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Abstract

Introduction: Manual wheelchair propulsion is associated with upper limb pain and injury, and clinical guidelines
recommend minimizing propulsive force to lower health risks. One of the strategies to reduce propulsive force is by
minimizing rolling resistance (RR). Product testing studies suggest that RR of casters is affected by wear and tear which
could have implications on the health risk of wheelchair users. The study will investigate the relationship between caster
RR and environmental exposure using standard testing protocols.

Methods: RR of ten casters representing a range of diameters for different models of wheelchairs were
measured before and after environmental exposure that includes corrosion, shock and abrasion simulating two years
of community use.

Results: Four casters exhibited failures during durability testing, one catastrophically. Increases to RR after corrosion,
shock and abrasion exposure were statistically significant using mixed-effects modeling, and four casters had increased
RR greater than 20%.

Conclusions: Many of the casters evaluated exhibited increased RR forces and failure after environmental exposure.
Improved caster design and use of corrosion resistant materials may reduce these failures. In addition, modification of
the provision process could include replacement casters to reduce failures and avoid breakdowns that leave manual
wheelchair users stranded or injured.
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Introduction minimizing repetitive tasks and high strain activities.®

Globally, over 75 million individuals need a wheelchair
for mobility which helps them to participate in activi-
ties of daily life and attend school, work and social
activities as well as access healthcare.! Long term
manual wheelchair (MWC) use can lead to upper
limb pain and injury.>? For example, two thirds of
manual wheelchair users (MWU) with spinal cord
injury (SCI) report shoulder pain® and the prevalence
of MWU’s with shoulder pain increases with time.>’
Rotator cuff injuries and carpel tunnel syndrome are
some of the observed repetitive strain injuries. Chronic
pain and subsequent injury can reduce MWUs partic-
ipation and their ability to complete activities of daily
living (ADL). Current practice guidelines suggest

However, MWC propulsion contradicts these guide-
lines due to the repetitive use of UE and high forces
when propelling.” One of the contributors to high pro-
pulsion force is the rolling resistance (RR) of the wheel-
chair rear wheels and casters.
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RR is the force opposing propulsion and is primarily
due to hysteresis and energy losses from rear wheels
and casters.® Rear wheel and caster selection and
wheelchair setup can have a significant impact on the
forces required for propulsion,’ and strategies to opti-
mize or reduce RR can help mitigate high strain and
repetitive forces. Failure to reduce RR can place wheel-
chair users at risk of poor outcomes including injury,'®
and functional limitations.'"

Rear wheel and caster RR are affected by many
factors including tire type, misalignment, camber
angle, load and tire inflation.”'*'* Several methods
have been used to measure RR, including coast-down
testing, drag testing, treadmill testing, dynamometer
testing, and drum testing.'*'” Quantifying RR of
caster components or factors is difficult with system
level tests, and hence, RR testing equipment was devel-
oped to accurately measure component level perfor-
mance (for individual casters) and factors related to
RR. This new equipment uses a drum for wheel pro-
pulsion, and enables these factors to be simulated and
varied for characterization of RR, and is referred to as
drum-based testing equipment.'®

Caster failures are one of the most frequent compo-
nent failures for wheelchairs.!” To address this issue,
test equipment and methods were developed to repro-
duce corrosion, shock and abrasion environmental
exposures seen in rough terrain wheelchair use.?
Although caster failures from environmental exposure
has been studied, one of the areas that has not yet been
investigated is the effect of environmental factors on
RR for casters. Wheelchair experts have noted that
environmental factors such as shocks, vibrations, dirt
ingress, humidity and temperature affect the durability
and reliability of wheelchair parts especially rolling ele-
ments of casters and rear wheels.'? Seized bearings, one
of the common caster failures, create obstruction for
rolling, increase RR and make wheelchairs difficult to
propel. Bearing failure is a result of combined effects of
heavy loads, corrosion and contamination that occur in
adverse outdoor environments found in less-resourced
settings and rural areas of resourced settings.”® Less-
resourced settings typically experience tropical cli-
mates, rough terrain, dirt and/or dust, and may be
encountered in low- and middle-income countries.
Whereas resourced environments refer to paved
surfaces such as concrete or asphalt that may be
encountered in high-income countries. To simulate
environmental factors experienced in daily use and out-
door failures, an evidence-based caster testing method
was recently developed®' > and is under consideration
as ISO/CD 7176-32 standard. Casters undergo corro-
sion exposure in a salt fog chamber followed by shock
and abrasion testing on turntable equipment with mul-
tiple bumps of varying heights.>! One of the caster

