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SUMMARY

The current approach to manual wheelchair design lacks a sound and objective
connection to metrics of manual wheelchair (MWC) performancéNheelchair
performance directly impacts propulsion effort, which is a strong determinant of user health
and mobility. To date, medical reimbursement for MWCs is coded heavily aroudd a 6
difference between standia(low-end) and ultrdightweight (highend) wheelchairs, with
three other weighbased wheelchair categories falling within this small weight range. This
further reflects the pervasive lack of a suitable metric for characterizing wheelchair
performance . Studies to date have attempted to distinguish performance between different
manual wheelchairs, but have lacked the repeatability or external validity necessary.
Human subject tests are mostly r@presentative of everyday MWC mobility and have
demongtated a low sensitivity to performance differences. Studies of MWC mechanical
design, while more sensitive, are almost exclusively based on passive measurements not

involving active propulsion of the MWC.

The objective of this dissertation research was develop capabilities to

characterize and predict manual wheelchair performance, with three specific research aims:

1. Develop componerevel test methods to evaluate the inertial and resistive

properties of manual wheelchair components.

2. Develop a systertevel test method to distinguish the mechanical performance of
various manual wheelchair configurations across maneuvers representative of

everyday wheelchair mobility.



3. Develop empirical models to relate componrienel measures to systelevel

results.

The first research aim was accomplished through designed methodologies that
characterized the rotational inertia, rolling resistance, and scrub torque of caster and drive
wheels. Three new measurement devices were fabricated to this end: thdoeoastrt,
the caster scrub test rig, and the drive wheel scrub test rig. A diverse set of 4 drive wheels
and 8 casters were evaluated for tile and carpet surfaces with these instruments. These
tests demonstrated the variance in the resistive properties of wdie@lomponents, as

well as illustrated different optimal components for different surfaces.

The second research aim was accomplished by methodologies that quantified the
propulsion torque and propulsion cost of various MWC configurations on tile and.carpe
To this end, a wheelchgmropelling robot, AMPS, was developed. Three canonical
maneuvers for AMPS were defined, based on their external validity and balanced collective
representation of different kinetic energies and resistive losses. These erangaxe
applied towards investigating the impact of mass and welighibution on propulsion
torque, as well as the impact of 4 casters and 3 drive wheels on propulsion cost. The first
study identified weightlistribution as having a larger impact oropulsion torque in
turning than in straight maneuvers. The second study identified the tradeoffs of
wheelchairs configured with different components, with drive wheel differences exerting

a greater performance impact across all maneuvers.

The researchim of predicting systerfevel MWC performance was accomplished

by applying linear regression modeling. Systewel propulsion costs from the second

Xi



aim were used as outcome variables, and component measures of resistive loss from the
first aim were usedo calculate system resistance predictor variables. The system
resistance definitions were based on the resistive loss models developed as part of the
second aim. System yaw inertia and weidistribution were also entered as predictor
variables. Two bthe empirical models (straight and zeealius turns) demonstrated
strong predictive capabilities that linking system propulsion cost to component resistive

properties.

The outcomes of this research empower clinicians and users to make a more
informedchoice in wheelchair selection by means of a standard, scientiroaliyated
performance metricFurthermore, the empirical models offer manufacturers a basis by
which to optimize their future wheelchair designs, thus motivating a better produltt for a

wheelchair stakeholders.
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CHAPTER 1. INTRODUCTION

1.1  Significance and Objectives

The current approach to manual wheelchair design lacks a sound and objective
connection to metrics for wheelchair performance. Wheelchair performance directly
impacts propulsion efit, which is a strong determinant of user health and mobility
(Bohannon, 2001evy et al., 20100yster et al., 203, 1Sonenblum SE, Sprigle S, & Lopez
RA, 2012. Certain wheelchair designs and configurations require more effort to propel
because of their ertial and frictional parameters. Given the breadth of wheelchair options,
users, clinicians and manufacturers need information about how these options impact the
effort required to propel wheelchairs. Most directly, wheelchair manufacturers can use
information about the influences of configuration on propulsion effort to optimize designs
and improve their development cycld@he objective of this research is to empirically
characterize the inertial and resistive properties of different wheelchair compomgs
and configurations, and develop empirical models for wheelchair manufacturers that

define the impact of these properties on systefevel wheelchair performance.

1.2 Background

For the 1.6 million wheelchair users who live in the United S{jage, Kang, &
LaPlante, 2000 the wheelchair forms tifeundation for all of their academic, vocational,
and societal activitieBohannon, 2007evy et al., 20100yster et al., 2031Sonenblum
SE et al., 2012b Amongst these users, 94% own manual wheelchairs (MWCSs), a mobility

device that relies on the occupdor propulsive forcéKaye et al., 2000 The inefficient



nature of wheelchair propulsiqman der Woude LHV, Veeger HEJ, RozenB&, & et

al, 1988 van der Woude LHV, 198&ften has a detrimental effect on the uservelhg.
Wheelchair users move about in short bouts of acti@ionenblum SE et al., 2012khere

the higher inertia and greater energy loss translates into the need for users to perform more
propulsion work during wheelchair maneuvers. Furthermore, less mechanically efficient
wheelchairs requirghe user to exert greater instantaneous force and total effort for
accomplishing desired travel. Greater propulsion effort can lead to difficulty in achieving
desired speeds, a higher probability of fatigue over long bouts of mobility, and difficulty
negptiating inclines. The accumulation of this greater effort can also increase the potential
for injury in the upper extremitigBoninger et al., 20Qan der Woude LHV, Dallmeijer

AJ, Janssen TWJ, & Veeger D, 200Regretfully, despite the risks associated with low
performance wheelchairs, modern wheelchair design is hinged upon meeting unempirical

weight cutoffs defined by Medicare for varying amounts of financial coverage.

The need to improve manual wheelchair mobility has motivated a substantial body
of research targeting wheelchair propulsion effort. The effort required to propel manual
wheelchais is a reflection of two sets of variables: thechanics of the wheelchaiand
thebiomechanics of the human propulsion This project focuses on the wheelchair as a
mechanical system which, to date, has not received much attention from the research
commuity. The existing studies of mechanical systems target improved design and
configuration and have largely focused on frictional energy loss. In 2003, van der Woude
evaluated a rollingesistance measurement technique that measured the force required to
push (via handlebars) different wheelchairs at various constant speeds over multiple

surface typeg¢Thacker & Foraiati, 199lvan der Woude, Geurts, Winkelman, & Veeger,



2003. Alternatively, Frank and Abel investigated the impact of caster size and shape on
caster rolling resistand€rank & Abel, 1989 Within the same study, they also measured
the scrub resistance of different casters by loading individual casters on a turntable and
measuring the requisite torque to rotate the platform. In a 1989 study by Gordon, multiple
performance characteristics of diffetevheelchair drive wheels were assessed, including
rolling resistance, static friction, and spring ré@®rdon, Kauzlarich, & Thacker, 1989

In 2002, roltdown tests by Sawatzky compared the rolling resistance of a lightweight
manual wheelchair when fitted with five different sets of drive whi&asvatzky, Denison,

& Kim, 2002). While the findings of these studies do further the base of knowledge for
wheelchair resistive losses, they do not fully translate to clinicesiful knowledge
because they are largely limited to compofenel tests and omit the complex interactions

that ake place between wheelchair components at a systems level during active propulsion.

Systemlevel dynamic wheelchair models would offer the ability to analytically
investigate how different components and designs influence performance. The prevalence
of dynamic models for mechanical systems is a testament to their value as analytical tools.
In the automotive industry, vehicle dynamics are modeled in order to optimize suspension
systems, chassis form, and various other design factors that determinenpecgEllis,

1969. Bicycle models have also been implemented for design optimization, as well as to
investigate lateral stabilityFranke, Suhr, & Riel3, 1990 Similar models have been
developed by the wheelchair community, but these are either limited or lack sufficient
empirical validation Multiple models for characterizing the rolling resistance of drive
wheels have been developed, with Kauzlarich presenting the hysteresis loss model for

solid-filled tires (J. J. Kauzlarich & J. Thacker, 198&nd Sauret defining a simplified



model where only system mass, wheel mass, wheel radius, and tkeft fdrstance
between the theoretical and actual tire centepsedsure are requir¢8auret et al., 2032
Systemlevel wheelchair models have been developed in two separate studies by Cooper
and Chenier, but the former is a model limited to straight m@Gooper, 199)) while the

latter lacks accurate modeling oinktics by assuming all system rolling resistance is
attributed to the caster wheéGhénier, Bigras, & Assaoui, 201)L In 1985, Johnson and
Aylor did develop a substantial dynamic model for controlling an electric wheelchair that
was mechanically similar to modern manual wheelchairs, encompassing the power
transmission dynamics from the motor to the elnvheels and all of the potential resistive
forces that may act at the wheseirface interfacefohnson & Aylor, 1986 However, te
resistive forces included in this model were largely estimated without empirical
measurements, and model validation was only conducted for straight maneuvers with the
casters angled at different initial headings. The lack of model validation for theojoh

and Aylor study was likely a result of limited system controllability and repeatability,
indicating the need for a controllable precision propulsion system that could drive the

wheelchair through a wide range of maneuvers to validate the wheelchamidymodel.

1.3 Research Aims

Based on the reviewed literature, we can conclude that manual wheelchair research
can greatly benefit from the two following advancements: 1) a standardized and higher
resolution benchmark for wheelchair performance, and 2)etadoased on empirical
testing that inform manufacturers how to optimize the design of MWC components. For
this purpose, a wheelchagropelling robof(Liles, Huang, Caspall, & Sprigle, 201Aas

been developed to permit hig repeatable measurements and a larger volume of collected



trials than possible with human subjects. While the use of this robot excludes the human
biomechanics from wheelchair propulsion, it is not different from modern test methods that
characterizelte mechanicaperformance of a system independent of the user. Coupling
this systerdevel testbed with empirical models further represent a novel and synergistic
approach to the study of MWC performance. The basis of these models are centered on
the enegy conservation equation defining MWC propulsion wdtgfation 1), assuming

it is traveling over a level surface.

&) YOO O (1)

In this equationw is the input propulsion work) ‘Os the gstem kinetic energy, and

‘O s the resistive energy loss. The stored energy representedisya function of the
inertial properties of the wheelchair components, while the dissipated Work, is
dependent on the resistive/tianal forces associated with each component. Furthermore,
both types of work are dependent on the motion of each wheelchair component. This
relationship illustrates that propul sion

frictional parametes, as well as the type of maneuver performed.

The work of this dissertation can be summarized into the three following research aims.

1. Develop componemevel test methods to evaluate the inertial and resistive

properties of manual wheelchair components.

Under this aim, we seek to design compodewne! test methods with motivation
from theoretical models of MWC kinetic energy and resistive energy loss. For the test

methods that show precedent in the current literature, we will attempt to simplify aned refi
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the existing methods. Fulfilling this aim with offer manufacturers a series of tools for

comparing the esitu energy consumption of various wheelchair components.

2. Develop a systenievel test method to distinguish the mechanical performance
of various manual wheelchair configurations across maneuvers representative

of everyday wheelchair mobility.

Prior humarbased approaches have demonstrated their lack of measurement resolution
when attempting to distinguish MWC configurations. Furthermore, the marseare
largely constrained to linear motion, effectively neglecting the impact of turning on
everyday MWC mobility. Previous mechanical systenwel experiments are also largely
constrained to linear motion, and their measurements of passive motiamttagnslate
accurately to active propulsion. Fulfilling this aim would offer a reliable method and

metric by which clinicians and manufacturers can define mechanical MWC performance.

3. Develop empirical models to relate componerevel measures to systerevel

results.

The systerdevel test method, while a better measure «fiin performance, is likely to be
much more instrumentatientensive than the compondetel test methods. Thus,
fulfilling this third aim will create an opportunity for manufactts to key off of the
simpler componerevel tests to estimate the systtawel MWC performance. By
improving accessibility to this information, manufacturers will be empowered to better

optimize their MWC designs.



CHAPTER 2. COMPONENT-LEVEL TEST METHODS

Like with any other mechanical system, the components that a MWC is comprised
of determine its mechanical performance. The composite mass and inertia of the
components dictate the difficulty with which the MWC system can accelerate, and resistive
losses due tordme flexion and vibrations can lead to increased propulsion effort during
the nonbraking phase of maneuvers. For this study, the components that were selected for
characterizing their inertial and resistive properties are the MWC drive wheels (rear
wheds) and casters (front wheels). This decision was motivated by the general notion that
thetiresinmostwhedd ased system are usually the stro
performance, and MWC especially so. Unlike automobiles, the typical MWS selely
on humarapplied forces to navigate, thus rendering propulsion efficiency a predominantly
biomechanicglependent variable. When compared to other hymnapelled vehicles
such as the bicycle, the MWC is distinct in its significantly lower eanfjoperating
velocities(Sonenblum SE et al., 201Rlwhich diminish its sensitivity to vibrational loss
and air drag. Experimental and modeling wheelchair literature lend support that drag and
bearing loss contributions can be considered negli¢ftidéstad & Patterson, 1994which
leaves casters and drive wheels as the predominant sources of loss for MWCs. The
componemrdevel tests for the drive wheels and casters will be divided into the assessment
of their properties of inertia and resistive logsirthermore, the inertial properties will be
divided into measurement of component mass and moment of inertia, while the resistive

loss properties will be divided into rolling resistance force and scrub torque.



2.1 Component Diversity

A diverse set of casteand drive wheels were selected for component testing. This
wide variety enabled us to capture a better representation of the variance in commercial
wheelchair components. Additionally, being able to test components of various size and
shape demonstied the robust capabilities of the developed measurement methods. This
will describe the dimensions, shape, and tire hardness of the selected casters and drive
wheels, as well as the different loading conditions and surface types they were tested across

for evaluating their resistive loss properties.

N\ y
Figure 1. Durometer measurement of tire
hardness

Each wheelchair caster and drive wheel were acquired brand new for the purpose
of component testingand were assumed to be a representative sample for that entire
component typeThe unloaded diameter of@acaster and drive wheel were measured via
ruler and their tire thicknesses were measured via caliper. A digital scale was used to
measure the mass of each drive wheel and caster. In lieu of tire stiffndsadiress was
measured using aype A duraeneter as demonstratedfigure 1. To mitigate the impact

of tire surface nofmomogeneity, three hardness readings were taken for each wheel, and



the resultant average recorded as the representative tire hardlesseeasurements of
pneumatic casters and wheels were taken with their inner tubes inflated to the

recommended pressure. The comprehensive properties of each caster and drive wheel are

described inrable 1 andTable 2, respectively.

Table 1. Caster Wheel Properties

Caster Wheel Caster Wheel Name Diameter | Tire width | Mass | Tire
(Hub View) (Profile View) [cm] [cm] [kg] | Hardness
i N E | 106 3.60 0.2 |76
' 2 |Frog Legs
e Soft Roll
(FLSR)
E ™| 126 2.18 0.39 |65
Primo Soft
Roll (SR)
}:‘..‘,‘.;.“.‘...‘.‘.\.%".4‘
i E w124 2.43 022 | 85
Primo
S
ZZ.!,‘ .LII'IT..OII'. 1, .GI‘ T T R
#
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Primo
Pneumatic
(35 psi
inflation)

151

2.79

0.26

60
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0.33

89
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0.30

89
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& Narrow

Court
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7.6

2.45

0.12

88

E ™
Frog Legs
Narrow
Court
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15.2

2.45

0.31
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Table 2. Drive Wheel Properties

Drive Wheel Drive Wheel Name Diameter | Tire width | Mass | Tire

(Hub View) (Profile View) [cm] [cm] [kg] | Hardness
3 Hn E 162 2.75 2.07 | 82

Solid Mag

Hn E 160 2.65 1.71 | 49
Spinergy
(100 psi
inflation)

24 x 10 K y| 62 3.28 1.86 |67
Primo
Orion Stock
Pneumatic
(75 psi
inflation)

Hn E 160 2.85 1.82 | N/A
Schwalbe
Right Run
(100 psi
inflation)

The ranges and medians of each wheel property, separated by casters and drive wheels, is
given inTable 3. Based on the statistics, the casters are quite diverse in their diameter and

mass, while their tire width tels towards the lower end of the range and their hardness
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tends towards the higher end of the range. The drive wheels do not appear to vary much
in both diameter and mass, but present a moderate diversity in both tire width and hardness,
with the tire widh tending towards the lower end of the range. The wheel profile outlines

in Figure 2 further serve to illustrate the diversity of the shapes and sizes of the tested

components.
Table 3. Summary of Comporent Properties
Casters (8 total) Drive Wheels (4 total)
Wheel Property Range Median Range Median
Diameter [cm] 7.61 15.2 13.5 6071 62 60
Tire Width [cm] 2.187 3.69 2.52 2.651 3.28 2.85
Mass [kg] 0.127 0.39 0.28 1.717 1.86 1.82
Hardness 6071 89 86.5 4971 67 58
Caster Wheels Drive Wheels
/ \‘, 4x1.5"FLSR
// r\—/i—\ﬂ \

,f \ | ’
/ 5x1”Primo SR / \ Solid Mag

\ 5x1”Primo
\ —
\ 6 x 1”Primo // \ Spinergy
Pneumatic
/ \ 6 x 1.5”Primo / k\
: / N
/ \ 6 x 1”"Primo
. o, o
K \ 3x1”FLNC Schwalbe
| - Right Run

/ 6 x 1"FLNC

Stock
Pneumatic

Figure 2. Component Tire Profile Outlines
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The loading conditions applied to the casters and drive wheels for measurements of
rolling resistance force and scrub torque were based on the framework of an idealized
MWC at three distinct weight distributions. The total mass of theeld®WC was defined
as 100 kg and configuration weight distributions were identified as 60%, 70%, and 80%
load on the drive (rear) wheels. Thus, this equated to the casters and drive wheels each
being loaded at their three representative configuratiodsl@ring the resistive loss
component testsTable 4 defines these loading values and their corresponding wheels and

configurations.

Table 4. Component Loadings by Representative System Weiglitistributio n

Percent Load on Drive Normal Load on Each Normal Load on Each
Wheels Caster Drive Wheel
(Total Load = 100 kg)
60% 20 kg 30 kg
70% 15 kg 35 kg
80% 10 kg 40 kg

The surfaces types on which the component resistive losses were measured are
linoleum tile and lowpile carpet. Since test surfaces have to accommodate both
extractable samples and sufficient space for corresponding sylstesh8IWC testing, the
tile material was sourced from the old Rehabilitation Engineering and Applied Research
lab spacewhich was assessed to have sufficient room to accommodate a skstens
MWOC test track. Given its comparative ease of installation and removal, the carpet was
sourced from Home Depot in a large enough roll to provide a syseaesMWC test

track. Figure 3 depicts a sample of each surface type.
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Figure 3. Samples of Test Surfaces

2.2 Predicate Work (Trifilar Pendulum)

The inertia and mass of the wheelchair
propulsion work that is stored as megital energy. While the mass of these components
can be easily evaluated, the rotational inertias are not. Due to the irregular shape and non
homogenous density of the wheelchair system components, it is necessary to empirically
measure the wheelchair gtants mass and moment of inertia. An instrument-well
documented in literature, the trifilar penduldBu Bois JL, Lieven NA, & Adhikari S,
2009 Hou ZC, Lu Y, Lao Y, & Liu D, 2009Ringegni, Actis, & Patanella, 20plwas
employed to measure the moment of inertias of the various drive wheels and casters use
within this study. The trifilar pendulum is comprised of two equilateral Dibond triangles

connected by their corners via steel wires. One of the triangles are fixed to the ceiling,
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leaving the second one to be suspended in the air via the aforeme stiea@lewires, with
both triangles adjusted to be perpendicular to gravity via a level. When the bottom triangle
is perturbed such that it oscillates about its yaw axis without translation, it presents the
behavior of a simple damped harmonic system. dgerating principal of this device is
that the moment of inertia of the bottom triangle is a function of its mass and period of
rotation, specifically described as

a"xy vy

0 — )
™ 0

wherel is the moment of inertia of the bottom triangteis the mass of the bottom triangle,
gis gravitational acceleratioR s the distance from the triangle center to a trianglearorn
L is the wire length connecting the two triangles, &nd the period of yaw rotation. This
relationship remains true when a wheelchair component such as a drive kitpeed 4)

is placed atop the bottom triangle, excepivim andl represent the combined component

and platform mass and moment of the inertia, respectively. Note that the component being

Figure 4. Drive Wheel Rotational Inertia Measurement by Trifilar Pendulum
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eference point

center of rotation

_—_— PRM®® o
Figure 5. Screenshot of Frame Counting for Cycle Perio

tested must be centered on its rotational/yaw axis, and cannot be allowed to rotate as the
platform oscillates. The ma®f the component is measured via a digital scale and the
length dimensionare measured with a ruler and tape measure. The period of oscillation
is derived from a video recording of the bottom of the platfdfigure 5) using a camera

of known frame rate (60 fps). By tracking one of the triangle corners as a reference point,
it is possible to manually count the number of frames (in QuikTPlayer) it takes for

the reference point to oscillate 50 cycles; cotingrthese frames to time and dividing by

the number of cycles results in the peridd, Using this method also allows the

experimenter to confirm that there i s mini

of rotation.

