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UTILIZING COMMUNITY DATA AND LABORATORY TESTING TO RAISE THE
QUALITY OF WHEELCHAIR CASTERS

John Joseph Fried, M.S.

University of Pittsburgh, 2022

Wheelchairs are pivotal for the mobility of people with spinal cord injuries and similar diagnoses.
According to the World Health Organization, 75 million people need a wheelchair for mobility,
access to education, employment, and social engagement. Despite the importance of wheelchairs
in the everyday lives of their users, the growing research evidence on field evaluation of
wheelchairs and laboratory-based testing has shown that manual and power wheelchairs suffer
frequent failures in both high-income and less-resourced settings. The majority of wheelchair
failures are suffered by the casters which poses a risk for the wheelchair to tip and the user to fall
out of the wheelchair and get injured. To raise wheelchair caster quality, the 1SO 7176-32 testing
standard was developed. The standard incorporates shocks and environmental factors that affect
caster quality. The standard has been validated to reproduce community failures in the laboratory.

The purpose of this thesis is to build further on this validation work and improve caster
design, quality, and reliability. Chapter 1 provides background information regarding the need for
quality wheelchairs and the current prevalence of caster failure experienced by users. The
wheelchair standards research that has preceded and informed the work in this thesis is also
detailed. Chapter 2 demonstrates the utilization of ISO 7176-32 and additional large data sets from
the community for test validation. Analysis of the data found that tilt-in-space wheelchairs
experienced nearly double the rate of high-risk failures as their ultralight counterparts. The study

correlates the time-to-failure of wheelchair casters between community and laboratory settings and
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informs testing dosage specifically for tilt-in-space wheelchair casters. Chapter 3 focuses on caster
design improvements by leveraging the testing capabilities of ISO 7176-32. Caster bearings and
plastic bushings were tested until failures according to 1SO 7176-32 and bushings were found to
be more durable and cost-effective than bearings. Chapter 4 summarizes important conclusions of
these chapters and the thesis, as well as the future work required to continue this research. Overall,
this thesis highlights how laboratory testing can replicate community outcomes to increase device

quality and performance, and ultimately improve user safety and independence.
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1.0 INTRODUCTION

1.1 BACKGROUND

Wheelchairs are pivotal for the mobility of people with spinal cord injuries and similar diagnoses.
According to the World Health Organization, 75 million people need a wheelchair for mobility,
access to education, employment, and social engagement (WHO, 2008, 2018). Despite the
importance of wheelchairs in the everyday lives of their users, the growing research evidence on
field evaluation of wheelchairs and laboratory-based testing has shown that manual and power
wheelchairs suffer frequent failures in both high-income and less-resourced settings (Wang, Liu,
Pearlman, Cooper, Jefferds, Connor, et al. 2010, Toro et al. 2016, Mhatre, Martin, McCambridge,
Reese, Sullivan, Schoendorfer, et al., 2017). About 45-88% of wheelchair users required one or
more repairs over a 6-month period (Toro et al., 2016, McClure, Boninger, Oyster, Williams,
Houlihan, Lieberman, et al., 2009, Worobey, Oyster, Nemunaitis, Cooper, & Boninger, 2012,
Henderson, Boninger, Dicianno, & Worobey, 2020). In the context of less-resourced environments
this frequency increases to every 3 months (Rispin, Riseling, & Wee, 2018). In the study done by
Toro et al., 64% of wheelchair users needed at least one repair, and roughly 30% of users reported
facing adverse consequences including injuries and bruises with 18.2% of these being stranded.
40% of manual wheelchair users reported attempting to complete repairs themselves (Toro et al.,
2016). Wheelchair repair times range between 2 weeks to 6 months (Mhatre, A., Pearlman, J.,
Schmeler, M., Krider, B., Fried., J., 2021). The user must stay in the bed or regular chair which

perhaps explains the association between wheelchair failures and outcomes such as pressure sore



development, hospitalization, pain, depression, and lower self-perceived health (Hoogaboom,
Worobey, Houlihan, Heinemann, & Boninger, 2018).

Of all failures reported for wheelchair parts, nearly one-third are front wheel or caster
failures (Gaal et al., 1997, Mair, 2018, Mhatre, Reese, & Pearlman 2020). Recent wheelchair
failure data collection studies have found that caster stem bearings fracture within 2 years of use
in adverse environments as well as in resourced settings (Mhatre, Pearlman, & Lachell, 2018).
These premature and frequent failures of wheelchair casters could be attributed to a lack of quality
and/or consideration of their specific environments during product design and testing. Cost-
reduction engineering practices in the wheelchair industry may have led to the design and selection
of low-cost, substandard caster parts that experience different failure modes including seized
bearings, damaged bolts, fractured wheels and forks and worn-out tires and fasteners (Mhatre et
al., 2020). Stem and axle bearings are subjected to rapid fatigue and stress as wheelchairs are
exposed to corrosion, shocks, high temperatures, and dirt especially during use in adverse

environments. Examples of this are shown in Figure 1 below.

Figure 1. Examples of casters that have failed due to corrosion of its components

Bearing fractures can lead to a cascade of high-risk failures with caster stems, bolts, and
forks as they experience stresses higher than the ultimate tensile strength of their materials. This

can cause the stem to fracture, the wheelchair to tip, and the user to sustain injuries. An example
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of a failure that can lead to tipping is shown in Figure 2. Of the 109 participants in the study done
by Gaal et al., 42% had experienced a tip or fall within the last 5 years, and 27% caused injuries
needing medical attention (Gaal et al., 1997). The downward spiral of health outcomes following
breakdowns negatively impacts the user’s quality of life and increases the public health burden

(Hogaboom et al., 2018, Gaal, Rebholz, Hotchkiss, & Pfaelzer, 1997).