testing studies showed that testing affected the rolling
of axle bearings and turning of stem bearings of casters,
similar to what was observed in the community.?!
These observations combined with expert feedback
from the International Society of Wheelchair
Professionals (ISWP) Standards Working Group pro-
vided the motivation for specifically investigating the
effect of environmental factors on RR in this study.

To that end, this study is focused on understanding
the effect of corrosion and shock on caster perfor-
mance. In addition, this study will potentially identify
design and maintenance strategies to optimize RR
during wheelchair use and that can be used to refine
existing maintenance procedures.”*** In addition, the
outcomes will help clarify if environmental factors add
risk for repetitive strain injuries (RSI). Our research
question is to explore if wear and tear on wheelchair
casters due to environmental factors impact RR over
time. Utilizing the capabilities of the drum-based RR
testing equipment and caster testing protocol, the study
aims to measure RR for a selection of wheelchair cas-
ters before, during, and after simulated environmental
exposure. Following are the two study hypotheses to be
tested:

1. RR increases significantly after corrosion environ-
mental exposure.

2. RR increases significantly after shock and abrasion
environmental exposure.

Methods

The process for conducting the study is outlined in
Figure 1.

Caster selection and procurement

Ten casters were selected from seven manufacturers to
represent a range of diameters, materials, manufac-
turers and intended use conditions, including rough
terrain often observed in less resourced settings and
smooth terrain often observed in resourced settings.
Many were selected for their intended use in rough
terrain. One sample of ecach model and its associated
bearings were used throughout the testing. Aluminum
mounting blocks were used to simulate the caster stem
hubs on wheelchairs.

RR testing

Casters were tested with a 301b. force load, represent-
ing the midpoint of typical caster loading of 20 to 40
1bs.%?2 The drum surface, simulating a solid propulsion
surface, was used throughout all testing at a speed of
I m/s. Previous testing at multiple speeds showed no
change in RR forces, and 1 m/s is representative of
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Figure |. Flowchart of environmental exposure and testing.

manual propel speed.’ Each test condition was repeat-
ed three times for each caster, and results were aver-
aged. Due to limited caster availability and the
extended time required for shock and abrasion testing,
only 1 sample of each model was tested. Previous
studies on multiple samples have shown similar failure
outcomes.”” RR testing equipment shown in Figures 2
and 3 illustrates the equipment set up for casters.

ISO/CD 7176-32 caster testing standard

The standard protocol subjects casters to corrosion and
durability testing. Accelerated corrosion testing was
conducted in a salt fog chamber with exposure time
of 200 hours of wet salt spray and 200 hours of dry
cycle, shown in Figure 4. An evidence-based approach
was employed to design the caster durability testing
method. Community data on road shocks, corrosion,
abrasion and caster failures informed the development
of the laboratory-based testing method. Accelerations
due to road shocks were translated to durability test
equipment with appropriate slat height.>! Number of
road shocks observed during the testing were extrapo-
lated to two years of shock exposure since majority of
casters fail within 2 years. Testing caster models with a
combination of shocks, abrasion and corrosion repro-
duced real world caster failures.>' For example, corro-
sion affected the rolling of bearings. With abrasion,
worn-out tire tread and tire cracking failures were
observed.

