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Abstract—To date, only one research study has evaluated how
scooters respond to static and dynamic stability. However, no
other studies have evaluated how scooters respond to adverse
conditions and how they perform in all standard tests. A selec-
tion of 12 three-wheeled scooters was tested according to
American National Standards Institute/Rehabilitation Engineer-
ing and Assistive Technology Society of North America (ANSI/
RESNA) wheelchair standards. Scooter models included the
Victory, Gogo, Golden Companion (GC) I, and GC II. Victory
and GC II were the most stable scooters. The Gogo scooters
were the least dynamically stable. Five scooters (3 Gogo, 1 GC
I, 1 GC II) failed the environmental condition tests. All GC I
and II scooters failed parts of the power and control system
tests. All scooters passed static and impact tests; however, all
Gogo scooters and one GC II scooter had structural or motor
failure during durability tests. The scooter models’ survival life
ranged from 62,512 to 1,178,230 cycles out of the 400,000
needed to pass the test. Tiller failures (typically tiller tube snap-
ping) occurred with an average of 1,483 N force applied to the
tiller structure. Our results indicate that these commercially
available devices may not meet ANSI/RESNA standards. In
addition, the tiller test should be conducted with scooters to fur-
ther ensure their safety and durability and should use a test
dummy with weight capacity according to the mobility device

capacity.

Key words: ANSI/RESNA, durability tests, failure, fatigue
life, mobility devices, scooters, stability, tiller test, wheel-
chairs, wheelchair standards.

1017

INTRODUCTION

Recent statistics on growth among the older adult
population from the Department of Health and Human
Services’ Administration of Aging show that the number
of people aged 65 years or older increased from 35 mil-
lion in 2000 to 40 million in 2010. This population repre-
sents 12.9 percent of the U.S. population, which means
one out of eight Americans are now older than 65 [1]. By
2030, there are expected to be about 72.1 million older
persons in the United States, double the number in 2000.
This anticipated increase in life expectancy may also
cause a proportional growth in disability and, ultimately,
an increased need for technical support for this popula-
tion in performing daily activities [2]. Coupled with esti-
mates that show that 75 to 90 percent of disabled older
adults currently use some form of assistive technology for
mobility [3], the possibility of 54—65 million people

Abbreviations: ANOVA = analysis of variance, ANSI/
RESNA = American National Standards Institute/Rehabilita-
tion Engineering and Assistive Technology Society of North
America, DME = durable medical equipment, EC = equivalent
cycle, EPW = electric powered wheelchair, GC = Golden
Companion, POV = power operated vehicle, SD = standard
deviation, VA = Department of Veterans Affairs.
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requiring assistive technology by the year 2030 has far-
reaching implications. As the population ages, there is a
noted increase in the demand for power mobility devices,
including power wheelchairs and scooters [4—5]. The use
of wheeled mobility devices in the United States has
increased in the past decade, with a total number of
nearly 4 million users, among whom 291,000, or 7 per-
cent, use power devices such as scooters [6]. A wide vari-
ety of wheeled mobility device options can be found on
the market, including manual and power wheelchairs and
scooters. With so many models to choose from, it is
important for users to have access to objective informa-
tion about their safety and durability so they can make an
informed decision [7].

When clients come to a clinical setting looking for
mobility devices, they usually look for scooters for two
primary reasons: either they feel that these devices are
more socially acceptable than other options or they may
not have knowledge of the benefits of other types of
mobility devices [8].

The prescription process should be client centered,
where the clinician works together with the user to find
the most appropriate mobility device. With so many
options on the market, it can be a challenging process to
choose the most appropriate mobility device. Depending
on the reimbursement criteria of each client’s insurance
provider, clinicians may be required to select a mobility
device that will not only be the most appropriate for the
client’s needs, but also fall within the client’s insurance
policy requirements. Currently, a number of different
scooter models are available, and for this reason, it is
important for clinicians, rehabilitation professionals, and
their clients to know the features, performance, durabil-
ity, and reliability of each device [9]. Research on the use
of motorized scooters has shown that scooters might
increase activity levels among people who have difficulty
with ambulation and therefore increase their community
participation [10]. Various organizations ensure that these
devices are safe and durable, and most of these organiza-
tions rely on standardized testing methods. The American
National Standards Institute/Rehabilitation Engineering
and Assistive Technology Society of North America
(ANSI/RESNA) have developed standard tests to assist
clinicians and clients in evaluating and comparing differ-
ent mobility device options and deciding the most appro-
priate device for the client’s needs [11-12]. The ANSI/
RESNA standards allow an objective comparison of
mobility devices within different test procedures [11-12].

Medicare requires many of the ANSI/RESNA stan-
dard tests to be conducted on all power operated vehicles
(POVs) (e.g., scooters) to ensure the devices are safe,
their performance meets target goals, and the perfor-
mance and dimensions are disclosed to the end user and
clinicians in a standardized format. Most tests can be con-
ducted by the POV device manufacturer as long as they
are conducted in a testing facility with equipment and
personnel capable of testing according to ANSI/RESNA
standards. Medicare requires some but not all the tests to
be performed by an independent test laboratory before
they will reimburse for the cost of the device, but the test
reports are only rarely publicly available [3]. Both the
absence of objective test reports and evidence of a high
rate of breakdowns in the community (within a period of
6 mo, approximately 45% of users have complete repairs
done to their wheelchair) have led to speculation that not
all commercially available devices meet the standards
[13]. Numerous research studies evaluating manual and
power wheelchair compliance with the ANSI/RESNA
standards [14-25] have substantiated these concerns.
However, only one study to date has evaluated power
wheelchairs’ and scooters’ compliance with ANSI/
RESNA standards specifically on static and dynamic sta-
bility (sections 1 and 2, respectively) [26]. Therefore,
objective evaluation of scooters on all the relevant ANSI/
RESNA standards is needed to evaluate the performance,
durability, and safety of these devices.

