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Abstract—Previous st udies foun d that  sel ect ti tanium 
ultralight rigid wheelchairs (TURWs) had fewer eq uivalent 
cycles and less value than select  alum inum ult ralight folding 
wheelchairs (AUFW s). The cause s of prem ature fai lure of 
TURWs were not clear because the TURWs had different 
frame material and design than the AUFWs. We tested 12 alu-
minum ultralight rigid wh eelchairs (A URWs) wi th similar 
frame designs and dimensions as the TURWs using the Ameri-
can Nat ional Standards In stitute/Rehabilitation Engi neering 
and Assistive Technology Society of North America and Inter-
national Organization for Standardization wheelchair standards 
and hypothesized that the AURWs would be more durable than 
the TURWs. Across wheelchair models, no significant dif fer-
ences were found in the test results between the AURWs and 
TURWs, except in their overall length. Tire pressure, tube-wall 
thickness, and tube manufacturing were proposed to be the fac-
tors affecting wheelchair durabil ity through comparison of the 
failure modes, frames, and components. The frame material did 
not directly affect the performance of AU RWs and TU RWs, 
but pro per wh eelchair manu facture and desig n based on 
mechanical properties are important.

Key words: aluminum wheelchair, ANSI/RESNA, durability, 
fatigue life, fatigue mode, manual wheelchair, titanium wheel-
chair, ultralight wheelchair, wheelchair, wheelchair standards.

INTRODUCTION

Clinical guidelines reco mmend ultralight wheel -
chairs as the  most appropriate w heelchairs for ac tive 
manual wh eelchair u sers [1 ]. The redu ced weig ht o f 
ultralight ma nual whee lchairs helps  pre serve users’  
upper-limb function by  red ucing the force required to 
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propel a wheelchair, and ultralight wheelchairs are more  
durable and may be adjusted to meet each user’s individ-
ual needs [1]. An estimated 1.5 million people in the 
United States use manual wheelchairs, and 37 percent of 
manual whe elchair us ers are  adults of working age [2]. 
According to a stud y on  veterans by  Fitzgeral d et al., 
more than 95 percent of active manual wheelchair users 
use ultralight wheelchairs [3]. With such a lar ge popula-
tion of potenti al ultralight wheelchair users, the perfor-
mance and quality of ultralight wheelchairs draw 
attention from manufacturers and clinicians.

Manual wheelchairs are classified as “Class 1” medi-
cal devices by the U .S. Food a nd Drug Administration 
(FDA) [4] and are subject to  general control and premar-
ket no tification req uirements, also  kno wn as 510 (k) 
requirements [5–6]. 510(k) guidelines require perfor -
mance testing; however, they neither specify the organi-
zation that sh ould co nduct th e tests nor make th e 
Rehabilitation E ngineering and Assisti ve T echnology 
Society of North America (RESNA) standards a require-
ment [7–8]. Manufacturers and distributors may modify 
test methods and conduc t te sts themselves [8]. Ins uffi-
cient emph asis an d attentio n on the RESNA standard s 
tests may lead to c ommercialized ma nual wheelc hairs 
that have diverse or poor durabi lity as revealed in previ-
ous stud ies [9 –12]. FDA ap proval for man ual wh eel-
chairs does not assure their durability and performance. 
Medical insurers’ prescriptio n guidelines, mostly based 
on the Centers for Medicare and Medicaid Services, typi-
cally require a 3-to-5-year duration before a replacement 
wheelchair will be cove red. Premature failure of wheel-
chairs could potentially injure  users and require  them to 
pay for replacements, which can be very expensive (sev-
eral thousand dollars).

A 2001 study that compared wheelchair test results in 
the database of the Huma n Engineering Re search Labo-
ratories (HERL) concluded that ultralight manual wheel-
chairs had the longest fatigue life followed by 
lightweight man ual wheelchairs an d depo t manual 
wheelchairs [13]. Al though u ltralight wheelchairs were 
more expensive than l ightweight and depot wheelchairs, 
they were  more c ost-effective because of the ir longe r 
fatigue life [9–11]. In addition, ultralight wheelchairs had 
a wide range of static stability because of their adjustable 
components, which make it  possible to set up a manual 
wheelchair to fit a user’s needs.

Aluminum is the most popular material for ultralight 
manual wheelchairs. It is cost-effective, ha s a highe r 

strength-to-weight ratio than steel, and does not require  
specialized ma nufacturing eq uipment an d te chniques. 
Titanium has a hig her strength-to-weight ratio than alu -
minum and is used widely  in the aircraft and automobile 
industries for weight reduction [14]. However, it requires 
specialized techniques and equipment for machining, and 
the raw material is more expensive than  aluminum and 
steel [15]. Thus, titanium wheelchairs are more expen-
sive th an st eel and alumin um wheelchairs. Some basi c 
mechanical properties of aluminum and titani um are 
shown in Table 1 .

HERL recently conducted a study using the Ameri -
can National Standards Institute (ANSI)/RESNA whe el-
chair standards to evaluate select titanium ultralight rigid 
wheelchairs (TURWs) and compared the test results with 
previously tested alumi num ultralight folding wheel -
chairs (AUFWs). The TURWs w ere expected to show 
better performance and du rability than the AUFWs 
because of the advances in scie nce and technology that 
have been made recently. However, the study outcomes 
were different from the anticipated results [12].

The TURWs demonstrated less rearward static stabil-
ity because they had a wider range of adjustability of the 
rear wheel axle position th an the AUFWs [12]. Moving 
the rear whe el axle forward makes the wheelchair more 
responsive to turning and decreases the propulsion fre -
quency and force required to initiate motion [16–17].

Table 1.
Mechanical properties of aluminum alloy 6061-T6 and titanium alloy 
Ti-6A1-4V [1–2].

Property Aluminum Alloy
6061-T6

Titanium Alloy
 Ti-6Al-4V

Density (g/cm3) 2.70 4.43
Strength/Weight 

Ratio (MPa·cm3/g)
114 214

Tensile Yield 
Strength (MPa)

276 880

Ultimate Tensile 
Strength (MPa)

310 950

Shear Strength (MPa) 207 550
Price ($/kg) 1.6 22.0
1. Ma tWeb M aterial Property D ata [Internet]. Bla cksburg (VA): Automati on 

Creations, Inc; 2009. [updated 2009; cited 2009]. Available from: 
http://www.matweb.com/search/search.aspx/. 

