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Abstract.

BACKGROUND: Manual wheelchair users are at a high risk of repetitive strain injuries, carpal tunnel syndrome, and rotator
cuff tears due to propelling their wheelchair for mobility. Rolling resistance (RR) is one of the key forces that leads to increased
propulsion forces and risk of injuries.

OBJECTIVE: To better understand the factors contributing to RR, we iteratively designed, developed, and validated a drum-based
testing machine and test method.

METHODS: As part of the validation of the system, we tested and compared 4 manual wheelchair wheels under a range of
conditions including camber, toe in/out, tire pressure, surfaces, and speed. A treadmill was employed to simulate flat ground RR.
RESULTS: A machine was effectively designed, developed, and tested to measure RR. Tire type, surfaces, and toe were found
to be the largest contributors to RR. Comparison of the drum-based system to flat ground revealed that an offset can be used to
calculate overground RR from drum measurements.

CONCLUSIONS: Ongoing work includes performing a comprehensive analysis of the degree to which each factor contributes to
RR of commonly used casters and rear-wheels so that the wheelchair sector can work to reduce RR and the associated risk of
repetitive strain injuries.
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1. Introduction tween the tire and the ground is the main contributor to
RR. This energy loss increases the required push-rim
forces, which are associated with upper-extremity pain

and injury such as carpal tunnel syndrome and rotator

Manual wheelchair propulsion has been extensively
studied in an effort to reduce the risk of repetitive strain

injuries and pain of the upper extremities of manual
wheelchair users (MWU) [1]. Rolling resistance (RR)
of the tires and wheels rolling over a surface is one of
the forces that MWU must overcome to propel their
wheelchairs [2]. Energy loss that occurs due to the con-
tinuous compression and expansion at the contact be-
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cuff injuries [3-5]. Figure 1 details the forces seen at
the push rim, where the tangential force must be greater
than the RR force to propel the manual wheelchair
(MWC) forward by applying a rotational torque that
overcomes the RR torque.

The research focused on understanding contributing
factors to MWU upper limb injury and pain resulted
in a clinical practice guideline [6]. This guideline rec-
ommends reducing RR by the use of better bearings,
larger diameter wheels, low wheelchair weight, and a
forward axle position for adjustable wheelchairs [6].
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Fig. 1. Rolling Resistance Free body diagram where F% is the tan-
gential fce, V is the angular velocity, and W is the load on the axle
Z, Frr is the RR force, Mzt is the moment due to the tangential
force, Mzprr is the moment inducing the RR force.

Additionally, other studies show that increased loads are
correlated to increased RR and decreased self-selected
velocity [7-10].

Although these are all rational and evidence-based
recommendations, they do not provide the more com-
plex insight that could be valuable. For example, the
benefits or drawbacks of using different types of wheels
and tires over different types of terrains; the relative
impact of RR based on the setup of the device (camber
and rear axle position) compared to the impact of RR
due to changes that may occur after the user receives
their wheelchair, such as tire deflation or wheel mis-
alignment. The lack of detailed recommendations on
the factors influencing RR and approaches to mitigate
them is due to the scope and type of data on wheelchair
wheel RR.

In order to assess what the industry has already ac-
complished on this topic, a scoping literature review
was conducted through database searches and articles
recommended by colleagues. Results of the scoping
review identified the range of existing test methods
used to measure RR in manual wheelchairs. Seven
test method categories were identified including de-
celeration, motor draw, treadmill, physiological expen-
ditures, drag, ergometer/dynamometer, and a robotic
test rig [11]. Only two of the test methods (treadmill
and drag) are considered a direct measurement of RR
forces [12,13]. The remainder measure a proxy mea-
surement to calculate the resistive forces, which can
be less accurate and the results are more challenging
to interpret. Additionally, all of the identified testing
methods were applied to an entire wheelchair rather
than individual wheels or tires. Because of this, it is dif-
ficult to discern the influence of individual factors (e.g.
tire pressure, tire type, load) which are needed to un-
derstand their influence and guide stakeholders on how

Toe Out

Top view of the rear wheels

Fig. 2. Toe Free Body Diagram, V' is velocity, F} is the tangential
force, F}. is the tangential component in the x-direction, Ft,, is the
tangential component in the y-direction.

to reduce RR. The methods were also evaluated against
their ability to test RR on multiple surfaces. Measure-
ment methods such as the dynamometer or treadmill
do not easily provide the ability to attach surfaces to a
small drum. While the other methods have the ability
to test multiple surfaces, only the drag test was a direct
measurement; but all methods were system-level test-
ing [12-16]. Ultimately, no method was able to meet
the needs to complete comprehensive testing to provide
insight into the mitigation of RR.

