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Abstract

This thesis investigates the effect of faaty crossfall gradients (0 %, 2.5 % and 4 %) on
wheelchair accessibility.his is done by instrumenting both a spibpelled and attendant
propelled wheelchair and asking a convenience sample of people to push the wheelchair in
a straight line Accessiliity 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 ittakes to start the wheelchair, the work needed to keep the wheelchair moving

and the force needed to stop the wheelchair.

It is found thatalthoughthe amount of work needed to traverse a footway remains

constant egardless of crossfall gradiemt positive crossfall requiressecondorovided

capability: the ability to apply different levels of force, and as a result work, to the upslope
and downslope sides of the wheelchditow people produce this difference of force is
investigated lt is found that for selpropulsion, there are four strategies employed: the first

is to reduce the force on the upslope side by pushing less hard, thedéaancrease 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 combinationFor the crossfall gradients testédwvas 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 guidelines5#e2seem reasonable, and that

inexperienced users may struggiden these guidelines are exceeded
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1 Introduction
SAy3a oftS G2 | OKAS@S 3I2rfta Aa SaaSyaAralrt Gz
a goal requires complain 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
takS LI I OS I gl & FNBY | LISNE2YQad Od2NNByid 20l ()
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 patrticipate in activities of daily li@ath 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 ofténnded by the National Health Service (NHS), who will also
FIOAEAGIGS GKS FTRILIIFIGAZ2Y 2F | 6KSSt OKF ANJ dzi
increase their ability to function within the home. However, the outside environment is less
adaptable to the idividual as it must be accessible to the majority of people. A basic skill of

any wheelchair usér 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, footwlays w

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 needlie 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 crds<fal

wheelchair accessibility: the biomechanics research advises wheelchair users to avoid

'C2NJ KAE GKSara s6KSy GKS GSNY Wwdza Sbtlpart Whenlzispelifich G NB T S
dzA SNJ INR dzLJ A4 NBTFTSNBYyOSwanRKBATENFE WwaSRSYRI N8B QRdzA NBR @
2Throughout 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 inrs@cti.

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 propulsioccamting for approximately

34% of usergSapeyet al.2004) Attendantpropelled 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) apouses 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 proportiasf 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 use(Mcintyre & Atwal 2005)

The ways in which attendants and occupants push wheelchaifsiadgamentally different.
Seltpropulsion 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 toll down the crossfallThis is not the case

with attendant propulsion, where the person pushing has no need to release the hatidles.
is uncommon for a study to investigate both attendant and-petipulsion.In fact there

have only been a handful ofigties which have attempted to assestendantwheelchair
propulsion(van der Woudeet al. 1995; SUZUIeL al.2004; Abel & Frank 1991 is also

unusual for a selpropulsion study to quantify theegative puskrim forces.

Whether or notawheelchair ger 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 interactiorbetween 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

interadions. 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 capabilit@eyided 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 attachellem
(required capabilities For any given activity, the point at which ttezgjuired capabilities

exceed theprovided capabilitiesignifies that the activity will not be achievable.

This thesis aims to develop a method for assessing both attendargedfpropulsion 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 accessitlfityre footway. In this way mobility

can be used as a measure of accessibilitye provided capabilities were reduced to the
physical forceseeded to successfuljyush a wheelchair in a straight line along a footway.

It was hypothesised that when thedtway was flat the user would need to provide 1)
sufficient force to start the wheelchair, 2) sufficiemork to keep the wheelchair moving

over the required distance and 3) sufficient force to stop the wheelchair. When a crossfall
was present these wouldeed to be provided along with three additional capabilities: 1) a
difference of force when starting, 2) a differencevadrk whilst going over the required

distance and 3) a dérence of force when stopping.

1.1 Aim & Composition of the thesis

The aim othis thesis is to measure the effect of footway crossfall gradient on wheelchair
accessibilitypy measuring the provided capabilities of occupants and attenddrits thesis

is divided into 9 chapters; the contents of these chapters are briefly descnided

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 tieheelchair is being propelled over a three distinct
crossfall gradientf0%, 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 oveea thstinct
crossfall gradient§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 aapt€h6 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 f¢hicL @ 2dzf R f A1 S G2

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

6 NA y 3



2 Background

This chapter begins by outlining the issues surrounding wheelchair mobility and accessibility
(Section2.1). In particular thisection details the Capabilities Model (Sectidi.1). The

required capabilities imposed on a wheelchair user are then discussed (S2&jipn

followed by the provided capabilities of sglfopelled users (Sectiah4) and then those of
attendant propellel users (SectioB.5). The guidelines for footways are then briefly

reviewed (Sectio2.6) and finally some conclusions are drawn (Seci@)

2.1 Wheelchair mobility and accessibility

azoAfAle KlFIa 0SSy RSTAYSR | a a{m&2002; aygr 2 F
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) herefore, there are three thgs 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.

Pemle 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 Rait of the
reason for this lies in the fact the wheelchair must roll over the surface it is travelling on,
GKSNBlI & glf{lAy3a KFa | LISNA2R 2F GAYS gKSy
the ground. This difference accounts for the difficdtiynd 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 bealare applied. This is a particular problem for people

who selfpropel 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 ths point, there is no force being applied to the wheelchair to counter the effect of

the gravitational pull down the slope.

Y 2
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2.2 Measuring Accessibility: The Capabilities Model

Measuring accessibility is therefore complex as it requires knowledge of ind&idual F 6 A £ A G A
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 nuphisapabilities attached

to it, requiredcapabilities, which can change depending on the environment in which the

task takes place. Each individual has a certain numbenoefdedcapabilities; cognitive,

sensory and physical things they are able tofor any given task, the point at which the
requiredcapabilities exceed thprovidedcapabilities signifies that the activity will not be

achievable.

The Capabilities Model for measuring accessibility is inspired by the welfare economics
philosophy of Arartya Sen(Sen 1985, Sen 1998en advocates that the quality of life of a
LISNB2Yy &aK2dZ R 0S FaaSaaSR Ay (GSN¥a 2F WKAa 2
Fdzy QU A2y Ay & (Beh1993) Fuhchdhing® afe steh &ihg Fatbusdsia

person wishes to do or to b&en 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 st(&inesd et al.

2009) A core theme running through all of these studies is the distinction betvleen

WLINF QUGAOIE 2LIRNIIYAKSBSEHIQVOBLIAO kDA A 82 QULISR YR
OUKSANI WFdzy QUA2y Ay 3aQood

aSl adz2NAy 3 | LIS NEmrg @epletadkithan ineakuiirg $hé outcaine of
these capabilities and in the initial model a binary approach was taken to measuring the
outcome ofprovidedandrequiredcapabilities. The model enabled people to be identified
as either being able to oveome a barrier, or not (Tyler, 2009). A barrier was defined in the
model as the point at which theequiredcapabilities exceed thprovidedcapabilities and

the task at hand became impossible for the person.

This binary version of the model was useddgpolina and Tyler to develop a microscopic
simulation of pedestrians moving about the built environmé@epolina & N. Tyler 2004)
The paper was illustrated with an example of three different pedestrians attempting to

navigate through a gap and succedlsfdemonstrated that accessibility can be modelled



using the combined properties of the environment and barriegqQiredcapabilities) and
the capabilities of the persompyovidedcapabilities). Cepolina and Tyler concluded that the
Capability Modelas O2y OSLJ0 LINPYARS&a || Ww3I22R ol ara F2N

environmental barrier¢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 marum 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 wanding it more difficult.

Measuring the difficulty level of a task for an individual is comfilgieret al.2007)

approached this by measuring physiological responses to barriers. These physiological

outputs are dependent on how someone completes thgk. They give a continuous scale

measure and therefore make it easier to compare the strategies taken by people. In this
d0dzRes adzo2SO00G&aQ KSINI NIXiGSa 6SNB YSE&Ad2NBR |
heart rate was observed which, inrepeatédS & G & I LIS NBR (G2 068 NBf I i
responses to a change in the gradient of a footway. This work gave rise to the idea that

such environmenperson interactions might be measurable and that other, more

appropriate, means of measurement skid be investigated.

An added difficulty for researchers is that people may need to utilise diffgnentided
capabilities as task difficulty increases, or they might simply choose to use different
providedcapabilities. The difficulty for the researchidaen, 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 asses such things as trip length and number of

journeys completed to assess how accessible a transport network is. These types of
YSIFadzaNBYSyida O2yadAaiddziS YSI &adz2NBEa 2F FdzyOaAzy
measure what people actually do and &rhthey fail to do something rather than what they

can do (capabilities).



The Capabilities Model represents a departure from this traditional approach to a more
personcentred 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 itrdifi}em 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 CapabilitiesModel for Wheelchair Accessibility

In the caseof 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 comjgat by the

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

This system of interactions is showrFigure2-1, where the red arrows represent the
requiredcapabilities and the green arrows tipeovidedcapabilities. The black arrows

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

i AttendantPropelledWheelchairSystem SelfPropelledWheelchairSystem i
't (APWS (SPWS) !
User Wheelchair | User
: Attendant occupan :
: ( ) e PR |1
e 3 e
------------------------------------ £9--------1-J---- -
Capabilities Key I
e—— Required capabilities <
Activity
eo—— Provided capabilities
— —e Task
<«— Fixed Capabilities ’-.Envwonment <

Figure2-1: Interactions between the environment, wheelchair, users and activity using the Capability Mode

Refer to text for details.

The Capabilities Model as showrFigure2-1 can be used to explore the problem of a

wheelchair user wishing to do something which requiresihe traverse a section of



footway which has a crossfall. This involves investigating the various layws/afed and
requiredcapabilities that exist between the occupant, the attendant, the wheelchair and

the environment.

In the simplest case when theis only one user of the wheelchair (the occupant), there is
an interaction between the wheelchair and the occupant (see the top right corrieigate
2-1). This can be represented as the sepuadvided capabilitieshe occupant has (Rffand

the required capabilitiesreeded to use a wheelchair by the occupant(§)C

PG can include a whole range of abilities: cognitive, sensory and physical. In terms of
wheelchair propulsionthe mainB@a | NB a0 NBy3GKI FTAldySaa
independenty 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-sgt of the wheelchair. The interaction of {£&hd

RG, produce a net set gbrovided capabilitiesPGws which then interact with the

9y @A NP yeyuBed dapabilitiec$RGwy. The environment itself and all of the barriers it
contains represent theequired capabilitieswhich must be overcome in oedfor the task

to be achieved.

Therefore, improving the accessibility of a task can occur by increasing the occupants
provided capabilitiege.g. a training course to improve their fitness, strength or technique).
Alternatively,it can be achievelly decreasing theequired capabilitie®f the wheelchair

(e.g. altering its setip to make it easier to push). Lastigcessibility can be improvédxy
reducing therequired capabilitie®f the task (e.g. making the surface smoother or reducing

the crossfall grdient).

When the occupant of a wheelchair is unable to propel themselves and are pushed by an
attendant, it is the thel G Sy providell apabilitiesvhich determine if a task can be

completed, while the occupant remains part of trequired capabilies in a purely

by R

mechanical way (as they are a part of the mass which needs to be moved). This is modelled

in Figure2-1. The output of theprovided capabilitiesf the attendant (Pg) and therequired
capabilitiesof the SPWS (R&), which must be pushedy the attendant, result in a net
provided capabilitiesf the AttendantPropulsion Wheelchair System (APWS). These must
then be greater than theequired capabilitie®f the environment (R e, in order for a task

to be accessible.



2.2.2 The importance of Fodways 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 walkioigwheeling. 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)

Footwaydorm 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 feotway

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
O2yRAGA2Yy A0 o0dzi | faz2 &iNUzOG dzNI f ofwatdrdibiss a dzOK
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 consistsagdiwho would have

OGNy RAGAZ2Y I ffe 0SSy GK2dAKG 2F Fa 6SAy3 WRAAL
technology to aid them in traversing the pavements (such as wheelchair users and those

who require a walking stick or crutches to keep their balanoehose 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 excludeshd social exclusion has been shown to be linked to the
accessibility of public transpof€hurchet al. 2000; Hine & Mitchell 2001)Yyler highlighted

that there is a particular need for pedestrians in London using the bus system to be able to
traverse H0m of footway. This is the straighihe distance used by London bus companies

to a bus routgTyler 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 colleaguastiiat

15% of wheelchair users were capable of propelling 360m to a bus stop without needing to

10



rest, this figure increased to 40 % when the distance was halved to (Bfnimamet al.
1994) The recommended distance for wheelchair users to travel witheasais 150m
(Department for Transport 2005)rhe 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, tegjuired capabilitiesre made up of the intaction between

the wheelchair and the environment. The type of wheelchair and how it isgetiong with

the topology of the terrain can all increase ttegjuired capabilitiesmaking the wheelchair
more difficult is to push. These factors will now bglexed, starting with the types of
wheelchairs 2.2.1). Then defining and discussing factors which affect the wheelchairs rolling
resistance?.2.2. Finally some of the common methodologies for measuring rolling

resistance are briefly discusse?lZ.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 velpcithis is not strictly true as both the
deformation properties of tyre¢Kauzlarich & Thacker 19854 also the rolling mechanics

of a wheelchai{Chuaet al. 2010; Hoffmaret al.2003)can change with velocity.

Furthermore, while theoretically there shtilbe 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 wheelchair.

There are a number of methods one could use to measure the rolling resistance of a
GKSSt OKIFANY hyS 2F GKS Y2aid LB2LdzZ N Aa (2
is attached to a treadmill via a rofgde Grootet al.2006;vander Woudeet al. 1986)

Attached to one end of the rope is adimensional 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 wheaichan 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

11
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interaction between the wheelwir and the treadmill surfacéM. D. Hoffmaret al. 2003)
There can also be differences between different treadmills and differertigsetof the tests
as were highlighted bfde Grootet al. 2006)

I aS02y R YSiK?2 RN 3RS OkayerljedaStamddgariiached to an
attendant propelled wheelchair is used to measure the rolling resistérare der Woudeet

al. 2003) In this type of test someone pushes the wheelchair while attempting to limit the
amount of vertical force applied tihhe wheelchair This testmethodology was adapted from
Glaser & Collinggho were interested in calculating power output from wheelchair users by
measuring the averagforce needed to push a wheelchair and occupant from behind and

multiplying it by the veloity of the wheelchaifGlaser & Collins 1981)

Using the handldar 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 higkpile carpet)(van der Woudest al.2003)

Using a variatiohof the pushhandle 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 fage 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 mobifity 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 whebair. 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:-gedpelled, attendart

propelled and electricThis 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 givigrpendix 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 Natibtedlth Service (NHS) for
attendant propulsion and, secondly, the rigidhmed wheelchair often prescribed for self
propelling users with high activity levels. The latter group of users is often referred to as

Active Users

Figure2-2illustratesthe per8 y (i 3§ 2 Who 4s&differény tiipas®f 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 atterutapelled

| ftASYyiaQ az2oAt Average
Needs Package Cost
10% £3000
N\ ____E1S00____ ] ___
High activit £871
Postural suppok
55%

requirements

Restricted activity
selfpropelling

Regular setpropelling
Regular transit
Lowactivity selfpropelling
Lowintensity transit

Percentage of Client population

35% £139

£115

Figure2-2: The considerations in mobility and postural management provision. Adapted from Le Grand

users and dépropelled users who do not use their wheelchair daily, account for
approximately 35% of users according toGcand (2008) (se€&igure2-2). This figure for
the number of people who are pushed by an attendant concurs with the figure (34%)
reported in arecentsurvey in North West England into the social implications to the

increased use of wheelchairs in soci€®apeyet 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 frorrigure2-2 that there is a substantial difference in the average package

cost of a wheelchair provied mainly for attendant propulsion (£135139) 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.

¢KS Wwaidl yRIFINRQ ¢KSSt OKLI AnddatprofSicn Grblihed8S &d 6 & G K S
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 irigure2-3, which show an 8L, these wheelchairs have canvas seats and
backrests, with removable footplates and arm rests. They are able to turn thanks to
WAK2LILIAY3I GNREfSeQ aitetsS OFradSNaB G GKS FTNRY
attendant propulsion. The only défence between them is their rear wheel size; the 8L has

larger rear wheels which allow the occupant to gwibpel, while the 9L has small rear

wheels.

