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ABSTRACT

The loss of function following a spinal cord injury (SCI) has a huge impact on a person’s
life. Tetraplegia is the result of damage to the cervical region of the spinal cord causing
a severe loss of motor and sensory function of the body below the injury. This results
in a loss of function of the torso, all four limbs and neck. The severity of the loss of
function is dependent on the location where the damage has occurred and whether the
injury is classified as complete or incomplete. Complete tetraplegia is defined as an
injury that has damaged the entire cross section of the spinal cord. Variation in the
injury severity results in considerable differences in the strength capabilities of people
with cervical SCI.

People living with tetraplegia have a high dependence on assistive and mobility
devices to complete the tasks of everyday life. This thesis pertains to the measuring and
modelling of the upper body strength of people with tetraplegia. An understanding of
the remaining upper body strength capabilities following an SCI is critical to promote
the development of appropriate designs to be used by this population. This thesis
developed a novel method to measure detailed multidirectional arm strength data of
people in a seated position. A purpose built testing apparatus enabled an improved
method to capture isometric force measurements rapidly in all directions over a person’s
range of motion. Non-disabled participants were used to validate the testing method
before testing was completed using participants with tetraplegia

A comprehensive multidirectional strength study was completed using 10 partici-
pants with C4-C7 tetraplegia and 11 non-disabled participants. First, the study was used
to determine the differences in the strength characteristics of people with tetraplegia
compared people with no disability. The study was then used to investigate whether
each SCI level had a characteristic strength profile in the sagittal plane. The results
highlighted an expected reduction in the range of motion and strength capabilities
for participants with tetraplegia compared to non-disabled participants. The results
found that participants with higher level tetraplegia had more significant reductions in
strength in radial (shoulder to hand) direction compared to the circumferential direction
resulting in polar plots with a more circular shape. The novel insights gained from
the strength study expanded on previous isometric strength studies for people with
tetraplegia by measuring isometric force in multiple directions.
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The statistical modelling section developed fitted models using the results from
the strength study to investigate whether consistent strength patterns existed for
specific exertion directions. A regression analysis for each participant was completed
to fit multidirectional strength data to a fourth order polynomial model. In total 528
contour plots were generated for each direction to compare the empirical results with
the corresponding fitted model for each participant. Overall the models had a good
fit to the empirical data with an average adjusted R2 value of 0.9232 (4dp) for all
participants and directions. The fitted model for each participant enables strength
maps generated for each direction. This fitted model compliments the strength study
findings by making the strength data more usable. Using the strength maps, designers
are able to evaluate the force requirements for user specific designs without a physical
prototype. A general model was developed using 7 sets of normalised empirical data
from non-disabled participants. The general model had a good fit to the averaged
empirical data with an average adjusted R2 value of 0.9427 (4dp) for all directions. The
method used to develop a fitted model for the non-disabled participants could also be
used for people with tetraplegia if an adequate amount of strength data was available.

The theoretical modelling section of this thesis presented a 2D model of the upper
body was developed to enable multidirectional force patterns to be predicted and
evaluated for people with C5-C7 tetraplegia. Joint torque and static equilibrium limits
were used to determine the limiting force over a person’s range of motion in the sagittal
plane. The results from the model highlighted that the limiting force is not purely a
function of upper limb joint strength but also stability. The model showed that the
reduction in joint strength has a large impact on the magnitude of force a person with
tetraplegia can apply. The lack of trunk function limited the predicted force a person
with tetraplegia could apply due to the increased risk of falling forward due to pivoting
at the hip.

Comparisons with the results from the strength study were made to evaluate
the accuracy of the fitted model and human model. The fitted model was used to
make force predictions for two participants. The comparisons using the fitted model
revealed that the model had a moderate goodness of fit to the measured data with an
average R2 value of 0.6359 (4dp). Further comparisons were not completed due to the
variation in the goodness of fit for different directions. The comparisons showed that
further development of the fitted model would enable force exertions to be predicted for
non-disabled people and people with tetraplegia.

The comparison between the results from the human model highlighted the strengths
and limitations of the 2D model. The results from the comparison showed that the
model was effective in modeling the expected reduction in strength for participants with
tetraplegia. The comparisons showed that the model was a useful tool to investigate
factors which limit the applied force for each injury level of interest.
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Chapter 1

INTRODUCTION AND MOTIVATION

Tetraplegia is a condition that causes a loss of function to the torso and all four limbs.
Injuries or illnesses sustained in the cervical region of the spine can cause a loss of both
movement and sensation to the body parts below the injury. In New Zealand, 67% of all
spinal cord injuries (SCI)s are caused by traumatic events. Falls, sports, and transport
injuries are the leading causes of SCIs [Rick Hansen Institute 2018]. Approximately
half of all newly acquired SCIs are accounted for by males aged between 15 and 29
years old [Dixon et al. 1993]. SCIs in New Zealand and America follow this trend
with males accounting for 73% and 80% of all SCIs respectively [National Spinal Cord
Injury Statistical Center 2016, Rick Hansen Institute 2018]. This means that majority
of people who sustain an SCI are young and healthy and suddenly find themselves
living with the outcome of their injury or illness. The after effects of an SCI can be
overwhelming, as many aspects of the person’s life are impacted including bowel and
bladder function, autonomic functions, and mobility [Simpson et al. 2012]. Following
an SCI individuals experience sensory and motor impairments to varying degrees of
severity depending on the location and completeness of their injury or illness. Complete
tetraplegia refers to an injury which has damaged the entire cross section of the spinal
cord [Waters et al. 1991]. This results in complete paralysis of the legs, complete or
partial paralysis of the torso and arms, and in the most severe cases, paralysis of the
neck. Incomplete tetraplegia refers to a spinal cord injury that has left partial damage to
the spinal cord [Waters et al. 1991]. This results in limited sensory and motor function
such as the ability to feel or move. The extent of functional impairment is determined
by the location of the spinal cord injury. This impaired function hinders their ability
to complete active daily living (ADL) tasks independently such as getting dressed or
eating. Many people living with an SCI rely on assistive devices to help them complete
these tasks independently. Following these challenges, people living with an SCI have a
strong desire to live meaningful, full and independent lives [Snoek et al. 2004].

It is well known that individuals with a cervical SCI lose complete function of their
trunk and legs. However, there is considerable variation in the functional abilities of
people with cervical SCIs with links between functional ability and injury level being
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documented since the 1950s [Long and Lawton 1955]. This information is useful as it
enables functional ability to be estimated based on the injury level. This study will
focus on the people with injuries sustained to their low cervical nerves, specifically
C5 to C7. The nerves at the C5-C7 level are associated with arm and hand function.
Since an individual’s functional ability is dependent on the location and extent of the
injury, there is a significant amount of variation in strength capabilities for people with
incomplete spinal cord injuries compared to people with complete injuries.

Individuals with an injury level at the C5 vertebrae or above typically lose voluntary
function of their triceps which prohibits active elbow extension. Individuals with C5
complete tetraplegia have functional use of elbow flexion. To complete self-care tasks
such as feeding or grooming, assistive devices such as hand orthotics are used [McKinley
2017].

Individuals with C6 complete tetraplegia have the added function of wrist extension,
this enables tenodesis which assists with grasp and release. C6 is considered the highest
injury level where it is possible for individuals to function independently without
assistance from an attendant, however this situation is rare [McKinley 2017]. Like
individuals with a C5 injury, assistive devices such as hand orthotics are sometimes used
to enable self-care tasks to be completed independently. To improve motor function,
a deltoid to tricep tendon transfer referred to as “TROIDs” can be completed. The
procedure uses the still functional posterior third of the deltoid and reattaches this to
the elbow to substitute for the inactive triceps. The procedure increases grip strength
to an adequate level and enables the person to actively extend their elbow and wrist
[Dunn et al. 2016]. This enables the person to complete more tasks involved in active
daily living.

Individuals with C7 have functional use of elbow extension. This greatly increases
their mobility and self-care abilities. People with a C7 injury are able to live inde-
pendently without an attendant more frequently than individuals with higher injuries
[McKinley 2017].

Typically a person with C5/C6 tetraplegia will require a power wheelchair for
mobility. Individuals with C7 and some individuals with C6 tetraplegia use a manual
wheelchair for mobility [Floris et al. 2002]. To complete transfers between surfaces
independently, such as bed to chair, devices such as sliding boards can be used to assist
with the task. A summary of the functional ability at each spinal cord injury is shown
in Table 1.1

Restoring motor function of the upper extremity is a priority for people with
tetraplegia [Simpson et al. 2012]. It has been ranked above walking, bowel, bladder, and
sexual function [Anderson 2004]. Upper extremity function is critical to enable daily
living tasks such as transfers between surfaces , eating and dressing to be completed
independently. There is currently no treatment that cures the after effects of an SCI.
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Table 1.1 SCI motor level, muscle innervations and limitations (Adapted from [Floris et al. 2002] and
[Bryden et al. 2012])

Motor
Level

Upper limb muscle
innervated

Limitations

C5 Deltoid No elbow extension
Biceps Supinated forearm
Brachialis No wrist extension
Brachioradialis No active movement of fingers or thumb

(Unable to use arm above shoulder level)
C6 Above muscle innervations

plus:
No elbow extension

Clavicular head of
Pectoralis

No active movement of fingers or thumb

Supinator (Unable to use arm above shoulder level
Radial wrist extensor(s) without externally rotating)
(ECRL and/or ECRB)

C7 Above muscle innervations
plus:

May have weak finger and/or thumb

Sternal head of Pectoralis Extension/flexion
Triceps (Able to use arm above head in all
Pronator teres positions)
Wrist flexor (FCR)
Finger extension (EDC)

People living with SCI rely on assistive and mobility devices for their independence.
Independence is a priority for people with tetraplegia [Hamou et al. 2009]. This is
because those living with tetraplegia experience difficulty performing ADL tasks. If
the strength characteristics for people with tetraplegia were better understood, devices
and work spaces could be designed to enable ADL tasks to be completed independently
with a high degree of autonomy.

An in depth understanding the strength capabilities of the end user is critical
to ensure appropriate designs are developed. This is particularly important when
designing for people with reduced function. Increasing the knowledge of the strength
characteristics for people with tetraplegia would be hugely beneficial in the design of
rehabilitative, assistive or orthotic devices.

The addition of multidirectional strength maps would increase the efficiency of the
design process for new devices by enabling user specific designs to be evaluated without
a physical prototype. This will reduce both the time and the cost of the design process.
Strength maps would also aid in enabling the improvement and optimisation of existing
devices that are used by people with tetraplegia.
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1.1 RESEARCH OBJECTIVES

The studies in this PhD aimed to improve the knowledge of the upper body strength
for people living with tetraplegia. People with disabilities have considerable variation in
functional ability depending on their injury/illness. The research completed in this PhD
aimed to develop a method to evaluate and characterise multi-directional isometric arm
strength for people with C5-C7 tetraplegia in the sagittal plane. This knowledge can be
used to make improvements to the design of devices used by people in this population.
To achieve this, the research project was comprised of two main studies.

Firstly, an empirical study sought to improve understanding of the strength capabil-
ities of people with C5-C7 tetraplegia. This study used a purpose built test apparatus
to measure multidirectional isometric force in the sagittal plane while using a seated
position. Testing was completed using a number of discrete points over an individual’s
range of motion, in order to assess the isometric strength capability of that individual’s
strength. By comparing the force maps, of individuals with tetraplegia compared to
non-disabled individuals, the study investigated the relative effect injury level has on
multidirectional strength capabilities. Second, by comparing the isometric strength
capabilities of individuals with different levels of SCI, a statistical model investigated
whether strength patterns existed which may characterise each SCI level. Patterns
were hypothesised to exist, as following the distinct limitations of each injury level, it
is expected that each injury level might have a distinct reduction in the producible
magnitude of multidirectional force. A general model would help to streamline future
testing by reducing the number of test points that are required to be evaluated. Due to
the small sample size, clear trends were not found to exist for the strength patterns of
each SCI level. A general model was not developed.

The second part of the research project aimed to develop a biomechanical model to
investigate the expected multidirectional force exertions in the sagittal plane. Using
the model, the factors that limit force exertions were evaluated in detail for specific
positions over the person’s range of motion. This enabled the effect of injury level to be
explored in detail to improve the understanding of the isometric strength in the sagittal
plane. The insights gained from the model were useful to better understand the factors
effecting the results gathered during the empirical study.

In conclusion, the thesis used the knowledge gained from the two main studies to
increase the understanding of upper body strength for people with tetraplegia using the
combined insights from the empirical study and theoretical model.

1.2 OVERALL METHODOLOGY AND THESIS STRUCTURE

This thesis compromises of two main studies. The first study uses empirical testing
to gather quantitative multidirectional strength data for people in a seated position.
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Statistical modelling is used to gain insights into whether strength patterns exist
for specific exertion directions. The second main study focuses on gaining insights
into the expected multidirectional strength through the development of a theoretical
biomechanical model. Comparisons between the two main studies will enable an
improved understanding of the upper body strength of people with C5-C7 tetraplegia.
A visual representation of the research structure is shown in Figure 1.1.

Figure 1.1 Research Structure

1.3 THESIS OVERVIEW

This thesis is organised according to these two studies. A literature review is completed
in Chapter 2 to establish where there are opportunities to expand on previous research.
The review is broken down into strength study literature and human modelling literature.

Chapter 3 introduces the testing methodology used to complete isometric force
measurements. The results from testing are displayed and discussed for each participant.
The results allow areas of high strength within the participant’s range of motion to
be easily identified. A detailed analysis was completed to investigate whether trends
exist for the shape of the multidirectional data (to be defined as polar plot shape).
Supplementary contour plots showing the average minor to major axis ratio have been
included in Appendix A.

Chapter 4 explains the method used to develop a fitted model for each direction of in-
terest for each participant. The fit of each model was evaluated and the patterns for both
non-disabled participants and participants with tetraplegia were analysed. A general
model was developed using the results from non-disabled participants. Supplementary
information for each of the models has been included in Appendix B.
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Chapter 5 presents the development of a 2D biomechanical model using joint torque
and static equilibrium limits. Initial results are presented for each injury level to
investigate the effect of strength reduction on the expected multidirectional force. A
sample of the code has been included in Appendix C.

Comparisons are made in Chapter 6 to evaluate the accuracy of the force predictions
made using the generalised fitted model developed in Chapter 4. Comparisons are also
made between results from the strength study and biomechanical model to evaluate the
accuracy of the model and improved the understanding of the factors limiting upper
body strength for people with tetraplegia.

Conclusions from each study, novel contributions and possible future work are
summarised in Chapter 7.



Chapter 2

LITERATURE REVIEW

There are three main areas of literature to be reviewed in order to measure and model
the upper body strength of people with C5-C7 tetraplegia. For this reason, the literature
review has been split into three sections: Strength Study, Fitted Model and Human
Modelling. The first section reviews past literature on physical strength assessment,
common testing methods and strength testing on people with tetraplegia. The next
section reviews past methods that have been used to create fitted models to map
strength data. The final section reviews the development of previous biomechanical
models and the function of various existing computer models. Force prediction models
are explored. Opportunities to expand and improve on past literature are outlined in
the literature review conclusion.

2.1 STRENGTH STUDY LITERATURE

This section introduces the isometric strength study that forms the first main study in
this thesis. In particular, this chapter reviews methodologies and data from previous
studies completed on both able-bodied and SCI populations.

2.1.1 Introduction

Physical strength assessment is useful for a number of reasons. In ergonomics, anthro-
pometric databases of population strength data enable designers to develop products,
equipment and manual lifting tasks effectively. An understanding of the maximum
strength limits for a person allows machines, tasks and workspace designs to be optimised
and evaluated against a quantitative metric.

Before describing the different types of human strength measurement, the term
“strength” must be defined. Strength is defined as the capacity to produce a force
or torque with a voluntary muscle contraction. Maximum strength is defined as the
capacity to produce a force or torque with a maximum voluntary muscle contraction
[Chaffin 1975].
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Historically, the motivation for isometric strength testing was to evaluate human
strength capability such that work-related musculoskeletal injuries could be prevented
[Stobbe and Plummer 1984]. Strength testing has enabled employers to select appropriate
workers to complete tasks which involve a high physical strength requirement such
as heavy lifting. Research has shown that cumulative trauma disorders can occur
where excessive force is required in a repetitive task. To reduce the risk of trauma,
strength requirements to complete a task should not exceed one-third of an operator’s
maximum isometric strength [Das and Forde 1999]. To design to this recommendation,
the maximum isometric strength of the target population must be known.

2.1.2 Overview of Prior Research

There are a range of different testing methods that have been used to gain understanding
of different aspects of human strength. For this reason, a range of different human testing
methods exist. These include dynamic methods which utilise isoinertial or isokinetic
testing and static methods such as isometric testing [Gallagher 1998]. Isoinertial testing
requires the subject to apply force to a constant inertia (which accelerates) throughout a
specified range of motion. The inertia can be either mass in kg (translation) or moment
of inertia kg.m2 (rotation). Isoinertial testing is a popular testing method to evaluate
the dynamic strength and lifting capacity of the trunk. This type of testing offers some
advantages over static testing methods but is not widely used due to the technical
expertise needed to run tests and the cost of the equipment [Mayer et al. 1988]. Isokinetic
testing requires a constant velocity through a specified range of motion [Hislop and
Perrine 1967]. This type of testing requires the use of specialised equipment such as the
System 4 Pro™ from Biodex [Biodex Medical Systems 2018]. Isokinetic dynamometers
enable many parameters of dynamic muscle function such as angle-specific torque, work,
power or acceleration to be evaluated. Peak torque is the parameter that is most
frequently studied [Jörgensen et al. 2016]. Historically isometric strength testing has
been the most studied and measured. This is due to the fact that the method is easy
to understand and measure without specialised equipment. Isometric force data has
been used in a number of applications. Studies have used this method to evaluate the
risk of injury in the workplace and evaluate the dynamic strength of an individual
[Chaffin et al. 1978]. In some cases isometric force data is used to make predictions of
strength in a dynamic situation. Some researchers believe that the data gathered from
static isometric strength testing is hard to apply to heavily dynamic real-life situations
[Gallagher 1998]. However, in such cases, it can be equally difficult to gather accurate
results using dynamic strength testing methods.
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2.1.3 Isometric Strength Test Methods

Isometric testing has been completed as early as the 1960s [Pierson and Rasch 1963].
Studies in the 1970s aimed to document static muscle strength to predict whether
a worker is capable of performing a physical task without injury [Chaffin and Baker
1970]. Initially, a range of measurement strategies and exertion techniques were used to
measure isometric strength. A standard test protocol was developed in 1974 to eliminate
the existing disparity between strength testing procedures [Caldwell et al. 1974]. The
results gathered from isometric testing have been shown to be valid for a variety of
jobs [Blakley et al. 1994]. The maximum static force can be measured using different
instruction conditions. These include letting the participant jerk, slowly increase or
hold the force on the test apparatus. All of these instruction conditions yielded reliable
measures of strength that were able to be repeated [Chaffin 1975].

To gather reliable and unbiased data, the basic test protocol developed by Caldwell,
Chaffin et al. 1974 should be followed. This details the equipment used, instructions
given, duration and time of the test, duration of the measurement period, person’s
physical state at the time of testing and the posture and environmental conditions
during testing. To select an appropriate testing method, five factors must be evaluated.
These are safety, reliability, validity, practicality and utility. One study evaluated the
efficacy of computerised instructions for isometric strength testing. The study found
that both computerised and human instructions were able to capture reliable results
[Matheson et al. 1993].

To eliminate the effect of fatigue, a rest time of 2 minutes between trials is recom-
mended [Caldwell et al. 1974]. A more recent study measured isometric strength using a
shorter rest period of 40-60 seconds by incorporating the Rohmert fatigue model [Gooch
et al. 2011, Rohmert 1973]. Using the duration time and intensity of force application
an appropriate rest time can be estimated. Periodic testing of the initial test point
enables the effects of fatigue to be evaluated. The percentage loss in strength can be
estimated using the average difference in the repeated measurements. If the effects of
fatigue become apparent, the study proposed multiplying the measurements by a loss
factor to generate an equivalent strength measurement not influenced by fatigue [Gooch
et al. 2011].

In 1984, Stobbe and Plummer developed a test-retest criterion for isometric testing.
The purpose of this study was to determine the number of trials required to accurately
capture the maximum voluntary isometric force for a given body position. The study
found that using a single or dual test criteria will underestimate the true maximum
strength of the subject. The results showed that 40% of participants were able to
achieve their measured maximum strength after a single trial. The results of the study
suggest that maximum strength was achieved after two trials in 70% of participants
after two trials. To reach the 90% criteria, an average of 2.43 trials were required. This
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means that the use of three trials would reduce the likelihood of gross underestimations
[Stobbe and Plummer 1984].

Able-Bodied Strength

Able-bodied upper body strength has been well documented. The maximum voluntary
upper body isometric strength has been investigated by numerous studies for a range of
different scenarios including seated workspace strength and predicting maximum lifting
strength of a person in the sagittal plane [Chaffin and Baker 1970, Das and Wang 2004,
Hoffman et al. 2007, MacKinnon 1998]. Many of these studies completed maximum
static strength testing in a standing position to enable manual tasks such as lifting to be
evaluated. Biomechanical models have been developed using the results from isometric
testing [Chaffin and Baker 1970].

The measurement of specific joint articulations are a common method that is used
to study human strength characteristics. Shoulder and elbow articulations have been
of particular interest with studies measuring specific articulations to implement in
biomechanical models [Holzbaur et al. 2007, Martin and Chaffin 1972]. Some studies
measured the maximum exertions at a single joint angle [Kroemer et al. 1990, Stobbe
and Plummer 1984]. Other studies would take measurements over the angle of motion
of the joint of interest [Bober et al. 2002, Winters and Kleweno 1993]. The effect of
distance between handles and handle orientation has also been investigated to determine
the affect of parameters on the participants push strength [Herring and Susan Hallbeck
2007, Lin et al. 2012, Seo et al. 2010]. Due to the fact that some muscles span over
multiple joints, joint strength is also a function of multiple joints [Schanne 1972]. This
phenomenon is more pronounced in some joints than others. It implies that models
created using isolated joint strengths will effect the accuracy of the model.