Figure 2. Example of a wheelchair that has tipped over due to failure

1.2 WHEELCHAIR STANDARDS RESEARCH

The 1SO 7176 wheelchair standards suite of protocols developed throughout the 80’s and 90’s
were steps in the right direction for evaluating and improving wheelchair quality with its

development of strength, fatigue, and impact tests (Fitzgerald, Cooper, Boninger, et al., 2001) as
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seen in Figure 3 below. Though one could assume that quality and performance of wheelchairs
would have increased due to the implementation of the standards, this is not necessarily the case.
A retrospective study of 246 wheelchairs tested with the standards from 1992 to 2008 found that
there were no significant improvements in wheelchair test results during that time frame (Wang et
al., 2010). A 2013 study evaluating lightweight wheelchairs found that 7 of the 9 samples failed to
pass even the double-drum test (Gebrosky, Pearlman, Cooper R.A., Cooper R., & Kelleher, 2013).
This was followed by a 2018 study comparing high-strength aluminum ultralight wheelchairs and
found that 5 of the 9 samples did not meet the minimum requirement to pass the current standards,
suggesting that manufacturing quality had not made substantial improvements since the adoption

of ISO 7176 and ANSI/RESNA (Gebrosky B., Pearlman J., Cooper R., 2018).

Figure 3. Double-drum test (left) and curb drop test (right)

Less-resourced environments that experience higher temperatures, humidity, dirt, mud,

debris, and other factors were notably left out of the development discussion for the original ISO



7176 suite, leading to wheelchairs failing differently and sooner in these environments (Mhatre et
al., 2017). A longitudinal study assessing the maintenance condition of wheelchair components in
low-resource areas found that casters, footrests, brakes, and seats received low ratings from users
despite consistent component replacement throughout the study (Rispin et al., 2018). The Toro et
al. study from 2016 also suggested that the current laboratory testing did not necessarily reflect
common breakdowns in the community as frame failures are very common outcomes with these
standards, but less than 5% of the sample in that study were frame failures (Toro, M., Worobey,
L., Boninger, M. L., Cooper, R. A., and Pearlman, J., 2016).

These findings mentioned above made it clear that the exclusion of outdoor environmental
factors in standard testing was influencing wheelchair performance and quality and leading to
frequent and dangerous failures. Motivated by the high rates of caster failures in the community,
the standards working group of the International Society of Wheelchair Professionals (ISWP) and
a team at the University of Pittsburgh Department of Rehabilitation Science & Technology led the
development of the 1ISO 7176-32 Caster Durability Testing Protocol (Mhatre et al., 2020, Mhatre
et al., 2017, Pearlman et al., 2008, Kim & Muholland 1999, WHO, 2008). A review of literature
regarding 1SO standard development along with expert advice from members of the ISWP-SWG
indicated that specific tests for corrosion resistance, rolling resistance, and durability of whole
wheelchairs, caster assemblies, and rear wheels were required to improve the current state of
wheelchair quality (Mhatre et al., 2017). Through community data collection and an iterative
design process, 1SO 7176-32 was developed using both a salt fog exposure chamber to simulate
corrosion as well as a shock and abrasion simulator called ISWP Chakra (Mhatre, Ott, & Pearlman,

2017). Both can be seen in Figure 4. The testing protocol is listed in Table 1.



Figure 4. ISWP Chakra (left) and the salt-fog chamber (right)

Table 1. ISO 7176-32 caster testing protocol simulating one year of outdoor use

Exposure Testing Cycles Slat Number of Speed Direction of
for One Year | Height Slats Turntable
Exposure rotation
Shock testing protocol for casters less than 75 mm in diameter.
Low Magnitude | 3000 turntable | 6.4 mm n=3 1mls Forward (2700)
Shocks and rotations Reverse (300)
Abrasion

Shock testing protocol for casters g

reater than 75 mm and |

ess than 150 m

m in diameter.

Low Magnitude | 3000 turntable | 6.4 mm n=2 1mls Forward (2700)
Shocks and rotations Reverse (300)
Abrasion
High Magnitude 12.7 mm n=1 1mls
Shocks and
Abrasion
Shock testing protocol for casters greater than or equal to 150 mm in diameter.
Low Magnitude | 4500 turntable |12.7 mm n=2 1mls Forward (4050)
Shocks and rotations Reverse (450)
Abrasion
High Magnitude | 1500 turntable |20.0 mm n=1 1m/s Forward (1350)
Shocks and rotations Reverse (150)
Abrasion




Casters commonly used in the community were tested using this protocol, and results
showed that the inclusion of corrosion and abrasion reduced durability between 13% to 100%,
changed the failure mode for 75% of the tested models, and that two-thirds of those changed failure
modes are associated with increased risk of injury for wheelchair users (Mhatre et al., 2020).
Exposing casters to the factors of shock, abrasion, and corrosion through this protocol show that a
majority of wheelchair casters have substandard durability. On average, they fail on the standard
test that requires casters to complete two-years’ worth of equivalent test cycles (Mhatre et al.,
2020). The failure modes mostly correlated with models in the lab and in the field. There was a
73% match of leading field failures with caster testing failures, and 90% of the matching failure
modes were due to the inclusion of environmental factors (Mhatre, Dissertation 2018). Though
certain failure modes were found to be common and match with laboratory failures of the same
model, the time-to-failure of these models varied. Equivalent years of casters tested ranged from
a few days to 15 years and did not align with anecdotal evidence from the community (Mhatre,
Dissertation 2018). This informed adjustments to the protocol, but analysis of a large set of time-
to-failure data from the community would be needed to correlate these values further.

The purpose of this thesis is to build further on this work and improve caster quality and
reliability. Chapter 2 demonstrates the utilization of ISO 7176-32 and additional large data sets for
additional test validation. The study correlates the time-to-failure of wheelchair casters between
community and laboratory and informs testing dosage specifically for tilt-in-space wheelchair
casters. Chapter 3 focuses on caster design improvements by leveraging the testing capabilities of
ISO 7176-32. Caster bearings and plastic bushings were tested until failures using ISO 7176-32

and bushings were found to be more durable and cost-effective than bearings. Overall, this thesis
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highlights how laboratory testing can reproduce community outcomes to increase device quality

and performance, and ultimately improve user safety and independence.



2.0 ANALYZING COMMUNITY-BASED CASTER FAILURE DATA TO IDENTIFY

TRENDS IN WHEELCHAIR QUALITY AND MAINTENANCE!