Medicare covers mobility devices under its durable
medical equipment (DME) benefit program [27]. Medi-
care typically will not provide mobility devices that can-
not be used in the home. Since scooters are devices that
frequently do not maneuver in the home easily, this may
cause manufacturers to try to make scooters with smaller
bases and smaller turning radii, which may compromise
user safety and stability when driving the scooter. Addi-
tionally, dynamic and static stability is likely to decrease
for scooters that have narrower and/or shorter wheel
bases. Table 1 shows basic information of selected
scooter models found on the market. Models include both
three and four wheels. Scooters with three wheels have
one driving wheel in the front and two rear wheels in the
back. Scooters with four wheels have two driving wheels
in the front and two rear wheels in the back of the
scooter.

Since one research study evaluated scooter compli-
ance on two specific ANSI/RESNA tests, the primary
purpose of our study was to evaluate scooter model
compliance with all relevant ANSI/RESNA tests [26].
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Table 1.

Brief description of popular scooters found on market. Included are scooters’ manufacturer, model, weight capacity, and number of driving

wheels.

Manufacturer Model Weight Capacity (Ib) Base Options

Pride Gogo Ultra X 260 3 or 4 wheels
Gogo Elite” 275 3 or 4 wheels
Gogo Elite Plus 300 3 or 4 wheels
Travel Pro 275 3 wheels
Revo 300 3 or 4 wheels
Legend 350 3 or 4 wheels
Victory 9 300 3 or 4 wheels
Victory 9PS 300 3 wheels
Victory 10" 400 3 or 4 wheels
Celebrity X 350 3 or 4 wheels
Pursuit 400 4 wheels
Pursuit XL 400 4 wheels
Wrangler 400 4 wheels
Maxima 400/500 3 or 4 wheels

Golden Technologies Buzzaround Lite 250 3 wheels
Buzzaround XL 300 3 wheels
LiteRider 300 3 wheels
Golden Companion I" 300 3 wheels
Golden Companion i 350 3 wheels
Golden Companion GC440 350 4 wheels
Avenger 500 4 wheels

Invacare Leo 350 4 wheels
Lynx L-4 300 4 wheels
Lynx L-3 300 3 wheels
Lynx L-3X 300 3 wheels

Hoveround Electric Mobility Transporter 300 4 wheels
Transporter GL 300 3 wheels
Bolero 350 4 wheels

*Scooter models tested in study.

We conducted this compliance study to compare and con- METHODS

trast the performance of scooters on standardized tests.
Further, we were interested in comparing the fatigue life
of each scooter with the standard number of equivalent
cycles (ECs). The ECs are the total number of equivalent
durability cycles (ECs = [double-drum cycles + 30*curb-
drop cycles]) that the device endures prior to a class III
failure, which is defined as “permanent damage, defor-
mation, or failure that significantly affects the ability to
operate the wheelchair” [28]. Finally, we were interested
in the resistance of the tiller system to collapsing after a
forward impact, which is a draft ANSI/RESNA test method.

We conducted the ANSI/RESNA tests on 12 scooters
of four different models from two scooter manufacturers.
The scooters tested in our study were Victory (n = 3)
(Pride Mobility Products; Exeter, Pennsylvania), Gogo (n =
3) (Pride Mobility Products), Golden Companion (GC) 1
(n = 3) (Golden Technologies; Old Forge, Pennsylvania),
and GC II (n = 3) (Golden Technologies) (Figure 1). The
scooters tested are the models most frequently prescribed
nationwide at the Department of Veterans Affairs (VA)
and also at the Center for Assistive Technology at the
University of Pittsburgh Medical Center.




1020

JRRD, Volume 50, Number 7, 2013

Figure 1.
Scooters tested: (a) Victory, (b) Gogo, (c) Golden Companion I,

and (d) Golden Companion II.

The scooters were purchased through a third-party
purchaser. Because of the cost and time invested in testing
scooters, we chose to test three of each scooter model
from the two manufactures (total n = 12). The order of
the scooters tested was random.

The ANSI/RESNA standard manual is arranged in
such a way that each test is numbered and named in sec-
tions. All standard tests were conducted with each
scooter in our study, with the exception of sections 16
and 21 (ignition of upholstery and electromagnetic com-
patibility, respectively), because our laboratory is not fully
equipped to conduct these tests. The environment used
was a test laboratory with an environmental chamber (cli-
mate tests), double-drum and curb-drop machines, ceil-
ing lifts, and pendulums. The testing environment followed
ANSI/RESNA specifications. Incline tests and tennis court
tests were conducted outside the research laboratory.

The tests conducted were static and dynamic stability
(sections 1 and 2, respectively); effectiveness of brakes
(section 3); energy consumption (section 4); maximum
speed, acceleration, and retardation (deceleration) (sec-
tion 6); climatic testing (section 9); impact and fatigue
tests (section 8); power and control systems (section 14);
and the tiller test (added by researchers). All the tests
were performed as specified in the 1998 edition of the
ANSI/RESNA testing standards, which was the current
edition when these tests were completed. In addition to
the standard tests, we conducted a test on the scooters’

tillers to determine the forward-directed load on the tiller
that would cause it to deform and then fail.

Tests

Static Stability (Section 1)

The static stability test was performed by placing the
scooter with a 100 kg test dummy on a test ramp and
changing the inclination of the test ramp until the angle
was found at which the scooter tipped (Figure 2). The
angles were recorded for the scooter setup with the most
and least stable configurations in the following direc-
tions: forward (wheels unlocked and locked), rearward
(wheels unlocked and locked), sideways (left and right
sides down slope), and on the antitippers (either front or
back). For the static stability test, the scooters were tested
with and without their mechanical brakes on. A total of
14 measurements were recorded.

Dynamic Stability (Section 2)

Dynamic stability was performed by evaluating the
response of the scooter to dynamic tasks while it traveled
on flat surfaces at 0°, 3°, 6°, and 10° slopes. For each
scooter, 31 tasks were performed, including starting and
stopping; traveling upward and downward while turning;
and traveling up and down a step transition of 12, 25, and
50 mm. For all cases, a human operator maneuvered the
scooter. All trials were performed at maximum speed.

Scooter responses were coded with scores ranging
from O to 4, where—

* 4 = “At least 1 uphill wheel remains on the test
plane.”

3 =“Lifted all uphill wheels temporarily and anti-tippers
did not contact the test plane.”

» 2 = “Transient tip when going uphill and the anti tip-
pers touched the test plane.”