In addition to the drive tveels Figure 5) and casterdjgure 6) rotational inertias
being assessed on the trifilar pendulum, the yaw inertias of the eastdfrk assemblies

(Figure 6) were characterized to account for the swivel kinematics presented in wheelchair
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maneuvers. These methods were adopted for this study to characterize the moment of
inertias of 8 casters and 6 drive wheels, which will be detailed in the results sectkisn of

chapter.

&
Figure 6. Caster Rotational Inertia and Casterand-Fork Yaw Inertia
Measurement

2.3 Development of Coasdown Method

The rolling resistance of the caster and drive wheels were asseszedjditoast
down cart methodPr i or approaches documented in |
two-wheel cart over a treadriibller while forces are measured on thewimeeled end
(Frank & Abel, 198%. This methodology minimizes the need for four identical wheels and
measures the rolling resistance forces directiytilizing this method, however, greatly
limits the surfaces that can be evaluated given the constraints of what can be applied to a
treadmill/roller surface. Oveground methods, on the other hand, rely on measuring or
inferring the deceleration rate of a rolling, famheel cart on the surface of interest.
Conventionally, this is approached in one of two ways: 1) controlling the release velocity

and measuring the cart travel distance, or 2) measuring the change in velocity during a
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di stance/ per i odTheformear &pproachaisually requites aacureet ramp
that allows the cart to be released with a fixed potential energy and a smoottoramp
surface transition, as well as needing a sufficiently large space for a the cart to complete its
travel(Frank & Abel, 1989. The second approach is much less constrained by space, but
typically requires a series of brehkam sensors to evaluate a series of discrete time
position data points for the cafHoffman, Millet, Hoch, & Candau, 2003 An
instrumented drive wheel (SmartWheabpularly used in studies of wheelchair propulsion
biomechanic§Cowan, Boninger, Sawatzky, Mazoyer, & Cooper, 2098rd, Morrow,
Kaufman, & An, 2009 could potentially béo measure theartdeceleration as a function

of wheel rotation rate. However, the use of an instrumented wheel is not only expensive,
but also bases all rolling resistance measures on the prgpefttbat particular drive
wheel. Inmostof these existing oveground rolling resistance measurement methods, the
manual wheel chair I tsel f has been-lewted as
rolling resistances do not allow for the impact oftees and drive wheels to be

differentiated.

2.3.1 System Design and Rationale

The coastlown cart method devised in this study improves upon all facets of the
existing rolling resistance measurement methdgishe cart isadaptable use for both
casters and dres wheels?2) the instrumentation does not impact the compomantias
and resistive forces) Bhecart can used on any surfacgtifere are comparatively minimal
space requirenmtés, and ol y t wo At est 0 ThdseeaHarwementsearea e e d e
result of three particular design features in the edasin cart methodology: muléixle

mount s, wheel fifencoder so, and Acontrol 0 ca
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Caste[_AxIe e
% _Holes

(Front View)

Figure 7. Coastdown Cart Frame Design

The body of the coastown cart was constructed with a 41 cm x 71 cm
sheet of pl ywo odtosupgortldadsaipwardsbhiolOOtkd iTle kronteasles
mounts were designed to only accommodate tl
and thus required a single mounting hole. These wheels are always mounted to the cart for
reasons that will descidol later in this section. The rear axle mounts however, were
designed for mounting the Atesto wheel s,
wheels and various sizes of casters. The height of these axle holes were cut such that when
a s et o felswereansunted, thhehtargle of cart surface formed with the floor surface

never exceeded 2 degrees, meaning that the intended normal loads on the cart were

i mpacted by |l ess than 0. 1%. The drive wt
diameter drivevh e e | s, whil e the caster axle hol es
40 , 50, or 6 0. Further mor e, the hole and

bearing diameter of the drive wheels (1/ 20
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Figure 8. Accelerometer Mounted on "Control" Wheel

The Aencoder s edownsatadre sinmply & fraie of toawyackranized
3axis accelerometers (MSR Electronics) tha
wheels. Each accelerometer is set to sample at the maximum rate of 51.2 Hz. Given that
the coastdown decelerations are significantly smaller than that of gravitational
acceleration (5% or less), the accelerometers can be used reliably as angular encoders by
tracking the angle their intrinsic coordinate axes form with the direction oftatiawial

acceleration.More specifically, the equation describing this cambéen as:

SLOT WO &L — - QQ meiw mh

W W W
. 3
" U0 mehEQ  mh ®)
68 QQQ00E Q0 VE nhE:Q ™

where%.is the angle the accelerometeaxis forms with the direction of gravityg is the

acceleration measured along the acceleromedgisg andb is the acceleration measured
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along the accelerometeraxis. This calculation is employed in a MATLAB script as the

ilat an 2 0, whichrtactlates this fotquadrant inverse tangent. Taking the time

derivative ofsr e sul t s i n that fAcontrol 0o wheel ds an
£F1 MSR Viewer V5.20.07 [CAUsers\mhuang37\Documents\MSR\data\MSR301558_140703_17031 Lmsr] L= |5 &J
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Figure 9. Accelerometer Sample Data

TheFigure8depi cts how the accelerometer is
andFigure 9 shows a sample reading of one of the sensors following a few revolutions of
the Acontrol 0o wheel. Using this measur eme
measurement equates to higher rotationadareés. The wheel angular velocity derived
from these accelerometers are then coupled with dimensional measurements of the cart and
Afcontrol 0o wheels to det er miFgwe 10ilustratesene oci t y
dimensions foEquations 4- 6 that define the velocity of the cart at the center of the front

axle, the cart yaw rate, and the velocity of the cart at the center of mass, respectively.
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Figure 10. Coastdown Cart Dimensional Variables
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The 0 is the cart front axle center velocity,is the cart yaw (turning) rate

is the cart center of mass velocityj s t he ficontr olidsthefateralint ) wl

22



wheel base whHeeldkhamdkéiaroenttrtod ol eft and right

velocities, and is the distance frorthe front axle to the center of mass.

Utilizing a MATLAB codeto implementEquations 4 - 6, bothb andv are
calculated. A velocity window of 0.95 m/s to 0.65 fintefined based on wheelchair user
propulsion speedsSSonenblum SE et al., 2012bis applied to parse out a segment of the
coastdown velocity, as shown iRigure 11 (0.95 m/s greetine; 0.65 m/s red line) A
linear regression is fit tthis segment and the slope of the line is taken as the average
deceleration rate. For a typical cedsivn test, the manually pushed release speed (peak
velocity) is controlled to be within the ranges of-1.2@ m/s, all while maintaining the same
point d release.While it has been previously established that wheelchair deceleration rate
is not a function of velocit{Bascou, Sauret, Villa, Lavaste, & Pillet, 201, Huang, &
Sprigle, 2015 we have secondary reasons for controlling the relgakeity. The
minimum bound of this release speed ensured the desired window of analysis was captured.

The maximum bound was enforced for spatial contraints, as well as to ensure the coast
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— Velocity

1
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Figure 11. Velocity Profile of Single Coastdown
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down phase took place over a consistent stretch of surface,ishimg the impact of

surface irregularities.

* Clamp wooden slats to iMachine
platform to increase rigidity.

Figure 12. Coastdown Cart on iMachine

Taking a step back, we should note that is a function ob (distance from front
axle to center of mass), which, unlike the wheelbase, is not a fixed physical dimension of
the cart that can be dictly measured. To evaluate the COM position, we placed the cart
on the iMachingEicholtz, Caspall, Dao, Sprigle, & Ferri, 2Q12n inrhouse device that
can measure the mass dratizontal center of gravity of large bodies, as showFiguire
12, As per i Machine protocol, the cart wa:
visual interface until the cart COM coincided with the origin of the platfarordinates.
Measuring the front axle position along thexis in this configuration yieldé. It is
important to pointoutherethat t he fAcontr ol 0 whée €hisarisesdi us,
from the fact that can be used to calculate thedaft weight distribution of the cart,
which i mpacts the | oad on the Acontrol o wh
the foreaft weight distribution, we refer to the free body diagranfigure 13 and take

momentsabot A, the point of contact between t hi
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Figure 13. Cart Free-body Diagram
Combining like terms yieldEquation 7,
0
Y w0 = 7
o o (7

whereYi s the reaction f or @ &thetbtal lbad énclidingcart 0 ( r ¢
weight), 6 is the horizontal distance from the front axle to the center of mas®)iartte
horizantal distance from the front axle to rear axle. Since the total reaction forces equate

to the total load, the load on the front wheels can be defin&djbation 8 as
Y G 0 8
w P g 8)

Once the | omdl @an( ftrhenti) owmheel s have been e
corresponding loaded radiusThis measurement is taken via a standing caliper that

measures the height of the cart tBg(re 14). Subtracting this height by thexéid vertical
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di stance from the cart top to the axle cen

loaded radiugstimates he acti ve radius of t-doens.ncontr ol

R

Figure 14. Measurement of "Control" Wheel Loaded Radius

Having described all of the parameters and methods necéssarye v al uat e t h ¢
coastdown deceleration, the final step is to translate this deceleration rate into rolling
resistanceforceThe uti l ity of the Acontrol 6 wheel s
of the fAitesto whedlngta artsdli ated. wi Byp

wheels such that there is-50 foreaft weight distribution and lateral load symmetry, the

rolling resistance force of aEqeaion®gl e Acont
0®
"0 )
T
where O is the rolling resistantoeasthétotalmass of a

of the loaded cart system, add is the deceleration of the cart center olsm as
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measured by coaslown. By pairing this rolling resistance force with cart configurations
that have the samel oad on each #Acontrol o (front) wt

resi stance force on the fHqemsoh (rear) whee

0w O

where O is the rolling resistance force of a

To apply the previously designated configuration loads to eachrcastl drive
wheel, a total of six cart configurations were defined, three for casters and three for drive
wheels. Two cart configurations, both corresponding to the 60% weight distribution on
drive wheels for a 100 kg MWC, are depictedrigure 15. Table 5 further defines each

configurationdés cart | oad, combined ficontr

— ™

Figure 15. Cart 60%WD Configurations for Caster and Drive Wheels
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Table 5. Cart Weight-distribution Configuration Loads

Combined Combined
Configuration Cart Total Mass AControl o
Wheel Load
Load
60% Load on DWs
(Testing Casters) 80 kg 40 kg 40 kg
60% Load on DWs
(Testing Casters) 60 kg 30 kg 30 kg
60% Load on DWs
(Testing Casters) 40 kg 20 kg 20 kg
60% Load on DWs
(Testing DWs) 100 kg 40 kg 60 kg
60% Load on DWs
(Testing DWs) 100 kg 30 kg 70 kg
60% Load on DWs
(Testing DWs) 100 kg 20 kg 80 kg

Figure 16. Tile and Carpet Test Tracks

For the specific tile and carpet surfaces utilized in our study, cleaning procedures

were followed to ensure a consistsntface condition across all trials. The tile surface
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was wiped down with a light cleaner after each set of ad@sts, while the carpet was
vacuumed with the same frequency. Since the carpet test surface would normally be stored
as a roll between uses,power wheelchair was used to drive over the carpet after it was
initially laid out in order to help the carpet settle into a flat sha&pgure 16 shows what

both test tracks looked like.

2.3.2 System Validation

Thecoastdown cart methodology was validated in both measurement accuracy and
test repeatability. The accuracy of the acceleronisteed angular velocity was validated
against the angular velocity measured by a digital encoder (US Digital), a devicesdesign
for accurate measurement of rotational motion. The impact of cart turning and surface bias
on COM deceleration accuracy was investigated, leading to the development of
countermeasures. Test repeatability was considered achieved based on the besfchmark
a CV (coefficient of variation) < 10% for deceleration rates measured acrospeiied
trials. CV is simply sample standard deviation divided by sample averAgmanual
wheelchair was used in a series of nine straight motion-doast maneuvers tcompare
the angular velocity data collected via accelerometer and digital encoder. The manual
wheelchair data was used because the digital encoders could not be easiilytoethe
coastdown cart. The setup for the accelerometer versus digital encoeeasurement
method is shown ifrigure 17, with the accelerometer mounted on théhause casing
built for the encoder. While it would have been more desirable to mount the accelerometer
to the flat face of the encoder to minpa translational accelerations and more closely
emulate the setup of the coastwn cart, the encoder signal cable obstructed the rotation

of the accelerometefrigure 18illustrates the angular velocity time series as meadwed
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Figure 17. Accelerometer Mounted on Digital
Encoder for Validation Testing

the encoder and accelerometer (MSR). Solely from visual assessment, we can see that the
two data sets are very close, with the MSR data presenting a slight negative offset from the
encoder data at the peaks. asAdownalecedrayions c a |
resulted in the accelerometer data having an average absolute error of 1.76% with respect
to the encoder data; the maximum error observed was 3.75%. These values indicate that
the accelerometer measurement error of edasin deceletion is sufficiently small to be
considered an accurate substitute for the digital encoder. Furthermore, the positioning the
accelerometers on the coastwn cart is conducive to reducing the errors that arise from
translational acceleration due to tludf-axis accelerometer positioning during the

validation MWC coastlowns.
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Figure 18. Accelerometer versus Encoder Velocity Measurements

During pilot cart coastiown tests, it was observed that small heading changes of
~10 degrees took place from start to stop of rolling. Seeing as the window of analysis (0.95
m/sto 0.65 m/s) only accounts for about 30% of the total displacement, the heading change
during the analyzed period would be ~3 degrees. To ensure that this did not adversely
affect the coastiown analysiso (t he cart és COM dparedddoer at i on
(t he c ar t -@enterfdecelemation)anxevesry trial for data quality control. All coast
downs were controlled such that the percent difference of with respect tad never
exceeded 1%. Furthermore, it was ndtet coasdowns in two opposing direction would
typically result in a difference of 10% or more in the deceleration values. Thus, to capture
an accurate representation of rolling resistance over level ground, a designated track space
was defined andtess wer e conducted in both the Afor
along this track. The resulting deceleration values of the two directions were averaged and

used to calculate rolling resistance force.
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Test repeatability was characterized for evergl set of coastlowns. For each
uni que combination of cart | oad, Aitesto wh
repeated coastown trials were performed. From this series, a trial set of 10 were selected
based whether their release velositiell within the 1.0° 1.2 m/s range, as well as if their
linear regressions were good fits to the calstn velocity curve. Initially, the Rvalue
was used to assess the latter, but given that practically alfth@R9, we opted to use a
visual asessment of the plotted dafagure 19illustrates an unacceptable and acceptable

coastdown velocity curve As long as the regressi@®$ > 0.99and thevelocity regression

line is shown to closely hug tivelocity data(green) it is classified as an acceptable trial.
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Figure 19. Coastdown Data Selection Criteria
2.4 Development of Wheel Scrub Method
Characterizing the rolling resistance of casters and drive wheels illustrates the
resistive losses this components impart on the MWC during purely rectilinear motion.

However, his is not reflective of everyday wheelchair mobility where turning maneuvers

are eveipresen{Sonenblum SE et al., 2012bFew studies have ventured to characterize
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the turning resistances of meuver wheelchairs as a syst@dascou et al., 20348Bascou

et al.,, 201% and even less have examined the resistive losses of individual MWC
components. Frank and Abel examined the resistive losses of casters in terms of their scrub
torque, which is the resistance experienced by the wheeh \ptvoted without rolling

(Frank & Abel, 1989%. This torque can be likened to the resistance experienced when one
dry steers in an automobile. However, as sediigare 20, the use ofnanual force via a

handle to elicit wheel scrub may produce misleading results duectntrolled pulley
rotation rates.

Frank and Abel, 1989
weights

W@ﬂ arn PV
hJ;l_ CTFes

interchangeabkle
test surface

loadeell pulley

wire

L i 3

Figure 20. Predicate Measurement Methoddf Caster Wheel
Scrub Torque

A more recent stud{Silva, Corréa, Eckert, Santiciolli, & Dedini, 20)lhas taken
steps to empirically measure the cornering force present in MWC drive wheels, a resistive
force that manifests itself when the MWC undergoes any turns with-aerorradius of
curvature. Usually this involves the wheels simultaneouslingofind turning. For this
study, we elected to characterize the scrub torque of the casters and drive wheels instead
of their corner force. While measuring cornering forces would better represent curvilinear

MWC maneuvers, there was a tfad rationalefor our choice: 1) the scrub torque
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represents an upper bound on the turning resistance a component would experience at a
given load, and 2) the scrub torque measurement methodology was significantly more
simplistic, which is an important factor in therpary goal of making these component

tests extendable to industry application.

2.4.1 System Design

The scrub measurement methodology in this study improves upon the existing
Frank and Abel approach by defining and controlling consistent scrub (turning) rates
representative of everyday wheelchair mobility, as well as implementing a modular design

that allows for both casters and drive wheels to be tested on the same platform.

Figure 21. CasterWheel Scrub Torque Test Rig

The wheel scrub torque measurement test rig operates by applying a normal load to
a surfacewheel interface, and then applying pull forces that generate a constant rotation
rate of the surface via an attached spool. The relative motion between the test surface and
wheel emulates the wheel scrubbing (pivoting) on the test surface. @fradl @pparatus

can be divided into three modular parts: 1) the pull force actuator/sensor, 2) the wheel
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mounting structure, and 3) the surface loading post. As se€igune 21, these three
modules are introduced incrementditgm left to right. Note that the middle and right
image depict the wheel mounting structure used for castersziglme 22, the wheel

mounting structure used for drive wheels is incorporated instead.

Figure 23. Pull Force Actuator/Sensor
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The pull force actuator module incorporates a materials testing system (Zwick) to
make use of its linear actuator, load cell, and data acquisition software (testXpert Il). The
load cell and actuator are picturedFigure 23. A pulley attachment is also part of this
module, and is responsible for translating the vertical pull force into a horizontal pull force

via a cabé.

spacers

Figure 24. Caster Wheel Mounting Structure

The caster mounting structu(Eigure 24) suspends the caster beemea set of
mounting posts via a threaded axle through its bearing. Properly sized spacers prevent
lateral motion of the caster, and a set of plungers clamp the caster to prevent caster rotation
when scrub torque is applied. While casters are not coredran rotation during Hsitu
scrubbing, this constraint is enforced to remove the impact of caster rotation variance. To
control and document the caster scrub test
perpendicular to the caster hub face isdugealign the caster angular position based on
marked reference points on the caster rim. This module also includes the frame and vertical
linear bearing used to house the surface loading post. The drive wheel mounting structure

shares all of the saménaracteristics at the caster mounting structure, except the drive
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wheel orientation is rotated by 90 degrees and wheelchair brakes are used to lock drive

wheel rotatior(Figure 25).

Figure 25. Drive Wheel Mounting Structure

. testing surface
surface 8

mounting plate

loading platform spool

cable
(this end
attaches to
actuator)

Figure 26. Surface Loading Post
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The surface loading post comprised of a loading platform, cable spool, and
surface mounting platéFigure 26). The loading platform is a circular Dibond disk
designed to support multiple standard plate weights. A length of 1/2'rgtkebnnects
the loading platform to the cable spool, although their rotational motion is disconnected
due to a bearing internal to the spool. The spool holdstlumd cable that connects to
the Zwick linear actuator and is bolted to the surface mouptatg. Thus, when a pulling
motion is applied to the cable, the spool and surface mounting plate rotate to scrub the
wheel while thdoading plate remains stationary. The test surfaces attach to the surface
mounting plate via four attachment screwsanaeh cor ner . The 50 x 5
surfaces were designed to accommodate the largest contact patch size of the drive wheels

when loaded at 4Rg, as shown inHigure 27).

-Ji

F-

Figure 27. Drive Wheel Contact Patch on Surface Mounting Plate
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In order to accurately apply and measure sdorgue, the cabling is visually
assessed to ensure proper alignment is maintained. As shéwguia 28, the tangent of
the spool should be aligned with the pulley and cable mount of the Zwick. Once aligned,
the lateral positin of the pulley and spool do not require any adjustments across any caster
scrub tests. The vertical height of the pulley, however, is adjusted with every different
wheel tested in order to maintain a horizontal cable from the spool to pulley. This
alignment is necessary as any vertical component of the pull force would result in not only
any inaccurate scrub torque reading, but also potentially alter the normal load on the wheel.
Visual assessment of cable alignment is able to achieve alignmentessditsdn 5 degrees
as verified with angle gauges. The impact of this error was demonstrated through small

sample testing to change the scrub measurement by less than 0.2%

Figure 28. Pull Cable Alignment

I n order to achieve pure scrub wist hout
of rotation must align accurately with the center of the contact patch between the wheel
and test surface. A pimounted centering bar is used to project the position of the axis

onto a machined centering tip, which is then used as a point of reféceadgist the
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position of the mounted wheel. An example of how a centered caster would look relative

to the centering tip is displayed kigure 29.