2.1 INTRODUCTION

Despite the importance of wheelchairs in the everyday lives of their users, the growing research
evidence on field evaluation of wheelchairs has shown that manual and power wheelchairs suffer
frequent failures in both high-income and less-resourced settings (Wang et al., 2010, Toro et al.,
2016, Mhatre et al., 2017). About 45-88% of wheelchair users required one or more repairs over a
6-month period (Toro et al., 2016, McClure et al., 2009, Worobey et al., 2012, Henderson, et al.,
2020). In the context of less-resourced environments this frequency increases to every 3 months
(Rispin et al., 2018). Of all failures reported for wheelchair parts, nearly one-third are front wheel
or caster failures (Gaal et al., 1997, Mair, 2018, Mhatre, Reese, & Pearlman 2020). Recent
wheelchair failure data collection studies have found that caster stem bearings fracture within 2
years of use in adverse environments as well as in resourced settings (Mhatre, Pearlman, & Lachell,
2018). These can be particularly high-risk failures as it causes the user to tip out of their wheelchair

and become injured. The downward spiral of health outcomes following breakdowns negatively

1 A portion of this chapter is published in the manuscript “Community-based wheelchair caster failures call for
improvements in quality and increased frequency of preventative maintenance” in Spinal Cord by Anand Mhatre, Jon

Pearlman, Mark Schmeler, Ben Krider, and John Fried.



impacts the user’s quality of life and increases the public health burden (Hogaboom et al., 2018,
Gaal, Rebholz, Hotchkiss, & Pfaelzer, 1997).

Though these studies have greatly contributed to the understanding of poor wheelchair
quality and its impact on users, the evidence on caster failures is limited . More evidence on the
type and variation of caster failures across different wheelchair models is needed. A large data set
of caster failures can enable stronger statistical analysis and extract more insights into the type and
frequency of caster failures across model types and manufacturers. Understanding the frequency
and modes of failures that are risky for users can inform design, quality testing standards
development, part selection, repair, and maintenance strategies, and reduce the incidence of
wheelchair failures and health consequences.

To improve wheelchair quality and reduce adverse user consequences, standard testing
protocols that are informed by and reflect the trends of failure modes and time-to-failure seen in
the community must be utilized to screen for high performing casters and identify casters in need
of necessary design changes. The adoption of the caster testing protocol ISO 7176-32 is a necessary
step to ensure proper wheelchair performance in the community by incorporating outdoor
environmental factors in the testing process, but further testing of the protocol is necessary to
improve its external validity. Though failure modes of casters in the community have been
matched using collected failure samples and through anecdotal evidence, failure data from the
users in the community is crucial to facilitate calibration of the testing protocol’s failure modes
and time-to-failure.

This study aims to perform secondary data analysis of community caster failures across
manufacturers and models of wheelchairs reported in the Wheelchair Repair Registry (WRR)

(James, Pramana, Mhatre, Brienza, Pearlman, Karg, et al., 2021) to explore their trends and
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relationships as well as identify appropriate models to test in the laboratory for time-to-failure
calibration. Models identified as appropriate were tested using the 1SO 7176-32 protocol to
compare failure modes and time-to-failure to what was found from the community data. Following
are our study hypotheses:

1. Community wheelchair caster failure modes for similar models are not significantly

different between manufacturers.

2. The ISO 7176-32 laboratory and community-based caster failure modes are not

significantly different.

3. The ISO 7176-32 laboratory and community-based caster time-to-failure are not

significantly different.

2.2 METHODS

2.2.1 Wheelchair Caster Failure Data Analysis

2.2.1.1 Description of the Wheelchair Repair Registry

The WRR is a wheeled mobility device failure and repair registry developed by the Rehabilitation
Engineering Research Center (RERC) at the University of Pittsburgh from wheelchair repair
claims. The claims were reported by repair technicians from a network of wheelchair suppliers
using a repair data collection software. Currently, the registry has over 60,000 repairs conducted
on more than 5,000 wheelchair devices from 25 manufacturers. The devices include 60% power

wheelchairs, 35% manual wheelchairs and 5% scooters. The development and structure of the
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WRR and the description of repairs and failures are published elsewhere (James, Pramana, Mhatre,

Brienza, Pearlman, Karg, et al., 2021).

2.2.1.2 Data Selection and Analysis

Wheelchair models in the WRR were assigned Healthcare Common Procedure Coding System
(HCPCS) codes found on respective wheelchair order forms. Manual wheelchair models were
named based on their feature or functionality. For each model, the number of casters (left and/or
right) and failures were computed. Caster repairs and failures reported for all manual wheelchair
manufacturers and their models beginning in January 2017 until October 2019 were selected for
data analysis. The analyzed caster failure types were classified based on the associated risks of
wheelchair user injury and damage to other wheelchair parts (Mhatre et al., 2019). Caster wheel
fracture and bent parts were designated as high-risk failures while bearing failure and worn-out
tires were designated as low-risk failures. Duplicate or missing ticket and failure entries were
discarded. Models with 100 caster failures or greater in total were selected for analysis. Based on
these findings, caster failures analyzed with traceable purchase and failure dates were chosen to
calculate community time-to-failure values. Chi-square tests for independence were conducted to
test hypothesis 1 and evaluate the relationship between failures and wheelchair models and
between failures and manufacturers. Significance was set at o = .01 and statistical analyses were

performed manually.

12



2.2.2 1SO 7176-32 Time-to-failure Validation and Data Analysis

Appropriate casters were identifed from community data for the validation experiment. The
failures were grouped by caster, fork, and stem configurations. Casters were selected based on
sample size and distributions of high-risk failures (cracked wheels and bent casters) and low-risk
failures (bearing fractures and worn tires). A threshold of at least 10 samples per model and 40%
high risk failures was established for caster selection. Five samples of four different models
underwent 1ISO 7176-32 testing. More specifically, each sample experienced 200 hours each of
high-temperature, wet and dry salt fog exposure and then repeated the caster durability testing
exposure described in Table 1. This protocol was repeated until physical failure of the caster
component. The time-to-failure of each test sample was determined by the equivalent cycles
completed on the caster durability test. Each round of 1SO 7176-32 testing is equivalent to two
years of testing exposure. Comparison of the community and laboratory failure data was
conducted using chi-squared analysis with a = .01 for testing hypothesis 2 and two-tailed unequal

variance t-tests with a = .01 for testing hypothesis 3.

2.3 RESULTS

2.3.1 Community Data Analysis and Caster Selection

A total of 6470 caster failures and 151 service repairs found from 4 manufacturers and

encompassing 5 wheelchair model types were analyzed. Table 2 includes descriptions of manual

13



models analyzed in this study. Table 3 shows the distribution of wheelchair caster failures.

