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Abstract

This thesis investigates the effect of footway crossfall gradients (0 %, 2.5 % and 4 %) on
wheelchair accessibility. This is done by instrumenting both a self-propelled and attendant-
propelled wheelchair and asking a convenience sample of people to push the wheelchair in
a straight line. Accessibility has been measured using the Capabilities Model. In particular
the provided capabilities of the wheelchair users have been measured. These have been
modelled as the interactions between the user and the wheelchair, specifically the amount
of force it takes to start the wheelchair, the work needed to keep the wheelchair moving

and the force needed to stop the wheelchair.

It is found that although the amount of work needed to traverse a footway remains
constant regardless of crossfall gradient, a positive crossfall requires a second provided
capability: the ability to apply different levels of force, and as a result work, to the upslope
and downslope sides of the wheelchair. How people produce this difference of force is
investigated. It is found that for self-propulsion, there are four strategies employed: the first
is to reduce the force on the upslope side by pushing less hard, the second to increase the
force on the downslope side by pushing harder, the third is to apply braking forces to the
upslope wheel and fourthly to travel at a slower speed. These are either used independently
or in combination. For the crossfall gradients tested it was found that attendants did not
have to apply a negative (pulling) force to the upslope handle, and were able to combat the

increased gradient by simply pushing harder on the downslope side.

The thesis concludes that current crossfall guidelines of 2.5% seem reasonable, and that

inexperienced users may struggle when these guidelines are exceeded.
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1 Introduction

Being able to achieve goals is essential to an individual’s quality of life. In the main, reaching
a goal requires completion of one or more activities, each of which could be seen as being
made up of a number of tasks. Each of these tasks must be possible for the individual to
achieve in order for the activity, and thus the goal, to be accessible. Many of these activities
take place away from a person’s current location and thus it is often necessary to make a
journey in order to be able to undertake an activity. For anyone to live a full and active life
it is essential that they can participate in activities of daily living both in and outside of the
home; for a wheelchair user this can present a major challenge. Their ability to leave their
home to access services and participate in society therefore greatly impacts on their quality

of life.

In the UK, wheelchairs are often funded by the National Health Service (NHS), who will also
facilitate the adaptation of a wheelchair user’s home to accommodate their needs and
increase their ability to function within the home. However, the outside environment is less
adaptable to the individual as it must be accessible to the majority of people. A basic skill of
any wheelchair user?, be they the attendant or occupant, is to be able to push a wheelchair
along a footway. More often than not in developed countries such as the UK, footways will
have a lateral slope (crossfall) to aid surface water drainage; of (it is recommended) not
more than 2.5%’. However, there is little evidence for the current guidelines. It is important

that such evidence be gathered.

Engineers and architects need to be confident that the built environment they design and
construct is accessible to the majority of the public; to do this they follow accessibility
guidelines. It is therefore essential that there is evidence to back up the guidelines. It is also
important that the impact of not adhering to the guidelines is understood, as there will be
occasions when it is impossible for them to be followed given physical constraints in the
environment. Currently there is a split in opinion regarding the effect of crossfalls on

wheelchair accessibility: the biomechanics research advises wheelchair users to avoid

! For this thesis when the term ‘user’ is used it refers to either the attendant or the occupant. When a specific
user group is referenced the terms ‘attendant’ and ‘occupant’ will be used as required.

2 Throughout this thesis percentage is used as a measure of footway crossfall gradient. Please see Appendix 1
for a table of conversions to degrees.



crossfalls where possible while civil engineering researchers are counselling a relaxation of

the current U.S. guideline of 2%. This dichotomy is discussed in section 2.7.

This thesis will investigate the effect of crossfall gradient on wheelchair propulsion; both by
the occupant and attendant. These two user groups make up approximately 85% of the 1.1
million wheelchair users in the UK, with attendant propulsion accounting for approximately
34% of users (Sapey et al. 2004). Attendant-propelled wheelchairs are provided to people
who are predominantly unable to push themselves; these users are frequently elderly.
Often the people who will push them (their carers) are spouses of the user or close friends.
In these scenarios the carer would be of similar age to the occupant. Another large carer
population are the children of elderly people; these attendants are generally over the age of
60. Therefore, a large proportion of carers will have their own health issues which can
impact on their ability to push the wheelchair, which then directly affects the mobility of the
wheelchair user (McIntyre & Atwal 2005).