The scoping literature review was also able to iden-
tify the factors tested with the various test methods.
Eight testing factors were identified including camber,
toe, tires, tire pressure, casters, increased mass, load
distribution, and surfaces. Toe and tire selection were
found to be the highest influencers on RR, where small
degrees of toe can drastically increase RR. Pnuematic
tires were found to be more efficient than solid or airless
insert tires. Surfaces came in third with carpet having
a high RR than tile ans smooth concrete, followed by
tire pressure which is inversely related to RR. The over-
all weight and load distribution had varying results on
their level of influence due to differneces in the studies
conducted. Camber was found to not be influential with
one study contradicting the consensus. Toe is defined
as the misalignment of the rear-wheels where toe in has
the front of the wheels closer together than the rear. Toe
out is the inverse, but both are demonstrated in Fig. 2.
Casters can vary due to material, design, and sizes mak-
ing it difficult to discern their impact. It is understood
that some factors are more influential than others, but
without standardized testing and reporting, it is difficult
to understand the exact effect of each factor [11]. Fur-
thermore, without the testing at a component level, the
direct impact of one factor is challenging to accurately
measure [2,12-17].
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Table 1

125

Design and performace specifications

Rear-wheels

Factor Range Increment Justification
Camber 0 to 5 degrees 1 degree User preference where most devices do not allow more than 5 degrees.
Load 0 to 150 Ibs. 20 Ibs. 75 Ibs. represents the load on one wheel with a 60/40 distribution of 250 Ibs.
Toe In/Out —2.5to 2.5 degrees 0.5 degree Field data suggest that less than 2 degrees are commonly found.
Speed Upto 1 m/s 0.5 m/s Common propulsion speed is 1 m/s
Tire Pressure ~ Up to 100% of max 20% of max  Smaller interval than previous tire pressure studies
Surfaces Carpet to start Level of pile ~ Common heights of commercial-grade carpet.
Tire Type 624" rear-wheels varied 1 wheel Recommended by industry experts

by type

Casters

Factor Range Increment Justification
Load Up to 100 Ibs. 10 Ibs. 50 Ibs. represents the load on one caster with a 60/40 distribution of 250 Ibs.
Speed Upto 1 m/s 0.5 m/s Common propulsion speed is 1 m/s
Tire Pressure ~ Up to 100% of max 20% of max  If applicable, some pneumatic casters on the market
Surfaces Carpet to start Level of pile ~ Common heights of commercial-grade carpet.
Caster Type 6 casters varied by type 1 caster Recommended by industry experts

While some methods had capabilities to evaluate sur-
faces or other factors, not one system was able to mea-
sure RR across all factors and at a component level.
Therefore, a new approach needed to be implemented
to ensure the goals were met. After a thorough review,
a drum-based approach provided the desired outcome,
which is what the tire industry uses to measure RR [18].
The drum-based method is employed with an axle trans-
ducer to measure the forces. However, passenger car
tires can have a larger diameter and most often a larger
width than wheelchair tires. Therefore, more forces are
experienced during their testing. It was a concern that
it would be difficult to detect the smaller forces seen
in wheelchair wheels if the same measurement style
was employed. The drum used for passenger care tire
testing was a 5.6-foot diameter drum, in which it was
assumed there was a negligible difference between the
curvature of the drum and the flat ground [18]. The dif-
ference can be calculated by a formula establishing the
relationship of the contact patches on a curved surface
versus a flat surface [19]. The goal of this project was
to address these limitations by developing and validat-
ing a drum-based RR test equipment and a test method
for wheelchair wheels based on the gold standard test
method used to measure RR of tires for passenger cars
and trucks [20]. Additionally, some preliminary results,
to include sensitivity testing, are also reported.

2. Methods

We performed a multi-stage, iterative design process
to ensure that the final test method was robust and valid.
The following stages were completed, and the meth-

ods are described in detail below: Ideation (Stage 1),
Design Iteration (Stage 2), Final Design (Stage 3), and
Characterization of the System (Stage 4).

In the Ideation Stage (1), we established a core de-
sign team of subject matter experts and convened a
series of brainstorming sessions. These sessions were
informed from the past experience of the members of
the design team as well as previous relevant literature
that was shared among the team. The results of these
brainstorming sessions included sketches of the pro-
posed test equipment as well as the design and per-
formance specifications shown in Table 1. The previ-
ous test methods were reviewed, evaluated, and ranked
based on effectiveness to meet the following goals:

— To measure the RR force with a repeatability of
10% as measured on the reference trials.

— To test the factors of load, toe, tire pressure,
surfaces, casters, camber, speed, tire type at
community-relevant levels detailed in Table 1 and
sensitivity levels outlined in Table 3.

— To test the factors independently and combined at
a component level.

Ultimately, no previous method met all of the afore-
mentioned goals, therefore a new testing method needed
to be developed.

In the Design Iteration Stage (2) one of the individu-
als from the core design team led the component-level
design of the system using Solidworks. Weekly meet-
ings were held to review the design progress until a final
design was established. A prototype was then built and
preliminary testing was performed to evaluate whether
design and performance specifications were met. The
deisgn is based on the gold standard test method from
the passenger car truck tire testing.



