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Abstract
Objective—To examine the impact of surface type, wheelchair weight, and rear axle position on
older adult propulsion biomechanics.

Design—Crossover trial.

Setting—Biomechanics laboratory.

Participants—Convenience sample of 53 ambulatory older adults with minimal wheelchair
experience (65−87y); men = 20, women = 33.

Intervention—Participants propelled 4 different wheelchair configurations over 4 surfaces; tile,
low carpet, high carpet, and an 8% grade ramp (surface, chair order randomized). Chair
configurations included: (1) unweighted chair with an anterior axle position, (2) 9.05kg weighted
chair with an anterior axle position, (3) unweighted chair with a posterior axle position (Δ0.08m),
and (4) 9.05kg weighted chair with a posterior axle position (Δ0.08m). Weight was added to a
titanium folding chair, simulating the weight difference between very light and depot wheelchairs.
Instrumented wheels measured propulsion kinetics.

Main Outcome Measures—Average self-selected velocity, push-frequency, stroke length, peak
resultant and tangential force.

Results—Velocity decreased as surface rolling resistance or chair weight increased. Peak resultant
and tangential forces increased as chair weight increased, surface resistance increased, and with a
posterior axle position. The effect of a posterior axle position was greater on high carpet and the
ramp. The effect of weight was constant, but more easily observed on high carpet and ramp. The
effects of axle position and weight were independent of one another.
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Conclusion—Increased surface resistance decreases self-selected velocity and increases peak
forces. Increased weight decreases self-selected velocity and increases forces. Anterior axle positions
decrease forces, more so on high carpet. Effects of weight and axle position are independent. Greatest
reductions in peak forces occur in lighter chairs with anterior axle positions.
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Adults aged 65 and older are the largest group of manual wheelchair users in the United States.
1 In 2006, the Centers for Medicare and Medicaid Services (CMS) reported spending more
money on standard manual wheelchairs (K0001) for older adults than any other manual
wheelchair classification (>$84 million).2 Hoenig et al3 and Hubbard et al4 report older
veterans are most commonly provided with manual wheelchairs matching the CMS K0001
category. Together, these data suggest older adults typically use standard wheelchairs classified
by CMS as a K0001.

Wheelchairs in the K0001 classification weigh greater than 36lbs, are not adjustable, and are
commonly referred to as standard or depot wheelchairs.4 These chairs are the heaviest offered,
weighing 20lbs (9kg) more than the lightest available wheelchairs. Older adults who have a
manual wheelchair, but do not use it, report chair weight as a primary reason for non-use.5
Studies examining the impact of wheelchair weight are limited. Bednarczyk and Sanderson6

reported 5kg and 10kg weight additions did not affect propulsion kinetics of adults and children
with spinal cord injury across a tiled floor. The authors suggested propulsion over more
fatiguing surfaces might enhance weight-imposed differences and that kinetic or energy
expenditure measurements might be more sensitive to weight additions than kinematic
measures. To date, no studies have evaluated the impact of wheelchair weight on propulsion
kinetics. The numerous differences between standard and ultralight/lightweight wheelchairs,
plus the impact of the user-wheelchair interface, renders isolating wheelchair weight impact a
challenge. However, all else equal, physics dictates that a lighter chair requires less force to
propel. Energy expenditure studies have determined ultralight/light weight wheelchairs
improve performance compared to standard wheelchairs7-9, but have not isolated which feature
(i.e. weight, axle position, manufacturing, etc..) resulted in the observed differences.

As noted, wheelchairs in the K0001 class are not adjustable. By contrast, non-K0001
wheelchairs allow adjustments to rear wheel axle vertical and horizontal position. All research
evaluating the physiological and biomechanical impact of wheel axle position has studied either
persons with spinal cord injury or non-disabled young adults.10-14 Increasing vertical distance
between the rear wheel axle and the position of the users shoulder, i.e. increasing seat height,
increases oxygen cost12, heart rate12, push frequency14, and peak force10, and decreases stroke
angle10-12. Boninger et al10 reported increased stroke angle, decreased push frequency, and
decreased peak forces are correlated with increasing anterior axle positions. In contrast,
Kotajarvi et al11 reported self-selected speed, push frequency, stroke time, stroke distance,
tangential force, peak propulsion moments and mean fraction effective force were not affected
by clinically reproducible horizontal axle position changes. However, higher axle placements
(lower seat height) increased stroke length and axial forces. As evidenced by the results of
Kotajarvi et al11, clinically relevant changes in axle position may impart minimal changes in
propulsion biomechanics.