* 1 = “Uphill wheels lift off and the scooter remained
on the anti-tipper devices.”

* 0 =“The scooter tipped over completely.” [11]

Effectiveness of Brakes (Section 3)

Effectiveness of brakes testing was performed with a
person with weight equivalent to 100 kg sitting in the
scooter and driving at its maximum speed. The person’s
weight was determined by the standards according to the
equivalent weight of a 95th percentile American man.
Since the testing technician weighed less than the
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Figure 2.
Forward stability test with scooter in least stable configurations and without mechanical brakes on. All rearward stability tests were

conducted with least stable configuration. (a) Scooter was placed facing uphill and secured with straps from tipping backward com-
pletely. (b) Angle was recorded when front wheels started to lose contact with testing plane.

required 100 kg, weight was added under the operator on
the seat. The braking distance was recorded by measuring
the distance from the point where the braking system was
activated to the point where the scooter came to a com-
plete stop. This test was also performed on 3°, 6°, and
10° test planes in both forward and rearward directions.
The tester applied the brakes to the scooter three ways:
throttle release, throttle reverse, and key-off. While test-
ing the effectiveness of brakes on a 10° slope, scooters
tended to tip completely; therefore, for safety reasons,
some scooters were not tested on a 10° slope because of
the high risks of tipping over completely and causing
injuries to the person operating the scooter.

Energy Consumption (Section 4)

The theoretical range that each scooter could travel
before it ran out of battery was calculated by the energy
consumption that occurred over a measured distance.
More specifically, by measuring the depletion of a fully
charged battery with a known capacity while traveling a
known distance, the theoretical range could be calculated
by Equation (1):

R- CxD

TEx100 @

where R = theoretical range (in kilometers), C = battery
capacity (in ampere-hours), D = known distance (in
meters), and E = ampere-hours.

Maximum Speed, Acceleration, and Retardation
(Deceleration) (Section 6)

Speed, acceleration, and retardation (deceleration)
were measured with a 100 kg person controlling the
scooter. The testing technician on the scooter was asked
to accelerate the scooter to its maximum speed on a flat
surface located outdoors. Overall acceleration was deter-
mined from a stop to the maximum speed, and maximum
acceleration was identified and reported from these trials.
Overall and maximum retardation (deceleration) were
recorded from the point of braking to the point where the
scooter came to a complete stop under three conditions:
throttle release, throttle reverse, and key-off. As deter-
mined by the standards and for the drivers’ safety, these
tests were conducted only at 0°, 3°, and 6° slopes in a for-
ward direction.

Climatic Testing (Section 9)

Climatic testing was performed by exposing the
scooters to adverse environmental behaviors including
rain conditions, cold operating conditions, hot operating
conditions, cold storage conditions, and hot storage
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conditions. The rain test entailed spraying the scooter
with a stream of water for 10 minutes. The cold operating
test was performed by placing the scooter in an environ-
mental chamber at a temperature of —25°C + 2°C/-5°C
for 3 hours. The hot operating test was performed by
placing the scooter in an environmental chamber for
3 hours at a temperature of 50°C + 5°C/-2°C. The last
two tests (hot and cold storages tests) were conducted by
placing the scooters in an environmental chamber with
temperatures of 65°C £ 5°C and —40°C + 5°C, respec-
tively, for 5 hours. Functional tests were performed
1 hour after removing the scooters from the environmen-
tal chamber. For the functional testing, each scooter was
driven through a test track and any adverse responses
were reported as failure per the standards. The adverse
behaviors and events that could have caused the scooter
to fail the functional test included (1) any dangerous
behaviors while the tester was driving, (2) the time taken
to drive around the test track being longer than 60 sec-
onds, (3) failure of the scooter to stop, and (4) failure of
the scooter to remain stationary when the control device
was released.

Static, Impact, and Fatigue Tests (Section 8)

Static, impact, and fatigue tests were performed by
applying static and impact loading conditions to parts of
the scooter (armrests, footrests, wheels, shrouding) and
by testing the fatigue life of the whole scooter. Static tests
were performed with the scooter on the horizontal test
plane as specific loads were applied to various parts of
the scooter. The loads/forces applied are specified in the
standard according to the part tested; the forces ranged
from 15 to 2,000 N. Impact tests were performed with a
pendulum used to strike parts of the scooter to which
impacts could occur during a user’s daily routine: on the
backrest, footrest structures, and antitippers and shrouds.
All forces and angles applied to the scooters were speci-
fied by the standards to mimic the possible impacts and
static stresses that a scooter would be regularly exposed
to. Fatigue life (or durability) was tested using double-
drum and curb-drop testing machines. Results of these
tests were based on whether the scooters passed or failed
each test; for the fatigue testing, the scooter passed if it
endured 200,000 cycles on the double-drum and 6,666
curb-drop cycles (which is equivalent to 3-5 years of
use). There are three classifications of failures. Class I is
defined as failures for which minor adjustments or
repairs may be accomplished by the wheelchair/scooter
user or an untrained assistant, such as tightening a loose

screw or bolt. Class II failures encompass minor repairs
that can be accomplished by a repair technician and
include repairing or replacing flat tires or making com-
plex adjustments (e.g., adjust a wheel). Class III failures
occur when permanent damage, deformation, or failure
significantly impairs operability or safety of the wheel-
chair/scooter. To determine their exact survival life, we
repeated the fatigue test on scooters that passed the initial
200,000 double-drum cycles and/or 6,666 curb-drop cycles
until the scooter failed. To compute the survival life, we
calculated the scooters’ ECs as was previously defined.
Scooters that exceeded an EC score of 400,000
cycles were recorded as passing the minimum require-
ments of the ANSI/RESNA standards. To evaluate the
cost effectiveness (value) of scooters, we obtained the
value of each scooter by normalizing the number of ECs
by the manufacturer’s suggested retail price (unit of value =
cycles per dollar). For additional information, please
refer to ANSI/RESNA wheelchair standards [11-12].

