H04 WY () NMOHS SNOISNINIC “ISIMZHLO GILON SSIINN VR wriz's 38 0L SIOVRING TINHOVA TIV
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddV TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
"SFALINNLNOOSIA UNZ 18 HALLYdS TT3M ONV SNE ‘SHN00 dVHS JACHEY GALVNINON 3dAL B 32IS 40 38 0L ST M
“940 | }d $6515Y SINSWIHINDIY 3HL HLIM JONVAH0OOY NI 38 O1 S, AHO9ILVYO 0TAM
“p PU /L SNOLLO3S ONIONTOXT ¥ 40 | 1d YSGISY SINFWIHINOY FH1 HLIM FONYOH0IIY NI 38 01 49 AHODI VO 0TAM
_ ‘ON'N - 3009 Im_z_n__ ‘O'N'N - AYOO3LYD d13M 36 OL ONIATIM 11V
M3IA LNOUYA
M3IA 30IS LH9IY
319ISSOd 1SFTTVINS ¥O) 2°0d M3IA 3AIS 1431
. W_M_._n.uﬁ_mm 50 dIOYID 318VIIVAY LI4 )
LA 0S890 ° Q0L 3A0QHD dITOHI0 LND G
100+
\S
IS _ ! /W | _ _ [ |on o .
=) W\
- V
L et
. S !
Ho 58
oo
Sl 8 S8
6¢
M3IA JIULINOSI
3409 OL NAHL L0 X ¥
3408 OL NYHL EEP M3IA dOL
W) = - I
N _
S
v 71331S SSFINIVLS 01@ AN - HvE 3 L
Er NOLLdIYOS3A| °"ALD "ON 3Ll

MSI NMO ¥IFHL LY OS 00 ONIMYAEA OL ONIMYI3d LNOHLIM LSITONILLND SY LSITWALI ONISN SHOLYOIdEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N




M3IA J1d13NosSI

e

713318 SSTINIVLS 012 ONY - ¥va

)

)

Erdl

NOILdI¥OS3a

"ALD

"ON 311

MSI NMO ¥IFHL LY OS 00 ONIMYAEA OL ONIMYI3d LNOHLIM LSITONILLND SY LSITWALI ONISN SHOLYOIdEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N

6d | weys Kajind TS - Y 2 | 31v0 |addv] HO [NMa Uodo550 | ON JN NO'F
- ~ [woano snduw ed equioomMmoo L am N [ eoesvedsy NOILOIISNOD 903 CInodacy | OV |-
A3d Joquny Bumeig e T - |oH60/0| - - | SWr 3AOOHO dIO¥I0 3aav |08 -
AHVYNINITIHd yeys Asjind Nwvid N N A
SNLYLS ONIMva 01180122 swr [N9IS3d - - - - - -1 -
&Y _ "O'N'NNOILO3OYd J1ONY PIE ONN 12 ERVAS =°E°_“m mx“ﬂ Z - - - - T - T
WSV - 1anoa NI dl o _ Z i R il _
37vIS 1ON Oa 6300 :SSYIN *$3Mdd¥ JONRITIOL ON"ATNO JONRUISS H04 WY () NMOHS SNOISNINIC “ISIMZHLO GILON SSIINN VR wriz's 38 0L SIOVRING TINHOVA TIV
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddV TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
"SFALINNLNOOSIA UNZ 18 HALLYdS TT3M ONV SNE ‘SHN00 dVHS JACHEY GALVNINON 3dAL B 32IS 40 38 0L ST M
9101 }d $85,SY SINSWIHINDFY 3HL HLIM JONVAH0OOV NI 38 OL S, AHODI1YO AN
“p PU /L SNOLLO3S ONIONTOXT ¥ 40 | 1d YSGISY SINFWIHINOY FH1 HLIM FONYOH0IIY NI 38 01 49 AHODI VO 0TAM
_ ‘ON'N -:3d00 Im_z_n__ ‘O'N'N - AYOO3LYD d13M 36 OL ONIATIM 11V
M3IA LNOUYd
(3781ISSOd LSITIVINS H0) 2'0Y
dINOYId FTEVIVAY LI M3IA 30IS
S30V1d¢ OL3A00HD dIoId 1nd q
dAL .SV X G0 '
S — _ _ o _-
S
I
7 S
, 0 2 ,
10+ T,
==
oo
S 8 -« 38
6¢ '




TRoT e - - > ] 3LV [0da¥] o[ Wwa UoI05550 | ON JON NO'S
ne|abununoyy ssjsworjusio Qddv 2 3| bl

b W 1o Yjusiod N T Doao SN ﬁ (V1] Nu Nﬂ— wl °°;°°h am : 5= SEroicdy 100 sy NOILONILSNOD 04 G3AO8AeY | OV | -