2. Free Me tal Price  Charts [Inte rnet]. Basalt  (CO): MetalPrices.com; 2009 
[cited 2009]. Available from: http://www.metalprices.com/pubcharts/.

http://www.matweb.com/search/search.aspx
http://www.metalprices.com/pubcharts/
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The average equivalent cycles (ECs) of each TURW 
model indicated that none of the four models in the study 
passed the fatigue standards: they were less durable with 
lower cost-ef fectiveness than previously teste d AUFWs 
[12]. Nin e ou t of tw elve TU RWs ha d p remature cata-
strophic frame fractures. Although the test results 
revealed some engineering and design co ncerns within  
the TUR Ws, the direct durability comparison between 
TURWs and AUFWs was que stionable because of their 
different frame designs, materials, and caster sizes [11–12].

The purpose of this study was to evaluate aluminum 
ultralight rig id wheelchairs (AURWs) usin g ANS I/
RESNA w heelchair s tandards, compare t he te st re sults 
among t hree u ltralight wheel chair grou ps (AUR Ws, 
TURWs, and AUFWs), and investigate the ef fect of 
frame material (aluminum vs  titanium) on ultralight 
wheelchairs. Four models of AUR W were selec ted. We 
performed the tests from volume 1 of the ANSI/RESNA 
wheelchair standards [18] and part 3 of the International 
Organization for Standardization (ISO) wheelchair stand-
ards [19] to evaluate the A URWs. We hypothesized that 
the AURWs would demonstrate better durability than the 
TURWs (because manufacturers have more experience in 
designing and building aluminum wheelchairs) but show 
no difference in their dimensions, stability performance, 
and braking effectiveness (because they were both rigid 
frame wheelchairs of similar design). We also hypothe-
sized that the AURWs would yield different results from 
the AUFWs on a ll of the RESNA standards tests because 
they were drastically dif ferent in frame design and caster 
sizes.

METHODS

Tested Wheelchairs
Twelve AURWs representing four models from four 

manufacturers were tested in this study: the TiLite AeroZ 
(TiLite; Kennewick, Washington), the Invacare Crossfire 
(Invacare; Elyria, Ohio), the Quickie GT (Sunrise Medi -
cal; Longmont, Colorado), and the Kuschall AirPro 
(Kuschall AG; W itterswil, Switzerland). Photographs of 
the four models in wh ich one wheel of each  model has 
been removed to show the  frame design more clearly are 
in Figure 1 . These models w ere the most popular 
AURWs prescribed at the  Center for Assis tive Technol-
ogy at the University o f Pit tsburgh Medical Center and  
the Department of Veterans Affairs (VA) Prosthetic and 

Sensory Aids Service and had similar frame designs as 
the previously tested TUR Ws. The wheelchairs were 
ordered with the same seat dimensions and specifications 
as the TURWs and se t up with standard components of 
each model. Be cause of the co st and time involved in 
performing wheelchair standards tests, only three wheel-
chairs of each model were tested.

Standards Tests
We co nducted th e wh ole b attery of AN SI/RESNA 

manual wheelchair s tandards tes ts [18]. Be cause the 
AURWs had similar fra me des igns and the s ame sea t 
dimensions a s the TU RWs, we applied the modified 
methods and the testing setup used in the TURW compar-
ison study [12] to test the AURWs.

To compare the  tube strength amo ng different tub e 
dimensions and materials, we used the equation of yield 
stress ( Y  ) to calculate the estimated load at fracture (Ff ) 
when the load was applied at the midpoint of the specimen: 

where I =  area  mome nt of in ertia of tube  shape, L = 
length of the specimen, OD = tube outer diameter, and ID =
tube inner diameter.

We ass umed that the forc e was  applied at the  mid -
point on each tube of 1 m in length; the estimated Ff can 
be derived by the following equation:

The yield strength of aluminum alloy  6061-T6
(276 MPa) and titanium alloy Ti-6Al-4V (880 MPa) [20] 
were used to approximate the Ff of the frame tube with -
out screw holes for each model (in newtons).
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Static Stability
The static stability tests (section 1 in the ANSI/

RESNA wheelchair standards) [18] measure the tipping 
angles of the wheelchair on a rising slope. The stability 
of the whee lchair was evaluated w hen it w as se t in its 
least and most stable configuration in the rea rward and 
forward directions according to the standards. In the for-
ward stability test, the whee lchair would ti p forward 
when the platform was rising; in the rearward stability 
test, the wheelchair would tip backward. We applied the 
modified test me thod used in th e pre vious s tudy to  
accommodate rearward instability of rigid wheelchairs in 
the least stable setting [12]. Therefore, the wheelchair 
was placed facing downhill,  resuming upright from a 
backward tilt position when the platform was risi ng; the 
platform angle  when the  front caste rs touched the pla t-
form was recorded.

Braking Effectiveness
The braking effectiveness test was performed accord-

ing to part 3 of the ISO st andards [19].  In the braki ng 

effectiveness tes t, wheelchairs were evaluated with the 
same settings as when they came out of the box and the rear
wheel axle was set in the most rearward position. Brak-
ing effectiveness was quantified by measuring the angles 
at which the wheelchair started sliding on a rising slope. 

Brake Fatigue
The brake fatigue test was also performed according 

to part 3 of the ISO standards [19]. To perform the brake 
fatigue test, we built a repetitive brake operating system 
according to the standard. A photograph of the system is 
shown in Figure 2. The system operated the bra ke from 
the brake-off positi on to the brake-on position and 
returned to the brake-off position 60,000 times at a fre-
quency not exc eeding 0.5 Hz. The bra ke was adjusted 
according to manufa cturer spe cifications. If the wheel-
chair ma nual did not specify  the adjustment, the brake 
was adjusted to achieve a maximum operating force of 60 ±
5 N as spe cified in the standard. Any movement of the  
brake as sembly relative to the wheelchair structure  and 
any change in brake performance were recorded.

Impact and Static Strength 
In the impact and static strength tests (section 8 in the 

ANSI/RESNA whe elchair standa rds), the  impact and 
static forces were appl ied to the parts of the wheelchair 
[18]. The forces are specified by the standards to simulate 
the possible impacts and static stresses that a wheelchair 
is exposed to in real use.

Figure 1.
Four models of aluminum ultralight rigid wheelchairs in this s tudy:
(a) TiLite AeroZ, (b) Invacare Crossfire, (c) Quickie GT, and (d) Kuschall
AirPro.