Power and Control Systems (Section 14)

Power and control system tests set minimum require-
ments for the protection of the scooter not only during
normal use but also when scooters show adverse behav-
iors due to user or maintenance errors. All adverse behav-
iors (e.g., reversing the polarity of batteries) that are
potentially dangerous are reported. These tests are appli-
cable to electrically powered devices intended to be used
indoors and outdoors among people with mobility diffi-
culties whose mass does not exceed 100 kg, according to
the standards.

Tiller Test

After all scooters were tested until failure in section
8, we tested the strength of each scooter tiller in order to
identify the forward-directed load at which the tiller
would move and, ultimately, collapse. This test was
recently proposed by the ANSI/RESNA standards com-
mittee. To conduct the test, the scooters were restrained
on the double drum to prevent them from moving during
the test, leaving the tiller free (Figure 3). They were
restrained to prevent the rear end of the scooters from
lifting as a result of the force being applied to the tiller.
After the scooters were secure, a pulling apparatus that
included a method of indicating the force being used
(+2,273 N) was attached to the tiller handles. The pulling
apparatus then pulled the tiller parallel to ground plane
toward the front of the scooter. We recorded the maximum
force applied to the tiller at the time permanent deflection
of the tiller occurred; we then recorded the force at which
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Figure 3.
Setup of scooters for tiller test.

the tiller components broke completely (e.g., tiller bar
permanently detached from the scooter).

Data Analysis

Selection of statistical analysis (parametric or non-
parametric) was based on data normalcy. Statistical analy-
ses were conducted on the results of sections 1 to 4 of the
ANSI/RESNA standards. For normally distributed data,
analysis of variance (ANOVA) was performed to evaluate
each scooter (independent variable) within continuous
variables such as static and dynamic test, effectiveness of
brakes, and energy consumption (dependent variables). A
Kruskal-Wallis one-way ANOVA was performed when
data were not normally distributed (nonparametric test for
independent samples). The Mann-Whitney U test was

SOUZA et al. Evaluation of scooters using ANSI/RESNA standards

used to perform post hoc analysis with pairwise compari-
sons of scooter groups. All statistical tests were per-
formed using PASW Statistics 18 software (SPSS Inc;
Chicago, Illinois). An alpha level of 0.05 was set a priori.

RESULTS

Static Stability and Dynamic Stability

The results of static stability are shown in Table 2 for
the least stable setup of each scooter model. Scooters that
were more stable had a higher reported angle. There was
no statistically significant difference among the four
models in forward and lateral stability tests. Statistically
significant differences were observed on rear stability
with wheels locked (p = 0.02) and wheels unlocked (p =
0.02) among scooters, where the Victory scooters were
the more stable models with wheels locked and unlocked;
in addition, they were most stable during the antitippers
tests, followed by the Gogo scooters. Statistically signifi-
cant results were observed (p = 0.04) on the Victory and
Gogo scooters during lateral tests on sideways right posi-
tion. Overall, the GC I and II scooters were the most sta-
ble on lateral tests. Post hoc analysis (Tukey post hoc)
results (Table 2 superscript) show grouping among the
scooters’ tipping angle direction; the groups are dis-
played from lowest tipping angle (most stable condition)
to highest tipping angle (least stable condition).

The dynamic stability test rated the scooters’
response while traveling on level surfaces of 0°, 3°, 6°,
and 10° slopes. Results of the dynamic stability tests
were not statistically significantly different among the
scooter models. Scores that were not equally scored (e.g.,
all values = 4) are presented in Table 3 with their mean

Table 2.
Static stability and comparison.
Forward Rearward Lateral
Front Wheel Front Wheel Rear Wheel Rear Wheel . . . .
Locked Unlocked Locked Unlocked Antitippers Sideways Left Sideways Right
Victory 38.76 +9.90°  46.07 + 1.84! 21742050 2333+0.058°1 18.33+145"! 20.63+2.00> 16.93+1.2172
Gogo 38.60 +£2.38%2  29.20+15.15° 12840552 13.77+0.55"%  13.13+0.30"2 15.07+1.33% 15.87+1.47™2
Golden 4420+3.86" 3970+ 10.14 9.8+1.62 11.27 +0.702 8.50 + 1.90% 21.60£2.92" 21.40+2.53!
Companion |
Golden 45.73 +1.27! 45! 9.47+1.51 9.60 = 1.47° 9.60 + 1.85° 2240+ 1.27! 21+ 1.00!

Companion II

Note: Values are mean °/mm =+ standard deviation (SD), after Tukey post hoc analysis. If scores were same among scooters, SD not included.
*Statistically significant difference at o < 0.05 based on Mann-Whitney post hoc analysis.

1Higher tipping angle (most stable).
234 owest tipping angles.
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Table 3.
Dynamic stability scores.

Stability Test

Scooter

Victory Gogo Golden Companion I  Golden Companion |1
RUH(sta)
3° 4 4 4 4
6° 4 4 4 4
10° 4 4 4 4
RUH(br)
3° 4 4 4 4
6° 4 4 4 4
10° 4 2.67+2.31 4 3.67£0.58
RDH(br)
0° 4 4 4 4
3° 4 4 4 4
6° 4 3.67£0.58 3.67£0.58 3.67+0.58
10° 4 2.00+1.73 3.30£1.15 3.00£1.73
F(br)
0° 4 4 4 4
3° 4 4 4 2.67+2.31
6° 4 4 4 4
10° 4 2.67+2.31 4 3.67 +0.58
F(1)
3° 4 4 4 4
6° 4 4 4 4
10° 4 2.70 £2.31 4 2.70+£2.31
LAT-TRN
3° 4 3+£2 4+1 4+1
6° 4 3.00£1.73 1.33 £2.30 4
10° 0 0 0 0
R-TRAN
12° 4 4 4 4
25° 4 4 4 4
50° 3.67+£0.58 4 3.67+£0.58 4
F-TRAN
12° 4 4 4 4
25° 4 4 4 4
50° 4 4 4 3.70 £ 0.60
LAT-TRAN
12° 4 4 4 4
25° 4 4 4 4
50° 4 3.30 £ 0.60 4 3.70 £ 0.60

Note: Scores ranged from 0—4.