AT JsqunN Bumelq - - - - - o1 - -

AHVYNINITZHd aleld Bununoyp Jelswonusiod e ST |Nmvid B T

SNLYLS ONIMva 01180122 swr [N9IS3d - - - - - -1 -

gv [ onnnowoarome 1wy e ONN L2 ERRE =°E°—“m mx“—l = = — 1= = =

WSV - 1anoa NI dl o Z Z Z - il Z
37vIS 1ON Oa _ 6300 :SSYIN *$3Mdd¥ JONRITIOL ON"ATNO JONRUISS H04 WY () NMOHS SNOISNINIC “ISIMZHLO GILON SSIINN VR wriz's 38 0L SIOVRING TINHOVA TIV
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddV TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
“SALINLNOTSIA N T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 OL ST

7101 1d 75,5 SINIWIUINOZ JHL HLIM JONVANODDY M 38 OL S, AHOILYO 0TI
7 PUE /'L SNOLLOZS ONINIOXA P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHO0IIY NI 38 OL 9, AHOA YO 01N
_ ‘ON'N - 3009 Im_z_n__ ‘O'N'N - AYOO3LYD d13M 36 OL ONIATIM 11V
M3IA LNOYd
M3IA 3ais (o]
NYHL NYHL
dAL Gd Srpxe goLp
i
. . 3
L I o . N
o
|
M3IA JIdLIINOSI
€ o)
43
oy
0Z X 0% WNININNTY € - 31V1d b 3
371 NOILdINIS3d| °ALD ‘ON W3l
[MSI NMO dIFHL LY OS 00 ONIMYHA OL ONIYYISFH LNOHLIM LSITONILLND SV 1SIT WAL ONISN SHOLYIMEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N




6d| Jeg teoedg SENEELE I - | adav © 2| 31v0 [dddv] YHO [NMd ToId75550 | ON [N N 3

- om0 snd we) equioomMmoo | am: = = serody adsy NOILOIISNOD 903 CInodacy | OV |-

AT JsqunN Bumelq - - - - - o1 - -

AHVNINTIHd Jeg laoedg OUSOIT | SAT [NMVAD o O N T

SNLYLS ONIMva 01180122 swr [N9IS3d - B - N B s =

gv [ onnnowoarome 1wy e ONN L2 F7vog] :ogo—ﬂm mx“—l = T EI I 1= =

WSV - 1anoa NI dl . - - - - - T =
37vIS 1LON Oa _ 630'0 'SSYIN *$3MNdd JONPITTOL ONATNO JONIUTIT 4O F () NMOHS SNOISNINIC “ISIMUIHLO GILON SSTTNN Y Wriz's 33 0L SIOVRING TINIHOYA TIY
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddY TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
“SALINLNOTSIA ONA T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 0L ST

7101 1d 75,5V SINWIUINOZR JHL HLIM JONVANODDY M 38 OL S, AHODILYO T3
7 PUE /'L SNOLLOZS ONINTIOXA P20 4 1d YSSISY SINGNEMNO=Y 3HL HLIM 3ONVOHOIIY NI 38 OL 9, AHOA VO 073
_ ‘ON'N - 3009 Im_z_n__ ‘O'N'N - AYOO3LYD d13M 36 OL ONIATIM 11V
M3IA 3als M3IA LNOUYd
NEHL 0PN SNIHIO8
MYHL AEEQD Y3JWVHO G+ X G0
_ _ - - =3
(=]
¥Z
M3IA JIdLINOSI
- 13318 SSIINIVLS ANY 80 - Hvd ’ }
3zZ1s NOILI¥OS3d| "ALD ‘ON W3l
[MSI NMO HIFHL LY OS 00 ONIMYHA OL ONIYYISFH LNOHLIM LSITONILLND SV 1SIT WAL ONISN SHOLYIMEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N




G X0 WNININNTY wwg - 31v7d 3 4
0EXyL WNININNTY wwg - 31v1d 3 3
3zIs NOLLdINOS3A| °"ALD ‘ON W3l

MSI NMO ¥IFHL LY OS 00 ONIMYAEA OL ONIMYI3d LNOHLIM LSITONILLND SY LSITWALI ONISN SHOLYOIdEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N