The larger rear wheel of the 8L theoretically makes it easier to push (something which will
be examird in more detail in sectioB.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

Figure2-3: Standard issue wheelchair for attendant propulsic

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 getbpel regularly. Neither thel8nor the 9L

¢ KS WL O} 3 Suddigemdisich @s2uliioRs, Apgaldlist 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 193 awatzky n.d.; Kamenetz 1969)

In stark contrast the current design of wheelchair for active users has a number of
adjustable features, wibh allows for a greater degree of customisation to the individual
(Michael L. Boningeat al.2000) One of the major factors in allowing such a high degree of
customisation has been the rigidame, which has been the platform for what can be seen
as arevolution in wheelchair desigfucas H.V. van der Woudeal.2006) This design
change eliminates internal energy losses, which occur in the folding frame design due to
flexing of the framegLucas H.V. van der Woudeal.2006; Michael L. Boninget al. 2000;

L. H. V. van der Wouds al.2001) A key element in the fixeftame 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 thegme the distribution of the weight,
which can in turn make the wheelchair easier to push on any given surface. This will be
addressed in sectioR.2.2.1 They also affect how much of the handrim it is possible for the
occupant to grasp, which in turn cahange the kinetics and kinematics of the push cycle
(Michael L. Boningest al.2000; Cowaret al.2009)

The change in frame design has been accompanied by an improvement in material
technologiegDiGiovineet al. 2006; van der Woudet al.2006) At theforefront of design

are materials such as titanium and carbon fifileGiovineet al. 2006; van der Woudet al.

2006) Carbon fibre is seen as offering huge potential in future wheelchair design, although
this is yet to be realise(DiGiovineet 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
(DiGiovineet al. 2006). Titanium offers a high strengtio-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 wheelchair@iGiovineet al. 2006)

It is for this reason (cost) that it is not common for the NHS to prescribe titanium

GKSSt OKIFANE FT2N) W OUAPBSQ 6KSSEt OKFANI dZASNE® ¢
wheelchair, commonly refdB R (2 Fa | WiAIKIgSAIAKEI OKI ANDX

U.S.. This wheelchair offers a compromise between the4iljia Titanium wheelchair and
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the standard folding steel frame wheelchair. Aluminium is cheaper and easier to machine
than Tianium, while having a higher strengtb-weight ratio than stee(DiGiovineet al.
2006)

5SALIAGS GKS 101 2F GAGFYAdzY GKS | dzYAyAdzy
ALISOATAOLI @S NE I(vande® Waudey ah 20863dyieltd thelBr§edantb& Of
adjustments it allows for. These adjustments improve the wheelchair in three ways: firstly

they allow for a setip which optimises the push of the occupdKbtajarviet al.2004)

secondly they can be used to relieve pressure on areasepio 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) isgortant 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
FOGa dzLl2y A G | OO aAFAMOEDN. HAw efiicedtly 2 whepichaiCid NA&

LJdza KSR RSLISYRa 2y GKS dzAaASNEQ OFLIOAfAGASE |
(occupant and wheelchair), the way in which this weight is distributed and the friction

between the wheelchair and threar wheels and caste(Brubaker 1986)These last three

things can be considered independently of the udgnubaker 1986)

The weight of the wheelchair system is directly proportional to the frictional force created
between the wheelchair and the dolg surface. The frictional forcé (hat needs to be
overcome can be calculated from the normal reaction foReafid the coefficient of

friction (u) with the following formulafE t &.

The normal reaction force is equal and opposite to the weight of the object to be moved.
The value of p is higher when an object is being accelerated from rest (referred to as the
coefficient ofstaticfriction) compared to when it is already movi(galled the coefficient of
dynamicfriction). Therefore the heavier the wheelchair system and the more friction there
is, the greater the force necessary to move the wheelchair. In the case of wheelchairs the
frictional forces that occur between the whedlair and the ground are termewlling

resistanceas the wheelchair rolls over the ground.
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In the case of a flat surface the forces acting on a wheelchair at rest can be $eéguarm
2-4A. As the wheelchair is at rest the only force acting on theeMir is the combined
weight (W) of the wheelchair and the user, indicated by the red vertical arrow. This
produces reaction forces at the contact points with the groungafRhe casters and fat
the wheels). When a force is applied to the wheelcliis could be applied by the
occupant, [, to the handrim or to the handles by an attendant, & both) frictional forces
(R at the casters and,fat the wheels) will oppose the motion of the wheelch&irgure

2-4B).

Figure2-4: Forces acting on a sianary wheelchair when no forces are being applied by a user (A) and when

force(s) are being applied by a user (B). See text for description.

2.3.3.1 The effect of wheel and caster prperties on rolling resistance

The magnitude of each resistive force occurring at the wheel or caster occurs due to
deformation of the tyre surface, as well as deformation to the surface. When travelling on
concrete footways the deformation of the surfacancbe considered negligible, whereas
when travelling on a surface such as sand it becomes significant. The magnitude of the
frictional force also depends on the radius of the wheel, the material of the tyre and the
weight travelling through the caster oyrie. The rolling resistance of a wheel is inversely
proportional to the radius of the wheéMcLaurin & Brubaker 1991; van der Woueteal.

2001)(Brubaker 1986 he rolling resistance of a wheelchair can be expressed as:
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& 12 12

Equaiton 1: Where Rgis the rolling resistance force, Jrepresents the combined coefficient of friction of the wheelsyR
is the combined normal reaction force at the wheels, pepresents the combined coefficient of friction of the casters

and R is the canbined normal reaction force at the wheels.

The fact that with all other factors being equal, smaller radius wheels have a higher

coefficient of friction means that, theoretically, wheelchairs should be designed angset

So as to minimise the amount @rce being transferred through the casters. In lightweight
wheelchairs this is possible by adjusting the vertical height of the seat and adjusting the rear
axle position. A 2.5 cm adjustment of the rear axle position (from 10 cm to 7.5 cm) has been
showntheoretically by Tomlinson to reduce the rolling resistance by [D8mlinson

2000a$. Experimentally, this has been backed up by Boniegat.who found that moving

GKS NBIFNJIEfS F2NBIFNRa a2 & (2 dzyt &F RADES
(Michael L. Boningest al.2000p . & WoSGUOSNID GKS | dziK2NAR | NB
longer and less abrupt pushes, thus reducing the likelihood of injury to the upper limb

(Michael L. Boningeat al.2000) Pushrim biomechanics and their riétaship to upper limb

injury will be addressed in greater detail in Sect®8.2

Attendantpropelled wheelchairs can have much smaller rear wheels thaspegbielled
wheelchairs; with a radius of approximately 25cm compared t&6B@m. These smaller

rear wheels are usually solid rather than pneumatic, something which also increases their
rolling resistance compared to pneumatic ty(&awatzkyet al.2004) They also tend to be
thicker, which increases the contact profile with the ground (in much #mesway as a flat
pneumatic tyre), which further increases rolling resistance. Furthermore, there is no
adjustability of rear axle position on the attendapitopelled wheelchair and the wheelchair
itself weighs more (by approximately 8 kg). Therefore, th@oally, it can be concluded
attendantpropelled wheelchairs have a higher rolling resistance than their lightweight
counterparts. What is more difficult to conclude is whether the larger rear wheels of an 8L
offer a higher resistance than the smallern®heels, given that the 8L can be solid (but
generally not of the same material as the 9L) or pneumatic. There has been no published

study that could be found which quantified this difference.

®By reducing the rolling resistance in this way, the wheelchair would also be made less stable nesisieg it
to flip the casters and perform a wheelie but also to fall backwards, which can result in injury and even death
of usergBrubaker 1986; Calder & Kirby 1990; Michael L. Boninger et al..2000)
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The orientation of the front caster also affects its resistiosce; when it is inline it

decreases and when at 90 degrees to the direction of travel it provides maximum resistance
to propulsion( van der Woudet al.2001) The caster is an interesting component of the
wheelchair as it is passive and is free to tetabout the axis in its housing. It is this
component that allows the wheelchair to swivel and turn. It is also responsible for allowing

the wheelchair to turn dowsslope when on a crossfall.

Finally, therear-wheelcamber angle can be changed, this Wwbtechnically change the

ground reaction force due to a change in contact area between the wheelchair and the
ground. A study could not be found to quantify this effect, which is probably due to the fact
the effect is minimal. Changing the camber angleutlih does have additional possible
benefits for wheelchair users traversing a footway with a crossfall, as there is an increase in
the distance between the turning centre of the wheelchair and the contact point of the
wheelchairand the ground. Thereforey greater camber should help resist the downward
turning moment on a crossfall (this turning moment is described in detail in seZtBo8.3.

This has been backed up in experimental work by Trudel et al who found changes to the
camber angle improved botthe manoeuvrability and stability on slopE&udelet al. 1995;
Langner & Sanders 2008hcreasing the camber angle will alsorease the wheelbase,

which may make manoeuvring in tight spaces more diffigtdhgner & Sanders 2008)

Theeffect of slopas on wheelchairs will now be investigated along with design andset
FSEFGdzZNBa GKFG SAGKSNI FAR 2NJ KAYRSNI I gKSSt OK
2.3.3.2 The effect of sloped terrain on wheelchair motion

When a wheelchair is on a longitudinal slope, inesttvords going up or down a hill, the
user must overcome not only the rolling resistance which is present during flat terrain
propulsion, but also the additional force of grauviBichteret al.2007a) The magnitude of
this additional force (fuine) isdependent on the weight (W) of the wheelchair system and

the slope of the terrain, which is expressed mathematically as:
& 70EI

Equation2: The force required to traverse an incline,{lf.), where W is the weight of the wheelchair system@n ., A a

the angle of incline.
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This additional force is shown igure2-5 as a blue arrow. This additional force is added to

the rolling resistance found on the flat conditidaquation 3.

& 22 780HF1
Equation3: Total force (k) neededwhentt @St € Ay 3 dzZLJ | &t 2LST 6KSNB 2 Aa (GKS ¢SA3

the angle of incline and RR is the rolling resistance as defined in equation 1.

In the case of travelling up a hill extra force must be applied to the handrim or handles to
prevert the wheelchair rolling back down the hill. However, when travelling downslope, this
force due to gravity can be beneficial for wheelchair users, as the force due to gravity is
acting down the slope. In this case it is akin to an additional propulsice tord it

accelerates the wheelchair. When thought of in this way the energy used to climb a hill can
0S WKI NWSailSRQ(vRndiatWygudet al.RE1) RHe #lng yesistance is thus

reduced (sedequation 4.

& 22 780HF1

Equation4: Total force (&) needed when travelling down a slope, where W is the weight of the wheelchair system and

Ad GKS Fy3tsS 2F AyOfAyS FyR ww Ad GKS NRftAy3 NBaArAadlyoOs

However, the additional force aiding@aeration when travelling downslope will need to be
overcome if it becomes necessary, either for safety or comfort, to slow or stop the

wheelchair.

Figure2-5: Forces acting on a wheelchair going up (left) and (down) a slope. W is the weight of the

GKSSt OKFANJ a2adSYy FtyR . Aa GKS ly3atsS 2F AyoOf
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2.3.3.3 The effect of crossfalls on wheelchair motion

Crossfalls are commonplace on UK footways; their prese
aids the drainage of surface water off the footway and int

the roadside gutter. However, the same force (gravity) al

attempts to pull the wheelchair downslope (sEgure 26).
Although the rear wheels will resist this lateral force, the
casters do nofRichteret al.2007a) Therefore, a turning
moment is created, with the force (Fc &igure 26) acting
at the centre of mass of the wheelchair system
perpendicular to the line OC shown &igure 26. The line
OC is the line connecting the centre of mass the
midpoint between the two rear wheel®Richteret al.
2007a) The resulting moment can be quantified by

Equation6.

0 wd Qe

Equation6: Equation for the static moment (M), which acts on a wheelchair _. ) )
Figure2-6: lllustration of a wheelchait

when it is at rest on a surface with a crossfall. Whahéis the weight of the
on a crossfall. Please see text for ful

wheelchair systemq is the angle of the crossfall and d is thesthnce _
description of terms.

between the contact points of the two rear wheels and the ground.

To overcome thisnomentthe user must apply an equal

and opposite moment to My THs is achieved by applying a difference of force between

the upslope and downslope sides of aeelfichair. This difference of force can be achieved

by applying draking force to the upslope side of the wheelchair, or an increase in force on

the downslope side, or a combination of both. Whatever the details of the force application,

a force differencanust exist between the upslope and downslope sides in order to counter

the force created by the crossfall and for the wheelchair to continue in a straight line. The
magnitude of this force is calculated with the same formula as in the case of the langitud

force (seeEquationd @ | 26 SOSNI Ay GKA&A OFaS GKS Fy3atsS o

not the angle of the longitudinal slope.
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One thing that must be highlighted is the fundamental difference in force application of self
propelled wheelchairs compared to attendaptopelled wheelchairs. Seffropulsion

requires the user to release the wheels during what is called the recovery phase of the
stroke. During which time the wheelchair is free to roll down slope. This can of course be
prevented by constantly applying a bragiforce to the upslope wheel. However, this force

is only aiding forward motion of the wheelchair in an indirect way and is not in fact actively
producing work (i.e. the force does not cause the wheelchair to move in the direction of

desired travel.

2.3.4 Work and Energy

Work is an important physical parameter as it shows the result of the force being applied
and the distance achieved by the application of the force. In order to do work in a
mechanical sense one must apply a force to an olgadmove it. Theréore work is
calculated usingquation 7 and its unit is the Joule (J), where 1J =1Nm.

71 OE&T OFAODI AAAT AT O
Equation7: Equation for work done on an object
In the case of a wheelchair user applying a force to the wheelchair in order to prevent it
rolling down a crossfall; the amount of work they achieve on the wheelchair by simply
preventing the wheelchair turning downslope is zero, as they are preventing movement.

This is of course if they are successful. However, this does not mean that the person

preventing the motion of the wheelchair has not expended energy.

The details of how humans produce work is beyond the scope of this thesis, as it would
require a focus on measuring the displacement of joint segments (e.g. the upper and lower
arm) relativeto each other. The reason this is necessary is that the relative displacement of
each joint segment would need to be known along with the forces applied to both segments
in order to calculate the work. This is not done in this thesis. However, it igiampdo

realise that when a force applied to a wheelchair is not aiding the intended direction of

propulsion, it is still having a physiological cost on the person applying the force.

Work has recently been used as an objective measure of surface firrf@lessney &
Axelson 1996)Using a Smart Wheel (see Section 2.4.1 for a full description of the

SmartWheel) the amount of work needed to cross different surfaces was measured and
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using this measure, the results of which are reported in section 2.8.

2.4 Provided capabilities. Self-Propulsion

The SmartWheel (SW} a commercially available tool for measuring handrim forces and
moments, as well as wheel speed and s&@hngle. It attaches to the axle receiver of a

wheelchair in place of a standard whiel

The seHpropulsion of wheelchairs is a strenuous task compared to walking, with a gross
mechanical efficiency of approximately 10@rootet al.2002) Therefore iis necessary to
maximise theprovided capabilitiesf the SeKPropelled Wheelchair Systems (SPWS). In
order to do this the force applied to a wheelchair needs to be measured, this is made
possible with a SmartWheel, which will be described in Se&i8d). This will be followed

by a description of the key kinematic parameters for everyday environmental barriers faced
by wheelchair user.3.2 Finally injuries linked to manual wheelchair propulsion will be

discusse®.3.2.3

2.4.1 SmartWheel

One of the drivig forces for developing the SmartWheel (SW) had been to collect research
RFEGE GKFdG gl a aOf AyAaOl f f(@wan8 al.Zo0s) B AddifioR it dza S F dzt
allowed nontraditional research centres to participate such as hospitals and clifiiese

are a growing number of SW users, many of whom contribute to the SmartWheel Users

Group (SWUG). UCL is one such institute. This group wap sethelp pool data from all

studies involving the SW. To enable similar data to be collected worldwidé @ligical

Protocol was developed. The first publication to result from this data pooling was published

last year(Cowanret al.2008) It highlighted 4 parameters from the 21 that the SW can

Fdzi2Yl GAOFft& 3ISYSNIGS (2 &% SHUEMIMMARUWS)YOLE AY A
These are speed, average peak resultant force, push frequency and stroke length and all are

Ol £ Odzft I G SR -{RiNG & SAsbatéfjsid&itteBRaEs occurring after push 3 has

occurred in the SmartWheel Clinical Protocaldetailed description of each parameter is

given inTablel.