Figure 29. Centering Test Surface Rotation in Caster

For each scrub test, the pull rate of the linear actuator is 5 cm/s fal puitbtength
of 38 cm. Since the spool diameter is 6.41 cm, the linear motion equates to a rotational
rate of 1.56 rad/s (a quarter revolution per second) and a total rotation of 11.85 radians (or
1.89 revolutions) for the test surface. This rotatioatd was selected based on previously
observed rates of MWC turninSonenblum SE et al.,, 2012bwhile the rotational

displacement was selected to capture at least one revolution of-stategrub torque.

The collected load cell pull force data and the corresponding actuator linear
displacement were collected at a sample rate of 100 Hz by the data acquisition software
and output for pogprocessing in MATLAB. The selected window of anaysias from
150 mm to 351 mm of the linear actuator displacement (also termed as standard travel).
The lower limit of the window was selected to allow the linear actuator time to take up the

slack in the cable, as well as for the castarface scrub intaction to enter a steadyate.
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The 351 mm upper limit was selected based on its 201 mm difference with the 150 mm
lower limit, which can be converted to a rotational displacement of exactly one full
revolution. Figure 30illustrates this window by the shaded region in the MATLAB post

processing graph. The force data within this window was averaged and multiplied by the

30-
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Figure 30. Caster Scrub Test Pull Force Data
spool diameter (6.41 cm) to yield the scrub torque for that ffialcatch instances dfad
trialswhere tte pull force data was too noisy, a criteria of CV < 10% was enforced for each

A

trial s analyzed force dat a. Tmeasureds t hat

In characterizing the scrub torque of a caster for a single load on a single surface, a
set of 5 repeated trials are performed on onedpfimed patch on the caster surface. This
trial set is preceded by surface cleaning and a single surface conditioning trial, which brings
the total number of trials per caster tire patch to 6. The $orgbes of the 5 trial set are

averaged to give the representative value for that caster under that load and surface
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configuration. The same protocol is followed for drive wheels, except that each
configuration is tested on two tire patches instead of ané the average scrub torque of

the two patches is taken as the representative scrub torque. The test of two patches on drive
wheels is intended to reduce the impact of greater tirennarmogeneity due to increased

tire surface area.

To apply the prewusly designated configuration loads to each caster and drive
wheel, a total of six disk weight combinations were defined, three for casters and three for

drive wheels.Table 6 defines each appliddad, including thesurface loding postmass

Table 6. Wheel Scrub Test Configuration Loadings

Percent\/:/_ﬁgglgn Drive Load on Caster Load on Drive Wheel
(Total Load = 100 kg) (with surface loading post) | (with surface loading post)
60% 20 kg 30 kg
70% 15 kg 35 kg
80% 10 kg 40 kg

For the specific tile and carpet test surfaces utilized in our study, cleaning and
conditioning procedures were followed to ensure a consistent surface condition across all
trials. A single tile test surface was used acrdissias conducted in this study, while a
new carpet test surface was used with every distinct tire patch. The reason for replacing
the carpet test surface after each set of trials was to remove testing order bias as the carpet
material experienced substial wear with each repeated tridfigure 31 illustrates the
two types of surface test patches, &ngure 32 demonstrates the degree of carpet wear

after a trial set of 5 trials and 1 peenditionirg trial.
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Figure 31. Tile and Carpet Scrub Torque Test Surfaces

Figure 32 Carpet Test Surface Before and After Scrub Test Trial Set
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2.4.2 System Validation

The wheel scrub measurement methodology was validated in both measurement
accuracy and test repeatability. The measurement accuracy was not based on the Zwick
load cell given its weldocumented accuracy and periodic nb@mance calibrations.
Instead, the accuracy and variance of the applied normal load was assessed during scrub
torque tests. Pilot testing indicated that pull forces on the caster test rig could reach 90 N
and pull forces on the drive wheel test rig cdoddupwards of 250 N. These large lateral
loads had the potential to misalign the surface loading post and cause binding in the steel
postdés | inear bearing, thus impacting the
the applied normal load, agital force gauge (Shimpo Instruments) was retrofitted to the
caster and drive wheel mounting structures. A rubber bumper was placed atop the force

gauge to emulate the contact patch of the caster/drive wheel, as shéwgura 33.
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Normal force data was collected at a sample rate of 10 Hz over the course of each scrub

Figure 34. Force Gauge Force Measurement Plot

test and transmitted in re@me to the force gauge softwardrigure 34 depicts the

graphical output of the measured normal loadttierdrive wheel test rig loaded with 30

kg (60

%WD configuration) on a tile test surface.

Table 7. Caster Scrub Test Rig Normal Load Variability

Max | Max | Max Load | Max Load | Mean
. Mean | StDev Start .
Trial Load | Load | cv | Load Load | Load | Dect Incr. Load Diff
Name N] IN] IN] Decr | Incr. | [% Start | [% Start | [% Start
[N] [N] Load] Load] Load]
(10kg) 1| 97.2 | 0.5 0.01 974 |-14 | 0.6 -1.44% 0.62% -0.21%
(10kg) 2| 975 |0.8 0.01 973 |-11 |15 -1.13% 1.54% 0.24%
(10kg) 3| 97.7 | 0.6 0.01 974 |-1.0 | 1.3 -1.03% 1.33% 0.30%
(15kg) 1| 146.8 | 0.7 0.00 | 146.5(-1.0 | 1.4 -0.68% 0.96% 0.19%
(15kg) 2| 146.4 | 0.8 0.01 | 146.4|-16 |1.2 -1.09% 0.82% -0.02%
(15kg) 3| 146.0 | 0.7 0.00 | 146.4| -19 | 0.6 -1.30% 0.41% -0.29%
(20kg) 1| 195.2 | 0.5 0.00 | 195.6|-1.5 | 0.2 -0.77% 0.10% -0.2%
(20kg) 2| 194.6 | 0.9 0.00 | 1949|-1.8 |15 -0.92% 0.77% -0.15%
(20kg) 3| 195.4 | 0.8 0.00 | 1956|-16 | 1.0 -0.82% 0.51% -0.10%
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Table 8. Drive Wheel Scrub Test Rig Normal Load Variability

Max | Max | Max Load | Max load | Mean
. Mean | StDev Start .
Trial Load | Load | cv | Load Load | Load | Dect Incr. Load Diff
Name IN] IN] IN] Decr. | Incr. | [% Start | [% Start | [% Start
[N] [N] Load] Load] Load]
(30kg) 1| 289.5 | 2.6 0.01] 293.8|-8.6 | 0.0 -2.93% 0.00% -1.46%
(30kg) 2| 297.8 | 3.8 0.01]294.4|-1.8 | 105 |-0.61% 3.57% 1.15%
(30kg) 3| 292.7 | 2.6 0.01]| 2945|-6.3 | 2.7 -2.14% 0.92% -0.62%
(35kg) 1| 347.1 | 4.3 0.01] 343.9|-35 |11.2 | -1.02% 3.26% 0.93%
(35kg) 2| 340.8 | 2.8 0.01]| 343.6|-79 |21 -2.30% 0.61% -0.81%
(35kg) 3| 342.2 | 3.6 0.01]| 342.4| 65 | 6.6 -1.90% 1.93% -0.07%
(40kg) 1| 392.1 | 7.2 0.02] 393.6| -11.6 | 12.4 | -2.95% 3.15% -0.37%
(40kg) 2| 386.9 | 4.9 0.01] 393.3| -134 | 2.6 -3.41% 0.66% -1.62%
(40kg) 3| 388.7 | 5.7 0.01]393.1| -12.2 | 6.2 -3.10% 1.58% -1.13%

Validation tests were conducted on the tile test surface for both the casteivend d
wheel test rigs. The caster test rig was tested at 10, 15, and 20 kg loads; the drive wheel

test rig was tested at 30, 35, and 40 kg loads. Each load condition involved three repeated

scrub test trials. The results of these trials are summarizEable 7 andTable 8. The

results of the normal load validation experiment indicate that the caster test rig is capable
of applying a consistent normal load, with maximum load deviatibtess than 2 N and

at most 1.54% of the starting load. The largest percent difference between the starting load
and average applied load over the course of the scrubbing action is only 0.30%. This

outcome is predictable given the lower pull forces #énatbeing imparted to the caster test

rig as a result of its lower configuration loadings.
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The drive wheel test rig also exhibited the capacity to apply relatively consistent
normal loads. However, maximum load deviations of 13 N and 3.57% of thiegstaad
were considered marginally too high. Coupled with video observations of the surface
loading post flexing during the 40 kg load trials, an additional structural support was
introduced to the drive wheel test rigrigure 35 shows the removal cross brace used to
constrain the surface loading post from flexing in the direction of the pull force. Adjustable
standoffs prevent the cross brace from being too tight against the steel post. A ball bearing
in thecenter of the brace allows the steel post to move vertically with minimal friction and
normal loads to be transferred completely when in contact with the brace. Under these
improved structural conditions, the normal load validation trials for the drinez=lwere
re-conducted to evaluate whether load consistency improvatle 9 summarizes the

findings for the drive wheel test rig with the added cross brace.

-

Figure 35. Drive Wheel Test Rig CrossBrace

47



Table 9. Drive Wheel Scrub Test Rig (with crossorace) Normal Load Variability

Max Max Max Max Mean
Test Mean | StDev Start Load Load Load Load and
Name Load | Load | CV | Load Decr Incr Decr. Incr. Diff.
B [N] [N] [N] IN] ' IN] ' [% Start | [% Start | [% Start

Load] Load] Load]

(30kg) 1|293.7/2.9 |0.01|2938 |58 |41 |[-1.97% |1.40% |-0.03%
(30kg) 2| 295.9| 4.1 |0.01|292.9 |-46 |79 |-157% |2.70% |1.04%
(30kg) 3| 296.8| 3.6 |0.01|293.9 |-40 |79 |-1.36% |2.69% |0.99%

(35kg) 1| 342.2| 3.3 0.01| 3439 | 6.0 5.9 -1.74% | 1.72% | -0.49%
(35kg) 2| 340.9| 1.0 0.00| 343.5 | -3.8 0.0 -1.11% | 0.00% | -0.74%
(35kg) 3| 341.8| 3.5 0.01| 342.6 | -5.2 6.5 -1.52% | 1.90% | -0.24%
(40kg) 1| 388.5| 3.0 0.01|391.8 | -75 2.1 -1.91% | 0.54% | -0.85%

(40kg) 2| 389.1| 2.2 |0.01(389.4 |-46 |37 |[-1.18% |0.95% |-0.07%
(40kg) 3| 389.3|35 |0.01[392.1 |-7.3 |38 [-1.86% |0.97% |-0.72%

Theresults ofTable 9 indicate that the additional cross brace provided the
anticipated improvement to the normal load consistency during drive wheel scrub tests.
The maximum load deviation was reduced by almost half to 7.9 Ne w@lmaximum
percent deviation was reduced by almost 1% to 2.70%. The largest percent difference
between the trial average load from the trial start load was also lowered by 0.6% to 1.0%.
Video observation of the scrub tests also affirmed that the lorase was fulfilling its

role by keeping the surface loading post vertical during scrub trials.

The repeatability of the scrub test rigs were assessed with the benchmark of CV <
10% for a trial set of 5 repeated trials. In conducting a few of theseimems, it was
observed that the caster and drive wheel scrub torques underwent an incremental increase
with each consecutive test, as illustratedrigure 36. It is hypothesized that this increase
was due to the abrasion of tbaster surface caused by each, tesiich altered the patch

material friction and increased contact ar8de large rise in scrub torque between the
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first and second trial can be explained by the removal of any cleaning residue during the
abrasions cauddoy the first trial. The presence of this incremental increase prevented the
test repeatability criteria from being achieved. Keying off of the repeatability assessment
results, we noted that the incremental increase with each trial diminished sghjifia

the third or fourth trial. Thus, two complete trial sets were collected for each wheel surface
patch, with the second trial set being used for analysis. This equated to the 5 trials of
interest being preceded by two surface cleaning procedwtésa@mditioning trials (recall

that a single trial set consists of 1 trial to-pomdition the surface after cleaning and 5
trials for the data). This conditioning methodology shares consistency with ASTM
standard§D134914, 2014 E133790, 2012 for measuring auto tirbrakingresistance

and evaluating rubber material friction. Analysis of this second, conditibreddset
allowed for the test repeatability benchmark of CV < 10% to be achieved across scrub

torqgue measurements of both casters and drive wheels.
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Figure 36. Impact of Scrub Test Trial Order

2.5 Component Test Results and Discussion

2.5.1 Component Mass and Moment of Inertia
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The mass of the various castevere smaller than the mass of the drive wheels by

about an order of magnitude, with casters ranging betweeii 0.82 kg and drive wheels

ranging between 1.7112.07 kg(Table 10andTable 11). Within casters, the heaviest 5 x

1.

Within drive wheels, the heaviest Solid Mag was 0.36 kg (21%) greater in mass than the

A

566 Pri mo

SR was 0. 27

kg, or 225%

great

lightest Spinergy. However, when comipg these components to the overall mass of the

MWC system (approximated as 100 kg), the drive wheels and casters each only account at
most for 4% and 0.8% of the system mass, indicating that the benefits gained from a lighter
caster or drive wheelaremu t e .
the amount of mechanical energy that needs to be stored for a MWC system to reach a

particular speed. The translational KE of a 100 kg MWC system traveling at Waoolsl

Let 6s

put this in

t he

be 100 J. If theekcribed system was initially using Solid Mag drive wheels and switched

to Spinergy drive wheels, the translational KE under the same conditions would only be

reduced to 99.28 J, or by 0.72%. This percent reduction may indeed be greater in instances

of turning maneuvers or lighter MWC loads, but in general will not exceed a few percent.

Thus, the masbased advantag# using different casters and drive wheels is very small.

Table 10. Caster Inertial Measurements

Rotational Inertia Yaw Inertia (with fork)
E:aster Wheel Mass [kg] [kg-m?] [kg-m?]

n E mMdpQQ |0.22 0.00050 0.00206
p E mM®pQQ 10.39 0.00109 0.00204
p E mMQQ t NJ0.22 0.00076 0.00206
c E mMQQ t NJ0.26 0.00071 0.00209
c E mMmopQQ 10.33 0.00116 N/A

c E mQQ t NJO0.30 0.00097 0.00206
o E mMQQ CJ[]|012 0.0002 N/A

c E mMQQ CJ[ |031 0.00102 N/A
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The castein-fork yaw inertias were very uniform and were twice in value

compared to the greatest rotational inertia amongst the céBtdrie 10). Despite this

difference, it should be noted that the casters only undergo yaw angle displacement

(swivel) during MWC direction changes, which are transient in nature. On the other hand,

the rotation of the casters are epeesent irall instances of MWC motion. The rotational

inertias of the various casters were smaller than the rotational inertias of the drive wheels

by more than two orders of magnitude, with casters ranging between 000022116

kg-m? and drive wheels rangingetween 0.1120 0.1242 kgm?. Within casters, the 6 x

1.566 Primo had

t he

gr eat e sm? or 196%agteatar im a |

rotational i nertia than

t he 3

Table 11. Drive Wheel Inertial Measurements

X

Drive Wheel Mass [kg] | Rotational Inertia [kgm?]
Solid Mag 2.07 0.1242
Spinergy 1.71 0.1120
Stock Pneumatic 1.86 0.1180
Schwalbe Right Run | 1.82 0.1143

Within drive wheelqTable 11), the Solid Mag had the greatest rotational inertia

166

A

i n

FLNC,

and was 0.0122 km? (11%) greater in rotational inertia than the Spinergy, which had the

smallest rotational inertia. Again, we would like to understand whether these differences

in component rotational inertia significantly impact the overall system KE. Assuming the

MWC is traveling in a straight motion at 1 m/s, a drive wheel with an active radius of 30

cm would be rotating at a rate of 3.33 rad/s. Squaring this term and mugijlwith the

drive wheel

rotat.i

onal

nert.

a

y i

el

ds

t hat

KE difference between using a Solid Mag and Spinergy drive wheel comes out to be 0.14
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J. Doubling this value to account for there beingtwo driveewhes , t he syst emds

KE changes from 2.76 J to 2.48 J. However, compared to the translational KE that
dominates the system (100 J), this reduction accounts for less than 1% of the total system
KE. Thus, the rotationdlased advantages betweenngsdifferent casters and drive

wheels is also very small.

2.5.2 Rolling Resistance

Table 12. Caster and Drive Wheel Rolling Resistance Force on Tile

Rolling Resistance Force [N]

Tile Caster Load (kg) Linear Regression

Caster 20 15 10 || Coefficient| Constant | Rsquared
6 x 1" Pneumatic 3.59| 2.58| 1.47 0.212 -0.635 0.999
5 x 1.5"Primo SR 2.83| 1.98| 1.17 0.166 -0.495 1
6 x 1.5" Primo 2.63| 1.82| 1.09 0.154 -0.462 0.999
3 x1"FLNC 244| 1.67| 0.92 0.152 -0.598 1
5 x 1" Primo 2.39| 1.63| 0.93 0.146 -0.535 1
6 x 1" Primo 2.06| 1.52| 0.96 0.11 -0.134 1
6 x 1" FLNC 17| 1.21 0.7 0.1 -0.294 1
4 x1.5"FLSR 1.69| 1.14| 0.64 0.106 -0.426 0.999
Tile DW Load (kg) Linear Regression

DW 30 35 40 | Coefficient| Constant | Rsquared
24 x 1" Solid Mag 3.61| 451| 5.48 0.187 -2.029 1
24 x 1" Spinergy 1.07| 1.58| 1.99 0.092 -1.673 0.996
24 x 1" Schwalbe RigRun | 1.12| 1.48| 1.72 0.06 -0.657 0.986
24 x 13/8" Stock Pneumatiq 0.53| 1.12| 1.37 0.084 -1.919 0.946

In this section, the rolling resistances of casters and driveels under their
configuration loads are tabulated, separated into tile and carpet restiiblén12 and
Table 13, respectively. Casters and drive wheels are separagaath table. Within each
table section, the components are listed in descending order of average rolling resistance,

which is the mean rolling resistance across all loads for a single component (not tabulated).
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~ Y

AfLoado col umns ar te coaagsgbedrte6d%, [708d and 80% weightg h t
distribution on drive wheels for a 100 kg wheelchair, respectively. Linear regressions of
load versus rolling resistance were applied for each component, and their regression
coefficient, constant, and?Rre al® included in the tables. Across all rolling resistance
linear regressions,?® 0.94, suggesting that it is suitable to use the regression slope as a
metric of component sensitivity to load. The load versus rolling resistance regressions for
casters onile, drive wheels on tile, casters on carpet, and drive wheels on carpet are also
plotted for illustrative purposes iRigure 37, Figure 38, Figure 39, and Figure 40,

respectively.

Caster Rolling Resistance (Tile) with Linear Regressions
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Figure 37. CasterRolling Resistance on Tile

For casters on tile, the rolling resistance average across all three loads ranged from
1.167 2.55 N, with the lowest being thex 1.5" FLSR and the highest being the 6 x 1"
Pneumatic. Suching between these two casters equates to a 120% increase in average

rolling resistance. For drive wheels on tilleerolling resistance average across all three
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loads ranged from 1.014.53 N, with the lowest being ti&ock Pneumatic and the highes
being the Solid Mag. Switching between these two drive wheels equates to a 349%
increase in rolling resistance. These differences within casters and drive wheels are
significant, especially since rolling resistance plays a dominant role in dissipainegl

mechanical energy during any linear MWC motions.

DW Rolling Resistance (Tile) with Linear Regressions
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Figure 38. Drive Wheel Rolling Resistance on Tile

The casters rolling resistance data on fitesent trends théoth corroborate and
conflict with the findings ofa field assessment of manual wheelchair rolling resistance
(Sauret et al., 2032 Rolling resistance forces fall within tlsame range found by the
Sauret studybutcastergdo not seem téollow the trend of greater rolling resistance with
decreasing diameterThis can be explainebdy ourst udy 6s much small er
componentswhere the variance of other caster gmjes prevent the impact of caster
radius from being teased outo investigate thempact of these other propertjege can

compare three casters that are similar in dimensions and wheel profile, as defiatdd in
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1 (pages 56): 6 x 1" Pneumatic, 6 x 1" Primo, and 6 x 1" FLNC. The 6 x 1" Pneumatic
has the greatest rolling resistance and a tire hardness of 60, followed by the 6 x 1" Primo
and 6 x 1" FLNC, which both share a tire hardness of 89. Conventional mechanics of
defamable bodies indicate that rolling resistance is a function of wheel and surface
stiffness, which could explain this separation. Wheel stiffness is impacted by not only the
tire hardness, but also the rigidity of the wheel hub. This second conceptpraiy &/hy

the 6 x 1" Primo with a polymer hub had an average rolling resistance 26% greater than
the 6 x 1" FLNC with an aluminum hub, despite registering the same tire hardness. This
theory is consistent with drive wheels, where the Solid Mag, whilegake greatest tire
hardness, is the only drive wheel with polymer spokes instead of the more rigid tensioned
metal spokes.Figure 38 depicts the corresponding difference in rolling resistance, with
the Solid Mag clearly a hign outlier to the remaining drive wheel$his resultamatch

well with the findings of a dynamometeased rolling resistance stuflgwarciak AM,
Yarossi M, Ramanujam A, Dysddudson TA, & Ssto SA, 2009 Comparing three solid

drive wheels to two pneumatic drive wheels, Kwarciak foiindnder the same load
conditions as our studythat the solid tires presented rolling resistancesio®N while
pneumatic tires exhibited rolling resistees of2 i 3 N. Specific value differences are

likely due to their use of a dynamometer surface instead of a flat tile surface.