Spinal Cord Injury Strength

Individuals living with tetraplegia have a reduction in sensory and motor function in
their upper body. The upper-body strength for people with spinal cord injuries has
been less well documented compared to the non-disabled population. Many studies have
used handheld dynamometers to measure muscle groups of interest. Overall, studies
that have evaluated the isometric strength of people with a SCI have found that good
isometric strength levels are correlated with increased function [de Lima et al. 2016].

One study completed by Das and Forde in 1999 measured the isometric push-up
and push-down arm strength in the sagittal plane with good detail. 24 test positions
were measured for participants with spinal cord injuries ranging from C4-T11. The
study was focused on paraplegic strength profiles. The results of the study found that
push up and pull down forces were only 30% and 50% of the forces measured from
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able-bodied subjects [Das and Forde 1999]. Some limitations of this study were that a
small sample size was used and participants with different spinal cord injuries were not
distinguished in the results. This is common among other studies involving participants
with tetraplegia [Dallmeijer et al. 2005, van Drongelen et al. 2011]. A model to estimate
muscle forces in the shoulder for people with C5 tetraplegia was developed to aid the
design of rehabilitation interventions that restore lost function [Acosta and Kirsch 2000].
The algorithm to estimate the muscle force in the shoulder was based on experimental
measurements of shoulder moments and muscle activation.

To improve the strength data for people with tetraplegia, a number of studies
have been completed at the University of Canterbury [Borren et al. 2014, Gooch et al.,
2009, 2011, Ingram et al. 2014, van Dalen et al. 2014]. The aim of these studies was to
provide information to enable effective design of devices and wheelchairs for people with
tetraplegia using quantitative data. These studies used a novel method to characterise
isometric strength in the sagittal plane. Measurements were taken at discrete points
using a purpose built test rig shown in Figure 2.1.

Figure 2.1 Previous upper body strength test rig showing measurement points [Hollingsworth 2010]

The test rig used in these studies incorporates a LPX-50kg compression load cell to
measure the maximum isometric force. The load cell was attached to a hemispherical
hand support which the participants pushed on to gather the isometric force data.
The initial study completed by L. Hollingsworth in 2010 contained eight non-disabled
participants (one female) aged between 21 and 60. This data was used to develop an
initial characteristic strength map for push force in the sagittal plane. Four participants
with tetraplegia were tested. The severity of their injuries ranged from C5 to C7. Due
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to the small sample size, an initial characteristic strength map for push force in the
sagittal plane was not completed.

Further measurements using the test rig were completed on three people with
tetraplegia by Gooch, Medland et al. in 2011. This data was used to investigate
alternative push rim designs for manual wheelchairs. Isometric push force data was
recorded in the sagittal plane. The results from this study supported findings from the
study completed by Hollingsworth that participants with tetraplegia had a reduction in
isometric push strength compared to non-disabled participants [Gooch et al. 2011]. Data
was measured for one participant who had had a deltoid to tricep tendon transfer to gain
insight about the effects of the procedure on push strength. The study suggested that
the procedure improved the push force exerted by the user over a range of rim contact
angles. The results from the study were displayed on force contour plots and used to
optimise a new design concept for a wheelchair to improve the propulsion requirements
for people with tetraplegia. It was proposed that characteristic maps could be possible
for each injury level for people with complete injuries. However, due to the small sample
size, an initial characteristic strength map for push force in the sagittal plane was not
completed.

A study completed by van Dalen et al. in 2014 investigated the arm strength and
function of people with tetraplegia who play wheelchair rugby. This study used the
same methodology as Gooch et al. to evaluate isometric arm strength in the sagittal
plane. Isometric push force was tested for a total of 16 players with SCI ranging from
C5 to C7. In wheelchair rugby each player is given a class level rating, from 0.5 point
for those with the least function up to 3.5 points for the most able players [Federation,
International Wheelchair Rugby 2014]. The rules of wheelchair rugby require each team
to have a total number of points of eight or less for the four players on the field. The
results of this study showed that players with no triceps (C5/C6) and reconstructive
triceps (C6 with deltoid-triceps surgery) had similar push strength abilities. The study
concluded that the reconstructive surgery did not give the players additional benefit in
wheelchair propulsion when playing wheelchair rugby [van Dalen et al. 2014]. Averaged
push force contours were created to display the push strength for individuals with
different levels of tetraplegia.

Tendon Transfers Analysis

Rehabilitation is used to enhance physical functions such as arm function and seated
balance to help people with an SCI achieve functional goals [Tse et al. 2018]. Many
individuals with SCI choose to have tendon or nerve transfers completed to help improve
hand/arm function and dexterity. The goal of such procedures is to enable individuals
with tetraplegia to complete ADL tasks independently [Dunn et al. 2016]. An example of
a common tendon transfer procedure is deltoid-triceps surgery, this procedure improves
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elbow extension function and enables the individual to actively straighten their elbow
against gravity [Hamou et al. 2009]. A study in New Zealand found that the uptake
of reconstructive upper limb surgery was high compared to other developed countries.
Approximately half (44%) of the eligible population opted to get reconstructive surgery
completed [Dunn et al. 2010]. This is likely influenced by that fact that such procedures
are fully funded by the public health system or the Accident Compensation Corporation
(ACC).

Surgical procedures also exist to provide improvements of an individual’s upper
limb function. Table 2.1 details common surgical procedures that can be completed for
individuals with C5-C7 injuries.

Table 2.1 Common SCI surgical procedures (Adapted from [Dunn et al. 2016])

Motor
Level

Desired Function Possible Reconstructive
Procedures

C5 Elbow extension PD to triceps or biceps to triceps
Wrist extension BR to ECRB
*note some individuals with
severe C5 injuries have no
muscles available for transfer

C6 Elbow extension PD to triceps or biceps to triceps
Key pinch BR to FPL or FPL tenodesis,

Split distal FPL tenodesis
Thumb extension EPL tenodesis
Gross grasp BR to FDP or ECRL to FDP
Gross release EDC tenodesis

C7 Key pinch BR to FPL or PT to FPL,
Split distal FPL tenodesis

Gross grasp ECRL to FDP or PT to FDP
Gross release PT to EDC

Abbreviations: BR, brachioradialis; ECRB, extensor carpi radialis brevis; ECRL, extensor carpi
radialis longus; ECU, extensor carpi ulnaris; EDC, extensor digitorum communis; EPL, extensor
pollicus longus; FCU, flexor carpi ulnaris; FDS, flexor digitorum superficialis; FPL, flexor pollicis
longus; PD, posterior deltoid; PT, pronator teres.
* There are many surgical options for the International Classification for Surgery of the Hand
in Tetraplegia (ICSHT) classes 4 through 7, and depending on surgeons’ choice a number of
different motors may be transferred to provide the function required.

A paper by Dunn et al. highlighted that the decision to have upper limb surgery
is ongoing. The decision is influenced by a number of factors including life roles,
physical environment, social support, goals and priorities [Dunn et al. 2013]. For
this reason, multiple offers for surgeries at different times during the individuals’ life
are recommended to allow the timing of the surgery to better suit their goals and
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priorities [Dunn et al. 2012]. Recovery time is another key factor that is considered
by the person looking to get surgery. Biceps brachii to triceps brachii and deltoid to
triceps brachii transfers both enable active elbow extension to be completed. During
the recovery from these procedures the patient is required to have an immobilization
period of up to 8 weeks after surgery before functional rehabilitation can be undertaken
[Dunn et al. 2016]. Careful consideration is required to make sure the outcome of the
surgery outweighs the extended recovery period. To help ensure prospective patients
are able to make informed decisions about their procedure a range of research has
been completed in this area. A number of studies have been completed to investigate
the effectiveness and satisfaction gained from having such procedures completed. The
ability of having some level of hand function is useful for completing ADL tasks. One
study confirmed that upper extremity surgery had a positive impact on the quality of
life of the individual after having the surgery [Wuolle et al. 2003]. Approximately 70%
of the people surveyed reported improvements in the ability to perform ADL tasks,
independence, occupation and appearance. A similar study found that individuals who
had upper limb surgery completed were satisfied with the improvement of function
from having reconstructive surgery. The improvement in function had a positive
impact on the person’s life, especially their ability to complete an increased number
of tasks independently [Gregersen et al. 2015]. A 10-year re-review of 24 individuals
with tetraplegia found the benefits (hand function improvements) gained from tendon
transfers are maintained over time [Rothwell et al. 2003].

Currently, there is an opportunity to improve the knowledge about the strength
improvements for individuals before and after having a deltoid to tricep tendon transfer
completed. One study with 14 patients who had an elbow extension deficit before
surgery found that the deficit was reduced on average from 16◦ to 9◦ before and after
having the procedure completed [Koch-Borner et al.]. The same study found that of the
53 operated arms, 62% gained the ability to extend the elbow against gravity. Another
study measured the effect of having a posterior deltoid-to-triceps tendon transfer on
elbow extension at a number of intervals after having the surgery completed. Testing
was completed using 23 patients to measure the isometric extension moment for each
20◦ increment of elbow rotation. The study found that there was no clear trend in
mean extension moment as a function of time over the period of eight weeks to one year
[Lieber et al. 2003]. The elbow extension moment data gathered in this study may be
useful to develop a model to predict isometric force exertions. No studies have been
completed that measure the improvement in arm function quantitatively in terms of
exertion force. This is partly due to the lack of an adequate methodology existing. For
this reason, a study will be completed to refine a test methodology that will enable the
multidirectional arm strength of people to be evaluated.
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Multidirectional Strength

Many studies have been completed to measure multidirectional strength. La Delfa and
Potvin completed a study in 2016 to investigate multidirectional manual arm strength
and its relationship with resultant shoulder moment and arm posture. 24 females
participated in the study to measure forces in 26 directions at 8 different positions.
Measurements were completed in a seated position using a single hand to develop a
comprehensive manual arm strength predictive model [La Delfa and Potvin 2016]. The
aim of the model is to assist with ergonomics task evaluations. More detail about the
model is discussed in the Force Predictions section of the literature review.

Multidirectional strength was also measured by Hernandez, Venture et al. to improve
the upper-limb force feasible set for able-bodied individuals. This work measured the
forces in 26 directions for a number of right handed participants depending on the study.
All tests were complete with the participant in a single posture. The measurements
were used to create a force polytope to be compared to a force polytope generated using
an Opensim musculoskeletal model [Hernandez et al. 2015].

L. Hollingsworth completed a multidirectional strength study in 2010 to investigate
two-handed push strength. 12 directions were measured in 30 degree increments over a
possible 132 test positions in the sagittal plane. One able-bodied participant completed
the strength study using the test rig in Figure 2.1. Test points were located over a grid
of 12 different heights and 11 different horizontal positions. The study recorded 1584
isometric force exertions over the participant’s range of motion. Data was displayed
at each test point using a polar plot. A similar test methodology to a previous study
completed by Gooch et al. was used with the addition of changing the exertion direction.
Due to the large number of tests, in combination with a 50s rest period between each
test, testing of additional participants was impractical. No multidirectional tests were
completed by participants with tetraplegia.

Balance

Due to the reduction in trunk stability and control, balance plays an essential role in
the completion of all aspects of daily living for people living with SCI [Tse et al. 2018].
The ability to keep the centre of mass over the base of support is critical for completing
many tasks [Winter 1995]. Due to a decrease in postural stability, the completion of
daily living tasks using their upper extremities puts people with SCI at a higher risk
of falling out of their wheelchair [Gauthier et al. 2013]. Past studies have investigated
the factors that impact a wheelchair users’ stability and ability to generate force with
their upper body. The relationship between sitting stability and functional ability for
people with paraplegia was investigated by measuring postural sway. The results of
this study showed that people with a lower thoracic SCI had better sitting stability
compared to those with a higher thoracic SCI [Chen et al. 2003]. Wheelchair type and
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configuration has been shown to impact the user’s comfort, posture and stability [Harms
1990]. Research has found that the posture adopted by the wheelchair user has a more
important influence on upper extremity reach compared to cushion type and backrest
height [Sprigle et al. 2003]. The effect of the backrest height on wheelchair propulsion
has been investigated. Using participants with lower SCI the study found that users
with a lower backrest height had freer arm movements and a larger shoulder range of
motion [Yang et al. 2012]. No research has investigated whether there is a link between
quantitative multidirectional arm strength and type of wheelchair.

2.2 FITTED MODEL LITERATURE

2.2.1 Introduction

Fitted models are one method that can be used to get an overview of general strength
patterns that exist for given populations. Fitted models can assist in streamlining the
design process by allowing designers a baseline to work from when estimating strength
capabilities of the end user. The method that is used to display the information can aid
designers in optimising their designs to fit the capabilities of the user. Models can also
allow designers to predict the areas where the person can produce the largest magnitude
of force.

2.2.2 Mathematical Models

A number of mathematical methods have been used to predict arm strength. These
include but are not limited to mathematical models using regression equations, artificial
neural networks and fourth order polynomials.

A study completed by La Delfa, Freeman et al. in 2014 developed regression
equations to predict female manual arm strength for a wide variety of hand locations
within the reach envelope. To develop equations for six exertion directions (superior,
inferior, anterior, posterior, medial and lateral), a total of 28 hand locations were tested
by 71 participants. The equations only use anterior, lateral and vertical location of the
hand relative to the active shoulder joint as inputs. The strength regression equations
performed well and had an overall explained variance of 92.5% [La Delfa et al. 2014].
A further study completed in 2016 used artificial neural networks to predict manual
arm strength. This model used 18 inputs including hand location relative to shoulder
and force direction. The study found that the artificial neural network approach was
superior to multiple regression methods of predicting manual arm strength [La Delfa
and Potvin 2016].

A stepwise regression model using 13 coefficients was developed by Lower, Schutz
et al. in 1977, to describe the strength variation in the transverse plane at a location
20 inches above the seat reference point. This study also used empirical data to set
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the coefficients for the mathematical model. This final model had good accuracy with
a R-squared value of 0.93 [Lower et al. 1977]. The regression models were developed
further in 1978 by Underwood. The improved model was better at showing the areas of
strength in the transverse plane using three parameters to describe curve location and
skewness [Underwood 1978].

In 2010 L. Hollingsworth fitted a fourth order polynomial to a single set of experi-
mental data measured from an non-disabled participant in a seated position. The data
captured the isometric push strength for 12 directions in the sagittal plane. A fourth
order polynomial was selected as the higher order models yielded only slightly better
results with a significant increase in model complexity i.e. the number of coefficients
required in the equation. The model produced an average R-squared value of 0.7325 and
provided a contour plot for each direction to describe the general location of maximum
strength. The model was able to capture the location of the maximum strength well,
however the peak forces predicted by the model were never larger than 80% of the
measured forces. A shortcoming of this model is that it was created using a single
non-disabled participant.

The models in this section are good examples of tools that can be developed and
used by designers to streamline design. Currently there are no models available for
designers to use to aid with design decisions when designing for people with a SCI.
Further research is required to develop a model that would be more useful to a wider
population and for people with SCI. There is an opportunity to create a fitted model
using multidirectional strength data from people with SCIs.

2.3 HUMAN MODELLING LITERATURE

This section introduces the background used for the development of a biomechanical
model that forms the second main study in this thesis. In particular, this section
reviews the function of various existing computer models and investigates previous force
prediction models that have been developed.

2.3.1 Introduction

Human models play a key role in engineering design. They allow the anatomy and
mechanics of the user to be well understood to ensure that devices are easy to use
and within the expected capacity of the body to avoid injury when repetitive tasks are
completed.

2.3.2 Existing Computer Aided Models

Currently, there are a number of different human modelling programs available for
designers to use. Such packages are useful for ergonomists and designers as they enable
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the human fit to be evaluated. As physical prototypes are not required, alternative
designs can be synthesised in a timely and cost-effective manner. Initial human modelling
programs were developed in the 1960s to assess the fit of operators in airplane cockpits
by Boeing Corp. [Das and Sengupta 1995]. Commercial biomechanics software such
as 2DSSPP was developed in the 1980s for workplace design to reduce injuries from
manual exertions [Chaffin 1997]. These models were typically used for determining
reach, fit, posture and vision of the user in the desired scenario.

Previous studies have determined the relevant anthropometric data required to
develop human models for non-disabled humans. This includes the mass and inertia
characteristics of the main segments of the human body [de Leva 1996, Zatsiorsky 1983].
The normal range of motion of joints has also been recorded to define the possible joint
angles for specific articulations [Boone and Azen 1979].

There are a number of three-dimensional biomechanics software packages have been
developed since the 1960’s. These packages typically determine the outputs of the
model using joint torque based or muscle based modelling. Joint torque based models
are most commonly used for the evaluation of occupation ergonomics and materials
handling tasks. Ergonomic tools such as 3DSSPP and Delmia are capable of estimating
force and moment demands on joints such as the shoulder, elbow and wrist. To gather
the maximum joint torques, human testing is required to gather isokinetic data. The
simplicity of joint based models has a number of drawbacks. One source of inaccuracy
is due to the fact that joint torques are heavily posture dependant. Another limitation
is that co-contraction mechanisms and multi-articular muscles cause joint torques to be
linked together [Hernandez et al. 2015]. Many models assume that the strengths about
the three axes of the shoulder are independent. This can create inaccuracies in the
predictions of manual arm strength as predictive errors can accumulate in each joint
[La Delfa et al. 2014]. Despite these limitations, this approach is practical for use by
ergonomists.

Recently, the use of muscle-based musculoskeletal modelling has grown rapidly.
There are now over 2000 publications related to biomechanical or musculoskeletal
modelling or simulations each year [Hicks et al. 2015]. The development of biomechanical
models to predict and evaluate the strength capabilities of the human body is of interest
to designers and ergonomists alike. Open source software such as OpenSim [Delp et al.
2007] has enabled advanced research in a variety of fields including rehabilitation science,
orthopaedics, robotics, ergonomics and human evaluation and design.

A summary of three commonly used human modelling software packages is given
below.
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3DSSPP

The 3D Static Strength Prediction Program (3DSSPP) has been developed at the Center
for Ergonomics at the University of Michigan. The software is used to analyse manual
materials-handling tasks to evaluate and design jobs. Static strength requirements
including lifts, presses, pushes and pulls can be predicted by the software using joint
torque based models [Feyen et al. 1999]. Inputs for human model simulations include
but are not limited to posture, body height, weight, centre of gravity (COG), hand to
wrist distance, lower arm length, lower foot length and other foot measurements. For
example, when the software is given a specified hand position it is able to predict the
posture of the body [Feyen et al. 1999]. Many studies were published by Chaffin et al.
about the development of this human static strength simulation model.

AnyBody

AnyBody is a musculoskeletal modelling system for bio-mechanical simulations. It is
used to analyse both internal reactions within the body and reactions between the body
and the external environment. The default human body model represents an average
European male; this model can be easily adapted to suit the desired application. The
model incorporates a number of mechanical elements including rigid bodies, passive and
active spring elements and mechanical joints to represent the muscles and tendons in
the body. AnyBody can calculate individual muscle forces, activations, joint moments
and forces, metabolism, elastic energy in tendons and antagonistic muscle actions
[AnyBody Techology 2018]. To complete simulations, external forces, motion data and
electromyography (EMG) data can be used. Computer-aided design (CAD) models from
programs such as Solidworks can be imported. There are a wide range of applications
where AnyBody is used, these include assistive devices, ergonomics, orthopaedics and
sports research.

OpenSim

OpenSim is a freely available, open-source software system that enables models of
musculoskeletal structures to be developed and evaluated to visualise motion and
extract meaningful information [Reinbolt et al. 2011]. This platform lets researchers
in the biomechanics community build a library of simulations that can be shared,
tested, analysed, and improved through a multi-institutional collaboration [Delp et al.
2007]. OpenSim libraries are written in C++. Using the software, models can be
created to represent the dynamics of a physical system. The models are comprised
of many components corresponding to parts of the system including rigid bodies,
joints, forces, constraints, and controllers. Both forward and inverse systems can be
modelled and evaluated. Inputs such as kinematic data from motion capture, force
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data such as ground reaction forces and moments and muscle activation from EMG
are used. This enables both internal and external forces and moments to be evaluated.
Experimental data is used to scale generic models from the database to accurately
represent the anthropometry, or physical dimensions of the subject. The OpenSim
software framework is used in a range of applications by human movement scientists,
biomechanists, roboticists, neuroscientists, and orthopaedic surgeons.

2.3.3 OpenSim Musculoskeletal Models

There have been a number of studies completed using OpenSim to determine the force
capabilities of the hand, fingers and feet. A study completed by Hernandez et al.
compared measured maximal isometric force capabilities at the hand in 26 directions
with forces computed using a musculoskeletal model of the upper-limb in OpenSim.
The musculoskeletal model is freely available [Hernandez et al. 2017]. It represents a
simplified version of the right side of the upper body, which includes 29 muscles based
on a Hill type model [Martins et al. 1998]. Markers were placed on the test subjects to
gather kinematic data. This data was used to scale the OpenSim model and determine
the joint angles and Jacobian matrices. These matrices are used in the calculations
completed to determine the upper limb forces at the end effector. Using the 26 isometric
force values, a force polytope was created so that the strength capabilities at the hand
for a set posture could be easily visualised. This enables the best force direction based
on posture to be evaluated to optimise a task. Results of the study found significant
differences in measures and musculoskeletal force polytope globe shapes. The main
limitation of this study was the muscular force scaling. This could be improved to
individualize the musculoskeletal model. This study highlights the opportunity to use
OpenSim musculoskeletal models to evaluate the upper body strength of individuals
with C5-7 tetraplegia.