"The SmartWheel is developed by Three Rivetdihigs, LLC.
® The technical specification of the SmartWheel is discussed in greater detail In 6t®n
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Table2-1: Description of SmartWheel parameters adapted from the SmartWheel User Guide 2008 (Cever2008).

Parameter SmartWheel User Guide Description

Push Frequency [1/s| This is hownany times per second, on average, the Subject pus
on the SmartWheel.

Average Peak The resultant force is calculated mathematically by combining tf
Resultant Force [N]| orthogonal force components measured by the SW. A peak val
produced with eab push and these are averaged for each trial

Average Speed [m/s| This is the average speed of the SmartWheel during steady st
(the time after the first 3 pushes).

stroke length [m] The length of push stroke
Average Peak The aveage peak tangential force. This is the force componer
Tangential Force [N] which is tangential to the handrim

These parameters are excellent for describing straight line propulsion; however they are
unable to produce a complete picture of how users accomplish more comgué&s such as
completing a figure of &ack, something which is acknowledged by Cowaal. (Cowanet

al. 2008)

2.4.2 Wheelchair Pushing

Wheelchair selpropulsion consists of a cyclical push pattern, which necessitates a period of
time when the hand is nohicontact with the handrim. This results in what is termed a push
phase followed by a recovery pha&anderson & Sommer Il 1985; Kwarahthl. 2009)
Kwarciaket al. point out this is equivalent to the swing and stance phases of(gaiarciak

et al.2009) This research expands the definition of the push phase into three distinct parts:
the initial contact, the propulsive phase and the release of the handrim. It gives a clear and
precise definition of where each phase starts and endgKe&rciaket al. 2009) Their push
phase definition remains consistent with previous work; occurring when a positive driving

moment (MZ2) is applied to the handrim.

Generally researchers simply report on the push phase, with each using a different method
of finding thestart and end of the push. Some have used 0 Nroubn the M, signal(S.

de Grootet al.2002; Hurcdet al.2008) some have used a positive resultant force.g(F
(Sabiclet al. 2004;Richteret al. 2007b)while others have identified the start and émf a

® Throughout this thesis when referring to selfopulsion it is assumed that the rear axle of the wheelchair
constitutes the zaxis and that a positive moment causes forward motion. Therefore,Mz is the positive
moment about the rear axle.
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push by searching from within the push untisE0 or dirJdt =0 (Richteret al.2007a) This

has made it difficult to compare between studies, something which is highlighted by

(Kwarcialket al.2009)
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Figure2-7: Graph of Ftot (equivalent tores) and M, (equivalent to Mz) showing the start and end points of the new

stroke cycle definition, taken fron{Kwarciaket al. 2009)

In conclusion, there are a variety of methods used by people to identify the start and end

phase of a push phase usedtegearchers, but the definition of using a 0 Nm or ONafiit

seems fairly well established and logically consistent with what one would expect a push

moment or force to be. The new coffs proposed by Kwarciak are probably more valid

provided the noises normally distributed on the signalkwarciaket al.2009) The reason

for mentioning this in so much detail is that when propelling on a crossfall it can become

even more difficult to define the start and end of a push due to the user leaving thed ha

in contact with the handrim during what would normally be termed the recovery phase. This

will be addressed in Sectidn3.

2.4.2.1 Start-up

During straight line wheelchair propulsion, initially the wheelchair accelerates and then

achieves a period of what iSINY SR Wwa i S| Re@

adlrasa

LINR LJdzft a A 2 Y

The startup phase is normally reported as being composed of the first three pushes and the

steadystate phase occurs from push fo{irhree Rivers 2008; A. M Kooetzal. 2005)

When researclis carried out on an ergometer or treadmill it is quite easy to collect
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sufficient data to identify these two states. However, when data is collected in the field this
becomes more difficult and in some cases it becomes necessary to only use the fahth pu

in the steadystate phase calculation(€owanet al.2008)

When an ergometer is used, steady state is normally defined as beginning once a self
selected or target velocity has been achieved, and ending arbitrarily 20 seconds later
(Kwarciaket al.2009; Michael L. Boningest al. 2000) The end point can vary; being

measured in metregAissaouet al.2002) or measured for longer periods of time e(Rick

N. Robertsoret al. 1996) This study used a 30 seconds time window and then analysed 5
consecutve pushes in the middle of this data (Robertstral. 1996). There have been

studies to suggest that there is a high degree of variation between pushes and that the only
way to counter the variation is to increase the number of pushes taken for analysis
(Rodriguezt al.2004) Rodriquezt al. showed that increasing the number of pushes taken
for analysis from 3 to 30, from a single subject on a treadmill, reduced the coefficient of

variation for the peak force by 60.9 @®odriguezt al.2004)

Startup studies remain fewer in number than those analysing steady state parameters.
However, the identification of the start of this phase is easier; it is then only a question of
when this phase shifts to steady state. One way of identifying the end of thielgids to

run separate repeateaineasures analysis of variance tests on each of the biomechanical
measures of interest and then use pairwise comparisons to see which strokes appear
statistically similar, and which appear different. This was the appraagdamtby Koontet al.,
who found that of the 7 propulsive moments for which biomechanical measures had been
calculated pushes-4 were statistically different from-8 (Koontzet al.2005) Furthermore,
the first three pushes accounted for the majoritythe startup phase with push 4 being a
transition from startup to steady stat¢Koontzet al. 2005) Therefore, they defined steady
state as starting from the forth push and it is frequently the case that the first three pushes

are ignored in studies wislg to concentrate on the steady state phase.

2422 Laboratory versus o6real worl dé

De Grootet al.investigated the impact of task complexity on the mechanical efficiency of
wheelchair propulsion over nine weeks of trainifag Grootet al.2008) The three levis of

task complexity were dependant on the type of wheelchair propulsion. The least complex
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was propelling on an ergometer, a treadmill was considered intermediately complex and the
most complex was propelling around a track. The wheelchair was only leapialmeasuring
forces on one side and so the total power was estimated by multiplying by 2 for the

ergometer and treadmill, and by combining alternative runs for the track condition.

The study conducted by Koorgr al. (1995) was one of the first to ingtigate the effect of
outdoor surfaces and was also one of the first to utilise the SmartWheel. It identified that
people adapt the input force magnitude and frequency in response to different rolling
resistances, caused by the different surfaces. Theredéssary, they reduce their speed. At
fSrald GKA&a O2dzZ R 0S 2yS AYOUSNILINBGFGAZ2Y 27
increased the total number of pushes, and the peak tangential force when travelling over
moderately high rolling resistanseirfaces. However, on the ramp and grass, people also
went more slowly. It could be concluded that these two surfaces offered too much

resistance for the user to counter in order to reach their desired velocity.

As was pointed out by Koontz et al highercies have been linked to increasing upper limb
injuries in regular manual wheelchair users. It would appear that people have a certain
velocity in mind and try to reach that velocity on all surfaces. Stprforces, regardless of

surface, caused higher pk forces and moments than the steastate phase.

2.4.2.3 Injuries linked to pushing parameters

Upper limb injury affects a high proportiori manual wheelchair users (MWUlhe two

main sites of injury are the wrist, which is prone to carpel tunnel syndr@smanet al.

1988; Boningeet al. 1999;Boninger et aP004a; Aljureet al. 1985; J. Yanet al. 2009)and

the shoulder, which is prone to impingement syndrome and rotator cuff tears along with
aseptic necrosis at the head of the hume(Bsiyleyet al. 1987). The pain caused by upper

limb injury to manual wheelchair users can be debilitating and has been likened to the
equivalent of a higher level injury in spinal cord injured (SCI) patients by Sie and collgagues
H. Sieet al. 1992;Boninger et a004b. Severe pain has also been linked to a lower quality
of life score of SCI patients in the four years post injury, in fact it was the only complication
factor found in 99 patient histories that correlated to a lower quality of life s¢btadqvist

et al. 1991;Boningeret al. 1999)
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Carpel Tunnel Syndrome (CTS) is a common injury found {wheelchair users and
wheelchair users alike. It is caused by repeated movements and has been found in
ergonomic studies to be linked to tasks requiring high rasigmotion of the wrist, which

FNBE R2yS NBLISIiSRfeé&o ¢tKS AYOARSYOS 27F /¢{ |
between 40% and 86% of the MWU population. It has been found in all studies
concentrating on SCI patients to increase with the number of yeastsinjury(Gellmanet
al.1988; I. H. Siet al. 1992; Aljureet al. 1985) As manual wheelchair propulsion is a
repetitive movement requiring considerable wrist range of motion, the high incidence of
CTS in MWUs is not surprising. These ergonomiciiaded Boningegt al. to investigate

the effect of wrist range of motion on ulnar and radial nerve function Boniegat.2004.

They tested nerve function by doing a Nerve Conduction Study {W@3)involved

stimulating the ulnar and radial nervestae wrist and then recording the time it took the
signal to travel to the second and fifth digits of the hand muscle which are controlled by
these nerves, the amplitude of the measured signal was also recorded (Boeiraje2004).

The results of the N&were correlated to kinematic data, which had been collected with a
SmartWheel. Based on the ergonomic literature, the researchers had expected that an
increase in the range of motion in the wrist would result in reduced amplitudes of ulnar and
radial newe stimulus, representing poorer nerve health. However, it was found that
significantly higher ulnar and radial nerve amplitudes were found with increases in wrist
range of motion (Boningest al.2004). On further inspection it was found that push cycles
that used a larger range of motion in the wrist also resulted in fewer pushes to attain the
same velocity, along with reduced peak forces (Boniegeat.2004). Based on these
FAYRAY3Ia (GKS FdziK2NE NBO2YYSYRSR loprédénzey 3SNJ &
healthy nerve function when propelling a manual wheelchair (Boniagat.2004). This

would suggest that, as a minimum, peak forces, rate of loading of force and push frequency
should be recorded when analysing kinematics if one wishes to imékences about the

propensity for possible wrist pain resulting from nerve injury caused by wheelchair use.

2.5 Provided Capabilities: Attendant Propulsion

Theprovided capabilitie®f attendant wheelchair propulsion consist of how well an
attendant can inpart force to the wheelchair handles. Theovided capabilitiegre thus the

output of the interaction between the wheelchair and the attendant (Ségure2-1). What
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follows is a review of literature pertaining to the measurement of pevided capabilies

needed to successfully push and pull a wheelchair.

2.5.1 Pushing and Pulling

When pushing the force is directed away from the person or body applying the force and

when pulling the force is directed towards the origin of the fofldeozeman®t al. 1998)

A study conducted in 199Rbel & Frank 199Ktated there was no published data which
supported the design of wheelchair handles that were being used; this is still true today. In
fact the interaction between the attendant and wheelchair has barely beekdd at all.

The handle height, its stability and its orientation are all factors that affect how much force
is required to accomplish a particular task. In general a higher handle height is preferred for
pulling than pushing, with no recommendations feandles above shoulder heighigble

2-2).

Within the Ergonomic and Occupational Biomechanics literature there has been a
considerable amount of research done into the effect of handle height on the ability of
people to apply maximal force. Todd, in hesiew of the trends occurring in research

focussed on pushing and pulling, comments that despite the large number of studies there

asSsSvya (G2 0SS y2 02y a frgdd 8085)Thiy coddbe liecadisé eath2 LJG A Y | §

Table2-1: Table of handle height findings and recommendatioreken from Todd 1995

Authors, date Findings Recommended handle height
Martin and Chaffin (1972) 50 - 90 cm above the floor
Ayoub and McDaniel (1974) Increase H increases Fmax Pushing =91 =114 cm

Pulling = 94 — 115 cm

Warwick et al. (1980) Push: increase H increases Fmax

Pull: reduce H increases Fmax

Chaffin et al. (1983) Decrease H increases Fmax Between shoulder and hip
Gagnon et al. (1992) Reduce H increases Fmax
Lee et al (1992) Push: Increase H increases Fmax

Pull: reduce H increases Fmax

De Looze et al. (1995)
Kumar (1995) Fmax greatest at middle H

Fothergill et al. (1999) Pull: reduce H increases Fmax
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study has a slightly different focusy example some are measuring compression forces on

the lumbar spine, while others measure the peak handle forces.

2.5.2 Pushing and injury

Much of the work done in investigating pushing and pulling has varied in methodology and
in general has not received asuch attention as lifting, which is seen as the primary risk
factor in lower back injuries within the work place (Janseal.2002). A particular concern

for wheelchair propulsion is that if the carer is unable to push the wheelchair and achieve
functional mobility for the wheelchair user, then they will simply not use the wheelchair and
this will in effect leave the user without a form of mobility. There is no direct proof of this in
the literature. However, when talking to wheelchair engineers and patianal therapists

as well as nurses and other healthcare staff it seems they believe there is a risk of this

occurring.

Pushing and pulling have both been identified as risk factors in lower backGizaiffinet al.
1984)and shoulder injuryHoozemanet al.2004) Popefound 20% of lower back pain
problems studied (in the U.S.) is related to pushing/pulling téBkpe 1989)Regarding

nursing activities carrying and pushing were the only significant tasks associated with back
pain Harber, 1987. Tle fact that pushing and pulling can lead to injuries in the workplace

has led to the development of manual handling guidelines, which will now be discussed.

2.5.3 Manual Handling Guidelines

{y221 YR /ANARSEt2Q4 O6mMpdT 0 Aocssdasibdemusddr 2 v

as the basis for the European Community Directive 90/269, which recommends maximum
push and pull force guidelines to prevent injyGhaffinet al. 1984) Their recommended

limits are used here to evaluate the forces found in the curstndy for attendant

propulsion of wheelchairs. The guidelines state that when pushing over a distance of 45 m
once every 1 minut€, the initial peak force should not exceed 140 N for males and 120 N
for females, the average sustained force should noeerc70 N for males and 50 N for

females.

¥ This is equivalent to 0.75 m/s
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Force [N]

Starting| going | stopping
Male 140 70 -140
Female 120 50 -130

Table2-3: Manual handling guidelines taken from Snook and Ciriello (1997)

2.5.4 Age and push strength

Recent research (Voorbij & Steenbekk@@02) has shown it is possible to predict a
generalised strength score based on the age of people. The graphs produced by (Voorbij &
Steenbekkers 2002) were based on participants completing 4 different tasks namely,
pushing, pulling, twisting and grippinghe results of the strength score with respect to age
are shown inrable2-4. The maximum strength for pushing for males was found to be
approximately 520 N and for females it was found to be approximately 330N. Interestingly
the maximum pull force for mles was only in the region of 350N, while females managed
250N. It is not clear what caused the larger drop for males and may be due to differences in

stance or technique used.

Age Group Men (%) Women (%)
20-30 100 100
50-54 92 91
55-59 94 87
60-64 83 86
65-69 80 77
70-74 72 72
7579 69 68

80+ 62 57

Table2-4: Percentage decrease in strength with age based on the standardised strength score, taken from Vooribj &

Steenbij (2001)
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had carried out a similar smaller study. These results are in contrast to the conclusion of an

earlier review of the literature by Damms (1994). The large (n=750) stuffy (Voorbij, 2002)

also calculated correlation coefficients betarethe four tasks the participants had been

asked to do. High partial correlation coefficients were found between push strength and pull
strength (0.82) and also between push strength and grip strength (0.72); indicating the

possibility of using one typef gtrength test to predict another.
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The study by was part of a larger body of work that stemmed from a lack of knowledge for
product designers into a variety of human characteristics from the strength score to
anthropometric measurements and hamaye coeordination. Thus, a standard strength test
could be developed to be used during wheelchair prescription for attendants, which could

then be used to predict the capacity of the attendant.

The push force capabilitprovided capability) of people aged betwees5 and 69 has been

measured bySteenbekkers & Van Beijsterveldt 1998his push force test formed a small

part of a very large study to measure design relevant characteristics (such as grip strength,

push strength, arm reach etc) for aging users ofrgday products. The study recommends
RSaA3IyAy3d LINBRdzOGA F2N) 6KS WwgSIH1Saild AYyRAODARM
will require push strength from people. They found people age8%5ad a mean push

force capability of 329 N (n=101), compdrwith 411 N for those aged ZD (n=122). The

5™ percentile values for push strength for-68 year olds was 157 N, and 128 N for pulling

strength (n=128). Further work by this research group has found that the trend of

decreasing push strength with agan be predicted using for mekduation § and for

women Equation 9.
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Equation8: Equation for the decrease in push force capability with age for men. F is the push force in Newtons and A is

the age in years.
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Equation9: Equation for the decrease in push force capability with age for women. F is the push force in Newtons and A

is the age in years.