126 J. Ott et al. / Development and calibration of drum-based RR testing machine

Table 2
Overground comparison

Rear-wheels

Factor Range Increment  Justification
Load 55 to 95 Ibs. 20 Ibs. 75 1bs. represents the load on one wheel with a 60/40 distribution of 250 Ibs.
Toe in +0to +2 degrees 1 degree A subset of the full scale
Tire type 4 rear-wheels 1 wheel From a selection of 6 wheels based on clinical recommendations.
Casters
Factor Range Increment  Justification
Caster type 3 casters 1 caster A selection of 3 wheels based on clinical recommendations.
Load 40 to 60 Ibs. 10 Ibs. 50 Ibs. represents the load on one caster with a 60/40 distribution of 250 Ibs.
Table 3
Sensitivity levels
Rear-wheels
Factor Goal Test range Test increment  Justification
Load 10 lbs. 65 to 75 lbs. 11b. 75 1bs. represents the load on one wheel with a 60/40 distribution of
250 Ibs.
Toe in/out 0.5 degree —1toldegree 0.25 degree Toe is more influential farther from 0, testing around O gives the hardest
scenario to determine sensitivity.
Tire pressure  20% of max 60 to 90 psi 5 psi Smaller interval than previous tire pressure studies and max inflation

was 75 psi.

In the Final Design Stage (3), the lead designer re-
fined the design based on the preliminary testing of the
prototype. Similar to Stage 2, weekly meetings were
held to review component-level and system-level de-
signs until the design was finalized and fixed. Fabrica-
tion of the system was then performed using in-house
prototyping equipment, as well as contracted services
for parts that required high-precision manufacturing.

In the Characterization of the System (Stage 4), a
systematic approach was used to test the repeatability
and sensitivity of the system across all of the factors that
could be compared, including load, camber, toe in/out,
tire pressure, and tire-type. External validity was per-
formed by comparing drum-based RR measurements to
those collected on a treadmill (simulating overground
rolling) under the following conditions detailed in Ta-
ble 2. The drum-based machine was operated with the
same treadmill belt material placed on it. Due to the
vinyl backing of the belt and the powder coating of the
drum, rug anti-slip tape had to be applied to the drum to
keep the treadmill belt material from moving under toe
factor testing. Additionally, 1" binder clips were used
to secure the belt to the drum.

The four rear-wheels tested, as seen in Table 4, are the
high pressure on a standard wheel (HPS), low pressure
with airless insert (AIS), knobby tire (KLS), and solid
poly mag (SPM). Additionally, the three casters tested,
as seen in Table 5, are the 4” diameter poly (4PO), 5”
diameter softroll (5SR), and 8 diameter poly (8PO).
The setup of the testing will follow these following
general steps:

1. The parallel rods are aligned co-linear to the belt
of the treadmill.

2. An initial zeroing testing is run to evaluate RR
forces from —0.5 to +0.5 toe angle, and if needed,
minor alignment adjustments can be made to en-
sure that the lowest RR force is associated with
the O setting for toe angle.

3. The nominal load is it is set at 75 pounds for a
rear-wheel and 50 pounds for a caster, respect-
fully.

4. All testing is run at 1 m/s.

5. Factors will be changed based on Table 2 above.

The testing procedure began with rear-wheels in the
order they are listed in Table 4 and following the testing
order of factors as listed in Table 2. After the rear-
wheels were tested, the testing order for casters was
followed as listed in Table 5 and the factors listed in
Table 2. For each condition, three trials were run and
the average was taken.

To determine the precise offset between the drum
and overground measurements, an only main-effects
ANOVA model was built with RR force of the over-
ground treadmill as the dependent variable (DV), RR
force of the drum as a covariate, and load, toe, and tire
type as factors. The results were significant (p < 0.05)
for all factors and factor estimates were included in the
model. The same analysis was run for casters and re-
sulted in an equation to adjust casters to an overground
testing scenario. This analysis provides comparison to
real-world scenarios or external validity.
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Tires for testing

Tire types

HPS  High-Pressure tire on Standard lite spoke
Dimensions: 24” diameter and 17 width

Maximum air pressure 145 psi

AIS Airless Insert in a low-pressure tire on a Standard lite spoke

Dimensions: 24" diameter and 1.375” width
KLS  Knobby Low-Pressure tire on Standard lite spoke

Dimensions: 24” diameter and 1.375” width, knobby tire, Maximum air pressure 65 psi
SPM  Solid Polyurethane tire on a Mag style wheel

Dimensions: 24” diameter and 17 width
LPS Low-Pressure tire on Standard lite spoke

Dimensions: 24” diameter and 1.375” width

Maximum air pressure 75 psi

Caster types

Caster types

4PO  Four by One Poly

Dimensions: 4” diameter with 17 width, polyurethane on aluminum hub

5SR  Five by One and a half Softroll

Dimensions: 5” diameter and 1.5” width,

polyurethane on aluminum hub
8PO  Eight by One Poly

Dimensions: 8” diameter and 1" width, polyurethane, rounded profile, on a plastic hub