The ways in which attendants and occupants push wheelchairs are fundamentally different.
Self-propulsion of wheelchairs requires the user (the occupant) to release the handrim in
order to move their arms back to the starting position of the push. Consequently, there is a
period of time where the wheelchair is free to roll down the crossfall. This is not the case
with attendant propulsion, where the person pushing has no need to release the handles. It
is uncommon for a study to investigate both attendant and self-propulsion. In fact there
have only been a handful of studies which have attempted to assess attendant-wheelchair
propulsion (van der Woude et al. 1995; SUZUKI et al. 2004; Abel & Frank 1991). It is also

unusual for a self-propulsion study to quantify the negative push-rim forces.

Whether or not a wheelchair user is able to push the wheelchair over a given terrain
depends on their capabilities, and on the capabilities which result from the interaction
between the user and the wheelchair. It also depends on the type of terrain being navigated
and the interaction between the terrain and the wheelchair. In this thesis the approach
which has been taken is to ignore the pure characteristics of the users (e.g. particular
muscle strength) and those of the environment (e.g. surface hardness), and to focus on the

interactions. This has been done within the framework of the Capability Model.

The Capability Model, which has been developed by Cepolina & Tyler (2004) is based on the
philosophy of Capabilities and Functionings proposed by Amartya Sen. The Capability Model
2



proposes that people have a certain set of capabilities (provided capabilities), which they
can choose to use when they wish to do something. The activities the user chooses to do,
and the environment in which they do them, have certain capabilities attached to them

(required capabilities). For any given activity, the point at which the required capabilities

exceed the provided capabilities signifies that the activity will not be achievable.

This thesis aims to develop a method for assessing both attendant and self-propulsion of
wheelchairs in outdoor environments which may necessitate the application of negative
forces. It is postulated in this thesis that by measuring the provided capabilities of the user
one is able to make inferences about the accessibility of the footway. In this way mobility
can be used as a measure of accessibility. The provided capabilities were reduced to the
physical forces needed to successfully push a wheelchair in a straight line along a footway.
It was hypothesised that when the footway was flat the user would need to provide 1)
sufficient force to start the wheelchair, 2) sufficient work to keep the wheelchair moving
over the required distance and 3) sufficient force to stop the wheelchair. When a crossfall
was present these would need to be provided along with three additional capabilities: 1) a
difference of force when starting, 2) a difference of work whilst going over the required

distance and 3) a difference of force when stopping.

1.1 Aim & Composition of the thesis

The aim of this thesis is to measure the effect of footway crossfall gradient on wheelchair
accessibility by measuring the provided capabilities of occupants and attendants. The thesis

is divided into 9 chapters; the contents of these chapters are briefly described now.

Chapter 2 reviews the relevant background information including recent literature as well as

developing the capabilities model.

Chapter 3 outlines the methods used to measure the provided capabilities of the self-
propelled wheelchair system, when the wheelchair is being propelled over a three distinct

crossfall gradients (0%, 2.5% and 4%).



Chapter 4 details the methods used to ascertain the provided capabilities of the attendant
propelled wheelchair system, when the wheelchair is being pushed over a three distinct

crossfall gradients (0%, 2.5% and 4%).
Chapter 5 reports the results of the experiments described in Chapter 3.
Chapter 6 reports the results of the experiments described in Chapter 4.

Chapter 7 discusses the results found in Chapter 5 and Chapter 6 in relation to the

background information given in Chapter 2.
Chapter 8 details possible angles of further research given the results of the study.
Chapter 9 details the conclusions of this study.

There are also a number of appendices one of which | would like to bring to the reader’s

attention now. This is appendix 2, which contains a glossary of terms.



2 Background

This chapter begins by outlining the issues surrounding wheelchair mobility and accessibility
(Section 2.1). In particular this section details the Capabilities Model (Section 2.1.1). The
required capabilities imposed on a wheelchair user are then discussed (Section 2.2),
followed by the provided capabilities of self-propelled users (Section 2.4) and then those of
attendant propelled users (Section 2.5). The guidelines for footways are then briefly

reviewed (Section 2.6) and finally some conclusions are drawn (Section 2.8).