UsingEquation 8and Equation 9 the average capability of a 65 years widle would be
423 N and 65 years old female would be 272 N.
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2.5.5 Attendant Propulsion

The only study which focuses to measure the forces involved in everyday attendant
wheelchair propulsion was done by van der Woedl@l. (van der Woudeet al. 1995) This

study investigated the effect of handle height on net joint forces and moments in the upper
limbs during attendant wheelchair propulsion whilst carrying out 3 standardised tests; flat
pushing, slope pushing and lifting. Each task was completed with the Hagidlet set to

CM 22 cdPp 223X Ty 22 ycdp 72 YR dp 72 2F GKS
force was found to range (depending on the handle height) from 948 #Al1 N when

pushing on the flat, which is well below the maximum pushinge&afound by

Steenbekkers & Van Beijsterveldt (see Section 2.5.4), but higher than the current manual

handling guidelines (see Sectid.5.3).

In general, higher push handle heights were preferred and a recommendation is made to
make handle heights 86.5% shoulder height. This height showed reduced net moments
around the shoulders during flat and inclined pushing; reduced external vertical forces on
the hands during flat pushing; reduced net moments aroundL5oint; and it allowed
attendants to push avheelchair onto a curb without having to lift it initially, thus reducing

net moments on all joints. Incidentally, this is in stark contrast to the findings of Frank and
Abel(Abel & Frank 1993yho concluded the magnitude of moments around the shoulder

was independent of handle height. However, the methodology used to measure and analyse

these moments is unclear.

A carry on study to the abowaan der Woude studipoked at the effect of varying floor

surface on rolling resistance of a wheelchair, whicmfibthat increasing the coefficient of

friction of the floor covering, the rolling resistance increagesh der Woudest al. 1995)

However, both this study and the origin@ban der Woudest al. 1995)used Foar shaped
handlebars, which isignificantly dfferent to the 90 degree handles in a standard 9L
wheelchair. Also in both studies, participants were asked to move in the sagittal plane only
as a 2D Linked Segment Model was used to model the net forces and moments on the upper
body.

Recently (Jason Tily 2007)addressed the issue of the handle bar design, by carrying out a
similar study to that bvan der Woude and colleagu@ésn der Woudeet al. 1995) Tully
instrumented a standard issue 9L wheelchair with-dimensional force transducer placed
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in line with the left push handle and a pair of taiial strain gauges positioned on the curve

of the left handle. This study built on the van de WoetlalQ& YSG K2 R2f 23& 0@
AYy@SAaGA3IFGAYT GKS ANRdzyR NBIF OUA2yelasalDdSa o6 Dw
handle forces whilst and attendant pushed a wheelchair with two different occupant

weights (75 kg & 95 kg) over two different surfaces (Linoleum and Astroturf) and up a step .

He hypothesised that higher ground reaction and handle forces waaifdind when the

occupant weight was increased and also when the frictional properties of the rolling surface

were increased. All conditions were compared to the attendants normal gait cycle i.e.

walking without pushing a wheelchair.

It was found thatthddw C Q& | OlGdz-ff& RSONBFaSR gKSy (KS N
was increased (this was for both an increase in occupant weight and an increase in floor
friction (Tully 2007, p.3% hy S NBIF a2y 3IAGBSY F2N) GKAa gl a GF¢
weight was being transferred through the wheelchair when pushingully 2007, pi0).

However, this reduction could also have been caused, in part, by a reduced walking speed as

the attendants were allowed to sedielect their walking speed for all ttieonditions. This

was investigated by Hollowagt al. (Hollowayet al. 2008) whoalsofound the degree of

trunk flexior* was significantly affected by the occupant weight and the surface.

2.6 Provided Capability: Isometric Push Force

Measuring the maximurnsometric push a user is capable of producing has been shown to

be correlated to their capability to overcome small géidashizumest al.2008) They

asked users to push as hard as they could on the handrim of a wheelchair, which was

attached to a idimensional force transducer, which was fixed to measure forces in the

direction of forward movement. This was then normalised for total weight of the user and
wheelchair, the result was termed the Normalised Driving Force (NHgRa{ion10). This

measurewad 2dzy R G2 0S O2NNBf ISR (2 LIS2L) SQa oA
100mm) at varying heights20mm to 60mm). In the study it was found that wheelchair

dza SNA 6K2 ¢SNB FoftS G2 WR2 || 6KSSEtASQ 60S |0

! defined as the vector angle between the vertical axis (of the lab frame) and the line connéetieg t
vertebrae and the hip joint centre of rotation, which was estimated as occurring at the head of the greater
trochanter
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controlled manner) had an NDF score of 0.54 (+ 0.08), while those who were unable to
complete a wheelie had an average NDF of 0.27 (z QHaahizumeet al. 2008)
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Equation10: Equation to calculate the Normalised Driving force developed by Hashizetred. 2008

Elsewhere, the maximum isometric force has been used as an input to the

Wt SNJF 2 N I y OS YEfuatiaitl 1) iNichiosow 2006 XTAImMeasure is used to see
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particular task (Performance). It allows for easy comparison between different wheelchair

setups and also different rolling sades and has been used by Hills to quantify the effect

of different functional tasks under two different wheelchair ggts (Hills 2010). A

WF¥dzy OliAzylf GlFralQ Aa | LIKNIFrasS O2yyzyfeée dzaSR
which a person needs tee able to do in order to achieve another objective (function). It

usually refers to tasks most adults, without injury would think of as normal e.g. brushing
2ySQa GUSSUK 2NJoSAy3 FoftS G2 3ASG Ayid2 yR 2d
are defined as being able to propel over flat Lino flooring, flat Astroturf, up a 1:12 slope and

up a 3 inch kerb. It was found in this study that people often exceeded their Capacity

measure when they went up the slope or kerb, and one person exceedadctygacity on

the Astroturf.
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Equation11: Equation to calculate théerformance: CapacitiRatio developed byNicholson 2006)

The fact that people exceeded their @ity shows the ratio does not have a defined

maximum. The concept of measuring the Capacity someone has to produce the force
necessary to accomplish a task is valid, as has been shown by Haskizalnowever,

what is also clear is that what both H#led Hashizumet al.are measuring is a voluntary
maximum. If a person is scared of tipping backwards, which can be the case when climbing a
kerb or a slope, they may well produce more force than they wokédo produce. The P:C

Ratio was developed wittherapists in mind, as a means to make quick and easy
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comparisons of the effects of changes in wheelchair technique engé@ticholson 2006)

and from this point of view the P:C ratio is a valid tool.

The P:C Ratio is similar to Mechanical Use (MUghwses the resultant force rather than

0KS LINRLIMzZ &3ABS Y2YSyid (2 RSTAYS (GKS LISNOSydl
any given taskDesroche®t al.2008; Aissaouwgt al.2002) Mechanical Use measures the

horizontal force when the wheeletir is restrained (termed the Maximum Voluntary Force,

MVF), using a-tlimensional force transducer attached to the right wheel, it then divides the
resultant force calculated from a SmartWheel and multiplies by 100 to get the MU (see
Equationl2) (Desrocleset al.2008; Aissaouwet al.2002) The measure is averaged over the

duration of the push phase of the stroke cycle, which was defined as a 5% increase in Mz

from baseline. Derochest al.Of  AY (GKS a! WA & y 2 NgestothasSR 06 S |
et al.2008pg 1157). However, both studies, using the MU measure were conducted on a

treadmill and while theoretically the MU should not exceed 100% it is likely that the metric

may suffer from the same problem as the P:C Ratio if tested on more real lifdioasdi

such as slopes or kerbs.

&
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Equation11: Equation to calculate Mechanical Use (MU), using the resultant forgg)(&uring a push compared to the
Maximum Voluntary Force (MVF) when the wheelchair is restrained

When pushing on levderrain it can be seen that many people do not utilise all of their
available strength with values of MU averaging 17.8% (£12.5%) when recorded under
various seating positions by Desroclesl. and ranging between 26.69380.3% when seat
angles were imestigated by Aissaoet al. (Desroche®t al.2008; Aissaouwat al.2002) P:C
Ratios for flat, steady state lino conditions were also low when measured by Hills for users
with low-level injuries, ranging from 7938%. It could be concluded from thesssults that

people only use up to 40% of their available strength when propelling a wheelchair.

2.7 Guidelines for Footways

The most common topological obstacles wheelchair users encounter are curbs and slopes;
be they crossfalls intended for drainage or rancpsnmonly placed as entry access points

for wheelchair users into buildings (Kuigdral. 2003).
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As was highlighted b§¥ orket al.2007)there is a lack of evidence for the crossfall gradient
and kerb heights recommended in DB32 (Department of The dmagnt 1992). This

however, was replaced by the new Manual for Streets (Department for Transport 2007),
which gives a more process driven approach to street design and does not give exact
guidelines on the kerb heights or crossfalls. It does however inflasigners of their need

to adhere to the Disability Act (2000) and to consult the guidelines set out in Inclusive
Mobility (Department for Transport 2002). These guidelines regard a maximum of 8% (1:12)
as a good guideline for maximum slope for smallaises (<1m). However, a lesser

gradient of 5% is recommended for longer distances with an ideal of less than 2.5%
recommended. It notes that these guidelines are not only to ensure greater numbers will be
capable of using the footpath, but that there isisk of injury to the occupant of the

wheelchair from toppling if the slope exceeds the maximum guidelines. With regards to
crossfalls 2.5% is recommended as an acceptable maximum. However, this is only a

guideline and as such can be exceeded.

2.8 Wheelchar Propulsion and Crossslopes

Despite of the ubiquity of crossfails footway construction, there is a lack of evidence for
crossfall gradient guidelines, something that has been acknowledged by the Department of
Transport in the UKDepartment for Transprt 2007) This lack of evidence has also been
commented upon by the handful of studies which have attempted to assess the impact of
crossfall gradients on accessibilfgockelmaret al.2001; Longmuiet al. 2003;

Vredenburghet al.2009; Kockelmaet al. 2002) Both Kocklemaet al.and Vredenburglet

al. conclude that a crossfall gradient of 2.5% guidelines is more than adequate to allow
wheelchair users to access the built environment; in fact they argue the guideline is

excessively stringent.

Vredenlurghetald G S GKS NBadzZ 6§a 2F GKSANI NBaSlk NOK

Accessibility Guidelines (1991), which currently recommends a 2% crossfall gradient as a

maximum, implying they should be increased to 6% as this gradient over the 20%1{9.09

distance tested was described as requiring only light or very light effort. In addition two

thirds of the 43 people tested said they would feel it would not be problematic to travel

along a ramp with a crossfall gradient of 6% when it was 78 feet{&8.The results of

KoclemaretalQa NB &SI NODK O2y Of dzZRSa (KS YI EAYdzy ONR:
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longitudinal slope is less than 5% and where it is chalegngi maintain a 4% crossfall

gradient(Kockelmaret al.2001)

The resulting conclusions from this research are in stark contrast to those reached by more
Richteret al.and Brubake(Richteret al.2007a; Brubakeet al. 1986) Both of these studies
involved only wheelchair users and took a more clinical approach to the problem by
investigating the physiological effe@rubakeret al. 1986)and biomechanical effect

(Richteret al.2007a)of crossfalls on the wheelchair user. Brubakeal.found in asingle

case study that there is a 30% increase in net energy cost when propelling over a 2 degree
crossfalls when compared to flat terrajBrubakeret al. 1986) While the study by Richtet

al. foundthere was a considerable increase in the amount ok@orequired when a 3

degreeo F pgrossfall was introduced and again when it was increasdiddegree

o0 F m(Richteret al.2007a) Thisresulted in an increase in the number of pushes needed to
cover the same distance when on a crosgRithteret al. 2007a) Interestinglypushangle,
cadence and seBelected speeds were unaffected by the degree of crossfall. Thus, it would
appear that people simply put more pushes into counter the downward turning moment of
the crossfall. Howeverhts study was aqaied out on a treadmill, which meant the distance

the wheelchair could roll down the slope was limited by the width of the treadmill, which
may have impacted on the number of pushes made by the user. Also, the surface of a
treadmill has different properés than a traditional footwayRichteret al.recommend
investigation of pushrim biomechanics on the upslope as well as the downslope sides of the
wheelchair in future studies. They remark that many people appeared to apply braking
forces to the upslope de of the wheelchair, though they were unable to quantify this as

they only measured downslope biomechaniBschteret al. 2007a)

As was mentioned in section 2.3.4, work per meter has been used by Chesney & Axelson to
measure surface firmneg€hesney &xelson 1996)They also however tested and number

of sloped conditions using a plywood ramp which was tilted to have differing crossfalls and
longitudinal slopes. They testedossfall gradients of between 2% and 2@€adeswith the
longitudinal slope figd at 2%. They also tested 8% longitudinal slopes with 3%, 5% and 8%

crossfalls and 14% longitudinal slopes withdnd 8% crossfalldJsing linear regression
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they found that the average work per meter on a crossfall could be found with the following

equaton:

U duvpd @ yw

Equation12: Equation to calculatéhe average work per meter (y) with a crossfall gradient of x, taken from Chesney &

Axelson 1996). This equation was found using linear regression with R2=.996

This equation was arrived at using agdeperson travelling over the 8 test conditigns

which were each 2m in length. A selection of the results found by Chesney and Axelson are
given in Tabl@-5. This study suffers from the fact crossfall was not testelpendentlyof
longitudinal slope. Bwever, it has shown thaising work to classify surfaces has the
advantage of being sensitive to grade changes of a small é€1ésney &xelson 1996)
Although the authors had set out to find an objective measure of surface hardness, it can be
argued hat they have actually found a way of measuring accessibility as they have proven it
is possible to use work to compare both surface hardness and different grades. However,
they only used a single person and it is possible thatip&@on variability magffect the

robustness of this measure.

Table2-5: Selection of results from Chesney and Axelson's study to measure the work per meter of various surfaces as

an objective measure of firmness

Surface Type Longitudinal slope [%]/Crossfall [% Average work gr meter [Nm]
Plywood ramp 2/2 31.54+0.48
2/5 37.91+0.50
8/5 82.13+ 0.87
Accessible carpet 2/0 51.79+1.19
Hard trail 2/0 32.62+0.72

2.9 Conclusions

It has been shown that there are a number of interactions which occur between a user, the
envirorment and the wheelchair when pushing along a footway. All of these interactions

can be modelled in the Capabilities Model. It can also be concluded that, a wheelchair user,
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be they the attendant or the occupant, will have to overcome the rolling resistandehe
force caused by the downward turning moment of the crossfall in order to push along a
standard UK footway. This footway should have a crossfall gradient of no more than 2.5%,

however, as it is only a guideline it may be exceeded on occasion.

It would appear that there is a conflict in the literature as to how difficult crossfalls are for
wheelchair users and there has been no study conducted on a standard footway surface
with crossfalls to assess the forces needed for wheelchair propulsion iaightline.

Furthermore the difficulties in measuring surfaces such as crossfalls, which may require

negative forces to be applied to the wheelchair, have been highlighted.

It has been shown that the risk of injuries to wheelchair users is high, ircpartiwhen
selfpropelling and these injuries have been linked to higher push forces. It is possible that a
wheelchair user, in countering the effect of the crossfall, may put themselves at further risk
of injury. Also, the ability to apply this force mdgcrease with age, something which is
particularly significant for attendarpropulsion. Furthermore, the amount a person allows a
wheelchair to run down slope when traversing a crossfall has not been investigated, which

would directly affect the necessawidth of footways.
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3 SeltPropulsion Methods

In Chapter 2 it was shown that the impact of crossfall gradient on the accessibility of
footways can be explored using the Capabilities Model. However, to do so it would be
necessary to have a more informpatture of theprovided capabilitie®f the Sel

Propulsion Wheelchair System (SPWS). This chapter explains the methods used to measure

theseprovided capabilities

The first section describes the development of the parameters which were measured to

depict the provided capabiliie® ¢ KA & Aa&a R2yS o6& SELXIAYyAYy3d K2
phases: Starting, going and stopping (sec8dl). Then theprovided capabilitiesneasured

in each phase are described3dr2. The types of contacts applied to the wdiehair during

the experiments are detailed B.3along with a description of how they tia with the idea

2F F W/ 2LIAYy3 {NFGS38Qd ! ydzYoSNI 2F (GSNX&a yS
hypotheses are given lfippendix 2; and then the hypothese®f the provided capabilities

are stated inl.4.