Durability test cycles are outlined in Table 1, with
90% forward and 10% reverse turntable rotations uti-
lized for all caster testing. Durability testing as per the
standard includes exposure to shocks and abrasion and
is simulated on testing equipment shown in Figure 5.

Figure 2. Drum based RR test equipment.’

A 36-grit sandpaper was fastened to the turntable. The
speed of the caster on the turntable was 1 m/s. Up to
four castors of similar size were tested at one time, and
the castors were loaded with 30 pounds of weight.
Caster wear was observed in a less-resourced setting
and used as a standard to determine the grit of sand-
paper best replicating wear to represent one year of
use.”! The standard simulates around two years of
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Figure 3. Caster RR test.

Figure 4. Salt fog test equipment for corrosion exposure.?'

shock and abrasion exposures in the community. Due
to limited caster availability and the extended time
required for shock and abrasion testing, only one
sample of each model was tested. Previous studies on

Table I. Shock and abrasion testing.?'

Caster diameter Slat height (number of slats) Cycles

<6 in 0.25in (n=2) 6000
05in (n=1)

>6 in 0.5in (n=2) 9000
0.75in (n=1) 3000

Figure 5. Shock and abrasion testing equipment.?'

samples have shown similar failure

22

multiple
outcomes.

Statistical analysis

We first examined data descriptively to determine per-
centage change between baseline, post-corrosion, and
post-shock and abrasion timepoints for each caster.
Additionally, we examined the number of casters with
a percentage change in RR force between post-
corrosion and post-shock and abrasion testing. Next,
a mixed-effects model was fit using SAS PROC
MIXED (SAS software v.9.4), with time (baseline,
post-corrosion, post-shock/abrasion) as a fixed effect
and a random effect for caster design. Post hoc tests
were conducted to examine pairwise comparisons of
baseline, post-corrosion, and post-shock/abrasion
timepoints. The significance level was set to .05.

Results

Caster models and respective dimensions are shown in
Figure 6. The manufacturer and specific model infor-
mation is not disclosed.

During shock and abrasion testing, four casters
exhibited failures with one failing catastrophically due
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Figure 6. Caster models evaluated.
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Figure 7. RR forces at baseline, post corrosion exposure, and post shock/abrasion exposure (mean of three trials) including mean
and standard deviation (SD). The percentage change is between baseline and post shock and abrasion exposure.

to a stem bolt fracture. This left nine casters available
for caster standard testing. Metal on several of the
casters was visibly corroded after corrosion exposure,
and caster tread surfaces were visibly abraded and
dusty after the shock and abrasion testing, which is
consistent with the observed outcomes from previous
tests.'”?? RR forces ranged from 0.51 to 3.661b.-force
initially, 0.61 to 3.7 after corrosion exposure, and 0.72
to 3.55Ib.-force after environmental exposure. RR
forces and percent change between baseline and post
shock and abrasion exposure for all casters is shown in
Figure 7.

The number of casters with specific percentage
changes in RR are shown in Figure 8. In this case,
they are grouped by less than 10%, 10 to 20%, or
over 20% change in RR due to environmental
exposure.

Results of the mixed-effects model showed a signif-
icant difference between and within-caster variability in
RR. The average baseline RR was 2.03 1b.-force with a
significant increase from baseline to post-corrosion

(p <.001), baseline to post-shock (p=.015) and from
post-corrosion to post-abrasion and shock (p <.001)
(see Table 2).

Discussion

The primary study aim was to understand the relation-
ship between RR and environmental factors of corro-
sion, abrasion and shock. Statistical analysis of RR
and caster durability testing results revealed significant
increases in RR between baseline, post corrosion, and
post shock and abrasion exposure. The increase
observed in RR can be due to damage to the bearings
and/or changes in caster tread surfaces or caster con-
tact patch caused by abrasion. The changes are signif-
icant and could be studied further to evaluate the effect
of each individual factor on RR and the increased risk
for RSI it places on MWUs. It is worth noting that
most casters included in this study were designed for
rough terrain.
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Percent change in RR forces
after corrosion and shock/abrasion

Number of Casters
T

N\

1
less than 10% change

I Post corrosion

1 1
10 to 20% change more than 20% change

Post shock/abrasion

Figure 8. The number of casters with a specific percentage change to RR force post-corrosion and post-shock/abrasion exposure.