Sensitivity was performed for load, toe, and tire pres-
sure factors Outlined in Table 3. Load was tested in
1 pound increments over an 11-pound range of 65 to
75 pounds. Toe was tested in 0.25-degree increments
from —1 to 1 degrees. Tire pressure was tested at 5 psi
increments for &+ 15 psi of max inflation pressure. Re-
peatability was performed by examining the reference
trials of each rear-wheel and each caster through their
collective mean and standard deviation to determine re-
peatability. One-way ANOVAs were used to determine
the amount of statistically significant change that could
be detected. Post-hoc testing between the increments
was analyzed to see where statistical differences exist
atp < 0.05.

As part of the characterization and external valid-
ity steps, preliminary evaluation of RR on four 24”
wheel/tire combinations (Table 4) and 1 caster (Table 5)
was also performed and the results compared to previ-
ously published data to confirm the results were con-
sistent with previous RR research. Three tires were all
on the same spoked wheel with two pneumatic tires
(HPS, LPS) and one airless insert (AIS). The fourth
tire was a solid polyurethane on a mag wheel (SPM).
As expected, the pneumatic tires had a lower RR than
the airless insert or solid tires with the solid insert tire
having a higher RR than the solid tire. A tire pressure
test was also conducted with two pneumatic tires at
40, 70, and 100% of max inflation pressure. Lines of

best fit were applied to the graphical representations of
each factor. Summary statistics were used to compare
the data across factors as well as to previously reported
results.

3. Results
3.1. Stage I: Ideation

The design team was a subcommittee of The In-
ternational Society of Wheelchair Professionals Stan-
dards Working Group (ISWP-SWG) which was spon-
sored by a grant through the University of Pittsburgh
by the U.S. Agency for International Development to
strengthen wheelchair product standards. Norm Reese
of LeTourneau University led the design team which in-
cludes Jon Pearlman (Pitt), Matt McCambridge (MIT),
and Anand Mhatre (Pitt). The team reviewed previous
testing methods and tested factors to understand the
needs of the newly developing test method.

3.2. Stage 2: Design iteration

The drum-based system is shown in Fig. 3 and in-
cludes a lower frame to house the drum, and an upper
frame that supports the arm assembly where the wheels
are attached, and the force sensing system is located.
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Table 6

Machine comparisons

Comparison of LeTourneau machine to pitt machine

Unmet goal Weakness Corrective action

Efficient design ~ Overall size Redesigned to have a smaller footprint
Repeatability Mass for vibration dampening Frame tubing diameter increased
Repeatability Drum deviations Increased thickness, turned, and balanced
Repeatability Friction in the measurement system Air bushings replaced roller bearings
Repeatability Continuous measurement for toe and camber ~ Moved to preselected levels

Fig. 3. RR testing machine at LeTourneau University (1) Lower frame,
(2) Drum, (3) Upper frame, (4) Arm assembly.

The drum-based method provides the ability to test ev-
ery factor identified in previous literature, as well as,
test on a component level. It has the adjustability to
test a variety of wheels and tires and has an adjustment
for toe and camber testing. Furthermore, the loading
of the tire can be adjusted, and surfaces can be added
to the drum. Although the first prototype met all of the
design specifications, the repeatability and sensitivity of
the system did not meet the performance specifications.
The shortcomings were identified, and the design of a
revised drum-based method was developed.

3.3. Stage 3: Final design

The goal of the second machine was to address the
shortcomings of that device and Table 6 shows a de-
tailed comparison, which largely focuses on the lack
of repeatability in this design. Figure 4. Additionally,
the measurement of toe and camber were changed to
incremental to increase repeatability of the factor level.
The new system was increased to 240 VAC with a 3-
phase motor, prompting a complete redesign of all the
electrical components. The data collection system was
also redesigned but uses similar components. Lastly,
the loading system and factor adjustment setups were

Fig. 4. Truck of LeTourneau machine (1) Weight bar, (2) Roller
bearings, (3) Camber adjustment, (4) Toe adjustment.

Fig. 5. Lower frame assembly with the steel drum. (1) Lower frame,
(2) Drum.

required to be all newly developed after the numerous
design changes.

The second RR test apparatus can be broken down
into four modular components: (1) lower frame, (2)
drum and drive system, (3) upper frame and arm assem-
bly, (4) data collection. These four components work
together and in conjunction with a computer to col-
lect the RR force of the tested component through the
selected factor(s).