Manufacturer names are anonymized using M#. Figure 5 shows the caster failure distribution.

Table 2. Wheelchair model descriptions

Wheelchair Model Description

Manual wheelchairs

Tilt-in-space Wheelchairs typically prescribed for less-active users who need seating
wheelchair and positioning support

Ultralightweight Wheelchairs typically prescribed for users with active lifestyle and
wheelchair outdoor mobility needs

Table 3. Distribution of caster failures across wheelchair manufacturers and models

Wheelchair . Service Man_ufactu rer &
Manufacturer Type of Failure . Failure Type
Model Repairs - "
Relationship
. Worn-
Wheel . | Bent Part” Be'a rng out
Fracture Failuret .
Tiret
Tilt-in-space
M1 46 17 33 29 15 X2(3, N=344) =
M2 104 8 65 42 10 13.84, p<.01
Ultralightweight
M2 119 21 253 92 70 X2(3, N=839) -
M3 55 30 206 63 56 15.29, p<.01

* High-risk caster failures
+ Low-risk caster failures

14



M2 Tilt-in-space (n = 219 Failures,
n = 89 Chairs)

P

B Wheel/Stem Fracture

= Bent Caster

M2 Ultralightweight (n = 485 Failures,
n =176 Chairs)

“a

Bearing Fracture

52%

= Worn-out Tires

Figure 5. High-risk and low-risk failure trends between manual wheelchair types

For manufacturer M2, the failures were also significantly different between both the

manual wheelchair models listed in Table 2, X?(3, N=704) = 42.15, p<.05. The tilt-in-space models

encountered nearly twice the high-risk failures than their ultralightweight counterparts. Due to this,

two different tilt-in-space caster models designed by the manufacturer were chosen for the

validation experiment. Caster models greater than sample size n > 10 were selected. Models with

at least 40% high-risk failures were selected. The selected casters failure distributions are shown

in Table 4.
Table 4. Community failure mode and time-to-failure data
Wheelchair Sample Failure Modes and Time-to-Failure (TTF) (Years)
Configuration Size | Cracked [TTF| Bent [TTF| Bearing [TTF|Worn[TTF
Wheel Caster Fracture Tire
Tilt-in-space (6” X2 | N =58 11 2.36 7 N/A 28 199 12 (2.02
Semi-Pneumatic)
Tilt-in-space (8” X 1.5| N =44 16 2.88 6 N/A 8 N/A| 14 |2.60
Pneumatic Urethane)

15




2.3.2 Caster testing and comparison

Five caster samples of each model shown in Figures 6 and 7 underwent 1SO 7176-32 testing.
Failure photos of both caster models can be seen in Table 5 below. Table 6 shows the distribution
of failure modes and chi-squared comparison of samples from the community and laboratory.
Table 7 shows both the failure mode distributions and average time-to-failure of the tested caster
samples. Table 8 compares the failure modes, failure rates, and time-to-failure of community and

laboratory testing using a two-tailed unequal variance t-test.

Figure 6. 6" x 2" Semi Pneumatic Tilt-in-space Wheelchair Caster

16



Figure 7. 8" x 1.5" Pneumatic Urethane Tilt-in-space Wheelchair Caster

Table 5. Caster failure photos for tested models

Wheelchair Failure Photos
Configuration

Tilt-in-space (6” X
2” Semi-Pneumatic)

17




Tilt-in-space (8” X
1.5” Pneumatic
Urethane)

Table 6. Distribution and comparison of caster failures in community and laboratory settings.

Wheelchair Settin Tvoe of Eailure Manufacturer & Failure
Model 9 yp Type Relationship
- Bearing Worn-out
BentPart | o iluret Tiret
6” X 2” Semi-Pneumatic
Community 7 12
X%(3, N=63) = 14.70, p<.01
Laboratory 0 5
8” X 1.5” Pneumatic Urethane
Community 6 14
X2(3, N=49) = 7.42, p=.060
Laboratory 0 0

* High-risk caster failures
+ Low-risk caster failures

Table 7. Laboratory failure mode and time-to-failure data using the caster testing protocol.

Wheelchair
Configuration

Failure Modes and Time-to-Failure (TTF) (Years

Cracked [TTH Bent

TTH Bearing [TTF Worn [TTH

Wheel Caster Fracture Tire
Tilt-in-space (6” X 2” N/A N/A N/A| 5 |[4.99
Semi-Pneumatic)
Tilt-in-space (8” X 1.5” 1.57 N/A N/A| O N/A

Pneumatic Urethane)

Table 8. Comparison of community and lab failure data using two tailed unequal variance t-test

Caster model

Community Data Findings

ISO 7176-32 Test P-
Results Value
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Community Time-to- Lab Failure | Lab Time-to-
Failure Modes Failure Mode Failure
8’ x1.5” Cracked Wheel 2.88+0.46 Cracked 1.57+0.51 0.014
Pneumatic (36%) (n=16) Wheel (n=5)
Urethane (100%)
6” x 2” Semi- Worn Tire (21%) | 2.02+0.57 Worn Tire 4.99+1.29 .010
Pneumatic (n=13) (100%) (n=5)

2.4 DISCUSSION

Caster failures are unique to each wheelchair manufacturer and model reported in the WRR. The
chi-squared analysis produced p-values below o= .01 for comparison of wheelchair models from
the same manufacturer as well as for comparison of wheelchair manufacturers for the same
wheelchair type. Hence, we reject the null hypothesis that community wheelchair models and
failure modes would not differ significantly between their respective manufacturers and between
models. Comparing the proportion of high-risk failures to total failures among manual
wheelchairs, the tilt-in-space models encountered nearly twice the high-risk failures than their
ultralightweight counterparts. This trend suggests that users who require a higher level of seating
support and have complex rehabilitation needs are at a greater risk of experiencing caster failures
that can cause user injury and other adverse consequences. This finding calls for urgent
improvements in caster quality.

Next, the testing of tilt-in-space models also provided several key findings related to their
failure modes. The 6” semi-pneumatic model consistently failed due to worn tires that inhibited

caster function and began to damage the wheel hub. For this model, this was the second most
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common failure mode from the community data. The chi-squared analysis demonstrated that the
failure modes of the community and laboratory samples differ significantly. Hence, we reject null
hypothesis 2 for this caster model. Despite this, the protocol does still accurately predict a low-
risk failure for this model.