2.1 Wheelchair mobility and accessibility

Mobility has been defined as “the ease of movement from place to place” (Tyler 2002; Tyler
2004). In this respect it can be seen as an interaction between how accessible the
environment is (Accessibility) and the ability of someone to move in that environment
(Movement) (Tyler 2002; Tyler 2004). Therefore, there are three things which interact to
decide if someone can gain access to a place: the Person, the Environment and the Activity.
The person chooses an activity they wish to do, which comprises of a number of tasks, each

of which will occur in a certain environment.

People with mobility impairments often see the built environment as being composed of a
series of barriers; things one encounters which hinder movement. The barriers that exist for
wheelchair users are distinct from those which face people who are able to walk. Part of the
reason for this lies in the fact the wheelchair must roll over the surface it is travelling on,
whereas walking has a period of time when one or other of a person’s legs are raised from
the ground. This difference accounts for the difficulty found by wheelchair users to traverse
even small gaps and steps, which do not present a problem to most people when walking.
The fact that a wheelchair rolls also means it has no immediate way to resist gravity when it
is placed on a slope unless the brakes are applied. This is a particular problem for people
who self-propel a wheelchair as this form of ambulation involves releasing the handrim for a
period of time in order to allow the user to return their arms to the starting point of a push
cycle; at this point, there is no force being applied to the wheelchair to counter the effect of

the gravitational pull down the slope.



2.2 Measuring Accessibility: The Capabilities Model

Measuring accessibility is therefore complex as it requires knowledge of individuals’ abilities
and also an idea of how difficult different tasks are. In order to measure accessibility
Cepolina and Tyler (2004) developed the Capabilities Model, which was further developed
by Tyler (2006, 2009). In this model each task has a certain number of capabilities attached
to it, required capabilities, which can change depending on the environment in which the
task takes place. Each individual has a certain number of provided capabilities; cognitive,
sensory and physical things they are able to do. For any given task, the point at which the
required capabilities exceed the provided capabilities signifies that the activity will not be

achievable.

The Capabilities Model for measuring accessibility is inspired by the welfare economics
philosophy of Amartya Sen (Sen 1985, Sen 1993). Sen advocates that the quality of life of a
person should be assessed in terms of ‘his or her actual ability to achieve various valuable
functionings as a part of living’ (Sen 1993). Functionings are seen as the various things a
person wishes to do or to be (Sen 1993). Since the publication of Commodities and
Capabilities (Sen 1985), the capabilities approach has been adopted and discussed by
researchers from a range of disciplines from philosophy to development studies (Anand et al.
2009). A core theme running through all of these studies is the distinction between the
‘practical opportunities’ available to people (their ‘capabilities’) and what they actually do

(their “functionings’).

Measuring a person’s capabilities is a more complex task than measuring the outcome of
these capabilities and in the initial model a binary approach was taken to measuring the
outcome of provided and required capabilities. The model enabled people to be identified
as either being able to overcome a barrier, or not (Tyler, 2009). A barrier was defined in the
model as the point at which the required capabilities exceed the provided capabilities and

the task at hand became impossible for the person.

This binary version of the model was used by Cepolina and Tyler to develop a microscopic
simulation of pedestrians moving about the built environment (Cepolina & N. Tyler 2004).
The paper was illustrated with an example of three different pedestrians attempting to

navigate through a gap and successfully demonstrated that accessibility can be modelled



using the combined properties of the environment and barrier, (required capabilities) and
the capabilities of the person (provided capabilities). Cepolina and Tyler concluded that the
Capability Model as a concept provides a ‘good basis for the evaluation of accessibility’ of

environmental barriers (Cepolina & Tyler 2004).

However, in this binary approach there is no indication of how difficult it is for the individual
or how close they are to their maximum provided capabilities. A corollary to which is that
failure can only be identified when it has occurred. An improvement on the model would be
to enable prediction of failure based on data from when the participant was able to

complete the task but was finding it more difficult.

Measuring the difficulty level of a task for an individual is complex (Tyler et al. 2007)
approached this by measuring physiological responses to barriers. These physiological
outputs are dependent on how someone completes the task. They give a continuous scale
measure and therefore make it easier to compare the strategies taken by people. In this
study, subjects’ heart rates were measured and an instantaneous and short term change in
heart rate was observed which, in repeated tests appeared to be related to the participants’
responses to a change in the gradient of a footway. This work gave rise to the idea that

such environment-person interactions might be measurable and that other, more

appropriate, means of measurement should be investigated.