The details of the experiments to assess the hypotheses are then explained. These begin
with the ethics approval and inclusion/exclusion criteria for participants in the experiment
(section3.5), followed bydetails of the equipment used (secti@6) and a description of

the facility where the experiments took place in sect&id. The protocols for the
experiments are then described (secti8r8). Finally the data analysis methods (sectio®)

are detailedalong with the statistical tests (secti@9.4) used for analysis.

31 Defining 6startingbé, 6goingdéb and O0stop

As discussed.4.2.] analysis of wheelchair propulsion is often divided into the forces

required to start a wheelchair and those needed to kéapoving. Normally the starting (or

start-up) phase is taken as comprising of the first 3 pushes, and subsequent pushes make

GgKEFEG A& a2YSiAYasid (G (LKR AIS>sWaHKSINGE §KS 02y il
appear near uniform (se2.4.2.1).

Thecurrgf i SELISNAYSyGa ySOSNI NBIFI OKSBRIsKISH OKRUER
due to the limited length of each run. This was particularly the case on the 2.5% and 4%

crossfalls. These conditions presented an added difficulty as on many occasions contacts

with the handrim were negative. This meant there would be little sense in taking an average
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2T Yai$ima g f dzSa © L ase asgariicular pusheto réplededt th® dzf G
W3 (i Sthtd phase of each crossfall for example the fourth péiak tis could on occasion
be negative and sometimes positive, which would introduce a wide array of variability into

the results.

It was therefore decided to define the starting phase as the first push cycle: beginning when
the occupant initially made contaetith the handrim and ending when they again made
contact with the handrim for the second contact. The going phase was defined as starting at
the beginning of the second contact and ending at the start of the last positive contact. The
stopping phase constied of the last negative contact made with the handrim. It was

defined as starting from the last positive contact ($égure3-1). This was done in order to
prevent the Matlab script producing an error on occasions when there was no final negative
contact. A schematic representation of the tangential push force plotted against time
showing the starting, going and stopping phases is givé&igure3-1.

Gang

D »'d »
< » ¥ »
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»

Force [N]

»
»

Time [s]

Figure3-1: Schematic representation of the tangential force applied to a handrim in a typical run, showing th

definitions of the Starting Going and Stopping phases.

3.2 Provided Capabilities on Crossfalls

As was discussed in sectidr2.1when selfpropelling a wheelsair along a footway, the
interaction between the SefPropulsion Wheelchair System (SPWS) and the Environment
produce a number ofequired capabilitiesvhich must be overcome in order to be able to

traverse the footway in a straight line. These essentiadimprise of the rolling resistance

2 The forth push, being after the initial three which comprise the stgrfphase of propulsion is often used as
a representative psh to describe steadstate conditions e.giCowan et al. 2008)
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which exists between the wheelchair and the footway surface and the turning moment

caused by the crossfall.

Therequired capabilitieso overcome the combinations of these two forces during the

starting, going and stoppg phase were measured before the experiments took place. In
order to do this an electric scooter pulled the sgtbpelled wheelchair along footways of

0 %, 2.5 % and 4 % crossfall gradierfthe casters of the wheelchair were locked, to

prevent the wheéchair from turning downslope. However, it proved impossible to prevent

the wheelchair travelling downslope on the 2.5% and 4% crossfalls, due to slipping occurring
between the wheelchair castors and wheels and the footway surfBois. produced some
irregular values in the measured required capabilities. However, it was possible to plot an
overall trend for each, the details of these experiments are givékppendix 3and a

summary of theesults for the amount of required going work are giver able3-1.

Table3-1: Mean values ofequired work for the goingphase for each target velocity.

Velocity (Nm] (Nm] INm]
[m/s]
0.70 181.58 199.02 229.64
0.81 206.85 226.06 235.27
1.00 207.04 248.28 250.60
1.20 207.24 274.03 282.27
1.45 249.19 237.57 263.68

The focus of this thesis is to investigate firevidedcapabilities of the Users when faced
with a crossfall. Occupants could chose a variety of methods for combating the crossfall,
which are discussed Bectiin 1.3, the results of these different methods would need to

achieve the following three things in order for them to overcome tbguiredcapabilities:

1. They would need to produce the peak force necessary when starting the wheelchair.

3 n fact the same facility layout and the same wheelchdiich are described later in this chapter were used
for this test
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2. They would need to prduce the work necessary to move the wheelchair the

required distance during the going phase.
3. They would need to produce the peak force necessary when stopping the wheelchair.

In the case of the SPWS the force which is responsible for the work being cppiesl by

the occupant to each side of the wheelchair, rather than being pulled by one central point

which was the case when measuring tieguiredcapabilities (seé\ppendix 3}.

Furthermore the casters will not be fixed in the experiments to measuegtbvided

capabilities so the wheelchair will be free to turn and travel downslope. The combination of

these factors means that the increase in force and work sedialole3-1 when the crossfall

gradient increases from 0%, will necessitate a differandbe force applied to the upslope

and downslope sides of the wheelchair. Therefore, it was thought that when traversing a

crossfall there would need to be a difference in force applied to the wheel which was

WdzLJA f 2LISQ O2YLI NBR (1220K8 »V&SaBA OBNFREA 6WR2 &
in section3.7.1).

a8 GKS 200dzLdr yiQa YlFaa Aa LINI 2F GKS {t2{ ¢
the task, it was thought the total force needed to move the wheelchair along with the
difference of fNOS 62dzZ R RSLISYR 2y (GKS 200dzLd yiQa YI 2

This leads to a number of hypotheses, which are detailed in se8tibn

3.3 Coping Strategy & Types of Contacts

z

LG o1 a&a FSEG AYLRNIFYyG y20 G2 A3y2NBE GKS T Od
the footway as well as traditional pushes. Therefore, a method needed to be developed
which did not dilute the information contained in the irregularity of contacts, but was able

to quantify it in some meaningful way.

As the Capabilities Model has the person atéstre, it allows for the different ways in

which people decide to tackle a barrier in the environment to be explored. The barrier in

this instance is the rolling resistance and the effect of gravity due to the slope and the only
method available to the ccupant to overcome these forces is to apply force to the handrim.
Therefore, the way in which people adapt to the changing crossfall, or put another way their
WO2LIAY3I aiNIGS3IeQ Ydzad O02YS FTNRY GKS gl e Ay
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this reason within each going phase the contacts were divided into pushes, brakes and

AYLI OGad ¢KS f1FGGSNI g2 GelLlSa NS 023K asSSy
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Figure3-2Y {F YLIX S (Fy3aSydGdAalf F2NOS LI 24 3FAyad GAYS
highlighted. Green stars represent the peak pufgices, red stars the impact peaks and the rethck stars the

brakes. The vertical dashed lines represent the divisions between the starting, going and stopping phases.

each other in that the brakes appear in lieu of pushes whilst the impacts occurtivben

hand initially makes contact with the handrim. These Impacts are akin to Kwat@a a
OHNNnPpV RSTFAYAGAZ2Y 2F WAYAGALFE O2y 0l OGQ 6KSYy
WNBf S| &S Q cubikii@ediatélykafiet a pRstrigure3-2 highlightsthe difference

between the Impacts and Brakes.

Each contact needed to be described. To dotiskey contact parameters of Peak
Tangential Force {g), Contact Time (Jnac) and contact frequency were calculated. These
parameters were chosen asskind TonactWere thought to be the primary descriptors of a
contact, as with these two parameters a crude plot of the contact force can be made either
with a triangle or a more complete description made using a sine functionHigeiee3-3).
Therefore wih the frequency of each contact type a complete description of the coping
strategy can be described. How each contact was found and their precise definitions are

given in SectioB.3.
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Figure3-3: Representative curves dghe tangential force (Ft) against time (t) constructed using Peak tange

force andpush time (Tpush). Left shows a simple isosceles triangle function. Right shows a sine function

3.4 Objectives andHypotheses

The aim of this thesis | to measute effect of crossfalls on the provided capabilities

needed to push a wheelchair along a footway. At the top level if a person is unadibato

the wheelchairkeep the wheelchairs moving in a straight line or stop the wheelchair then
the required capaltities will have exceed the provided capabilities. When there is no
crossfall present this gives rise to 3 provided capabilities: the capability to apply sufficient
force to overcome the static friction of the wheelchair system, the capability to produce
sufficient work to keep the wheelchair system moving in a straight line and the capability to
stop the wheelchair system (sé&eégure3-4). When there is a positive crossfall present there
will need to be a difference of force applied to the upslope and nkdope sides of the
wheelchair when starting, going and stopping. Therefore, it is hypothesised that an
additional number of provided capabilities are needed when pushing on a positive crossfall.
To test this hypothesis key parameters have beeosen foreach section of a run (see

Figure3-4).
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Upslope first push :
Peak push force and push time

__| Provided capability to start the
wheelchair

Downslope first push:
Peak push force and push time

Sum of work done on the
upslope and downslope
Provided capability to keep the
== wheelchair moving in a straight
line

Provided capability to push a__|
wheelchair along a footway

Difference of work done on the
upslope and downslope

Upslope last brake:
Peak push force and push time

__| Provided capability to stop the
wheelchair

Downslope last brake:
Peak push force and push time

Figure3-4: Provided capabilities at each phase of a run along with key variables

When starting and stopping the peak tangential force and time of contact for the first push
are taken as the key variables debarg the provided capability of the user. These variables
give rise to the specific hypothes given ir3.4.1, which test for theeffect of crossfall

gradient and occupant weight on both thupslope and downslope side$ the wheelchair.

During the goig phase difference of work and sum of work are chosen as the key variables.
These give rise to the specific hypotheses describ&Mir2 These again test for the effect

of crossfall gradient and occupant weight on the key parameters.

In order to concisgl specify the hypotheses a number of terms have been defined, which
can be found iAppendix 2: These terms have their first letters capitalised in order to aid

the reader.
3.4.1 Starting & stopping Phases

3.4.1.1 Downslope

Hypothesis landHypothesis 2est the effectof crossfall gradient on thprovided

capabilitiesof the SPWS for the downslope side of the wheelchair during the starting phase.
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Hypothesis 1.

HO: There will be no change in tliReovided Sarting Force regardless of crossfall gradient on

the downslope side.

H1 Thee will be a significant increase in tReovided Sarting Force as crossfall gradient

increases on the downslope side.

Hypothesis 2.

HO: There will be no change in tf&art PushTime regardless of crossfall gradient on the

downslope side.

H1 There will be a signiBmt increase in th&art PushTime as crossfall gradient increases

on the downslope side.

Hypothesis &andHypothesis 4est the effect of crossfall gradient on tipeovided
capabilitiesof the SPWS for the downslope side of the wheelchair during thepstgphase.

Hypothesis 3.

HO: There will be no change in tiReovided Sopping Force regardless of crossfall gradient

on the downslope side.

H1 There will be a significant decrease in tievided SoppingForce as crossfall gradient

increases on the downslope side

Hypothesis 4.

HO: There will be no change in tt@op PushTime regardless of crossfall gradient on the

downslope side.

H1 There will be a significant decrease in thep PushTime as crossfall gradient increases

on the downslope side.

3.4.1.2 Upslope

Hypothesis mndHypothesis @est the effect of crossfall gradient on tipeovided

capabilitiesof the SPWS for the upslope side of the wheelchair during the starting phase.

Hypothesis 5.
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HO: There will be no change in tipeovidedstarting Force regardless of crossfall gradient on

the upslope side.

H1 There will be a significant increase in firevided Sarting Force as crossfall gradient

increases on the upslope side.

Hypothesis 6.

HO: There will be no change in tt@&art PushTime regardless of crossfall gradient on the

upslope side.

H1 There wil be a significant increase in ti8art PushTime as crossfall gradient increases

on the upslope side.

Hypothesis AndHypothesis &est the effect of crossfall gradient on thpeovided
capabilitiesof the SPWS for the upslope side of the wheelchaimdptine stopping phase.

Hypothesis 7.

HO: There will be no change in tliReovided Sopping Force regardless of crossfall gradient

on the upslope side.

H1 There will be a significant decrease in tievided SoppingForce as crossfall gradient

increases on the upslopade

Hypothesis 8.

HO: There will be no change in tf8op PushTime regardless of crossfall gradient on the

upslope side.

H1 There will be a significant decrease in tep PushTime as crossfall gradient increases

on the upslope side.

3.4.2 Going Work and Going Work Difference

Hypothesis @andHypothesis 10test the effect of crossfall gradient on tipeovided
capabilitiesof the SPWS for the going phase.

Hypothesis 9.

HGQ: There will be no change in tiReovided Going Work regardless of crossfall gradient.
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H1 There will be a sigficant increase in th@rovidedGoingWork as crossfall gradient

increases.

Hypothesis 10.

HO: There will be no change in thrReovided Going Work Difference regardless of crossfall

gradient.

H1 There will be a significant increase in frevided GoingWork Difference as crossfall

gradient increases.

Hypothesis 1nd Hypothesis 12est the effect of occupant mass on tipeovided
capabilitiesof the SPWS for the going phase.

Hypothesis 11.

HO: There will be no change in tiiReovided Going Work regardless of occupant mass.

H1 Thee will be a significant increase in tReovided GoingWork as occupant mass

increases.

Hypothesis 12.

HO: There will be no change in tiiReovided Going Work Difference regardless of occupant

mass.

H1 There will be a significant increase in frevided GoingWork Differenceas occupant

mass increases.

If a significant difference is found for any of the hypotheses related to provided going work
difference, it is possible that the difference was the result of a change to the forces, and in
turn the work, done on the uglope and/or the downslope side of the wheelchair. For this
reason, when significant results occur, they will be followed by a formal test on the upslope
and downslope parameter. These hypotheses are not stated here, but will be stated as and

when they argested in sectiorb.5.2

3.4.3 Coping Strategy

In this thesis three types of contacts have been identified in the going phase, these are:

Pushes, Brakes and Impacts. In order to cope with the change in crossfall the occupant can
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chose to change the quantity efch type of contact. They can also choose to change the
magnitude or duration of each contact type. The background to these parameters is given in
section3.3. These strategies were thought to change differently depending on the side of

the wheelchair bang investigated.

These possible strategies give rise to a set of hypotheses for the downslope side and a
separate set for the upslope side.

3.4.3.1 Downslope

Hypothesis 13Hypothesis 14ndHypothesis 1%est the number, peak magnitude and

duration of Pushesn the Downslopeside of the wheelchair.

Hypothesis 13.

HO: There will be no change in the number of pushes in the going phase regardless of

crossfall gradient on the downslope side of the wheelchair.

H1 There will be a significant increase in the number of pushes igairey phase as

crossfall gradient increases on the downslope side of the wheelchair.

Hypothesis 14.

HO: There will be no change in the magnitude of the average ppghe§ardless of crossfall

gradient on the downslope side of the wheelchair.

H1 There will be a sigficant increase in the magnitude of the average pushkds crossfall

gradient increases on the downslope side of the wheelchair.

Hypothesis 15.

HO: There will be no change in the average duration of push regardless of crossfall gradient

on the downslope side of thwheelchair.

H1 There will be a significant increase in the average duration of push as crossfall gradient

increases on the downslope side of the wheelchair.

Hypothesis 16Hypothesis 1’AndHypothesis 18est the number, peak magnitude and

duration of Brakeson the Downslopeside of the wheelchair.
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Hypothesis 16.

HO: There will be no change in the number of brakes in the going phase regardless of

crossfall gradient on the downslope side of the wheelchair.

H1 There will be a significant decrease in the number okésan the going phase as

crossfall gradient increases on the downslope side of the wheelchair.

Hypothesis 17.

HO: There will be no change in the magnitude of the average brakeegardless of

crossfall gradient on the downslope side of the wheelchair.

H1 There wi be a significant decrease in the magnitude (absolute value) of the average

brake kpkas crossfall gradient increases on the downslope side of the wheelchair.