The 8” urethane model failed due to cracked wheel hubs in all 5 samples tested with the
protocol. This is consistent with the community data as cracked wheels are also the most common
failure reported for this configuration. Chi-squared analysis produced a p-value much higher than
a = .01, so the hypothesis that the failure modes of the community and laboratory samples would
not differ significantly fails to be rejected for this model. The failure mode comparisons on 6”
semi-pneumatic and 8” urethane models show that the ISO 7176-32 caster testing protocols
demonstrate substantial external validity.

Time-to-failure comparisons offered further conclusions. The lab-tested samples of the 6”
caster model lasted significantly longer than seen in the community data. We reject hypothesis 3
that the time-to-failure of community and laboratory samples would not differ significantly for this
model. The 8” casters, on average, failed somewhat sooner than the 2-year equivalent cycles
required by ISO 7176-32. The hypothesis that the time-to-failure of the community and laboratory
samples would not differ significantly fails to be rejected for this caster model. Further caster
quality improvements should be made by the manufacturer. The conclusion that one model
produced accurate results while the other did not suggest that additional testing validation is
required.

This study suggests that further testing protocol improvements should be considered. The
variance in outcomes for the models in the community and the laboratory could potentially be

attributed to both the testing procedure of the protocol as well as the specific performance
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characteristics of tilt-in-space wheelchairs. Evaluation of a full tilt-in-space wheelchair should be
conducted to determine weight distribution on the casters, integration of the caster with the rest of
the wheelchair, use patterns of the users compared to that of ultralight wheelchair users, and other
aspects. This could lead to specific testing changes for tilt-in-space wheelchair casters that
differentiate the process from ultralight wheelchair caster testing. Furthermore, each wheelchair

type could in fact need its own procedure for testing.

2.5 STUDY LIMITATIONS

The WRR data lacks data on wheelchair setup, provision, user training, user- or caregiver-led
maintenance, user demographic characteristics, technician training, and use conditions that may
influence failure type and frequency. Wheelchairs in use that did not encounter caster failures are
not included in the WRR and were not a part of the data analysis. However, a 45-63% failure rate
within 6-months of wheelchair use found in previous studies (Toro et al., 2016, McClure et al.,
2009, Worobey et al., 2012) can be a suitable reference. Regarding the time-to-failure calibration,
the community data is relatively new and after filtering it down to the dataset used for the study,
the sample sizes were relatively small. The laboratory sample size was moderate considering
testing costs. The distance travelled by the user within each sample’s time-to-failure was also not
captured in the community dataset, so correlating this value to a distance-based time-to-failure in

the laboratory may not be accurate.
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2.6 FUTURE WORK

Now that a baseline relationship has been established between the time-to-failure of community
and laboratory casters, the next steps should consist of experimentation to eliminate any significant
differences between these two sets of values. Full wheelchairs should be acquired if the
corresponding caster models had differences between these two results to understand their
performance. Qualitative studies on field failures can also be done to analyze the root causes of
caster failure and inform more modifications to the testing method. This will allow the authors to
develop more accurate procedures for caster testing.

As the WRR data grows and more failure timepoints and purchase dates become available,
it will be possible to reliably compute time-to-failure for multiple models and wheelchair parts.
Distance travelled by the user should also be recorded in order to get a more accurate comparison
to laboratory testing. Studies could be done to track users' distance travelled until failure and then
test replicated caster configurations in the laboratory. Laboratory testing could also potentially
inform the frequency of preventative maintenance events. If a consistent time to failure for various
caster models can be established, studies using ISO 7176-32 could be done to apply preventative

maintenance close to predicted failure

2.7 CONCLUSION

Wheelchair caster failures put wheelchair users at risk for multiple consequences, leading to

decreased self-perceived health and quality of life. In this study, users who use wheelchair products
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that provide complex rehabilitation care as well as greater seating and positioning support were
found to experience a greater number of high-risk caster failures. Laboratory testing must be used
to screen casters and promote high quality designs. Calibrating the failure modes and time-to-
failure of this testing method to community evidence is a vital step in adding further validity to the
testing protocol, and this study has established the current relationship of these values. Tilt-in-
space wheelchair casters have mixed correlations between the community- and lab-based failure
modes and time-to-failure. Experimentation with more caster samples using the testing procedure

will allow the authors to refine the protocol and further improve the protocol’s external validity.

23



3.0 EVALUATING THE DURABILITY AND COST-EFFECTIVENESS OF BUSHINGS

AND BEARINGS FOR WHEELCHAIR USE IN ADVERSE ENVIRONMENTS?

3.1 INTRODUCTION

As shown by the analysis of the community data from the previous chapter, bearing failure
accounted for 26-58% of all failures experienced by manual wheelchair users. Though these
fractures are not an immediate issue to a user, they leave the caster exposed to higher-risk
failures, especially if the bearings fail to be replaced in a timely manner. Repair times can range
from 2 weeks to 6 months which put users at risk for more dangerous failures like stem fracture
(Mhatre et al., 2021) This prevalence of bearing failure aligns with and exceeds reported
statistics from community studies and suggests that bearing failure could be even more common
than previously thought (Gaal et al., 1997, Mair, 2018, Mhatre, et al., 2020). Bearing fracture has
also been commonly seen in the lab preceding more dangerous failures (Mhatre et al., 2017).
Recent wheelchair failure data collection studies have found that caster stem bearings frequently
fracture within 2 years of use in adverse environments as well as in resourced settings (Rispin et
al., 2018). 45-88% of wheelchair casters fail within 6-months of wheelchair use as found in

previous studies (Toro et al., 2016, McClure et al., 2009, Worobey et al., 2012, Henderson et al.,

2 This chapter is being revised for publication as the manuscript “Accelerated wear testing shows that thermoplastic
bushings could be a cost-effective and durable alternative to traditional bearings for wheelchair caster use” in the

Journal of Rehabilitation Assistive Technology and Engineering by John Fried, Anand Mhatre, and Jon Pearlman.
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2020). These premature and frequent failures of wheelchair casters could be attributed to a lack
of quality and/or consideration of their specific environments during product design and testing.
Cost-reduction engineering practices in the wheelchair industry may have led to the design and
selection of low-cost, substandard caster parts that experience different failure modes including
seized bearings, damaged bolts, fractured wheels and forks and worn-out tires and fasteners
(Mhatre et al., 2020). Stem and axle bearings are subjected to rapid fatigue and stress as
wheelchairs are exposed to corrosion, shocks, high temperatures, and dirt especially during use
in adverse environments. Such congruent findings from the community and laboratory-based
standard testing studies motivated the authors to investigate the bearing designs that may prove

to be more effective in the environments in which they are used.