An added difficulty for researchers is that people may need to utilise different provided
capabilities as task difficulty increases, or they might simply choose to use different
provided capabilities. The difficulty for the researcher then, becomes distinguishing
between these two cases (when they choose to change and when they must change). A
starting point might be to assume that the change in experimental condition necessitated

the change.

Traditionally transport engineers have assessed such things as trip length and number of
journeys completed to assess how accessible a transport network is. These types of
measurements constitute measures of functionings within Sen’s capability approach as they
measure what people actually do and when they fail to do something rather than what they

can do (capabilities).



The Capabilities Model represents a departure from this traditional approach to a more
person-centred one. In particular this new model has at its centre the person who wishes to
undertake an activity. However, this central role is one requiring the individual to take
responsibility for the options open to them in accomplishing a task, and therefore take
responsibility for at least some of their own capabilities. In this way it differs from the social
model where society should be adjusted to the individual (and by extension all individuals)

and from the medical model where the responsibility is removed from the individual.

2.2.1 Capabilities Model for Wheelchair Accessibility

In the case of this thesis the task in question is to propel a wheelchair in a straight line along
a footway. As the task is fixed the model becomes a little simpler as we are dealing with only
the interactions of the person and the environment. However, it is complicated by the

addition of the wheelchair, and then further complicated by the addition of an attendant.

This system of interactions is shown in Figure 2-1, where the red arrows represent the
required capabilities and the green arrows the provided capabilities. The black arrows

indicated fixed capabilities within this thesis (as the task and environment are fixed).

i Attendant-Propelled Wheelchair System Self-Propelled Wheelchair System i
' (APWS) (SPWS) !
i User Wheelchair | PC User i
: Attendant occupant :
= ( ’ foccupant) | | |
e T e
------------------------------------ g e N e
Capabilities Key
\ 4
e—— Required capabilities
Activity
e— Provided capabilities
v
— Task
<«— Fixed Capabilities Environment i<

Figure 2-1: Interactions between the environment, wheelchair, users and activity using the Capability Model.

Refer to text for details.

The Capabilities Model as shown in Figure 2-1 can be used to explore the problem of a

wheelchair user wishing to do something which requires them to traverse a section of



footway which has a crossfall. This involves investigating the various layers of provided and
required capabilities that exist between the occupant, the attendant, the wheelchair and

the environment.

In the simplest case when there is only one user of the wheelchair (the occupant), there is
an interaction between the wheelchair and the occupant (see the top right corner of Figure
2-1). This can be represented as the set of provided capabilities the occupant has (PCp) and

the required capabilities needed to use a wheelchair by the occupant (RCy,).

PCo can include a whole range of abilities: cognitive, sensory and physical. In terms of
wheelchair propulsion the main PCq’s are strength, fitness and technique. These exist
independently of the wheelchair. The Wheelchair has a number of Required Capabilities,
which exist without for the need for an interaction with the user or the environment, and
consist in general of the design and set-up of the wheelchair. The interaction of PCo and
RCwo produce a net set of provided capabilities, PCswp, which then interact with the
Environment’s required capabilities (RCswp). The environment itself and all of the barriers it
contains represent the required capabilities, which must be overcome in order for the task

to be achieved.

Therefore, improving the accessibility of a task can occur by increasing the occupants
provided capabilities (e.g. a training course to improve their fitness, strength or technique).
Alternatively, it can be achieved by decreasing the required capabilities of the wheelchair
(e.g. altering its set-up to make it easier to push). Lastly accessibility can be improved by
reducing the required capabilities of the task (e.g. making the surface smoother or reducing

the crossfall gradient).

When the occupant of a wheelchair is unable to propel themselves and are pushed by an
attendant, it is then the attendant’s provided capabilities which determine if a task can be
completed, while the occupant remains part of the required capabilities in a purely
mechanical way (as they are a part of the mass which needs to be moved). This is modelled
in Figure 2-1. The output of the provided capabilities of the attendant (PC,) and the required
capabilities of the SPWS (RCwa), which must be pushed by the attendant, result in a net
provided capabilities of the Attendant-Propulsion Wheelchair System (APWS). These must
then be greater than the required capabilities of the environment (RCawp), in order for a task

to be accessible.