Figure 2.
Repetitive brake operating system for brake fatigue test.
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Fatigue
The fatigue tests (section 8 i n the ANSI/RESNA 

wheelchair standards) cons ist of the double-drum and 
curb-drop tests (DDT and CDT , respectively) [18]. If a 
wheelchair passed both the DD T and CDT, we repea ted 
the fatigue tests on the wh eelchair until permanent dam-
age occurred so we could compa re life  cycle and va lue 
across a ll the devices. To compare the durability across 
wheelchairs, we used the  following formula to compute 
the ECs [12]:

According to this formula,  a w heelchair would have 
to endure more than 400,000 cycles to pass the durability 
portion of the test. To contrast the cost-ef fectiveness of 
wheelchairs, we derived the value of a wheelchair by nor-
malizing the number of ECs by the manufa cturer’s sug-
gested retail price (unit of value = cycles/dollar).

For details of the standards test methods, please refer 
to the ANSI/RESNA and ISO wheelchair standards tests 
[18–19].

Data Analysis
This study focused on test results of static stability; 

braking effectiveness; brake fatigue; and static , impac t, 
and fatigue strength. Descrip tive information and statis -
tics for each test as we ll as wheelchair dimensions were 
collected. The coefficient of varia tion (CV), the ratio of 
the standard deviation (SD) to the mean, was reported to 
reveal the scale of variation in the  results. Bec ause the 
sample sizes were small a nd not normally distributed at 
both the model and group levels, nonparametric statisti-
cal tests w ere c hosen. The K ruskall-Wallis test and the 
Mann-Whitney test (non parametric test for independent 

samples) we re use d to c ompare test results  among the  
four AURW models. The Mann-Whitney test was used to 
compare static stability, ECs, and value between AURWs 
and TURWs and between AURWs and AUFWs. Because 
a discrepancy wa s obs erved in ECs a nd value betwe en 
the rigid whee lchairs teste d with high vers us low pres -
sure tires, the Mann-Whi tney and Spearman correlation 
tests we re performed to inves tigate the difference. The 
level of significance () was set as 0. 05 a priori and was 
not adjusted for multiple tests because the power of this 
study w as low a s a  result of the  small sa mple size  and 
large variance. T o compar e the durability  among the 
AURWs, TUR Ws, and A UFWs, w e used the  Kaplan 
Meier method to plot the survival curves [13].

RESULTS

Dimensions
Chair dimensions of the AURWs are shown in Table 2.

All the wheelc hairs we re te sted with 61 0 mm (24 in. ) 
wheels. However, the TiLite AeroZ and Quickie GT were 
tested with low  pre ssure tires (rec ommended tire pres -
sure: 75 psi) and the Invacare Crossfire and Kuschall Air-
Pro were tested with high pressure tires (rec ommended 
tire pressure: 100–1 10 psi). Table 3  shows the tube  
dimensions and Ff of eac h rigid wheelchair mode l. The  
frame tubes of the Kuschall AirPro had the lowest Ff and 
the smallest wall thickness among the AURWs.

Static Stability
Table 4  shows the results of the static stability test s. 

The Kusc hall A irPro wheelc hairs de monstrated s ignifi-
cantly different static stability from other models in both 
forward and rearw ard directions. During the rearw ard 
stability test (in the leas t sta ble configuration with th e 

Table 2.
Overall mean dimensions of aluminum ultralight rigid wheelchair (AURW) models used in study.

Dimension TiLite AeroZ Invacare Crossfire Quickie GT Kuschall AirPro
Length (mm) 839 810 835 900
Width (mm) 581 634 605 579
Height (mm) 801 787 784 785
Mass (kg) 10 9.9 10 10
Minimum Turning Radius (mm) 548 388 525 647
Turn Around Between Limited 

Walls (mm)
1,103 1,178 1,135 1,176

Note: Measurements are significantly different between AURWs and titanium ultralight rigid wheelchairs (p < 0.05).
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rear w heels unlocked), the casters of one Quickie G T 
wheelchair had not touched the platform by the time the 
slope had  risen to 3 4.9º. Due  to safety co ncerns, we 
stopped the test and recorded the angle as –34.9°.

Braking Effectiveness
Table 5 shows the results of the braking effectiveness 

tests. The forward braking ef fectiveness angle s were  
recorded whe n the  wheelchair start ed slid ing or rolling 
downhill. Two Invacare Crossfires and one Kuschall Air-
Pro slid, and the remainder of the chairs rolled during the 
forward braking effectiveness test. No signific ant differ-
ences were noted in forward braking effectiveness angles 
among the four AUR W models. The results of the rea r-
ward braking ef fectiveness tes t we re tipping angles  
because all the AURWs tipped without sliding or rolling. 

Table 3.
Frame tube dimen sions (in millimeters) and estimated load at fracture (Ff) (in newtons) of tubes without screw h oles when load is applied at 
midpoint of tube.

Tube Dimension 
Aluminum Ultralight Rigid Wheelchair Titanium Ultralight Rigid Wheelchair*

TiLite 
AeroZ

Invacare 
Crossfire

Quickie 
GT

Kuschall 
AirPro

Invacare 
TopEnd

Invacare 
A4

Quickie 
Ti

TiLite 
ZRA

Outer Diameter 31.9 28.9 28.9 30.3 25.7 25.7 25.7 31.8
Inner Diameter 26.7 22.3 22.3 26.1 23.1 23.1 23.1 28.8
Wall Thickness 2.6 3.3 3.3 2.1 1.3 1.3 1.3 1.5
Ff 448 422 422 339 509 509 509 909

*Liu HY, Cooper RA, Pe arlman J, Cooper R, Connor S. Evaluation of tita nium ultralight manual wheelchairs using AN SI/RESNA standards. J Rehabil Res Dev. 
2008;45(9):1251–68. [PMID: 19319751] DOI:10.1682/JRRD.2007.12.0204

Table 4.
Tipping angles (in degrees) of aluminum ultralight rigid wheelchairs from st atic stability tests (mean ± st andard deviation [SD], coefficient of 
variation [CV]).

