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Abstract—Wheelchair users rely on their wheelchairs for
mobility for extended periods of time every day. According to
the International Standards Organization 2631-1 standard on
human vibration, individuals in a seated position when
exposed to whole-body vibrations (WBV) are at risk of injury.
This study evaluated vibration exposure during manual and
power wheelchair driving over nine sidewalk surfaces and dif-
ferences in vibration exposure over 3 years. Ten nondisabled
subjects were asked to drive a manual wheelchair at 1 m/s and
a power wheelchair at 1 m/s and 2 m/s over nine sidewalk sur-
faces while WBV were measured at the seat and footrest of the
wheelchair. At 1 m/s, significant differences existed between
surfaces and years at both the seat and the footrest for the man-
ual and power wheelchair users. At 2 m/s, significant differ-
ences existed between surfaces and years at the seat and the
footrest for power wheelchair users. Our results show that both
manual and power wheelchair users may be at risk for second-
ary injuries from WBV when traveling over certain surfaces.

Key words: accessible surface, concrete, injury, manual
wheelchair, power wheelchair, rehabilitation, sidewalks, vibra-
tion, wheelchairs, whole-body vibrations.

INTRODUCTION

Users of both manual and power wheelchairs use
their wheelchairs for mobility for extended periods of
time every day [1]. This extensive use, combined with

bumps, uneven driving surfaces, and other obstacles, can
expose wheelchair users to harmful whole-body vibra-
tions (WBV), which can lead to secondary injuries, such
as low-back and neck pain, muscle ache and fatigue, and
other harmful effects [2]. Few studies have reported the
vibration levels experienced by manual wheelchair users,
and even fewer have reported the levels experienced by
power wheelchair users. This study examined different
sidewalk surfaces and the resulting WBV that were trans-
mitted during manual and power wheelchair driving. Dif-
ferences in vibration exposure over 3 years were also
examined.

A literature review revealed that little research has
been conducted on exposure to WBV over various sur-
faces during wheeled mobility, such as bicycle riding, in-
line skating, baby stroller use, and motor-scooter driving.
Thompson and Bélanger looked at vibration during in-line
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skating; however, they only studied a standard paved road
and did not examine any other surfaces [3]. A study done
in Italy by Frendo et al. examined vibrations during
motor-scooter driving over different street surfaces,
including heavy paved brick, light paved brick, and cob-
blestone [4]. Results revealed differences between the sur-
faces, with the light paved brick resulting in the lowest
transmitted vibrations and the cobblestone surface the
highest.

Multiple studies have shown the negative effects
associated with exposure to WBV on humans in seated
positions [5–8]. Occupations where WBV are a concern
include heavy machinery operation, bus and truck driving,
and helicopter piloting. These industries, as well as the
automotive industry, have taken measures to reduce the
amount of WBV transmitted to their employees [9–11].

The problem of WBV has been recognized by the
wheelchair community, and efforts have been made to
quantify the amount of vibration transmitted to wheel-
chair users during propulsion. VanSickle et al. showed
that manual wheelchair users traveling over a simulated
road course experienced levels of vibrations that exceeded
the “fatigue-decreased performance boundary” and could
cause fatigue and injury [12]. Wolf et al. evaluated vibra-
tion exposure while wheelchair users traveled over differ-
ent sidewalk surfaces [13]. They found differences
between interlocking concrete pavement (ICP) surfaces
and a standard poured concrete surface. In some cases, the
ICP surfaces caused lower WBV than the standard poured
concrete surface. Maeda et al. issued questionnaires to
33 wheelchair users and tested 10 wheelchair users on a
vibration platform [14]. Results from the questionnaire
revealed that wheelchair users did feel WBV at the neck,
back, and buttocks during propulsion and that users
sensed differences while traveling over different surfaces
and obstacles.

Wheelchair companies have attempted to address this
problem by adding suspension to manual and power
wheelchairs; however, studies have demonstrated that
these additions do not necessarily reduce the amount of
oscillatory and shock WBV. Additionally, in the case of
manual wheelchairs, titanium rigid-frame wheelchairs
without suspension performed better than some wheel-
chairs with suspension [15–17].