2.2.2 The importance of Footways to Accessibility

In order to access any part of a town or city in the developed world, it is necessary to
traverse a footpath. This is made clear by the European Conference of Ministers of

Transport:

"Almost all journeys start and finish by walking or wheeling. No matter how accessible
transport itself may be, if the walking [or wheeling] environment contains barriers to

movement than the usability of transport services is largely negated"
(European Conference of Ministers of Transport 1999)

Footways form an integral part of the built environment worldwide. Many countries have
introduced standards to ensure pavements do their job; to provide a safe and effective
surface for people to use in order to access the buildings and services. Initially footways
would have been used simply to walk along and to ensure they remained free from surface
water, which not only causes problems regarding safety (people can slip in wet or icy
conditions) but also structural issues such actions as the 'freeze thaw’ action of water. This
causes microscopic cracks to become bigger over time through the expansion of freezing
surface water. However, in more recent times the needs of those who have some kind of
mobility impairment need to be considered. This group consists of those who would have
traditionally been thought of as being ‘disabled’ and as such need a form of assistive
technology to aid them in traversing the pavements (such as wheelchair users and those
who require a walking stick or crutches to keep their balance), to those who are impaired
through their choice of shoes or amount of luggage they have decided to carry, or the child

they need to push.

The consequence of this is that, accessibility forms a large part of whether or not an
individual is socially excluded and social exclusion has been shown to be linked to the
accessibility of public transport (Church et al. 2000; Hine & Mitchell 2001). Tyler highlighted
that there is a particular need for pedestrians in London using the bus system to be able to
traverse 400m of footway. This is the straight-line distance used by London bus companies
to a bus route (Tyler 1999). This means that on average a pedestrian will only be 400m away
from a bus route at any point in London. It was found by Barham and colleagues that only

15% of wheelchair users were capable of propelling 360m to a bus stop without needing to
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rest, this figure increased to 40 % when the distance was halved to 180m (Barham et al.
1994). The recommended distance for wheelchair users to travel without a rest is 150m
(Department for Transport 2005). The footways in this study were not graded in terms of

slope or surface type.

2.3 Required Capabilities: Wheelchairs & the Environment

As has just been discussed, the required capabilities are made up of the interaction between
the wheelchair and the environment. The type of wheelchair and how it is set-up along with
the topology of the terrain can all increase the required capabilities, making the wheelchair
more difficult is to push. These factors will now be explored, starting with the types of
wheelchairs (2.2.1). Then defining and discussing factors which affect the wheelchairs rolling
resistance (2.2.2). Finally some of the common methodologies for measuring rolling

resistance are briefly discussed (2.2.3).

2.3.1 Measuring Rolling Resistance

In sections 2.2.2 the theoretical framework for investigating the rolling resistance of
wheelchairs over varying topographies has been investigated. This framework assumed that
the rolling resistance does not change with velocity. This is not strictly true as both the
deformation properties of tyres (Kauzlarich & Thacker 1985)and also the rolling mechanics
of a wheelchair (Chua et al. 2010; Hoffman et al. 2003) can change with velocity.
Furthermore, while theoretically there should be an increase in rolling resistance with
crossfall angle, there is no published data which empirically proves this. For this reason two
simple tests were performed to investigate the effect of velocity and crossfall angle on the

rolling resistance of a wheelchair.

There are a number of methods one could use to measure the rolling resistance of a
wheelchair. One of the most popular is to use what is called a ‘drag test’ where a wheelchair
is attached to a treadmill via a rope (de Groot et al. 2006; van der Woude et al. 1986).
Attached to one end of the rope is a 1-dimensional force transducer. Therefore at any given
velocity the force transducer is measuring the force that the wheelchair is resisting. The test
has many advantages: the speed of the wheelchair can be controlled accurately through the
settings on the treadmill, the wheelchair will travel in a relatively straight trajectory and the

rolling surface is smooth. However, it has one drawback as it can only measure the
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interaction between the wheelchair and the treadmill surface (M. D. Hoffman et al. 2003).
There can also be differences between different treadmills and different set-ups of the tests

as were highlighted by (de Groot et al. 2006).