Wheelchair
Front Rear Lateral

Least Stable Most Stable Least Stable Most Stable Least 
Stable

Most 
StableLock Unlock Lock Unlock Lock Unlock Lock Unlock

TiLite AeroZ
Mean ± SD 21.9 ± 1.8 22.8 ± 1.6 32.1 ± 1.2 33.1 ± 1.5 –15.0 ± 3.1 –29.3 ± 7.3b 13.1 ± 1.5a 23.5 ± 2.3a 21.0 ± 0.2 22.2 ± 0.6
CV 0.08 0.07 0.04 0.05 0.21 0.25 0.11 0.10 <0.01 0.03

Invacare Crossfire
Mean ± SD 22.5 ± 0.9 24.4 ± 0.7 28.4 ± 1.3* 29.7 ± 2.0* –7.3 ± 4.1 –10.0 ± 3.4a 6.7 ± 2.4b 13.2 ± 3.3b 23.7 ± 1.6* 25.1 ± 1.3
CV 0.04 0.03 0.05 0.07 0.56 0.34 0.36 0.25 0.07 0.05

Quickie GT
Mean ± SD 20.9 ± 0.6 21.3 ± 0.6 33.3 ± 0.8 34.2 ± 2.5 –14.7 ± 9.7 –25.7 ± 8.0b 8.8 ± 0.9b 15.0 ± 1.9b 18.2 ± 0.7 21.5 ± 2.0
CV 0.03 0.03 0.02 0.07 0.66 0.31 0.10 0.13 0.04 0.09

Kuschall AirPro
Mean ± SD 22.6 ± 1.0 23.9 ± 1.2 36.4 ± 0.2* 37.6 ± 0.8* –4.0 ± 0.7* –7.7 ± 1.9a 14.3 ± 1.2a 25.2 ± 1.9a 19.0 ± 0.3 21.3 ± 0.6
CV 0.04 0.05 <0.01 0.02 0.18 0.25 0.08 0.08 0.02 0.03

Note: Tipping angles of wheelchairs marked superscript “a” were significantly different from wheelchairs marked superscript “b.” 
*Tipping angle of wheelchair model was significantly different from other models.
Lock = downhill wheels locked, Unlock = downhill wheels unlocked. 

Table 5.
Tipping or sliding angles (in degr ees) of aluminum ultr alight rigid 
wheelchairs in braking effectiveness tests.

Wheelchair
Forward Rearward

Mean ± SD CV Mean ± SD CV
TiLite 

AeroZ
11.7 ± 2.9 0.25 11.9 ± 1.6* 0.13

Invacare 
Crossfire

14.7 ± 1.9 0.13 5.2 ± 1.5 0.29

Quickie 
GT

15.9 ± 1.1 0.07 5.5 ± 0.3 0.05

Kuschall 
AirPro

13.9 ± 5.1 0.37 7.1 ± 0.9 0.13

Note: Forward = forward effectiveness test and rearward = rearward effective-
ness test.
*Significant difference was found among four wheelchair models.
CV = coefficient of variation, SD = standard deviation.

http://www.ncbi.nlm.nih.gov/pubmed/19319751
http://dx.doi.org/10.1682/JRRD.2007.12.0204
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The TiLite AeroZ had t he la rgest tipping angle  in the 
rearward braking effectiveness test ( p = 0.05).

Brake Fatigue 
All the AUR Ws completed 60,000 cycles i n t he 

brake fatigue test. No brakes shifted position during t he 
test, and all were still functional after the test. Figure 3
shows a photograph of the kind of linkage system found 
in the TiLite AeroZ and Quickie GT brakes. The washer 
between link A and link B at joint 4 wore out during the 
test, and therefore, the brake-engagement movement was 
not smooth by the end of the test. The Invacare Crossfire 
also sh owed th is ty pe of failure as a co nsequence of a 
worn out w asher on the park ing brake s, even though it 
had a slightly dif ferent brake design from the other two 
models. The Kuschall A irPro wheelchairs had metal 
washers in their bra kes. The metal washer on two chairs 
of this model also wore out, but this had less impact on 
the brake-engagement movement than in the other models.

Impact and Static Strength
All the AURWs passed the impact strength tests, but 

all the Invacare Crossfire chairs failed the stat ic strength 
tests beca use their armrest mounting plates deformed 
after a 760 N downw ard force was  applied to the arm-
rests. This forc e caused th e a rmrests to be nd outward, 
which would imped e the p ropulsion mov ement of t he 
wheelchair user’s hands (Figure 4).

Fatigue
The ECs  a nd value of e ach w heelchair model are 

shown in Table 6 . The TiLite AeroZ and Quickie GT had 

higher ECs and value but smaller CVs than the Inva care 
Crossfire and K uschall AirPro. Figure 5  illustrates the 
ECs of each wheelchair. Seve n AUR Ws passe d the  
fatigue standard: three TiLite AeroZ, one Invacare Cross-
fire, and three Quickie  GT. Ple ase se e the  Appendix
(available online only) for the failure modes of the 
AURWs in the fatigue tests.

Figure 4.
Armrest alignment of Invacare Crossfire wheelchair. (a) Original alignment of armrest. (b) Alignment after 760 N downward force was applied 
on armrest in static strength test.

Figure 3.
Alignment of parking brake after brake fatigue test. TiLite AeroZ and 
Quickie GT had same type of brakes as shown here. (a) Side view of 
brake and (b) close-up of front view. Link A is base link clamped on 
frame tube. Link B is driving lin k where user applies force to  engage 
brake. Link C is driving link where brake applies force on tire. Link D 
is cou pler link. Four lin kage joints are numbered from 1 to 4  
counterclockwise. Washer between Link A and Link B at joint 4 wore 
out, and therefore, Link B was tilting with respect to Link A. Link A 
did not shift its position in relation to frame tube.

liuappen.pdf
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DISCUSSION

Dimensions
Table 7  illustr ates the comparison of dimensions 

among the AURWs, TURWs, and AUFWs. Except for a 
significant difference in overa ll length, the AURWs and 
TURWs showed no difference in their overall width, 
height, or mass. AURWs and TURWs had similar dimen-
sions and weights. Although a statistically significant dif-
ference was noted in the ov erall length, the actual 
difference was around 7 c m. This  dif ference may be 
because the K uschall AirPro w heelchair design allows 

the rear axles to move farther rearward than the TURWs. 
However, the overall length could be decreased by sim-
ply changing the rear wheel axle position or wheel sizes.

The Ff value of the Invacare TopEnd and A4 and the  
Quickie Ti was 509 N, and the Ff of the TiLite ZRA was 
909 N, calculated using the tu be dimensions provided in 
the previous article [12]. Although the TURWs had stron-
ger frame tubes than the AUR Ws, only t hree T URWs 
passed the fatigue  standard. In c ontrast, se ven A URW 
chairs passe d the s tandard. The se re sults suggest that 
more importa nt factors than  frame tube strength may 
affect wheelchair durability.