The International Standards Organization (ISO)
standard 2631-1, “Mechanical vibration and shock—
Evaluation of human exposure to whole-body vibration—
Part 1: General requirements,” was established to define

the methods of collection, the effects, and the health con-
cerns associated with WBV [18]. The standard defines a
health guidance caution zone (Figure 1), which character-
izes the amount of WBV considered unsafe. When expo-
sure to WBV is evaluated over long periods of time, lower
cumulative levels are considered harmful (<1 m/s2 of
weighted root-mean-square (RMS) acceleration at 8 hours
of exposure). The harmful effects of WBV can be negated
by an 8-hour rest period; however, this is extremely rare
during an ordinary day of a manual or power wheelchair
user, and through days, months, and years, cumulative
exposure to WBV could result in secondary injuries.

This research evaluated the WBV experienced by
manual and power wheelchair users as they traveled over
select sidewalk surfaces as well as differences in expo-
sure over time. We hypothesized that different surfaces
would induce significantly different WBV, which sug-
gests that some surfaces are less likely to cause second-
ary injuries to wheelchair users. Furthermore, we
hypothesized that over time, the surfaces would become
smoother from weather-related wear and thus result in
significantly lower WBV.

Figure 1.
Limit boundaries of human exposure to whole-body vibrations
defined by International Standards Organization 2631-1 standard.
Source: International Standards Organization (ISO). ISO 2631-1:
Mechanical vibration and shock—Evaluation of human exposure
to whole-body vibration—Part 1: General requirements. Geneva
(Switzerland): International Standards Organization; 1997. RMS =
root-mean-square.
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METHODS

Six different sidewalk surfaces were tested in three
consecutive years (May 2002, July 2003, and June 2004).
All the sidewalk surfaces were approximately 1.2 m wide
and 7.6 m long. Surface 1 was a poured concrete side-
walk with a brush finish, which acted as the control sur-
face. Surfaces 2, 3, and 4 were made from ICP installed
to industry specifications [19] and were installed in a
90° herringbone pattern. The blocks used for surface 2
had no bevel, the blocks used for surface 3 had a 2 mm
bevel, and the blocks used for surface 4 had an 8 mm
bevel. Sidewalk surfaces 5 and 6 were constructed of
fired clay bricks in a 45° herringbone pattern. The blocks
used for surface 5 had a 4 mm bevel, and the blocks used
for surface 6 had no bevel. We added three additional
concrete surfaces in the third year of the study. Surfaces
7 and 8 both had a 6 mm bevel and were installed in 90°
and 45° herringbone patterns, respectively. Surface 9 had
a 4 mm bevel and was installed in a 90° herringbone pat-
tern. The specifications of the surfaces can be seen in
Table 1. An Interlocking Concrete Pavement Institute
(ICPI) certified contractor installed all the sidewalks.

Ten nondisabled subjects were recruited in each of
the three testing years. We tried to recruit either the same
subject each year or subjects with matching weights and
heights to account for variability in the subject popula-
tion. Subject demographics can be found in Table 2.
A repeated measures analysis of variance showed that
no significant differences existed between subject height
(p = 0.8) and weight (p = 0.4) over the study period.

This study was approved by the Department of Veter-
ans Affairs (VA) Pittsburgh Healthcare System Institu-
tional Review Board. Study requirements stated that
subjects be between the ages of 18 and 65, be free of any
shoulder pain that would prevent them from propelling,
have no history of cardiopulmonary disease, and be free
of a physical disability. After giving their written
informed consent, subjects were asked to propel a manual
wheelchair (at 1 m/s) (Figure 2) and drive a power
wheelchair (at 1 m/s and 2 m/s) over six sidewalk sur-
faces a total of three times each.

The manual wheelchair (Quickie® GP, Sunrise Medi-
cal, Carslbad, California) had a rigid-frame design, with
127 mm-diameter polyurethane tires and standard 610 mm-
diameter rear wheels. The seat width was 406 mm, the seat
depth was 458 mm, and the backrest height was 410 mm.
The rear axles were placed 45 mm in front of the backrest
tubes. SmartWheels® (Three Rivers Holding, Mesa, Ari-
zona) were used for the rear wheels during this study [20].
They were used in the first year of testing to evaluate differ-
ences in work during propulsion over all the surfaces [13]
and therefore included in the following years for consis-
tency. SmartWheels have solid-foam inserts. The approxi-
mate mass of the manual wheelchair with the SmartWheels
attached was 15.5 kg.