Hypothesis 18.

HO: There will be no change in the average duration of a brake regardless of crossfall

gradent on the downslope side of the wheelchair.

H1 There will be a significant decrease in the average duration of a brake as crossfall

gradient increases on the downslope side of the wheelchair.

Hypothesis 19Hypothesis 2@&nd Hypothesis 21est the numter, peak magnitude and
duration ofImpactson the Downslopeside of the wheelchair.

Hypothesis 19.

HO: There will be no change in the number of impacts in the going phase regardless of

crossfall gradient on the downslope side of the wheelchair.

H1 There will be a sigiicant decrease in the number of impacts in the going phase as

crossfall gradient increases on the downslope side of the wheelchair.

Hypothesis 20.

HO: There will be no change in the magnitude of the average impagtedgardless of

crossfall gradient on the downgle side of the wheelchair.
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H1 There will be a significant decrease in the magnitude (absolute value) of the average

impact kpkas crossfall gradient increases on the downslope side of the wheelchair.

Hypothesis 21.

HO: There will be no change in the average duratban impact regardless of crossfall

gradient on the downslope side of the wheelchair.

H1 There will be a significant decrease in the average duration of an impact as crossfall

gradient increases on the downslope side of the wheelchair.

3.4.3.2 Upslope

Hypothess 22Hypothesis 2&ndHypothesis 24est the number, peak magnitude and

duration of Pushesn the Upslopeside of the wheelchair.

Hypothesis 22.

HO: There will be no change in the number of pushes in the going phase regardless of

crossfall gradient on the upslope sidéthe wheelchair.

H1 There will be a significant decrease in the number of pushes in the going phase as

crossfall gradient increases on the upslope side of the wheelchair.

Hypothesis 23.

HO: There will be no change in the magnitude of the average pyghel§ardless of crossfall

gradient on the upslope side of the wheelchair.

H1 There will be a significant decrease in the magnitude of the average pusis Erossfall

gradient increases on the upslope side of the wheelchair.

Hypothesis 24.

HO: There will be no change in tlaeerage duration of push regardless of crossfall gradient

on the upslope side of the wheelchair.

H1 There will be a significant decrease in the average duration of push as crossfall gradient

increases on the upslope side of the wheelchair.
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Hypothesis 231ypothesis 2@&ndHypothesis 27est the number, peak magnitude and

duration of Brakeson the Upslopeside of the wheelchair.

Hypothesis 25.

HO: There will be no change in the number of brakes in the going phase regardless of

crossfall gradient on the upslope side bétwheelchair.

H1 There will be a significant increase in the number of brakes in the going phase as

crossfall gradient increases on the upslope side of the wheelchair.

Hypothesis 26.

HO: There will be no change in the magnitude of the average brakee§ardless b

crossfall gradient on the upslope side of the wheelchair.

H1 There will be a significant increase in the magnitude of the average bgadesErossfall

gradient increases on the upslope side of the wheelchair.

Hypothesis 27.

HO: There will be no change in the amge duration of a brake regardless of crossfall

gradient on the upslope side of the wheelchair.

H1 There will be a significant decrease in the average duration of a brake as crossfall

gradient increases on the upslope side of the wheelchair.

Hypothesi8 Hypothesis 2&ndHypothesis 3@est the number, peak magnitude and
duration ofImpactson the Upslopeside of the wheelchair.

Hypothesis 28.

HO: There will be no change in the number of impacts in the going phase regardless of

crossfall gradient on the upslope sidéthe wheelchair.

H1 There will be a significant increase in the number of impacts in the going phase as

crossfall gradient increases on the upslope side of the wheelchair.

Hypothesis 29.
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HO: There will be no change in the magnitude of the average impaategaidiess of

crossfall gradient on the upslope side of the wheelchair.

H1 There will be a significant increase in the magnitude of the average impaasF

crossfall gradient increases on the upslope side of the wheelchair.

Hypothesis 30.

HO: There will be no change the average duration of an impact regardless of crossfall

gradient on the upslope side of the wheelchair.

H1 There will be a significant decrease in the average duration of an impact as crossfall

gradient increases on the upslope side of the wheelchair.

3.5 Ethics

The experiments were approved by the Ethics Committee at University College London.
People were eligible for recruitment if they were between the ages e83,8had no history

of shoulder injury and who felt comfortable propelling along a 10m pavenwith a

crossfall gradient, in a light weight wheelchair. Wheelchair users were recruited if they were
regular wheelchair users. Namheelchair users were recruited if they had no experience of
using a wheelchair. Participants were recruited via an éthat was sent out to all students

in the Civil Environmental and Geomatic Engineering Department. Individual wheelchair
users who had previously taken part in experiments for the Accessibility Research Group
(ARG), and who had given permission to be aotetd by ARG with details of upcoming

experiments were also contacted.

An information sheet was provided to all participants, with slightly different wording for
wheelchair users than for newheelchair users and written consent was gained before the

expeliments took place.

3.6 Equipment

The equipment used in these experiments will now be described, beginning with the type of
video recording equipment used (secti8r6.1). The wheelchair used is then described
along with its seup in sectior8.6.2 The Sma¥Wheel is described in sectid6.3and the

SmartWheel data files which were used in this study are detailed in setoh
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3.6.1 Video Recording System

The experiments were videoed using 4 different camera angles and recorded using a system
called CanopuEMR100 with accompanying Mediacruise software version number 2.205.
This system scans in the CCTV footage and records Mpeg files which can contain 1 or more
video streams. The parameters used in this study are givéalie3-2. Three snapshots of

the types of video angles are shownkigure3-5.

Parameter Name| Parameter Value
Mode Mpegl
Resolution 352 x 288
Standard PAL
Sample Rate 48 Hz

Table3-2: Video recording parameters

3.6.2 The Wheelchair

¢tKS OK2aSy 6KSSt OKIANI 6 & ulckiesP\, rigiel frame é o6 nn dcn
fAIKGGSAIKEG 6KSSEt OKFANI gA (0 Kiglre3-6)¢Thé 1 c HOYO Uh
wheelchair was chosen as it is a common wheelchair prescribed to active users by the NHS.

The seat had a 4cm bucket, meaning there was a 4cm heiiftettice between the front

2T GUKS aSrd onpOYUOL YR GKS NBIFINI 2F GKS asSl i

m) solid tyre on one side and the SmartWheel on the opposing side. The wheelbase of the

Figure3-4: Example camera angles snapshots. Left shows bayks view on 0%, centre shows the ‘fishbowl" viey

and the right snapshot shows the elevated overview.

wheelchair was 41 cm and the rear wheels werkugp with a 2 camber. The casters of the
GKSSt OKIF ANJ gSNBE a2t AR IyR pé O0dMHT YO RALFYSIH
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Figure3-6: Quickie GTX Wheelchair used in this study

3.6.3 The SmartWheel

The SmartWheel (SW)s a commercially available wheel, which attaches to the axle
receive of a wheelchair in place of a standard wheel. It is capable of measuring the three
dimensional forces and moments applied to its handrim, as well as the velocity of the

wheelchair (se&igure3-7).

The SmartWheel used in this study can measure forcé®inange of +155N and moments
in the range of £77NfR.A. Coopeet al. 1997) The forces are measured with a precision of
0.6 N and a resolution of 1(R.A. Coopeet al. 1997) The moments are measured with a
precision of 0.6 Nm and a resolution of hNR.A. Coopeet al. 1997) The wheel angle is
measured from 0360°, with a precision of 0.18° and a resolution of (RRA. Coopeet al.
1997)

The sign convention was used for these experiments was the same as is defined in the
SmartWheel User Manuélhree Rivers 2006)F is positive when going forward/anterior,

F positive when perpendicular to the ground/superior andgbsitive when pointing

towards the centre of the wheelchair/medial when the wheelchair was on the left side and
pointing away fom the wheelchair/lateral when on the right side (deigure3-7) . The
moments (M, My and M,) are defined as positive when rotating counter clockwise about

the respective axis.

“The SmartWheel is developed by Three Rivers Holdings, LLC.
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The total force Ko is then calculated usiig "O 'O 'O and the tangential force

(R) is calculated usin@ —, where M is the moment about the rear wheel axle (see

Figure3-7) and r is the radius if the rear whéz|

When collecting data on the SmartWheel it is necessanstwothe SmartWheel software.

¢tKAAa OFly o6S asSia G2 O02ftftSOG RFGF Ay WwYwSaSl NOK

the data was collected in Research Mode.

SmartWheel J

)

Figure3-5: Picture of wheelchair and SmartWheel used in the study showing the positive directions ¢

forces along the three orthogonal axes (Fx, Fy and Fz) along with the moment about the z axis (Mz)

3.6.4 SmartWheel Data Files

As has already been mentioned in sectid.1the SmartWheel is gable of measuring 3D
forces and moments as well as velocity. The data is recorded on an SD memory card and is
also transmitted wirelessly to a PC. Recorded data files are saved as comma separated files,

which can be imported directly into programs suchvéisrosoft Excel or Matlab.

The SmartWheel also comes with a data analyser package of its own called the Data

Analyzer Tool. The Data Analyzer Tool used in this study was the version which is

incorporated into the SmartWheel Software, 2006, v.1.6.0. Adeson of how to use this

G622t YR (KS FTAfSa Al ISy SNI (i(Bréee Riers REPSY A Y
¢CKS FTAES (eL)S dzaSR Ay GUKA& aiddzRé gl & WC2NXI G
angle, speed, distance, i, K, My, My, M, R and k (seeFigure3-8).

“This definition of fassumes that the moment exerted by the wrist is negligible
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A A B C D E F G H | J K

1 Angle [deg] Speed [m/s] Distance [m] Fx[N] Fy[N] Fz[N] Mx[N*m] My [N*m] Mz [N*m] Ft[N] Ftot [N]
2 358.07 0 0 2.38 -7.93 0.1 0.46 -0.17 1.28 4.99 8.28
3 358.07 0 0 228 -7.76 0.41 0.51 -0.2 1.36 5.28 8.1
4 A58.07 0 0 218 -7.87 0.51 0.61 -0.29 1.46 5.7 213

Figure3-8Y { ONBSyaKz2id 2F WC2NXI G wQ (eL)S FAES LINRPRdJdzOSR o6& {(KS

To create this type of file the Data Analyzer Tool automatically filters and converts the raw
data into force and moment data abotlie three orthogonal global axes x, y and z. This

creates k F and Efor the forces acting along theaxis, yaxis and &xis respectively.

All variables are calculated using filtered data. The filter used is a digital Finite impulse
Response (FIR)tér with a filter length of 3ZThree Rivers 200&)g 218). There is a 16
sample delay in all calculated variables except the stroke dmblee Rivers 200®8)g 218)
which has not been accounted for in this file type. However, this was corrected & thie

files were imported into Matlab for further analysis, which will be describe?i 93

3.7 Facility & Layout

The PAMELA facility allows the reconstruction of-fiéalstreet conditions inside a

laboratory environment. It contains a platform consistwigh7 square modules which can

be tilted in different orientations to represent slopes and crossfalls. They can also be raised
to different heights so that steps and kerbs can be reproduced. A detailed description of the
PAMELA facility is given by Chiddisl (Childset al.2007)

Each module is 1.2 metres square and the modules themselves can be moved to make
various shaped configurations such as a squashdpe or Lshape. The surface of the
modules can also be changed. As the platform is insidedhéitions on the platform are
unaffected by weather conditions and the lighting conditions can be controlled to a high
degree of accuracy, which makes for a highly repeatable environment for testing street

layouts.

Forthis experiment the PAMELA platfomvas set up so that there were three lanes with
different crossfall gradients; 0%, 2.5% and 4%.The lanes were each 2.4m wide and 10.8 m

long (sed~igure3-9).
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he surface of the platform consisted obncrete pavers, commonly found on UK footways.
The lanesvere each marked with 2 red tape lines to indicate the start and finish lines. There

was also a red dashed line indicating the straight path the participants should attempt to

10.8m

\‘ Each square constites 1 PAMELA module (1.2m x 1.2m

7.2m

Figure3-6: Birdseye view schematic of the PAMELA -sgt

follow. This was positioned slightly aféntre so that they were nearer the poof the

crossfall lane (seEigure3-10).

w- .

Start/Finish line

Figure3-10: Illustrated photo of the PAMELA sefp showing start/finish line and position of dashed line
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3.7.1 Upslope and downslope

The study only had one SmartWheel available, therefore when travelling on alsdopiace
the SmartWheel was either upslope or downslope (8ppendix 2for an illustration of

these terms). The orientation along with the crossfall direction is shoviAguare3-11.

For the 0% condition, as there was no difference between North anthSaons, the runs

North
w] o o
g o) g o) g o)
3 - 3 = 3 =
5 o a o 4 o
=] S = 3 = 3
[0} m (0]
South
0% 2.5% 4%

Figure3-7: Picture describing upslope and downslope lane conditions when the occupe

was right handed and so the SmartWheel was on the left hand side of the wheelchair
were arbitrarily assigned to upslope (North) and downslope (South) for the purposes of
analysis (seEigure3-11).
¢CKS {YINI2KSSt ¢l a LI} I OSdomifaytsidetoRhe atic8BdirOK I A NJ
i.e. for right handed people th8martWheel was attached to the left hand side of the

wheelchair.

3.8 Protocol

3.8.1 Maximum Voluntary Push Test

A Maximum Voluntary Push Test (MVPF) was completed by each participant to capture the
maximum amount of force the participant was capable of applyinthé push rim when the

wheelchair is restrained from moving.

For the MVPF the wheelchair was placed up against the parapet at the side of the PAMELA

platform and the brakes were applied to the wheelchair to prevent it from moving.

It is essential thaho force be applied to the handrim when the SmartWheel is initially

turned on, and that the SmartWheel not be moving, as a calibration process occurs at this
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point. For this reason the occupant was asked to place their hands on their lap and sit as still

as possible while the SmartWheel was activated.

Once the calibration procedure had been completed the participants were asked to place
their hands on the handrim as if they were about to push the wheelchair. They were then

given the following verbal instations:

G2 KSy L GStf e2dz 42 WwWDhQ L gyl &2dz G2 LlzaK
wheelchair should not move. Please push for a count of 3 seconds with a rest of 5 seconds
between each push. | will count and time you. When you have gdishe 3 second push

LI S aS NBY20S &2dz2NJ KFyR&d FTNRY GKS ¢6KSSt OKI AN
The SmartWheel recorded the force and moment data from the 3 maximum pushes in a

single file. The sampling frequency used was 240 Hz, which isatgast sampling

frequency of the SmartWheel.

3.8.2 Crossfall Experiments

The participant was asked to position the wheelchair in the correct starting position. For this
to be the case the wheelchair needed to be directly behind the start line, the casters and
the wheelchair had to be parallel to the intended direction of travel, the casters must be
trailing backwards and the dashed red line had to be-th&lance between the two casters.

On occasion help was given to ensure the casters were orientated in titeditgction and

the wheelchair was in the correct starting position.

The order of conditions was randomisadd the run order is given ihable. The

randomisation was done by pulling numbered pieces of paper from a container.
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Table3-3: Run order of experiments

Participant Run order
Number
1st 2nd 3rd
1 25| 0 4
2 25| 4 0
3 25| 4 0
4 0 [25] 4
5 4 |25 0
6 25| 0 4
7 25| 4 0
8 0 |25 4
9 4 | 0| 25
10 25| 0 4
11 O 4|25
12 25| 0 4
13 25| 4 0
14 0 [25] 4

Participants were asked to sit witheir hands off the handrim before each trial. This was

done to ensure all force data collected related to the run.

Participants were then given the following verbal instructions before completing each for

the 3 test conditions:

G2 KSy L (S twant yo@tdpushzhe Whddichair in a straight line by attempting to

follow the dashed red line on the flooPush at a comfortable speed, as if you were pushing

on a path. Keep pushing until you pass the stop line. Then stop as quickly as you are able

anR R2 y20 Gdz2Ny (GKS

gKSSt OKI A N

52

@g2dz KI @8

The SmartWheel software was then set to record and on completion of each trial the

SmartWheel files were saved while the participant was stationary. The participant was then

asked to psition themselves for the next trial, with help given as required.