Table 2. Mixed-effects model results.

Estimate SE p

Fixed effects

Baseline 2.03 0.25 <.001

Post-corrosion 0.08 0.03 0I5

Post-shock/abrasion 0.30 0.03 <.001
Random effects

Intercept 0.68 0.31 .013

Residual 0.02 0.0l <.001

We found that four out of ten casters exhibited some
type of failure after caster standard testing which is
consistent with previous studies.’®?® Caster failures
have been commonly observed in the community and
documented.?® > Toro et al found that wheelchair fail-
ures can lead to adverse consequences such as strand-
ing, which occurred for 14% of MWC’s requiring
repair and resulted in missed work, school or medical
appointments, or injury, which occurred for 4% of
MWC’s requiring repair.”® Other studies report similar
results.’”?® In less resourced settings, stranding epi-
sodes and injuries from caster failure may be more
challenging for MWU’s due to limited availability of
maintenance services and replacement parts as well as
access to medical care. When considering that an esti-
mated 75 million people globally need a wheelchair for
mobility, even low injury rates for manual wheelchairs
can lead to significant numbers of injuries and strand-
ing. Reliable and durable casters are very important to
the MWU, their participation, ADL and health and
these continued failures indicate the need for improved
caster designs to ensure that they withstand anticipated
use conditions.

Our study considered both percentage difference
and total force increases to overall caster RR

performance. In our study, the lowest initial RR was
from caster B, and although this caster had the highest
percentage increase in RR (42%) it remained by far the
lowest for RR forces (0.7 lbs.). For caster J, designed
for use on rough terrain and having a width of 3 inches,
it had the highest RR overall, but RR decreased 3%
after simulated environmental exposure. This highlights
the importance of considering the total RR forces, as
well as percentage changes in RR when assessing caster
performance. Significant percentage increases in RR
forces were seen for many of the casters.

Risks associated with high forces and repetitive
strain for MWU’s include chronic upper limb pain
and injuries to the rotator cuff or median nerve
damage which can lead to carpal tunnel syndrome.*”’
Injuries to the upper limb can lead to loss of participa-
tion and inability to complete ADL, and if the injury is
severe and surgery is required, this can cause a tempo-
rary loss of mobility or necessitate use of a powered
mobility device.®

Factors that contribute to RR include caster mate-
rial type (such as polyurethane or rubber), caster
design, contact surface area, and total load on the
caster. Bearing drag can also contribute, especially if
bearings are corroded or damaged. Increased RR
forces after durability could be caused by the rough-
ened caster surface, as well as corrosion or damage to
bearings. Both bearing and abrasion performance are
important to consider for caster design improvements.
However, this study was not designed to separate these
effects or to determine predictive factors for caster
performance.

The increased RR and high percentage of casters
exhibiting failures within two year simulated use indi-
cates most are under-designed. Attention to both
design and testing could improve performance and
reduce injuries from caster failures and repetitive
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strain due to high RR propulsion forces. Design
improvements could include use of corrosion resistant
materials and coatings, and high quality tire materials
for increasing damping. There are also hardware and
mounting related contributing factors to higher RR,
for instance, some designs tested in the study lacked
spacing between the fork and bearing hub cap thereby
increasing RR. Additionally, bearing slop found in
most tested casters can exhibit higher RR than smooth-
er bearings. Such slop widens during use and results in
bearing wear down and even fracture.

The results indicate the importance of maintenance
and caster replacement before failure. As recom-
mended by the WHO, wheelchair provision in less-
resourced settings includes a follow-up step that
involves maintenance of wheelchairs. Our results help
to emphasize that maintenance steps include replace-
ment casters and bearings to address the frequent fail-
ures observed within two year simulated use.