The power wheelchair (Quickie® P200, Sunrise Medi-
cal) had a rigid-frame design, with 203 mm front casters
and 254 mm-diameter rear wheels (Figure 3). The seat
width was 406 mm, the seat depth was 415 mm, and the
backrest height was 435 mm. A standard position-sensing
joystick was mounted to the right-side armrest, and the
default manufacturer controller settings were used. All tires

Table 1.
Specifications of surfaces tested.

Surface Name Edge Detail Composition
Dimension (mm) Installed

PatternLength Width Height
1 Poured Concrete* — Concrete — — — Smooth
2 Holland Paver Square (no bevel) Concrete 198 98 60 90°
3 Holland Paver 2 mm bevel Concrete 198 98 80 90°
4 Holland Paver 8 mm bevel Concrete 198 98 60 90°
5 Whitacre-Greer 4 mm bevel Brick 204 102 57 45°
6 Pathway Paver Square (no bevel) Brick 204 102 57 45°
7 Holland Paver 6 mm bevel Concrete 198 98 60 90°
8 Holland Paver 6 mm bevel Concrete 198 98 60 45°
9 Holland Paver 4 mm bevel Concrete 198 98 60 90°

*Control surface.
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were properly inflated to the rated air pressure (248.2 kPa
for the caster and 344.7 kPa for the rear wheels). The
approximate mass of the power wheelchair with batteries
was 89.0 kg. The frame of the power wheelchair was made
from aircraft-quality aluminum. All subjects sat on a
50 mm-thick polyurethane foam cushion during all testing.
Neither wheelchair was used between testing years so dete-
rioration (specifically to the tires and frames) or other
changes over time were minimized.

A triaxial accelerometer was used to collect vibration
data in three orthogonal axes at the seat and the footrest.
Acceleration data were collected at 200 Hz. The ISO 2631-
1 standard describes the minimum collection rate for accel-
erations as 160 Hz. The seat accelerometer was attached to
a 40.64 × 40.64 × 0.64 cm aluminum plate. The footrest
accelerometer was attached to a 7.62 × 15.24 × 0.95 cm
aluminum plate, which in turn was attached to the wheel-
chair footrest. Based on the ISO 2631-1 standard, we ana-
lyzed the WBV defined along the vertical z-axis (along the
spine of a seated subject and along the legs transmitted
through the footrest) using the RMS method (Equation)
[18]. The choice to only measure the z-axis acceleration
direction was based on the ISO 2631-1 standard, which
states that measurements should be made in the direction
of the highest vibrations. Once acceleration data were col-
lected at the seat and the footrest for each trial, we applied
frequency weightings, as described by the ISO 2631-1
standard. The frequency-weighted accelerations in the ver-
tical direction are given as awz and the time of the trial is T.
The result is the RMS acceleration in the vertical direction
(arz) and is calculated by

The acceleration data were calibrated and converted for
analyses with custom software written in MATLAB (The
MathWorks Inc, Natick, Massachusetts).

Statistical analyses were performed with SAS (SAS
Institute Inc, Cary, North Carolina). We analyzed the data
using a mixed model to evaluate the differences in RMS ver-
tical vibrations at the seat and footrest between surfaces and
between years. Analyses between years included surfaces 1
through 6 only (poured concrete; concrete with 0 mm,
2 mm, and 8 mm bevels; and brick with 4 mm and 0 mm
bevels, respectively) because surfaces 7 through 9 (concrete
with 6 mm, 6 mm [45° pattern], and 4 mm bevels, respec-
tively) were only tested in the third year. Post hoc analysis
was completed with a Tukey pairwise comparison test.

RESULTS

Data were analyzed for normality. Outliers were
removed and data were found to be normally distributed.

Table 2.
Subject characteristics (mean ± standard deviation) for all 3 years of
study.