2.3.4 Force Prediction Models

A number of studies have developed methods of predicting the isometric force at the
hand. Typically, these studies require physical testing to compare the accuracy of the
prediction model. Many of the studies that were mentioned in the Multidirectional
Strength section use the multidirectional strength data to create and verify a force
prediction model.

A model developed by Chaffin et al. (later to become 3DSSPP) was capable of
evaluating the maximum force the subject can safely exert. To do this, the model
requires the subject size, strength data and range of motion to be defined. Using
this, a force at the hand is defined and the resulting reactive torques are calculated to
determine whether the subject can produce the specified force without overexerting
[Chaffin and Baker 1970, Martin and Chaffin 1972]. This is one method that can be
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used to determine the maximum force at the hand. A two-dimensional static human
force exertion capability model was also developed and evaluated using eight males
and females of varying size and strength. The results from this study showed that
the limiting constraints were well predicted by the model [Kerk et al. 1993]. Further
evaluation was completed by testing three different full body exertions. The results
showed that caution should be taken when interpreting nominal required forces from
the model as the actual forces a person would produce [G Hoffman et al. 2011].

A three dimensional hand force capability model was developed by Schanne in 1972
for a seated individual. Elbow and shoulder articulation strengths were derived as a
function of multiple joint angles using empirical data. For example, elbow flexion was a
function of elbow angle and vertical shoulder angle. The results from the model under
predicted the force capabilities at the hand. The under prediction of strength was
attributed to the assumption that the strength of one muscle group was independent
of the loading on adjacent joints. One assumption used in the model was that greater
muscle activation leads to greater interactive effects between particular muscle groups
during a specific articulation. This resulted in various contracting muscle groups acting
together to have a combined effect greater than the sum of their individual effects
[Schanne 1972].

In 2015 Hernandez, Rezzoug et al. used a muscle based musculoskeletal model to
generate the isometric force in 26 directions for a single set posture. This model used
kinematic data to determine the joint angles used in the model. A muscle activation
pattern was used to calculate the force polytope of the model. The initial study
compared empirical results to results gathered using an Opensim musculoskeletal model.
Significant differences were found in the musculoskeletal force polytope (MSFP) and
measured force polytope (MFP) shapes [Hernandez et al. 2015]. The results from this
study provided insights into the effect orientation parameters can have on the force
outputs of models that are used in ergonomics and rehabilitation. The predictions of
this model were later improved using maximal isometric force and Hill-based muscle
models [Hernandez et al. 2017]. This model was later used to analyse and evaluate
manual wheelchair propulsion. The isometric force output at the hand for any direction
was predicted for a given upper limb posture [Hernandez et al. 2018]. Use of this force
feasible set could be helpful in determining the individual muscle contributions required
to produce a maximum isometric force effort.

Currently there is no model to predict strength characteristics for a person with
complete tetraplegia. A model to predict the isometric strength of individuals with
tetraplegia would need to incorporate the factors which cause large amounts of variance.
Lesion level and completeness, activity level, gender, body mass, centre of mass and time
since injury have been shown to produce 40-80% of the variance in physical capacity for
individuals with spinal cord injuries [Janssen et al. 2002]. Muscle volume is another key
indicator which would be useful to incorporate into a model. Muscle force has been
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shown to have a linear relationship with cross sectional area [Fukunaga et al. 2001]. This
can be calculated by dividing muscle volume by fibre length. Muscle volume is measured
using MRI, average muscle volumes for adults have been documented [Holzbaur et al.
2007].

L Hollingsworth completed human modelling to investigate the push strength
application direction by adapting a model developed by Rozendaal et al. in 2003. The
model was used to calculate magnitude and direction of the applied force from the
experimental trials completed in a wheelchair propulsion study. In this study, limiting
joint torques for a non-disabled person from Rozendaal et al. were implemented. These
limits implemented in this study were a single value for each articulation. The accuracy
of the limiting joint torque could be improved by implementing equations where the
limiting torque is a function of joint angle [Bober et al. 2002]. The involved muscles
volume percentages were calculated for the flexion and extension of the elbow and
shoulder articulations. The involved muscle percentages for different SCI levels ranging
from C5-C7 were calculated for each articulation. The muscle percentages were used
to scale each injury level as a proportion of the non-disabled muscle volume. This
information would be useful when modelling the strength of a person with tetraplegia.

2.4 LITERATURE REVIEW CONCLUSIONS

To reduce the risk of cumulative trauma disorders occurring, excessive force must not be
applied during a repetitive task. Due to the fact that individuals living with tetraplegia
have a reduction in upper limb muscles, other muscles will be required to work harder
to compensate. This means the people with tetraplegia are often working closer to
their physical limit. To design to the recommendation of not exceeding one-third of an
individuals maximum isometric strength, the isometric strength of the target population
must first be known.

No multidirectional strength studies had been completed for individuals with
tetraplegia at multiple points over their range of motion. This is because the previous
methods used by Hollingsworth required an excessive number of test points to capture
the strength data. The excessive number of test points in combination with a 50s rest
period between tests meant this methodology was impractical to measure the strength of
people with tetraplegia. No studies have investigated the improvement in arm function
for people who have had tendon or nerve transfers quantitatively in terms of their
multidirectional exertion force.

There was an opportunity to develop a new test method to make it possible to
capture isometric strength data in all directions more quickly than methods used
in previous studies. Testing enabled a refined method to be developed to evaluate
multidirectional arm strength for both non disabled people and people with tetraplegia.
Further isometric strength testing using participants with C5-7 tetraplegia provides
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designers, surgeons and individuals with tetraplegia valuable insights into the isometric
strength capabilities of people with tetraplegia.

No research had investigated whether there is a link between quantitative mul-
tidirectional arm strength and wheelchair type. An updated methodology gives an
opportunity to see if there were any obvious trends in multidirectional arm strength for
different wheelchair users.

There was no model available to aid designers when designing for people with
tetraplegia. An isometric strength study involving more participants with tetraplegia
than previous studies enables the initial development of isometric strength maps for this
population. One way this was completed was through the use of fitted mathematical
model using multidirectional strength data.

There were no models to predict strength characteristics for a person with complete
tetraplegia over their range of motion in the sagittal plane. A model to predict the
isometric strength of individuals with tetraplegia based on torque limit is useful to help
designers understand the strength of people with tetraplegia and design things more
effectively for this population of people. A model is a helpful tool to compare the effect
active elbow extension has on the hand force patterns.





Chapter 3

STRENGTH STUDY

In Chapter 2 previous studies on the upper body strength of people with tetraplegia com-
pleted by Hollingsworth et al. were expanded on. Previous studies failed to investigate
the isometric strength in multiple directions for the population with C5 to C7 tetraplegia.
This chapter introduces the isometric strength study that forms the first main study
in this thesis. An effective experimental methodology for collecting multidirectional
strength data has been developed to enable multidirectional data to be gathered over
the participants’ range of motion. The results from the testing completed in this study
validated that the testing methodology is fit for purpose. The experimental results from
each participant are displayed and discussed. The difference in strength capabilities for
non disabled people compared to individuals with tetraplegia is shown along with the
trends for the average maximum force for the participants with tetraplegia. An analysis
was completed to gain further insights into the patterns that exist for the shape of
the multidirectional data (to be defined as polar plot shape). The data gathered using
the test methodology developed in this chapter will be useful to aid designers who are
working with people with tetraplegia. The experimental data will be used to aid in the
development of a human model.

3.1 INTRODUCTION

Understanding the strength capabilities of the end user when designing an assistive
device or workstation is crucial to ensure the design can be used safely and function
as intended. Knowing this information is even more important when the end user
has reduced balance and strength capabilities due to the after effects of a cervical
SCI. A baseline in understanding the upper body strength capabilities is critical to
ensure concepts and designs are appropriate for the end user. Through understanding
the impairment, improvements can be made to promote increased participation and
independence of people with SCIs. An understanding of the strength limits of a person
is useful to reduce the risk of cumulative trauma disorders occurring. As the literature
reviewed in Chapter 2 highlighted, there is currently a gap in the literature and a lack of
quantitative multidirectional isometric strength data for people with C5-C7 tetraplegia.
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The information in this chapter will improve on the previous knowledge known about
the upper body strength for people with C5-C7 tetraplegia.

3.2 EXPERIMENTAL METHODOLOGY

3.2.1 Considerations

There were a number of considerations that were taken into account when determining
the measurement style to be used in this strength study. A number of decisions were
made to ensure appropriate data was collected. These have been broken up and are
described in the following sections.

Inter-subject Variability

The upper body strength of a person is influenced by a number of environmental and
genetic factors. Thus, due to the nature of upper body strength it is expected that
there will be a significant amount of variation in the upper body strength capabilities
when testing a population of people. Even if the sample of people is limited to those
with C5 to C7 tetraplegia, variation in the strength between individuals with the same
injury level would be expected. Factors such as age, time since injury, rehabilitation
and fitness level all contribute to the strength capabilities of a person [Biering-Sørensen
et al. 2009, McKinley 2017]. Neurological variability between individuals has prevented
studies from coming to a consensus on the segmental innervation of muscles. This means
that it is possible for people with the same injury level and severity to have different
muscle function and feeling.

Unconventional Movements

Due to the fact that people with tetraplegia have a reduction in upper body limb
function active upper limb muscles the muscles that are active are sometimes used in
unconventional ways. People with tetraplegia will often use "tricks" such as locking
joints to better utilise the muscles they have to complete tasks in a way that would be
considered unconventional [Hollingsworth 2010]. In some cases the movements from
performing an action may not be deliberate, rather the effect of an uneven balance of
an agonist and antagonist pair of muscles where one muscle is paralysed.

Isometric force measurements taken at the hand from participants with tetraplegia
will include some unconventional movements. During testing the participant will adopt
the position they feel will allow them to produce an effective force exertion. To monitor
unconventional movements, a video camera will be used to record each force exertion.
Unconventional movements will increase the difficulty of making a force prediction
model based on joint angles as these movements would be a function of many joints.
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It should be noted that this study did not use the video camera to track anatomical
reference points or joint angles and assumed planar motion. Future studies should aim
to track theses reference points as it will be a useful piece of information to enable a
more detailed analysis to be completed using a biomechanical model tailored to each
participants joint lengths and injury level. This would enable details such as which
muscles are compensating during testing be investigated.

Balance and Stability

Being balanced and in a stable position is essential for performing tasks such as reaching
for objects or applying force effectively. A person is considered to be in a stable
equilibrium when their centre of gravity is within the base of support. If the force
produced by a participant requires the line of action of the reaction force to be outside
the base of support the participant will become unstable and either flop forward onto
their lap or fall out of their wheelchair. For a person with a cervical SCI, the lack of
torso function means they are more susceptible to being in an unstable position as they
rely on external forces from their wheelchair to stabilise themselves. For this reason, if
measurements were taken for each side individually more variation would be expected
in the results. This is because one sided strength is highly dependant on external
constraints [Hollingsworth 2010]. There have been a number of previous studies that
have found posture to significantly affect one-handed pull strength measurements [Seo
et al. 2010, Van Der Beek et al. 2000]. Previous findings from two-handed exertion
studies or studies with constrained postures may potentially be used to help explain
the variation in strength observed in single hand pull strength databases [Yu et al.
2018]. Measuring two-handed exertions will help to gain an overall understanding of
the strength characteristics of the population of interest. Two-handed exertions were
also selected to minimise the effect that balance has on the results as people with
tetraplegia have no trunk function. This means that they are essentially on a wobbly
column. Two-handed exertions will help to reduce variability in the tests as taking
measurements for each hand simultaneously. Single-hand exertions are highly dependant
on posture due to the role balance plays when measuring people with tetraplegia. This
study aims to investigate general strength characteristics of people with tetraplegia and
whether there are patterns for specific injury levels. For this reason, single hand force
measurements would not be an important measure for this study.

Chosen Measurement Method

There are a number of methods that could be used by physiotherapists and researchers
to evaluate the upper limb strength of non-disabled people and people with an SCI.
As discussed in Chapter 2, these methods can be either static or dynamic. Due to the
limited equipment available for this study and the link to previous studies completed
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by Hollingsworth et al. isometric testing was the chosen measurement method for this
study. Results from the literature review have shown static isometric testing is one
of the easiest and most studied types of testing methods to evaluate human strength
[Gallagher 1998]. An improved test rig would enable multidirectional isometric data to
be collected rapidly in an effective manner. A fixed test rig to measure isometric force
at the hand was desirable as this would enable the participant to complete testing using
a posture that is both comfortable and natural to them. This style of test rig enables
results to be gathered that are representative of the strength outputs using postures
expected in everyday life. Using a fixed test rig also enables the combined effects of all
joint strength to be captured in the results. It also captures the "tricks" participants
may use during testing due to their reduction in upper limb muscle function.

Risks

Prior to completing any physical testing, the study details were reviewed and approved
by the University of Canterbury Human Ethics Committee (HEC) (ref number HEC
2018/94). As with any study which completes physical testing, a risk of injury associated
with the testing will always be present. For isometric testing, the risk was considered
to be minimal as the exertion is completely voluntary [Gallagher 1998]. Isometric tests
are considered safe and are regularly used to test the maximum strength in potential
employees prior to being employed. There was a risk of a minor strain, the likelihood of
this risk was considered low. To mitigate the risk of a minor strain, clear instructions
were given at the commencement of testing. During testing, regular feedback was taken
from the participant to ensure they felt fit and comfortable to complete testing. If
the participant had started to feel pain the test session would have been stopped and
resumed at a later date. If the participant did not want to complete the rest of the test
at a later date the partial set of results would have be stored. The study details were also
reviewed by Ngāi Tahu Consultation and Engagement Group (NTCEG). The College
of Engineering’s Māori research advisor, Dr Abby Suszko, was contacted. Further
consultation was completed with Henrietta Latimer from Kaiarahi Māori Research. The
Māori consultation was approved by Kaiarahi Māori Research.

Recruitment of Participants

As the population of people who have tetraplegia is approximately 75% male, the study
will be conducted using male participants. Non-disabled participants and participants
with C5-C7 tetraplegia were eligible for the study. The age and ethnic origin of the
participants was not be restricted. Individuals with no independent function will not
be participants in the study.

Potential participants with tetraplegia were recruited by Dr Jennifer Dunn, one
of the project supervisors. To recruit participants, posts were made by Dr Dunn with
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details of the study on the relevant NZ SCI Facebook groups. The post made to these
groups to briefly describe the aim of the project and what participating in the study
entailed. From these posts the contact details of participants were gathered and a
suitable time to complete testing was arranged.

3.2.2 Test Rig and Equipment

A test rig was designed to enable isometric force measurements to be taken rapidly
in all directions at the location of interest. The test rig has been designed such that
the handles are adjustable to allow measurements to be taken at all points within the
participants’ range of motion. The test rig was designed and manufactured at the
University Of Canterbury (UC). Prior to the development of the test rig used in this
study, there was no practical way to obtain multidirectional upper body strength. The
test rig used by Hollingsworth et al. required 12 separate tests to be completed for a
single test location to gather a coarse overview of multidirectional isometric strength.
A render of the test rig design is shown in Figure 3.1.

Figure 3.1 Render of test rig

The test rig compromises of a wooden platform, an adjustable space frame and
two handles. Each handle is connected to a calibrated 50kg F9852 multi directional
load cell (WIKA instruments). To make the location of the handle easy to adjust,
each adjustable member has been lined with a sheet of ultra high molecular weight
polyethylene (UHMWPE) to reduce the surface friction.
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The location of the handle can be adjusted in every direction to allow for mea-
surement to be taken in many different planes. Measurements can be made over a
grid with 100mm increments. Discrete adjustments can be made using vertical and
horizontal sliders. A cam-lock at the back of the vertical slider can be easily released
to enable the handles to be adjusted in the vertical direction. Similarly, a cam-lock at
the top and bottom of the vertical frame can be released to enable the handles to be
moved backwards and forwards. This allows up to 224 points to be evaluated on each
side to capture the strength profile over a 1.3m by 1.5m area in the sagittal plane of
interest. There are 14 by 16 increments in the horizontal X and vertical Y directions
respectively. Measurement points were defined with the datum point (0,0) as the top
rear test point. This datum point is referred to as measurement point 1. The numbering
system was defined by numbering each measurement point across each row starting
at the top rear point moving forwards. Once all measurement points were numbered
on the row, the row below the current row was numbered starting at the rear most
point and moving forwards. repeating this process results in measurement point 224
being the front point on the lowest row. Figure 3.2 shows the side view of the test rig
with measurement points outlined. The first two testing sessions with non-disabled
participants were completed using 100mm increments. Following this, a coarser grid
using 200mm increments was used to keep the length of the testing session around 1.5
hours. It should be noted that measurements in the sagittal plane close to the middle
of the test rig are not possible using the current test setup due to interference with the
participant and the wheelchair.

The load cell is able to measure force in the X,Y and Z directions. During testing
the force in all of these directions was captured. The force in the Z direction was not
included in the analysis of the results in this study. Including the data from the Z
direction would enable 3D polar plots to be generated if this was of interest. This would
enable the force in the transverse plane to be visualised. One way to do this would be
by generating polar plots in the transverse (XZ) or frontal (YZ) plane .

During the development of the testing methodology it was decided that it was
important to have the capability to complete testing in a variety of locations if further
testing was required outside of Christchurch. For this reason, one of the specifications
for the test rig was that it needed to be able to be deconstructed such that it could
fit on a trailer and be transported elsewhere. To meet this specification, the test rig
was designed such that the floor could be broken into two parts. The adjustable space
frame can be disassembled to make it easy to transport.

The handles for the test rig were designed in such a way that they can be adapted to
allow other types of handles to be used in the case that this is required for future studies.
A photo of the multidirectional force measurement handle is shown in Figure 3.1. This
photo shows a close up of the handle and shows the UHMWPE slider, WIKA load
cell, a grub screw and the cup of the handle. Updated handles would be required to
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Figure 3.2 Strength test rig showing measurement points [Stilwell et al. 2019]

completed measurements far away from the middle of the test rig as the current handles
would require an impossible wrist position.

Three M6 grub screws can be removed to allow different styles of handles to be
attached to the cup which connects the handle to the load cell. To fit inside the cup,
the new handle would need to have a cylindrical end with a diameter of 22mm. A
spherical ball is an example of a different type of handle that could be attached. The
rest of the multidirectional force measurement handle is held together using M6 screws
that are countersunk inside the slider and cup. Another design feature of the test rig is
has been designed to enable testing to be completed using any type of wheelchair. To
gather reliable strength data that is representative of what the participant can produce
in everyday living, it is important that the participant uses their own wheelchair which
has been setup and optimised specifically for the user. Reliable data refers to data
that is of a consistent quality such that designer can have confidence when using the
results. If a standard wheelchair was used by all participants this would not enable
data that is fully representative of what the participants would produce in everyday
living. Removable anchor points in the base of the test rig enable any size/type of
wheelchair to be secured. Letting participants use their own wheelchair and securing
the wheelchair using anchor points helped to ensure consistent results were gathered.
Prior to completing testing, the data acquisition system was configured. Configuration
was completed with the help of Julian Phillips, a technical officer for the UC Mechanical
Engineering Department. Force measurements were captured using LabVIEW software
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Figure 3.3 Multidirectional force measurement handle details

[National Instruments 2011] at a sampling rate of 75Hz with the exception of the initial
test which used a sampling rate of 20Hz. To ensure accurate force measurements are
taken, the F9852 multi-axis force sensors (WIKA Group) and data acquisition system
were calibrated using known weights. As the force sensors are sensitive to temperature,
test conditions (such as temperature and time of day) are recorded for each test.

3.3 EXPERIMENTAL PROCEDURE

At the beginning of each testing session prior to completing any testing, the participant
was required to complete a consent form. A participant data sheet was completed to
gather basic demographic, anthropometric and test environment data. Basic upper limb
measurements were taken of the upper arm and forearm to aid in the development of
the mathematical model. The information recorded in the participant data sheet helped
to ensure general factors that could influence the results between different participants
were recorded. To capture the position of the participant each test was digitally recorded
using a video camera.

To complete testing, the wheelchair is aligned with the marked datum line on the
floor of the test rig. An example of the wheelchair position is shown in Figure 3.2. The
wheelchair is secured to the wooden platform by attaching two ties from the wheelchair
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frame to four eyebolts that are screwed into the wooden platform. This helps to ensure
the shoulder position of each participant is in a similar position. It also eliminates the
risk of the wheelchair moving or tipping during testing. The width of the space frame
is adjusted to make sure that there is no interference with the wheelchair wheels when
taking measurements. The distance between handles is recorded on the participant data
sheet.

For each point that is tested, the test handles on each side are adjusted to the same
measurement point of interest. During testing, force measurements are taken for both
the left and right hands at the same test point simultaneously. Although there are 224
possible measurement points some positions are physically unreachable. This can be
due to a number of reasons including the person’s flexibility, stature, sensory function
and motor control. To eliminate the impact of grip strength when pulling, participants
with tetraplegia are required to complete the test procedure using an assistive grip aid.
An example of the grip aid and load cell is shown in Figure 3.4. It should be noted that
the use of the gripping aid imposes a limitation on the data as it can not be used to
indicate the strength of people in situations that require the person to grip a handle
unassisted. Further studies could investigate force output for this scenario.

Figure 3.4 Grip assist used during testing

Gripping aids are used by a number of people with reduced hand strength to
complete tasks which requires grip strength. Tasks may include but are not limited to
holding free weights at the gym, rowing or kayaking and holding a glass or bottle. The
use of gripping aids in this study will ensure strength measurements are not limited
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by a subject’s ability to grip the test handles. Able-bodied participants are instructed
not to use their legs for posture support. To ensure this, able-bodied participants are
required to raise their legs off the floor when recording exertions.