In addition, maintenance procedures should be eval-
uvated and revised to ensure maintenance needs are
addressed to avoid increased risk of UE injury and
pain. Maintenance can include verifying casters spin
freely, checking for bearing and caster component cor-
rosion, tightening fasteners to reduce or eliminate
caster bearing slop, and ensuring rear tires are fully
inflated. Appropriate wheelchair setup for optimized
propulsion biomechanics is also important to confirm,
and includes seat height, seat angle and axle position,
as well as MWU training on optimized and efficient
propulsion methods.

In summary, we observed a statistically significant
increase in RR after environmental exposure and we
observed one catastrophic failure and three other
minor failures in addition to a very wide range of
RR. Casters are an important consideration for clini-
cians, suppliers and MWU’s as they choose equipment
to provide optimal fit, durability and overall perfor-
mance while minimizing RR for the MWU.

Conclusion

Long term MWU'’s frequently experience significant
UE pain and injury over time, and clinical guidelines
recommend minimizing repetitive strain. Reducing
overall RR forces is important and because casters
can have a significant contribution to RR, consider-
ation of caster selection and performance is important
for MWU’s. Our results suggest caster system deterio-
ration and failure as a consequence of environmental
exposure causes increased RR. Casters wear down and
bearings corrode over time due to environmental fac-
tors, and this daily use can increase RR forces for the
casters. Design improvements and maintenance guide-
lines were highlighted as important to optimize RR for

casters that can help preserve upper limb function and
reduce upper limb pain and injury.

Casters should be designed for their intended envi-
ronment, such as use on paved or rough terrain surfa-
ces. Design improvements could focus on improved
durability and reduced failures, especially catastrophic
failures such as stem bolt failures through use of cor-
rosion resistant materials and coatings. Caster tread
material could be further investigated to understand
optimal material formulations for rough terrain surfa-
ces relative to wear and failure mechanisms. Tread
material formulation may be important for damping
and shock reduction as well as resistance to abrasion
on rough terrain.

Limitations

A limited number of caster models were tested and
evaluated in this study and study power could be
increased. Durability testing simulating two years is
time consuming and destructive to the caster, and due
to this, only one caster per type was tested which may
limit the validity of our results. Previous environmental
exposure studies on multiple sample have shown little
variability in failure outcomes®> which suggest results
are likely valid to repeated samples, but this could be
a topic of future research. Exposure was limited to a
preset order of environmental exposure with corrosion,
shock and abrasion that are a subset of environmental
factors and do not fully reproduce the environment
experienced in the community although both methods
were developed through iterative steps to assure external
validity.?'* Separate evaluation of abrasion and shock
may identify the individual contribution of caster sur-
face abrasion and bearing damage on increased RR.

Future work

Further studies should include more casters to increase
study power. Including a wide range of casters would
be useful to further understand the range of RR forces.
A study to evaluate casters frequently used in the com-
munity would be useful to validate the results in this
study. Further testing could also support caster design,
maintenance and standards development related to
reducing RR. To separate the factors leading to
increased RR after environmental exposure, further
testing to isolate change caused by abrasion versus
the change from bearing damage is needed.
Evaluation of corrosion resistant materials and coat-
ings that could replace traditional options could pro-
vide guidance for design improvements. Caster
standards development and improvement should be
considered to reduce caster failures. Additional loading
scenarios could be evaluated for the caster, as they were
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only evaluated at 30 1bs. of load. This may help char-
acterize and determine casters better suited for heavier
or lighter loads and understand a broader range of
performance.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: National Science Foundation Integrative Graduate
Education and Research Traineeship award number
IGERT 1,144,584 Improving Health and Function Through
Use of Performance Standards in Wheelchair Selection Grant
#: 9OREGE0001-02-00, and by the support of the American
People through the United States Agency for International
Development and the University of Pittsburgh. University of
Pittsburgh scientists are working with the U.S. Agency for
International Development (USAID) under sub-awards to
develop the International Society of  Wheelchair
Professionals, a global network to ensure a level of standard-
ization, certification and oversight, to teach and profession-
alize wheelchair services, and to build affiliations to put better
equipment in the right hands. The sub-awards are:
Agreement No. APC-GM-0068 and APC-GM-0107,
Advancing Partners & Communities, a cooperative agree-
ment funded through USAID under Agreement No.
AIDOAA-A-12-00047; Grant Agreement No. SPANS-037,
Special Programs to Address the Needs of Survivors, under
Leader with Associates Agreement No. GPO-A-00-04-00021-
00 between USAID and World Learning; and Sub-agreement
No. FY19-A01-6024, under University Research LLC.