Static Stability
Table 8  shows the static stability test results of the 

AURWs, TURWs [12], and AUFWs [11]. All the groups 
had larger CVs in the tipping angles of the rearward sta-
bility tests than the forward and lateral stability tests. 
Because the  AUR Ws and TUR Ws had similar dimen -
sions and adjustments, they showed no difference in their 
stability, except in the forward direction in the most sta -
ble setting with front casters unlocked. The longer overall 
length of the AU RWs could be the factor incre asing the 
forward stability. The three gr oups of wheelchairs actu -
ally provide similar maximum rearward stability. As seen 
in the descriptive statistics, the AURWs and TURWs were
more stable than the AUFWs in  the forw ard dire ction. 
This may be the result of the rearward footrest position in 
the rigid ch airs comp ared w ith the folding frame w heel-
chairs. However, our results only demonstrated possible  
ranges of wheelc hair stability and can be a reference to 
compare wheelchairs of different groups. The ac tual sta-
bility of  an everyday wheelchair is determined by the 
wheelchair setting, componen t selections (such as caster 

Table 6.
Equivalent cycles (ECs) and cost-effectiveness (value) of each model of aluminum ultralight rigid wheelchair (mean ± standard deviation [SD], 
coefficient of variation [CV]).

Fatigue 
Parameter

TiLite 
AeroZ

Invacare 
Crossfire

Quickie 
GT

Kuschall 
AirPro p-Value*

ECs (cycles)
Mean ± SD 499,721 ± 32,923 224,099 ± 162,023 469,342 ± 64,843 85,875 ± 98,668 0.03
CV 0.07 0.72 0.14 1.14 —

Value (cycles/$)
Mean ± SD 218 ± 14 98 ± 71 205 ± 28 26 ± 30 0.03
CV 0.06 0.72 0.14 1.15 —

*Significant differences (p < 0.05) were found between all wheelchair models for all comparisons except TiLite AeroZ and Quickie G T (p = 0.51 for both ECs and 
value) and Invacare Crossfire and Kuschall AirPro (p = 0.13 and 0.28, respectively, for ECs and value).

Figure 5.
Equivalent cycles (ECs) of each aluminum ultralight rigid wheelchair. 
Line at 200,000 ECs indi cates required testing cycles in double-drum 
test. Line at 400,000 ECs represen ts mi nimum reques t in Am erican 
National Standards Institute/Rehabilitation Engineering and Assistive 
Technology Society of North America wheelchair standard.
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and wheel sizes), and interaction with the weight distri-
bution of the user.

The AU RWs and TURWs we re le ss s table in the 
rearward direction when they were set in their least stable 
configuration. Th is resu lt could be attributed to their 
wider range of adjustabi lity for the center of gravity 
(CoG). The proper adjustability and position of CoG vary 
with individual differences and needs. Kirby and Dupuis 
measured rearward tipping angles of 95 users sitting in 
their everyday whee lchairs without changing their con -
figurations [21]. The mean (±SD) rearward tipping angle 
when the  occ upants sat w ith n eutral po sture was  12 .3° 
(±3.0°). The wide range of CoG adjustment in this study 

may be more  than is ne eded. A variety of whee lchair 
adjustments are necessary to fit any individual; however, 
a highly adjustable wheelchair requires accurate assessment
to maximize maneuverability  and match users’ prefer -
ences with stability requirements. Other than static stabil-
ity, multiple factors could affect the risk of a  rear-tipping 
accident, including body po sition, wheelchair skill, 
wheelchair frame design, and maintena nce c hecks [22–
23]. Clinicians should use our test results as a reminder 
that an  ul tralight rig id wheelchair could b e extremely 
unstable with certain adjustments.

The rearward stabi lity tests had l arger variances, 
especially when the wheelchairs were tested in their least 

Table 7.
Wheelchair dimensions of AURWs, TURWs [1], and AUFWs [2].

Dimension AURW TURW AUFW
Mean ± SD CV Mean ± SD CV Mean ± SD CV

Overall Length (mm) 846 ± 37* 0.04 814 ± 12* 0.01 1,012 ± 26 0.02
Overall Width (mm) 600 ± 31 0.05 604 ± 66 0.11 640 ± 12 0.02
Overall Height (mm) 789 ± 38 0.05 762 ± 45 0.06 911 ± 30 0.03
Mass (kg) 10.0 ± 0.3 0.03 10.0 ± 1.0 0.10 15.0 ± 0.3 0.02
*Significant difference in overall length between AURW and TURW.
1. Liu HY, Cooper RA, Pearlman J, Cooper R, Connor S. Evaluation of titanium ultralight manual wheelchairs using ANSI/RESNA standards. J Rehabil Res Dev. 

2008;45(9):1251–68. [PMID: 19319751] DOI:10.1682/JRRD.2007.12.0204
2. Cooper RA, Boninger ML, Rentschler A. Evaluation of selected ultralight manual wheelchairs using ANSI/RESNA standards. Arch Phys Med Rehabil. 1999; 

80(4):462–67. [PMID: 10206612] DOI:10.1016/S0003-9993(99)90287-3
AUFW = aluminum ultralight folding wheelchair, AURW = aluminum ultralight rigid wheelchair, CV = coefficient of variation, SD = standard deviation, TURW = 
titanium ultralight folding wheelchair.

Table 8.
Tipping angles (in degrees) of AURWs, TURWs [1], and AUFWs [2] from static stability tests (mean ± standard deviation [SD], coe fficient of 
variation [CV]).

Wheelchair
Front Rear Lateral

Least Stable Most Stable Least Stable Most Stable Least 
Stable

Most 
StableLock Unlock Lock Unlock Lock Unlock Lock Unlock

AURW
Mean ± SD 22.0 ± 1.2 23.1 ± 1.5 32.6 ± 3.1 33.7 ± 3.3* –10.3 ± 6.8 –18.2 ± 11.0 10.7 ± 3.5 19.2 ± 5.8 20.5 ± 2.3 22.5 ± 1.9
CV 0.06 0.06 0.10 0.10 0.66 0.64 0.32 0.30 0.11 0.08

TURW
Mean ± SD NA 23.2 ± 2.2 NA 31.2 ± 3.0 –10.3 ± 7.2 –13.3 ± 10.0 11.6 ± 2.5 21.7 ± 4.3 21.6 ± 1.3 23.3 ± 2.3
CV NA 0.09 NA 0.10 0.70 0.75 0.22 0.20 0.06 0.10

AUFW
Mean ± SD NA 19.8 ± 1.1† NA 20.0 ± 1.1† 3.2 ± 3.5† 8.25 ± 2.9† 10.8 ± 2.7 18.3 ± 3.7 19.2 ± 0.9 19.9 ± 1.3†

CV NA 0.06 NA 0.06 1.09 0.35 0.25 0.20 0.05 0.07
*Significant difference was found between AURWs and TURWs.
†Significant difference was found between rigid and folding frame chairs.
1. Liu HY, Cooper RA, Pearlman J, Cooper R, Connor S. Evaluation of titanium ultralight manual wheelchairs using ANSI/RESNA standards. J Rehabil Res Dev. 