At each test point, the subject adopts the posture they believe will produce the
maximum isometric force exertion. When the participant is ready to begin testing, the
following test procedure is read:

“In a smooth and controlled motion, start by pushing forward on both handles to
what you would think 90% of your max strength is. Once you are happy with your
push force start to change the direction in a circular motion for 1 and ¼ turns (forward,
down, back, up, forward and down). This usually takes about 5 to 8 seconds. Please
ensure the edge of your hands is on the outer edge of the handle closest to the load cell.
Please only push as hard as you feel comfortable doing and if you have any problems
let me know”

This helps to ensure reliable data is gathered from each participant. The participant
is shown the exertion pattern as detailed in Figure 3.5. A polar plot with the same
shape as the curved line in Figure 3.5 would represent an isometric exertion if the
subject had approximately equal strength in all directions.

The duration of the exertion is approximately 5-8 seconds. Over this time, the force
and direction are recorded using LabVIEW software [National Instruments 2011]. A test
point is deemed unreachable if the grip of the handle does not fit firmly inside the palm
of the participant’s hand. If the participant has to slide forward in their seat to reach a
point, the test point is also deemed unreachable. When a test point is unreachable, a
force reading of zero is recorded. This restriction was updated after testing participant
P03 and will be discussed after the polar plots of each participant.

The initial test point is selected such that it is near the centre of the participant’s
range of motion. This point will be used to record data for fatigue analysis. Data is
recorded for every superior/inferior position of interest before moving the handle in the
posterior/anterior direction. To reduce the amount of fatigue from prolonged muscle
use, the handles are moved a minimum distance of 200mm in the posterior/anterior
direction.

The effects of fatigue were measured and monitored throughout each test session
by retesting a measurement point near the centre of the participant’s range of motion a
minimum of five times. In the case that fatigue was found to be influencing the results
after analyzing the retested points, a note would be made on the polar plots created
from this participant. To minimise the likelihood of fatigue effecting the results, a rest
time of approximately 50 seconds was used between tests. During this rest time the
handles would be moved to the next position of interest. A 50s rest time was chosen
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Figure 3.5 Exertion procedure [Stilwell et al. 2019]

based on the rest time used by a previous study investigating wheelchair design [Gooch
et al. 2011].

The testing method was designed in a way to reduce the likelihood of the results
being influenced by psychological factors such as competition, verbal encouragement
or intrinsic motivation as these factors have been found to effect results [McNair et al.
1996]. Where possible external factors during testing were kept consistent. Testing
was completed in the same air conditioned room. The temperature during testing was
monitored and recorded. When testing was being completed the same instructions were
given to each participant. Feedback on the test (such as force values) was not provided
and the participant was not able to see what their test results were until all of the
data had been processed. To avoid competition, results from other participants were
not revealed. As some of the participants knew each other they may have enjoyed the
opportunity to compare themselves and try to be the best. Intrinsic motivation is a
difficult factor to control and one that would vary between participants. The duration
of the test was kept consistent at around 1.5 hours. Regular checks for fatigue through
retesting points throughout testing allowed both physical and psychological fatigue to
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be monitored.

3.3.1 Polar plots

Polar plots were chosen to display the strength data for each participant as they
enable both the magnitude and direction of the strength in the sagittal plane as
well as the location of the test points to be displayed in a single plot. Results are
gathered simultaneously for the left and right hand respectively. Figure 3.2 displays the
approximate position of the possible measurement points used by the participants in
the study. Figure 3.6 shows an example of polar plot for a single test point. This polar
plot was taken from the test results of the first test participant P00 at measurement
point 119 (0.6,-0.8).

Figure 3.6 Example of force polar plot for a single test point

When looking at a single polar plot it is easy to see how the magnitude of force
(blue) changes with different directions. The shape of this polar plot shows that the
participant produces a maximum force of approximately 225N between the 330◦ and
0◦ directions. The overlap of lines between 270◦ and 0◦ is due to how the exertion
procedure is defined; it represents the exertions at the beginning and end of the test.

When all of the individual polar plots for a participant are displayed on a single
plot, more detail is added. A drawing of the wheelchair and an approximate location of
the participant are added along with a force scale to make the data easier to interpret.
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The shoulder position of each participant is adjusted to match the approximate location
of the shoulder during testing. Overlapping test points are also omitted for clarity.

3.3.2 Repeatability

As mentioned in the testing experimental procedure, fatigue was measured a minimum
of 5 times during testing. In the initial test with participant P00 a total of 12 tests were
completed at the same point (0.6,-0.8) to investigate the repeatability of the testing
method. The results from the tests at this point are shown in Figure 3.7.

Figure 3.7 Polar plots of point (0.6,-0.8) for participant P00 [Stilwell et al. 2019]

The consistent overlap of the polar plot highlights the repeatability of the testing
methodology. The polar plots overlap with similar shape. To investigate the variation
in force, each test was split into 30 degree increments. This found that the average
standard deviation for each point was 9.6N (2sf). Variation was larger in the 0 degree
and 30 degree directions. At these directions the average standard deviation was 20N
and 21N respectively. The average force for each retest was completed for the first three
participants. The results of this analysis also showed good repeatability.
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3.4 STRENGTH TESTING RESULTS

3.4.1 Participants

In total there were 11 non-disabled participants and 10 participants with tetraplegia who
completed isometric testing. All of the participants were male. The participants covered
a variety of injury levels from C4 to C7. Table 3.1 details the participant numbers
that were used, the injury level, AIS severity and type of wheelchair that was used
during testing. To define the injury level, the International Standards for Neurological
Classification of Spinal Cord Injury (ISNCSCI) was used, along with classification of
impairment using the American Spinal Injury Association (ASIA) impairment scale
(AIS). AIS A refers to a complete lack of motor and sensory function below the level
of injury. AIS B refers to some sensation below the level of the injury, but no motor
function [American Spinal Injury Association 2019]. Participant P10 originally sustain
a C5 injury, however his injury is now classified as a C4 injury. The results from
participant P10 have been included in the study. One intended participant (P12) was
unable to attend testing. The age of the non-disabled and disabled participants was
not matched as direct comparisons were not made between individual participants.
Non-disabled test results were gathered to get an overview of the strength capabilities
of this population.
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Table 3.1 Non-disabled participant number, injury level and wheelchair type

Participant Number Age Injury Level AIS Severity Wheelchair Type

P00 23 Non-disabled N/A Manual
P01 22 Non-disabled N/A Manual
P02 23 C6 AIS B Manual
P03 28 C5 AIS B Manual
P04 58 C6 AIS A Manual
P05 57 C7 AIS A Manual
P06 41 C5 AIS A Power
P07 43 C5 AIS A Power
P08 55 C6 AIS A Manual
P09 43 C7 AIS A Manual
P10 60 C4 AIS A Power
P11 30 C5 AIS B Power
P13 28 Non-disabled N/A Manual
P14 26 Non-disabled N/A Manual
P15 22 Non-disabled N/A Manual
P16 26 Non-disabled N/A Manual
P17 26 Non-disabled N/A Manual
P18 48 Non-disabled N/A Manual
P19 52 Non-disabled N/A Manual
P20 24 Non-disabled N/A Manual
P21 24 Non-disabled N/A Manual

P01A 24 Non-disabled N/A Manual
Mean (SD) 35.6 (13.5)

Note: Participant P01 completed testing twice. P01A refers to the second set of results

As detailed in Table 3.1 two different types of wheelchairs were used during testing.
SCI participants all used their own wheelchair; able-bodied participants used a provided
manual wheelchair. Manual wheelchairs were used by 17 of the participants to complete
testing and the remaining four participants used a power wheelchair. Power wheelchairs
were used by participants who used this type of wheelchair everyday. Power wheelchairs
are helpful to provide assistance with the propulsion and improve mobility. The type of
wheelchair was recorded as power wheelchairs provide the user with a greater level of
postural support. An example of each wheelchair style used in the study is shown in
Figure 3.8.
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(a) Manual Wheelchair (b) Power Wheelchair

Figure 3.8 Types of wheelchairs used during testing

3.4.2 Polar Plots of Each Participant

With the exception of the initial two tests, all experimental data using a 200mm
spacing was gathered in a single test session of no more than two hours at the UC. The
experimental data for each participant was processed using MATLAB [The Mathworks
2017]. A polar plot was generated for the left and right side of each participant as shown
in Figure 3.9 to Figure 3.30. The initial test for participant P00 used a sampling rate
of 20Hz, after this initial test the sampling rate was increased to 75Hz to increase the
detail of the polar plots. To improve the clarity of each polar plot, a circular force scale
and an outline of a wheelchair and participant have been included. It should be noted
that the posture of the participant and shape of the wheelchair are not representative
of the posture used during physical testing. The outlines have been adjusted to match
the shoulder position of the participant that was used during testing.

The definition of a test point being unreachable if it could not be reached using a
normal posture was updated after testing participant P02 and P03. This is the reason
why the forward most polar plots from these participants have polar plots that are not
centred at 0N of force. Instead, due to the weight of the participants arms (and the fact
that they can not support this weight) the polar plot always has an amount of force in
the -Y direction. For normal postures, upper body leaning will still have an impact on
the magnitude of force measured in the radial direction. The effect will be larger at test
points where the participant is leaning forward and pivoting at the hip. The effect will
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Figure 3.9 Polar plots for participant P00 (Non-disabled)

-0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

(a) Left Polar Plot

-0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

(b) Right Polar Plot

Figure 3.10 Polar plots for participant P01 (Non-disabled)
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(b) Right Polar Plot

Figure 3.11 Polar plots for participant P02 (C6 AIS B)
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(b) Right Polar Plot

Figure 3.12 Polar plots for participant P03 (C5 AIS B)



3.4 STRENGTH TESTING RESULTS 43

-0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

(a) Left Polar Plot

-0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0
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Figure 3.13 Polar plots for participant P04 (C6 AIS A)
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Figure 3.14 Polar plots for participant P05 (C7 AIS A)
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(b) Right Polar Plot

Figure 3.15 Polar plots for participant P06 (C5 AIS A)
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(b) Right Polar Plot

Figure 3.16 Polar plots for participant P07 (C5 AIS A)
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Figure 3.17 Polar plots for participant P08 (C6 AIS A)
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Figure 3.18 Polar plots for participant P09 (C7 AIS A)
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(b) Right Polar Plot

Figure 3.19 Polar plots for participant P10 (C4 AIS A)

-0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

(a) Left Polar Plot

-0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0
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Figure 3.20 Polar plots for participant P11 (C5 AIS B)
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Figure 3.21 Polar plots for participant P13 (Non-disabled)
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Figure 3.22 Polar plots for participant P14 (Non-disabled)
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Figure 3.23 Polar plots for participant P15 (Non-disabled)
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Figure 3.24 Polar plots for participant P16 (Non-disabled)
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(b) Right Polar Plot

Figure 3.25 Polar plots for participant P17 (Non-disabled)
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(b) Right Polar Plot

Figure 3.26 Polar plots for participant P18 (Non-disabled)



50 CHAPTER 3 STRENGTH STUDY

-0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

(a) Left Polar Plot

-0.1 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

(b) Right Polar Plot

Figure 3.27 Polar plots for participant P19 (Non-disabled)
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Figure 3.28 Polar plots for participant P20 (Non-disabled)
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Figure 3.29 Polar plots for participant P21 (Non-disabled)
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Figure 3.30 Polar plots for participant P01A (Non-disabled)
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also be larger for participants with a bigger body mass. The lower points of participant
P03 have a much more circular shape. This is due to the participant using an unusual
posture of resting his torso on his thighs to reach these points. This posture eliminated
the risk of the participant pivoting at the hip (and falling out of his wheelchair) when
completing isometric force exertions for these points.

It should be noted that one of the participants (P06) used a chest strap while
completing testing. This may have helped the participant to produce larger forces in
positions where the participant may have been at risk of pulling himself out of his
chair. Participant P05 reported neuropathic pain in their right arm and demonstrated
significantly less isometric strength than the other participant with the same injury level.
Participant P10 was one of the participants who used an electric wheelchair. Before
one test, a slight adjustment of the seat tilt was made. This was noted and recorded in
the video footage of test session.

Generally, the results for each hand produced polar plot of similar size and shape
for all participants except participant P05 (who had neuropathic pain in their right
arm) and P07 (who had considerably less function of his left arm). For this study,
handedness was not considered and the results for the left and right hand were not
explicitly compared. This was because the focus of the study was to investigate the
strength characteristics generally. Absolute maximums were not the main focus, instead,
the polar plot patters and areas where maximum force occurred was of more interest.
For this reason the results from the left and right hand were averaged together when
further analysis of the data was completed.

The shape of the polar plots for participants with tetraplegia tended to have an
approximately elliptical shape. In general the polar plot from non disabled participants
tended to be a thicker elliptical shape. There was a large amount of intra-participant
variation in the shape of the polar plots for each participant. This is expected as
different test points require the participant to adjust their posture. This variation also
shows that the strength patterns are not constant over the participant’s range of motion.
One reason for this variation could be due to the amount of upper body movement
during testing. Some participants moved their upper bodies more than others during
testing, participant P09 (C7) was one of the participants who moved their upper body
a lot when completing isometric force exertions. The observations from testing suggest
that participants with more upper body function tend to move their upper body more
when completing isometric force exertions.

The polar plots generated by non-disabled participants in this study have a more
continuous circular shape compared to the polar plot of multidirectional force generated
by L Hollingsworth. This is likely caused by the way that the multidirectional strength
has been captured and presented. The previous study relied on a single compression load
cell to measure isometric force at 12 directions. The results from 12 tests at different
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directions were then combined using a cubic interpolation spline to generate polar plots.
The polar plots made using measured multi-directional forces for an able-bodied subject
by L Hollingsworth are shown in Figure 3.31.

Figure 3.31 Polar plots from a non-disabled participant [Hollingsworth 2010]

The polar plots using the improved testing method suggest that using an interpola-
tion spline may not be the best method to generate polar plots. Many of the polar plots
have an irregular shape which is caused by the cubic interpolation. When comparing
the trends for the maximum force directions both methods found that the direction of
the strongest force tended to be at a direction radiating from a point near the top of
the backrest.

3.4.3 Injury Level Comparisons

Visual comparisons of the polar plot shapes from participants with different injury levels
revealed that there was a large amount of variation in the magnitude of force produced.
To investigate the variation in isometric force, the average maximum force for each test
participant was found.

For each SCI participant, the maximum force (in any direction) for each test point
was recorded over all test points and then averaged for each hand. The values for each
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side were averaged to determine the average maximum force for each participant. The
results for each participant are shown in Table 3.2 where they have been grouped by
injury level.

Table 3.2 Average maximum force for each injury level

Injury Level Maximum Force Values [N] Average Maximum
Force [N]

C4 49.2 (P10) 49.2
C5 58.8 (P03), 58.7 (P07), 93.9 (P11), 111 (P06) 80.5
C6 117 (P02), 155 (P04), 207 (P08) 160
C7 207 (P09) 207

The results from Table 3.2 demonstrate that participants with higher SCI levels
have lower maximum force. This trend agrees with the isometric force results prior
studies completed by Gooch and Hollingsworth [Gooch et al. 2011, Hollingsworth 2010].
This trend also supports the findings that better isometric strength levels are correlated
with increased function [de Lima et al. 2016]. It should be noted that the results from
participant P05 (C7 AIS A) were not included in Table 3.2 due to their neuropathic
pain in their right arm. The results from participant P05 were comparable to the
participants with a C5 SCI.

Comparisons of participants with the same injury level

To investigate whether there were common patterns for specific injury levels, multiple
force polar plots were plotted on a single plot. This was completed for individuals
with C5, C6 and C7 injury levels to enable visual comparisons of the polar plots.
Where necessary, the data was adjusted to ensure that the shoulder positions of both
participants were at the same location. This was necessary to enable the range of
motion for each participant to be compared. Changing the shoulder positions to match
made it easier to compare the polar plot shape for each participant relative to the
shoulder. This change also enabled a single participant and wheelchair to be included
in the plot. To move the shoulder position, the horizontal X and vertical Y coordinates
of the test data were adjusted. Figure 3.32 shows an example of a combined plot for
two participants that are both C6 AIS A. To match the shoulder position, the data
from participant P08 has been offset, +100mm in the vertical Y direction and -50mm
in the horizontal X direction.

Figure 3.32 highlights that there can be a number of differences in polar plots
characteristics for individuals with the same injury level. This was a common finding
when participants of the same injury level were compared. The two polar plots show a
large amount of variation in both the range of motion and the magnitude of applied
force. When comparing range of motion, participant P04 was not able to reach any
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Figure 3.32 Right hand polar plot for participants P04 and P08 (both C6 AIS A)

test points behind the shoulder position but was able to reach some forward points
by resting their trunk on their thighs. In terms of force, participant P04 had a lower
average maximum force of 52N (as detailed in Table 3.2). There are some similarities
in the force direction patterns of the polar plots as both participants tend to apply
the maximum force in similar directions. The maximum force direction tended to pass
radially through a central point of the participant’s backrest. In general, the shape of
the polar plots from participant P04 tended to be a narrow elongated elliptical shape.
The results from participant P08 create polar plots with a somewhat different shape.
With the exception of four points at the edge of the participant’s range of motion, polar
plots generated from participant P08 had a more circular shape. Polar plots from P08
had a larger component of force in the direction perpendicular to the maximum force
direction compared to participant P04.

Comparison of Specific Point for SCI Participants

A comparison was completed to investigate whether injury level has an impact on the
general shape of the polar plots. The polar plots from three participants with different
injury levels were used. The participant’s numbers were P02 (C6 AIS B), P03 (C5 AIS
B) and P09 (C7 AIS A). These participants were chosen for this example as they all
had the same shoulder position (within 50mm) and all used a manual wheelchair. The
results from four tests points were plotted on individual polar plots. The location of
these test points are shown in Figure 3.33. The results from each of test points are
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shown in Figure 3.34.
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Figure 3.33 Test points used for injury level comparison

The polar plots in Figure 3.34 illustrate that there is a clear difference between
polar plot size and shape for the three injury levels. Participant P03 (C5) consistently
has a polar plot of smaller magnitude but with a more circular shape. In comparison the
polar plots from participant P02 (C6) and participant P09 (C7) have a more elongated
elliptical shape with a larger magnitude of maximum force. In general, the magnitude
of force produced by participant P09 was larger than P02 and P03. It is assumed that
the increase in function for lower cervical injuries due to the fact that more upper limb
muscles are innervated.

The initial investigation of polar plot shapes for specific test points suggested that
there may be a link between polar plot shape and injury level. To investigate this further
and see if a trend exists between polar plot shape and injury level, a dimensionless
analysis of the data from all participants was completed. This is described in the next
subsection.
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(a) Point 145 (b) Point 147

(c) Point 173 (d) Point 175

Figure 3.34 Left hand polar plots from P02, P03 and P09
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3.4.4 Analysis of Polar Plot Shape

To analyse the patterns of polar plot shapes the ratio between the average minor axis
and major axis was developed. These values are defined using the maximum force as
described below. This ratio is a dimensionless way to compare test results between
different participants. The hypothesis before completing a dimensionless analysis of
the results was that participants with a higher SCI would produce polar plots that are
increasingly thin.

To normalise the data for all test participants, the following method was used. i)
The maximum force magnitude and direction were extracted from the raw data for
each test point on both left and right side individually. This value was used to define
the major axis. ii) Using this reference, the maximum force in the 0, 90, 180 and 270
degrees directions were recorded. A tolerance of ±5 degrees was used when finding the
maximum force at the desired directions. iii) The average values for the major axis
(0 and 180 degree) and minor axis (90 and 270 degree) were found for each point on
the left and right side. iv) The average minor axis value was divided by the average
major value for each point. v) Finally, to obtain a single value for the average minor
to major axis ratio for a participant, the average ratio for all points on both left and
right sides was calculated. A ratio of one would suggest that the polar plots are, on
average, circular. The average minor to major axis ratio for all participants is shown in
Figure 3.35.

Figure 3.35 Average minor and major axis ratio for all participants

The results from Figure 3.35 show that non-disabled participants tended to have a
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larger average minor to major axis ratio of 0.42 compared to an average value of 0.26
for SCI participants. This means that non-disabled participants are able to produce a
larger proportion of force in the minor axis (perpendicular to the major axis) compared
to the major axis (which is defined as the direction where the maximum force value was
recorded). This is visualised in the polar plots shape as a more circular polar plot.

Figure 3.35 can be used to investigate whether participants with higher level cervical
SCI produce polar plots with a thinner elliptical shape. This would be shown by a lower
average minor to major axis ratio. The results from Figure 3.35 do not support the idea
that polar plots produced by participants with a higher SCI would produce polar plots
that are increasingly thin. In fact, the opposite pattern is observed where participants
with a higher SCI generally have a larger average minor to major axis ratio compared
to participants with a lower SCI.

To examine this result further, the trend of the absolute value of the average minor
and major axis force for each SCI participant was explored. Figure 3.36 gives insight
into how the major and minor axis forces change with injury level. Linear spacing on
the abscissa has been completed to increase the accuracy of the the linear trendlines
that have been added.

Figure 3.36 Comparison between average major and minor axis forces

The trendlines in Figure 3.36 show that the major axis force decreases with increased
injury level more rapidly than the minor axis force. This means that radial strength
decreases more significantly than circumferential strength with injury level. Participants
with a higher SCI level produce a lower major axis force compared to lower injury levels.
However, the difference between major axis force and minor axis force is smaller for
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higher level SCI participants which results in the larger minor to major ratio seen in
Figure 3.35.