Few studies have investigated propulsion biomechanics of older adult manual wheelchair users.
Aissaoui et al15 evaluated the effect of nine combinations of seat tilt (3 seat tilt angles) and
backrest angle (3 backrest tilt angles) on the stationary propulsion mechanics of 14 manual
wheelchair users over age 62. A seat tilt or backrest recline of 10° improved fraction effective
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force by 10%. In a follow-up study16, shoulder loads remained constant as seat tilt and backrest
angle change, as long as the position of the shoulder relative to the axle remained constant.
Studies based on this cohort represent the sum knowledge to date of propulsion mechanics in
older adults.

Daily wheelchair propulsion occurs on many surfaces, yet the impact of surface type on
propulsion mechanics remains poorly understood. Most propulsion biomechanical assessments
are conducted on stationary systems, such as ergometers, dynamometers, and treadmills. These
systems confer methodological benefits, and can simulate graded propulsion, but cannot fully
replicate overground propulsion. Graded surfaces, or simulated grades increase forces17,18,
decrease self-selected velocities17,18, and decrease stroke length.18 Koontz et al17 reported that
ramped, grass, and interlocking paver surfaces required greater wheel torques than indoor tile,
low-pile, high-pile, and wood surfaces. No differences were observed among the indoor
surfaces of tile, low pile carpet, and high pile carpet. In contrast to Koontz et al11, Wolfe et
al19 observed a decrease in self-selected velocity of 0.29 m/s between level concrete and
carpeting of the same type used in hospitals and nursing homes, in a mixed group of
deconditioned, normal, and paraplegic persons. This decrease in velocity served to minimize
differences in energy cost between the surfaces.

The wheelchair propulsion characteristics of older adults have been understudied. Given the
largest group of manual wheelchair users in the United States is older adults, it is important to
define how wheelchair characteristics and surface conditions affect their propulsion
biomechanics. Understanding their propulsion mechanics may serve to highlight new
approaches to wheelchair selection and configuration for this population. Therefore, the
purpose of this project is to assess the impact of surface type, wheelchair weight, and horizontal
axle position on the propulsion biomechanics of older adults.

METHODS
Participants

Fifty-three older community dwelling adults were recruited through local senior center flyers,
interest groups, bring-a-friend strategies, and Institutional Review Board- (IRB) approved
research registries. This research protocol was approved by the IRB of the VA Pittsburgh
Health Care System and the University of Pittsburgh. All subjects gave written informed
consent prior to participation. To be eligible for participation, subjects had to self-report: (1)
age ≥ 65 years, (2) ability to walk without human assistance, (3) ability to independently stand
from a chair, (4) ability to independently self-propel a wheelchair, (5) weight ≤ 113.12 kg (250
lbs), and (6) have a score ≥ 21 on the mini-mental state exam.20 Exclusion criteria included
self-reported history of stroke or a diagnosis of Parkinson or Alzheimer disease. Inclusion and
exclusion criteria were selected to maximize participant safety and protocol completion.

Propulsion Surfaces
Four common surfaces were selected for testing: hallway tile (12.0m), low pile carpet on
concrete without pad (7.3m), high pile carpet with a 1.11 cm pad on concrete (7.3m) and a
wooden uncarpeted Americans with Disabilities Act-compliant ramp (2.5m, 8% grade).
Rolling resistance was not quantified, but each surface represented a distinct level of difficulty.
Surface order was randomized for each participant and for each chair configuration.
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Initial Wheelchair Adjustment
Three TiLitea titanium folding chairs (model X) were secured for this study. Seat dimensions
were 38.1 × 40.6, 43.2 × 43.2, 48.26 × 45.72cm (15 × 16, 17 × 17, and 19 × 18 in). Each
weighed 11.31kgs (25lbs); with fabric seat/back upholstery, a 5.08cm foam cushion, removable
plastic side guards, anti-tip devices, pneumatic rear wheels, solid 10.16 cm diameter casters,
aluminum hand rims, and had 0° seat inclination and camber.