3.9 Data Analysis Methods

3.9.1 Maximum Voluntary Push Test data reduction

The format 2 files created by the SmartWheel data analyser tool (see s&d@iatior more

details) for each MVPF were ported into Microsoft Excel where the maximum value of F
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was found for each set of maximum pushes. The valueadtRhe same time as the

maximum Fwas also recorded.

3.9.2 Analysis of deviation from a straight line: Video Analysis

The videos were observaging Windows Media Player V12, and the maximum deviation
from a straight line was recorded for each experimental run. Deviation from a straight line
was analysed by stepping through the videos frame by frame and measuring the X and y
coordinates of the psition of the right rear wheel every 0.4m. The analysis was done in
0.4m intervals and the wheel had to completely pass over one paver to be counted as
having deviated that 0.4m section. Therefore, deviations less than 400m in 400mm length

are not counted

3.9.3 Data Analysis Methods:provided capabilities

A custom Matlab script was written to analyse the data files produced by the SmartWheel
data analyser tool (see secti@6.4for more details) for the crossfall data. This script first
removed the effect oflie 16 sample in all variables except stroke angle. An eighth order
low-pass Butterworth filter was then applied with a 20 Hz-cfftfrequency, which is the

same filter used by Kwarciak et(&warciaket al. 2009)

Each contact was then identified usitige following criteria. A push was defined as a

positive tangential force applied to the handrim for a period of 0.2 seconds or more and a
brake was similarly a negative tangential force applied to the handrim for 0.2 second or
more. Initially contacts &d been defined as occurring for 0.1 seconds, as has been used in
the past by Cowan et al . However, this definition led to the inclusion of a number of brakes,
which would more aptly be defined as an impact as the user grabs the wheel. Therefore, 0.2

secads was chosen as a revised threshold.

However, it was clear when looking at the plots of each run that a number of the brakes

were in fact part of the subsequent push, and though they add to the work being done on

the system, they are different to a brakes they are not performed consciously by the user.

To attempt to separate the brakes which could be considered a brake and those which could
0S O2Y&aARSNBR Y2NB 27F | LldzaK WAYLJz aSQ (KS

pushes and brakes were fodnThese were then separated into downslope brakes,
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downslope pushes, upslope pushes and upslope brakes. Each group was explored using
PASW 18.

The search function Peakdetééivas used to apply an inside out search through thaafa

and identify the maxnum and minimums along the force trace.

The time and value of the maxima and minima were recorded. The maximum values were
then used to identify the start and finish of each contact. This was done by stepping through
R from the maximum position until thealue of Efell below the cutoff (setto O N). In a

similar fashion the minimum values were used to find the points whereseé above the

cut-off (set to 0 N). Contacts that were shorter than 0.1 seconds were deleted from the list

of contacts.

Impulses were found by calculating the difference between the end time and the start time

of each consecutive contact. When the start time of the second contact was the same as the

end time of the first contact, an Impulse had been detected. The impulse couldéd

GKS WAYAGALIET O2y Gl O0GQ 2NJ GKS NBfSFraS 2F GKS
Impulse would have been the first contact, with the second contact constituting the push. If

the impact was due to the release of the handrim then the Impwsuld be the second

contact and the first the push. Therefore the magnitudes of the two Ft peaks of the

compared contacts were examined and whichever was less than zero was determined to be

GKS AYLI Ol !'aAiAyd GKAA YSiK2B82Yy ik @@SRI WR NI K&
releasing the handrim to be detected. This method assumes the pushes were the intended

form of contact.

CKSNEF2NB>Y gA0GKAY GKA&a aldzRé | WLHzZAKQ A& RST
handrim, which occurs for &ast 0.1 seconds, which is similar to that used by Cowan et al,

with the only difference being that Cowan used the moment around thgig rather than

the tangential forc§Cowanet al. 2009)p I WONI1SQ A& RSTAYSR &aAYA
tangential foce applied to the handrim, which occurs for at least 0.1 seconds. Impacts are

defined as negative tangential forces which occur immediately after or before a push.

In summary, for each contact the peak $tart time, end time, average velocity, peak

velocity and work done were calculated. The peakdfresponded to the initial maximum

8 Full details of this function can be fouatihttp://www.billauer.co.il/peakdet.htmi
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or minimum found by the peakdetect function. The start and end times had been found by
determining when Ft first dropped below zero on either side of the peak value. THe wo
done was calculated using the trapz function in Matlab, which using the trapezium rule to
integrate a series of data. In this casevBs integrated with respect to distance travelled. Ft,

velocity and distance are direct outputs of the SmartWheel.

3.9.4 Statistical Analysis

All statistical analysis was carried out using PASW Statistics 18, Release Version 18.0.0 (SPSS
Inc., 2009, Chicago, Wyww.spss.com

Where data sets were normally distributed multiple linear regression analyses were run.
Each paramete(e.g. Provided Start Force) was defined as the independent variable.
Crossfall gradient (C) and participant mass (m) were defined as the dependant variables
(also termed regressors). Crossfall and weight were coded as continuous variables (i.e.
100Kg wold be exactly double 50Kg).

CKA& lylrfeaira LINPRdIzOSa | LINBRAOGAZ2Y Sljdzr GA2Y
independent variableg§Tabachnick 2001)

~

U 0 o I w
Equation13: prediction equation for parameter (P) when dependewériables are crossfall gradient (C), and participant
weight (W). A is the constant term.
Before completing the analysis all parameters were checked usitgsato see if there
was a significant effect of trial. With the significance level set to ps@h@se was not.
Therefore, it can be concluded there was neither a learning nor a fatigue effect over the
O2dzNBS 2F (KS SELSNAYSyida YR GKSNB s1a yz2 vy
in the regression analyses.
When the data was not normaltyistributed nonrparametric test were carried out. The
main alternative test to the multiple regression analysis was the Friedman Test, with post

hoc analysis carried out using Wilcoxon SigRedhk Test.

A Bonferroni adjustment was applied to the sigrafice level, which resulted in a
significance level of p=.017. A Bonferroni adjustment is used to correct for the increased

chance of accepting a null hypotheses when it should in fact be rejected (a Type 1 error)

66



when making multiple comparisons. To apiilg Bonferroni adjustment the original alpha
level (in this case p=.05) is divided by the number of planned comparisons. In this case 3

comparisons are being made (0 % against 2.5%, 2.5% against 4% and 0% against d 4%)
(Pallant 2005)
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4 Attendant-Propulsion Methods

The Methods used to collect the data to measure finevided capabilitie®f the Attendant
Propulsion Wheelchair System (APWS) will be detailed in this chapter. They are similar to
those described in chapter 3 to measure {h®vided capaliities of the SelPropelled
Wheelchair System. However they differ both in equipment and analysis methods due to
the fact it is the Attendant which is providing the force necessary to move the wheelchair,

and this is done by applying force to the handiéshe wheelchair.

This chapter follows a slightly different structure to chapter 3. The first section describes the
development of the parameters which were measured to describe the ABtSWided
capabilities Again each run was divided into: startigging and stopping (Sectieghl).

Then theprovided capabilitiesneasured in each phase are described in Seeti@nThe

hypotheses are then given in Sectid:3.

The experimental methods are then detailed, starting with the ethics approval and
inclusioriexclusion criteria for participants in the experiment (Sectod), followed by
details of the equipment used (Sectidrb). The protocols for the experiments are then
described (Sectiod.6). Finally the data analysis methods (Sec#or) are detailecalong

with the statistical tests (Sectich7.3 used for analysis.

41 Defining é6startingdéd, O6goingd and O0stop

The definitions of starting, going and stopping for the attendarapelled runs differ
somewhat from those defined in secti@l for the expeiments to find theprovided
capabilitiesof the SPWS. This was necessary due to the nature of force application by the
attendant fundamentally differing to that of the occupant, something which has been

discussed previously.

The starting phase is defined ¢he time from which force is first applied to one of the
handles by the Attendant, to the time of the first local minimum. The going phase begins
when the starting phase ends and it finishes just before the final pull on the handles. This
point was foundby stepping back through the forces from the last local minimum (stopping

peak) until the force was greater than zero. These points are showigume4-1.
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Figure4-1: Example plot of left and right horizontal forces for an attendagpropelled run along with the

velocity.

4.2 Provided Capabilities on Crossfalls

In order for them to overcome theequired capabilitiesletailed in Appendix 3, they would

need ta
1. Producethe peak force necessary when starting the wheelchair.

2. Producethe work necessary to move the wheelchair the required distance during

the going phase.
3. Produce the peak force necessary when stopping the whesich
It was further thought that when traversing a crossfall there would need to be a difference
Ay F2NOS LI ASR G2 (GKS 6KSSf gKAOK g a WwdzLia
WR 2 ¢ Yy aThedpiBaach is similar to that taken for the gaibpulsion exgriments (see
Figure3-4). This leads to a number of hypotheses, which are detailed in Setitton

4.3 Hypotheses

There are half the number of hypotheses in this chapter as there was in Chapter 2 due to
the fact the occupant mass was fixed, and therefoneasconsidered as an independent

variable in the multiple regression analysis.

The first set refer to the starting phagBectiord.3.1); the second seto the going phase
(Sectiord.3.2); andthe third set to the stopping phad&ectiord.3.3. If a sigificant

difference is found for any of the hypotheses, it is possible that the difference was the result
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of a change to the forces, and in turn the work, done on the upslope and/or the downslope
side of the wheelchair. For this reason, when significastiits occur, they will be followed

by a formal test on the upslope and downslope parameter.

4.3.1 Starting Phase

Hypothesis 3nd Hypothesis 32est the effect of crossfall gradient on tipgovided
capabilitiesof the APWS for the Starting phase.

Hypothesis 31.

HO: There vill be no change in the Provided Starting Force regardless of crossfall gradient.

H1 There will be a significant proportional linear relationship between the provided starting

force and crossfall gradient.

Hypothesis 32.

HO: There will be no change in the provided s$itag force difference regardless of crossfall

gradient.

H1 There will be a significant proportional linear relationship between the provided starting

force difference and crossfall gradient.

4.3.2 Going Phase

Hypothesis 3&ind Hypothesis 34est the effect of cossfall gradient on therovided
capabilitiesof the APWS for the going phase.

Hypothesis 33.

HO: There will be no change in the provided going work regardless of crossfall gradient.

H1 There will be a significant proportional linear relationship between the proviptealg

work and crossfall gradient.

Hypothesis 34.

HO: There will be no change in the provided going work difference regardless of crossfall

gradient.

H1 There will be a significant proportional linear relationship between the provided going

work difference and crossilagradient.
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4.3.3 Stopping Phase

Hypothesis 3and Hypothesis 3@est the effect of crossfall gradient on tipeovided
capabilitiesof the APWS for the stopping phase.

Hypothesis 35.

HO: There will be no change in the provided stopping force regardless of crossfall gradient

H1 There will be a significant proportional linear relationship between the provided

stopping force and crossfall gradient.

Hypothesis 36.

HO: There will be no change in the provided stopping force difference regardless of crossfall

gradient.

H1 There will be a sigficant proportional linear relationship between the provided
stopping force difference and crossfall gradient.

4.4 Ethics

The experiments were approved by the Ethics Committee at University College London.
People were eligible for recruitment if they were ovbe age of 60, had no history of back
pain (last 6 months) and who felt comfortable pushing a wheelchair amtbccupant mass

of approximately 75 kg along a 10 m pavement, with a crossfall gradient. Participants were

recruited via an email that was seout to the whole of UCL.

4.5 Equipment

The equipment used in these experiments will now be described, begitimngheelchair
usedand its bespoke instrumentatioin section4.5.1 Details of how the push force were

calculatedirom the force transducers amiven in sectio.5.2

The layout for these experiments and video recording system were identical to those for the

seltpropelled experiments (seBection3.7. and Section 3.6.1 respectively).

45.1 The Wheelchair & Instrumentation

The wheelchair used in ihexperiment was a standard issue NHS attengbmapelled

wheelchair, the 9L (sdéigure4-2). The wheelchair has a wheelbase (distance between rear
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axle and caster axle) of 36 cm when the casters are trailing back (as shbignried-2).
The rear whektrack (distance between the rear wheels) is 50 cm. The total mass of the

wheelchair system including the dummy and the equipment was 104 kg.

Figure4-2: Attendant-propulsion wheelchair experiment system on left with detail of the force

transducer (top right) and the rotary encoder used to measure the velocity (bottom right).

I ne wheelchalr was Instrumented So that the handle torces and also the rear wheel speeds
could be recorded. e handle forces were recorded by attachimg 6-axis force

transducers in line with the rubber grips of the handles. The force transducers used are
commercially available and produced by ANfhbdel MC3A6-250). The force signals were
amplified using amigdication boxes again from AMTI (model M6AThe force data from

the direction of travel (F) from both handles was recorded using a datalogger
(Measurement Computing, model USB01). Both rear wheels had a rotary encoder to
detect the velocity. Therecoder consisted of a teethed gear which rotated with the rotating
rear wheel. The encoder outputs 500 pulses per revolution and this signal was processed
using custom circuitry. The resulting voltage was output to the same datalogger as the one
used to cdlect the force dataThe accompanying datalogger software (TracerDAQ) was
used to record the data files, which was run on a laptop secured to the wheelchair. All data

was recorded at a sampling frequency of 100 Hz.

The datalogger files contain the righand left wheel velocities as well as the right and Igft F
output from the force transducers. Thg dutput is the main component of the horizontal

force (For).
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4.5.2 Calculating push Force

The handles of the wheelchair are naturally at a 21 degree angietiie horizontal. This is
illustrated inFigure4-3,which shows §; i, Rerand For Fy is the force measured along the y
axis of the force transducetr,B the force measured along the z axis of the force transducer,
Reris the vertical force andnF; is the horizontal force. & was calculated usingquationl14

and For was calculated usingquationl5
O O Q¢ SOnhé i —

Equation14: Equation to calculate the vertical force component from the readings from thaxys (F) andx-axis (F)

T2NDS (NI yEARAZOSNBR® ., A& G(GKS Fy3ItsS 2F AyOtAylriaAazy 2F (GKS KI-
"O Oné i 6 QE —

Equation15: Equation to calculate the horizontal force component from the readings from thaxys (F) and xaxis (F)

F2NOS (N} ya&RdzOSNE® . Aa (GKS y3atsS 2F AyOfAylridAzy 2F (KS KI

Figure4-3: Schematic representation of recorded and calculated forces of the handleng E are the
components of the force in the y and z axis respectively, 5 the vertical force and [, the horizontal (push)

force.

4.6 Protocol

The protocol for the maximum voluntary push force test and the crossfall experiments will

now be described.
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4.6.1 Maximum Voluntary Push Test (MVPF)

A maximum vtuntary push test was completed by each participant to capture the
maximum amount of force the participant was capable of applying to the push rim when the

wheelchair is restrained from moving.

For the Maximum Voluntary Push Test (MVPF) the wheelchaipleeed up against the
parapet at the side of the PAMELA platform and the brakes were applied to the wheelchair
to prevent it from moving. The wheelchair was placed up against the parapet of the
PAMELA platform and the brakes applied to prevent it fronvimp. As the handles are

higher than the centre of mass of the system a box was placed between the wheelchair and

the parapet to prevent the wheelchair rotating as the attendant pushed it.
They were then given the following verbal instructions:

G2 KSy fL 28RSz (2 WD h Ghe handiek of thevhedctiair Gszhard dzgol can

3 times. The wheelchair should not move. Please push for a count of 3 seconds with a rest of

5 seconds between each push. | will count and time you. When you have finlehé&d t

aS02yR LlzaK LX SIFaS NBY2@S @&2dzNJ KFyRa FTNRY (K
t1 ' {9 4&Dh®¢

The force data was collected though a laptop connected to the amplification boxes of the

force transducers and was collected using NetForce software.

4.6.2 Crossfall Experiments

The participant was asked to position the wheelchair in the correct starting position. For this
to be the case the wheelchair needed to be directly behind the start line, the casters and
the wheelchair had to be parallel to the intendddection of travel, the casters must be

trailing backwards and the dashed red line had to be-tch&lance between the two casters.

On occasion help was given to ensure the casters were orientated in the right direction and

the wheelchair was in the cagct starting position.

Participants were asked to stand behind the wheelchair with their hands not touching the

handles before each trial. This was done for easy identification of the start of the run.