Spline Fitting

Spline fitting was explored as a potential method to display the data to allow for scaling
and averaging to be completed. To create splines, the raw data for each test point
was sorted into discrete intervals of 30 degree increments (starting at 0 degrees). The
sorting process records the largest force within the specified tolerance of ±5 degrees at
the direction of interest.

Figure 3.37 shows an example of how a fitted spline can be plotted for all directions
over the raw data. This example has been completed using data gathered at point 119
for P00.

Figure 3.37 Fitted spline over raw data for P00 on point 119

The spline function increases the number of points between the chosen intervals.
For this test point the spline function is effective for capturing the shape of the polar
plot made using the raw data. However, a limitation of using a spline function is that
it will not work on polar plots that have multiple directions with a measured force of
zero. The fit of the spline function is also heavily dependent on the curvature of the
measured data. The more irregular the measured data is, the harder it is to fit a spline
to the shape of the polar plot. The measured data from participants with tetraplegia
often produced irregular shaped polar plots that had a number of directions where little
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or no force was measured. Because of this, fitted splines were not used as a method to
analyse the data.

The method and results that are described in this section have been included to
show that spline fitting should not be used as a method to attempt to fit the polar plot
shape. Spline fitting was originally explored as a potential method to display the data
of each polar plot. In future, if it is desirable to display the shape of the polar plots
at each point a single parametric cubic or quadratic function that gives an acceptable
error would be more useful than a spline fitting method.

Contour Plots of Average Minor to Major Axis Ratio

To investigate the areas where polar plots were the most circular, an alternative method
was used to display the data. For each test point the minor to major axis ratio was
averaged using the results from the left and right hand to get a single value for each test
point. Contour plots were made for each participant using to show the average minor to
major axis ratio over the test area. A contour plot was chosen to display the results as
it made it very easy to see the areas where the contour plots were most circular based
on the minor to major axis ratio.

The contour plots showing the average minor to major ratio for the right hand of
participant P08 and P14 are shown in Figure 3.38.

The contour plots for the remaining participants have been included in Appendix
A. The average value and location and the maximum minor to major axis forces along
with the distance from the participant’s shoulder are shown in Table 3.3 to 2 decimal
places.

The results from Table 3.3 show that the most circular polar plot always occurred
in front of the shoulder. The average location for the most circular polar plot for all
participants was forward and slightly below the shoulder. The total distance of this
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Figure 3.38 Contour plots of average minor to major axis ratio
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Table 3.3 Location of maximum minor to major axis ratio in test environment

Participant Average Maximum X Location Y Location Distance from
Number Minor to Major Ratio [m] [m] Shoulder [m]

P00 0.83 0.60 -0.80 0.41
P01 0.54 0.40 -0.70 0.28
P02 0.53 1.00 -1.50 1.00
P03 0.70 0.40 -1.20 0.34
P04 0.54 0.60 -1.30 0.64
P05 0.51 0.40 -1.10 0.32
P06 0.65 0.20 -1.00 0.22
P07 0.51 0.45 -0.70 0.27
P08 0.64 0.60 -1.30 0.53
P09 0.47 0.40 -1.20 0.34
P10 0.40 0.45 -0.70 0.32
P11 0.63 0.60 -1.00 0.45
P13 0.77 0.80 -1.20 0.63
P14 0.75 0.40 -0.90 0.10
P15 0.82 0.60 -0.90 0.30
P16 0.67 0.40 -1.00 0.18
P17 0.67 0.40 -0.80 0.13
P18 0.77 0.80 -1.20 0.67
P19 0.75 0.60 -0.80 0.32
P20 0.83 0.40 -0.80 0.14
P21 0.57 0.50 -0.70 0.36

P01A 0.56 0.60 -0.60 0.42
Average 0.64 0.53 -0.97 0.38

position from the shoulder position was 0.38m. This information is useful for a designer
to use to select a suitable position where force applications in multiple directions is
required. The horizontal distance to the most circular polar plot for the non disabled
participants and participants with tetraplegia were similar with values of 0.29m and
0.3m respectively. The vertical location of average maximum minor to major ratio had
more variation with locations ranging between -0.6m and -1.5m for different participants.
This variation was impacted by the fact that some of the participants produced their
most circular polar plot near the bottom measurement points.

Modelling will be useful to investigate possible reasons for this pattern. Comparisons
will be made comparing the areas where average minor and major axis ratio is expected
to be larger for the injury levels of interest.

3.4.5 Wheelchair Comparisons for SCI Participants

Two different types of wheelchairs were used during testing, 70% of SCI participants
used a manual chair. The force polar plot results revealed a clear difference in polar
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plot shape between the two different types of wheelchairs. To investigate this difference,
the results from a participant using each wheelchair type were displayed on a single
polar plot to get a clear picture of the difference in shape of the polar plots and the
number of points that could be reached. An example of a polar plot with results from
two participants who used different types of wheelchairs are shown in Figure 3.39. Both
participants have approximately the same shoulder position which makes it easy to
compare their results.
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Figure 3.39 Right hand polar plot of participant P04 and P07

The size of the polar plots in Figure 3.39 follow the trend displayed in Table 3.2.
The polar plot shows that participant P07 produces a significantly lower magnitude of
force compared to participant P04. The polar plots for P07 are more circular with an
average minor to major axis ratios of 0.45 compared to 0.23 for participant P04.

The observations of polar plot size and shape are supported by the test results from
the rest of the participants. The average minor to major axis ratios of both hands for
power and manual wheelchairs users are 0.29 and 0.23 respectively. This indicates that
participants who used power wheelchairs were able to apply a more uniform amount
of force in all directions and thus generate a more circular shaped polar plot. On the
other hand, the average maximum force for power and manual wheelchairs users was
78N and 133N respectively. However, the fact that power wheelchair users have a lower
average maximum force is not surprising as a greater number of these participants had
a higher level SCI.

The exact explanation for these observation is unclear as there are a number of
factors that may be having an effect on the results. One explanation for this observation
may be the fact that power wheelchairs provide better postural support to the user.
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People with tetraplegia have little or no control of their abdominal muscles which puts
them at risk of flopping forwards or falling out of their chair. The main way power chairs
provide more support to the user is by having a larger back rest. Figure 3.8 clearly
shows the difference in backrest size for the different wheelchairs types. Power chairs
also have the ability to tilt which enables the user the opportunity to compensate for
the lack of trunk function by adjusting their body position. This reduces the likelihood
of the wheelchair user falling forward out of of their wheelchair when exerting force
at their hands. One drawback power chairs have is a reduced range of motion, which
is also apparent in the polar plots with participant in power chairs reaching less test
points that participants in manual chairs. During testing, stability was mentioned as a
factor limiting the strength output by SCI participants (as they did not want to push
themselves out of their chair). There were some directions where participants felt they
could have produced a larger exertion, however due to their lack of trunk function this
would have caused them to flop forwards or fall out of their chair. This comment about
stability impacting function is supported by studies that have investigated the impact
postural stability has on the completion of daily living tasks using upper extremities
[Gauthier et al. 2013].

The type of wheelchair and the way it has been configured impacts the user’s comfort,
posture and stability [Harms 1990]. A common dilemma individuals in wheelchairs face
is the trade off between having both adequate postural support and the highest degree
of upper limb mobility. For this reason, individuals with lower upper body function
are often better suited to use a power chair. This makes it hard to determine which
factor is the cause and which is the effect. Participants who use power wheelchairs may
have more circular polar plot because they are in a power wheelchair (which they are
more supported in). Alternatively the polar plot shape may not be directly linked to
their stability, but instead due to the fact that they have a larger reduction of upper
limb mobility (which effects the maximum strength output in the radial more than the
transverse direction). The reason some participants are in a power chair may simply be
because it is better suited for their level of upper mobility.

More testing is required to determine whether wheelchair type has a significant
effect on polar plot shape. One way this could be completed is through testing the same
participant twice using different types of wheelchairs. Comparing the resulting polar
plot shapes would allow the effect of wheelchair type to be observed. An attempt was
made to complete this type of testing, however a suitable participant was not found.
Testing with a larger sample size will also help to aid in explaining polar plot trends for
different injury levels. Another way the role wheelchair type could be investigated in
future work would be by recording the joint angles and posture used by the participants
during testing. This information would make comparisons between the two wheelchair
types to be analysed in further detail. This is would be particularly useful when testing
the same participant in two different wheelchairs. Following this, wheelchair type and
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the corresponding body position could also be added as a parameter to future fitted
and biomechanical models.

3.5 SUMMARY

The results from this study have validated the testing method and shown that it is an
efficient way to rapidly gather detailed multidirectional strength data for a number of
participants in a seated position. The test apparatus and method developed in this
chapter are a significant improvement on the previous test rig and method that was used
by L Hollingsworth and Gooch et al. Using the improved test rig, data of much greater
resolution can be recorded at a fraction of the testing time that would be required
using the previous test rig. All test sessions took less than two hours to complete. The
repeated test points have shown that the method is capable of capturing data reliably.

Testing was completed by a total of 21 participants. The results highlighted the
difference in strength capabilities for non disabled people compared to individuals with
tetraplegia. This study was the first to capture detailed multidirectional strength in the
sagittal plane for people with tetraplegia at multiple points over their range of motion.
The polar plots generated using the data from 10 participants with tetraplegia has
provided a much needed baseline for understanding the multidirectional arm strength
of someone with a cervical SCI. This information will be useful to aid designers and
enable to streamline their design process.

The investigation into the average maximum force showed that participants with a
higher SCI had a lower average maximum force. This result agrees with the outcomes
of previous studies investigating the isometric strength of people with tetraplegia. This
strength data can be used guide force limits to designs to help reduce the risk of
cumulative trauma disorders occurring for people with tetraplegia.

The test method developed in this chapter give the opportunity for further strength
research to be completed. Future work should aim to use this test method to quanti-
tatively evaluate the effectiveness of surgical procedures used to improve upper limb
function for individuals with tetraplegia. An investigation into the effect wheelchair
type has on polar plot shape would also be useful.





Chapter 4

FITTED MODEL

In Chapter 4 a mathematical model has been developed to generate strength maps to
aid designers during the design process. Chapter 2 highlighted that there is currently
no model available to designers to aid them when they are designing for people with
tetraplegia. The use of fitted models enables strength patterns to be displayed using
normalised 2D force contour plots for each direction of interest. The equations for the
fitted models allow a prediction of the expected force to be made at the point of interest
within the test area.

Overall the fitted models had a good fit to the raw data gathered during the strength
study in Chapter 3. The fitted models were able to capture the strength patterns and
areas where peak forces would occur in the test area with high accuracy. Using the
models, expected forces for specific directions can be determined for user specific designs.

Comparisons between participants with tetraplegia of the same injury level had a
large amount of variation and did not show consistent strength patterns. The fitted
models for non-disabled participants were similar and shared consistent patterns. A
general model was developed using data from a number of non-disabled participants.
The usefulness of the force predictions made from this model will be compared in
Chapter 6.

4.1 INTRODUCTION

Previous studies completed by Gooch and Hollingsworth have proposed that it could
be possible to create characteristic strength maps for each complete SC injury level
[Gooch et al. 2011, Hollingsworth 2010]. Strength maps would be useful as a tool to
aid designers by allowing expected areas of high strength to be easily determined. To
investigate whether there were any patterns for specific force application directions
further analysis of the empirical data was required. The previous studies reviewed
in Chapter 2 highlighted that there are a number of different methods that could be
implemented to develop a mathematical model to represent the strength patterns for
specific directions of interest. After reviewing the different models, a fitted model was
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selected as the modelling method to be used in this study.

The development of a fitted model will enable designers to make predictions as to
where areas of high strength would be expected. The data gathered in the strength
study will be used as inputs to the model. Equations fitted to the empirical data will
be based on the (x,y) location as defined in the test area for each specific direction.

The objective of this chapter is to investigate whether there are consistent strength
patterns for specific directions using the multidirectional strength data recorded from par-
ticipants in the strength study. Using a fitted model, the patterns for both non-disabled
participants and participants with tetraplegia can be approximated and displayed on
a 2D contour plot. Contour plots of force are useful to give an overview of the area
where the minimum and maximum strength will occur. Following the investigation of
individual strength patterns, the next objective will be to combine similar models to
make a generalised model. This would be useful to indicate the areas where maximum
strength would be expected for people with different injury levels. This tool would help
to reduce the number of points required from physical testing to get an overview of the
strength of the person of interest.

4.2 METHOD

The development of an appropriate method to create a fitted model from the experimental
data was an iterative process. For this reason the method section will be broken into
three subsections, the model development, initial modelling and refined modelling.

4.2.1 Model Development

The strength data gathered from empirical testing was used to develop a fitted model
to generate normalised force contour plots for each participant. Contour plots were
generated in the sagittal plane for 12 directions starting at 0 degrees (which refers to
pushing in the positive x direction) increasing anticlockwise in 30 degree increments
when viewed from the participant’s right hand side. This enabled the patterns for 12
specific directions to be analysed.

The method to produce the initial and refined model start by using the same
process. To begin, the raw data was filtered at each test point. The maximum force for
the direction of interest was recorded. A tolerance of ±5° was used when finding the
maximum force for each direction. This means that the recorded force values within
a 10° range were evaluated to determine the maximum force for each direction. The
filtered data from each participant was recorded into a single matrix so that the data
entries for each direction could easily be compared and reviewed.

During this process there were points within the participants’ range of motion
where no force was able to be produced in the direction of interest. For these points
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a force value of zero was used as an input to fit the equation for a fitted model. This
ensured that the model made accurate predictions of areas where no force was produced
within the participant’s range of motion. If this step was not completed the model
would incorrectly predict force values that were not detailed in the contour plots made
using the raw data. Test points withing the participants’ range of motion that were not
evaluated during testing were also excluded when collating the data to use as an input
for the fitted model.

To normalise the data, each data point was divided by the value of the maximum
force measurement produced by the participant for the direction of interest. This was
completed for both the left and right side independently. The initial model used the
data for the left and right side to make separate models for each side. The refined
method averaged the values for each side to generalise the data for each participant.
Averaging was completed to provide a holistic overview of the participants’ strength
patterns for the direction of interest. This step also helped to smooth out the variation
between each hand.

The curve fitting toolbox within MATLAB was used to generate the equations
for each of the fitted modelling methods. Two contour plots were generated for each
direction using the normalised data for each participant. This was completed to allow
visual comparison between the empirical data and fitted model. The goodness of fit
was calculated for each model by calculating the adjusted R2 value for each direction.
Average adjusted R2 values were used in this chapter to give a concise indication of the
goodness of fit of the each of the models over the range of test points measured during
testing. Due to the number of test points that are evaluated, it is not practical to
include each individual adjusted R2 value. Where necessary, the range of the adjusted
R2 values has been included to give further detail.

To create the first contour plot of the raw data, a linear interpolation function
("linearinterp") was used within the curve fitting toolbox. Linear interpolation was
used to create a smoother contour plot that displayed an accurate representation of the
patterns of the raw data. Interpolation was necessary as each test point was spaced out
on a 200mm grid for all participants except for P00 and P01.

At this point the method for the initial and refined modelling differ. Both modelling
methods generate two contour plots using a different selection of data points as inputs
to the curve fitting toolbox. The method that was used to select the input data and
generate each model is described in the relevant subsection.

4.2.2 Initial Modelling

For the initial modelling, data points from outside the participant’s range of motion
were used as inputs to the curve fitting toolbox in MATLAB. These data points had
a force value of zero and were included to investigate if it was possible to develop a
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fitted model that could be plotted over the entire area used during testing. A fifth
order polynomial (Linear model "poly55") was fitted to the empirical data using the fit
function in the curve fitting toolbox to generate a model for each direction of interest.
The fifth order polynomial was chosen as it has the best fit to the empirical data. This
was evaluated visually using the contour plot of the empirical data and contour plots
from lower order models. The equation for the fifth order polynomial is shown below.

F (x, y) = p00 + p10x + p01y + p20x2 + p11xy + p02y2 + p30x3 + p21x2y

+ p12xy2 + p03y3 + p40x4 + p31x3y + p22x2y2 + p13xy3 + p04y4

+ p50x5 + p41x4y + p32x3y2 + p23x2y3 + p14xy4 + p055

(4.1)

4.2.3 Refined Modelling

The initial method was refined to investigate whether it was possible to generate fitted
models with an improved fit to the empirical data. This iteration of the modelling
method had a focus on creating a model that was better at capturing the peaks of
the raw data specifically over the areas where the participant could reach. For this
reason, a different criteria was used to select the input data to create each model. Each
model was developed only using input data from test points that the participant could
reach during testing and complete a force exertion. No data points from outside the
participants’ range of motion were used. The resulting contour plots were only plotted
over the region where the participant had completed force exertions during testing.

To create the refined fitted model, the fit function in the curve fitting toolbox was
used. A fourth order polynomial (Linear model "poly44") was fitted to each direction of
the normalised data. The general form of the equation that was used can be seen in the
equation below.

F (x, y) = p00 + p10x + p01y + p20x2 + p11xy + p02y2 + p30x3 + p21x2y

+ p12xy2 + p03y3 + p40x4 + p31x3y + p22x2y2 + p13xy3 + p04y4
(4.2)

To determine the order of polynomial to use in the model, the averaged adjusted
R2 value for different order polynomials was compared using the experimental data
from participant P09. To get a single value to compare, the adjusted R2 value of the
contour plot for each direction was was averaged. The average adjusted R2 values from
this comparison ranged from 0.5953 to 0.9619 (4dp) as shown in Figure 4.1. The use of
a higher order polynomial will provided a closer fit to the experimental data. However,
increasing the order of the polynomials also increased the number of coefficients and
thus the model complexity. The fourth order fit was selected as it provided a sufficient
fit to the normalised strength data.
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Figure 4.1 Average adjusted R2 values for P09

4.3 INITIAL RESULTS

Fitted models were made for four participants using this method. Experimental data
from three participants with tetraplegia (P11(C5), P02(C6) and P09(C7)) and one
non-disabled participant (P00) was used. The contour plots in Figure 4.2 and Figure 4.3
show the resulting polar plots for P09 and P00 for the right hand at the zero degree
direction (which refers to pushing in the positive x direction). The initial plots used a
Jet colormap with a continuous colour bar.

The average adjusted R2 value for the models developed using the data from
participants with a SCI was between 0.4630 (4dp) and 0.5832 (4dp). When reviewing
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(a) Raw data contour
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(b) Fitted model contour

Figure 4.2 Initial 0◦ directional force contours for P09 (right side)
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(a) Raw data contour
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(b) Fitted model contour

Figure 4.3 Initial 0◦ directional force contours for P00 (right side)

the fit of the model to the raw data, the results showed that the areas of maximum
force were not captured very well. The peak forces predicted by the model were often
much lower than the measured forces in the raw data contour plot. For some directions
the normalised peak force value was as low as 0.4 (where the maximum force value is 1).

A fitted model was also created with experimental data from one non-disabled
participant (P00). This model had an good fit with an average adjusted R2 value of
0.8683 (4dp). A similar trend was seen for the peak force prediction with predicted peak
force values not reaching higher than 0.8. The contour plots made with the data from
the non-disabled participant were better at indicating the areas where maximum force
would be expected to occur. One reason for the increase in model accuracy compared to
the SCI results may be because of the greater number of test points that were completed
by participant P00. The initial test used a spacing of 100mm between test points.

The models developed using points outside the participant’s range of motion are
limited by how flat the resulting contours plots are compared to the raw data. The
model had a poor fit in areas where the force value changed rapidly. This occurred near
the edges of the participants range of motion. Many of the contour plots created from
the measured data had rapid changes in the magnitude of force over small changes in
the x and y directions. However, provided the model has a good fit, a flatter model
may still have some use if the designer only wants to know where the general areas of
maximum strength are for the user.

4.4 REFINED FITTED MODEL RESULTS

The refined modelling method was used to make a model for each participant using
the empirical data gathered during strength testing. Overall, 24 contour plots were
made for each participant resulting in a total of 528 contour plots being created. For
each direction of interest, a contour plot was made using the raw data and the fitted
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(a) Raw data contour
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(b) Fitted model contour

Figure 4.4 90◦ Directional force contours for P09
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(a) Raw data contour
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(b) Fitted model contour

Figure 4.5 180◦ Directional force contours for P09

model. Contour plots were only displayed over the points in the test area that the
participant could reach during testing. To make the contour plots easy to interpret a
Parula colormap was used. Ten discrete intervals were used in the colour bar of each
contour plot to ensure consistent colours were used throughout.

A selection of the contour plots and the table of coefficients for participant P09 are
included in Figure 4.4 to Figure 4.7 and Table 4.1. The rest of the results can be seen
in Appendix B.

Overall, the method to create a refined fitted model for each participant was effective
at capturing the force patterns for each direction of interest. The average adjusted R2

value for all of the directions for all the test participants was 0.9232 (4dp). There were
some directions for certain participants where the model did not provide a great fit to
the raw data. One example of this was the 150 degree direction for participant P02,
which had an average adjusted R2 value of 0.4421 (4dp). In general, the refined method
was much better at capturing the maximum and minimum force values within each
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(a) Raw data contour
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Figure 4.6 270◦ Directional force contours for P09
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Figure 4.7 0◦ Directional force contours for P09
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participant’s range of motion. The contour plots generated using the refined method
consistently reached maximum force values near 1 on each contour plot. There was a
big improvement from the flatness of the initial model.