Guarantor
JP.

Contributorship

AM, JO, and JP conceived the study. BK and HWJ con-
ducted testing. HWJ wrote the first draft of the manuscript.
CS ran statistical analysis and CS and LT reviewed statistical
results. JP secured funding for the study. All authors reviewed
and edited the manuscript and approved the final version of
the manuscript.

Acknowledgements

Thank you to the ISWP-Standards Working Group for their
continued support of this research and helpful feedback, and
support from the Human Engineering Research Labs for
supporting the construction of the test equipment.

ORCID iDs

Holly Wilson-Jene (® https://orcid.org/0000-0002-1940-4916
Joseph Ott (® https://orcid.org/0000-0003-0785-8264
Jonathan Pearlman (® https://orcid.org/0000-0003-0830-9136

References

1. Borg J and Khasnanbis C. Guidelines on the provision of
manual wheelchairs in less resourced settings. Geneva:
World Health Organization, 2008.

2. Sie IH, Waters RL, Adkins RH, et al. Upper extremity
pain in the postrehabilitationi spinal cord injured patient.
Arch Phys Med Rehabil 1992; 73: 44-48.

3. Whiteneck G and Dijkers MP. Difficult to measure con-
structs: conceptual and methodological issues concerning
participation and environmental factors. Arch Phys Med
Rehabil 2009; 90: S22-S35.

4. Curtis KA, Drysdale GA, Lanza RD, et al. Pain in wheel-
chair users with tetraplegia and paraplegia. Arch Phys
Med Rehabil 1999; 80: 453-457.

5. Mulroy SJ, Hatchett P, Eberly VJ, et al. Shoulder
strength and physical activity predictors of shoulder
pain in people with paraplegia from spinal injury: pro-
spective cohort study. Phys Ther 2015; 95: 1027-1038.

6. Paralyzed Veterans of America Consortium for Spinal
Cord Medicine. Preservation of upper limb function fol-
lowing spinal cord injury: a clinical practice guideline for
health-care professionals. J Spinal Cord Med 2005; 28:
434-470.

7. Boninger ML, Cooper RA, Baldwin MA, et al.
Wheelchair Pushrim kinetics: body weight and median
nerve function. Arch Phys Med Rehabil 1999; 80:
910-915.

8. Kauzlarich JJ and Thacker JG. Wheelchair tire rolling
resistance and fatigue. J Rehabil Res Dev 1985; 22: 25-41.

9. Ott J, Wilson-Jene H, Koontz A, et al. Evaluation of

rolling resistance in manual wheelchair wheels and casters
using drum based testing. Disabil Rehabil Assist Technol
2020. Availave at: https://www.tandfonline.com/doi/abs/
10.1080/17483107.2020.1815088

. Ballinger DA, Rintala DH and Hart KA. The relation of

shoulder pain and range-of-motion problems to function-
al limitations, disability, and perceived health of men
with spinal cord injury: a multifaceted longitudinal
study. Arch Phys Med Rehabil 2000; 81: 1575-1581.

11. Requejo PS, Furumasu BS and Mulroy SJ. Evidence-

based strategies for preserving mobility for elderly and

aging manual wheelchair users. Top Geriatr Rehabil

2015; 31: 26-41.