Examining caster sensitivity to load on tile, the magnitude of rolling resistance
appears to correlate with the regressiapsl This leads to a greater separation between
casters at higher loads, with rolling resistances ranging from i1.8%9 N (1.9 N
difference) at a 20 kg load, compared to rolling resistances ofi0647 N (0.83 N

difference) at a 10 kg load. Thisggests that when a MWC on tile is configured such that
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the weight distribution on the casters are low (e.g. 100 kg @ 80% load on drive wheels),
caster selection does not significantly impact rolling resistance. However, for weight
distributions that equatto a caster load of 20 kg or more, the selection of casters can
significantly affect the user effort. Drive wheel load sensitivity presents itself as quite
uniform inFigure 38, with only the Solid Mag presenting a larger rasgren slope. Thus,
amongst the metal spoked drive wheels, there is not weigfoution based benefit to be

gained relative to each other.

Table 13. Caster and Drive Wheel Rolling Resistance Forces on Carpet

Rolling Resistandeorce [N]

Carpet Caster Load (kg) Linear Regression

Caster 20 15 10 || Coefficient| Constant | Rsquared
3 x1"FLNC 10.62| 7.69| 5.6 0.503 0.431 0.991
6 x 1" Primo 8.35| 6.68| 45 0.385 0.738 0.994
6 x 1" FLNC 7.92| 589 434 0.358 0.686 0.994
6 x 1.5" Primo 7.21 54| 3.65 0.357 0.067 1
5x 1.5" Primo SR 7| 5.01| 3.52 0.348 -0.044 0.993
5 x 1" Primo 6.34| 4.82| 3.42 0.292 0.48 0.999
4 x1.5"FLSR 6.21| 4.89| 3.38 0.283 0.591 0.999
6 x 1" Pneumatic 6.03| 4.33| 3.04 0.299 -0.019 0.994
Carpet DW Load (kg) Linear Regession

DW 30 35 40 | Coefficient| Constant | Rsquared
24 x 1" Solid Mag 5.25| 7.25| 8.54 0.329 -4.505 0.985
24 x 1" Schwalbe Right Rui| 3.44| 4.41| 5.13 0.168 -1.563 0.993
24 x 1" Spinergy 3.36| 4.15| 5.06 0.17 -1.758 0.998
24 x 13/8" Stock Pneumatic| 2.34| 3.24| 4.27 0.193 -3.467 0.998

Comparing the tile rolling resistances of casters and drive wheels, we see that all
drive wheels besides the Solid Mag have lower rolling resistance values than the casters in
the 60%WD load configuration (30 kg on DW, 20 kg caster) despite their greater
loading, and exhibit a greater load insensitivity compared to all casters. The Solid Mag,

however, is similar in load sensitivity to the casters and exhibits larger rolling resistances
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for its configuration loads. Based oresie observations, the shifting of more load onto the

metal spoke drive wheels is the most effective means of reducing rolling resistance on tile.

For casters on carpet, the rolling resistance average across all three loads ranged
from 4.477 7.97 N, with the lowest being the 6 x 1" Pneumatic and the highest being the
3 x 1" FLNC. Switching between these two casters equates to a 78% increase in average
rolling resistance. For drive wheels on tile, the rolling resistance average across all three
loads anged from 3.28 7.01 N, with the lowest being the Stock Pneumatic and the highest
being the Solid Mag. Switching between these two drive wheels equates to a 114%
increase in rolling resistance.

Caster Rolling Resistance (Carpet) with Linear Regressions
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Figure 39. Caster Rolling Resistance on Carpet

The carpet rolling resistances increased by an averdgs obmpared to tile, while
drive wheel rolling resistances increased by an average of 2.57 N compared to tile. The
drive wheelsbd comparatively smal/l change

larger wheel radius, which has been shown to bergaly related with rolling resistance
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(Saureetal.,, 2012 Since rolling resistance is a function of surface deform@tanejka,

2005 as well, the flat wide profileohte Sol i d Mag and fAbuoyanto
drive wheels may have reduced the deformation of the softer carpet surface. These
concepts can be extended to the casters which, unlike drive wheels, underwent a significant
shift in the order of casteranked by rolling resistance. The 6 x 1" Pneumatic went from

having the greatest rolling resistance on tile to exhibiting the least rolling resistance on
carpet. Simultaneously, the smallest 3 x 1" FLNC increased to having the greatest rolling
resistane on carpet.This increase in rolling resistance with decreasing caster diameter is
consistent with SaSauretet@ls20j2iCasteis with greatentirec ar p e
widths dropped in rank below narrower casters (except for the 5 x 1" Primo) which likely

sank deeper into the carpetrface.

DW Rolling Resistance (Carpet) with Linear Regressions
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Figure 40. Drive Wheel Rolling Resistance on Carpet

Load sensitivity for both component types increased on carpet. Caster regression

slopes increased by an average of 0.21 N/kg, while drive wheel regression slopes increased
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by an average of 0.11 N/kg. Regression slopes for casters becamaniion®, thus
maintainingconstant separation between casters across loads. However, the magnitude of
the rolling resistance differences between casters is greater on carpet, indicating that across

all weight distributions, casteselection ignore impactfubn carpet than tile.

Comparing the carpet rolling resistances of casters and drive wheels, we see that alll
drive wheels besides the Solid Mag have lower rolling resistance values than the casters in
both the 60%WD and 70%WD load configurations despitar tgreater loading, and
exhibit a greater load insensitivity compared to all casters. The Solid Mag, however, is
similar in load sensitivity to the casters and exhibits larger rolling resistances for its
configuration loads. Similar to the findings fiailing resistance on tile, the shifting of
more load onto the metal spoke drive wheels is the most effective means of reducing rolling
resistance on carpet. This approach should be even more effective than on tile, given the

larger differences betweenid wheel and caster rolling resistances on carpet.

2.5.3 Scrub Torque

In this section, the scrub torques of casters and drive wheels under their
configuration loads are tabulated, separated into tile and carpet resti#iblén14 and
Table 15, respectively. Casters and drive wheels are separated in each table. Within each
table section, the components are listed in descending order of average scrub torque, which
isthe meansr ub torque across all | oads for a si
columns are ordered left to right to correspond to 60%, 70%, and 80% d&tyhdution
on drive wheels for a 100 kg wheelchair, respectively. Linear regressions of load versus

rolling resistance were applied for each component, and their regression coefficient,
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constant, and Rare also included in the tables. Across all rolling resistance linear
regressions, R> 0.83, suggesting that it is suitable to use the regressionasapenetric

of component sensitivity to load. The load versus rolling resistance regressions for casters
on tile, drive wheels on tile, casters on carpet, and drive wheels on carpet are also plotted

for illustrative purposem Figure 41, Figure 42, Figure 43, andFigure 44, respectively

Table 14. Caster and Drive Wheel Scrub Torque on Tile
Scrub Torque [Nm]

Tile Caster Load (kg) Linear Regression

Caster 20 15 10 || Coefficient| Constant | Rsquared
6 x 1" Pneumatic 2.79| 1.93| 0.93 0.186 -0.907 0.998
5x 1.5" Primo SR 1.76| 1.33| 0.91 0.085 0.064 1
4 x1.5"FLSR 1.74| 1.23| 0.74 0.1 -0.262 1
6 x 1" Primo 1.22| 0.86| 049 0.073 -0.235 1
5x 1" Primo 1.03| 0.67| 0.42 0.061 -0.211 0.99
6 x 1.5" Primo 0.96| 0.66| 0.32 0.063 -0.306 0.999
6 x 1" FLNC 0.97| 0.62| 0.32 0.065 -0.338 0.998
3 x1"FLNC 0.77| 0.57| 0.33 0.044 -0.103 0.998
Tile DW Load (kg) Linear Regression

DW 30 35 40 | Coefficient| Constant | Rsquared
24 x 13/8" Stock Pneumatiq 5.72| 6.97| 8.18 0.246 -1.658 1
24 x 1" Schwalbe Right Rui|l 4.83| 4.99| 6.19 0.136 0.576 0.837
24 x 1" Spinergy 4.52 5.2 6.06 0.154 -0.134 0.996
24 x 1" Solid Mag 299| 3.86| 4.49 0.151 -1.491 0.991

For casters on tile, the scrub torque average across all three loads ranged from 0.56
T 1.88 Nm, with the lowest being tlex 1" FLNC and the highest being the 6 x 1"
Pneumatic. Switching between these two casters equates to a 236% increaseg@ avera
rolling resistance. For drive wheels on tillee scrub torque average across all three loads
ranged from 3.78 6.96 Nm, with the lowest being tl8olid Mag and the highest being
the Stock Pneumatic. Switching between these two drive wheels eqoieaas84%

increase in rolling resistance. These differences within casters and drive wheels are of
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particular significance as they are a strong determinard@rfergy dissipated during any

MWC motions involving direction change.

Caster Scrub Torque (Tile) with Linear Regressions
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Figure 41. Caster Scrub Torque on Tile

Once again, we can cgare three casters that are similar in dimensions and wheel
profile, as depicted ifable 1 (pages 56): 6 x 1" Pneumatic, 6 x 1" Primo, and 6 x 1"
FLNC. The 6 x 1" Pneumatic has the greatest scrub torque and a tire hard6@ss of
followed by the 6 x 1" Primo and 6 x 1" FLNC, which both share a tire hardness of 89.
Since rotational friction is dependent upon the distribution of the contact area about the
axis of rotation, it stands to reason that a more deformable tire stieh@g 1" Pneumatic
would experience greater scrub torque than its similar counterparts. This idea is potentially
reinforced by the fact th&t x 1.5" Primo SRand4 x 1.5" FLSR rank second and third in
scrub torque on tile, respectively. In terms of tiardness, they are only greater in value
than the6 x 1" Pneumaticwith hardnesses of 65 and 76, respectively. Furthermore, the

greater tire width of these two casters may also contribute to the increased scrub torque,
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although this theory is not ergly consistent with the 6 x 1.5" Prim&or drive wheels on
tile (Figure 42), the Stock Pneumatic presents the largest tire width, which may be related
to its particularly high scrub torque. The Solid Mag is the only tlessldrive wheel,

which may link to its particularly low scrub torque.
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Figure 42. Drive Wheel Scrub Torque on Tile

With regards to component load sensitivity, the caster scrub torque on tile displays
a behavior comparable to that of caster rolling resistance on tile. At the 80%WD
configuration (10 ) loading, the caster scrub torques only range from 0333 Nm.
However, due to casters with larger scrub torques exhibiting greater load sensitivity, caster
scrub torques range from 0.772.79 Nm at the 60%WD configuration (20 kg) loading.
The cagers can be separated into three groups based on similar load sensitivities
(regression slope), consisting of the& 1" Pneumatic, the 5 x 1.5" Primo SR and 4 x 1.5"
FLSR, and the remaining five casters. Thus, picking casters from between these three

groups becomes impactful for a MWC (100 kg) in 68%WD configuration in terms of
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caster scrub torque. The drive wheels on average display a greater sensitivity to load than
casters, with an average regressioneslope
regression slope of 0.085 Nm/ kg. The Stoctk
to the other drive wheels, leading to larger differences in drive wheel scrub torque in the
80%WD wheelchair configuration. Combined with the existing largara#ipns between

the drive wheels, these results suggest the impact of component selection on drive wheel
scrub torque, and that this impact becomes more pronounced with increased drive wheel

weightdistribution for the Stock Pneumatic.

Table 15. Caster and Drive Wheel Scrub Torque on Carpet

Scrub Torque [Nm]

Carpet Caster Load (kg) Linear Regression

Caster 20 15 10 | Coefficient| Constant | Rsquared
6 x 1" Pneumatic 253| 1.75| 1.19 0.133 -0.177 0.991
5x 1.5" Primo SR 1.78| 1.41| 0.89 0.089 0.018 0.99
4x1.5"FLSR 1.69| 1.35| 0.85 0.084 0.045 0.988
6 x 1" FLNC 1.46| 1.14| 0.72 0.074 0 0.995
6 x 1.5" Primo 1.55| 1.05| 0.63 0.092 -0.302 0.997
6 x 1" Primo 1.38| 1.05| 0.69 0.068 0.02 0.999
5 x 1" Primo 1.41 1| 0.66 0.075 -0.103 0.998
3 x1"FLNC 1.21| 0.93| 0.53 0.068 -0.13 0.988
Carpet DW Load (kg) Linear Regression

DW 30 35 40 | Coefficient| Constant | Rsquared
24 x 1" Spinergy 6.41| 7.24| 8.32 0.191 0.626 0.994
24 x 1" Schwalbe Right Ruiff 5.9| 6.87| 8.15 0.224 -0.874 0.994
24 x 13/8" Stock Pnematic | 5.23| 5.82| 6.36 0.114 1.827 0.999
24 x 1" Solid Mag 482| 5.49| 7.05 0.224 -2.045 0.95

Comparing the tile scrub torques of casters and drive wheels, we see that all drive
wheels present markedly greater scrub torques than the casters across all load
configurations, and exhibit a greater load sensitivity compared to all casters exdept the

1" Pneumatic Thus, contrary to rolling resistance, the shifting of more load onto the
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casters is the most effective means of reducing the combined driveamdesdster scrub
torque. However, the instances of caster and drive wheel scrub may not be as ®upled a
the instances of caster and drive wheel rolling, suggesting that the effectiveness of this

approach is more dependent on the type of curvilineaemesns executed.

Caster Scrub Torque (Carpet) with Linear Regressions
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Figure 43. Caster Scrub Torque on Carpet

For casters on carpet, the scrub torque average across all three loads ranged from
0.8971 1.82 Nm, with the lowest being the 3 x 1" FLNC and the highest being the 6 x 1"
Pneumatic. Switching between these two casters equates to aridlé¥%se in average
rolling resistance. For drive wheels on tile, the scrub torque average across all three loads
ranged from 5.79 7.32 Nm, with the lowest being the Solid Mag and the highest being

the Spinergy. Switching between these two drive wheglsmtes to an 84% increase in

rolling resistance.
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As a whole, the caster scrub torques changed very little between tile and carpet
results, increasing only 0.22 Nm in scrub torque on average. In fact, the 5 x 1.5" Primo SR
was entirely insensitive tihe surface differences, while the 6 x 1" Pneumatic diminished
slightly in both average scrub torque and load sensitivity, and almost all of the remaining
casters increased marginally in both average scrub torque and load sensitivity. The ranking
of casers by scrub torque underwent a single change, where the 5 x 1" Primo was reduced
to the caster with the second lowest scrub torque on carpea résult of these changes,
the differences between the caster scrub torques became more muted on carpet.

DW Scrub Torque (Carpet) with Linear Regressions
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Figure 44. Drive Wheel Scrub Torque on Carpet

In transitioning from tile to carpet, the drive wheel scrub torques increased by 1.14
Nm in scrub torque on average. Higure 44, however, we can see that the Stock
Pneumaticds scrub tor ques dossallteee bads whiley an
the remaining drive wheels increased in scrub torque by an average of 1.90 Nm.

Furthermore, while the load sensitivities of these three drive wheels did not vary much
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from tile to carpet, t heecr8aseddrdn OR46Nm/kgad i ¢ 0 s

0.114 Nm/kg. This ultimately results in the Stock Pneumatic having the least scrub torque
on carpet at any weight distribution greater than 70%WD (35 kg on drive wheels). This
difference between tile and carpet indicates thatutility of the Stock Pneumatic has

become more adntageous on carpetieducing drive wheel scrub torque.

2.5.4 Combined Analysis

Caster Rolling Resistance vs Scrub Torque (Tile)
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Figure 45. Caster Rolling Resistance versus Scrub Torque Ofile

To better visualize the combined resistive loss properties of components across
surface typeskFigure 45, Figure 46, Figure 47, andFigure 48 plot rolling resistance
versus scrub torque for casters and drive wheels on tile and carpet. Lodkiggrat45s,
we can see that the 4 x 1.5" FLSR experiences the lowest rolling resistance but has a
moderate scrub torque. In contrast, the 3 x 1" FLNC experiences the lowest scrub torque
but has a midrange rolling resistance. The 6 x 1" Pneumatic is higithrscrub torque

and rolling resistance, and based on the spread of its points, is quite sensitive to load. In
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contrast, the 6 x 10 FLNC is |l ess sensiti
represents one of the best balances in minimikaoty types of resistive loss. However,
depending on the nature of the usage, minimizing one type of resistive loss may take
precedent over the other. For example, cases of hedwgnie MWC use may prioritize
minimizing caster scrub due to the frequeinéction changes, while lordjstance outdoor

usage would benefit more from a caster of lower rolling resistance.

Caster Rolling Resistance vs Scrub Torque (Carpet)

3.00

2.50
—_ ®4x1.5"FLSR
§ 2.00 5x 1.5" Primo SR
g 5 x 1" Primo
5 i . 6x1"P f
o o . . x 1" Pneumatic
S 1.50 e o ° e
2 @ @6 x 1.5" Primo
> . RS R .
S 1.00 - S ' ------- ®6 x 1" Primo
%) & Q .....

Senie @3 x1"FLNC
o .-
0.50 ® ®6 x 1" FLNC
0.00
0.00 2.00 4.00 6.00 8.00 10.00 12.00

Rolling Resistance [N]

Figure 46. Caster Rolling Resistance versus Scrub Torque on Tile

In Figure 46, we observe that the 6 x 1" Pneumatic still experiences the greatest
scrub torque on carpet, butshalso shifted to exhibit the least rolling resistance on carpet.
The 3 x 1" FLNC experiences increases in both resistive losses, with moderate scrub torque
and the | argest rolling resistance. On
balancedcaser due to its relative increase in

offers a good compromise between scrub torque and rolling resistance on carpet.
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DW Rolling Resistance vs Scrub Torque (Tile)
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Figure 47. Drive Wheel Rolling Resistance versus Scrub Torque on Tile

DW Rolling Resistance vs Scrub Torque (Carpet)
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Figure 48. Drive Wheel Rolling Resistance versus Scrub Torque on Cpaet

Figure 47 and Figure 48 clearly illustrate the much larger differences in the
resistive losses across drive wheels. On tile, the Solid Mag exhibits the lowest scrub

torque, but is by far the greatest in rolling resistance. Its separation from the other drive
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wheel rolling resistances ismdinished on carpet, but at the cost of a reduced relative
benefit Iin scrub torque. Amongst the four
is the most sensitive to load. The Stock Pneumatic displays the least rolling resistance and
both tile anl carpet, and has the greatest scrub torque and load sensitivity to scrub torque

on tile. The Spinergy and Schwalbe Right Run have senylar resistive losses across

both surfaces. On tile, they are quite balanced with low rolling resistances andit®aoder

scrub torques. On carpet, however, they both exhibit the highest scrub torques.

The collective results of the drive wheels demonstrate the tradeoffs between
reducing rolling resistance and scrub torgudowever, unlike casters, reducing drive
wheelturning resistance beyond a threshold may negatively impact wheelchair traction and
stability during turning. With this caveat in mind, we proceed to observeht&dlid
Mag can be selected to minimize turning resistances at the expense of a giager r
resistance, while the Stock Pneumatic has the least rolling resistanisedoeatesin
turning resistanceon tile. On carpet.the differences in drive wheel scrub torque are
diminished, and th&tock Pneumatic turning resistance is reducedvel&d the Spinergy
and Schwalbe Rig Run. The Spinergyold commercially as highost, highend drive
wheels, do not seem to reflect a superior performance in either rolling resistance or scrub
torque. Whi |l e t hey c antheipoheghes tarnird resistande and i b a |
still greater rolling resistance than the Stock Pneumatic makes it difficult to warrant them

as a performance improvement worth the cost.

69



CHAPTER 3. ANATOMICAL MODEL PRO PULSION SYSTEM

The Anatomical Model Propulsion System\MRS) is a robotic system designed to
propel a MWC through maneuvers that reflect wheelchair usage in everyday life while
measuring the applied propulsion forces and wheelchair kinengaties et al., 2014
The AMPS is designed to autonomouslyigate predefined maneuvers that, together,
encompass all the important dynamic response characteristics of manual wheelchair
propulsion. Derived resultbtained from the recorded wheel velocity and motor current
data- are a set of torques and worleegies corresponding to the various maneuvers, which
collectively characterize the wheelchair as a mechanical system. The AMPS can be
described via three primary subsystems: the anthropomorphic structure, the propulsion

system, and the data acquisitiosteyn.