Individuals were seated in the narrowest possible wheelchair. Vertical rear axle position was
adjusted so each subject achieved an elbow flexion angle of 100° to 120° when seated with
hands at pushrim top center.12 Footrests were adjusted to provide support for the feet and thighs
as chair design allowed. Front and rear seat heights remained as equal as possible to maintain
seat inclination at 0°. Front caster angle was adjusted to minimize caster trail.

Wheelchair Test Configurations
Two weight configurations (unweighted and weighted, Δ9.05kg (20lbs)) and 2 rear axle
positions (anterior and posterior, Δ0.08m (3.1in)) were tested. The 4 test configurations were:
(1) unweighted with an anterior axle position; (2) weighted with an anterior axle position; (3)
unweighted with a posterior axle position; and (4) weighted with a posterior axle position. The
unweighted configuration was the delivery weight (11.31kg/25lbs). The weighted
configuration added 9.05kg (20lbs) of weight to the chair (chair + weight = 20.36kg/45lbs).
The 9.05kg mimicked the weight differential between the lightest chairs available and standard/
depot chair weight. The weight consisted of custom cut lengths of 2.54cm square brass bars
attached to the cross bars and seat rails via industrial velcro and clamps. Weight was added in
a manner that maintained the relative front/rear wheel weight distribution of the posterior
configuration. The anterior axle position was the most forward rear axle position allowed by
the manufacturer's bracket system, and had less rolling resistance and stability than the
posterior axle position.11 All configurations included anti-tip devices for safety. The posterior
axle position was 0.08m rearward of the anterior position and was the most posterior axle
position allowed by the manufacturer's bracket system. The weighted, posterior axle
configuration simulated the weight and axle position of a K0001 wheelchair. Participants
propelled all 4 configurations in a randomized order. Prior to data collection, each participant
completed a six- minute propulsion task in the weighted, posterior axle configuration. The task
consisted of propulsion at a self-selected speed, while turning in a self-selected direction on a
60 meter loop on a linoleum tile hallway.

Propulsion Data Collection
SmartWheelsb provided bilateral 6 degrees of freedom kinetic data collection (240 Hz). Each
SmartWheels had a solid treaded tire and weighed ∼4.98 kg (11lbs). With bilateral
SmartWheels attached, the test weight of the chairs was 18.10kg (40lbs) unweighted and
27.15kg (60lbs) weighted. With the SmartWheels attached and the axle in the posterior
position, the weight distribution between front and rear wheels was 28% and 72%; with the
axle in the anterior position, 23% and 77%. Without the SmartWheels, the weight distributions
of the chairs were 36% and 64% with the posterior position; and 20% and 80% in the anterior.

Participants were instructed to begin in a stationary position with hands in their lap, accelerate
to a comfortable velocity, and continue until they exited the surface or were instructed to stop.
Participants began on the surface for tile, low pile carpet, and high pile carpet. For ramp testing,
participants began on concrete level ground directly in front of the ramp with the front casters
within 7.6 cm of the ramp. Data collection for all testing was initiated before initial hand-to-

aTiLite Model X; TiSport, LLC, 1426 East Third Avenue, Kennewick, WA 99337.
bSmartWheel; Three Rivers Holdings LLC, 1826 West Broadway Rd. Suite 43 Mesa, AZ 85202.
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rim contact, and terminated before the chair exited the test surface (low and high pile carpet)
or the marked distance (tile and ramp). Data collection was terminated if the participant
experienced difficulty completing a surface. After completing all surfaces in a configuration,
participants rested for 2 minutes while the chair was changed to the next configuration. In 1
day of testing, participants completed testing on 4 surfaces for each of 4 chair configurations,
making a total of 16 trials per participant.