Year Height (cm) Weight (kg)
1 170.4 ± 11.3 71.2 ± 19.0
2 171.0 ± 11.6 72.0 ± 19.4
3 171.0 ± 10.8 73.0 ± 20.6
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Figure 2.
Surfaces tested: (a) 1 (poured concrete), (b) 2 (concrete, no bevel), (c) 3
(concrete, 2 mm bevel), (d) 4 (concrete, 8 mm bevel), (e) 5 (brick, 4 mm
bevel), (f) 6 (brick, no bevel), (g) 7 (concrete, 6 mm bevel), (h) 8
(concrete, 6 mm bevel), and (i) 9 (concrete, 4 mm bevel); (j) setup of
Quickie® GP manual wheelchair (Sunrise Medical, Carlsbad, California).
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Manual Wheelchair: Surfaces
Significant differences in vibrations at the seat and

the footrest for the manual wheelchair were found
between surfaces (p < 0.001) (Tables 3 and 4). Post hoc
analysis revealed that the standard poured concrete sur-
face (surface 1) resulted in significantly higher WBV
than surfaces 2 and 3 (concrete with 0 mm and 2 mm
bevel, respectively) and significantly lower WBV than
surfaces 4, 7, and 8 (concrete with 8 mm, 6 mm, and
6 mm [45° pattern] bevel, respectively). No significant
differences were noted for surfaces 5 and 6 (brick with
4 mm and 0 mm [45° pattern] bevel, respectively).

Manual Wheelchair: Years
For RMS vibrations at the seat and the footrest, signifi-

cant differences were found between the three years (p <
0.001) (Tables 5 and 6). Post hoc analysis revealed that for
RMS vibrations at the seat, year 1 was significantly lower
than years 2 and 3 and year 2 was not significantly different
than year 3 (p = 0.3). For RMS vibrations at the footrest, all
three years were significantly different (p < 0.001).

Power Wheelchair: Surfaces
We found significant differences between surfaces in

WBV for the seat and footrest at 1 m/s (p < 0.001)
(Tables 3 and 4). Post hoc analysis of the data from the
1 m/s speed revealed that at the seat, surface 2 (concrete

with 0 mm bevel) resulted in significantly lower WBV
than surface 1. Surfaces 3, 5, 6, 8, and 9 (concrete with
2 mm bevel, brick with 4 mm bevel, brick with 0 mm
bevel [45° pattern], concrete with 6 mm bevel, and con-
crete with 4 mm bevel, respectively) were not significantly
different than the standard poured concrete surface. Sur-
face 4 (concrete with 8 mm bevel) and surface 7 (concrete
with 6 mm bevel) resulted in significantly higher WBV

Figure 3.
Setup of Quickie® P200 power wheelchair (Sunrise Medical,
Carlsbad, California).

Table 3.
Root-mean-square vibration (mean ± standard deviation) for wheelchair
seat for manual wheelchair and power wheelchair at 2 different driving
speeds for year 3.

Surface
Manual 

Wheelchair
(1 m/s)

Power 
Wheelchair

(1 m/s)

Power 
Wheelchair

(2 m/s)
1 0.47 ± 0.07 0.37 ± 0.09 1.17 ± 0.21
2 0.32 ± 0.06* 0.28 ± 0.06* 0.60 ± 0.12*

3 0.39 ± 0.07* 0.33 ± 0.08 0.67 ± 0.12*

4 0.76 ± 0.16† 0.85 ± 0.19† 0.89 ± 0.14*

5 0.46 ± 0.09 0.33 ± 0.10 0.75 ± 0.15*

6 0.47 ± 0.08 0.37 ± 0.09 0.90 ± 0.14*

7 0.59 ± 0.09† 0.59 ± 0.08† 0.76 ± 0.10*

8 0.78 ± 0.09† 0.38 ± 0.05 0.89 ± 0.15*

9 0.48 ± 0.06 0.40 ± 0.05 0.66 ± 0.08*

*Surfaces resulted in significantly lower whole-body vibrations (WBV) (p <
0.05) than surface 1.
†Surfaces resulted in significantly higher WBV (p < 0.05) than surface 1.

Table 4. 
Root-mean-square vibration (mean ± standard deviation) for wheelchair
footrest for manual wheelchair and power wheelchair at 2 different
driving speeds for year 3. 