Figure 49. The Anatomical Model Propulsion System (AMPS)
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3.1 System Design and Rationale

3.1.1 Anthropomorphic Design

The AMPS Figure 49) represents a human operator in an abstract form, and was
designed to be consistent with the wheelchair dummy used in standardized test methods
definedin ISO 717611 (International Standards Organization, 2008sing ISO 7176,
the AMPS was designed with a mass of 100 kg to test typical adult size wheelchairs.
Length parameters were defined by assessing the ISO 7176 dummylatindy riés

dimensions to the anthropometry of the Hybrid 11l ATE»ster J, Kortge J, & Wolanin M,

1977 (Table 16).

Overall, the AMPS reflects theody segment parameters of an

American male at the §ercentile in height and $%ercentile in mass.

Table 16. AMPS Body Segment Parameters

(Based ort00kg Wheelchair ISO Dummy and Hybrid Il 50TH ATD

Referenced metric Referenced value | Reference
Torso 6143 kg 1SO 7176-11
(including head, arms, trunk)
Upper Legs
Segment Mass (inchuding pelvis & thighs) 313 kg ISO 7176-11
Lower Legs 7+1 kg ISO 7176-11
Total 100+5/-2 kg ISO 7176-11
Trunk (x-axis or fore-aft) 68+10 mm ISO 7176-11
Trunk (z-axis or vertical) 298+10 mm ISO 7176-11
Center of Mass* | Upper Legs (x-axis) 203+10 mm ISO 7176-11
Upper Legs (z-axis) 67+10 mm ISO 7176-11
Lower Legs (vertical from foot) | 235+3 mm ISO 7176-11
Seated Shoulder Height 561 mm Hybrid 111 50*
(from seat surface) Male ATD
Shoulder Breadth 455 mm CAESAR Database
. Hybrid I11 50"
Segment lengths | Buttock to Knee Pivot 550 mm Male ATD
Knee Pivot Height Hybrid 111 50
(from ground surface) 498 mm Male ATD
Hip Breadth 414 mm CAESAR Database

* Origin located at the midpoint of liflermed by wheelchair seat and back planes intersectil
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The size and weight specifications are utilized to capture the inertia of an occupied
wheelchair and the interaction between the occupant arvdhgelchair. This interaction
primarily consists ofdadings on the frame joints, the casters @ik wheelsandtheir
bearings. Matching the inertia and mass of the wheelchair user is vital, given that the user

heavily influences the inertia and resis losses within the wheelchair system.

Figure 50. AMPS Leg and Torso Segments

The AMPS torso structure is composed of an aluminum frame that houses the
batteries that power the AMPS, and together they approximate upper body mass. A
concrete mold shaped to match the mass and profile ofutharh posterior supports the
torso structure. This mold connects to two aluminum rods, which setlie &sver legs
as shown irFigure 50. Weights are affixed along the length of these rods to mimic the
mass distribution of thiewer legs and feet. The arms are attached to the upper torso via a

ball joint and are composed of aluminum tubing. The ball joints provide a significant range
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of adjustability for the positioning of the arms on various manual wheelchairs. At the end
of these adjustable arms, the motor housings are attached. Of note is the fact that this
modular design offers the flexibility to alter the mass and mass distribution of the AMPS

in order to model different types of wheelchair users.

3.1.2 Propulsion Control

The AMPS propulsion system was designed to emulate human propulsion forces

by using tangential force drive, dedicated pushrim interfacing, anetdiighe DC motors.

Manual wheelchairs are conventionally propelled by human users applying force
to the pushrims. This applied force can be deconstructed to three force components:
tangential, radial, and normal to the pushrim plane. In this case, only the tangential force
performs work that contributes to propelling the wheelchair. However, humans are
biomechaniclly constrained so that applying purely tangential force is impossible
(Rozendaal LA, VeegdflE, & van der Woude LH, 2003 By applying purely tangential
force to each pushrim, AMPS is able to isolate the efficiency of the mechanical design
without the confounding inefficiencies associated with biomechanics. Additionally, the
need to maneuvehe wheelchair using differential drive led to the decision to use DC
motors. Independent control of two DC motors enables turning and bidirectional motion,
and the proximal motor mounting to the drive wheel offers a simple transmission. These
motors catact the ring gears about 40 degrees forward of the top dead center of the drive
wheel Eigure 50) . T h iisposifiokedinnd 0t he center of a wheel
with the pushrim during a propulsion stroke, making ibcmlent with where peak forces

are applied in human kinetic studig&bertson, Boninger, Cooper, & Shimada, 1996
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To accommodate the variety of manual wheelchashpm styles, two design
alternatives were considered: 1) design a propulsion system that would be compatible with
all pushrim sizes and croessction shapegsan der Linden, Valent, Veeger, & van der
Woude, 1995 or 2) design a dedicated pushrim that can be attached to all wheelchairs
during testing. The latter approach was selected because it offered a staedack that
enabled consistent force input, a more robust gripping mechanism, and an overall simpler
design. This dedicated handrim is a PVC ring gear interfaced with the motors via a pinion
gear, as depicted Figure 51. The ring gear has a mass of 0.75 pounds, which is within

the range of commercial pushrims, whose weights vary between 0.7 and 1.5 pounds.

(A) force sensing load cell

(B) ring gear pushrim

(C) DC motor

(D) encoder mounted to drive wheel axle
(E) pinion gear

(F) bracket pivot.

Figure 51. Gear and sprocket interface between motor and pushrim

DC motor specifications were based upon the torque demands required-of over
ground motion. Literature sources indedhat the maximum tangential pushrim force
applied during typical steaelstate propulsion (~0.75 m/s) is less than 100N (22.5 Ibf), and

averages at 81N (18.2 IqRRobertson et al., 1996 Sdection of an appropriate higlorque

DC motor was based on matching the motorés
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while assuming a pinion gear pitch diameter of 4rR%n additional constraint required
that the motor max RPM achieve a minima®m/s tangential velocity on the pinion gear

during peak motor efficiency.

Based on these specifications, a pair of AB8 Ampflow motors was chosen to
provide propulsion to the wheelchair, with one for each drive wheel. The motors selected
for this design meet the torque and speed requirements of the system and are contained
with a specialized housing fixture that enable them to appropriately interface with the load
cell sensor bracket. This bracket contains two compoinentsrcesensing load cedind
a pivot axis for the motdr which work in conjunction to enable direct measurement of the

tangential force applied to the pushrim.

The motors are also directly attached to the AMPS arms so that the loading induced
by action and reaction forces aetmotorpushrim interface will be translated to the upper
torso via the shoulder joint in the same manner as would occur if the chair were being
propelled by a human user. This enables the selected design to achieve realistic and
representative loading adhe MWC frame and upholstery. This configuration also enables
widespread adaptability for a multitude of manuddeelchair designs and size3he
propulsion of the AMPS is controlled by a Roboteq motor controller. This controller is
supplied power by aet of four 12volt batteries and serves as the interface through which
the motors are powered. These internal batteries enable the AMPS to maneuver through a
variety of environments without the need to connect to a local power source. This motor
contrdler incorporates PID parameters and executes the closed loop velocity control of the
motor system. While all desired trajectories are programmed via a NI data acquisition

(DAQ) device, all reatime control of the motor is managed by the Roboteq coetroll
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Upon receiving the input command from the NI device, the controller performs the
necessary redime calculations to incorporate the feedback from the motor encoders, and
continuously sends the appropriate commands to the néigure 52 depicts this control

scheme, which is applied to the left and right motor separately.

Setpoint
Velocity Power Drive
(Voltage) — Controller (Voltage, DC Motor (Velocity,

Measured Current) Torque)

Velocity US Digital
PC Input (Voltage) Optical Encoder
Figure 52. AMPS Control Diagram
The visual interface for the APC I nput

defined by either manual entry or uploading predefined trajectory filke.n&nual entry

is limited to defining a trapezoidal velocity profile for each drive wheel. The adjustable
parameters using this method arkeeelspeed, ramp start time, ramp up duration, cruise
duration, ramp down duration, coast duration, and wheelisadBy setting the wheel
velocity and ramp times, it also become possible to dictate the acceleration and deceleration
rate of the maneuver. Setting the velocity profiles for both wheels to be identical results in
straight trajectories, whereas settingr differently results in various curvilinear paths.

These parameters can be seethe LabVIEW VI screenshogjgure 53,

For maneuvers where the drive wheel(s) needs to accelerate or decelerate to
multiple steadystate velocits, or for instances where the acceleration isemwrstant, the
use of a predefined trajectory file is required. These files are formatted as text files with
two commas epar ated col umns, each representing

velocity, repectively. Since the NI DAQ is set to sample at 40 Hz, each row in the text
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files are separated by 25 ms to match thetread loop of the LabVIEW program. These
text files are generated via a MATLAB code that takes a time vector, linear velocity, vector

and wheel radius for each whedtigure 54 illustrates how the trajectory files are then

selected for use in the LabVIEW program.
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3.1.3 Data Acquisistion

The requisite condition for calculating task propulsion work involves kmphe
propulsion torque while monitoring system kinematics. Within the AMPS, this entails
measuring the motor current, tangential pushrim force, and the rotational position of the

drive wheels.

Measurement of the motor current is motivated by itsqmtagnality with the motor
torque. Two ACS758xCB current sensors are integrated into the circuit powering the drive
motors by directly connecting to the motor power cables. Within this circuit, the sensors
monitor the current flowing into the motors. efutput reading is in the form of a voltage
that is proportional to the current flowing through the sensors and is recorded by the DAQ.
This data provides direct measurement of the energy that is input into the AMPS to execute

the desired maneuvers.

Load cell measurement of the tangential pushrim force serves as a redundant system
for determining the drive wheel torque. A pair of Omega L&®Aoad cells are mounted
onto a bracket connected to the motor housing unit. During propulsion, the reaa®n for
of the gear teeth is tangential to the ring gear pushrim, requiring that the AMPS arm be
positioned such that the load cell axis is parallel to the ring gear tangent. In this orientation,

the propulsion force can be accurately measured by the load cell

The AMPS incorporates a pair of-B60 AccuCoder axle mounted encoders, each
attached to the central axle of a drive wheel (as shoWigiure 51) via a custom housing
connector. These 2540 count encoders provide angulampodiia to the AMPS system,

enabling precise measurement of the drive wheel motion. Using the known motion of the
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drive wheels with the predetermined geometry of the wheelchaisytem kinematics

can be derived for kinetic energy calculatightedola, Dao, Caspall, & Sprigle, 2013

A NI USB-6341 d#&a acquisition system is used to record data and serves as the
primary system controller for the AMPS. This DAQ connects to a computer via USB, and
a LabVIEW visual interface is used to communicate with the DAQ. The DAQ collects all
the data from the AM® drive wheel encoders, current sensors, and load cells. It also sends
analog voltage signal commands to the Roboteq motor controller. The DAQ system is
powered by a lithiurion battery that is completely independent of the batteries supplying

power to he AMPS propulsion subsystem.

In all data used for analysis, the measured raw force, current, and velocity are
filtered in postprocessing by passing them through™oBder Butterworth filter with a

cutoff frequency of 0.15 Hz (MATLAB).

3.2 Calibration and Validation

Because the AMPS is a fundamentally new approach to measuring mechanical
efficiency of wheelchairs, validating the hardware and measurement techniques was
required. Specifically, the motor current sensors were calibrated, followed by dgggm
validation to investigate the repeatability of the commanded trajectory and measured
propulsion torque during owground wheelchair maneuvers. The load cells were
eliminated from use entirely due to their comparatively noisy data output during over
ground maneuversFigure 55illustrates the qualitative difference between data collected
via the current sensors and load cells. It was postulated that this noisier data was due the

load cell detecting transient motions of the anarm itself. Note that the large spikes
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from the load cell data could have been (and were) dealt with vipase/filtering in post
processing. However, the overall reduced quality of the force data combined with the load
cell sensitivity to noftangen alignment with the wheel rim led to their elimination as an

unreliable measurement source.
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Figure 55. Comparison of Current (Torque) and Force Data

3.2.1 Calibrating Motor Current Sensors

To determine the relationship between current measured by the sensors and torque
applied by the motors, some background on & ma 0 s -tocquer cureenstrequired.
One of the properties of a DC motor is the proportional relationship between the current it
draws and the torgque it outpudocef f iThiienti swi
of torque per unit curreFigure 56). Furthermore, the curretrque curve is a piecewise

function due t he mtoadacurréns. characteristic of
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Motor Torque

ok

Motor Current

no load current

Figure 56. Motor Current -Torque Relationship

Therefore, to calculate these two defining properties, the motors were each loaded
with a known torqge by attaching a-Bich diameter pulley to the motor shaft and using the
motor as a winch to lift frebanging weights of known mass. Simultaneously, the
corresponding motor current for each applied torque was measured via the sensors and
recorded. Seval weights of varying mass were used to develop a calibration curve over
a range of torques. The applied torques were determined by using mass of the weight,
acceleration due to gravity and radius of the pulley. The measured current for each motor
was tten plotted against the applied torque, and a linear regression was fit to the data.
Figure 57 and Figure 58 showthe calibration curves for the two motors, both of which
have an R> 0.99. Based on thegression equation, the left motor was determined to
have Kk = 5.61 ozin. and neload current = 1.96 A, while the right motor had=5.73
and neload current = 1.60 A. These calibrated values are relatively close to the AmpFlow
manufactureiprovided \alue of K = 5.32, but also distinct from their #ioad current of
3.4 A. With the features of the curra@ntque curve for each motor defined, a simple-step

wise function was then used to calculate the motor torque from the $eeasured
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current. It 8 important to note that ihigure 57 andFigure 58, these torque values seem

guitesmall because they represent the torquming directly from the motor.
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Figure 57. AMPS Left Motor Calibration
Right Motor
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Figure 58. AMPS Right Motor Calibration
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The torque of interest, or the drive whéaique,is determined by the following

equationsEquations 11 and 12

(11)
T 0 T 12
z (12)
Note thatf andf are the torques on the drive wheel and motor shaft, and

Nring gear @NdNpinion gearare the teeth count of the ring gear and pinion g&iacethe gear
ratio between the ring gear and pinion gear is 17, the range of drive wheel torques the
calibration procedure spans is abotti to 13Nm, encompassing the bulk of torque

val ues encount er egioud maneunegs. AMPS&6s over

3.2.2 Systerrevel Validaion

The AMPS was also validated on a systdevel by performing maneuvers on a
tile floor. The AMPS was | oaded onto a Qui
spoked, pneumatic tires. A straight maneuver was programmed, consisting of aocelerati
to a steady state speed over 2.5 seconds, maintaining this speed for 5 seconds, and then
ramping down to a stop over 2.5 seconds. This maneuver was conducted at two speeds,
1.4 m/s and 0.7 m/s, and for a total of ten trials in each condition. Thesgsspresent
greater than average velocities based upon measurements of wheelchair users during
everyday mobility(Sonenblum SE, Sprigle S, & Lopez RA, 2012d8he maneuver was

conducted ten times at each speed while measuring wheel velocity, current, and force data.
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Table 17. AMPS Propulsion Torque Repeatabity
(Derived from Motor Current)

Left Drive Wheel Torque (Nm)
speed peak accel | |peak decel| steady-state
average

mean 15.25 11.37 2.65

1.4 standard deviation 0.66 0.60 0.07
m/s CV (%) 4.10 5.02 2.39
SEM 0.21 0.19 0.02

mean 9.29 4.95 2.23

0.7 standard deviation 0.44 0.49 0.14
m/s CV (%) 4.46 9.40 6.11
SEM 0.13 0.15 0.05

Right Drive Wheel Torque (Nm)

speed peak accel | |peak decel| steady-state
average

mean 12.44 12.70 1.71

1.4 standard deviation 0.56 0.55 0.04
m/s CV (%) 4.30 4.10 2.27
SEM 0.18 0.17 0.01

mean 6.80 5.95 0.94

0.7 standard deviation 0.49 0.38 0.07
m/s CV (%) 6.83 6.11 7.18
SEM 0.15 0.12 0.02

Control system accuracy was charaicied by comparing the programmed velocity

profile to the measured velocity profile and computing the error between the two

waveforms Figure 59) every 0.5 seconds. Furthermore, the repeatability of the profile

was characterizedy determining the coefficient of variation of the entire maneuver for

both the left and right wheels at both speddsh(el7) .

Vel ocity error

both the left and right wheels across both speBdspulsion torque metrics included peak

acceleration, peak deceleration and the average steady state torque.

Repeatability of

propulsion torque (Table Ill) was assebder repeatability using the coefficient of

variation (CV) and standard error of the mean (SEM). As indicated by the valledslén
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17, the AMPS control scheme can deliver an accurate velocity profile andstieensyan
reliably measure propulsion torque during egesund maneuvers. The CVs of the
currentbased torque were <5% during acceleration, <10% during deceleration and <8%

during steady state velocity.

25

1.5

Veloclty (Radlans per second)
—

0 .-": — Left wheel velocity
---Right wheel velocity
~=-Command signal

'0'50 2 4 6 8 10 12

Time (seconds)

Figure 59. Angular velocity profile of drive wheels at 2.33ad/sec (0.7 m/s
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CHAPTER 4. SYSTEM-LEVEL TEST METHODS

This chapter descrés the systerevel test methods that were developed to
evaluate the mechanical performance of manual wheelchairs. Canonical maneuvers
representative of everyday MWC mobility were defined and applied to the skstem
tests. Models of MWC systetavel kinetic energy and resistive energy loss were also used
to generate additional rationale for the selection of canonical maneuvers. Clinically
relevant performance metrics were defined and applied towards two systainstudies:

1) the impact of mass drweight distribution on propulsion torque, and 2) the impact of

casters and drive wheels on propulsion cost.

4.1 Predicate Work (The iMachine)

In order to compare multiple different MWC configurations utilizing the AMPS, it
is first necessary to charactegisysterrevel properties of MWCs. According to literature
(Brubaker, 1986Caspall, Seligsohn, Dao, & Stephen Sprigle PhD, pah8re are three
particular attributes of MWC systems that can significantijuerice propulsion effort:
mass, yaw inertia, and weight distribution. Mass increases the rectilinear inertia of the
system, thus requiring more force to propel the wheelchair in a straight motion. Yaw inertia
is analogous to mass in turning motions, ésing the difficulty of changing direction
quickly. Foreaft weight distribution impacts not only the yaw inertia, but also the overall
system resistances if the casters are more sensitive to loading than the drive wheels, and

vice-versa.
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Figure 60. iMachine Schematic Diagramand Top View

The iMachire (Eicholtz et al., 201@is a systentevel measurement device that was
designed precisely to characterize all three of the aforementioned system properties. The
mechanical system is comprised of a turntablaroular steel mounted on a square frame
of aluminum struts (8@0 Inc.). Two lengths of steel cable are anchored to one end of the
turntable, and each run along the discbos
a linear spring fixed to dier the left or right vertical aluminum pas$tigure 60). This
effectively applies a torsional stiffness to the overall turntable. By applying a perturbation
that induces a small angular displacement (~5 degrees), it is pdegielermine the yaw

(rotational) inertia of the disc and any mass placed atop it using the following equation,

vzY

S (13

where'Qs the system yaw inertia, is the combined spring stiffngsY is the disc radius,

andv is the natural frequency of the disc rotation. Given that the spring stiffness and disc
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radius are constant, the natural frequency is the only variable determined from
instrumentation. This instrumentation comeshi form of a digital encoder (US Digital)

that houses the stem of the turntable and tracks the relative angular position of the steel
disc. However, it must be noted that in order to determine the yaw inertia of a MWC
system (such as AMPS) placed atop tilmatable, the MWC must be positioned with its
center of mass over the axis of rotation. To accurately achieve this positioning, three button
load cells (OMEGA Engineering) were fixed equidistance from the disc center and 120

degrees apart from eachhet.

Figure 61. iMachine with a Manual Wheelchair Loaded on the Platform

A rectangular Dibond loading platforifiFigure 61) reinforced with aluminum
struts was then placed atop the disc such that the only three points of contact were the three
load cells. Thus, by adjusting any MWC system plame the loading platform until the

load cells register a uniform reading, one can align the MWC center of mass with the axis
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of rotation. As a helpful physical reference, the loading plate also has a coordinate system
that corresponds to features ondinek. The origin is coincident with the center of rotation,

the xaxis is parallel to the line connecting load cells B and C, and-thasyintersects

with load cell A. The remaining caveat to measuring MWC yaw inertia is that the yaw
inertia of the urdaded disc and platform must first be measured (using the iMachine) so

its value can be subtracted from the yaw inertia of loaded iMachine measurements.