F(br) = forward braking stability when traveling forward, F(l) = forward braking stability when traveling from sloped surface to level surface, F-TRAN = forward
stability when traveling down step transition, LAT-TRAN = lateral stability when 1 side of scooter travels down step transition, LAT-TRN = lateral stability when
turning on downhill slope, RDH(br) = rearward braking stability when traveling backward down slope, R-TRAN = rearward stability when traveling up step transi-
tion, RUH(br) = rearward stability when braking after traveling forward on uphill slope, RUH(sta) = rearward stability when starting uphill on slope.
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and standard deviation (SD) values. Overall, the Gogo
and GC I and II scooters more frequently tipped. The
Victory scooters were the most stable in most positions,
except during rearward stability when traveling up a step
transition (mean = SD = 3.67 + 0.58).

Effectiveness of Brakes

This test was performed to test effectiveness of
brakes on 0°, 3°, 6°, and 10° test planes in both the for-
ward and rearward directions (Table 4). A Kruskal-Wallis
test was conducted to evaluate differences on braking

SOUZA et al. Evaluation of scooters using ANSI/RESNA standards

distances among scooter models. Results showed that
most results on the horizontal condition and 10° slopes
were statistically significant different among scooters (p <
0.05). No statistically significant difference was observed
among scooters tested on 3° and 6° slopes. Considering the
variability of the data, we observed that, for most 0°, 3°
and 6° test planes, the GC II scooters had the highest
braking distances, followed by the Victory scooters. The
Gogo scooters had higher braking distances on the 10°
testing plane. The Gogo scooters had lower braking dis-
tances on most testing planes, except the 10° testing plane.

Table 4.
Effectiveness of brakes.
Scooter
Condition Victor Go Golden Golden
y g0 Companion | Companion |1
Horizontal
Forward Normal Operation 1.89 +0.13" 1.30 £0.10 1.81£0.17 2.31+0.18
Forward Reverse Command 1.50 + 0.34" 0.97£0.19 1.42£0.32 1.94+£0.21
Forward Emergency Power Off 1.75+£0.27 1.23+£0.43 1.63+£0.13 1.88+£0.40
Reverse Normal Operation 0.57+0.14" 0.62 £0.02 1.02£0.11 0.94 £0.08
Reverse Command Reverse 0.42+£0.18 0.30£0.11 0.82 £0.05 0.83 £0.03
Reverse Emergency Power Off 0.67+0.12 0.61 £0.05 0.81+0.12 0.93 +£0.06
30
Forward Normal Operation 2.26 £0.35 1.88 £0.24 1.96 £ 0.30 2.66 £ 0.09
Forward Reverse Command 1.96 £ 0.39 1.58 £0.18 1.75+0.37 2.33+£0.31
Forward Emergency Power Off 2.24+0.28 1.85+£0.12 1.79£0.32 2.29+0.17
Reverse Normal Operation 0.88 £0.11 1.10 £ 0.40 1.13+£0.13 1.37£0.22
Reverse Command Reverse 0.66 £0.17 0.65+0.20 0.94 £0.15 1.08 £ 0.38
Reverse Emergency Power Off 0.91 +£0.17 1.06 £ 0.33 0.98 £ 0.04 1.23 £0.41
60
Forward Normal Operation 3.06+0.39" 2.64+0.12 2.38+£0.06 3.15+0.18
Forward Reverse Command 2.82+0.33" 2.57+£0.17 2.13+0.13 2.96 £0.19
Forward Emergency Power Off 2.92 £0.36 2.73£0.17 1.93 £ 0.40 2.79 £ 0.06
Reverse Normal Operation 0.96 £0.23 1.38 £0.23 1.46 £0.12 1.61 £0.31
Reverse Command Reverse 0.80 £ 0.21 1.19+0.23 1.09 £ 0.12 1.29 £ 0.38
Reverse Emergency Power Off 1.13 £ 0.09 1.53 £ 0.47 1.19 £ 0.08 1.24 £ 0.43
10°
Forward Normal Operation 5.02+0.73" 4.31+0.66 2.60£0.15 3.70 £0.27
Forward Reverse Command 449+ 1.75 428 £0.55 2.16+0.39 3.69 £0.42
Forward Emergency Power Off 4.87+1.00° 4.38+0.11 2.46 £0.38 3.55+£0.21
Reverse Normal Operation 1.16 £0.15" 1.99 £0.29 1.64 £0.11 2.23+0.46
Reverse Command Reverse 1.20+0.18" 2.40+0.08 1.13£0.16 2.07+0.37
Reverse Emergency Power Off 1.18 £0.07 2.77+0.34 1.35+£0.27 1.27£1.10

Note: Values are mean (m) * standard deviation. Kruskal-Wallis test showed that most conditions tested were not statistically significantly different.

*p < 0.05.
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Energy Consumption Test

No statistically significant difference was observed
among the scooters. The mean = SD values showed that
the Victory and GC I scooters had higher theoretical
ranges (30.33 = 12.74 and 30.00 £ 15.71, respectively),
followed by the GC II and Gogo scooters (24.67 + 3.05
and 17.67 £ 0.58, respectively).

Maximum Speed, Acceleration, and Retardation
(Deceleration) Tests

Although no statistical significance was observed, on
the horizontal plane the GC II scooters had higher speeds
in the forward direction, followed by the Victory scoot-
ers. Victory scooters showed higher speeds going down-
hill on 3° and 6° ramps. The Gogo scooters showed
higher rearward speeds, followed by the GC II scooters
(Table 5). Acceleration results were similar among the
scooters, with higher overall and maximum acceleration
from Gogo scooters (Table 6). The GC I scooter had the
lowest overall retardation (deceleration) and the Victory
had the highest overall retardation (deceleration). The
GC 1II had the lowest overall maximum retardation

Table 5.
Average maximum speed in forward and reverse directions.

(deceleration) and the Gogo had the highest overall max-
imum retardation (deceleration). The GC I had the lowest
overall emergency reverse retardation (deceleration) and
the Victory had the highest overall emergency reverse
retardation (deceleration). Maximum retardation (decel-
eration) during emergency reverse was the highest for the
Gogo and lowest for the GC II. Overall emergency power
off retardation (deceleration) was lowest for the Gogo
and highest for the Victory. The GC II had the lowest
maximum emergency power-off retardation (decelera-
tion) and the Gogo had the highest maximum emergency
power-off retardation (deceleration).