To ensure horizontal stiffness as well as vibration
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dampening, the majority of the frame has been con-
structed from 2” steel tube. The drum assembly consists
of a48” OD drum with a + 0.010” tolerance, 12” wide,
made of low-carbon steel with a black powder-coated
finish (Fig. 5). The 1-1/2” keyed shaft runs through pil-
low block bearings and is capable of carrying a load
of 150 pounds on the drum and rotating at a speed of
1.33 m/s. The load is derived from a 90/10 rear to front
distribution of a wheelchair with a 300-pound user and
device weight. The loading would be 135 pounds on
each rear-wheel. A ten percent factor of safety rounds
it out to 150 pounds. After construction, the drum was
spun balanced and turned, maintaining the + 0.010”
tolerance and allowing for manual turning to attach the
surfaces. The drive system contains a 1HP, 3-phase,
motor (model number MTRP-001-3BD18), a 40.08:1
inline gear reducer (model number 13-1552-40-56C),
a 2” timing belts and pulleys, and is controlled by a
PowerFlex 525 AC Driver by Allen Bradley (model
number 25B-A4P8N104).

One unspecified goal of the second machine was to
compact the design and make it more space-efficient
by embedding the motor footprint as the drum instead
of behind it. The mass of the frame was increased with
larger diameter tubing and thicker walls to absorb vibra-
tions that can affect the load cell and increase stiffness.
The drum was made with thicker materials to increase
lateral stiffness, it was turned for a precise outer diam-
eter, and it was spin balanced to reduce any variance
from the drum. The arm assembly was redesigned with
the incorporation of frictionless air bushings instead of
roller bearings that were inducing friction in the system.

3.3.1. Arm assembly

The main components of the arm assembly, as shown
in Fig. 6, are two 1.5 diameter x 48 precision linear
shafts from Thomson Linear (part number 1 1/2 L TU
CTL) [21]. On the parallel shafts is a quad setup of four
1.5” air bushings (part number S303801) and mounting
blocks from Newway (part number S8038P02) [22].
On top of the air bushing blocks are two plates that
have a pivot point allowing for the top plate to swivel to
=+ 2.5 degrees of toe in/out in 0.25-degree increments.
Additionally, the camber blocks mount to the top plate
and a loading rod attaches to the bottom plate. The tire
mounts into the camber block using a wedge clamping
axle. Spacers were made so that every wheel is at a
consistent distance from the center of the air bushings.
A caster mount was made to replace the camber blocks
when testing casters.

Fig. 6. Upper frame and arm assembly. (3) Upper frame, (4) Arm
assembly.

3.3.2. Control and power

At the front end of the arm, a load cell from Inter-
face (part number MB-25) is mounted horizontally [23].
That signal is read into a computer through a National
Instruments Data Acquisition Card (model number NI-
9201) and chassis (NI-9171) [24]. MATLAB runs a
code to read the DAC, process the data, and export it to
an excel file [25]. For safety, the machine is completely
controlled by the computer connected to it. A test pro-
tocol was developed to describe the proper order of op-
erations to ensure consistent reliable testing procedures.
The system is adjusted to the appropriate configuration
based on the desired factors to be tested. Next, the arm
is leveled in both axes. A lifting hook with an inline
load cell is used to measure the weight of the arm and
wheel combination, which determines the normal force
acting on the tire from the drum. Once the factors are
set, the testing code is run. The MATLAB code prompts
the tester for input factors, to turn on the air supply, and
start the drum [25]. Voltage data is collected through
the DAC for two minutes. After that, a moving average
filter is applied to the data and truncates to the center
sixty seconds to eliminate variances during startup or
slow down. Based on the loading equation of the load
cell, the voltages are converted into force pounds. All
of the data is then exported in a .xslx format. Figure 7
shows the completed system.

3.4. Stage 4: Characterization of the system

3.4.1. Machine calibration

Prior to data collection, it was necessary to identify
a proper sampling frequency for the load cell. To be-
gin, testing was done at 1000 Hz and a Fast Fourier
Transform (FFT) was performed, which resulted in no
significant peaks over 20 Hz with the exception of one
at 60 Hz. The 60 Hz peak was assumed to be elec-
trical interference. Finally, a sampling frequency of
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Fig. 7. Completed second prototype. (1) Lower frame, (2) Drum, (3)
Upper frame, (4) Arm assembly.

Fig. 8. Treadmill testing with the upper frame and arm assembly.

150 Hz was selected because it ensured the capture of
any cyclic anomalies in the system from the tire as well
as the actual force signal. The load cell loading perfor-
mance yielded a positive linear relationship between
force (weight applied) and voltage, which resulted in
an R? value of 1.0. The loading equation is used in the
code to convert the voltage to pounds-force.

3.4.2. Drum versus overground external validity

To enhance the characterization of the drum-based
testing, a relationship to overground measures was de-
termined through the use of an instrumented treadmill
along with the upper frame and arm assembly from the
drum-based machine (Fig. 8). The results show similar
trends in a proportional offset between the two testing
methods.