Figure 62. Free-body Diagram of Occupied Manual Wheelchair Normal Forces

Finding system mass using the existing iMachine instrumentation is a
straightforward matter of sumngrthe readings from all three load cells, given that the
load cells have first zeroed out the mass of the loading platform. However, determining
the MWC weight distribution requires additional information of the wheelchair
dimensions. While the MWC iswahys adjusted to achieve lateral balance, thedfire

weight distribution varies depending on the axle position relative to the center of mass
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(COM) and front casters. Using the fileedy diagram irFigure 62, we can take the su
of moments about the point the drive wheel ground reaction forse) (R acting. Doing

so, we find that

(14)

where'Y is the caster ground reaction force,is total load,0 is the distance from the
rear axle to the COMQis the distance from the drive wheel axle to the caster fork stems,

andwis the caster trail length. Normalizing this equationt®ytotal load,

\ r v YT e g \ \ C’)
POt ®@WOI 0 Qt—t— 1
l o (15

From this, we can also infer that

0
Paé¢ @i QUMQa p 90 (16)
For the scope of this researdquation 16 serves as the definitioftermed %WD)for
characterizing the foraft weight distribution of various MWC configurations due to its
overlapping usén clinical settings. These dimensional parameters of the MWC system

are determined via the use of a series of plumb lines and straight edges while the MWC is

centered on #iMachine.
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Figure 63. iMachine VI During Load Centering (black rectangles)

The iMachine data is collected in reamhe via a LabVIEW program that runs off a
LabJack DAQ. Figure 63 displays the visual interface used to provide feedback on the

MWC COM when loaded on the iMachine. Asshawn t he screenshot

and fAyOffsetErrorodo denote (in meters) how

of rotation. As part of the protocol, all iMachine measurements were taken with offsets

less than 5 mm. While all system yaw ingrimeasurements are corrected via the parallel

axis theorem,
O O O 0 w () ()]

the tight alignment tolerance is enforced to avoid rotational imbalance that may skew
measurements. Afteghe MWC system is centered, the loading platform (and disc) is

perturbed to rotate via the triangular arm showhRigure 64.
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The resultant periodic angular displacement measured by the encoder is sent to the
LabJack and dispjeed on the VI as shown iRigure 65. The bottom display in the VI
shows the window of angular displacement that is being used for yaw inertia calculation,
and the top display is the faSourier transform of the displacement datée LabVIEW
program extracts frequency of the dominant peak shown in this window uses it as the

natural frequency for yaw inertia calculationguation 13.

Figure 64. iMachine Perturbation Triangle
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Figure 65. iMachine VI During Measurement of System Yaw Inertia

4.2 Defining Canonical Maneuvers

To fully characterize propulsiowork, canonical maneuvetia represent typicallWwC
usage patternsere defined. These are relatively shoeneuvers that collectivehgpresent the
complex maneuvers typical of everyday mobility. Predicate studies by researchers at the
Rehabilitation Engineering and Applied Restdab have reported on how wheelchair users move
about during everyday mobilitfsonenblum SE et al., 2012bUsage data show that most bouts
of mobility are relatively sho@nd low speed (<1 s), and are embodied by starting, stopping
and turning. To be representative, the collection of canonical maneuvers must impart kinetic

energy (KE) into the system and include the different types of resistive energy loss. Specifically,
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the maneuvers shaiitollectivelyimpart all thredypesof KE i translationalturning (yaw), and

rotationali and include rolling resistance and tire scrub of both the drive wheels and casters.

R

Y, > O
o i e

I S |

‘O T yaw inertia;’O T rotational inertia;
0 T velocity; % rotation rately i yaw rate

Figure 66. Schematic of wheelchair for use in deriving
wheelchair kinematics during overground motion
In prior work, we described an approach for determining the kinematidsreeiit
energy of a manual wheelch@ledola et al., 2013 The wheathair can be viewed as an
assembly of 7 rigid bodies: frame, two drive wheels, two caster forks, and two caster
wheels, as shown iRigure 66. Maneuvering the wheelchair over ground requires force
input to both drive wheels. Bmneasuring the drive wheel so
determine via geometric constraftvheelchair dimensions) the turning radius, velocity
of the center of mass as well as the yaw rotation rate of the chair, and swivel and rotation

rates of the caster &kl assemblies, assuming the wheelchair rolls without slipping.
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Combining the inertias with kinematics, it becomes possible to calculate
component kinetic energies. The summation of these individual energies can be used to
define the kinetic energy @fheelchair motion on flat ground, as showikpuations 18
21. (Nomenclature fronfrigure 66.) Translational KE is based solely on the system mass
and COM velocity, while the turning (yaw) KE is based on the system and caster yaw
inertias and their respective yaw rates. Rotational KE is based solely on the component
properties and kinematiadefined as a function of caster and drive wheel rotational inertias

and rotational speed. Combining these three categories of KE yieltstahsystem KE.

Lo Pa v (18)
C

“ P. P. P. (19

0o -0 or or

C R W C R W C h W
0o B"Oﬁ n E"Oﬁ n B"OF, n E"Oﬁ n (20)
q q q q

0o V@) VYO) 0o (21)

The variables described Equations 18- 20 are all empirically determined via the
component and systetavel methods discussed thus far. By applyhAMPS as a test
bed to perform the selected canonical maneuvers, the drive wheel rotational rates are
measured via the systembs wheel encoder s,
inferred from the predicate kinematic mod&ledola et al., 2013 The caster and drive
wheel rotational inertias and casteffork yaw inertias are derived from the trifilar

perdulum measurement)je AMPS system yaw inertia is measured by the iMachine.
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Keeping the kinetic energy model in mind, we move on to define the three canonical
MWC maneuvers that the AMPS would perform to emulageshort bouts of everyday
MWC mobility. Each maneuver description is accompanied by a figure of AMPS
performing that maneuver, as well as a plot of pilot data illustrating the commanded, raw,

and filtered AMPS wheel velocities for that maneuver.

1) Straighttrajectory. Startig from rest with casters aligned forward, accelerate to 1.0
m/s in 2.5 s, maintain this speed for 5 s and then decelerate to a stop in 2.5 s. Total
linear distance traveled equates to 7.5 m.

Rationale This maneuver highlights rilnear inertia of the system, rotational inertia

of the wheels, rolling resistance, and other resistive losses in the frame and bearings.

Wheel Velocity as a function of time

—— Left wheel velocity

— Right wheel velocity
AT Left wheel command signal
— Right wheel command signal

Velocity (Radians per second)

— Left wheel velocity raw
— Right wheel velocity raw

-2 L [ [ L [ [
0 2 4 6 8 10 12 14

Time (seconds)

Figure 67. AMPS Straight Maneuver with Drive Wheel Velocity Profile

2) Fixedwheel turn. Starting from a stop, with the casters aligned perpendicular to the

center of the locked drivevheel, drive the unlocked drive wheel to accelerate the
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system to a 1.56 rad/s (90 degree turn per second) yaw rate in 2.5 s. Maintain this yaw
rate for 5 s, then decelerate to a stop in 2.5 s. Total system yaw displacement equates
to 11.7 radians (a 67&egree turn).

Rationale This maneuver highlights system yaw inertia, rotational wheel inertia,

rolling resistance, caster and drive wheel scrub, and other resistive losses.

Wheel Velocity as a function of time
4 T T T T T T

—— Left wheel velocity
—Right wheel velocity

1| |~ — Left wheel command signal
"""" Right wheel command signal
—— Left wheel velocity raw
—Right wheel velocity raw

Velocity (Radians per second)

0 2 4 6 8 10 12 14
Time (seconds)

Figure 68. AMPS Fixed-Wheel Turn Maneuver with Drive Wheel Velocity Profile

3) Zeroradius turns. Due to unanticipated AMPS motor torque limits, this maneav
carpet was reduced in velocity and acceleration, but the total yaw displacement was
preserved.
On Tile Starting from a stop, with casters aligned forward, cotnotate drive wheels
to reach a yaw rate of 1.56 rad/s (90 degree turn per secofd) 8. Maintain this
yaw rate for 1.0 s, then decelerate to a stop in 1.0 s. Pause for one second, then repeat

the turn except with the drive wheels countaating such that the MWC system turns
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in the direction opposite to the preceding turn (e gpunterclockwise turn would be
preceded by clockise turn). Repeat until a total of six turns have been completed.
System yaw displacement of a single turn equates to 3.14 radians (a 180 degree turn).
Total system yaw displacement equates to 18.@éma (a 1080 degree turn).

On Carpet Same maneuver pattern, except the stsgate yaw rate is reduced to 1.17
rad/s (67.5 degree turn per second) and is maintained for 1.67 s.

Rationale This maneuver includes direction changes that highlight castmel,

system yaw inertia, rolling resistance, wheel and caster scrub and other resistive losses.

Wheel Velocity as a function of time
4 T T T T T
—— Left wheel velocity
— Right wheel velocity
— Left wheel command signal
3r —— Right wheel command signal | |
— Left wheel velocity raw
— Right wheel velocity raw

Velocity (Radians per second)

L
0 5 10 15 20 25 30
Time (seconds)

Figure 69. AMPS Zero-Radius Turns Maneuver with Drive Wheel Velocity Profile
(Carpet)
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Wheel Velocity as a function of time
4 T T T T

Left wheel velocity

— Right wheel velocity

— Left wheel command signal
sr —— Right wheel command signal | |
— Left wheel velocity raw

— Right wheel velocity raw

Velocity (Radians per second)

Time (seconds)

Figure 70. AMPS Zero-Radius Turns Maneuver Drive Wheel Velocity Profile
(Tile)

Figure 71, Figure 72, and Figure 73 illustrate how these selected caiual
maneuvers collectively offer a balanced representation of all three types of kinetic energy.
In Figure 71, we see that the KE of the straight maneuver is dominated by translational
KE, with a very small stored as rotatioddt and no presence of turning KE. This is an
expected outcome given that the inertial contribution of the AMPS mass is several
magnitudes greater than that of the rotational inertias of the casters and drive wheels.
Additionally, the absence of directial changes in the straight maneuver support the lack
of turning KE. In Figure 72, the system KE of the fixed wheel turn is close to evenly split
between translational and turning KE, while rotational KE is comparatively veriynaii
The presence of the translational KE arises from the velocity of the system COM, which is
a function of the system yaw (turn) rate and the distance from the fixed wheel to the system

COM, as shown ifequation 22
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o 1 = 6 (22
C
In this equationp is the COM velocity; is the yaw rate of the systemis the distance

from the fixed drive wheel to the axle center, and the distance from the axle center to

the systenCOM.

System Kinetic Energy
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Figure 71. System Kinetic Energies of the Straight Maneuver
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Figure 72. System Kinetic Energies of thé-ixed Wheel Turn Maneuver
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In Figure 73, the system KE of the zero radius turns is dominated by turning KE,
and the remaining KE comprised of translational KE and a very small amount of rotational
KE. Since the system turning occurs about theeceott the axle, the presence of the
translation KE arises from the COM velocity that is a function of system yaw rate and the

COM-to-axle center distance. This is describedElyation 23.

O [0 (23
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Figure 73. System Kinetic Energies of the Zero Radius Turns Maneuv

Thev of the zero radius turns maneuver is much smaller than that of theafheszl turn
maneuver due to the reduced moment arm between the center of rotation and system COM.
This reduction ob , and thus translational KE, was part of the designed rationale for using
the zero radius turns maneuver. The goal of this maneuver is to investigate the impact of
nonsteadystate directional changes on propulsion effort. Alternative maneuvers that meet
this goal were tested, including slalom or a series of chained;\fikeé! left and right

turns. However, these maneuvers all presented a dominant proportion of translational KE
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that obscured the turning KE stored because of directional changes.thEnzesreradius
turns maneuver was assessed to be most effective in pinpointing differences between

different MWCs due to nosteadystate directional changes.

The resistive losses collectively experienced by the three canonical maneuvers also
offer a balaced representation of the rolling resistances and scrub torques that were
measured for casters and drive wheels in the component testing chapter. This parallel is
critical for allowing us to link component resistive properties to the sykieeh
performance of MWCs in the next chapter. The resistive forces acting on the MWC during
each of the canonical maneuvers are illustrateeigare 74, Figure 75, andFigure 76.

Note tha the propulsive forces are purposely excluded not only in the diagrams but also
the equations of motion for this sectioffable 18 highlights the nomenclature used in

these dagrams and equations of motion. Note that for itgsrwhere a wheel turned

while rolling, the resultant resistive kinetics were broken up into the linear rolling
resistance and a wheel scrub torque termed with a special subscript to denote its association
with rolling. This additional term is meant tgresent the increased rolling resistance that

wheels experience from the cornering forces of turning.
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Table 18. System Resistance Models Nomenclature

Variable Definition

0 Manual wheelchair system mass
§O) Rotational inertia (notéO is system yaw inertia)
Y Wheel radius

[ Distance from point Y to point X (example)
— Angle between moment arm and force at a point
0 Distance from axle center gystem center of mass
i Distance between drive wheels

) System center of mass velocity

@ System center of mass tangential acceleration
[ System yaw (turning) rate

O Rolling resistance force

T Wheel scrub torque

Subsgaipts Definition
A Left caster (fork center)
B Right caster (fork center)
C Right drive wheel (tire center)
D Left drive wheel (tire center)
o Center of drive wheel axle
Caster Used to denote caster forces/torques
DW Used to denote drive wheel fostmrques
DW,RR Special case used to denote drive wheel scrub torque with rolling

For the straight maneuvéFigure 74), only rolling resistance forces act on the
MWC system due to the lack of directional changings. Thdsleatheequation of motion
in Equation24, whi ch is similarly der i v(Sadretieth Saur

al., 2012,

0 : + - ! + - W O O O O (24)
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Figure 74. System Resistances During Straight Maneuver

From our results in Chapter 2, wamow that the inertial contribution of the
rotational inertias of the drive wheels and casters are very small relative to the system.
Additionally, we can assume that A and B have the same caster rolling resistance, and C
and D have the same drive whealling resistance. Therefore, we can simplfiyuation

2410 the following.

Figure 75. System Resistances During Fixed Wheel Turlaneuver
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0 ® ¢°O ¢ O (25
For thefixed-wheel turn maneuver, we can see than drive wheel sasitbéen
entered into the system because of the stetatg changes in heading. No significant

scrub torque is experienced by the casters due to the lack of caster sitieleals to

theequation of motion ifcquation 26.

N L P, oL I PR
= — OE+ —— OE
0 & o6 i 05~ O 05— O
L (26)
°w iy
iy O OE+f iy O OE+ iy © T T

To simplify, we can assume tlgeangles are very close to 90 degrees since based
on typical wheelchair dimensiong s never less than 87 degrees in stestdye turning.

Coupled with the previous assumptioBguation 26 becomes the following.

(27)

Note that the fixedvheel turn equation of motion is structured to define the system
yaw deceleration due to resistive losses. Therefore, the resistances are caster and drive
wheel rolling resistance forces agjiat different distances from the center of rotation, as
wel | as drive wheel scrub torques. Of not
split into a pure rolling resistance force and rolling scrub torque in accordance with the

previously descried rationale.
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Figure 76. System Resistances During Zero Radius Turnganeuver

The zereradius turns maneuver incorporates thearastrub torque that is absent

from the straight and fixedheel turn maneuvers by changing directions between

clockwise and countezlockwise turning, causing the casters to swivjure 76 depicts

t he ffstt ®ataely ro-fadiug ture where the casters have already aligned

perpendicular to the center of rotation (Point O). The resistive loss term due to the transient

caster swivel is added as the last tereqoation 28 as a function of caster scrub torque.
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Applying the same simplifying assumptions that were used in the two previous
equations, we gdiquation 29.
®
Ly (29
¢t i Qt ht

O ao

With these three maneuvers, the resistive losses of rolling resistance and scrub
torque for both caster and drive wheels have been highlighted, each with considerable

representatin.

4.3 Defining a Performance Metric

Propulsion torque and propulsion cost are defined as the AMPS system
level performance metrics, and were inspired by their clinical relevance. Propulsion torque
is directly measured by AMPS and describes the kineticeliad in driving the
wheelchair. While the AMPS does not engage in cyclic propulsion like a human does, the
propul sion torque of AMPS6és continuous dri
human user must apply to complete the same maneuver. An lexaintipe velocity and
torque profiles for a drive wheel is shownHigure 77. The acceleration and steashate
phase propulsion torques (per drive wheel) are quantified by averaging the torque values
bounded in their respeciuimespans, as denoted by regions A and Bigure 77. These
time spans key off of time versus torque plots, and are manually selected via the MATLAB
function ginput We define the phases based on an ideal torque and velaodfitg,pn
which each velocity phase would have a constant torque associated with it. The transition

phases of the torques are excluded since they do not reflect an accurate representation of



phase torque. The per drive wheel torques for phase are cahabitiee end to yield the

systembébs phase propulsion torque.
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Figure 77. AMPS Drive Wheel Velocity and Torque Profiles

Propulsion cost keys off of the concept cost of transport, which quantifies the
energy efficiency of transporting a human or vehicle from one place to andgmcally,
it is defined as théransportation energy normalized against the transported weight and
distance. In our application to the AMPS, we adopt the definition of propulsion work
normalized against the displacement. Normalizing the AMPS propulsion work by each
canonicalmaneuvérs characteristic displacement mi
between each separate AMPS trial. For the straight maneuver, this definition becomes

- . &)
LI €N o6 i NE&L-
n A2 (30)
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wherew is the propulsion work (units of joules) done by the AMPS motors-arnsithe
|l ength of the path traveled by t hewhsBWC sy s

turning and zero radius turns, the definition takes the form of
w s . e .D,‘cb‘
D1 €N o6 miE NHE-
n A (31

where3{ is the total yaw angle traveled by the MWC system (units of radians). The

propulsion vork done by AMPS can be calculated as showBgnations 32 and33.

C2
—+
—

(32

W 0 0 Qo (33

In Equation 32, the AMPS propulsion power input for one motor is defined by the product

of 1, the torque applied to the drive wheels, andhe angular velocity of the propelled

drive wheel. Recall these are determined via measures of motor current sensors and digital
encodes, respectively. lEquation 33, the left and right motor powers are combined and

integrated over time to yield the propulsion work input.

4.4 SystemlLevel Study Designs

The aforementioned canonical maneuvers were applied towards two studies which
are detded separately below. The first is a standalone study, whereas the second was used
to model the relationship between component properties and propulsion cost (which will

be detailed in the next chapter).



4.4.1 Impact of Mass and Weight Distribution on Propufsitorque

Configurations

A TiLite Aero Z wheelchair was configured in four different manners to reflect
different masses and weight distributions.& wh eel chai r floatchstdlsr i mo 5
and24x13/ 80 stock pneumat i acodfiguratioa, theslwheeichas . I n
had a 12.1 kg mass and an axle position resulting in 70% weight distribution on drive
wheels when occupied by the AMPS. The second configuration was based upon
measurements of a standard folding frame wheelchair which hzaka of 17.6 kg and
55% of weight upon the drive wheels. These two configurations defined the mass and
weight distributions to be tested. Specifically, the wheelchair was tested in four
configurations defined by two masses (12.1 and 17.6 kg) and twbtaistributions (70%
and 55% weight over the drive wheels). The 5.6 kg additional mass was added at the center
of mass of the standard TiLite configuration to minimize the impact on yaw inertia. Axle
position was adjusted to achieve the different wiedistributions. Occupied system mass

and yaw inertia were measured using the iMachine.

Maneuvers

The straight and fixeevheel turn canonical maneuvers were applied to this study.
The fixedwheel turn was programmed with a steatiyte yaw rate of 1.9 dés instead of
the previously defined 1.56 rad/s. Both fixetleel left and right turns were performed.
Maneuvers were performed on tile and low pile carpet surfaces. Each configuration was

tested 10 times for each maneuver and surface type, resulgdg total AMPS trials.
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Analysis

The propulsion torque performance metric was applied to this study for the
acceleration and steadyate phases of each maneuver. Analysis was performed on each
configuration and surface combination for both straighttandng maneuvers. For each
set of ten repeated trials, the propulsion torque mean and standard deviation for both the
acceleration and steadyate phases were calculated. Left and right fixedel turns were
averaged together to yield a single preput torque value. The percent differences and
effect sizes relative to the torque of the 12.1 kg chair with a 70% weight distribution were
calculated. This reference configuration reflects that of an ULW wheelchair. Effect size,
al so t er ndéGbheq d9BBcandea interpreted as the average percentile standing
of the tested configuration relative to the reference configuration. This data provides the
most direct evaluation of differences with the ability to judge meaningfulness. In a strict
sense, testing multiple wheelchair configurations over multiple trials ritmgsermit use
of ANOVA to infer differences due of the violation of the assumption of independence.
However, in deference to convention, simple univariate ANOVA results are reported for

the straight and turning maneuvers during the acceleration ang-stete phases.