Surface
Manual

Wheelchair
(1 m/s)

Power
Wheelchair

(1 m/s)

Power
Wheelchair

(2 m/s)
1 1.36 ± 0.22 0.53 ± 0.10 1.26 ± 0.31
2 0.81 ± 0.18* 0.32 ± 0.08* 0.67 ± 0.21*

3 1.09 ± 0.23* 0.38 ± 0.09* 0.79 ± 0.19*

4 2.30 ± 0.44† 0.66 ± 0.16† 1.21 ± 0.28
5 1.34 ± 0.32 0.43 ± 0.09 0.84 ± 0.21*

6 1.41 ± 0.25 0.47 ± 0.09 0.94 ± 0.23*

7 1.79 ± 0.29† 0.43 ± 0.08 0.78 ± 0.70*

8 2.19 ± 0.32† 0.46 ± 0.13 0.86 ± 0.26*

9 1.35 ± 0.18 0.32 ± 0.06* 0.67 ± 0.16*

*Surfaces resulted in significantly lower whole-body vibrations (WBV) (p <
0.05) than surface 1.
†Surfaces resulted in significantly higher WBV (p < 0.05) than surface 1.
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than surface 1 (poured concrete). At the footrest, surfaces
2, 3, and 9 resulted in significantly lower WBV than sur-
face 1; surfaces 5 to 8 were not significantly different, and
surface 4 resulted in significantly higher WBV.

We found significant differences between surfaces in
WBV for the seat and footrest at 2 m/s (p < 0.001). Post
hoc analysis of the data from the 2 m/s speed revealed that
at the seat, all surfaces resulted in significantly lower
WBV than the standard poured concrete surface. At the
footrest, all surfaces resulted in significantly lower WBV
than the standard poured concrete surface except surface 4,
which did not result in significantly different WBV.

Power Wheelchair: Years
For RMS vibrations at the seat and the footrest, we

found significant differences in years at 1 m/s and at 2 m/s
(p < 0.001) (Tables 5 and 6). For RMS vibrations at the
footrest, post hoc analysis revealed that year 1 was not
significantly different from year 3 (p = 0.2) at 1 m/s.

DISCUSSION AND CONCLUSIONS

Based on its nature, a wheelchair represents a system
in which its user will be subjected to WBV in a seated

position for long durations. Because the ISO 2631-1
standard requires an 8-hour rest period to negate the dam-
aging effects of any transmitted vibrations [18] and
because power wheelchair users typically rely on their
wheelchair for all of their mobility, wheelchair users are
potentially at high risk of secondary injuries from WBV.

Wheelchair users experience pain over the course of
the day for multiple reasons. Sitting for long periods of time
and exposure to WBV can cause discomfort. Maeda et al.
issued a questionnaire to wheelchair users to determine if
WBV experienced during wheelchair propulsion caused
discomfort [14]. Results showed that the WBV experienced
during propulsion did cause discomfort, specifically at the
neck, lower back, and buttocks. Maeda et al.’s study and
other studies that measured WBV levels during wheelchair
use [12,15–17] show that WBV exposure may cause dis-
comfort and eventually pain in wheelchair users.

The results of this study showed that surfaces other than
poured concrete should be considered for pedestrian access
routes. ICP and brick surfaces that have small bevels may
decrease the amount of WBV that are transmitted to wheel-
chair users during propulsion, especially at higher speeds.

The results showing differences in the surfaces were
expected based on previous studies and the physical
properties of the surfaces [13]. Surface 4 had the largest
bevel (8 mm) and resulted in the most vibration. Surface
2 had the smallest bevel (0 mm) and resulted in the low-
est vibration.

Manual Wheelchairs
Results for the manual wheelchair showed that sur-

faces 2 and 3 (concrete with 0 mm and 2 mm bevel,
respectively) produced significantly lower RMS vibrations
than the poured concrete surface. These surfaces present a
good alternative to the standard poured concrete because
they transmit less WBV to wheelchair users. This result
contradicts the statement from the Public Rights-of-Way
Access Advisory Committee, who claim that surfaces
composed of individual units are undesirable because of
the vibrations they cause (http://www.access-board.gov/
prowac/commrept/index.htm). We found differences in
RMS vibration between surfaces over years for the manual
wheelchair at both the seat and the footrest, with RMS
vibrations increasing over time.

Power Wheelchairs
Results for the power wheelchair were also promis-

ing for the use of alternative surfaces that reduce

Table 5.
Root-mean-square vibration (mean ± standard deviation) for wheelchair
seat over 3 years for manual wheelchair and power wheelchair at 2
different driving speeds.