4.5 DISCUSSION OF INITIAL RESULTS

To determine whether it was possible to create a general model for each injury level
the contour plots from each participant were grouped so that comparisons could be
made. This process allowed clear comparisons to be made between contour plots of
the same direction for different participants. The comparison of the contour plots
for participants with tetraplegia did not show consistent patterns. This was due to
two main factors. Firstly, there was a large amount of variation in the number of
points each of the participants could reach. For example, participant P05 could only
reach 17 points due to experiencing neuropathic pain in their right arm during testing.
Other participants with tetraplegia were able to reach more than twice as many test
points. The variation between participants made it difficult to complete a comprehensive
comparison as the range of motion was not simply a function of joint length. Other
factors such as wheelchair setup may have had a contributing effect. This meant that
the reachable points in the test area could not be normalised. As a result, contour plots
from different participants who had tetraplegia were not combined. More data would be
required to determine the factors dictating a participant’s range of motion. The second
factor was the low number of participants with the same injury level. Further results
from participants with the same injury level who have a similar range of motion would
be required to enable a general model for this population of people.

The development of the fitted models made for each of the participants with
tetraplegia has highlighted a useful tool that can be used to assist in the engineering
design process. The development of each model enables the expected force for any
direction at any point can be calculated for that person. To calculate the force, the
(x,y) values of the location of interest are input into the forth order polynomial with the
associated coefficients for the direction of interest. The current model give the result
in terms of normalised force. however, a model fit to the raw data measured during
testing would give the result in terms of the actual force. This would be very useful
in scenarios where design optimisation is required for a device to be used by a specific
person. Using the model strength requirements can be evaluated without the need of
a physical prototype. The use of a fitted model decreased the impact of the 200mm
spacing between test points has on the usability of the data.

The contour plots created from the fitted models for non-disabled participants were
far more consistent. Generally the patterns of the contour plots for each direction had
peaks in the contour plots in similar positions of the test area. The contour plots were
easy to compare as most of the participants were able reach a similar number of points
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during testing. This was likely helped by the fact that the non-disabled participants
had similar arm lengths with the average shoulder to centre of hand length being 0.63m
with a standard deviation of 0.031. The results from the non-disabled participants are
similar enough to justify creating a generalised fitted model.

The fitted models presented in this chapter all have higher average adjusted R2

values compared to the fitted model completed by L. Hollingsworth in 2021 which
had an average adjusted R2 value of 0.7325 for a single non-disabled participant. As
mentioned previously, the average adjusted R2 value for all of the directions for all the
test participants was 0.9232 (4dp). The lowest average adjusted R2 value from models
in this chapter was 0.7697 (4dp) for participant P02. The reason for this large difference
in the goodness of fit may be due to the fact that the model produced by Hollingsworth
plots the contours over a larger area. One drawback of using the method which gives a
better fit to the data is that the range of motion of the points that the user is able to
reach must be known. This is especially relevant when creating contours for people with
tetraplegia since there is a lot of variation in the range of motion for this population.
Knowing the bounds of the range of motion is also important for force directions that
were a maximum at the edge of the participant’s range of motion. This was the case for
a number of participants when exerting force in the 240◦ direction.

4.6 GENERAL MODEL FOR NON-DISABLED PARTICIPANTS

To see if it would be possible to create a general model, the results from non-disabled
participants were used. Results from non-disabled participants were selected for the
development of the initial model because both the contour patterns and range of motion
were similar. The aim of this model was to investigate whether a fitted model could
be created to predict the expected force between test points. This would reduce the
number of test points (and time) required to complete physical testing.

The following method was used to make a general model using the normalised
empirical data from non-disabled participants. First the arm lengths of the participants
were reviewed to see if any scaling would need to be completed. The average distance
between the shoulder to centre of hand length for non-disabled participants was 0.63m
with a standard deviation of 0.031m. For this reason scaling was not completed for
creation of the initial model. A review of the shoulder position of the non-disabled
showed that five participants (P14, P15, P19, P20, P01A) had the same shoulder
position of (0.3,-0.9) in the testing area. To increase the number of participants with the
same shoulder position the test data from participant P00 and P01 was translated such
that their shoulder positions were also at (0.3,-0.9). This gave a total of 7 sets of data
that could be used to develop an initial general model. The data from these participants
was able to be included and used in the development of the initial fitted models as the
testing from these participants was completed using 100mm increments. The data from
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(a) Raw data contour from multiple
participants
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(b) Fitted model contour

Figure 4.8 0◦ Directional force contours for general non-disabled model

participant P00 and P01 was filtered to aid with averaging so that the data matched
the points reached by the other participants. This filtering meant that test points were
removed if they were not completed during testing by the other participants (as there
would only be data from P00 and P01 for these points). The test data from remaining
participants with different shoulder positions was not used as the location of the test
points would not match. This made the data from the remaining participants difficult
to include when averaging the data. The data from the participants that were not
included in the development of the general model will be useful to use later to test the
practicality of the model. The test data from the participants with the same shoulder
position was averaged to combine the data to a single value for each test point. Zero
values were ignored when averaging was completed as this was due to some participants
not reaching the exact same grid of points. A fitted model was created using the matrix
containing the averaged normalised points from the selected non-disabled participants.

The contour plots for the 0◦, 90◦, 180◦ and 270◦ are included in Figure 4.8 to
Figure 4.11 .

Overall, the general model captured the averaged patterns from the combined data
well. The average adjusted R2 value for all of the directions was 0.9427 (4dp). The
contours were able to predict the areas where the peak force would occur along with the
shape of the contour areas. The maximum force value was captured well by the model
with some regions reaching between 80% and 90% of the maximum force value. The
method has shown positive results in developing a general model for the non-disabled
participants. The model is limited by the relatively small amount of raw data that
was used to create the initial general model. The model could be improved in the
future by increasing the amount of data that is used to create the normalised matrix
for all non-disabled participants. Another improvement could be to develop a method
to normalise the range of motion for each participant. This would enable the range
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(b) Fitted model contour

Figure 4.9 90◦ Directional force contours for general non-disabled model
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(b) Fitted model contour

Figure 4.10 180◦ Directional force contours for general non-disabled model
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(b) Fitted model contour

Figure 4.11 270◦ Directional force contours for general non-disabled model
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of motion captured by the fitted model to be scalable for participants of different size.
More information about the relevant factors would be needed to develop this.

The method that was used to generate the general model for non-disabled partici-
pants could also be used to generate a general model for the different SCI levels if there
is an adequate amount of data.

The practicality and accuracy of the general model will be evaluated in Chapter 6.
Comparisons will be made between the contour plots created using the general fitted
model and data from participants that were not included in the development of the
model. This will provide insight into the accuracy of the fitted model and whether it
can be used to reduce the number of test points required during testing.

4.7 SUMMARY

This chapter used multidirectional strength data from the strength study to investigate
whether consistent strength patterns exist for specific exertion directions. The strength
patterns for both the non-disabled participants and participants with tetraplegia were
analysed.

The methods that were used to develop the fitted models to predict force exertions
in the sagittal plane was described. The initial method used points from outside the
participant’s range of motion in an attempt to make predictions over the whole test
area. The contour plots produced using this method had an average goodness of fit and
were not able to capture the areas where maximum force would be expected in good
detail. In total 528 contour plots were generated for each direction to compare the raw
data with a fitted model for each participant using the refined method. Overall the
models had a good fit to the raw data with an average adjusted R2 value of 0.9232 (4dp)
for all participants and directions. The lowest average adjusted R2 value was 0.7697
(4dp) for participant P02. The fitted models captured the areas where maximum force
could be produced. The refined model was able to predict the magnitude of the peak
forces in good detail. The refined models are a tool that can be used by designers in
the design process. Expected forces for specific directions can be calculated to enable
the usability of designs to evaluated without the development of a physical prototype.

This models developed in this chapter compliment the results from the strength
study by making the strength data more usable. Using the results from the fitted models,
the patterns for both non-disabled participants and participants with tetraplegia were
analysed. The comparison of the contours plots for participants with tetraplegia did
not show consistent patterns. The fitted models for non-disabled participants displayed
similar contour patterns for each force direction.

A general model using the normalised empirical data from a number of non-disabled
participants was completed. The general model also had a good fit to the averaged
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raw data with an average adjusted R2 value of 0.9427 (4dp) for all directions. Further
development of this model using more data would improve the accuracy of the general
model and allow the range of motion capture by the model to be scalable. The method
used to develop a fitted model for the non-disabled participants could also be used for
people with tetraplegia if an adequate number of tests are completed.

Overall this model gives designers a method that can be used to predict general areas
where high forces can be produced. Further comparisons using the model developed in
this chapter will be completed in Chapter 6 to investigate whether the general model
could be used to predict areas of maximum strength and reduce the number of test
points required during testing.





Chapter 5

HUMAN MODELLING: MODEL DEVELOPMENT AND
RESULTS

Chapter 5 introduces the human model that forms the theoretical model component of
this thesis. A 2D model has been developed to enable multidirectional force patterns
to be investigated for the non-disabled and SCI population in a seated position. The
method used to develop the model is described. The assumptions used to define the
limiting factors employed by the model are outlined with the free body diagram (FBD)
of the model. The simple model employs two methods using joint torque and static
equilibrium limits to calculate the force polar plots over a person’s range of motion in
the sagittal plane. The results from the model support the observation that a limit
of a person’s force exertion is not simply a function of their joint strength. The force
predictions completed using the model have shown that static limits such as pivoting at
the hip are a key factor that impacts the multidirectional force a person with a SCI
can produce. The model developed in this chapter has provided a good starting point
for modelling people in a seated position and will be useful in Chapter 6 to complete
comparisons with the strength data captured during testing. This comparison will aid
in improving the understanding of the strength capabilities of people with cervical SCI
and explaining the strength patterns observed during isometric testing.

5.1 INTRODUCTION

Human models are often used to aid designers in refining their designs for unique
situations. A human model of a person in a seated position would be useful to help
streamline the design process when designing for a person with a SCI. The development
of a simple model to investigate the expected force patterns for a human in a seated
position would be beneficial for this context.

People with a cervical SCI are heavily dependent on their wheelchair for mobility.
The correct setup of the wheelchair is vital to allow this population of people to live
active and independent lives [Bolin et al. 2000]. Pelvic tilt is one of the many factors
that have an effect on the posture and thus the stability of the wheelchair user. The
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development of a simplified human model will be useful for the initial investigation of this
observation. The main purpose of the development of a simple model was to investigate
whether the impact of torso stability can be modelled to give further insight into the
limiting factors of strength for people with tetraplegia. During the strength study,
stability was mentioned as a factor limiting the strength output by SCI participants.
For this reason, factors such as the reduction in upper limb function following a SCI
and the effect a lack of torso stability has on force exertions was of particular interest.
This information will be useful for improving the current understanding of the strength
capabilities of people with cervical SCI and filling the gap in the literature identified in
Chapter 2.

A 2D model was selected over the existing models described in Chapter 2 as it
enabled a relatively simple analysis of the system to be completed. Using this model,
some of the factors that influence strength can be analysed. The simplified modelling
will provide a good starting point and overview of where the model works well. The
simple model also serves as a litmus test for whether further detailed modelling should
be completed.

5.2 MODEL ANTHROPOMETRICS AND STRUCTURE

A 2D FBD focusing on the upper body limbs and torso were used to develop the model.
The upper body, torso and head were modelled from a lateral point of view from the
right side of the body using four rigid links (Lt, Lh, Lu and Lf ). To determine the
posture of the model pin joints were used to represent the shoulder and elbow. For
simplicity the hands were not explicitly modelled and the forearm is assumed to attach
to the test point. To allow for the length of the hand the length of the forearm will
be adjusted to include the length of the hand. This setup is similar to the conditions
during testing where participants with tetraplegia were required to wear gloves that
assisted with grip. The FBD used to represent the upper body is shown in Figure 5.1.
The joint angles σ, β1, β2 and α have also been included.

The model has been set up such that the length and mass of the body used during
modelling are a function of total body height and mass respectively. This gives the option
of adjusting the anthropometric characteristics. This will be useful when comparing
results from the model with the empirical results from the strength study. Adjustments
can be made to the segment lengths and masses individually or by adjusting the total
mass and height of the model. Body segment data from a study originally completed
by Zatsiorsky in 1983 have been used. Adjustments were made to the data from this
original study by de Leva in 1996. The segment data was gathered from 100 male
Caucasian subjects who had a mean age, height and mass of 23.8 years, 1.741m and
73.0kg respectively [de Leva 1996, Zatsiorsky 1983]. A breakdown of the anthropometric
information used in the model are shown in Table 5.1 and Table 5.2. Percentages are
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Figure 5.1 Upper Body FBD with Angle Definitions

based on the total body height (Ltot) and mass (mtot) from the data provided by de
Leva. The values from de Leva are similar to segment length parameters from other
studies completed investigating body segment data [Plagenhoef et al. 1983]. It should
be noted that the length for the forearm used in the model was a combination of the
forearm and half the length of the hand as the hand was not explicitly modelled. The
masses in Table 5.1 represent the value for a single segment of the arm and leg.

Table 5.1 Segment Mass Data used in Model [de Leva 1996]

Segment Abbreviation Total Mass (%)

Head and Neck mh 6.94
Trunk mt 43.46

Upper Arm mu 2.71
Forearm and Hand mf 1.62 + 0.61

Thigh mth 14.16
Shank and Foot ml 4.33 + 1.37
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Table 5.2 Segment Length Data used in Model [de Leva 1996]

Segment Abbreviation Total Height (%)

Head and Neck Lh 11.7
Trunk Lt 30.5

Upper Arm Lu 16.2
Forearm and Hand Lf 17.9

Thigh Lth 24.3
Shank Ll 24.9

5.3 MODEL CONSTRAINTS AND RANGE OF MOTION
BOUNDS

To ensure that the model is only able to reach points using natural postures, limits
have been implemented on the joint angles for shoulder and elbow flexion and extension.
The limits have been set using the range of motion values from a study completed by
Boone and Azen. The range of motion bounds that were used in the model are shown
in Table 5.3. The neutral position for the upper arm is defined by its resting position
when it is directly down from the shoulder (between flexion and extension).

Table 5.3 Normal Range of Motion of Joints of Shoulder and Elbow [Boone and Azen 1979]

Joint Joint Angle Range of Motion (◦)

Shoulder (Backward) Extension λmin -62.3
Shoulder (Forward) Flexion λmax 166.7

Elbow Extension αmin 0
Elbow Flexion αmax 142.9

The position of β1 has been defined in Figure 5.1 such that the upper arm is in 90◦

flexion. The following equation is used to calculate λ and β1 which is used to ensure
normal postures are used by the model. The backrest angle from the horizontal σ was
defined based on the incline on the seat angle (θseatdump) and the seat angle between
the cushion of the seat and backrest(θseatangle).

λ = σ + β1 (5.1)

β2 = α + β1 (5.2)

σ = 180 − θseatdump − θseatangle (5.3)

In the model, inverse kinematics are used to determine the joint angle for each
test point within the testing environment. Unreachable points are not evaluated. β1

is calculated from the horizontal line from the shoulder joint. This value is used to
calculate λ. The second angle, α is calculated from the line of Lu to Lf as shown in
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Figure 5.1. The horizontal angle from the elbow, β2 is used to determine the moment
arm when implementing the static equilibrium and joint torque equations.

The location of the centre of mass (COM) for each body segment was used to
determine the limiting force based on the static equilibrium equations. The location
of the COM was defined using the percentage length from the proximal end of each
limb segment, as shown in Table 5.4. The COM lengths for each segment are defined
in the equations as LfCOM , LuCOM and LtCOM for the forearm, upper arm and torso
respectively.

Table 5.4 Segment COM Location used in Model [de Leva 1996]

Segment Reference % Segment Length
(from reference point)

Head and Neck Top of Trunk 48.98
Trunk Bottom of Trunk 55.15

Upper Arm Shoulder 57.72
Forearm and Hand Elbow 45.74

Thigh Hip 40.95
Shank Knee 44.59

Test Environment

The test environment for the model was setup based on the environment that was used
in the empirical study. This was done to ensure that the results from the model would
be comparable to the data gathered from the empirical study. The coordinate system
that was used is defined in Figure 5.2. The top left point in Figure 5.2 indicates the
origin position with the positive x direction to the right and positive y in the upwards
direction. The black circles represent the test points that were used during testing.
The bottom row of test points are 355mm above the floor of the test rig. The hip is
assumed to be at point 187 which is at the point (0.4,-1.3) in the test environment. The
shoulder position will change when variables such as the backrest angle, seat dump or
body length are adjusted.
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Figure 5.2 Environment used during modelling

5.4 DEVELOPMENT OF JOINT TORQUE BASED MODEL
EQUATIONS

The development of a simplified torque-based model was completed using the FBD
shown in Figure 5.3. The simplified model uses three rigid links with defined lengths
to get a basic representation of the forearm and upper arm. To derive the equilibrium
equations that were used in the model, this FBD was broken down into three sections
to represent each major limb. Each joint was considered to be a fixed joint when
deriving the moment equations for the elbow, shoulder and hip. Each FBD is included
in Figure 5.4. It should be noted that there is a limitation regarding the orientation of
the back as σ must be less than 90◦.

Using the FBDs, the following equations were generated to determine the force for
a single hand to match the results from testing. For this reason the mass of the head
and torso have been halved in the development of the joint torque equations. It should
be noted that that:

Fx = F.cos(γ)

Fy = F.sin(γ)
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Figure 5.3 Upper Body FBD used for Torque Equations

Using Figure 5.4a the following equations were derived for the forearm link.

R2x = −Fx (5.4)

R2y = −Fy + mf .g (5.5)

M2 = Fx.Lf .sin(β2) + cos(β2)(mf .g.LfCOM − Fy.Lf ) (5.6)

Using Figure 5.4b the following equations were derived for the upper arm link.

R1x = R2x (5.7)

R1y = R2y + mu.g (5.8)

M1 = M2 + cos(β1)(Lu.R2y + mu.g.LuCOM ) − sin(β1).R2x.Lu (5.9)

Using Figure 5.4c the following equations were derived for the torso link.

R0x = R1x (5.10)
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R0y = R1y + g(mh + mt) (5.11)

M0 = M1 − cos(σ)(Lt(0.5.mh.g + R1y) + 0.5.LtCOM .mt.g) − Lt.sin(σ).R1x (5.12)

Limiting Torques

Analysis of the system was completed in MATLAB. The analysis was completed to
visualise and investigate the effect limiting joint torques had on the possible force exerted
at the hand. To determine the limiting torque, maximum isometric joint moment values
were used as a starting point. Table 5.5 shows the maximum isometric joint moments
that were used in the model. When calculating the force required to pivot around the
hip it should be noted that the trunk extension moment limit was halved to determine
the force for a single hand.

Table 5.5 Maximum Isometric Joint Torques from [Rozendaal et al. 2003] and [Harbo et al. 2012]

Movement Moment Limit M (Nm)

Shoulder Extension M1min -79
Shoulder Flexion M1max 52
Elbow Extension M2min -43
Elbow Flexion M2max 37

Trunk Extension M0max 178.1

The limits in Table 5.5 give a single limiting torque value for each articulation. In
reality this is not the case as joint torque is a function of joint angle. Improvements were
made to the limits of the torque based equations to enable the limit of the shoulder and
elbow articulations to be a function of joint angle. Predictive torque equations for the
shoulder and elbow were implemented to define the limiting moment so that the limit
would be a function of joint angle [Bober et al. 2002]. The predictive torque equations
from this study were determined after testing was completed using twenty two healthy
males. The recreated limiting joint torque equations are shown in Figure 5.5.

Before implementing the limiting joint torque equations in MATLAB, the torque
curves from Bober et al. were recreated in Microsoft Excel. Recreating the results
enabled the limiting joint torque equations to be determined with high detail. This was
completed as the original regression equations in the paper did not produce sensible
results that matched the corresponding torque plots (e.g. negative maximum torques
and maximum torques over 100%). For this reason, the equations from the paper were
not implemented into the model. This error was likely due to rounding. The regression
equations that were generated to predict the maximum elbow and shoulder limits in
the model are shown in Table 5.6

A study completed by Rozendaal et al. in 2003 investigated the push force pattern in
manual wheelchair propulsion. To simulate the reduction in joint strength for different
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Figure 5.5 Normalised torque versus joint angle curves for flexion and extension



5.5 DEVELOPMENT OF STATIC EQUILIBRIUM BASED MODEL EQUATIONS 93

Table 5.6 Predictive torque equations for maximum shoulder and elbow articulations

Movement Torque equations

Elbow Extension 0.0001247α3 - 0.0386657α2 + 3.6581774α - 9.2731830
Elbow Flexion -0.0000998α3 + 0.0022541α2 + 1.0117515α + 50.2801120

Shoulder Extension -0.0000248λ3 - 0.0010131λ2 + 0.7263628λ + 60.6928283
Shoulder Flexion -0.0003285λ2 - 0.3587179λ + 86.0784486

injury levels, articulation constants were used to scale the strength to the desired injury
level based on the active muscle volume. The active muscle volumes for each joint were
combined by Hollingsworth as shown in Table 5.7. To simulate the joint strength of
a person with a SCI the non-disabled moment limits in Table 5.5 were scaled by the
percentages in Table 5.7. This method was used as it provides a simple way to decrease
the strength limits in proportion to the injury level.

Table 5.7 Involved muscle volumes for the four articulations as a percent of the able bodied values
[Hollingsworth 2010]

C5 C6 C7

Shoulder Extension 15.6% 50.5% 75.6%
Shoulder Flexion 40.3% 85.5% 100%
Elbow Extension 0% 0% 50.0%
Elbow Flexion 50.0% 100% 100%

5.5 DEVELOPMENT OF STATIC EQUILIBRIUM BASED MODEL
EQUATIONS

During the testing in the strength study it was clear that the participants were not only
limited by their muscle strength. Balance played a considerable role for the participants
with tetraplegia due to the lack of trunk function. It is important to take the hip line
into consideration when developing models (both fitted and biomechanical) for people
with tetraplegia. If the model is in a position where the upper body COM is in front of
the hip pivot the person with tetraplegia would pivot forward (if there is no external
support). In such case, no force can be generated for any test point. To take balance
into account, static equilibrium equations were developed using the same joint angle
definitions used in Figure 5.1. Static equilibrium equations will enable the limiting
forces required to push the model out of equilibrium to be investigated. Figure 5.6
displays the approximate location of the upper body (magenta) and full body (black)
COMs.