4.4.2 Impact of Casters and Drive Wheels on Propulsion Cost

Configurations
A Quickie GT wheelchair was outfitted with combinations of three different types
of drive wheels and four different types of casters, resulting in twelve MWC confausati
with distinct component pairings. The cast
SR, 5 x 10 Pri mo, and 6 x 10 Pneumati c.

Spinergy, and Stock Pneumatic. Each of these component pairings were ddjhstesl
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60%, 70%, and 80% load on drive wheels. These different weight distributions were
achieved by shifting the weights inside thi¢
had been replaced with a Dibond reinforced hollow acrylic mold to housevadre

weights. Including these different weight distributions, the total number of distinct MWC
configurations used in this study was 36. The total mass (~113 kg) for all MWC
configurations did not vary beyond the differences caused by switching com@omiich

were < 1.5 kg across the board. The constant system mass helps frame the outcome of this
study as the impact of casters and drive wheels for a single MWC user. Occupied system

mass and yaw inertia were measured using the iMachine for &itjaations.

ll |

Figure 78. AMPS Loaded at the 70%WD Configuration
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Maneuvers

The straight, fixedvheel turn, and zermadius turns canonical maneuvers were all
applied to every configuration in this study. To minimize the impact of surface bias, two
sets of trials were conducted for each canonical maneuver F o r straight,
direction was defined by the first set of trials, and then trials were conducted at a 180 degree
heading from this direction, termed-the #fb
wheel turns were conducted, and zeadius turns consisted of two trial sets that started
with either clockwise (CW) yaw rotation or countdockwise (CCW) yaw rotation. All
tests were conducted on both tiledazarpet with the zereradius turns maneuver being
reduced in steadstate speed ararpet due to motor torque constraints (detailed in Section

4.2). Each trial set consisted of 5 repeated trials, resulting int8ie8AMPS trials.

Analysis

The propulsion cost performance metric was applied to this study. For AMPS trials
of both staight and fixeewheel turn maneuvers, the propulsion cost across the acceleration
and steadystate phases was used for analysis (MATLAB). The deceleration or braking
phase is intentionally omitted as the goal is to highlight energy expended for task
propusion. For AMPS trials of the zemadius turns maneuver, the propulsion cost across
the last four of the six total turns in each trial was used for analysis. The first two turns
were omitted due to their propulsion instabilities from misaligned castées propulsion
cost of each turnés braking phadustunsdo i ncl u
not exhibit as distinct and consistent of a propulsion phase as the straight ardheedd
turn maneuvers. Statistical analysis of each canbmiaaeuver and surface combination

is handled separately. Within each canonical maneuver and surface combination, two sets
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of trial averages were formed, one by collapsing data across casters to form drive wheel
averages and one by collapsing data acdos® wheels to form caster averages. Each
drive wheel average consisted of 40 trials, while each caster average consisted of 30 trials.
The standard deviation of the trials for each average was also calculated. For collapsed
drive wheels, the percentd f er ences and effect sizes rel
within each weightistribution was calculated. The percent differences and effect sizes
relative to the 80%WD for each caster was also calculated. For collapsed casters, the
percent differaces and effect sizes relative to the Stock Pneumatic within each weight
distribution was calculated. Again, the percent differences and effect sizes relative to the
80%WD for each drive wheel was also calculated. The reference caster and drive wheels
reflect the stock components used on ULW wheelchairs, while the reference -weight
distribution is the clinicallyecommended configuration for a ULW wheelchair. Effect

si ze, al s o d(€ahanell88 €an heeintefpseted as the average percentile
standing of the tested configuration relative to the reference configurafibis data
provides the most direct evaluation of differences with the ability to judge meaningfulness.
In a strict sense, testing multiple wheelchair configurations over multiple trials does not
permit use of ANOVA to infer differences due of the aimdn of the assumption of
independence. However, in deference to conventionway3ANOVA was run to identify

the wheelchair configuration factors that influence measures of propulsion cost for each
task and surface. The 3 drive wheels, 4 casters ameight distributions were entered

into the analysis. In addition to main effects, second level interaction with weight
distribution was included. Allqalues are reported, and data significance is discussed at

l evels of p O 0.05.
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4.5 SystemlLevel Experimental Results and Discussion

4.5.1 Impact of Mass and Weight Distribution on Propulsion Torque

The mass, yaw inertias, and weight distributions of each configuration are shown
in Table 19. The 5.5 kg mass represented &dwibicrease in wheelchair mass, but when
loaded with the AMPS, this increase was only 5%. Yaw inertia was increased by 33%
when the mass was redistributed from 70% to 55% on the drive wheels. Acceleration and
steadystate phase propulsion torque valuesaifh wheelchair configuration are tabulated
in Table 20andTable 21 and plotted irFigure 7971 Figure 82for both straight and fixed

wheel turning trajectories on tile and carpet.

Table 19. Test Wheelchair Configurations

Configuration | Wheelchair Mass [kglYaw Inertia kg-m?]| % weight on drive wheels
12kg&70% 12.1 7.82 71.6
17.6kg&70% 17.6 7.89 72.1
12kg&55% 12.2 10.21 58.1
17.6kg&55% 17.7 10.68 56.5

The torques required to propel the fourfagurations differed during both straight
and turning trajectories on both tile and carpet (p0001). The torques imparted during
straight and turning trajectories were greater during acceleration than duringstgady

speed (p< 0.0001).

On both srfaces, the lowest torques was recorded on the 12 kg wheelchair
configured with 70% of its weight on the drive wheels (12kg&70% configuration). The
relative differences between this torque and the other configurations varied across the

different maneuverand phases on the tile and carpet surfatablé 20 andTable 21).
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The effect sizes were very large in all cases, except during the stidelystraight
trajectory (0.4Y on carpet when comparing the 2 masses with a 70% weight distribution.

All other effect sizes exceeded 1.4.

Table 20. Propulsion Torques During Maneuvers on Tile

Maneuver/Phas Configuration Mean Stand. Dev. % Cohen's
Torques (Nm) (Nm) change d
12kg&70% 18.0 0.281
straight 17.6kg&70% | 19.1 0.427 6.1% 3.04
acceleration | 12kg&55% 18.4 0.217 2.1% 1.59
17.6kg&55% 20.0 0.648 10.9% 4
12kg&70% 4.1 0.060
straight 17.6kg&70% | 4.2 0.078 2.5% 1.43
steadystate 12kg&55% 4.3 0.086 6.9% 2.7
17.6kg&55% 5.0 0.144 23.1% 8.15
12kg&70% 11.7 0.467
turning 17.6kg&70% | 12.3 0.312 A4.7% 1.38
acceleration | 12kg&55% 13.5 0.368 14.6% | 4.09
17.6kg&55% 14.5 0.503 23.9% 5.77
12kg&70% 5.6 0.171
turning 17.6kg&70% | 5.7 0.157 23% | 0.791
steadystate 12kg&55% 8.9 0.421 59.9% 10.36
17.6kg&55% 10.6 0.274 90.0% 21.89
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Table 21. Propulsion Torques During Maneuvers on Carpet

Maneuver/Phasg Configuration Mean Stand. Dev. % changd Cohen's
Torques (Nm) (Nm) d
12kg&70% 21.9 0.477
straight 17.6kg&70% | 23.5 0.361 7.2% 3.78
acceleration 12kg&55% 22.6 0.354 3.2% 1.67
17.6kg&55% | 23.6 0.561 7.8% 3.26
12kg&70% 7.0 0.129
straight 17.6kg&70% 7.1 0.266 1.5% 0.478
steadystate 12kg&55% 7.7 0.131 9.3% 5.38
17.6kg&5%% 8.2 0.326 16.0% 4.84
12kg&70% 19.4 0.567
turning 17.6kg&70% | 20.6 0.657 6.4% 2.19
acceleration 12kg&55% 20.7 0.523 6.6% 2.36
17.6kg&55% | 21.0 0.760 8.1% 2.34
12kg&70% 11.4 0.211
turning 17.6kg&70% | 12.0 0.182 5.4% 3.09
steadystate 12kg&55% 12.0 0.157 5.6% 3.39
17.6kg&55% | 12.5 0.205 10.1% 5.53

For the categories of straight stealgite, turning steaestate, and turning

acceleration, the configurations with 55% weight distribution accounted for the highest
propulsion torques. In disiction, the highest torques during straight acceleration were
recorded for the chair configurations with a 17.6 kg mass. Torques on carpet were less

different across configurations compared to torques measured on tile during both

trajectories and phaseshe greatest torque differences existed during the stsaty

phases of both trajectories.
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Figure 79. Propulsion torque across configurations for acceleration phase of straig

maneuver

The relative influences of mass and weight distribution on torque varied between

the straight and turning trajectories and whether the wheelchair was acugleradt a

steadystate speed. During straight acceleratiigre 79), the greater mass required, on

average, 7.4% greater torque on tile and 5.8% greater torque on carpet. For this maneuver,

the configurations with a 55% weigttistributions required 3.3% greater torque on tile and

2% greater torque on carpet. During straight stesdie speedd-igure 80), the 17.6 kg

configurations required 8.8% more torque on tile and 3.8% moradarg carpet. The

55% weight distribution configurations required 13.5% greater torque on tile and 11.8%

more torque on carpet.
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Figure 80. Propulsion torque across configuations for steadystate phase of straigh
maneuver
Turning torques indicated a greater influence of weight distribution. For the
acceleration phasé&igure 81), the increased mass required 6.4% and 3.9% more torque
on tile and carpet, respectively, while the change in weight distribution increased torque
by 16.5% on tile and 4.1% on carpet. During stestdye turning Kigure 82), the
additional mass increased torque by 10.6% on tile and 4.8% on carpet whereas the 55%

weight distribution increased torque by 73% on tile and 5.1% on carpet.

The standard deviations of the means reflect the high repeatabititg &MPS
system in measuring propulsion torque, with the forward axle and high mass configuration
exhibiting a slightly higher variability. This underscores its value for comparing different

configurations of manual wheelchairs. Both the percent changesftatt sizes serve as



useful comparisons against the base configuration of the ULW wheelchair and are reported
in Table 20andTable 21. An effect size of 1.0 indicatelsat the mean torque of the tested
wheelchair is at the 84percentile of the 12kg&70% wheelchair. An effect size of 2.0
indicates that the tested wheelchair is at the'™®@efcentile of the base ULWheelchair
configuration. The very large effect sizteerefore, show a distinction between the torques

measured across configurations, trajectories, and surfaces.
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Figure 81. Propulsion torque across configurations for acceleration phase of turnir
maneuver

Percentage differences, on the other hand, offer a relative comparison that can be
used to apply clinical relevancy. Torques measured dutngleration and steacbiate
speed phases are considered to be stable, meaning that a single torque is required to impart

the acceleration or speed during the respective phase of the maneuver. The work performed
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Figure 82. Propulsion torque across configurations for stedy-state phase of turning
maneuver

over that phase is directly related to thjue as well as the distance over which the torque

is applied. Differences in work, therefore, can be used to assess the propulsion effort that
a user must impart to complete the maneuver. In this study, the distances traveled in each
phase were the sanfor each test so the torque can be used to evaluate differences in
propulsion effort of a user. As an example, consider the straight trajectory on tile. Adding
5.5 kg to the 12.1kg&70% wheelchair increases torque by 6% during acceleration but only
by 2.3%6 when propelling at steagbtate. However, if 5.5 kg is addéed combinationto

shifting weight to the casters (17.6kg&55% configuration), 11% greater torque is needed
to accelerate and 23% greater torque is required to propel at a constant speed. This
comparison must be made with the knowledge that the acceleration phase was 2.5 s long

and the steadsgtate speed phase was 5 s long. If a user propels a longer distance, he or she
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would be applying this extra propulsion torque for longer durations, so pelitference

in torque is a more meaningful comparison compared to the magnitudernter

The torque required to maneuver a wheelchair is directly related to the inertial and
frictional influences of the wheelchair system. Torque during acceleratisnbaapplied
to overcome both inertia and friction. In distinction, the torque required to maintain-steady
state velocity is influenced by the need to overcome friction. Therefore, torques are
naturally greater during acceleration than during stestal velocity because work is

required to accelerate all components with mass.

For the configurations tested, the torque required to accelerate the chair in a straight
direction was over twice that required to keep the chair moving. In turning, the adcoelerat
torques were 80% greater than the stestdje torques, a lower but still appreciable
increase. From a human perspective, this large difference in torque translates to a
heightened instantaneous torque required for a user to accelerate a wheelgbaiedam
that required to maintain speed. This instantaneous torque imparted by the user can be

lowered by accelerating more slowly.

Friction is directly related to tire design and the surface the wheels are moiling
The influence of friction is verymparent by the large torque differences on carpet versus

tile. Carpet required, on average, 55% greater torque than that during maneuvers on tile.

The torque differences between straight and turning are not as straightforward to
discuss since differérvelocities were targeted and a fixeadlius turn requires torque to
be applied to only one wheel. However, a statement can be made towards how these two

trajectories differ with respect to the types of kinetic energy imparted onto the wheelchair
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during amaneuver. A straight trajectory involves a lot of translational KE because the
center of mass is moving over a distance; this requires work to be imparted into the system.
Turning also involves translational KE as well as turning KE, but the maneuvéresequ

less energy. However, the resistive losses in turning are greater than during straight
movement. A straight trajectory involves frictional losses dominated by rolling resistance
on the wheels and casters. Turning includes rolling resistance plssrtite The energy
losses in turning are much greater as evidenced by the fact that one slows down quicker

while turning compared to moving straighin & Sprigle, 2014.

Assessing the torque differences across mass and weight distribution are more
complex, hut still highlight the influences of inertia and frictioMass directly impacts
inertia and thus would be expected to have greater influence while acceleratirg.
change in weight distribution affects yaw inertia andréiative friction that existen the
casters and drive wheels. In general, added mass had a greater impact on torque while
accelerating a wheelchair in the straight direction on both surfatiesght distribution
had a greater influence on torque during straight stetatg speeds droth surfaces and
during both acceleration and steastgite phases while turning on tile. Mass and weight
distribution had nearly equal influences while turning on carpet during both the

acceleration and steadyate phases.

During acceleration in a stgit trajectory, the respective influences of mass and
weight distribution were similar on both surfacégy(re 79). While mass had a greater
influence during acceleration, acceleration torqs®e @ahcreased when more weight was
placed upon the casters (55% configuration). This latter result can be explained by the

greater rolling resistance of the smaller diameter casters relative to the drive (@héels
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Kauzlarich & J. G. Thacker, 198bhacker, Sprigle, & Morris, 1994 During steadystate
speeds, weight distribution had the greater impkaure 82 illustrates this by the larger

torques of the 55% weight distribution configurations regardless of wheelchair mass.

In turning, the relationship between mass and weight distribution changes because
of two factors, a change in yaw inertia and an enhaimfkgence of friction at the drive
wheels due to tire scrubl'able 19 shows that shifting weight to the casters impacts yaw
inertia much more than adding 5.5 kg of magsis corroborates previously reported
resuts on the impact of axle position and configurations on iné@espall, Seligsohn,

Dao, & Sprigle, 2018 Because friction is directly related to the normal forces between
the surfaces in contact, deilwheel scrub during turning is greater when 70% of weight is
placed upon the drive whedlsin & Sprigle, 2014. So, while accelerating into a turn,
inertia and friction exert opposite influences on propulsion torgueing acceleration on

tile, the increasgtyaw inertia of the 55% configurations leads to greater torques despite the
lower scrub torqueRjgure 81). This inertial influence becomes muted on carpet when
friction becomes more pronounced, resulting in lyementical torques except for the
lower torque for the 12kg&70% configuratiorDuring steady state turning, the torque
influences are more complex to partition, but AMPS empirically measystem torque.
Propulsion torque in steadyate follows thesame relationship as during acceleration.
Weight distribution has a greater impact on turning torque compared to mass while on tile,

but these influences become much smaller when turning on ciipetg 82).
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4.5.2 Impact of Castes and Drive Wheels on Propulsion Cost

Table 22. AMPS Weight-Distribution Configurations and System Yaw Inertia

Configuration Yaw In(-,;rtla % weight on drive wheelg
[kg-m‘]
60% 8.89 59.3%
S .
609% with) g6 62.6%

Pneumatic caster
70% 7.33 69.7%

70% wi t h
Pneumatic caster

80% 6.37 79.2%

80% with
Pneumatic caster

7.75 73.4%

6.72 82.6%

The yaw inertias and weight distributions of each wedistribution configuration
are shown irmable 22. Separate rows for configuratior
were added, as the use of this caster resu
effectively shifting more load onto the drive wheels and changing the vetseetblative
to other casters. However, as this reflects how a single user (as simulated by the constant
113 kg AMPS mass) would configure their wheelchair, the weight distributions with the 6
Xx 10 Pneumatic caster wi |l |enthoethe otbenweigitte r e d
distributions. Yaw inertia increased by 15% and 40% when mass was redistributed from

80% to 70% and 80% to 60% on drive wheels, respectively.

Table 2371 Table 28 summarize the propulsion costollapsed by casters and

collapsed by drive wheeldor each canonical maneuver on both tile and carpet.

12t



Table 23. AMPS Propulsion Costfor Straight Maneuvers on Tile

Drive Wheels Awerage [J/m] Standard Deviation [J/m]

60% 70% 80% 60% 70% 80%
Solid Mag 31.1 31.6 325 2.7 2.3 2.1
Spinergy 24.5 23.0 22.2 2.0 1.8 1.9
Stock Pneumatic | 21.9 20.3 19.6 1.9 1.7 1.6

Average [J/m] Standard Deviation [J/m]
Casters

60% 70% 80% 60% 70% 80%
4x1.5" FLSR 24.0 23.7 23.9 4.0 5.0 5.8
5x1.5" Primo SR | 26.1 25.3 24.8 4.4 55 6.3
5x1" Primo 25.1 24.6 24.6 3.9 4.9 5.7
6x1" Pneumatic | 27.9 26.3 25.7 4.8 5.3 6.1

Table 24. AMPS Propulsion Costfor Straight Maneuvers on Carpet

Drive Wheels Average [J/m] Standard Deviation [J/m]

60% 70% 80% 60% 70% 80%
Solid Mag 44.1 43.7 43.2 15 1.4 14
Spinergy 37.6 35.4 33.0 1.2 1.4 1.3
Stock Pneumatic || 38.4 35.6 33.1 15 15 1.3

—— |

Average [J/m] Standard Deviation [J/m]
Casters

60% 70% 80% 60% 70% 80%
4x1.5" FLSR 39.8 38.5 36.9 3.1 4.1 5.0
5x1.5" Primo SR | 40.8 38.8 36.9 31 4.0 4.9
5x1" Primo 40.4 38.6 36.6 3.3 4.1 5.0
6x1" Pneumatic | 39.2 37.0 35.4 3.1 4.3 5.2

Table 25. AMPS Propulsion Cost for Fixed Wheel Tirn Maneuvers on Tile

Drive Wheels Average [J/rad] Standard Deviation [J/rad]
60% 70% 80% 60% 70% 80%
Solid Mag 14.3 13.9 14.1 1.0 0.5 0.4
Spinergy 13.3 13.1 13.3 0.9 0.8 0.7
Stock Pneumatic || 13.4 13.3 135 1.0 0.8 0.7
Casters Average [J/rad] StandardDeviation [J/rad]
60% 70% 80% 60% 70% 80%
4x1.5" FLSR 125 12.8 13.3 0.5 0.6 0.7
5x1.5" Primo SR || 14.0 13.5 13.6 0.7 0.8 0.7
5x1" Primo 13.3 13.1 134 0.6 0.4 0.6
6x1" Pneumatic | 14.9 14.2 14.2 0.6 0.4 0.4
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Table 26. AMPS Propulsion Cost for Fixed Wheel Turn Maneuvers on Carpet

Drive Wheels

Average [J/rad]

Standard Deviation [J/rad]

60% 70% 80% 60% 70% 80%
Solid Mag 22.6 21.7 215 0.7 0.5 0.5
Spinergy 23.5 23.1 22.8 0.8 1.2 1.1
Stock Pneumatic || 23.4 22.3 22.1 0.9 1.1 1.1
Caters Average [J/rad] Standard Deviation [J/rad]

60% 70% 80% 60% 70% 80%
4x1.5" FLSR 23.2 22.5 22.2 0.6 0.7 0.8
5x1.5" Primo SR | 23.8 23.1 22.9 0.8 1.1 1.1
5x1" Primo 23.5 22.8 22.2 0.7 1.0 0.8
6x1" Pneumatic | 22.2 21.3 21.1 0.5 0.6 0.6

Table 27. AMPS Propulsion Cost for Zero Radius Turns Maneuvers ofTile

Drive Wheels

Average [J/rad]

Standard Deviation [J/rad]

Average [J/rad]

60% 70% 80% 60% 70% 80%
Solid Mag 14.1 11.9 10.8 2.1 1.0 0.5
Spinergy 114 9.0 7.6 1.9 0.8 0.4
Stock Pneumatic || 11.1 9.5 8.3 1.4 1.0 1.1

Standard Deviation [J/rad]

Casters 60% 70% 80% 60% 70% 80%
Ax15" FLSR 105 93 84 11 13 17
5x1.5" Primo SR | 13.0 10.7 98 1.2 15 15
5x1" Primo 10.8 9.2 83 1.4 11 1.2
6x1" Pneumatic | 14.6 11.2 9.0 22 1.4 13

Table 28. AMPS Propulsion Cost forZero Radius Turns Maneuvers on Carpet

Drive Wheels

Average [J/rad]

Standard Deviation [J/rad]

Average [J/rad]

60% 70% 80% 60% 70% 80%
Solid Mag 16.6 15.0 13.9 1.0 0.6 0.6
Spinergy 14.7 12.8 11.0 0.9 0.5 0.3
Stock Pneumatic || 16.3 14.4 12.7 0.8 0.4 0.5

Standard Deviation [Jd]

Casters 60% 70% 80% 60% 70% 80%
4x1.5" FLSR 148 137 124 07 1.0 13
5x1.5" Primo SR | 16.5 145 132 11 0.9 1.4
5x1" Primo 153 13.7 123 11 1.0 11
6x1" Pneumatic | 16.8 14.4 122 0.7 11 1.0




The propulsion cost for all three canonical maneuver increased between tile and

carpet surfaces. On average, straight propulsion cost increased by 52%yHeeddurn

propulsion cost increased by 66%, and z@chus turns propulsion cost increased by 36%.