Bearing fractures can lead to a cascade of high-risk failures with caster stems, bolts, and
forks as they experience stresses higher than the ultimate tensile strength of their materials. This
can cause the stem to fracture, the wheelchair to tip, and the user to sustain injuries. The
development of more dependable, low-cost stem and axle bearings for wheelchair casters is crucial
to reduce bearing failures and ensure user safety. Thermoplastic bushing materials could be less
susceptible to corrosion and wear during operation and provide a possible design improvement for
casters which motivated this study (Schweitzer, 2010). More specifically, we sought to compare
the performance of traditional caster bearings with thermoplastic bushings and proposed the two
hypotheses:

1. Casters with thermoplastic bushings have significantly higher durability than those with

traditional ball bearings based on a standardized lab-based test.
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2. Thermoplastic bushings are significantly more cost-effective, based on their cost-per-

cycle, than traditional ball bearings used on casters.

3.2 METHODS

3.2.1 Selection of Testing Materials

One caster model was selected to be tested with each bearing and bushing model to control and
isolate the performance of the bearings and bushings. A standard 8 soft urethane caster model
seen in Figure 8, widely used on multiple wheelchair models provided around the world, was

chosen for the testing study.

Figure 8. Standard caster used for each bushing/bearing sample
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Four models — two bearing models and two bushing models were selected for comparative
testing as shown in Table 9. The standard type ZZ caster ball-bearings selected are the bearings
supplied by the caster manufacturer. Type ZZ double shielded bearings have unremovable, no-
contact metal shields in the outer ring to protect the rolling elements inside and represent a
commonly selected low-cost bearing for wheelchair casters in LMICs. The balls of the bearings
are covered but not completely sealed, so debris and humidity still infiltrate the bearing. Type 2RS
double-sealed chrome steel deep-groove radial bearings were also selected so that the full range of
bearing durability could be established in the study for bushing comparison. These type 2RS
bearings have a nitrile rubber seal that protects the balls of the bearings from the environment. The
bushing materials were selected based on recommendations from wheelchair experts from the
ISWP Standards Working Group. Both bushing materials in Table 8 were selected because of their
self-lubrication, lower wear rate, low coefficient of friction, resistance to corrosion and chemicals,
and low humidity absorption (Schweitzer, 2010). The two manufacturers chosen provided samples
of the materials that were machined to the bearing dimensions with press-fit tolerances
recommended by the manufacturers.

Sixteen total samples underwent the 1SO testing protocol. Unit cost for the bushings were
calculated using web calculators from the respective manufacturers and the standard dimensions
of the bushings and are listed in Table 9. Dimensions for each stem and axle bearing/bushing are
shown in Table 10. An ABEC tolerance rating of 5 or higher (Outer Diameter/Inner Diameter:
+.0000/-.0002 in., Width: +.0000/-.0010 in.) was required for each bearing and bushing chosen
(1SO 492:2014 Rolling bearings — Radial bearings — Geometrical product specifications (GPS)
and tolerance values, 2014). Both bearings had ABEC 5 ratings, and the bushings were machined

and verified to be within ABEC 5 tolerances. These tolerances also cover ABEC 7 ratings as well.
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Table 9. Bearing/bushing models tested in the study with unit cost

Bearing/bushing

Stem Bearing/Bushing

Axle Bearing/Bushing

Model
Unit Unit
Model Cost Model Cost
Standard type ZZ
double-shield deep
groove caster ball- $0.99 g $0.99
bearings
Type 2RS Chrome
S(;jteel Double-sealed e $11.85 » 0 $5.88
eep groove caster -
ball-bearings S
Thermoplastic
Bushing #1 ‘ $1.15 . $1.15
Thermoplastic - -
Bushing #2 R - $1.15 u $1.15
Table 10. Dimensions for the stem and axle used for each bearing/bushing type
Dynamic | Static
Bearing/Bushing F_Iange Quter _Inner Width Load Load
Thickness | Diameter | Diameter . . .
Type - . . (in.) Capacity | Capacity
(in.) (in.) (in.) (Ibs) (Ibs)
Stem 0.062 1.125 .50 3125 884 501
Axle N/A .866 315 276 750 315

3.2.2 1SO 7176-32 Caster Durability Testing Protocol

The I1SO Caster Durability Testing Protocol, ISO 7176-32, includes corrosion testing in a salt fog

chamber (as per ASTM B117) followed by durability testing on ISWP Chakra. Durability testing

includes exposure to shock and abrasion. Table 1 previously details the caster testing protocol.

Figures 9 and 10 show the corrosion and durability testing conducted with the caster models in




this study. The testing was limited to an exposure equivalent to 6 years of wheelchair use as most
of these bearings fail within that time in adverse environments and need replacement according to
previous work (Mhatre et al., 2017, 2018, 2020). Wheelchairs are replaced by this time as well.
Testing of a sample was discontinued following a bearing/bushing failure or caster failure.
Durability is determined by the number of shock testing cycles completed in the ISO 7176-32
Caster Durability Testing Protocol. Cost-effectiveness is calculated as a test cycles-per-dollar ratio.

The cost included the combined cost of two stem and two axle bearings/bushings.

3.2.3 Data Analysis

One-way ANOVA statistical analysis was performed in SPSS to test the hypotheses. If
significance was found, a Tukey post-hoc test was used to reveal where the significance lay within

the bearing and bushing models. A significance level of a=.05 was used.
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Figure 10. Sample casters undergoing durability testing
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3.3 RESULTS

Failures encountered during testing are shown in Table 11 below. Failure modes are shown in
Figure 11. The axle bearings and bushings for all samples did not encounter any failure. Stem
bearings as opposed to axle bearings are subjected to thrust forces and since, both are of similar
quality, the stem bearings typically experience failures during field use and lab-based standards
testing. Most bushing samples either remained intact or exhibited a stem failure, with the stem
bushings usually breaking at the flange. The flange intersection with the bearing cross-section
experiences the highest stress and hence, it is common to experience flange failures during field
use and standards testing (Mhatre et al., 2017, Mhatre et al., 2018, Mahtre et al., 2020). Cycles to
failure and cycles/dollar of the bearings and bushings are shown in Figure 12.