E [FSEREELS B - S | 31v0 [add¥] ¥HO [NMa wo)idiosag [ oN foN'N'D'3
6d43PIOH g |edlls addv m.w_ ToNdoss
- - N sienoady sad sy NOILONYLSNOD ¥04 A3N0HdcY | OV -
ATY Jaqun Buysesg H03HO m:nENu NSEOOBOOP am: - - - - - —— —
AHVNINTIHd I9pIOH }ag [edlan OWBOIZ | SAT MWD e T
SNLYLS ONIMva 01180122 swr [N9IS3d - - - - - - -
gv [ onnnowoarome 1wy e ONN Lt F7vog] :ogo—ﬂm mx“—l z T EI I 1= 5
WSV - 1anoa NI dl . - - - - - T =
37vIS 1LON Oa _ BY1°0 'SSYIN *$3MNdd JONPITTOL ONATNO JONIUTIT 4O F () NMOHS SNOISNINIC “ISIMUIHLO GILON SSTTNN Y Wriz's 33 0L SIOVRING TINIHOYA TIY
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddV TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
“SALINLNOTSIA N T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 OL ST
71011 75,5V SINWIUINOZR THL HLIM JONVAHODOY M 38 OL S, AHODILYO 0TIN
7 PUE /'L SNOLLOZS ONINIOXA P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHO0IIY NI 38 OL 9, AHOA YO 01N
_ ‘ON'N - 3009 Im_z_u__ ‘O'N'N - AYOO3LYD d13M 36 OL ONIATIM 11V
M3IA 34IS M3IA LNOUYA SIIVId 9 dAL dAL GY Y
1738 4388Nd NO
V3IM LN3IAZYd O 1Y
— L L P
_A¢E /o A
-
| J
\ / > - 8
] r ™
~
N
— A
N—A
M3IA QIRILINOSI ¢ st §
4
dALSY 69 (gL)
&
L
1t o) — Q)
06XTHD A\
9 NYHLG'S D
1A




[FSEREELS B - S | 31va [addv] YHO [Nma ToNdioseq | ON JON'NO'S
aaIPH Aslind [ewuozifoy addv 23
- - N Sgeno. d NOILONYLSNOD ¥04 A3N0HdcY | OV -
A Jequny Bumesg H0FHO m:n ENU NQEOOBOOP am: - - il k. <‘_m. v - — -
AHVNINIT3Hd 19p|oH AsjInd |ewoziioH ouRolz ST |Nmvid 1 T
SNLYLS ONIMva 01180122 swr [N9IS3d - B - N B s =
gv [ onnnowoarome 1wy e ONN Lt F7vog] =°E°—“m mxm —.v = T EI I 1= =
WSV - 1anoa NI dl - - - - - T =
37vIS 1ON Oa _ BYE"0 :SSYIN “S3MNckd¥ JONTIOL ON"ATNO JINTUTIT 404 Fu () NMOHS SNOISNINI “ISIMUTHIO GILON SSTTNN v wriz'e 38 OL SIOVANS GINHOVA TV
WWEZ'0 *  ONINIHOVIN WW(Z ¥ NOLIYOREYH ‘ATddV TIVHS SLIAITONIMOTI04 3HI SNOISNIWI OFONYHTTOINA ¥04
“SALINLNOTSIA N T8 ALV 0 T30 ONV SNE ‘SUANSO0D dbVHS 3/CINZY ‘GLYNIION 3dAL ¥ 3218 40 38 OL ST
71011 75,5V SINWIUINOZR THL HLIM JONVAHODOY M 38 OL S, AHODILYO 0TIN
LININDOI1ANIA Z NALI 7 PUE /'L SNOLLOZS ONINIOXA P20 4 1d PSSISY SINGNFMNO=Y FHL HLIM IONVCHO0IIY NI 38 OL 9, AHOA YO 01N
_ ‘ON'N - 3009 Im_z_n__ ‘O'N'N - AYOO3LYD d13M 36 OL ONIATIM 11V
L'9¢ 1'¢s 1'9¢
M3IA LNOYA (Ves) 5000- 619
¢000-
T T |
[ET 1] ; ;
g g
an 48 ~ e g % g
N ~
& o o o
— P o (=]
|
N |
T T (o NYHL
L1 W,W\ (o) Sroxe
24
(evoL ) [— |
N ’ |
M3IA dOL
\ / dAL 9d &
e — e
Ty T Lt Ll :i\
|
|
W 0¢
” 2
i -
| + 9
I
I
W 06XTH O A\
, NYHLEGP , ,
M3IA J1¥LINOSI 3 | M
@ [] \
— e
\ 7 T
-\
VO 89
- r - 2 |3
\J\ A"
141 -1
0€ X ¥0) WNINIANTY WW9 - 31V 1d L 4 ) r \
89X 89 IWNINIANNTY Wwg - 31v1d ) I 5 Aﬂr 3
Erdy NOILdRIOS3a| "ALD ‘ON 3L 89 —~
[MSI NMO dIFHL LY OS 00 ONIMYHA OL ONIYYISFH LNOHLIM LSITONILLND SV 1SIT WAL ONISN SHOLYIMEY
*1034400 SV N3NV 38 TIVHS ONIMYHA *LOM14NOD ONIMYEA ONY 1SIT WAL F43HM 310N