2008;45(9):1251–68. [PMID: 19319751] DOI:10.1682/JRRD.2007.12.0204
2. Co oper RA,  Bon inger M L, Rents chler A.  E valuation of  selected  ultr alight manual wh eelchairs using ANSI/RESNA standards.  Arch Phys M ed R ehabil. 

1999;80(4):462–67. [PMID: 10206612] DOI:10.1016/S0003-9993(99)90287-3
AUFW = aluminum ultralight folding wheelchair, AURW = aluminum ultralight rigid wheelchair, Lock = downhill wheels locked, NA = not applicable, TURW = 
titanium ultralight folding wheelchair, Unlock = downhill wheels unlocked.

http://www.ncbi.nlm.nih.gov/pubmed/19319751
http://dx.doi.org/10.1682/JRRD.2007.12.0204
http://www.ncbi.nlm.nih.gov/pubmed/10206612
http://dx.doi.org/10.1016/S0003-9993%2899%2990287-3
http://www.ncbi.nlm.nih.gov/pubmed/19319751
http://dx.doi.org/10.1682/JRRD.2007.12.0204
http://www.ncbi.nlm.nih.gov/pubmed/10206612
http://dx.doi.org/10.1016/S0003-9993%2899%2990287-3
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stable configurat ions. The variances within the same 
group o f wheelchairs co uld be exp lained b y th e dif fer-
ence i n the adjustability among models. The variances 
within the sa me model of AURWs and TURWs may be  
due to uncontrolled deviations of the modified test meth-
ods. Bec ause the wheelc hairs were  extreme ly uns table 
when they were se t in the least stable configurations, we 
attached additional straps on the wheelchairs for safety.

Braking Effectiveness
Table 9  shows the test results of the AUR Ws and 

TURWs [12] in the braking ef fectiveness tests. The  
AURWs and TURWs had similar resu lts in the braki ng 
effectiveness tests because the chairs had similar geome-
try and dimensions. Because the chairs tipped before slid-
ing or rolling, the angles measured in the rearward 
braking effectiveness test were the chairs’ tipping angles  
resulting from the rearward stability. Brake performance 
was not fully reve aled by the tes ts. More rese arch is 
needed to find out the appropria te modified test method 
to measure the rearward braking effectiveness of ultralight
rigid wheelchairs.

Brake Fatigue
All the brakes were functional after the fatigue test. 

However, wa shers w ere w orn out and all linkages 
between brake components were loose, and therefore, the 
excursion of the brake han dle veered. Although no sys-
tematic survey or study about usage of parking brakes 
has been reported in the literature, in online forums, users 
commonly complain that th eir brakes require fre quent 
adjustments [24]. Due to loss of selected muscle strength 
according to level of injury or diagnosis, a user may have 

to perform a particular movement pattern to operate park-
ing brakes. When parking brakes become loose and han-
dle excursions are  shifted, the use r needs to rea djust 
brake position to match hi s/her functional movements. 
Users commonly push outwa rd and forward to e ngage 
standard parking brakes, and the force tends to grind the 
washers and rotate the brake around the frame tube. 
However, the te st system was  set to opera te the brake  
along its  excursion, whic h may underestimate the e ffect 
of brake fatigue in the real  wo rld. On  th e o ther h and, 
changes in tire pressure and tread deterioration also alter 
the friction between the brak e and tires, which can con-
found users. Further research is n eeded to determin e pri-
mary factors that cause dissatisfaction with parking brakes.

Impact and Static Strength
The Inva care Crossfire  wheelchairs ha d the  same 

design and the same problem with the armrest mounting 
brackets as the Invacare wheelchairs in the titanium chair 
study [12]. This result showed that the strength of wheel-
chair components c an b e independent fro m the fra me 
material and design. Besides improving quality of wheel-
chair frames, manufacturers should make ef forts to 
design and analyze wheelchair components to ensure  the 
safety and strength of the whole wheelchair.

Fatigue
Table 1 0 shows ECs  and cost-ef fectiveness of the  

AURWs, TURWs [12], and AUFWs [1 1], and their sur -
vival curve s a re show n in Figure 6 . Figure 7  show s 
interquartile ranges of EC s, whic h show that AUFWs 
[11] had larger EC variance across models than AURWs 
and TUR Ws [12], The AUR Ws w ere not signific antly 
more durable than the TURWs, and therefore the hypoth-
esis was rejected ( p = 0.15).

The ECs and cost-effectiveness of the AU FWs were 
significantly dif ferent from the AU RWs and TURWs; 
however, future studies  are nee ded to test more chairs 
and v erify the direction of d ifference. Alth ough the  
descriptive statist ics show that the AUFWs were more 
durable a nd cost-effective, AU FWs a re not nece ssarily 
the better choice over AURWs and TURWs for all wheel-
chair users. AUFWs have different frame structures and 
provide dif ferent advantages than rigid frame chairs. 
Some users prefer ultralight folding wheelchairs because 
of the  co nvenience o f the folding me chanism a nd 
smoother rides resulting from larger caster sizes;  others 
like rigid frames for their lighte r weight and succinct 
design. Furthermore, the ac tual survival duration of a 

Table 9.
Tipping or sliding angles (in degrees) of AURWs and TURWs [1] in 
braking effectiveness tests.
Wheelchair 

Type
Forward Rearward

Mean ± SD CV Mean ± SD CV
AURW 14.0 ± 3.1 0.22 7.4 ± 3.0 0.40
TURW 17.2 ± 7.4 0.43 7.3 ± 3.7 0.51

AURW = aluminum ultralight rigid wheelchair, CV = coefficient of variation, 
SD = standard deviation, TURW = titanium ultralight rigid wheelchair.
1. Liu HY, Cooper RA, Pearlman J, Co oper R, Connor S. Evaluation of tita-

nium ultralight manual wheelchairs using ANSI/RESNA standards. J Reha-
bil Res Dev. 2008;45(9):1251–68. [PMID: 19319751] 
DOI:10.1682/JRRD.2007.12.0204

http://www.ncbi.nlm.nih.gov/pubmed/19319751
http://dx.doi.org/10.1682/JRRD.2007.12.0204
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wheelchair ca n vary in terms of wheelchair configura -
tions and the wheelchair user’s skill. In addition to refer -
ring to the  re sults of standa rds tests , cons umers should 
receive clinical assessments and ca refully consider their 
needs in order to decide between folding or rigid frames.