There was a significant difference in durability across the models, F(3,12) = 3.88, p=.04.
The Tukey post-hoc test showed that the durability of thermoplastic bushing #2 was significantly
higher than the standard double-shield ball bearing, p<.05. There was a significant difference in
cost-effectiveness across the models, F(3,12) = 7.64, p =.004. The Tukey post-hoc test showed
that the cost-effectiveness of thermoplastic bushing #1 and #2 respectively was significantly higher

than the double-sealed bearings, p<.05.
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Table 11. Stem bearing and stem bushing failure photos

Bearing/bushing
Model

Failure Photos

Standard type ZZ
double-shield deep
groove caster ball-

bearings

Type 2RS Chrome
Steel Double-
sealed deep groove
caster ball-bearings

Thermoplastic
Bushing #1

Thermoplastic
Bushing #2

32



Bearing and Bushing Sample Failure Distributations

Double-shielded Bearing

Double-sealed Bearing

Thermoplastic Bushing #2

Bearing or Bushing Type

Thermoplastic Bushing #1

=}
[y

2 3

Number of Caster Failures

m Bent/Fractured Wheel orFork  mWom-OutTire  m Bearing Fracture  m Stem Fracture  mPass

Figure 11. Failure mode distirbutions for each sample tested

Results of Durability Testing and Cost-Effectiveness Analysis of
Bearings and Bushings
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g
3
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Figure 12. Comparative bearing and bushing testing results
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3.4 DISCUSSION

Results from the comparative testing study demonstrate that thermoplastic bushings are viable
for use in wheelchairs as they are significantly durable and cost-effective compared to metallic
bearings. Though this study focuses on adverse environments, a rolling element that is more
durable and cost-effective can benefit users in any environment. Ideal casters for wheelchair
application should have a high load bearing capacity and tight tolerances to absorb road shocks
and impacts as well as material properties that resist corrosion (WHO, 2008). Thermoplastics are
often superior to metals in their corrosion resistance because they are not as easily oxidized due
to their strong halogen bonds (Schweitzer, 2010). Hence, these materials were chosen for

investigation.

Both thermoplastic bushings lasted beyond the minimum quality requirement of the
ISO/DIS 7176-32. As per the study results, samples from both models survived twice the number
of equivalent test cycles listed in the protocol with one exception. One sample of thermoplastic
bushing #1 failed prematurely in testing at 2,455 cycles, leading to lower durability on average
and higher range of results for those bushings. It is difficult to pinpoint why this one-off failure
occurred. This could be due to the manufacturing variability in the bushing material or tolerancing
of the flange section of the bushing. Such one-off failures are common in product testing and
hence, testing of four samples was considered. Other than this, thermoplastic bushing #2
demonstrated the least variation in durability or number of test cycles completed, indicating the
consistency of their potential performance and reliability in the community.

On average, the double-shield caster ball-bearings failed to meet the minimum quality

requirement of the ISO/DIS 7176-32 which is two-year of simulated outdoor use. These bearings
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are low-cost bearings that have been shown in previous literature to fail prematurely and are overall
unsuitable for less resourced adverse environments (Mhatre et al., 2020). The double-sealed
products are used on certain wheelchairs in high-income settings and based on testing results,
certainly exceed the strength requirements of a typical manual wheelchair caster bearing. Caster
and bearing failures shown in Table 11 are typically encountered in the community and during
standards testing.

Resistance to corrosion and related wear improved the longevity of the thermoplastic
materials as witnessed in our study. Our results suggest that thermoplastic bushings can be both
cost-effective and durable. Additionally, bushings may offer a low-cost alternative because they
can be mass produced using processes like injection molding which further reduces the total
product cost and improves part availability. The cost-effectiveness was calculated using unit costs,
so it is worth noting that the overall price per bushing will most likely decrease when manufactured
in bulk. Bushings may also be manufactured using 3D printing technology that is gaining traction
in the global assistive technology sector and will further facilitate easy access (ProsFit). These
methods are especially important in LMICs where access to wheelchair parts is challenging
(Mhatre et al., 2017). Since bearings are typically treated as consumables or parts that frequently
require maintenance or replacement, and bushings are cost-effective, a wheelchair provider can
include additional bushing samples during wheelchair provision.

The minimal amount of rust on the bushings’ surface did not impede its natural wearing
and rolling ability. On the contrary, the rusted bearings did experience obstruction to rolling and
consistently higher amounts of tire wear in the ball-bearing samples, which is consistent with
recent evidence (Wilson-Jene, Mhatre, Ott, Krider, Smith, Terhorst, & Pearlman, 2021). Such

obstruction can increase the rolling resistance experienced by the user and lead to poor real-world
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performance as well as health issues like upper extremity injuries (Wilson-Jene et al., 2021). A
future study could be to test the relative increase in rolling resistance of ball bearings versus
bushings using these identical methods. If rolling resistance is lower for thermoplastic bushings,
it would indicate potential for real-world performance as well as for durability and cost-
effectiveness as shown in this study.

This is the first study to compare bearings and thermoplastic bushing materials for
application in wheelchairs. The authors plan to conduct further investigation into the design of
cost-effective rolling elements and support the wheelchair sector with new knowledge and design
innovation. Improved durability of bearings and bushings is vital to raise the quality and
performance of wheelchairs in the community and reduce the frequency of wheelchair breakdowns

and adverse consequences to the user.