Kinetic Data Reduction
The SmartWheels sign convention was defined as Fx + = anterior, Fy+ = superior, Fz+ = medial
(left wheel), lateral (right wheel). Positive moments were defined as counterclockwise about
the respective force vector. A stroke was defined as a propulsive contact (negative Mz). A
cycle was defined as the period encompassing a propulsive contact and the subsequent
recovery.

The initial 3 cycles from a stationary position and the deceleration that occurred as participants
approached the end of the level surfaces were trimmed prior to key variable computation. The
initial 3 cycles are thought to comprise the bulk of the initial acceleration from a stationary
position.17 All trimmed data thus began with cycle 4 and extended to however many cycles
occurred prior to deceleration. Variables were calculated for each of these cycles and then
averaged to provide a general representation of propulsion beyond the initial acceleration phase
of the first 3 cycles. If fewer than 4 cycles were recorded, which occurred intermittently on the
ramp, variables were not computed. If a maximum of 4 cycles were recorded, the variables
were represented by the fourth cycle.

Key Kinetic Variables
The following variables were calculated bilaterally and averaged for each complete cycle in
each trimmed trial: average linear velocity, push frequency, stroke length, peak resultant
force11,17, and peak tangential force.10,11 These variables provide a comprehensive description
of propulsion. A search algorithm automated the identification of contact and recovery.
Accuracy was verified through visual inspection, with necessary adjustments made on a per
cycle basis. Average velocity was the average linear velocity (m/s) of the wheel during the
cycle derived from the onboard encoder. Stroke length was defined as the angular distance
(degrees) traveled by the wheel during the propulsive moment portion of a contact. A
propulsive moment was defined as Mz below −0.6 Nm for a minimum of 0.1s. Push frequency
(Hz) was calculated as 1/cycle time(s). Resultant force (N) was defined as the vector sum of
Fx, Fy, and Fz.10 Tangential force (N) was calculated as the absolute value of Mz/pushrim
radius (0.2667m). Resultant and tangential forces were normalized to body weight prior to
analysis. Matlabc was used to trim the data, identify cycles, and compute variables. All data
were filtered by the SmartWheels software prior to export to Matlab.

Statistical Analysis
SPSSd was used for all analyses. Data were inspected for normality. To assess the effect of
surface, data were collapsed across the four wheelchairs and entered into a one-factor repeated
measures analysis of variance (ANOVA). A separate ANOVA was calculated for each of the
5 outcome measures. Significant main effects for surface were tested with pairwise
comparisons. To determine differences due to wheelchair weight, axle position, and their
interaction, 2 (weight) × 2 (axle position) repeated measures ANOVAs were calculated for
each of the 5 outcome measures for each surface. While the α level for significance was ≤0.05,

cMatlab; The MathWorks, Inc, 24 Prime Park Way, Natick, MA 01760−1500.
dSPSS; SPSS Inc, 233 South Wacker Dr, 11th Fl, Chicago, IL 60606−6307.
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a Holm-modified Bonferonni correction was applied to control for type I error due to multiple
comparisons.

RESULTS
Fifty-three older adults who reported minimal previous experience propelling a manual
wheelchair participated (men = 20, women =33). Average age was 73.6 years (+/−5.4y),
ranging from 65 to 87. Participants were on average overweight (body mass index = 27.6+/
−5.1 kg/m2, height = 1.7+/−0.1 m, weight = 76.5+/−16.7 kg). Mean elbow angle after initial
fitting was 107.1+/−6.3° (full extension = 180°). One participant was unable to achieve an
elbow angle within the specified range of 100° − 120° (angle = 125°).

Surface
Surface main effects were significant for all outcome measures (p < 0.000 all) (tables 1, 2).
All pairwise comparisons of average velocity were significant (p < 0.000) (see table 1). As
rolling resistance increased, average velocity decreased (ramp < high pile carpet < low pile
carpet < tile). Push frequency was lowest on the high carpet and ramp, and highest on tile and
low carpet. Stroke length was shorter on the ramp than all other surfaces. All pairwise
comparisons of peak resultant and tangential force were different: As rolling resistance
increased, peak force increased (see table 2). To summarize, as rolling resistance increased,
participants self-selected a lower velocity using greater forces. Decreased velocity on high
carpet and ramp was accompanied by a lower push frequency. The ramped condition was
traversed at the slowest velocity using the highest forces, lowest push frequency and shortest
stroke length.