Table 7

Coefficients for rear-wheels
Factor Coefficient
Mintercept —0.131
H1oe Where Toe = 0 —0.159
1o Where Toe = 1.0 —0.049
Lo Where Toe = 2.0 02
ILoad Where Load = 55 0.084
WLoad Where Load = 75 0.050
WLoad Where Load = 95 02
prire Where Tire = KLS —0.1
prire Where Tire = SPM —0.058
prire Where Tire = HPS 0.4
prire Where Tire = AIS 02
1 * FRrp.m OF RR_Force_D 0.917

his factor is set to zero because it is redundant.

Figure 9 shows the details with all of the drum tri-
als having a higher RR than the treadmill counterpart
assorted by tire type. This provides validation to the
data collection system that it can be adjusted to closer
represent real-world scenarios by converting a drum
result to a flat ground result. While it does not take in-
clude every possible real-world influencer, it is a closer
approximation than the drum results alone.

The results from the statistical analysis are displayed
in Table 7 along with the results for the coefficients.
To convert results from the drum to overground, the
following formula would be used:

FRRGmnd = K * FRRDmm + Mintercept + Urpe

+ﬂLoad + MTire-

For example, the HPS tire run at a 75-pound load,
1 degree of toe would be

Frrgpy = 0.917 % 0.74 — 0.131 — 0.049
+0.050 — 0.054.
Frrgpms = 0.495.

The same formula would be applied for casters with
the substitution of the correct coefficients displayed
in Table 8. This information could be used to build
a system model of RR and provide values based on
factors and overground measurements.

3.4.3. Sensitivity testing

The load was tested to see if the machine was prop-
erly detecting changes since the load is proportional to
the reaction force and has a positive linear relationship
to load as seen in Fig. 10. The results of this test re-
vealed a linear relationship with an R? value of 0.999,
confirming that the RR measurements are aligned with
RR theory. The results of load sensitivity testing show
that the machine is able to detect RR changes in load
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Load by Tire by Surface
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Fig. 9. Treadmill compared to drum testing.

Rolling Resistance Force vs Load
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Fig. 10. RR Force versus load with a trendline.

Table 8
Coefficients for casters

Factor Coefficient
Mintercept 0.907
ILoad Where Load = 40 —0.368
Load Where Load = 50 —0.203
ILoad Where Load = 60 02
prire Where Caster = 8PO 0.174
prire Where Caster = 4PO —0.005
wrire where Caster = SSR 02

w * Frrp,.,, of RR_Force_D —0.239

2This factor is set to zero because it is redundant.

greater than 7 pounds or about a 3 percent change in a
100 kg dummy (F' = 154.289, df = 10, 44, p < 0.001,
Partial Eta Squared = 0.972). The results show that
casters also have a positive linear relationship to load
and the trendline has an R? value of 0.983. Changes
in toe were able to be detected at every 0.25-degree
interval from —1 to 1. Tire pressure was tested on a tire
at 15 PSI below and 15 PSI over max inflation with 5
PSI increments. The machine is able to detect signifi-
cant changes in RR for rear-wheels over 10 PSI (F' =

1288.688, df = 10, 44, p < 0.001, Partial Eta Squared
=0.997).

3.5. Preliminary results

Camber was tested with camber blocks that were ma-
chined from O to 5-degrees in 1-degree increments. The
results were inconclusive and did not show a relation-
ship between camber and RR. Speed was also tested
at 0.25 m/s increments from 0.25 to 1.25 m/s. There is
a very minor increase in RR as speed increases. The
medium-pile carpet showed a 21-174% increase in RR
and varied greatly based on tire type. Pneumatic tires
showed a higher increase as compared to the airless
insert or solid tires with airless insert being the least
affected. A decrease in 60% inflation can have an in-
crease of 43-53% of RR. This shows that tire pressure
and RR have an inverse nonlinear relationship. Toe was
also found to have a non-linear relationship to RR with
Fig. 11 showing the results for the LPS tire. It demon-
strates the relative influence of each factor and its cor-
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Fig. 11. Preliminary Results of LPS Tire. Speed is shown from 0.25 to 1.25 m/s in 0.25 m/s intervals. Camber is shown from 1 to 5 degrees in one
degree increments. Tire pressure is shown from 100 to 70 to 40%. Surface is shown as drum then carpet. Toe is shown as 0, 1, then 2 degrees.

respsonding intervals. Toe and surface can have a large
impact where camber and speed are not as influential.

4. Discussion

RR is a complex topic that can be affected by many
environmental and design factors that all have a biome-
chanical impact on manual wheelchair users which are
associated with injuries. RR should be minimized by
the optimization of design factors to reduce the risk of
upper extremity pain and injuries. The newly developed
drum-based RR testing machine allows for a compre-
hensive understanding of how RR is influenced by dif-
ferent factors through independent and combined fac-
tors testing. The system provides a direct measurement
of RR rather than a proxy measurement. Component-
level testing provides insight not previously researched,
with all of the previous testing methods testing a whole
wheelchair. Overall, the machine met the required de-
sign criteria set forth by the ISWP-SWG and is func-
tioning well. The operation is standardized with a de-
tailed protocol to ensure repeatability in the results.