3.5STUDY LIMITATIONS

Due to the length of time required for testing and cost of testing, the sample size of this study is
relatively small. With further testing, addition of testing samples would aid in the validity of the
results. The length of time required for testing and usual lifetime of casters and wheelchairs led us
to cap the testing at 6 years of equivalent cycles. Both thermoplastic bushing models, as well as
the double-sealed bushings, all had samples that survived beyond this mark, but were not tested
further. The bushings were manufactured in-house to ABEC 5 tolerance ratings, so potential
discrepancies in the machining process could have led to premature failures and underestimated

durability for the models tested. Only one type of caster was used in this study to isolate the effect
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of the bushings and bearings on durability and cost-effectiveness, so the consistency of this effect
across different models and users is unknown. Debris infiltration from dust and dirt could also
heavily impact both bushings and bearings, so a lack of this type of environmental testing affects
the outcome of this study. The cost-effectiveness for the samples was based on unit costs that did
not consider savings on large-quantity orders, and therefore our results likely underestimate cost-
effectiveness. Though this study has established the quality of these bushings, it did not evaluate
its real-world performance. Aspects such as rolling resistance and overall speed were not analyzed

in this study and impact the usability of the product by the user.

3.6 FUTURE WORK

Our results suggest that bushings may be a more durable and cost-effective alternative to roller
bearings, and therefore reduce the incidence of bearing failure in the community. Along with
rolling resistance tests, there are additional environmental conditions that must be examined to
fully evaluate bearing and bushing performance as well. Tests for dirt and dust contamination are
potential additions to the testing protocol that would help to evaluate the efficiency of bearings
and bushings. Thermoplastic bushings were chosen for comparison instead of thermoplastic
bearings because their solid design resists contamination and seizing from debris. Though
contamination was not tested in this study, it was recognized as an advantage that bushings may
have over bushings. This advantage needs to be validated further through dust testing and
comparison to thermoplastic bearings. Testing of these thermoplastic bushings on multiple

different caster models is also necessary to validate their full applicability in all settings and for all
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users. Following this, use of these bushings in the community through a clinical study could be

conducted to get a sense of real-world performance.

3.7 CONCLUSIONS

Wheelchair caster bearing failures are commonplace in adverse environments. The 1SO 7176-32
caster testing protocol has been instrumental in informing design improvements and guidelines for
wheelchair casters. This comparative testing study utilized the testing protocol for comparative
testing of caster bearings and bushings. The results suggest that thermoplastic bushings could serve
as a durable, corrosion-resistant, and cost-effective alternative to bearings. Developing additional
evidence to inform selection of wheelchair rolling components based on the application of use will
aid in further reducing bearing failures and wheelchair breakdowns in the community through

design and quality improvements.
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4.0 CONCLUSION

Wheelchair caster failures put wheelchair users at risk for multiple consequences, leading to
decreased self-perceived health and quality of life. Users who use wheelchair products that provide
complex rehabilitation care and greater seating, and positioning support were found to experience
a greater number of high-risk caster failures. Improvements in the quality of wheelchair products
are needed to mitigate the risk of failures and consequences suffered by wheelchair users.

Additional testing methods are necessary to expose these casters to the environmental
factors they often experience. ISO 7176-32 provides this missing piece with corrosion, shock, and
abrasion exposure testing. Calibrating the failure modes and time-to-failure of this testing method
to community evidence is a vital step in adding further validity to this protocol, and this work has
established an initial baseline relationship of these values.

Wheelchair caster bearing failures are commonplace in adverse environments. The ISO
7176-32 caster testing protocol has been instrumental in informing design improvements and
guidelines for wheelchair casters. Results of the rolling element comparative study suggest that
thermoplastic bushings could serve as a durable, corrosion-resistant, and cost-effective alternative
to bearings. Developing additional evidence to inform selection of wheelchair rolling components
based on the application of use will aid in further reducing bearing failures and wheelchair failures
in the community.

Overall, large data sets of failure information gathered from the community can be
instrumental in identifying trends in wheelchair quality and performance. This in turn can inform
part design and testing protocols, raising the quality of wheelchair products.
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4.1 FUTURE WORK

Comparing the testing results to failure findings reported in this work and communicating design
changes to manufacturers is necessary to improve quality and design. Additionally, as the WRR
data grows and more failure timepoints and purchase dates become available, it will be possible to
more reliably compute time-to-failure for multiple models and wheelchair parts and inform the
frequency of preventative maintenance events. Once this is more accurately known, studies that
utilize preventative maintenance practices can be conducted to see the effect it has on the lifetime
of the wheelchair and the quality of life of the user.

Large datasets, while useful, lose the information regarding how and why something is
failing the way it is. The use case of tilt-in-space wheelchairs must be studied as it is most likely
vastly different from its ultralightweight counterpart which is leading to a different failure mode.
Now that a baseline relationship has been established between the time-to-failure of community
and laboratory casters, the next steps should consist of experimentation to eliminate any significant
differences between these two sets of values. Full wheelchairs should be acquired if the
corresponding caster models had differences between these two results to understand their
performance. This will allow the authors to develop more accurate procedures for caster testing.

These community data findings can also be utilized to train and educate users,
manufacturers, suppliers, clinicians, and policy makers on the state of wheelchair quality,
performance, and best practice. For instance, users can be given bearings and taught how to replace
them on their own to increase independence and function. Users should participate in maintenance
training programs and educate themselves on using validated maintenance tools (Toro Hernandez,

2016) to mitigate the risk of breakdowns and consequences. Service repairs by technicians are
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associated with a significant reduction in high-risk caster failures (Mhatre et al., 2021). Some
service repairs may not be performed owing to the complexity and the lack of tools and
capabilities. In such cases, providers shall be incentivized by insurance for conducting the repairs
in collaboration with users and caregivers, perhaps remotely using telehealth approaches. Policy
makers can work to ensure that manufacturers must have their products independently tested and
the results publicly shared.

Results from the bearing and bushing comparative study suggest that bushings may be a
more durable and cost-effective alternative to roller bearings, and therefore reduce the incidence
of bearing failure in the community. However, there is additional work required to reinforce these
findings. Along with rolling resistance tests, there are additional environmental conditions that
must be examined to fully evaluate bearing and bushing performance as well. Tests for dirt and
dust contamination are potential additions to the testing protocol that would help to evaluate the
efficiency of bearings and bushings. Following this, use of these bushings in the community and
on various caster models through a clinical study could be conducted to get a sense of real-world
performance.

Overall, this work creates a blueprint for the analysis and application of large community
datasets on the failure and improvement of wheelchair components. It should be followed in a
similar manner to measure and improve the quality of batteries, backrest, armrest, footplate, frame,
brake, and other wheelchair components. Utilizing community data this way forms a cycle that
continuously informs wheelchair testing standards and leads to design improvements, proper

component selection, and more efficient maintenance and repair practices.
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