Equations were developed for the situation where the participant would tip forward
at the hip, tip backwards at the top of the backrest and slide forward off the seat of the
wheelchair. The equations enable the magnitude of force required to put the system
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Figure 5.6 Test Environment with COMs used in static equations

at the limit of equilibrium to be determined for each test point. The equations were
developed using Figure 5.7 with the upper body COMs and test environment shown in
Figure 5.6.

It should be noted that equilibrium around the hip uses the upper body mass, mU ,
while equilibrium around the backrest uses the total body mass mtot. An approximation
of the location of the COMs that were used to develop the equations are shown in the
FBD in Figure 5.7 using the same colour scheme used in Figure 5.6.

The equations used to calculate the maximum force at the hand from the hip and
backrest limits are shown below. The equations are all rearranged to leave the force at
the hand on the left hand side of the equation. The subscript after each F has been
included to specify the limit that equation is evaluating.
Force required for equilibrium about the hip:

Fhip = (g.mU .(xHP − xCOMu) + MHip)
(cos(γ).(y1 − yHP ) − sin(γ).(x1 − xHP )) (5.13)

Force required for equilibrium about the backrest:

Fbackrest = ((xCOMtot − xB).g.mtot)
sin(γ).(x1 − xB) − cos(γ).(y1 − yB) (5.14)

Two other limits were used to determine the limits of isometric force. The maximum
force that can be applied vertically down is limited by the participant’s total body
weight. A limit was also implemented by considering the force required to overcome the
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friction of the seat to slide forward off the chair.
Limiting force due to body weight:

Fselfweight = g.mtot (5.15)

Limiting force due to friction:

Ffriction = g.mtot(µ.cos(θseat) + sin(θseat))
µ.sin(γ − θseat) + cos(γ − θseat)

(5.16)

5.6 MODEL ASSUMPTIONS

To create the human model a number of simplifications and assumptions were made.
The assumptions relating to body mass, segment length and joint torque limits have
been outlined in the description of the model setup. Other simplifications include the
following:

• The forearm, upper arm and torso modelled as single links of fixed length.
• Arms are assumed to have no abduction (parallel with sagittal plane).
• Shoulder remains in a fixed position for all force exertion directions.
• Wrist is assumed to be pronated.
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• Arm strength is assumed to not be limited by wrist strength.
• Unusual postures not considered.
• Results for a single arm are assumed to be half of a two-handed calculation.
• The mass of the head is assumed to act in line with the shoulder.
• A friction coefficient of 0.7 was used between the person and the wheelchair

[Moorthy and Kandhavadivu 2015].
• The model assumed that each hand applies an even amount of force.

A simple model was chosen to complete the initial investigation of the effect different
limits have on force outputs for a person with tetraplegia. A single posture was chosen
for the head as it enabled a simple posture to be evaluated in the model. Increasing
the accuracy of the head position would not have a large effect on the results from the
model as the mass of the head is small relative to the torso. The distance the head COM
would move is also small. This kind assumption will be able to be improved in future
models to increase the accuracy of the force production limits. The implementation of
the simplifications listed has enabled the role of joint torque limits and static limits to
be clearly displayed and compared. The model enabled the expected polar plot shape
to be investigated for people with different levels of tetraplegia. The insights gained
from this modelling will be useful to determine the objective of more detailed modelling
in the future.

5.7 INITIAL RESULTS

The static and joint torque based equations outlined throughout the chapter were
implemented in MATLAB to simulate the environment used during testing. A copy of
the codes that have been developed are included in Appendix C. The initial modelling
investigated the simulated polar plot shape for different injury levels. The general
method that was used to compare the simulated polar plot shape for different injury
levels is detailed below:

1. The wheelchair seat dump(θseatdump), seat angle (θseatangle), body mass and
approximate height of the participant are defined. Where necessary, these values
are matched using photos of wheelchair and user taken during testing.

2. The code is initially run to determine the unadjusted shoulder location. An
adjustment is then made to the hip position (in both the x and y direction) to
ensure the shoulder position is at the required location.

3. The backrest length was changed such that the backrest height matches the
measured backrest height during testing.

4. The joint moment limits were adjusted to match the percentage of muscles involved
as defined in Table 5.7. The hip moment limit for the static equations is set to
0Nm when simulating people with tetraplegia.
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5. With all of the variables defined, two different polar plots are created based on
the joint torque and static limits. The outputs from using each method can be
combined to give a refined polar plot shape.

6. If the variables have been matched to a participant, the modelled results and raw
data can be plotted on a single plot so that comparisons can be made.

Initial modelling was completed using a body with a mass and height of 73kg and
1.741m for all simulations. These values were selected to match the values from the
study completed by de Leva. A standard seat angle of 90◦, seat dump of 10◦ and
shoulder position of (0.3,-0.9) were used for this comparison. The shoulder position was
defined to improve the accuracy of the joint angles and thus the torque limits for that
position.

Test point 161 (0.6,-1.1) has been used to introduce the method that is used to
display the modelling results. The location of this test point in the modelling environment
is shown in Figure 5.8. Two initial polar plots for a non-disabled participant are shown
in Figure 5.9 to display how the results are filtered from the static equilibrium and
joint torque equations. The first polar plot shows all of the results for test point 161
on a single polar plot. It should be noted that multiple static equilibrium equations
have been displayed for the shoulder and elbow extension and flexion articulations.
Multiple lines have been included to show that the results gained using the torque
based limits have been validated using an alternative method using static equilibrium
equations similar to Equation (5.13). The outputs from the joint torque limits and
static equilibrium limits can be combined to give a filtered polar plot. The boundary of
the filtered polar plot has been overlain in magenta to display the shape of the polar
plot that would be expected for test point 161. To generate this polar plot the force for
each direction was filtered with the lowest value of force being recorded and plot.

The results from this initial test point show that the possible applied force in the
forward, upward, backward and downward directions were limited by shoulder flexion,
elbow flexion, shoulder extension and elbow extension respectively. This shows that
the polar plots created using the joint torque limits tend to have a diamond like shape.
For this test point the force in all directions is limited by one of the joint torque limits
before the static equilibrium limits.

Another key takeaway from this initial plot is that the static hip limit and joint
torque hip limit produce the same result. For clarity in future polar plots a single line
will be used for each limit.
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Figure 5.8 Test point 161 in test environment
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Figure 5.9 Initial polar plots for test point 161
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Single Polar Plot Comparison

Using the described method, the joint torque and static equilibrium limits can be
compared in detail for each injury level by looking at a single test point. Test point 91
(0.6,-0.6) was selected as this area away from the body and hip pivot is where static
limits would be expected to limit the force exertion for a person with no hip stability.
Figure 5.10 shows the posture that was used by the model to reach test point 91. The
resulting polar plots for each injury level are shown in Figure 5.11.
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Figure 5.10 Test point 91 in test area

The results in Figure 5.11 display the static equilibrium and joint torque limits
on a single polar plot. The four polar plots show a clear trend in the reduction of the
magnitude of the polar plot as the injury level increases. The polar plot shape tends
to become thinner with higher injury levels. The polar plots for the C5 and C6 injury
level have a distinctive reduction in both the polar plot magnitude and the directions
where the person is able to apply force. This reduction in force is especially apparent in
the direction that is perpendicular to the maximum force direction when comparing the
non-disabled polar plots to those generated for a person with tetraplegia. For this test
point the perpendicular force in the 0◦ and 180◦ direction are limited by the hip limit
and elbow extension limit respectively.

The static limits show that tipping at the top of the backrest, the friction limit
from sliding on the seat of the wheelchair and the self weight limit do not impact the
size of the polar plot at test point 91 for people with a SCI. The friction limit does
impact the magnitude of force that can be applied in the 230◦ to 260◦ direction for the
non-disabled polar plot. This represents the amount of force that would be required to



5.7 INITIAL RESULTS 101

0

30

60

90

120

150

180

210

240

270

300

330

0

50

100

150

(a) C5

0

30

60

90

120

150

180

210

240

270

300

330

0

100

200

(b) C6

0

30

60

90

120

150

180

210

240

270

300

330

0

100

200

300

400

(c) C7

0

30

60

90

120

150

180

210

240

270

300

330

0

100

200

300

400

(d) Non-disabled

Figure 5.11 Injury level comparison of static equilibrium and joint torque limits for test point 91



102 CHAPTER 5 HUMAN MODELLING: MODEL DEVELOPMENT AND RESULTS

slide forward on the seat of the wheelchair. Typically the allowable force is limited by
joint strength before reaching these limits. This is an expected result as these limits
are used to bound the size of the polar plot. For example, you would not expect the
limiting force in the 270◦ direction to always equal the self weight limit.

The detailed polar plots show that torso stability is a limiting factor for each injury
level at test point 91. The polar plot for the non-disabled person shows that pivoting at
the hip is a limiting factor for the 180◦ to 230◦ directions. This result does depend on
the abdominal strength of the person being tested. A non-disabled participant with
less core strength would find that pivoting at the hip would be a limiting factor for a
larger number of directions.

The lack of torso stability has a more severe effect on the force polar plots of people
with tetraplegia. The SCI polar plots show that the static hip moment limit is very
close to 0N in the 180◦ direction with the limiting force being 6.90N (compared to 115N
for the non-disabled person). This is caused by the large moment arm at test point 91
compared to the moment arm of the centre of mass. Another contributing factor is the
wheelchair setup as some people with tetraplegia would prefer an increase in seat dump
angle to shift the centre of mass further away from the pivot at the hip in the negative
x direction.

Polar Plots of All Test Points

The outputs from the joint torque limits and static equilibrium limits can be combined
to give a refined polar plot. The refined polar plot gives a closer representation to what
would be expected from the results during testing. The refined polar plots for each
injury level are shown in Figure 5.12.

The four plots in Figure 5.12 highlight the reduction in polar plot size with injury
level observed at test point 91. The shape of the polar plots become increasingly thin
for the higher injury levels. This reduction in polar plot shape is clear on the front most
test points where the moment arms are larger for the static limits.

The results show a number of "reachable" test points where there is no force polar
plot. This reduction in polar plot results is particularly noticeable in the plot created
for a person with a C5 injury level. The black dots represent the points with it would be
possible for the person to reach the test point. However, there are a number of reachable
points where there is no polar plots of force. This is due to the increased reduction
in strength for the elbow and shoulder articulations for people with higher levels of
tetraplegia. The upper points around the head are limited by the elbow extension limit.
The elbow extension limit is reduced to zero for people with a C5 and C6 injury level.
At the higher positions the effect of the self weight of the arm causes the moment at
the elbow (M2) to be smaller than zero. This means that the moment at the elbow
exceeds the elbow extension limits for all force directions. This is an expected result, as
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Figure 5.12 Polar plots for each test point
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people with a C5 and C6 SCI are unable to use their arm above shoulder level without
externally rotating [Floris et al. 2002]. The model assumes that the arms are assumed
to be parallel with sagittal plane. Similarly the lower rear points are limited by the
reduced elbow and shoulder extension limits. At these lower positions the resulting
moment at the shoulder (M1) and elbow (M2) due to the self weight of the arm cause
the elbow and shoulder extension limits to be exceeded before a force can be applied.

Overall, the initial results have shown that the model is a useful tool to investigate
the limiting factors effecting multidirectional arm strength for people with different
strength limitations. The model enables individual points to be looked at in more detail
over the person’s range of motion. This will be useful to compare modelled force with
the experimental results. A comparison with the results from the strength study will be
useful to gain an improved understanding of the limiting factors of upper body strength
in terms of multidirectional force.

5.8 SUMMARY

This chapter has outlined the method that was used to develop the 2D model that will
be used in the theoretical modelling component of this thesis. The model uses two
methods to calculate the force polar plots over a person’s range of motion in the sagittal
plane. Limiting equations were generated using a FBD with rigid links to represent a
person’s body in a seated position. With the anthropometric data defined, the model
can evaluate whether a test point is reachable. Using the corresponding joint angles,
the model calculates the expected multidirectional force polar plot in the sagittal plane.
Static limits are also evaluated by the model to refine the polar plot shape. This process
enables the expected multidirectional strength to be determined in the sagittal plane.
The reduction in strength following a SCI can be investigated by adjusting the joint
torque limits in the model. The reduction in torso function is evaluated using static
equilibrium limits.

The initial results from modelling a generic human have shown that strength is
not simply a function of upper body joint strength. The detailed evaluation of test
point 91 has shown that pivoting at the hip is a common limiting factor for people with
tetraplegia. This highlights how wheelchair setup plays a critical role in force generation
capabilities and thus enabling people with tetraplegia to complete tasks independently.

The main purpose of this investigation was to see whether the role of torso stability
can be modelled to give further insight into the limiting factors of strength for people
with tetraplegia. The model has enabled limiting factors to be evaluated and lain the
foundation to make comparisons with the strength patterns observed during physical
testing in the following chapter.



Chapter 6

COMPARISON OF EMPIRICAL AND THEORETICAL
STUDIES

This chapter uses the outcomes from Chapters 3, 4 and 5 to make comparisons between
the results of the strength study and the models developed in Chapters 4 and 5.
Comparison between the general fitted model and the empirical results were completed
using empirical results from two participants. Further comparisons were not completed
due to the variation in the goodness of fit of the fitted model to the empirical data. The
comparison of the human model with the empirical results was successful in testing the
accuracy of the model. Using the model, further insights were gained into understanding
the factors that limit force production for a person with tetraplegia. Limitations of the
model were also discussed to guide future work.

6.1 INTRODUCTION

The models developed in Chapters 4 and 5 have been good initial step in improving the
understanding of the multidirectional arm strength of people in a seated position. The
fitted model described in Chapter 4 has improved on previous fitted models completed
by L Hollingsworth in 2010. The human model developed in Chapter 5 has provided a
method to evaluate the factors limiting force production for each reachable point in the
modelling environment. The comparisons chapter will be split into two sections. The
first section will compare the predictions of the general fitted model to data from the
strength study. The second section will manipulate the human model to allow direct
comparisons to be made with the results of participants from the strength study.

6.2 COMPARISON OF STRENGTH STUDY AND FITTED
MODEL

The purpose of the fitted model comparison is to investigate the accuracy of the force
predictions made using the general model developed in Chapter 4. To do this predictions
will be made by scaling the general model to match a selected participant. Comparisons
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will only be made using data from participants who were not used to develop the general
fitted model. If the predictions of the model have a good fit to the empirical results,
further comparisons will be made to develop a method to determine the minimum
number of test points that are required to get a good fit. Reduced input data can be
used as a method to simulate having a reduced amount of data from testing.

6.2.1 Initial Comparisons

The measurements from participant P18 and P21 were selected to be used to complete
the initial comparison between the general model. To make the comparison the following
method was used for each participant.

• The raw data from testing was filtered for each hand using the same method
described in Chapter 4.

• The maximum value for each of the directions of interest was recorded.
• The (x,y) location of each test point that was completed by the participant during

testing was recorded.
• The x location of each of the test point locations was translated so that the

shoulder position of the model matched the shoulder position of the empirical
data.

• The (x,y) locations of each test point were used as inputs to calculate the normalised
expected force value using the model.

• The normalised force value was multiplied by maximum force value of the direction
of interest to determine the expected force for each point.

• Results from the general model were compared to the results gathered during
testing.

• The R2 value and average root mean squared error was calculated for each
participant to give an indication on the goodness of fit.

The results of the force predictions for participant P18 and P21 produced a similar
finding with both predictions having a moderate fit to the measured data. Overall the
R2 values ranged from 0.2988 to 0.8027 (4dp) with average R2 values of 0.6205, 0.6379,
0.6182 and 0.6669 (4dp) for the left and right hand of P18 and P21 respectfully. This
gives a overall average R2 value of 0.6359 (4dp). Averaged R2 values have been included
to enable a concise overview indicating the R2 values for each participant.

The average root mean squared error for both hands was 27.1 and 22.5 for P18 and
P21. This result is influenced by a small number of points having a particularly large
amount of error. The was the case for test points where the participant could not apply
force in all directions (resulting in a force recording of 0N).

Due to the inconsistency of the goodness of fit, further comparisons were not
completed using a reduced number of points. This initial investigation was useful to
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investigate the potential use of a general model for making force predictions. Further
development is required on the model to enable the strength patterns to be predicted
more consistently. The current model can be used for design situations where general
strength patterns are required.

6.3 COMPARISON OF STRENGTH STUDY AND HUMAN
MODEL

The aim of the comparison between the empirical results and the polar plots generated
using the human model was to investigate the accuracy of the force predictions made
by the human model. Case studies using participants with different injury levels will be
completed to determine the strengths and weaknesses of the model. The analysis of
specific test points will enable insights into what the limiting factors are for specific
force application directions.

6.3.1 Initial Comparison

An initial comparison was completed using the method detailed in Chapter 5 to
manipulate the model to match the anthropometric measurements of each participant.
The polar plots created using this method were plotted on the same plot as the empirical
data for participant P09 (C7) and P20 (non-disabled). The body segments were adapted
based on the height of the participant whom comparisons were being made to. Using
photos taken during testing, the height and angle of the backrest on the wheelchair in
the model were matched with the height and angle of the backrest of the wheelchair
used during testing. The resulting polar plots from this investigation are included in
Figure 6.1.

The method used to make this initial comparison focuses on matching the shoulder
position in the model with the shoulder position used by the participant during testing.
This was completed to improve the accuracy of the joint angles used by the model
and ensure that the joint angles were more representative of the postures used by the
participant during testing. This is important as the limits of the elbow and shoulder joint
moments are a function of the relevant joint angle. To produce the results in Figure 6.1
the hip position was adjusted to in the test area to (0.54,-1.40) and (0.42,-1.49) for
participant P20 and P09 respectively.

The plots in Figure 6.1 show that there is a discrepancy in the number of test
points that were evaluated by the model compared to the experimental results. This
is due to the model assuming the hip is a fixed point when determining if a point is
reachable. The model was used to evaluate each test point on the 100mm grid to enable
the patterns between the experimental test points to be visible.
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(a) P20 (non-disabled)
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(b) P09 (C7)

Figure 6.1 Initial comparisons of polar plots for P00 and P09

The polar plots created using this method are appropriate to make comparisons
between the polar plots generated by the model and the raw data. However, the method
used to generate the hip position of the participant in this model is a major limitation.
The current method adjusts the hip location to ensure that the shoulder is in the
correct position. In doing this the hip position can be shifted to an unrealistic position,
sometimes up to 200mm below the hip position used during testing.

One reason for this difference in hip position may be due to the large size (height)
of some of the participants (participant P09 is 2.02m tall). However, a more likely
explanation for this discrepancy in hip position is that the torso is modelled as a straight
rigid body (resulting in the torso having a constant length). In reality it is likely to
change and could be slightly shorter in a seated position due to slouching. Prior research
has found that there are two distinct postures that have been observed when people
with a cervical SCI have completed propulsion trials. These postures are described as
“C” and “L” shapes [Hollingsworth 2010].

For further comparisons to be made, an improved method is required to ensure the
hip position in the model is representative of the hip position used during testing. The
hip pivot used in the model needs to be similar to the location of the hip during testing
to get an accurate representation of the equilibrium limit cause by pivoting at the hip.

6.3.2 Adjustments to Comparison Method

To get a better representation of the hip and shoulder positions, the code was updated
to allow both the shoulder and hip position to be manually adjusted. Having the correct
shoulder position was important to ensure that the upper limb joint angles were similar
to the joint angles used by the participant when reaching points with a usual posture.
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An representative hip position is important to improve the accuracy of force predictions
made using the static equilibrium limits.

To approximate the hip position, video footage taken during testing was reviewed
(as this was not a measurement that was recorded using the participant data sheet).
The mass of the torso was assumed to be distributed between the manually defined hip
and shoulder points. This caused the torso length to be shorter than it was defined
using the original method.

The previous method that was used to define where the torso COM acts was updated
as this parameter is used when evaluating the joint torque and static equilibrium limits.
With the shoulder and hip position manually defined the length of the torso was redefined
as the distance between the hip and shoulder. The percentage of the torso length (Dt)
was used again to define the distance of the COM from the hip.

The following section details the comparison that were made using manually defined
shoulder and hip positions.

6.3.3 Injury Level Comparisons

To investigate the accuracy of the model, comparisons were completed using data
gathered during the strength study for each injury level. The SCI comparisons were
completed using the empirical data from participant P04, P03 and P09 for the C5,
C6 and C7 injury levels. The non-disabled comparison was completed using the
empirical data from participant P20. For each comparison the model was adjusted to
replicate the anthropometric measurements of the participant of interest. The resulting
multidirectional force polar plots from testing were overlain on the force polar plots
created from the model.

The anthropometric data that was used to adjust the model for each participant is
shown in Table 6.1.

Table 6.1 Anthropometric data used for comparisons

Participant P20 (ND) P09 (C7) P04 (C6) P03 (C5)

Mass (Kg) 79 116 85 52
Height (m) 1.82 2.02 1.75 1.77

Shoulder Position (x,y) (0.3,-0.9) (0.25,-0.9) (0.2,-0.8) (0.3,-0.9)
Hip Position (x,y) (0.4,-1.3) (0.4,-1.2) (0.35,-1.25) (0.4,-1.2)

θseatdump (◦) 6 16 16 7
θseatangle (◦) 110 90 90 90

Comparison Results for All Test Points

The results from the modelling comparisons for each participant are shown in Figure 6.2.
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(a) C5 comparison using participant P03
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(b) C6 comparison using participant P04
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(c) C7 comparison using participant P09
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(d) ND comparison using participant P20

Figure 6.2 Polar plots comparisons for each injury level
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The results from each of the polar plot comparisons provided interesting insights into
the accuracy of the model. The magnitude of the force predictions from the model for
the non-disabled were considerably larger than the measured results for participant P20.
The magnitude of the force predictions for the SCI were much closer to the measured
results. The method used to simulate the reduction joint strength was effective in
reducing the magnitude of force for the SCI predictions.