Year
Manual 

Wheelchair
(1 m/s)

Power 
Wheelchair

(1 m/s)

Power 
Wheelchair

(2 m/s)
1 0.44 ± 0.17 0.40 ± 0.19 0.78 ± 0.21
2 0.49 ± 0.15* 0.45 ± 0.23 0.83 ± 0.23
3 0.50 ± 0.18* 0.42 ± 0.20 0.89 ± 0.22

*Not significantly different.

Table 6.
Root-mean-square vibration (mean ± standard deviation) for wheelchair
footrest over 3 years for manual wheelchair and power wheelchair at 2
different driving speeds.

Year Manual
(1 m/s)

Power
(1 m/s)

Power
(2 m/s)

1 1.27 ± 0.53 0.48 ± 0.17* 0.94 ± 0.32
2 1.39 ± 0.50 0.45 ± 0.14 0.90 ± 0.29
3 1.49 ± 0.57 0.47 ± 0.14* 1.02 ± 0.33

*Not significantly different.

http://www.access-board.gov/prowac/commrept/index.htm
http://www.access-board.gov/prowac/commrept/index.htm
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the amount of WBV transmitted to wheelchair users. At
1 m/s, surface 2 resulted in significantly lower WBV at
the seat than the standard poured concrete surface and
surfaces 2, 3, and 9 resulted in significantly lower WBV
at the footrest. At 2 m/s, all surfaces resulted in signifi-
cantly lower WBV than the standard concrete surface at
the seat; at the footrest, only surface 4 was not signifi-
cantly different, while all other surfaces resulted in sig-
nificantly lower WBV. The results from the data
collected at 2 m/s are most likely caused by breaks in the
poured concrete surface. The higher speed of the wheel-
chair causes greater transmission of shocks from breaks
in the sidewalk. We also found significant differences in
years at the seat and the footrest for both speeds for the
power wheelchair. No trend was noted for increase or
decrease of RMS vibrations over years. The results from
the change in the surfaces over years suggests that data
have not been collected long enough to show either an
increase or decrease in WBV. Data should continue to be
collected to more appropriately analyze the trend of
change over time.

We hypothesized that wear on the bevels from
weather or normal use would reduce the amount of vibra-
tions experienced by the wheelchair user. The results,
however, showed an increase in RMS vibration at the
seat and the footrest for the manual wheelchair and the
power wheelchair at 2 m/s. This increase may have
occurred for several reasons. The nine tested surfaces
were isolated and did not see normal wear from travel
and use, which could result in similar results over multi-
ple years. Heaving and settling of the ICP and brick pav-
ers may occur over time and could cause sharper
transitions, resulting in higher RMS vibrations. Finally,
significant differences over time may not exist, even if
results are followed for longer periods. Limitations of
this study include no use of a standard surface, such as
smooth tile, for comparing surfaces with a baseline con-
trol. However, the standard poured concrete was used as
the control surface because it is the most common out-
door pedestrian surface. No additional pedestrian wear on
any of the surfaces was noted. In a real-world situation,
such wear would exist on surfaces from normal use.
However, keeping the surfaces in a controlled environ-
ment allowed the comparison to be more accurate,
because the wear on all surfaces was equal. Only one
manual and one power wheelchair were used for this
study. Certain wheelchairs are capable of reducing the
amount of WBV transmitted to wheelchair users, how-

ever, because differences in surfaces were being
examined, rigid-frame manual and power wheelchairs
were selected for this study.

The recruitment of nondisabled subjects and different
subjects over the years is a further limitation of this study
and could have resulted in differences in propulsion style
during manual wheelchair driving. Although, the sitting
biomechanics of wheelchair users and nondisabled sub-
jects may be different, we chose this subject population
based on ease of recruitment over multiple years and
because the metric of interest was the difference between
a standard poured concrete surface and ICP or brick sur-
faces. Additionally, we assumed that matching the height
and weight of the replacement subjects controlled for
important factors of WBV measurement.

These results demonstrate that some ICP surfaces
should be considered for wheelchair access routes and
may reduce the amount of WBV transmitted to wheel-
chair users, specifically the surfaces with the smallest
bevels. The results clearly show that many of the ICP
surfaces are as good if not better than the standard poured
concrete surface at reducing the amount of WBV trans-
mitted to wheelchair users. Additionally, some surfaces
may produce levels of WBV exposure that could cause
secondary injuries to both manual and power wheelchair
users over time.
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