When a pneumatic rear-wheel was tested against in-
creasing loads, the relationship was linear and propor-
tional at any weight, which continues to valid a pre-
viously established relationship [26]. The sensitivity
of the system to detecting RR changes with weight
changes was 7.0 1bs. That is a relatively small change
in the load of RR compared to a change in user weight
or weight on a wheel/caster due to a change in rear
axle position, allowing researchers to measure the ben-
efits/drawbacks of changes in setup and other factors
that influence weight (e.g. body weight, backpacks,

the weight of the wheelchair). The machine is accurate
enough to discern the changes in force at small loads
and the change maintains its relationship proportionally
to load. This partially validates the results. Furthermore,
the results show a strong R? value of 0.999 for load
over multiple trials, which assimilates to a recent pub-
lication of deceleration based RR testing that reported
R? values between 0.97 and 1.00 for a cart on tile [27].

The toe testing provided some new insights that have
not previously been reported. The two pneumatic tires
had the lowest RR across all three toe-out settings.
Surprisingly the airless insert had a higher RR than the
mag wheel across all three setups. RR increased in tires
at a rate of 171% for the HPS, 223% for the LPS, 52%
for the AIS, and 77% for the SPM at 1° of toe. At 2° of
toe, there was an RR increase of 463%, 566%, 147%,
and 217%, respectively. While there are lower increases
in RR of the non-pneumatic tires due to toe, they also
have a higher RR at 0° of toe. These results are higher,
relatively speaking, than what was found with the three-
wheeled cart drag study but are similar to the results of
treadmill-based testing [12,28]. However, differences
in tire selction and study design can be attributed for
the differnces.

Tire pressure testing was conducted with the HPS and
LPS tires. As expected, RR increases as tire pressure
decreases, but not linearly. The increase was less than
10% for both tires from 100% inflation to 70% inflation
and increased to 32% for the HPS and 61% for the LPS
from 70% to 40% inflation. The results show that even
a severely underinflated pneumatic tire has a lower RR
than the airless insert or solid polyurethane tire. These
results are similar to other RR studies. Sawatsky and
Dension showed an 8% increase in RR with a 50%
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decrease in tire pressure [16]. Lin et al. showed a 10%
increase at a 25% reduction in pressure [29]. While
the percentages vary slightly, the amount of force on
one tire is only a portion of the RR of the system.
Furthermore, the forces measured are under 1 pound of
force and the percentages are of very small forces. Last,
the test setup factors and tire selection could cause the
minute variances across different studies.

Only a medium-pile level loop carpet was tested in
this study. All four tires showed an increase in RR as
compared to the drum surface. The pneumatic tires
showed the largest increases of 175% for the HPS and
100% for the LPS. The higher pressure tire (HPS) had
a lower overall RR but was more susceptible to change
in surfaces than a standard tire (LPS). The airless insert
had an increase of 22% and the mag had an increase
of 38%. The pneumatic tires are more susceptible to
the change in surface but even on carpet still have a
lower RR than the non-pneumatic. Sauret found the
same increase when comparing carpet to concrete [30].
Two studies found the carpet to have over twice as high
RR as compared to a smooth surface [31,32]. This was
correlated to a decrease in self-selected velocity and an
increase in push-rim forces [8]. With the difference in
carpet styles and materials, as well as the testing fac-
tors, it is difficult to determine how the studies directly
compare.

Similar to the rear-wheel load testing, casters had
a linear relationship. These results confirmed that the
machine is able to test casters at a lower weight range
than what was applied to the rear-wheels. Furthermore,
it emphasizes that the machine is accurately measuring
RR forces because the trendline has a high R? value of
0.983. Therefore, there is confidence in the results pro-
duced by this device. This arrives at the same conclu-
sion as previous studies even with variations in testing
methods [15,33].

Camber is not a strong influencer at small increments
because it rotates the loading profile on the tire, which
is not altering the contact patch in a significant way.
These results are consistent with prior literature that
are tested in a different manner [12,28]. This may be
different at a higher level of camber seen in the adaptive
sports community. Also, the test was conducted on a
pneumatic tire, whereas a solid tire may yield a different
result. Speed yields very similar results. The increase
in speed was not influential and the variation was less
than 0.01 Ibs.

As seen through some of the testing, the tire type is
can have a significant effect on the RR. While not ev-
ery factor has been tested, multiple tires, toe, tire pres-

sure, and surfaces do show significant differences that
were consistent with prior work. Pneumatic tires are
across the board lower in RR than non-pneumatic. At
0° of toe, the LPS was 146% higher, the AIS was 606%
higher, and the SPM was 429% higher than the HPS
tire. Both pneumatic tires were very low compared to
the non-pneumatic counterparts. While non-pneumatic
tires are less susceptible to the setup factors, their base-
line RR forces are commonly higher than pneumatic
tires across most factors. Numerous other studies with
varying design and setups yielded the same conclusion
that pneumatic tires had a lower RR [9,28,30,31,34-38].