Sauret C, Bascou J, de Saint Rémy N, et al. Assessment

of field rolling resistance of manual wheelchairs.

J Rehabil Res Dev 2012; 49: 63-74.

McLaurin CA and Brubaker CE. Biomechanics and the

wheelchair. Prosthet Orthot Int 1991; 15: 24-37.

Kwarciak AM, Yarossi M, Ramanujam A, et al.

Evaluation of wheelchair tire rolling resistance using

dynamometer-based coast-down tests. J Rehabil Res

Dev 2009; 46: 931-938.

de Groot S, Vegter RJ and van der Woude LH. Effect of

wheelchair mass, tire type and tire pressure on physical

strain and wheelchair propulsion technique. Med Eng

Phys 2013; 35: 1476-1482.

Vander Wiel J, Harris B and Jackson J. Exploring the

relationship of rolling resistance and misalignment

angle in wheelchair rear wheels. RESNA, Arlington, VA

12.

13.

14.

15.

16.


https://orcid.org/0000-0002-1940-4916
https://orcid.org/0000-0002-1940-4916
https://orcid.org/0000-0003-0785-8264
https://orcid.org/0000-0003-0785-8264
https://orcid.org/0000-0003-0830-9136
https://orcid.org/0000-0003-0830-9136

Wilson-Jene et al.

17.

18.

19.

20.

21.

22.

2016; 12. Available at: https://www.resna.org/sites/
default/files/conference/2016/pdf_versions/wheelchair_-
seating/wiel.pdf

Koontz AM, Cooper RA, Boninger ML, et al. A kinetic
analysis of manual wheelchair propulsion during start-up
on select indoor and outdoor surfaces. J Rehabil Res Dev
2005; 42: 447-458.

Ott J. Identifying and measuring factors that impact
manual  wheelchair  rolling resistance. Dissertation,
University of Pittsburgh, USA, 2020.

Mhatre A, Martin D, McCambridge M, et al. Developing
product quality standards for wheelchairs used in less-
resourced environments. Afr J Disabil 2017; 6: 1-15.
Mhatre A. Development and validation of a wheelchair
caster testing protocol. Dissertation, University of
Pittsburgh, USA, 2018.

Mhatre A, Reese N and Pearlman J. Design and evalua-
tion of a laboratory-based wheelchair castor testing proto-
col using community data. PLoS One 2020; 15: 0226621.
Mhatre A, Ott J and Pearlman J. Development of wheel-
chair caster testing equipment and preliminary testing of
caster models. Afr J Disabil 2017; 6: 1-16.

23.

24.

25.

26.

27.

28.

ISO/CD 7176-32. Wheelchair — part 32: standard practice
for wheelchair castor durability testing, 2020.

Toro ML, Bird E, Oyster M, et al. Develoment of a
wheelchair maintenance training programme and ques-
tionnaire for clinicians and wheelchair users. Disabil
Rehabil Assist Technol 2017; 12: 843-851.

Munera S, Pearlman J, Toro M, et al. Development and
efficacy of an online wheelchair maintenance training
program for wheelchair personnel. Disabil Rehabil
Assist Technol 2019; 33, 49-55.

Toro ML, Worobey L, Boninger ML, et al. Type and
frequency of reported wheelchair repairs and related
adverse consequences among people with spinal cord
injury. Arch Phys Med Rehabil 2016; 97: 1753-1760.
McClure LA, Boninger ML, Oyster ML, et al.
Wheelchair repairs, breakdown, and adverse consequen-
ces for people with traumatic spinal cord injury. Arch
Phys Med Rehabil 2009; 90: 2034-2038.

Worobey L, Oyster M, Nemunaitis G, et al. Increases in
wheelchair breakdowns, repairs, and adverse consequen-
ces for people with traumatic spinal cord injury. Am J
Phys Med Rehabil 2012; 91: 463—4609.