We strived to ensure that the test proce dure and set -
ting were equivalent across chairs, and thus smaller vari-
ance of ECs suggest that the wheelchairs were built with 
better qual ity control. Howe ver, the wheelchair models 
that ha d s maller variance of ECs  were  not ne cessarily 
more durable. For example, the T iLite ZRA had the 
smallest CV (0.38) but was the  least durable among 
TURWs (Invacare  TopEnd: 0.85; Quic kie T i: 0.68; 
Invacare A4: 0.49); conversely, the  TiLite AeroZ and 
Quickie G T ha d smaller CVs a nd were more dura ble 
among AURWs.

The suggested pressure for tires  and caster sizes are 
shown in  Table 1 1. The whee lchair models tested with 
original equipment ma nufacturer (OEM) low  pressure 
tires had la rger average ECs (TiLite AeroZ, Quickie GT, 
Invacare A4, Quickie T i) than the chairs tested with 
OEM high pressure tires, and the  difference was s ignifi-
cant (  p = 0.004), with Spearman rs = 0.60 indicating that 
around 36 pe rcent of the variance  in ECs c ould be 
explained by tire  pressure. The  difference in value was 
also significant (   p =  0 .002), with Spearman rs = 0.64 
indicating that around 41 percent of the variance in their 
values co uld be ex plained by  tire p ressure. High er tire 
pressure can reduce shock absorption a nd therefore sub-
ject the chair to higher impact; however, not every wheel-
chair tested with lower pressure tires passed the standard. 
Tire pressure is one of the many factors that can influence 

the durability of a wheelchair . More specific research is 
needed to elaborate the relationship between tire pressure 
and wheelchair durability on different frame designs.

Factors That Affect Fatigue Modes

Tire Pressure
TiLite AeroZ and T iLite ZRA are identical in frame 

design a nd front caste rs. They all ha d frac tures at the  
screw holes adjacent to the ca ntilever bends in the frame 
where the seat transitions into the footrest syst em. The 
TiLite AeroZ frame tubes lasted more than three times as 
long as the TiLite ZRA frame tubes. The major dif ference 
in wheelchair se tup be tween the T iLite AeroZ and the 
TiLite ZRA is the tire pressure. Although the frame tubes 
of the TiLite AeroZ wheelchairs have smaller Ff  than the 
TiLite ZRA, the TiLite AeroZ wheelchairs were equipp ed
with low pressure tires, whic h have better capacity fo r 
shock absorption tha n high pre ssure tire s and there fore 
helped to reduce the impact stress on the frame during the 
fatigue tests. Although the screw holes near the cantilever 
bends were still the weakest points of the frames, the use 
of low pressure tires ma y have helped to extend the 
fatigue life.

Modification to Reduce Influence of Stress Concentration 
Caused by Screw Holes

The Quickie GT and Quickie Ti were equipped with 
the same tires and front casters and built with similar canti-
lever frame designs, but the Quickie GT was significantly 
more durable than the Q uickie Ti ( p = 0.05) and did not 

Table 10.
Equivalent cycles (ECs) and cost-ef fectiveness (value) of AURWs, TURWs [1], and AUFWs [2] (mean ± standard deviation [SD], coefficient of 
variation [CV]).

Fatigue Parameter AURW TURW AUFW
ECs (cycles)

Mean ± SD 319,759 ± 199,634 246,506 ± 161,689 1,092,441 ± 730,624
CV 0.62 0.66 0.67

Value (cycles/$)
Mean ± SD 137 ± 90 84 ± 55 673.3 ± 506.5
CV 0.66 0.65 0.75

Note: Significant differences (p < 0.01) were found between all three types of wheelchair models for all comparisons except AURWs and TURWs (p = 0.15 and 
0.08, respectively, for ECs and value).
1. Liu HY, Cooper RA, Pearlman J, Cooper R, Connor S. Evaluation of titanium ultralight manual wheelchairs using ANSI/RESNA standards. J Rehabil Res Dev. 

2008;45(9):1251–68. [PMID: 19319751] DOI:10.1682/JRRD.2007.12.0204
2. Co oper RA,  Bon inger M L, Rents chler A.  E valuation of  selected  ultr alight manual wh eelchairs using ANSI/RESNA standards.  Arch Phys M ed R ehabil. 

1999;80(4):462–67. [PMID: 10206612] DOI:10.1016/S0003-9993(99)90287-3
AUFW = aluminum ultralight folding wheelchair, AURW = aluminum ultralight rigid wheelchair, TURW = titanium ultralight rigid wheelchair.

http://www.ncbi.nlm.nih.gov/pubmed/19319751
http://dx.doi.org/10.1682/JRRD.2007.12.0204
http://www.ncbi.nlm.nih.gov/pubmed/10206612
http://dx.doi.org/10.1016/S0003-9993%2899%2990287-3
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fracture at the screw holes near the cantilever bends in 
the frame where the se at transitions into the footrest sys-
tem. The frame tubes of the Quickie GT wheelchairs have 
smaller Ff values than the Quicki e Ti wheelchairs. The 
plastic saddles between the seat rails and frame tubes  
(Figure 8 ) ma y reduce  the stress  loading on the screw  
holes an d there fore prev ent or delay c rack pro pagation 
through stress concentration. Adding plastic saddles may 
have compensated for inherent weakness of the canti le-
ver structure and altere d the stress concentration c aused 
by screw holes near the can tilever bends in the frame 
where the seat transitions into the footrest system.

Influence of Missed Assemblies
The manufacturer may have forgotten to put washers 

on the  ca mber tube  support of a n Invacare Crossfire  

wheelchair while assembling the wheelchair, but we also 
made an oversight by not ensuri ng that the test ing chairs 
were set up identically. We retained the fatigue test 
results of this wheelchair in the analysis because its num-
ber of ECs wa s similar to the  other two Invacare  Cross-
fires. However , we kept  this stud y devi ation in  min d 
while looking at the test resu lts. Suppliers and clini cians 
should note the importance of checking whether a wheel-
chair is properly assembled when it is delivered.

Tube Manufacturing
Buckling at the cantilever bends in the frame wher e 

the seat transitions into the footrest system was a failure 
mode that was not seen in the previous wheelchair com-
parison studies. Rupture lines were present at both side s 
of the buckled cantilever be nds of the Kuschall Ai rPro 
wheelchairs. One of them follow ed the tube seam (Fig-
ure 9). Frame tubes  of the Kusch all AirPro chairs wer e 
estimated to withstand less load at the fracture than other 

Figure 6.
Survival curves of aluminum ultr alight rig id wheelchairs (AUR Ws), 
titanium ultralight rigid wheelchairs (TUR Ws), and aluminum 
ultralight f olding wheelchairs (AUFWs). Dash line at 400,000  
equivalent cycles indicates American National S tandards Institute/
Rehabilitation Engineering and Assistive Technology Society of Nort h
America wheelchair fatigue standard. Data for TURWs from Liu HY, 
Cooper RA, Pearlman J, Cooper R,  Connor S. Evaluation of  titanium 
ultralight manual wheelchairs using ANSI/RESNA standards. J Rehabil
Res Dev . 2008 ;45(9):1251–68. [PMID: 19319 751] DOI:10.1682/
JRRD.2007.12.0204. Data for AUFWs from Cooper RA, Boninger ML,
Rentschler A. Evaluation of selected ultrali ght manual wheelchairs 
using ANSI/RESNA standards. Arch Phys Med Rehabil. 1999;80(4): 
462–67. [PMID: 10206612] DOI:10.1016/S0003-9993(99)90287-3.