Wheelchair Weight
On all surfaces the un-weighted condition was pushed faster, with lower resultant and tangential
forces than the weighted condition (see tables 1, 2). The un-weighted condition resulted in a
higher push frequency on high carpet and ramp than the weighted condition (p<0.000) (see
table 1). There was no difference in push frequency between the weight conditions on tile and
low carpet (see table 1). Stroke length was unchanged by weight on all surfaces (see table 1).

Axle Position
The posterior condition was propelled faster than the anterior condition on the tile and ramp
(see tables 1). Velocity was unaffected by axle position on low carpet and high carpet. On all
surfaces, push frequency and stroke length were unaltered by axle position (see table 1). On
all surfaces, the anterior condition required lower resultant and tangential forces than the
posterior condition (see table 2).

Weight by Axle Position Interactions
There was no significant weight by axle position interaction. However, on all surfaces, the
unweighted anterior axle configuration required lower forces to travel at similar or higher
velocities than the weighted posterior axle configuration.

DISCUSSION
The key findings of this study are that (1) surface type substantially affects self-selected
velocity, peak resultant force, and peak tangential force; (2) a 9kg weight addition reduces self-
selected velocity while increasing peak forces on each surface; and (3) an anterior axle position
decreased peak forces on every surface, with the largest decrease occurring on high carpet. In
contrast to velocity and force, push frequency and stroke length are less affected by surface

Cowan et al. Page 6

Arch Phys Med Rehabil. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



type, wheelchair weight, and axle position. These variables may be more responsive to changes
in vertical axle position or propulsion training interventions than alterations in horizontal axle
position, wheelchair weight, and surface type.

Surface
Surface type has a substantial impact on self-selected velocity and peak forces in older adults.
Absolute differences in self-selected average velocity on the surfaces ranged from 0.06 m/s
(high carpet vs ramp) to 0.64 m/s (tile vs ramp) (table 3). These absolute differences are
equivalent to relative changes of 13.95% and 63.37%, and Cohen's d effect sizes of 0.96 and
6.48 respectively (see table 3). Perera et al21 suggests 0.05 m/s and 0.10 m/s, respectively
represent clinically meaningful small and substantial changes in 10-foot gait speed in older
adults. We thus propose self-selected propulsion velocity changes ≥0.05 m/s is clinically
meaningful. These decreases in velocity may be a strategy to minimize the oxygen cost of
propulsion.19 Clinicians cannot change a user's environment, but they can alter the user's
wheelchair. Defining how clinically reproducible changes in wheelchair configuration affect
propulsion on common surfaces may provide clinicians and consumers with objective evidence
to guide chair selection and configuration.

Decreased velocity was accompanied by substantially increased peak resultant force; ranging
from 12.37% (tile vs low carpet) to 88.86% (tile vs ramp), with effect sizes of 1.01 and 6.47
respectively (see table 3). This contrasts the results of Koontz et al17 who reported no difference
in peak velocity or peak force between tile, low pile carpet, and high pile carpet. We attribute
our different result to study population differences. Our larger, homogenous sample (N=53 vs
N = 1317) provided greater power to detect differences. In addition our novice wheelchair users
may have responded differently to increased surface difficulty than the experienced users of
Koontz et al.17 However, our results of decreased self-selected velocity coupled with increased
peak force, decreased push frequency, and decreased stroke length in the ramp vs. tile
comparison corroborate findings based on a different group of experienced users.18

Decreasing velocity was generally accompanied by reduced push frequency and an unchanged
stroke length. However, the velocity decrease from tile to low carpet was not accompanied by
a decreased push frequency (see table 1). This may indicate the correlation between push
frequency and velocity is specific to propulsion surface10. Stroke length essentially remained
unchanged on level surfaces despite changes in velocity and peak force. During level
propulsion, stroke length may primarily be a function of user-chair interface and user
experience. As noted above, the smaller stroke length on the ramp is in agreement with a
previous study18. Given that our sample and methodology differed substantially from this
study18, it appears ramps induce a predictable change in propulsion biomechanics.