Participants were then given the following verbaltmstions before completing each for

the 3 test conditions:
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G2 KSy L (Sft e2dz 2 WwDhQ L gyl e2dz (02 LlzaK
follow the dashed red line on the flooRush at a comfortable speed, as if you were pushing

on a pah. Keep pushing until you pass the stop line. Then stop as quickly as you are able

and do not turn the wheelchair. Please remove your hands form the handles when you have
FAYAAKSR® 52 &82dz KIFI@S +ye ljdzSadAazyaKkKeg t! ! {9
The data for the force transdec and the velocity encoders were recorded between runs.

The participant was then asked to position themselves for the next run, with help given as

required.

4.7 Data Analysis Methods

4.7.1 Maximum Voluntary Push Test (MVPF) data reduction

The data files from NetfFoe were imported into Matlab, where the Push Force was
calculated usingquationl5. The peak value of the push force was then found using the

al G f $ha@@uaction.
4.7.2 Data Analysis Methods:provided capabilities

A custom Matlab script was written to alyae the data files. This read in the data files from
the Datalogger and also the NetForce files. Each file contains the Fy component of the force
from the right and left handles and these were used to synchronise the data. This was done
by finding the fist local maximum of Fy in the datalogger file and finding the same

maximum in the NetForce file. The data for the NetForce file was then shifted so that the 2

maxima coincided. Both sources of data were collected at 100 Hz.

The velocity data was filteredsing a &' order Butterworth filter with a cubff frequency of
5Hz. This relatively low cuiff frequency was needed to eliminate the high frequency

vibrations which were picked up by the rotary encoders.

4.7.3 Statistical Analysis

The statistical tests carrieaut were identical to those for the seffropelled experiments
(seel.9.4 except that the resulting linear regression moderAll statistical analysis was
carried out using PASW Statistics 18, Release Version 18.0.0 (SPSS Inc., 2009, Chicago, IL,

WWW.SPSS.0m).
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Where data sets were normally distributed multiple linear regression analyses were run.
Each parameter (e.g. Provided Start Force) was defined as the independent variable.
Crossfall gradient (@)asdefined as the dependant variable (also termed esgor). This
Fylrfteaia LINRPRdzOSa | LINBRAOGAZ2Y SljdzZ GA2Y
independent variablegTabachnick 2001)

0O 6 T 6

Equation16: prediction equation for parameter (P) when dependent variables are crossfall gradi€)t and participant

weight (W). A is the constant term.
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5 Results: SelfPropulsion

5.1 Participants

Fourteen participants took part in the study. Twelve were dimelied and two were regular
wheelchair users; one of whom had had polio as a child andebensl had had an accident
resulting in a Spinal Cord Injury (SE&ble3-1). There were 12 females and 2 males. The
average weight of the participants was 69.08 kg with a standard deviation of 14.86 kg.

Eleven out of the fourteen participants were righdrided.

Table5-1: Participant details for sefpropulsion experiments.

Participant| Age | Weight Right or Male (M) or| Wheelchair
Number | [Years]| [kg] Left Handed| Female (F) user?
1 28 59.90 Right F No
2 28 54.30 Right M No
3 34 64.00 Left M No
4 28 10075 Right M No
5 35 71.70 Right M No
6 53 66.05 Right M No
7 53 49.20 Right M Yes
8 28 88.40 Right M No
9 49 84.85 Right M Yes
10 27 51.75 Right M No
11 36 65.70 Right M No
12 24 71.10 Left M No
13 29 79.40 Right M No
14 33 60.00 Left F No

5.2 Maximum Voluntary Push Force

As explained in Sectigh5, the Maximum Voluntary Push Force (MVPF) is an indicator of
the maximum Provided Capability of the SPWS. This is measured using a MVPF test as
described in Sectioh.8. An example plot of the MVPF testgiven irFigure5-1 and the

results for the MVPF are summarised in, with the two regular wheelchair users highlighted

in green.
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MVPF:Participant 14
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Figure5-1: Example MVPT plot for seffropulsion showing the resultant force (Fres) and tangential
force (Ft)

The maximum tangential force{Rpplied to the handrim varied from 88.26 N to 244.14 N

with a mean of 162.41 N¢eTabk 3-2). There was no apparent relationship between

LJIS2LJ) SaQ YIraa FyR GKSANIIFoAfAdGe (2 LINRRdAzOS
Figure5-2.

MVPF against Occupant Mass
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Figure5-2: Maximum tangential and resultant forces from M\Aplotted againsbccupantmass
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Table5-2: Summary of results of voluntary maximum push.

System
Weight Ft Ftot
Participant [N] [N] [N]

1 758.31 | 103.82 | 110.67

2 703.38 | 173.17 | 220.71

3 798.53 | 173.17 | 220.71

4 1159.05| 177.87 | 181.11

5 874.07 | 244.14 | 237.14

6 818.64 | 150.31 | 127.06

7 653.35 88.26 133.9

8 1037.90| 158.18 | 172.71

9 1003.07 | 125.34 99.79

10 678.36 | 217.83 | 180.45

11 815.21 | 155.97 | 180.52
12 868.19 | 180.56 | 197.95

13 949.61 | 131.48 | 191.34
14 759.29 138.4 169.37
Mean 848.35 | 158.46 | 173.10

Standard

deviation 145.75 41.49 41.79

It would appear based on these results, compared with the Required Capabilites of the task
(see resits of Appendix3) that all occupants are able to impart sufficient force into the
wheelchair to produce the Provided Capbility to enable it to begin to move and to continue

to move.

5.3 Deviation from a straight line

The participants were asked to travelarstraight line along each of the footways. When

this was not achieved, the deviation was observed during the experiments. The values noted
during the experiments were checked by reviewing the experiment videos as necessary (see
Sectionl.9.2. It is impotant that the occupant be able to complete the task when the
downslope side of the wheelchair is their rdominant hand, as well as when it is their

dominant hand.

The deviation from the straight line is, in effect, the output from the interaction between
the provided capabilitiesf the SPWS and thequired capabilitie®f the environment.
Therefore if a straight line was achieved throvided capabilitiesvere greater than the

required capabilities
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On the 0 % condition all participants successfully agga to go in a straight line, with no

noticeable deviation. The only person to truly struggle on the 2.5 % and 4 % conditions was
Participant 1. She had a maximum deviation of 1.2 m, on the 2.5% crossfall and deviated the

full width of the footway on alix trials on the 4% crossfall (s€able3-3). She commented

GKFG 2yfteée GKS m: O2yRAUAZ2Y gl a aSlhraeée¢s GKS H

O2y iNRf¢ 2y (GUKS m: ONRaafFlftt S@OSy (GK2dzaAK &KS

Of the otherparticipants 4 deviated from the straight line on the 2.5% and 4% crossfalls (see
Table5-3). However, apart from Participant 1, nobody deviated by more than 0.4 m. All bar
participants 1 and 3 managed to complete the task without a noticeable deviairaat f

least 1 trial travelling in both directions.

Table5-3: Table of observed straight line deviations for participants 1,3,6,7, and 8 for each run frémRed text:

highlighting the relatively large deviations made by participant 1 relative to alhet participants.*participant stopped

twice

2.5% 4%
P#l R1 | R2 | R3| R4 | R5 | R6 | R1| R2| R3 | R4 | R5 | R6
[m] | [m] | [m] | [m] | [m] | [m] | [m] | [m] | [m] | [m]|[m] | [m]
1|04 04]12]08]08[08]|]12]12] 12| 121212
310404 |04|04)04|04[04| 0 |04]04]|04]04
6| 0 0 0O | 0] 0 04|04 0 [04| 0 [04] O
7104 0 o4 0] 0O 0]oOoO]oOo[O]o0o[oO0O]oO
8] 0 0 o] o]o|]o]ojo4[ o0 04[O0 O

As Participants 1 and 3 did not accomplish the task when theidooninant hand was on
the downslope side (se€able5-3), it must be concluded they were unable to dovgith the
wheelchair used in this study. Therefore, t@vided capabilitiesf the SPWS are
insufficient to complete the task. All other participants were successful, so it can be
concluded that in these cases the SPWS hagtbeided capabilitiemeedel to achieve the

task.

The next section will investigate the individypabvided capabilitiesised to travel along a

footway, beginning with provided going work and provided going work difference.

5.4 Starting & stopping

In general the starting and stoppingrEes were larger and longer than the forces used in

the going phase when on the flat. However, on the downslope side this distinction became

80



less clear for the starting force. There are rarely any brakes in the going phase to compare to
that found in thestopping phase, this is not the case when a crossfall is present, where

brakes can frequently occur (ségure5-3D).

Particlpant 08: 0% Downslope 2 Participant 08: 4% Downslope 2
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Figure5-3: lllustration of how the start pushes force is distinct from the going pushes when the wheelchair ig
the 0% crossfall (A=Downslope, C=Upslope). thépushes are similar in size and duration to those in A. In D

brakes in the Going phase are similar in magnitude and duration to the stopping force.

There was a large degree of variance in the magnitude and the duration of starting and
stopping forces used by occupants, thisukked in the data not being normally distributed
andHypothesis 10 Hypothesis 12re tested using noparametric tests as detailed in
Section3.9.4 These hypotheses, which test the effect of crossfall gradient on Starting and
stopping forces, will nowe tested for the downslope (Secti@¥.1and the upslope sides
(Sections.4.2 of the wheelchair.

5.4.1 Downslope Starting and stopping

The magnitude of the average starting force did not change significantly across the 3
crossfall gradients (&) = 2.714, p257). The push time also did not change significantly
(&(2) = .764, p<.683). S@able5-4 for median values.
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The peak force used to stop the wheelchair did not change significantly with crossfall
gradient (%(2) = 3.857, p<.145). A shorter stoppingctomas found to be applied as
crossfall increased f§2) = 7.00, p<.030). However, pdsic tests did not find any significant

differences between the three groups.

Independent Variable 0% 2.5% 4%
Downslope Start Ft [N] 72.08 65.84 69.78
Downslope StarPush Time [s] .995 .960 .930
Downslope Stop Ft [N] -42.37 -38.31 -40.02
Downslope Stop Push Time [§  1.94 1.92 1.65

Table5-4: Median downslope starting and stopping forces for each crossfall condition

5.4.2 Upslope Starting and stopping

The average peak sting force required decreased as crossfall gradient increased on the
upslope side (%2) = 8.714, p<.013). When the three crossfall gradients were compared,
post-hoc, with the use of a Wilcoxon SignBadnk Test, it was found there was a significant
decreae from 0% to both the other conditions (22919, p=.004) and (Z-2542, p=.011)
respectively for the decrease to 2.5% and 4%). The push time for the Starting push also
decreased with crossfall gradient(X) = 7.964, p<.017) and again this was sicanit from
0% to 2.5% (Z-2.797, p=.005) and from 0% to 4% (22450, p=.014), but not from 2.5%
to 4% (Z =785, p=.433).

The force applied to stop the wheelchair did not change significantly in magnitég® (X
= .429, p<.807) but did get signifitly longer as crossfall increased = 6.67, p<.036).
Posthoc tests showed there was a significant difference between 0% and 492.@18,
p=.004) (sed able5-5 for median values).

Table5-5: Median downslope starting and stopping forces for eadissfall condition. The following key is used: ~

indicates significant differences between 0 % and 2.5 % crossfalls, $ indicates significant differences between 0 % and

4 % crossfalls.

Independent Variable 0% 2.5% 4%
Upslope Start Ft [N] 63.49" | 52.42 50.74°
Upslope Start Push Time [s] .950 .840 .895
Upslope Stop Ft [N] -56.14 -62.12 -61.74
Upslope Stop Push Time [s] 1.97 2.50 257
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In contrast to the downslope contact parameters for stapt and stopping (which remained
consistent regardless of@ssfall gradient) upslope staup forces changed in both
magnitude and time applied as crossfall increased. The time of the stopping force also
increased on the upslope side. Therefore, it would seem people preferred to reduce the
amount offorce done atstart-up on the upslope side, than increafsgce on the downslope
side. Also, people preferred to apply the stopping force over a longer time on the upslope
side as crossfall increased. Tgrevided capabilitiesised to keep the wheelchair in motion

will now be reported.

5.5 Provided Capabilities of the Going Phase

Theprovided capabilitieso keep a wheelchair moving in a straight line along a footway can
be expressed in terms of the amount of work produced in order to (in most cases)
successfully propel theheelchair along a crossfall. Work can be thought of as the transfer
of energy from the occupant to the wheelchair, which results in the SPWS moving along the

footway.

Four hypotheses were proposed in regarding the effect of crossfall gradient and otcupa
mass on therovided capabilitiesluring the going phase: the provided going worl(Cam
and the provided going work differenceGiir). The hypotheses were tested as described

using a Multiple Regression Model (see secB8dh4for details).

Theresults of the regression models forGiir and G sumusing crossfall gradient and

occupant mass as regressors are givenahle3-6. For G qirtwo models were considered,

the first contained both crossfall and occupant mass as regressor term(fable3-6),

and the second contained only crossfall (rowedle5-6). The format of these tables will be

the same for all parameters reported in this thesis with the Dependant variable in the left

hand column, the next column (to the right) will cointahe R coefficient, which tells one

how much of the variance the model is able to explain. The subsequent column gives the
significance level of the’®@ | f dzS8d® ¢ KS O2f dzvyya (2 G-KS NAIKG 2
coefficients of the independent variables along with their significance level (as measured

using a itest).
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Table5-6: Regression model summary for the provided going work (Cwk_sum) and the difiez of work (Cwk_diff).

Dependant Model Coefficients
Variables R P Const. p Cross P Occ. P
(R fall Mass
(%] [kg]
Gk diff .865 |[<.0001] -51.119 [<.0001] 20.174 | <.0001] .684 | <.0001
(.863)
Gk diff 797 [<.0001] -3.912 [<.0001] 20.229 | <.00a | N/A N/A
- (.795)
Gk sum 063 | .02 | 71.791 |<.0001] -2.662 | .093 | .415 023
(.047)

5.5.1 Provided Going Work

The regression model for provided going work was a very poor degree d=iOGR,

Rag’=.047), and although the relationship is significant (F(2,123)=4:082) meaning

statistically the model has predictive ability, it is only capable of modelling approximately

5% of the variance recorded inGumand so is not a generally useful model. In fact the

mean values for each condition are very similar: 10/N@9 84.12 Nm and 96.30 Nm

respectively for 0%, 2.5% and 4%, with no particular trend visibleRigeee5-4).

Analysis of the independent variables, with the use otfest, proved there was no effect of

crossfall on Gk sum(p=-093). occupant mass wamind to have a positive correlation with

the provided going work necessary, with an additional 0.415 Nm provided for each kg

Work [Nm]

200

160

120

80

40

Provided Capability: Sum of Work

104.09

84.12 96.30

fHAH I -

+ Cwk_sum

B Mean Values

+ | HHHHEHH

-

2 3 4 5

Crossfall gradient [%]

Figure5-5: The capability to produce the sum of work§Cs,m) done on the upslope and

downslope runs plotted against crossfall gradient, with mean values for each condition disple

in red with the accompanying value.
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Figure5-6: Sum of upslope and downslope work agairstcupantmass.

increase in mass (p=.023). This general trend is visilfligure5-5; though it is clear there is

a great deal of variation Wiin the data.

In conclusion, the regression model is unable to predict a useful amount of variance and
Hypothesis Tor the effect of crossfall gradient on the,Csum can be accepted: there is no
significant effect of crossfall gradient on thecGum. However, the null hypothesis for the
effect of occupant mass can be rejected: there is a small but significant increagesim&s

occupant mass increases.

5.5.2 Provided Going Work Difference

The results of the multiple linear regression of the effefctrossfall gradient on the

provided going work difference (fqirr) are shown irrable3-6. The model has a reasonable
degree of fit (R=.797, Ry*=.795), and was significant at explaining the variation in the data
(F(2,123)=478.194, p<.0001). Theras a small negative constant term-8912 Nm

(p<.0001) whereas there was a large positive coefficient for crossfall gradient of 20.229 Nm

(p<.0001). The individual trial data is plottedrigure5-6 along with the regression line.

When occupant mass waadded as a regressor term the amount of variation the model was
able to predict increased, as would be expected (F(2,123)=388.914, p<.0001) and the
regression model was a good fit4865, %12:.863). The results of the model are given in

Table5-6.
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