HPS results were examined across the factors to com-
pare the influence of each factor respectively. The load
is a constant linear trend and each tire will behave lin-
early. It is not something comparable since it is the
baseline. Toe was found to have the largest impact on
RR at 222-566% for 1° and 2° respectively, compared
to 0°. The surface had the second-largest impact on RR
at 175% for carpet, compared to a solid drum. Tire type
had the third-largest impact on RR, ranging from 146—
606% compared to the HPS (our standard). Tire pres-
sure is fourth with an 8—44% influence for HPS. Cam-
ber and speed are at the bottom of the list as not strong
influencers. Knowing the relative impact of each factor
helps clinicians, MWUs, and manufacturers make in-
formed decisions on the set up of MWCs. With camber
not being a big influence, MWUs can choose what de-
gree suits them best and retain the benefits of increased
access to the pushrim and increased stability.

Overall, the machine was able to detect changes in
all of the factors which were defined in the design
goals. Additionally, the results show high repeatability
through a randomized testing order, in which the error
bars are very small at one standard deviation. Further
statistical analysis is needed to confirm this for all of the
factors. With an additional exploration of the factors,
clinical recommendations can be made to inform clin-
icians, MWUs, service providers, and manufacturers
of the effects of RR. From there, clinical practices can
be updated to mitigate RR through setup and device
maintenance. Therefore, a MWU would be at a lower
risk for UE RSI and improved long-term MWU use.

5. Limitations

Although we took a comprehensive and iterative ap-
proach to designing and fabricating the system, there
are always trade-offs that result in limitations to the
types and accuracy of the measurements. Most notably
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is that the system measures RR when tires are contact-
ing a round surface (the drum) compared to flat ground,
which introduces a bias in the results. We have largely
addressed this by developing a calibration to convert to
overground RR, but this calibration may not be accu-
rate for all scenarios, especially when testing multiple
factors simultaneously (low pressure, on carpet, with
toe). Fortunately, the calibration can be improved by
repeating the approach we reported in this study, with
the same setup factors on a treadmill. Operationally, the
system requires a relatively small footprint (especially
compared to coast-down test methods), but some of
the setup procedures can be difficult and require two
people— for example, shifting from caster to rear-wheel
testing. Although the design and manufacturing of the
machine were very purposeful, there is always room for
error. Tolerances in machining can add friction or mis-
alignment to the system. A significant effort was made
to mitigate any instances of this occurring. The load cell
presents a source of error since the signal is amplified
into the DAC; however, the load equation for the load
cell was found with this in place and it is consistent for
all measurements. Protocols have been established that
the machine is adjusted and run in the same manner
every time to limit any operational errors. There are
limitations to the range within each factor than can be
tested but the system was designed to replicate com-
mon instances in the field of average manual wheelchair
users. The machine has some difficulties to adjust to
different sized casters and wheels. The Arm Assembly
is heavy and requires two people to adjust properly,
but that has been mitigated with the use of a jack so
one person can run the system independently. Lastly,
drum-based testing is constrained in surface testing to
only those that can be attached to a drum. Irregular or
soft surfaces are not easily placed on a drum, however,
the impact of some indoor surfaces can be identified.

6. Ongoing and future work

The natural progression of this project leads to fur-
ther testing. With every testable factor comes a list of
possible studies to conduct. Initially, testing will be
conducted on the strongest influencers. Furthermore,
a comprehensive study is planned to explore all of the
factors through 6 wheels and 6 casters and even the
combinations of two factors. This is the information
necessary to provide to the clinicians, manufacturers,
and end-users about the impact of products and setup
factors. One area for future study is the effects of tem-

perature on RR. A pneumatic tire would increase in-
flation pressure as it warms up. It would be interesting
to see the effect temperature has on RR because tires
would generate heat as they are used. Lastly, a series of
studies will be done to assess the prevalence of factors
found to be most influential. Influential factors need to
be evaluated with interventions in the community and
eventually standards to combat the issues. Toe and bear-
ing and axle slop in users’ devices may be substantial
contributors to RR, but their prevalence has not been
examined in the community.

A measurement system and protocol were developed
to complete the study. Future tests will also include
randomized testing order with an integrated standard
trial mixed in. The standard trial is to be considered the
baseline test with no factor adjustments.

The end goal is to be able to understand the effects of
every factor at a component level. If all of the factors are
appropriately characterized, a model can be constructed
which demonstrates how each factor will change the
propulsion of the manual wheelchair at a system level.
After future testing, the results can be provided to clini-
cians, manufacturers, and end-users on how to mitigate
RR and the best options for manual wheelchair users.
An online tool could be created that shows the impact
of RR as factors are changed. This would be useful for
all stakeholders.
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