Weight
On each surface, older adults self-selected a lower speed using greater peak resultant and
tangential force in the weighted condition. The lower velocity and higher force of the weighted
condition was coupled with a lower push frequency on high carpet and ramp. The lower push
frequency could be attributed to the lower velocity. Absolute, relative, and Cohen's d effect
sizes of weight for resultant force appear constant across surfaces (table 4). In addition the
absolute effect of weight on velocity appears constant (see table 4). However, weight has a
greater relative effect on velocity for the high carpet and ramp compared to the tile and low
carpet (see table 4). Together, these results suggest increased wheelchair weight has the same
impact on every surface, but is most readily observed on a high carpet or ramped condition.
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Axle Position
To isolate the effects of horizontal axle position changes, each user was individually fitted to
achieve the recommended 100° to 120° elbow angle.12 In addition, insofar as possible, a level
seat inclination was maintained for both axle positions. Seat inclination affects anterior/
posterior weight distribution, which in turn affects rolling resistance; force required for
propulsion and may moderate the effect of axle position.

The anterior configuration required less peak resultant and tangential force than the posterior
configuration on all surfaces. However, these differences were significant for only 3 of the 4
surfaces (low carpet, high carpet, ramp). The force difference between axle positions changed
as surface difficulty increased (see table 4). For peak resultant force, a medium effect size was
observed on high carpet and ramp, and a small effect observed on tile and low pile carpet (see
table 4). These data suggest an interaction between axle position and surface type. The greatest
difference in peak force between the axle positions occurred on the most difficult level surface.
We feel these results support the suggestion of Bednarczyk and Sanderson6 to evaluate
propulsion on more fatiguing surfaces as a technique to magnify the effect of chair
configuration changes.

Push frequency and stroke length were unaffected by horizontal axle position. On more difficult
surfaces, lighter chairs resulted in lower push frequencies than heavier chairs. Stroke length
appears unaffected by changes in horizontal axle position and wheelchair weight and level
surface type. As previously noted stroke length may be primarily affected by user experience
and vertical axle position. We suggest that clinicians who wish to increase client stroke length
and/or decrease push frequency explore vertical axle position adjustments and propulsion
training.

It is important to note the axle positions evaluated represent opposing extremes commonly
available to clinicians. Realistically, most users will have an axle position in between these
positions. In addition, the adjustments made by clinicians will be much smaller than the 8cm
we evaluated. While effect size of axle position on peak force appears modest, energy
expenditure measurements may be more sensitive than kinetic or kinematic measures to
clinically relevant changes. Use of self-selected velocity allowed us to determine the natural
response of our subjects to changes in axle position, wheelchair weight, and surface type.
However, fixing velocity may enhance the effect of surface type, wheelchair weight, and axle
position. We suggest future research employ both self-selected and fixed velocity conditions.

Weight and Axle Position Interactions
A lack of interaction between wheelchair weight and axle position suggests a decrease in
wheelchair weight will reduce peak resultant force regardless of axle position. Clinicians can
maximize reductions in peak resultant force by securing the lightest possible wheelchair and
shifting axle position as far forward as tolerated by their client. If wheelchair stability is a
concern, securing an ultralight wheelchair and selecting a posterior axle position will maintain
stability while decreasing required propulsion forces. Of note, the most posterior axle position
available on untralight wheelchairs is anterior of the axle position on standard wheelchairs.
Therefore, the weighted posterior condition we used to simulate a K0001 may perform better
than most standard/depot wheelchairs; especially considering we provided fitting not available
on standard/depot wheelchairs.