A second methodology is the ‘push-bar technique’, where a force transducer attached to an
attendant propelled wheelchair is used to measure the rolling resistance (van der Woude et
al. 2003). In this type of test someone pushes the wheelchair while attempting to limit the
amount of vertical force applied to the wheelchair. This test methodology was adapted from
Glaser & Collins who were interested in calculating power output from wheelchair users by
measuring the average force needed to push a wheelchair and occupant from behind and

multiplying it by the velocity of the wheelchair (Glaser & Collins 1981).

Using the handle-bar push technique it has been found that the force required to keep a
wheelchair moving over everyday indoor terrains varies from approximately 10 N (on tile) to

30 N (on high-pile carpet) (van der Woude et al. 2003).

Using a variation® of the push-handle technique the rolling resistance of concrete pavers
was tested both when the surface was flat and when there was a 2.5% and 4% crossfall. It
was found that the rolling resistance of the surface was approximately 24 N, and the effect
of crossfall gradient was to increase the rolling resistance by approximately 3.4 N per

percentage increase in crossfall gradient.

2.3.2 Wheelchairs: An Introduction

Wheelchairs provide an alternative mode of mobility for those who find it difficult, or
impossible, to walk. A wheelchair consists of a chassis which houses a seating unit for the
user to sit. It should be noted the seating unit also provides the stable base from which self-
propelled users can push the wheelchair. A wheelchair has a number of wheels. In most
cases wheelchairs have two larger rear wheels and two smaller front casters which are free
to rotate. Wheelchairs can be divided into three main types: self-propelled, attendant-
propelled and electric. This division is based on the method of force application to the

wheelchair in order to make it move.

* The variation involved using an electric scooter to pull the wheelchair rather than a person push the
wheelchair. A full methodology as well as the results of this experiment is given in Appendix 3:.
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The focus of this thesis is on manually powered wheelchairs. It will focus on two types of
wheelchair, the standard wheelchair prescribed by the National Health Service (NHS) for
attendant propulsion and, secondly, the rigid-framed wheelchair often prescribed for self-
propelling users with high activity levels. The latter group of users is often referred to as

Active Users.

Figure 2-2 illustrates the percentage of ‘clients’® who use different types of wheelchairs
depending on their mobility and postural needs. 55% of clients generally use a wheelchair as

their main form of mobility and Active Users are a subset of this. The attendant-propelled

Clients’ Mobility & Postural Average
Needs Package Cost
10% £3000
N\ ____E100 ] ___
High activity
Postural suppor
55%

requirements

Restricted activity
self-propelling

Regular self-propelling
Regular transit
Low-activity self-propelling
Low-intensity transit

Percentage of Client population

35% £139

£115

Figure 2-2: The considerations in mobility and postural management provision. Adapted from Le Grand 2008

users and self-propelled users who do not use their wheelchair daily, account for
approximately 35% of users according to Le Grand (2008) (see Figure 2-2 ). This figure for
the number of people who are pushed by an attendant concurs with the figure (34%)
reported in a recent survey in North West England into the social implications to the

increased use of wheelchairs in society (Sapey et al. 2004).

* The term client refers to people who are assessed for a wheelchair by the National Health Service
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It can be seen from Figure 2-2 that there is a substantial difference in the average package
cost” of a wheelchair provided mainly for attendant propulsion (£115-£139) and one for an
active user (£871). These reflect the cost of design and manufacture of the different

wheelchairs, which will be discussed briefly now.

The ‘standard’ wheelchairs prescribed by the NHS for attendant-propulsion are the 8L and
9L (the equivalent wheelchair in the U.S. are the K1001 and K1000). Both wheelchairs weigh
approximately 18kg. The 8L and 9L are both wheelchairs with a folding, steel tubular design.
As can be seen in Figure 2-3, which shows an 8L, these wheelchairs have canvas seats and
backrests, with removable footplates and arm rests. They are able to turn thanks to
‘shopping trolley’ style casters at the front and have rear facing handles to allow for
attendant propulsion. The only difference between them is their rear wheel size; the 8L has
larger rear wheels which allow the occupant to self-propel, while the 9L has small rear

wheels.

The larger rear wheel of the 8L theoretically makes it easier to push (something which will
be examined in more detail in section 2.2.2). However, it also makes it wider and so more

difficult to manoeuvre through doorways and more awkward to put into the boot of a car.