This suggests straight and fixedheel turn maneuvers are the most sensitive to rough

surface conditions. On tile, fixagheel turn maneuvers had on average a 30% greater

propulsion cost than zemadius turnsmaneuvers.

On carpet, this percent difference

increased to 59%. Both of these maneuvers have a kinematic outcome based on heading

change. However, the fixed wheel turn is impacted by its larger translational kinetic energy

as well as the scrub torqueits fixed drive wheel. The sole resistive loss that is present

in zeraradius turns but absent in fixedheel turn maneuvers is caster scrub due to swivel,

which appears to be too small to offset the differences between these two maneuvers.

ANOVA Analys

Normality of the dependent measures were assessed using Kolm&yonmov

analysis. Propulsion costduring the straight trajectoriewas found to violate the

assumption of normality. ANOVA was run using a Bogx transformation of this data.

Table 29. ANOVA of Straight Maneuvers on Tile

Source DF Adj SS | AdjMS | FValue | P-Value
DRIVE WHEEL 2 1.20037| 0.600186| 882.85 |0
CASTER 3 0.05607 | 0.018691| 27.49 0

WD CONFIG 2 0.01867| 0.009333| 13.73 0
DRIVE WHEEL*WD CONI 4 0.0309 | 0.007724| 11.36 0
CASTER*WD CONFIG 6 0.00533| 0.000888| 1.31 0.304
Error 18 0.01224| 0.00068

Total 35 1.32358
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Table 30. ANOVA of Straight Maneuvers on Carpet

Source DF AdjSS | AdjMS | RValue | P-Value
DRIVE WHEEL 2 0.347627| 0.173813| 1573.83| 0
CASTER 3 0.010059| 0.003353| 30.36 0

WD CONFIG 2 0.060054| 0.030027| 271.89 | 0
DRIVE WHEEL*WD CONJ 4 0.020189| 0.005047| 45.7 0
CASTER*WD CONFIG 6 0.000778| 0.00013 | 1.17 0.363
Error 18 0.001988| 0.00011

Total 35 0.440695

For the straight trajectory, the mean propulsion cost values within all three factors

depended on the %WD value.

were significantly different on both tile and carpet. This result means that the levels within
each factor were not equal. The interaction between drive wheel and %\&/Rlswa

significant on both surfaces, meaning that the response for the type of drive wheel

Table 31. ANOVA of Fixed Wheel Turn Maneuvers on Tile

Source DF Adj SS | Adj MS | FValue | P-Value
DRIVE WHEEL 2 5.1288 | 2.56442|28.07 |0
CASTER 3 12.4056| 4.13521| 45.27 0
WD CONFIG 2 0.4508 | 0.22541| 2.47 0.113
DRIVE WHEEL*WD CON| 4 0.1635 | 0.04087| 0.45 0.773
CASTER*WD CONFIG |6 2.242 | 0.37367| 4.09 0.009
Error 18 1.6444 | 0.09135

Total 35 22.0351

Table 32. ANOVA of

Fixed Wheel Turn

Maneuvers on Carpet

Source DF Adj SS | Adj MS | FValue | P-Value
DRIVE WHEEL 2 8.548 | 4.27402| 29.72 0
CASTER 3 14.6265| 4.87551| 33.9 0

WD CONFIG 2 7.2156 | 3.60778| 25.09 0
DRIVE WHEEL*WD CON| 4 0.7178 | 0.17945| 1.25 0.326
CASTER*WD CONFIG | 6 0.2156 | 0.03593| 0.25 0.953
Error 18 2.5884 | 0.1438

Total 35 33.9119




For fixed wheel turns, propulsion cost significantly differed across both drive wheel
and caster type on both tile and carpet with %WD dpaignificantly different only on
carpet. Because the %WD main effect was not significant on tile, its interactions were not
assessed. On carpet, because neither interaction was significant, one can infer that the

propulsion cost ofhe componentare inc&pendent of %WD during fixeaheel turns.

Table 33. ANOVA of Zero Radius Turns Maneuvers on Tile

Source DF Adj SS | Adj MS | FValue | P-Value
DRIVE WHEEL 2 61.956 | 30.9781|78.82 |0
CASTER 3 35.946 |11.9821|30.49 |0

WD CONFIG 2 68.334 | 34.1669|86.94 |0
DRIVE WHEEL*WD CONF| 4 1.21 0.3026 | 0.77 0.559
CASTER*WD CONFIG 6 10.939 | 1.8231 | 4.64 0.005
Error 18 7.074 | 0.393

Total 35 185.46

Table 34. ANOVA of Zero Radius Turns Maneuvers on Carpet

Source DF AdjSS | Adj MS | FValue | P-Value
DRIVE WHEEL 2 34.018 | 17.009 | 134.38 |0
CASTER 3 7.574 2.5248 | 19.95 0
WD CONFIG 2 66.991 | 33.4957| 264.64 |0
DRIVE WHEEL*WD CONJ 4 1.164 |0.2909 | 2.3 0.099
CASTER*WD CONFIG 6 4261 |0.7102 | 5.61 0.002

Error 18 2.278 | 0.126

Total 35 116.287

For zero radius turns, the mean propulsion cost values within all three factors were
significantly different on both tile and carpet. The interactions between casters and %WD
was also significant on both surfaces at the p < [@@& while the interactions between
drive wheel and %WD on carpet was significant at the p < 0.1 level. The propulsion cost
of drive wheel type did not depend on %WD when traveling on tile based upon the non

significant interaction.
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The cost of propulen differedsignificantly across drive wheel and caster types
during all three canonical maneuvers and on both surfaces. This result can be inferred to
mean that the selection of drive wheels and casters influences the propulsion of manual
wheelchairs obothhigh and low friction surfacedsr bothstraight andurning trajectories.
Differentconfigurationof %WD impacted propulsion cost during two maneuvers, straight
and zero radius turnsuggesting that adjustments of fafé axle position on a wheskair
strongly influence user effort during these two maneuvéhe 60%80% span of weight
distributions influenced propulsion cost during fixed wheel turns on the higher friction

carpeted surface but not on tile.

The interactions with Drive Wheel dnCaster types provide insight into the
combined influences of %WD, drive wheels and casters on the cost of propulsion. During
a straight trajectory, the performance of drive wheas measured by propulsion cos
dependent on the %WD of the wheelclgystem. Caster performance is not dependent
on the %WD during a straight trajectoryogether, this illustratethe significant impact
that drive wheel load has on system rolling resistance, while thebkatl variancen
caster rolling resistancewtributionto the system is not significanDuring fixed wheel
turns, neither drive wheel or caster performance depends on the %WD of the wheelchair
demonstrating the component s &Finaljwduregzemot i vi t-
radius turs, caster performance was dependent on %WD levels on both surfaces but drive
wheel performance is only dependent on %WD when traveling on cafjpes. can be
rationalized by thepresence of the highesistance swiveling of the casters in this
maneuver, ware added front load would amplify this resistive force greatly. Drive wheels,

on the other hand, only seem to experience significant load sensitivity on carpet.
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Effect Sizes and Percent Differences

Keying off of the ANOVA analysis, both the effect sizexl percent changes were
|l everaged as useful comparisons against a
Primo casters, and Stock Pneumatic drive wheels. An effect size of 1.0 or 2.0 indicates
that propulsion cost of the tested wheelchair is a8tHepercentile or 977 percentile of
the base wheelchair configuration, respectively. The very large effect sizes, therefore,
show a distinction between the propulsion cost measured across configurations,
trajectories, and surfaces. Percentage diffegs, on the other hand, offer a relative
comparison that can be used to apply clinical relevancy. These differences in work can be
used to quantify the relative propulsion effort that a user must impart to complete the
maneuver with different components the follow section, the percent changes and effect
sizes for different component and weiglistribution configurations are tabulated, each
table separated by maneuver and surface type. Green and red highlighting are used to
denote increase and demse with respect to the stock component/configuration,
respectively. Effect sizes > 1 are bolded. Corresponding plots of average caster and drive
wheel propulsion cost are also included for each maneuver and surface type. These plots
will serve to bette illustrate the differences between components and configurations

summarized by the tables.
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Table 35. Straight (Tile) Propulsion Cost% Differencesand Effect Sizes

Drive Wheels % Change Cohen's d
60% 70% 80% 60% 70% 80%
Sold Mag 42.2% 55.2% 66.3% 3.94 5.54 6.93
Spinergy 12.1% 13.1% 13.4% 1.35 1.51 1.47
Stock Pneumatic| 0.0% 0.0% 0.0% 0.00 0.00 0.00
% Change Cohen's d
%WD . . Stock . ) Stock
Solid Mag | Spinergy Preumatic Solid Mag | Spinergy Pheumatic
60% | -4.4% 10.5% 11.8% -0.60 1.19 1.29
70% | -2.8% 3.8% 4.1% -0.42 0.45 0.48
80% | 0.0% 0.0% 0.0% 0.00 0.00 0.00
]
Casters % Change Cohen's d
60% 70% 80% 60% 70% 80%
4x1.5" FLSR -4.3% -3.5% -3.0% -0.28 -0.18 -0.13
5x1.5" Primo SH 3.9% 2.7% 1.0% 0.24 0.13 0.04
5x1" Primo 0.0% 0.0% 0.0% 0.00 0.00 0.00
6x1" Pneumatic| 11.2% 6.9% 4.4% 0.65 0.33 0.18
% Change Cohen's d
%WD | 4x1.5"| 5x1.5" 5x1" 6x1" 4x1.5" 5x1.5" 5x1" 6x1"
FLSR| Primo SR Primo | Pneumatic| FLSR| Primo SR Primo | Pneumatic
60% |(0.7% |5.1% 2.2% | 8.9% 0.03 0.23 0.11 0.42
70% | -0.5% | 1.7% 0.1% | 2.5% -0.02 | 0.07 0.00 0.11
80% | 0.0% | 0.0% 0.0% | 0.0% 0.00 0.00 0.00 0.00
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Figure 83. Propulsion Cost ofDrive Wheel Configurations for
Straight Maneuvers on Tile
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Figure 84. Propulsion Cost ofCaster Configurations for Straight
Maneuvers on Tile

For propulsion cost of straight maneuvers on tile, MWCs configured with the Solid
Mag exhibit the largest positive and increasing effect size (3.843) with respect to
configurations with the Stock Pneumatic, which is lowest in propulsion cost. Percent
differences between these two drive wheels range from 42.2% to 66.3% across 60%WD to
80%WD. The Spinergy configurations also have large positive effect sizes with tespect
the Stock Pneumatic configurations (1135.51), with percent differences across weight
distributions ranging from 12.1% to 13.4%. Both Spinergy and Stock Pneumatic
configurations experience an increase in propulsion cost with decreased load on drive
wheels, with significant effect sizes at 60%WD with respect to their 80%WD
configurations (1.19 and 1.29). This translates to a 10.5% and 11.8% increase in propulsion
cost, respectively. The Solid Mag configurations, however, decrease in propulsion cost
with less load on drive wheels, which translates to the Solid Mag being, on average, less

efficient in rolling than the casters within these weidistributions. Differences between
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casters for straight maneuver propulsion cost on tile are smaller, iite 6 x 1 0 Pneum
having the greatest effect size of 0.65 (11.2% greater) at 60%WD when compared to the
5x10 Pri mo. The 6x10 Pneumatic configurat
an effect size of 0.42 (8.9% greater) between its 80%WD @#ID configurations. The

only caster configurations to register a r

Primo is thel3%x1l.50 FLSR (

Table 36. Straight (Carpet) Propulsion Cost% Differences and Effect Sizes

DriveWheels % Change Cohen's d

60% 70% 80% 60% 70% 80%
Solid Mag 14.7% 22.8% 30.8% 3.79 5.59 7.47
Spinergy -2.1% -0.5% -0.2% -0.59 -0.12 -0.04
Stock Pneumatic| 0.0% 0.0% 0.0% 0.00 0.00 0.00

% Change Cohen's d
%WD . . Stock . . Stock
Solid Mag | Spinergy Peumatic SolidMag | Spinergy Peumatic

60% | 1.9% 14.0% 16.2% 0.58 3.72 3.75
70% | 1.0% 7.2% 7.5% 0.31 1.78 1.75
80% | 0.0% 0.0% 0.0% 0.00 0.00 0.00
Casters % Change Cohen's d

60% 70% 80% 60% 70% 80%
4x1.5" FLSR -1.4% 0.0% 0.7% -0.17 0.00 0.05
5x1.5" Primo SH| 1.0% 0.5% 0.8% 0.13 0.05 0.06
5x1" Primo 0.0% 0.0% 0.0% 0.00 0.00 0.00
6x1" Pneumatic | -2.9% -4.0% -3.3% -0.36 -0.36 -0.24

% Change Cohen'sd
%WD | 4x1.5"| 5x1.5" 5x1" 6x1" 4x1.5"| b5x1.5" 5x1" 6x1"
FLSR| Primo SR Primo | Pneumatic| FLSR| Primo SR Primo | Pneumatic

60% | 8.0% | 10.5% 10.3% | 10.7% 0.71 |0.95 0.88 0.88
70% || 4.5% | 5.0% 5.3% | 4.6% 0.37 |041 0.42 0.34
80% | 0.0% | 0.0% 0.0% | 0.0% 0.00 |0.00 0.00 0.00

For straight maneuvers on carpet, the Solid Mag maintains its large positive effect
sizes but reflects smaller pertelifferences (3.79 7.47, 14.7% 30.8%) with respect to

the Stock Pneumatic configurations across all weight distributions. On carpet, the Spinergy
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configuration propulsion costs are no longer greater than that of Stock Pneumatic
configurations and gihtly lower in certain cases2(9%). This suggests that the Stock
Pneumatic straight propulsion costs have increased relative to Spinergy and Solid Mag
configurations on carpet. All drive wheel configurations on carpet exhibit an increasing
benefit of educed propulsion with more load on the drive wheels (80%WD). The benefit
is small for the Solid Mag configurations (1.9%), but the Spinergy and Stock Pneumatic
have a 14% and 16.2% propulsion cost difference between 80%WD and 60%WD. This
suggests thancreased percent loadimg drive wheelss more advantageous on carpet

than on tile.

Propulsion cost differences between caster configurations are smaller on carpet
compared to on tile. On til e, the caster
configurations by an average of 4.5%, while on carpet, they only differed by an average of
1. 6 %. Further more, configurations with t
configuration to have an absolute effect size greater than 0.2, or at greater th&h the
percentile of the 5x10 Primodbs propul sion
difference between the propulsion costs of different caster configurations, but it would
appear only MWCs configured wit hthéothér&a Pneu
The 6x10 Pneumatic configurations are also
when compared to tile. On carpet, instead of having an increased propulsion cost, this
castero6s conf i gur at-#4% neductionnwpuisiergcossrelaivedod a 2
the base casterdés configurations. This su
caster to use on carpet when traveling in straight maneuvers. Casters configurations were

also more sensitive to weigtistribution differewes for straight maneuvers on carpet,
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with an average 7.4% propulsion cost difference (0.62 effect size) from the base 60%WD,

compared to the 2.7% propulsion cost difference (0.12 effect size) on tile.

Straight Propulsion CosDWSs (Carpét
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2 @ Spinergy

PropulsionCost[J/m]
w
(e}
o

35.0 D ® Stock Pneumatic

31.0
60% 70% 80%

% load on DW

Figure 85. Propulsion Cost ofDrive Wheel Configurations for Straight
Maneuvers on Carpet
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Figure 86. Propulsion Cost of Caster Configurations for Straight
Maneuvers on Carpet



Table 37. Fixed WheelTurn (Tile) Propulsion Cost % Differences and Effect Sizes

Drive Wheels % Change Cohen's d
60% 70% 80% 60% 70% 80%
Solid Mag 6.9% 4.3% 4.6% 0.91 0.89 1.05
Spinergy -0.7% -1.8% -1.2% -0.10 -0.30 -0.22
Stock
Pneumatic 0.0% 0.0% 0.0% 0.00 0.00 0.00
% Change Cohen's d
%WD . . Stock . . Stock
Solid Mag | Spinergy Pheumatic Solid Mag | Spinergy Pheumatic
60% 1.8% 0.0% -0.4% 0.33 0.00 -0.06
70% -1.4% -1.8% -1.2% -0.42 -0.31 -0.21
80% 0.0% 0.0% 0.0% 0.00 0.00 0.00
]
Casters % Change Cohen's d
60% 70% 80% 60% 70% 80%
4x1.5" FLSR -6.4% -2.4% -0.3% -1.54 -0.59 -0.06
5x1.5" Primo SF 5.3% 2.8% 1.6% 1.11 0.57 0.34
5x1" Primo 0.0% 0.0% 0.0% 0.00 0.00 0.00
6x1" Pneumatic 12.1% 8.3% 6.3% 2.76 2.49 1.69
% Change Cohen's d
%WD || 4x1.5"| 5x1.5" 5x1" 6x1" 4x1.5" 5x1.5" 5x1" 6x1"
FLSR| Primo SR Primo | Pneumatic| FLSR | Primo SR Primo | Pneumatic
60% -6.4% 3.3%| -0.3% 5.1%| -1.35 0.63| -0.07 1.41
70% -3.8% -0.5%| -1.7% 0.1% -0.75 -0.10| -0.45 0.05
80% 0.0% 0.0%| 0.0% 0.0% 0.00 0.00 0.00 0.00
FixedWheel Turn Propulsion CosbWs (Tilg
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Figure 87. Propulsion Cost of Drive Wheel Configurations for Fixed
Wheel Turn Maneuvers on Tile
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For fixedwheel maneuvers on tile, thegpulsion cost differences amongst MWCs
configured with different casters was greater than that\widd configured with different
drive wheels. On average, the castdluenced propulsion cost percent difference was
more than 3%, while the drive wheafluenced difference was 2%. Only the Solid Mag
configurations had a significant effect size in their propulsion costs with respect to the
Stock Pneumatic configurations, ranging from 0.89 to 1.05 with percent differences from
4.3% to 6.9%. Furthermores aeen irkigure 87, the propulsion cost of each drive wheel
configuration appears to reach their minimums at 70%WD. Recalling that the system yaw
inertia differences between weight distribution configurations 60%WD and 70%WD
(decrease of 1.56 kgr?), and 70%WD and 80%WD (decrease of 0.961Kyare different,
one might speculate that the balanced between inertial and resistive effects are being altered

by the inconsistent system yaw inertias between welgitibutionconfiguratons.
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Figure 88. Propulsion Cost of Drive Wheel Configurations for Fixed
Wheel Turn Maneuvers on Tile (SteadyState Phase)



To test this theory, we determined the propulsion cost of the sttaidyphase for
fixed-wheel turn maneuvers to remove the impact of system yaw inertia. Plotting this data
in Figure 88, we see that while the propida costs are reduced across all configurations
due to no changes in system kinetic energy, the relative relationship between the different
propulsion torques across the three wejbtributions does not change. This implies that
t he A mi ni muoodtoqeurringati70%\WDois a result of the interactions between

the different load sensitivities of their component resistive losses.
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Figure 89. Propulsion Cost of Caster Configurations for Fixed Whee
Turn Maneuvers on Tile

The Amini mumo propul sion cost feature c.
and 5x10 Pri mo c daentofeahe steadgtatd grepulsion cost yieddedino a
relational changes. In spite tfie ANOVA results that indicate a lack of weight
distribution impact on propulsion cost for fixedh e el t ur ni ng, the 4x1.
Pneumatic configurations exhihiteconsiderable sensitivity to load, with percent

differences 0t6.4% and 5.1% (effect sizek.35 and 1.41) at 60% WD, respectively. This
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