Study Limitations
The study findings are delimited by testing of older persons who were naïve to wheelchair
propulsion, limited time for training, additional weight imposed by the SmartWheels,
evaluation over short propulsion distances, and lack of quantification of surface rolling
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resistance. Use of older adults who were inexperienced in wheelchair propulsion may limit
generalization to younger persons or experienced users. However, Koontz et al17 found
increased force and decreased velocity in a group of younger, experienced wheelchair users,
suggesting the effect of surface is universal to all manual wheelchair users. Formalized
propulsion training could have benefited our participants, but conversations with clinicians
suggested older adults receive little formal instruction. Thus while we believe formal
instruction and guided practice should be the clinical norm and would have improved the
propulsion of our cohort, we attempted to create an opportunity for learning prior to data
collection without introducing an artificial level of instruction. While the SmartWheels add
weight, change the weight distribution, and undoubtedly affect propulsion, they remain the
only commercially available method to assess the kinetics of propulsion, which were primary
outcome variables of interest. Alternative methods to quantify the impact of surface, axle
position, and wheelchair weight include electromyographic, oxygen consumption, and motion
capture evaluations. Use of these systems would facilitate measurement without fundamentally
altering the user-wheelchair system. Short propulsion distances may invoke responses different
from longer distances, but simulates evaluation conducted in limited clinic space and mimics
propulsion in confined spaces found in many homes. Finally, quantification of the rolling
resistance of each surface would have improved the precision of our study.

CONCLUSIONS
Surface type has a substantial impact on self-selected velocity and peak resultant and tangential
forces in older adults. The effect of a heavier wheelchair on self-selected velocity and peak
forces is most pronounced on high carpet and ramp. Anterior axle positions decrease peak
forces. The magnitude of this effect increases as surface difficulty increases. The effects of
weight and axle position appear to be independent. The greatest reductions in peak resultant
force will be obtained by securing the lightest possible wheelchair and then shifting the axle
as far forward as tolerated by the client.
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Table 3
Average Velocity and Peak Resultant Force Effects Sizes for Surface Type

  Average Velocity

Low Carpet High Carpet Ramp

Tile

0.17m/s 0.58m/s 0.64m/s

16.83% 57.43% 63.37%

1.72 5.87 6.48

Low Carpet

0.41m/s 0.47m/s

- 48.81% 55.95%

6.57 7.53

High Carpet

0.06m/s

- - 13.95%

0.96

  Resultant Force

Tile

1.1 %BW 5.59 %BW 7.90 %BW

12.37% 62.88% 88.86%

1.01 5.11 6.47

Low Carpet

4.49 %BW 6.80 %BW

- 44.94% 68.07%

4.23 5.70

High Carpet

2.31 %BW

- - 15.95%

1.94
Note. Data presented in descending order are absolute difference (m/s or %BW), relative difference (% change), and Cohen's d. Absolute difference =
Absolute value (row mean – column mean). Relative difference = absolute difference/(row mean) * 100. Cohen d = absolute difference/(pooled standard
deviation of row and column means).

Abbreviation: BW, body weight.
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Table 4
Average Velocity and Peak Resultant Force Effects Sizes for Weight and Axle Position on Each Surface

  Average Velocity

Tile Low Capet High Carpet Ramp

Weight

0.04m/s 0.03m/s 0.03m/s 0.04m/s

3.74% 3.37% 6.38% 10.81%

0.18 0.05 0.21 0.26

Axle

0.04 m/s 0.01ms 0.00m/s 0.03m/s

3.88% 1.14% - 9.09%

0.18 0.05 - 0.24

  Resultant Force

Weight

0.42%BW 0.40%BW 0.39%BW 0.50%BW

4.61% 3.93% 2.68% 3.05%

0.18 0.15 0.17 0.16

Axle

0.20 %BW 0.34%BW 1.34%BW 0.92%BW

2.17% 3.33% 9.54% 5.69%

0.08 0.13 0.58 0.36
Data presented in descending order are absolute difference (m/s or %BW), relative difference (% change), and Cohen's d for each effect. Absolute difference
= Absolute value(un-weighted mean – weighted mean)or Absolute value(anterior mean – posterior mean). Relative difference = absolute difference/(un-
weighted mean or anterior) * 100. Cohen d = absolute difference/(pooled standard deviation of both weights or axle position).

Abbreviation: BW, body weight.
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