Climate Testing

All Gogo scooters and one GC I scooter failed the
rain condition test and one GC II failed the hot storage
condition test (<65°C). The Victory scooters passed all
the climate test conditions. The scooters that failed the
rain condition test started to work again after we opened
all the controller boxes and dried all the water retained.
The GC II that failed the hot storage condition test started
working again 1 hour after the test. On average, each

Maximum Speed

Forward Forward

Scooter Forward Uphill Uphill . . Rearward
Horizontal 3° Ramp 6° Ramp Downhill Downhill Horizontal
3° Ramp 6° Ramp
Victory 2.46+0.23 2.27+0.51 1.98 +0.18 2.71 £0.34 2.88 +0.07 0.93 £0.01
Gogo 1.91+0.18 1.65+0.38 1.51 £ 0.68 2.01 £0.08 2.37+£0.21 1.25+0.47
Golden Companion I 2.07 £ 0.01 1.79+0.13 1.50 £ 0.07 2.31 +0.06 2.45+0.09 1.04 £ 0.01
Golden Companion II 2.51+0.04 1.89 +£0.54 1.50 £ 0.40 2.37+0.68 2.27+1.20 1.21 +£0.06
Note: Values are mean (m/s) * standard deviation. No statistical significance was observed among scooters during this test.
Table 6.
Acceleration and retardation (deceleration) results.
Acceleration Retardation (deceleration)
Scooter Overall Maximum Overall Maximum
Overall Maximum Overall Maximum  Emergency Emergency Emergency Emergency
Reverse Reverse Power Off  Power Off
Victory 0.56£0.08 1.12£0.09 206+022 -349+0.61 2.02+036 -3.14+050 220%£0.20 -3.62+0.63
Gogo 0.79£0.04  1.91£0.02 1.29+£044 2294022 1.82+0.11 -2.03%£0.75 1.57+£0.05 -2.24+0.09
Golden 0.54 £ 0.06 1.84 £ 0.34 091+£033 -3.01+£037 097+041 -322+£0.13 0.99+024 -3.64+045
Companion [
Golden 0.64 +£0.11 1.72 £ 0.13 1.62+0.25 -356+0.34 150+£0.74 -3.69+0.18 198+049 —4.14+2.14

Companion II

Note: Values are mean (m/sz) + standard deviation.
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Gogo scooter took around 3—6 weeks to dry completely
and start functioning again. The GC I scooter started
working again after 1 week. Abnormal responses observed
on these scooters were a whistling sound was coming
from the controller box, the scooter would not move, and
the scooter would not turn off.

Static, Impact, and Fatigue Tests

All scooters passed the impact and static tests. Con-
versely, fatigue test results varied among scooter models.
All Victory and GC I scooters passed the fatigue tests.
The fatigue tests were stopped once the scooters exhib-
ited a class III failure. All the Gogo scooters failed during
the double-drum tests, and consequently, they were not
tested on the curb-drop test. All the Gogo scooters had
motor failures and none reached even half of the 200,000
cycles on the double-drum test. The maximum number of
cycles achieved was 87,922 cycles. One GC II had struc-
ture failure, with a seat structure breaking during the
curb-drop test after 1,034 cycles (Figures 4-5). The
other two GC II scooters had motor failures during the
double-drum test, reaching a maximum of 50,162 and
173,803 cycles. Average ECs were 1,178,230 cycles for
Victory, 62,512 cycles for Gogo, 634,870 cycles for GC
I, and 151,662 cycles for GC II (Figures 6-7). Cost
effectiveness differed among scooter models. Values
ranged from 41 to 527 cycles/$ (Table 7).

Figure 4.
Golden Companion Il after double-drum test with seat frame

broken.

SOUZA et al. Evaluation of scooters using ANSI/RESNA standards

Figure 5.
Close view of seat frame broken after double-drum test.

Tiller Test

Results from this test showed that an average of
1,483 + 512 N was needed to break the tiller. The Victory
scooters were more resistant than the other scooters, with
an average breaking force of 1,578 £ 179 N, followed by
the Gogo, with an average breaking force of 1,466 +
422 N. The tiller of the GC II scooters broke with an

1.0
Victory

0.8+
Golden Companion Il

0.671

0.4+ l Golden Companion |

Cumulative Survival Rate

0.2+

0.0+

T T T T T T
0 200000 400000 600000 800000 1000000 1200000

Equivalent Cycles

Figure 6.
Survival curve for scooters. Broken vertical line marks 400,000

equivalent cycles, which indicates passing of durability test.
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Figure 7.

Equivalent cycles of each scooter in fatigue test. Wide dashed line
represents 200,000 cycles required to pass double-drum test.
Narrow dashed line at 400,000 cycles indicates minimum request
in American National Standards Institute/Rehabilitation Engineer-
ing and Assistive Technology Society of North America standards.

average force of 1,495 £ 678 N and the GC I scooters
with an average force of 1,394 + 865 N (Table 8). In gen-
eral, the mode of failure was snapping of the tiller tube (n =
10) or failure of the adjustment strut mounting bolt (n =
2) located in the pivot of the tiller. When the failure was
on the adjustment strut, the tiller tube would not separate
completely; however, the scooter still became unusable
(Figure 8). Failures where the tiller did not separate
completely from the scooter (n = 2) occurred with one
Gogo scooter and one GC I scooter. All Victory and GC

Table 7.
Equivalent cycles (ECs) and value.
EC (cycles) Value (cycles/$)

Victory 1,178,230 + 37,602 527+17
Gogo 62,512 £ 24,430 41+ 16
Golden 634,870 £ 11,316 232 +4

Companion |
Golden 151,662 + 92,439 54 +33

Companion II

Note: Values are mean * standard deviation.

Table 8.
Forces values at tiller failure.

Force (N)
Victory 1,578 £ 179
Gogo 1,466 + 422
Golden Companion I 1,394 + 865
Golden Companion II 1,495+ 678

Note: Values are mean (N) + standard deviation.

II scooters and the two remaining Gogo and GC I scoot-
ers had tillers that separated completely from the scooter
(Figure 8).