The number of points where the model could complete force exertions was an
interesting result to consider. There was a discrepancy between the modelled and tested
points when comparing the forward most points in the testing environment. The model
considered these points to be unreachable due to the torso being restrained at the hip.
The non-disabled model was very close to matching the areas where force exertions
were made during testing. The main difference occurred at the points close to the
head where force exertions could not be completed during testing. The model made
predictions for these points close to the head as the shoulder and joint angles were
within the set limits. Similarly areas where force predictions were made by the model
for the C7 participant matched the test results. There main difference between the C7
model and measured results occurred behind the head and the lower points below the
hip. The main difference between the areas where force predictions were made for the
C5 and C6 participant were above the head. The model predicted no exertions could
be completed at these points.

Comparison of Test Point 91

Individual polar plots were investigated in more detail to analyse the limiting factors for
certain points. An analysis of test point 91 (0.6,-0.6) was used to describe the method
used to analyse each test point in more detail. Figure 6.3 and Figure 6.4 show the
posture used by the model and during testing for each participant. The resulting polar
plots for test point 91 are shown in Figure 6.5. The empirical data from the left hand
was used for each of the plots in Figure 6.5.

Observations from the detailed polar plots for test point 91 show what factor will
limit the magnitude of force for each direction. For the non-disabled participant, the
limiting factors were elbow extension, shoulder flexion, trunk extension, sliding due to
friction and shoulder extension. Together these limit made a pentagon shaped polar
plot. The magnitude of each of the limits generated by the model were larger than the
measured result from testing. For participant P09 the polar plot shape was reduced
to a quadrilateral. The limits that impacted the amount of force predicted by the
model were elbow extension, shoulder flexion, trunk extension (pivoting at the hip) and
shoulder extension. The magnitude of force was a lot closer to the empirical results
with the polar plot being slightly larger than the elbow extension and trunk extension
limits predicted by the model. The results for the participant P04 are also similar being
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(a) Modelled posture for P20 (b) Actual posture used by P20

Figure 6.3 Polar plots for each test point

a quadrilateral. However the shape of the quadrilateral was much skinnier due to the
reduction of the elbow extension limit. the same limiting factors applied for P09 and
P04. The magnitude of force measured during testing was very similar to the results
predicted by the model for participant P04. The modelled polar plot for participant P03
have been reduced to a triangle with the limiting factors being elbow extension trunk
extension (pivoting at the hip) and shoulder extension. The amount of force in the
270◦ to 85◦ directions was very close to 0 due to the lack of elbow extension strength.
At this point it is possible for the participant to hold the position using elbow flexion,
however active pushing cannot be completed due to the reduced elbow extension limit.
This was similar for the force limits for participant P04 in the 245◦ to 65◦ directions.
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(a) Modelled posture for P03 (b) Actual posture used by P03
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(c) Modelled posture for P04 (d) Actual posture used by P04
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(e) Modelled posture for P09 (f) Actual posture used by P09

Figure 6.4 Modelled and used postures for the SCI participants
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(a) P03 (C5) (b) P04 (C6)

(c) P09 (C7) (d) P20 (Non-disabled)

Figure 6.5 Detailed comparison of test point 91 for each injury level
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6.4 DISCUSSION

The polar plots from each injury level include a range of points where there were
similarities and differences between the modelled result and empirical results. Possible
reasons for the similarities and differences are discussed in the following sections.

Body Position and Joint Angles

To review the joint angles used by the model the postures for specific points were
compared to a screenshot of the video taken during testing. There were a number of
test points where the model predicted different joint angles to what was used by the
participant. Typically this difference was caused by the fact that the model assumed
that the arms are inline with the sagittal plane. A good example of this was during
test point 87 (0.2,-0.6) for participant P09 as shown in Figure 6.6. The comparisons
in Figure 6.3 and Figure 6.4 give a further example of the posture used by the model
compared to the screenshots of the test footage for test point 91.

For test point 87 the model calculated that the elbow is in a forward position. This
is caused by the model constraining the limbs in the sagittal plane. However, the actual
posture that was used has the shoulder abducted and externally rotated. This highlights
a limitation of using a 2D model. For accurate comparisons, points where the body
position is similar to the posture seen during testing should be used.

Reviewing the test footage highlighted another limitation of the model. When force
exertions were being completed the participant would often make adjustments to their
posture during the test. An example of two different postures being used during a single
test are shown in Figure 6.7 where participant P09 was completing a test at test point
203 (0.6,-1.4). The slight adjustment in shoulder position had an effect on the sized of
shoulder and elbow joint angles that were used. This was a factor that the model was
not able to capture as it assumed that the shoulder and body segments stay in a fixed
position at each test point. In reality it is expected that the participant will move their
torso and upper limbs to enable greater force production to be generated.

In some test points the participant adapted their positioning to enable points to
be reached that would otherwise have been unreachable. This explains the reason why
the participants P03 and P04 were able to reach a greater number of points than the
model predicted. This is also because the model does not consider any movement at
the hip or shoulder. External rotation at the shoulder would enable participants P03
and P04 to reach the points above their head during testing. There were a number of
participants who pivoted at the hip when reaching the anterior (forward) points of the
testing environment. A clear example of this is shown in the forward most test points
for participant P03 and P04 in Figure 6.2. At these test points the participant has
pivoted at the hip to enable the points to be reached. However, without having the
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(a) Posture used during modelling (b) Posture used during testing

Figure 6.6 Comparison posture used for participant P09 during test point 87

(a) First posture (b) Second posture

Figure 6.7 Posture at test point 203 by participant P09
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handle to hold their upper body weight they would be pivoted at the hip onto their
thighs. This is demonstrated by the polar plot looking like it has been translated in the
315◦ direction.

Polar Plot Accuracy

There were a number of points where the results from the model were very close to
the result generated from the participants with tetraplegia during testing. Overall
the magnitude of force was a good fit between the model and test data for each of
the comparisons using participants with tetraplegia. This was due to the reduction in
limiting torques in the model. When modelling the participants with tetraplegia the
hip extension limit was reduced to zero. The elbow extension limit for the C5 and C6
was also set to zero. This meant that effect an incorrect joint angle would not have on
the accuracy of the model was less significant as the limits had already been set to zero.

The detailed review of tests point 91 for each participant highlighted areas where
the model differed from the results gathered during testing. Some of these differences
can be explained by comparing the accuracy of the joint angles, body position and
conventional movements used during testing. For example, the explanation for the
reason why participant P09 could produce a larger force in the 240◦ direction is likely
due to participant P09 moving his upper body to compensate during testing. By moving
his shoulders backwards the participant was able to shift his centre of mass to help him
produce a larger force in that 240◦ direction which is limited by pivoting at the hip.

Similarly a reason that P03 was able to produce force in the direction where the
model predicted force to be limited is likely due to the participant using tricks to
produce force using an unconventional method. These unconventional movements would
be difficult to analyse without the use of infrared cameras to accurately capture joint
angles during testing.

One explanation for the difference in magnitude of the predicted and measured force
may be due to the combined effect of joint strengths. The measured data captured these
effects but the model did not as it assumed that the limiting torques for the shoulder
and elbow are independent. Participants with tetraplegia may have used "tricks" such
as locking joints to complete force exertions in an unconventional way that was not
considered by the model. This can help to explain why there were points above the
head where the C5 and C6 test participants could reach and complete a force exertion.
The differences in joint angles and body positions predicted by the model impacted
the accuracy of the polar plots generated using the model. It should be noted that a
number of simplifications have been made in the development of the initial model. One
of these simplifications is that the model assumes that the limiting joint torques follow
the normalised torque curves displayed in Figure 5.5 and that the limiting torques for
each articulation are similar to the limiting torques of the participants in the study.
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With the initial modelling being successful in showing that the method can be used
to make predictions for different injury levels, future models should look to ensure the
joint angles and limits are accurate.

Overall, the comparison of the 2D biomechanical model to empirical results feom
testing has been useful to identify areas where future modelling can be improved. The
comparisons for each injury level showed that it is possible to use modelling to make
force predictions over a persons range of motion. The ability to investigate the limiting
factors for each test point is a useful tool to gain further insights into understanding
the upper body strength for people with tetraplegia. The model is able to show the
reduction in the magnitude of applied force for higher injury level by evaluating joint
torque and static equilibrium limits. The usability of the current model is limited by
the simplifications that have been made by modelling a 3D system in 2D space.

6.5 SUMMARY

This chapter made comparisons between the fitted model, human model and empirical
data from the strength study in Chapter 3.

The comparison between the fitted model and the empirical results were completed
to investigate the accuracy of general fitted model. Comparisons were made between
the human model and empirical results using two participants to test the models
ability to make force predictions. The comparison between the fitted model and the
empirical results had a moderate goodness of fit with an average R2 value of 0.6359
(4dp). However, there was considerable variation in the results with the R2 values
ranging from 0.2988 to 0.8027 (4dp). Due to the moderate fit further comparisons using
a reduced amount of test data was not completed.

The comparison between the human model and empirical results from testing
investigated the accuracy of the model. Results from this comparison showed the model
was able to capture the reduction in strength caused by a SCI using joint torque and
static equilibrium limits. The comparison of specific test points was useful to gain
insights into the factors limiting multidirectional force production at each test point.
Limitations of the model were highlighted when reviewing the posture assumed by the
model compared to the posture used during testing. Many of the limitation were due to
the simplifications that come with modelling a 3D system in 2D space. Areas where the
model can be discussed have been outlined so that more accurate predictions can be
made in the future.
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CONCLUSIONS AND FUTURE WORK

This chapter outlines the main contributions of the work presented in this thesis. Conclu-
sions are made for each of the main studies completed in this thesis. Recommendations
are provided to suggest possible areas where future work can be completed to improve
the understanding of the upper body strength for people with tetraplegia.

7.1 SUMMARY OF CONTRIBUTIONS

The work presented in this thesis contributes to improving the understanding of upper
body strength of people with tetraplegia. In particular this thesis makes the following
contributions.

• The strength study presents an improved methodology for measuring the mul-
tidirectional isometric force of people in a seated position. The novel testing
method enables high resolution force measurements to be taken rapidly at any
point within a 1.3m by 1.5m area parallel to the sagittal plane.

• The results from the strength study provided much greater detail into the mul-
tidirectional arm strength of people with tetraplegia. Analysing the polar plot
shape for each injury level revealed novel insights into how the multidirectional
strength is impacted for each injury level.

• The fitted models developed for each participant provide an effective tool to
determine areas of high strength for specific directions. Use of a fitted model can
aid designers to streamline the development of devices to be used by people with
tetraplegia by enabling user specific designs to be evaluated without a physical
prototype.

• The development of a method to create fitted models from the empirical data en-
abled the possibility of a general model to be developed for people with tetraplegia.
Such model would allow future testing to be streamlined.

• The results from the biomechanical modelling have provided insights into the
factors that limit the magnitude of force exertions at the hand. The development
of the model has shown that it is possible to simulate the reduction in strength
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for a person with tetraplegia. The biomechanical model could be used as a tool
by designers to make estimates of the expected force exertions.

7.2 CONCLUSIONS

7.2.1 Strength Study

Static isometric strength testing has been used as a method to determine the maximum
strength limits of people in a range of scenarios. When designing a device or system
it is critical that the strength capabilities of the end user are understood so that the
design can be used safely and function as intended. Static isometric testing is one of
the most suitable and most implemented testing methods to measure force exertions at
the hand. Few studies have been completed that measure the isometric force of people
with tetraplegia. Previous studies that used participants with tetraplegia have failed to
measure the isometric force in multiple directions at a range points over a person’s reach
envelope. This makes it difficult to evaluate innovative designs for assistive devices
effectively.

The strength study in this thesis presents an improved methodology for establishing
multidirectional arm strength for people in a seated position. The novel test rig enables
strength measurements to be gathered that are representative of the strength outputs
using postures expected in everyday life. A multi-axis load cell attached to each handle
enables isometric force to be measured rapidly in all directions. The test rig has been
designed in a way that the handles can be adjusted along the frontal plane. The fixed
test rig enables the combined effects of all joint strengths to be captured in the results.
This includes "tricks" that participants with a SCI may use due to their reduction in
upper limb function.

Using the test rig, multidirectional isometric force was measured over a full 360◦

rotation within a 1.3m by 1.5m grid of points parallel to the sagittal plane. In total, up
to 224 discrete test points can be evaluated on each hand. Test points were evaluated
using 200mm increments over each participants range of motion. This kept the length
of each testing session to around 1.5 hours. Analysis of retested points showed no
indication of fatigue affecting results.

The results from the strength study expanded on previous isometric strength studies
for people with tetraplegia. Detailed multidirectional strength data was collected from
a total of 21 participants including 10 participants with C4-C7 tetraplegia and 11
non-disabled participants. This in itself was a notable contribution, as no studies have
published multidirectional strength data from a range of measurements over the whole
sagittal plane. The results from the strength study in this thesis have validated the
testing method as an efficient way to rapidly gather detailed multidirectional strength
data.
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The results highlighted a distinct reduction in strength capabilities for participants
with tetraplegia compared to non-disabled participants. The analysis of polar plot
trends showed that participants with higher level tetraplegia had more circular polar
plots. This was due to a significant reduction in strength in radial direction compared
to the circumferential direction.

7.2.2 Fitted Model

A method to generate fitted models for specific force exertion directions was developed
using normalised data from the results gathered during the strength study. This enabled
trends to be investigated for specific exertion directions. A fourth order polynomial was
selected to generate each model using the curve fitting toolbox in MATLAB. A fourth
order fit was chosen as it provided a good fit to each set of normalised strength data
from each participant.

The aim for the fitted models was to accurately capture the strength patterns
observed in the raw data over the test of points each participant could reach during
testing. For this reason no data points from outside the participant’s range of motion
were used when fitting the model to the normalised data. The resulting contour plots
were only plotted over the region where the participant had completed force exertions
during testing. For each participant a contour plot was generated for each direction of
interest using the normalised empirical data and the fitted model. This resulted in a
total of 528 contour plots being created for all of the participants in the study. The
models had a good fit to the empirical data with an average adjusted R2 value of 0.9232
(4dp) for all participants and directions.

The fitted models for each participant can be used to determine and evaluate areas
of high strength within a participant’s range of motion. This feature compliments the
results from the strength study by making the results more usable. The models are
useful in a design context as they allow expected forces for specific directions can be
calculated and evaluated. This would be helpful to streamline the design process of a
user specific design as the model enables the device to be evaluated without the need
for a physical prototype.

The results for the non-disabled participants had similar patterns. Normalised
data from 7 non-disabled participants was combined and used to develop a general
model. The general model had a good fit to the averaged empirical data with an average
adjusted R2 value of 0.9427 (4dp) for all directions. A general model for specific SCI
levels could be developed using the same method if an adequate number of participants
with the same injury level complete multidirectional strength testing.

The general model provided a method for predicting hand force exertions for any
direction and position in the sagittal plane. The usefulness of the general model was
evaluated by comparing predictions to the measured results of two participants. The
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comparison revealed that when applied to non-disabled participants the general model
has a moderate goodness of fit with an average R2 value of approximately 0.6359 (4dp).
Further comparisons were not completed due to variation in the goodness of fit for
different directions.

7.2.3 Biomechanical Model

A method for predicting multidirectional arm strength was completed using a 2D model.
The model was developed using a number of joint torque and static equilibrium limits.
Rigid links were used to represent a person’s body in a seated position in the sagittal
plane. The main purpose of the biomechanical model was to investigate whether the
reduction in torso stability and upper limb strength could be modelled for people with
C5-C7 tetraplegia. The model revealed insights into which factors limited the magnitude
of force that could be applied at the hand.

The reduction of upper limb and trunk function was investigated to simulate the
expected results for different SCI injury levels using the active muscle volumes defined
by L. Hollingsworth in 2010. Initial results from the model agreed with the observations
from the strength study. Results from the model displayed a clear reduction in the
magnitude of force that can be exerted for people with higher SCI levels. Further,
the model highlighted that limiting force is not purely a function of upper limb joint
strength but also stability. This was especially apparent when simulating a person with
tetraplegia. For test points above the hip, the lack of trunk function was often the
limiting factor of force production in the 90◦ - 270◦ directions. This failure method
refers to pivoting at the hip.

The biomechanical model also highlighted how a reduction in joint strength impacts
the number of points that are reachable using the constraints of the model. The lack
of active elbow extension in C5 and C6 participants meant that a number of points
above the head were not reachable when modelling a person with this level of SCI. The
reduction in shoulder extension for a person with C5 tetraplegia had a similar effect
limiting the reachable points behind the hip. Overall, the 2D model was a useful tool
to analyse the limiting factors for specific test points. The model highlighted the role
wheelchair setup has on the magnitude of force that can be applied at the hand.

The anthropometric data of the model was adjusted to allow comparisons to be
made with the results from a selection of participants from the empirical study. The
results from this comparison enabled further insights into the expected polar plot shapes
for different SCI levels. Comparisons highlighted the strengths and weaknesses of the
model. Many of the limitations were caused by simplifications that had been made
during the development of the model. The comparisons of specific test points showed
that the model was a useful tool to understand the factors limiting multidirectional
force for each test point.
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7.3.1 Data Collection

The strength study was completed using a total of 21 participants, 10 people with
tetraplegia and 11 non-disabled people. The small sample size was a limiting factor when
drawing conclusions from the results gathered from the participants with tetraplegia
as there were not many participants who had the same injury level and severity. The
reason for the small sample size was due to the population of test participants being
difficult to access. The recruitment process was successful in finding participants to
participate in the study near the Canterbury region. However, the COVID-19 pandemic
hindered the ability to continue testing participants from other areas of New Zealand
in the strength study. Future testing with a larger sample size would enable better
conclusions to be made for specific injury levels. In particular, a larger sample size may
allow trends to be found for each injury level, which would enable the possibility of a
fitted model to be developed for each specific injury levels and severity. Further data
could be gathered for other areas within a person reach envelope. To gather this data,
the type of handle may need to be update. For example, the current handle would not
be suitable to measure force when the participant is in a position that requires the
shoulders to be abducted. A sphere type handle would be most suitable for this type of
testing to ensure that the wrist is in a natural and comfortable position.

A fitted model with improved accuracy would be useful to make force predictions
with the possibility of reducing the number of test points that are required during
testing. A larger sample size would also be helpful to determine the factors impacting
the range of motion for people with tetraplegia. This would help to improve the usability
of the fitted models. Testing revealed a clear difference in the shape of polar plots for
participants in different wheelchair types. Further testing could investigate the impact
wheelchair type has on polar plot shape. Future work could investigate the effect handle
orientation has on isometric strength by using different types of handles on the test rig.

Using the test methodology developed in the strength study, future work should aim
to complete strength testing of an individual with tetraplegia before and after having
the posterior deltoid-to-triceps tendon transfer. Evaluating the procedure quantitatively
will provide useful insights into the effect the surgical procedure has on multidirectional
isometric force production. This will enable medical professionals and people with
tetraplegia to make more informed decisions when investigating possible rehabilitative
surgeries.

7.3.2 Biomechanical Modelling

The initial model was developed to investigate the effect joint torque and static equilib-
rium limits have on the force outputs for a person with tetraplegia. The current model
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uses a number of simplifications that limit where the model is able to make accurate
predictions. These include that each body segment is considered to be a rigid link
and that arm are assumed to always be parallel with sagittal plane. The initial model
has shown how future work using more complex modelling will enable useful insights
to improve the understanding of the upper body strength of people with tetraplegia.
Further strength testing would be required to determine the limiting joint torques for
people with different SCI levels.

Many of the limitations of the model arose because of the 2D modelling environment
and holistic modelling approach. Future models could look to create a 3D model that
captures the joint angles more accurately for a single test point. This would justify the
use of infrared sensors to measure the joint angles used to reach a specific test point.
The addition of this information would enable the use of inverse dynamics to calculate
net joint torques for each joint. The joint torques could then be used to make predictions
for other positions within a person’s range of motion. Results could then be validated
using measurements recorded from isometric testing. Predictions using an updated
model would not be limited to only make force predictions at the hand in directions
parallel to the sagittal plane. Instead, forces for all directions could be generated. To
visualise this, a 3D force polytope could be generated for each test point instead of a
polar plot (which only shows information for a single plane). Knowledge of the body
position used during testing would also be useful to investigate the role wheelchair type
has on force production. Results from this analysis would enable wheelchair type to be
added as a parameter to future biomechanical models.

List of Publications
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Appendix A

A.1 AVERAGE MINOR TO MAJOR AXIS RATIO CONTOUR
PLOTS

The results for each of the contours plots of average minor to major axis ratio have
been uploaded in the following GitHub repository.

https://github.com/StilwellGS/ThAPP

https://github.com/StilwellGS/ThAPP




Appendix B

B.1 DIRECTIONAL CONTOURS AND MODEL COEFFICIENTS

The fitted model results for each participant have been uploaded in the following GitHub
repository. This includes the contour plots for each direction, the coefficients for each
of the models and an example of the MATLAB code that was used to generate the
contour plots.

https://github.com/StilwellGS/ThAPP

https://github.com/StilwellGS/ThAPP




Appendix C

C.1 MATLAB CODE

The MATLAB code that was used to generate the polar plots in Chapter 5 and 6 and
included in the following GitHub repository. Two codes have been included. The first
code is used to calculate the expected polar plot for a specific point. The second code
was used to calculate the expected polar plots for all reachable test points within the
test environment.

https://github.com/StilwellGS/ThAPP

https://github.com/StilwellGS/ThAPP
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