Figure 7.
Interquartile range of equivalent cycles (ECs) of aluminum ultralight 
rigid wheelchairs (AUR Ws), titani um ultralight r igid wheelchairs 
(TURWs), an d alumin um ultralight folding wheelchairs (AUFWs) . 
Box plot shows minimum (lower T-bar), first quartile (lower edge of 
box), median (hor izontal line in box), third quartile (higher edge of 
box), and maximum ( higher T-bar) ECs of  each wheelchair group. 
Data for TURWs from Liu HY, Cooper RA, Pearlman J, Coo per R, 
Connor S. Evaluation of titanium ultralight manual wheelchairs using 
ANSI/RESNA standar ds. J Reh abil Res Dev . 2008 ;45(9):1251–68. 
[PMID: 19319751]  DOI:10.1682/JRRD.2007.12.0204. Data for 
AUFWs from Cooper RA, Boninger ML, Rentschler A. Evaluation of 
selected ul tralight ma nual wheelchairs using ANSI/RES NA 
standards. Arch Phys Me d Rehabil. 1999;80(4):462–67. [PMID: 
10206612] DOI:10.1016/S0003-9993(99)90287-3.

http://www.ncbi.nlm.nih.gov/pubmed/19319751
http://www.rehab.research.va.gov/jour/08/45/9/liu.html
http://www.rehab.research.va.gov/jour/08/45/9/liu.html
http://www.ncbi.nlm.nih.gov/pubmed/10206612
http://www.archives-pmr.org/article/S0003-9993(99)90287-3/abstract
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AURW models (Table 3 ), and they were seamed tubes , 
which are potentially weaker than the extruded tubes that 
were used in the TiLite AeroZ and Quickie GT [25]. The 
wall thickness at the cantilever bends was t hinner 
because of the bending stretch, which further decreased 
the tube strength at the location subject to bending stress. 
High pre ssure tire s and small cas ters (70 mm) on the 
Kuschall AirPro wheelchairs resulted in less capacity for 
shock a bsorption a nd exposed  the frame to higher 
impacts when negotiating obstacles. The combination of 
these factors made this model vulnerable to fatigue stress 
and induced buckling at the cantilever bends.

Limitations
To complete the wheelchair standards tests within a 

reasonable tim e frame an d c ost, we only test ed three 
wheelchairs of each model for this study. For the models 
that had lar ge variances in test re sults, more conclus ive 
information may have been  derived if more wheelchairs 

had been tested. Although we followed the testing methods 
of the wheelchair st andards, intertester variability may 
have con tributed to  the v ariance. S ome t ests tend ed to 
result in lar ger va riances across whee lchair models: for  
example, the static stability tests. T o improve the prob-
lems related to cost and sample size, we are populating a 
longitudinal database, which will help us compile statisti-
cally relevant relationships between material type, frame 
type, and testing results.

All wh eelchairs were p urchased and tested in the 
manufacturer default configurations, which did not consist 
of e xactly the same c omponent s izes and s elections, 
although we ordered the wheelchairs with the same seating
dimensions. The results of this study serve as a reference 
to compa re ultra light rigid frame wheelchairs. V arious 
wheelchair settings will result in different performances 
and fatigue life.

CONCLUSIONS

Our testing results reveal ed some design and engi -
neering questio ns and p roposed some po tential facto rs 

Table 11.
Suggested tire pressure of rear wheels and caster sizes when wheelchairs were tested [1–2].

Parameter
AURW TURW All

AUFWTiLite
AeroZ

Invacare 
Crossfire

Quickie 
GT

Kuschall 
AirPro

Invacare 
TopEnd

Invacare 
A4

Quickie 
Ti

TiLite 
ZRA

Suggested Rear Tire 
Pressure (psi)

75 110 75 110 100 75 75 100 60

Caster Size (mm) 80 80 80 70 80 80 80 80 203
1. Co oper RA,  Bon inger M L, Rents chler A.  E valuation of  selected  ultr alight manual wh eelchairs using ANSI/RESNA standards.  Arch Phys M ed R ehabil. 

1999;80(4):462–67. [PMID: 10206612] DOI:10.1016/S0003-9993(99)90287-3
2. Liu HY, Cooper RA, Pearlman J, Cooper R, Connor S. Evaluation of titanium ultralight manual wheelchairs using ANSI/RESNA standards. J Rehabil Res Dev. 

2008;45(9):1251–68. [PMID: 19319751] DOI:10.1682/JRRD.2007.12.0204
AUFW = aluminum ultralight folding wheelchair, AURW = aluminum ultralight rigid wheelchair, TURW = titanium ultralight rigid wheelchair.

Figure 8.
Plastic saddle underneath seat rail on Quickie GT wheelchair.

Figure 9.
Kuschall AirPro wheelchairs h ad r upture line at cantilever bend in  
frame where seat transitions into footrest system following tube seam.

http://www.ncbi.nlm.nih.gov/pubmed/10206612
http://dx.doi.org/10.1016/S0003-9993%2899%2990287-3
http://www.ncbi.nlm.nih.gov/pubmed/19319751
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(tire pressure, tube-wall  thickness, tub e manufacturin g) 
that could affect wheelchair durability. The frame mate -
rial does not directly affect the performance and durabil-
ity of aluminum versus titanium ultral ight rigid 
wheelchairs, bu t proper wheelch air manufacturing an d 
design based on the material properties are important. 
Although wheelchair perform ance in natural environ-
ments may vary from the test results because of different 
wheelchair settings an d usage conditions, results of stan -
dards te sts provide a  base line for equally c omparing 
tested wheelchairs. Prope r in terpretation of th e re sults 
contributes more detailed an d objective information to 
consumers, clinic ians, engineers, and manufacturers to 
select, se t up, a nd de sign wheelchairs. Continuous  
research on whe elchair comp arisons using wheelchair 
standards is essential to monitor the quality of wheelchair 
manufacturing and design.
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