Power and Control Systems

The results of this section varied among the manufac-
turers. Given that this section comprises a large number
of tests, we are only reporting abnormal responses and
failed tests. Responses were rated as pass/fail according
to the standards. The Victory scooters passed all the tests
included in this section. On the other hand, the Gogo
scooters failed the test for safety when charging batteries.
In this test, for user safety, the scooter should not move
while charging the battery; however, all the Gogo scoot-
ers moved freely while plugged into the charger. This
adverse response concerns us because a distracted user
might forget that the scooter is being charged and start
driving, which could lead to involvement in an accident.
The GC I and 1II scooters failed three electrical systems

Figure 8.
Close view of failure in tiller pivot. Bolt holding adjustment strut

to tiller assembly snapped.
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tests. These failures included missing battery connection
and circuit protection diagram; orange and red, instead of
black and red, wires connecting the batteries; and missing
fuses and connectors. Interestingly, the GC I contained no
labeling to indicate the battery’s rated capacity. No other
adverse responses were observed with the scooters tested.

DISCUSSION

Static Stability

The static stability tests were conducted with the
scooters configured in the least stable condition. It was
expected that scooters with bigger wheel bases and over-
all larger dimensions would be more stable than scooters
with smaller wheel bases. The Victory scooters were
more stable in most directions. This could have been due
to their overall larger dimensions, higher scooter mass, or
the outer position of antitippers. The most stable scooters
in front wheel lock and sideways were the GC I and II.
Those scooters also have wider bases and larger dimen-
sions, differing only in their wheel dimensions. The
Gogo scooters were the least stable scooters in all direc-
tions, likely because of their smaller bases, smaller wheel
diameters, and overall smaller dimensions. The charac-
teristics that determined scooter stability were based on
the angles at which the scooter wheels (front or rear,
depending on the test direction) would lose contact with
the testing surface; therefore, the scooters with higher
stability would benefit users in the different situations
regularly encountered while driving their scooters over
different terrains and surfaces.

Dynamic Stability

Dynamic stability results varied between models, and
the Victory was the overall most stable scooter. As
observed, the GC I and II and Gogo scooters were most
unstable on higher slope surfaces (e.g., 6° and 10°) in the
forward and rearward directions. The results of static and
dynamic stability tests are important to consider during
the prescription process when trying to identify which
mobility device is safer and how each responds to differ-
ent terrains.

Effectiveness of Brakes

Overall, the Victory and GC II scooters were the fast-
est scooters to stop and the Gogo and GC I scooters were
the slowest. The Victory scooters were the slowest to stop

SOUZA et al. Evaluation of scooters using ANSI/RESNA standards

while driven in reverse, followed by the Gogo scooters.
The Gogo scooters were fastest to stop on reverse com-
mand operations on the 10° testing plane surface, fol-
lowed by the GC II scooters. Note that the device braking
distance is also important for clinicians to know during
the prescription process, because the scooters do not have
programmable controller options. Furthermore, the user’s
ability to control the scooter has to be considered, particu-
larly when stopping responses differ among scooter mod-
els. Inability to control the scooter when it stops can cause
harm not only to the user, but also to other people.

Energy Consumption

No significant differences were observed among the
scooter models’ energy consumption tests. The scooters in
our study showed a theoretical range of 17.67-30.00 km,
similar to Pearlman et al. (2005), who found that low-cost
electric powered wheelchairs (EPWs) had an energy con-
sumption range of 17.2-32.3 km [14]. Based on these
ranges, researchers suggested that the EPWs tested would
run for more than 5 days without recharging the batteries
when they were new [21]. The Gogo scooters had the
lowest theoretical range, which should be kept in mind
when considering prescription of this scooter model.
When prescribing a scooter, clinicians should consider the
user’s lifestyle in order to select a scooter model based on
its energy consumption capacity.

Maximum Speed, Acceleration, and Retardation
(Deceleration)

Wheelchair-related injuries can be caused by several
factors such as the environment, component designs,
mobility device setup, and user ability to control a mobil-
ity device [18]. Maximum speeds were highest among
the Victory and GC II scooters on most testing planes in
the forward direction. The Gogo and GC 1 scooters
showed the slowest maximum speed results in the for-
ward direction. The Gogo scooters showed higher maxi-
mum speeds in the rearward direction on the horizontal
plane than the other scooters. Even though we found a
difference in maximum speed among the scooters, results
ranges did not vary much between scooter models. Our
study results present maximum speed because it is an
important safety aspect to be considered, especially
because the scooters’ controllers cannot be programmed
by clinicians. Therefore, the maximum speed cannot be
preselected according to user need. If users cannot safely
control the scooter at higher speeds, they might be at risk
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of not only hurting themselves but also other people. In
addition, if users do not have good postural strength
while driving the scooter and the scooter abruptly stops,
they might be at high risk of being thrown out of the
scooter.

Another safety concern with the scooters tested is
their responses to reverse commands. Among the scooter
models tested, the Gogo had the lowest braking distance
during driving in reverse mode. In other words, the lower
the retardation (deceleration) response, the faster the
scooter will stop after a reverse command. Adverse
responses of the scooter while driving in forward or
reverse mode can affect user safety and, therefore, are an
important issue to consider during a prescription process.
Considering user safety, especially when driving in
reverse conditions, caution should be taken when com-
paring these results with tiller tests results. Overall, not
only did the Gogo and GC I scooters stop very quickly in
reverse mode, but they also had the lower forces needed
to break the tiller. Therefore, the user might be at risk of
an accident when driving, particularly in reverse com-
mand, leading to a higher probability of breaking the til-
ler while driving the scooter. These two factors combined
should be included during scooter selection to decrease
the risk of accidents while driving a scooter in different
directions.

Climate Test

The Gogo scooters and one GC I scooter failed the
rain condition test and one GC II scooter failed the hot
storage test. Mobility devices must be able to function in
adverse weather conditions, whether it rains or snows. If
a scooter cannot sustain 10 minutes under rain, users
might be caught in the rain, with the potential of jeopar-
dizing their health and safety. In addition to potential
health problems, there is a possibility that the scooter will
not function for at least 2 months after, and ultimately,
the user’s mobility will be compromised.