Handles

Canvas Back
support &
seat =

Folding steel
frame

Individual
footplates

Figure 2-3: Standard issue wheelchair for attendant propulsion

Importantly though the large rear wheels afford the user the opportunity to propel
themselves, even if they only have the ability to move small distances, and perhaps only
indoors. For this reason it is often prescribed for both frequent and occasional attendant

propelled use as well as for those who will self-propel regularly. Neither the 8L nor the 9L

> The ‘package cost’ would include items such as cushions, specialist seating systems which help maintain
upper-body posture and also costs incurred in personalising the wheelchair.
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are dissimilar in design from the first folding frame wheelchair designed by Herbet &

Jennings in 1933 (Sawatzky n.d.; Kamenetz 1969) .

In stark contrast the current design of wheelchair for active users has a number of
adjustable features, which allows for a greater degree of customisation to the individual
(Michael L. Boninger et al. 2000). One of the major factors in allowing such a high degree of
customisation has been the rigid-frame, which has been the platform for what can be seen
as a revolution in wheelchair design (Lucas H.V. van der Woude et al. 2006). This design
change eliminates internal energy losses, which occur in the folding frame design due to
flexing of the frame (Lucas H.V. van der Woude et al. 2006; Michael L. Boninger et al. 2000;
L. H. V. van der Woude et al. 2001). A key element in the fixed-frame design is that the seat
height and position can be altered as can the rear axle position. The significance of these
alterations to wheelchair rolling mechanics is that they change the distribution of the weight,
which can in turn make the wheelchair easier to push on any given surface. This will be
addressed in section 2.2.2.1. They also affect how much of the handrim it is possible for the
occupant to grasp, which in turn can change the kinetics and kinematics of the push cycle

(Michael L. Boninger et al. 2000; Cowan et al. 2009).

The change in frame design has been accompanied by an improvement in material
technologies (DiGiovine et al. 2006; van der Woude et al. 2006). At the forefront of design
are materials such as titanium and carbon fibre (DiGiovine et al. 2006; van der Woude et al.
2006). Carbon fibre is seen as offering huge potential in future wheelchair design, although
this is yet to be realised (DiGiovine et al. 2006). It allows for the possibility to add rigidity to
a wheelchair in one direction (prevent the frame flexing laterally) and flexibility in another
direction (provide a suspension system vertically) depending on the orientation of the fibres
(DiGiovine et al. 2006) . Titanium offers a high strength-to-weight ratio and is capable of
absorbing shocks and vibrations. However, due to raw material costs and increased costs in
machining, wheelchairs made of titanium are more expensive than the more standard

aluminium or steel wheelchairs (DiGiovine et al. 2006).

It is for this reason (cost) that it is not common for the NHS to prescribe titanium
wheelchairs for ‘active’ wheelchair users. The standard is instead an aluminium rigid frame
wheelchair, commonly referred to as a ‘lightweight chair’, it is equivalent to a ‘KO005’ in the

U.S.. This wheelchair offers a compromise between the ultra-light Titanium wheelchair and
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the standard folding steel frame wheelchair. Aluminium is cheaper and easier to machine
than Titanium, while having a higher strength-to-weight ratio than steel (DiGiovine et al.

2006).

Despite the lack of titanium, the aluminium wheelchair can still be considered ‘a task
specific, versatile functional device’ ( van der Woude et al. 2006) due to the large number of
adjustments it allows for. These adjustments improve the wheelchair in three ways: firstly
they allow for a set-up which optimises the push of the occupant (Kotajarvi et al. 2004),
secondly they can be used to relieve pressure on areas prone to pressure sores by being
able to adjust the seat and finally they can be adjusted to reduce the rolling resistance of
the wheelchair. The concept of rolling resistance (the force a user must overcome to make
the wheelchair move or remain moving) is important in the context of this thesis and so will

be looked at now in greater depth.

2.3.3 Wheelchair Motion & Rolling Resistance

A wheelchair will remain at rest, or continue to move at a constant velocity, unless a force
acts upon it according to Newton’s First Law of Motion. How efficiently a wheelchair is
pushed depends on the users’ capabilities along with: the weight of the wheelchair system
(occupant and wheelchair), the way in which this weight is distributed and the friction
between the wheelchair and the rear wheels and casters (Brubaker 1986). These last three

things can be considered independently of the user (Brubaker 1986).

The weight of the wheelchair system is directly proportional to the frictional force created
between the wheelchair and the rolling