Static, Impact, and Fatigue Tests

As observed in the results, fatigue test results varied
among scooter models. All Victory and GC 1 scooters
passed the fatigue tests. All the Gogo scooters had motor
failures and none reached even half of the 200,000 cycles
on the double-drum test. These results suggest that the
Gogo scooters do not meet minimum standards and are
likely not durable enough to last 5 years of usage, which
is the minimum number of years determined by Medicare

to consider replacement of a mobility device. Durability
and fatigue are important aspects to be considered when
prescribing mobility devices, since these are strong indi-
cators of expected reliability and also convey the relative
value of the device. In the case of the Gogo, the nature of
the failure suggests that a person may be stranded by the
device. The GC II scooters did not pass the minimum
number of 400,000 ECs (ECs = 151,662 cycles). The
variability of results observed between the GC II scooters
is a serious concern, since this low durability could force
a scooter replacement in less than 3 to 5 years of use.
Moreover, it may jeopardize users’ abilities to conduct
daily activities safely and effectively. The variability in
types of failure may be why the device life expectancy is
so variable and unreliable—users may be at risk of
receiving a scooter that will not meet their needs, will not
last for 3—5 years and, in some extreme cases, may even
cause injuries. Overall results of ECs and values (cycles
per dollar) were higher in Victory and GC I scooters,
which is a critical result suggesting significant cost bene-
fits for the payers of these devices. On the other hand, the
scooters with lower durability and lower value may result
in insurance companies not replacing the scooter in less
than 5 years or only paying for part replacements, result-
ing in a significant amount of paperwork to provide such
replacements and a lengthy process for the user. The vari-
ability of EC results suggests that the life of scooters
found on the market is still not as reliable as expected.
When prescribing scooters, clinicians must consider
durability and safety, as well as the lack of adjustability
with these scooters, especially among users who have a
progressive diagnosis. Our overall study results showed
inconsistency among scooter models and manufacturers;
in addition, they show evidence that the Gogo and GC 11
scooters do not meet the minimum criteria determined by
ANSI/RESNA standards.

Power and Control Systems

Overall, we did not observe significant adverse
responses from the Victory and Gogo power and control
systems—only with the GC I and II. One concern was
that if the user or someone else attempted to replace a
battery, an electronic failure could happen and the scooter
could stop working properly as a result of the wires having
different colors than the standard allows. Another
adverse and concerning response was found when the
Gogo was being charged. If the user forgets the Gogo
scooter is charging and starts driving it, her or she might
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pull the cord out from the wall, damage the scooter, and
cause harm not only to him- or herself but also to some-
one who might be nearby. In addition to possible injury to
the user and others, if a scooter starts moving while the
battery is charging, the scooter may crash into objects or
rip something out of the wall, resulting in the need for
repairs or parts replacement.

Tiller Test

The tiller load testing helps convey the resistance of
the tiller to structural collapse when forward-directed
force is placed on the tiller. This could occur if the
scooter is towed (e.g., if the battery dies) or if the scooter
abruptly hits an obstacle and the user braces him- or her-
self to prevent falling. All scooters showed similar resis-
tance to failure. The nature of most of the failures was the
actual tiller structure collapsing as opposed to the adjust-
ment mechanism.

Our study results suggest that at least some commer-
cially available scooters may not meet the minimum stan-
dards required by Medicare and the VA. There is a need
to improve the scooters found on the market to better
serve the users. Mobility devices are tools to improve
mobility, improve quality of life and, ultimately, improve
performance in daily activities. Therefore, it is very
important that the scooters’ specifications and functions
are reliable and that the scooter can be safely driven by
the user.

It is important for clinicians and users to be aware
that some scooters’ responses to ANSI/RESNA tests
were adverse and inconsistent. The design of scooters
requires the user to have the ability to independently
transfer in and out of the device, conduct independent
weight shifts, and have sufficient upper-limb function to
operate the scooter tiller steering mechanism. Some
scooters allow the user to adjust the seat height, armrest
width, and tiller distance from the seat and a few models
have a power seat elevator; however, these options do not
accommodate the user need for postural changes, for
instance. The inability to adjust a scooter’s seating sys-
tem according to the users’ needs would, in some cases,
rule out a clinical recommendation of this mobility
device because it would compromise user safety.

There is still a need for future studies investigating
how scooters respond in real life situations. Our study
was the first to investigate the reliability of some popular
scooters currently provided by insurance companies.
Qualitative studies investigating how scooters can truly

SOUZA et al. Evaluation of scooters using ANSI/RESNA standards

benefit users, clinicians, and scooter manufacturers could
be conducted to improve the quality of devices produced.
Our study is just one step in the process of improving the
quality and durability of the scooters available on the
market.

The scooter manufacturers and models selected were
those delivered by the VA healthcare system; some are
also delivered through the Medicare system. Our inten-
tion was to provide quantitative results for how the mod-
els existing on the market truly respond under standard
tests and what actual qualities or deficiencies they
showed. Our main focus was, nevertheless, to provide
quantitative information to clinicians, users, and health
insurance companies on the importance of providing reli-
able scooters to avoid further injuries and potential
replacement of devices after less than 3 to 5 years of usage.

CONCLUSIONS

Our study results showed inconsistent responses
from scooter models within each standard test. This sug-
gests that current models found on the market are not as
reliable as they should be and therefore may be putting
users at risk of injuries. The study results provided quan-
titative data that will not only benefit the quality of future
scooters developed but will also help clinicians and users
identify the appropriate device for a specific user. It is
important for clinicians and users to be aware and under-
stand the risks and benefits when looking for scooters in
particular. With the industry trying to develop more
affordable devices, there is a concern that DME is at risk
of being low quality. For this reason, the study suggests
that Medicare regulations be changed to include specific
standard tests for scooters. Some scooters can support
higher loads than the 100 kg standard, and in the future,
scooters should be tested according to their maximum
weight capacity. Suggestions for updating the standards
would include testing the scooters with a dummy weight
according to the maximum capacity of the mobility
device.

Our study results indicate that the commercially
available scooters tested were not as durable, reliable,
and adjustable as they appeared to be and that they may
not meet the minimum standard requirements.
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