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Background: Power wheelchairs capable of overcoming environmental barriers, such as uneven terrain, curbs, or stairs, have
been under development for more than a decade. Method: We conducted a systematic review of the scientific and engineering
literature to identify these devices, and we provide brief descriptions of the mechanism and method of operation for each. We
also present data comparing their capabilities in terms of step climbing and standard wheelchair functions. Results: We found
that all the devices presented allow for traversal of obstacles that cannot be accomplished with traditional power wheelchairs, but
the slow speeds and small wheel diameters of some designs make them only moderately effective in the basic area of efficient
transport over level ground and the size and configuration of some others limit maneuverability in tight spaces. Conclusion: We
propose that safety and performance test methods more comprehensive than the International Organization for Standards (ISO)
testing protocols be developed for measuring the capabilities of advanced wheelchairs with step-climbing and other environment-
negotiating features to allow comparison of their clinical effectiveness. Key words: assistive technology, literature review, power
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ased on 2010 census data, there are an

estimated 3.6 million wheelchair users

over the age of 15 in the United States.! Of
those, 2.0 million are over the age of 65. The same
data have been used to estimate that 15.2 million
(39.4%) of individuals over the age of 65 experience
difficulty in ambulation and 11.2 million of
those (29.0% of individuals over 65 years old)
experience severe difficulty. These demographics
in the United States are not unique. Another report
found that “20% of Danish men aged 67-79 years
and 39% of those over 79 years of age are not able
to walk 400 meters without difficulty.”**”> Older
Danish women fared slightly worse, with 25% and
58% of the respective age groups experiencing
difficulty walking 400 m.> The World Health
Organization (WHO) estimates that 1% of the
worldwide population requires a wheelchair.® As
the number of older adults increases, particularly
in the United States, Western Europe, China, and
Japan, there will be more and more people with
ambulatory difficulties, and such individuals could
be expected to use assistive devices such as walkers
and wheelchairs.!
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Among wheelchair users, approximately 15%
use electric-powered wheelchairs (EPWs).* EPWs
provide community integration, independence,
and increased quality of life for persons with
disabilities.” Still, powered wheelchair users face
challenges when going outdoors, including slopes,
steps, uneven surfaces, and other environmental
barriers.?® It is not unusual for EPW users to adapt
their behavior in order to avoid such obstacles,*’
but such compromises may prevent individuals
from visiting the places they might otherwise
choose to frequent.

In addition to limiting independence,
environmental barriers can lead to injuries for
wheelchair users. In 2003, there were over 100,000
emergency room visits resulting from wheelchair-
related injuries, of which more than 65% could
be attributed to tips and falls.® A survey of 109
wheelchair users who had experienced incidents
found that 42% of the incidents could be
characterized as a tip or fall and hospitalizations
resulting from incidents were weighted toward
those categories.” The same study further reported
that 79% of the tips and falls occurred on nonlevel
surfaces or rough ground. These findings were
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congruent with an earlier analysis of adverse events
related to wheelchairs that found inclines, changes
in surface, and curbs account for the majority of
environmentally caused events."” A more recent
survey of 95 wheelchair users reported that 55%
of the participants had at least one incident in the
past 3 years and 88% of those incidents could be
categorized as tips or falls.! A study of 702 veterans
who used wheelchairs conducted over a 12-month
period found that 31% experienced a fall and 14%
experienced a fall that resulted in an injury.'?

For EPWs to provide greater independence, ease
of use, and increased safety, it is desirable for them
to incorporate features to detect, compensate for,
and overcome environmental barriers. Obstacle-
climbing wheelchairs are under development at
a number of research institutions, but few have
been available on the market. In 2014, noting
the paucity of approvals for such devices, the US
Food and Drug Administration reclassified stair-
climbing wheelchairs from class 3 (requiring
premarket authorization) to class 2 (special
controls).”® Although lack of insurance coverage,
at least in the United States, remains an issue, this
decision lowers one significant barrier to new stair-
climbing wheelchair designs entering the market,
and thereby has the potential for intensifying
research on the topic.

In 2005, Ding and Cooper published an overview
of advanced power wheelchair devices, including
some wheelchairs capable of stair climbing,® but
no comprehensive summary of research in the
topic has been published since. The goal of this
article is to provide researchers an overview of
the mechanisms currently being used in obstacle-
climbing wheelchair prototypes and to provide
some comparison of their capabilities.

Methods

To gather information on powered wheelchairs
and functionally similar personal mobility devices,
as well as designs that are capable of climbing
curbs or at least one step, we searched the IEEE
Digital Library and PubMed combining the key
words “wheelchair” with “climb,” “stair,” “step,”
“curb,” “obstacle,” and “robotic.” Additional
articles were found by individually searching, for

example, by checking references in articles found
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through the digital database searches. The search
was restricted to articles in English. To focus the
present review on devices in active development,
we only considered results from 2005 onward. For
a described device to be included in the review,
it must have been intended for use as a mobility
aid for older adults or people with disabilities and
be at least at the stage of a physical prototype.
Devices must be fully driven (ie, not a piece added
onto a manual wheelchair), be self-contained, and
allow the user to negotiate the intended obstacles
independently. A typical EPW can surmount
obstacles from 5 ¢cm to 7.5 ¢cm (2 in. to 3 in.). As
the ability of a wheelchair to overcome obstacles
can be increased simply by increasing the wheel
radius, only devices including other mechanisms
are presented. An attempt was made to contact the
primary author on each article to obtain the most
up-to-date information on the physical dimensions
of each device and the current capabilities of each
prototype.

Device descriptions

Table 1 summarizes the mechanisms for step
climbing, the sequence of actions used to climb
a step, the sensors with which each device is
equipped, and the functions of those sensors
related to step climbing. Mechanisms for step
climbing can be divided into 4 categories, with
some designs having features from more than one
of these categories.

First, leg-wheel hybrids use a wheel or wheels
mounted on a structure whose position changes
through some means other than a simple rotation,
for example, linear height adjustment or a
swinging movement requiring multiple joints
(Chen, PerMMA/MEBot, RT Mover, Sugihara,
Wheelchair.q, Zero Carrier). These leg-wheel
designs have a relatively large number of joints and
may require complex control algorithms.

A second category uses wheels, which are
comprised of small wheels radially mounted on
a central hub (Chen, StairMaster, Wheelchair.q,
Yamamoto). On level ground, locomotion is
provided by the small wheels that are in contact
with the ground, and the central hub does not
rotate. On discontinuous terrain, the central
hub rotates to bring wheels that were previously
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Figure 1. Leg-wheel hybrid designs.

suspended into contact with the higher or lower
surface. To the extent that its 2-wheel clusters
rotate around a central axis in stair-climbing
mode, the Independence iBOT 4000 has some
similarity to these spider wheel designs.

A third approach uses deployable rigid supports
that are not intended to slide or roll on the
surface in order to lift the device and a secondary
mechanism for placing the wheels on the new
surface (Bang, Morales).

A fourth category uses crawler tractors — as on
military vehicles or earthmoving equipment — that
grip the edges of obstacles to pull the device up and
over (TopChair, Yu). A single continuous track on
each side is simple to construct and does not require
a sophisticated control system. This basic means
of locomotion can also be modified to permit
adapting the track to the contours of the terrain

(Yu). However, tracks are mechanically inefficient
and often damage the surfaces they traverse.

As can be seen in Table 1, there is a continuum of
sensor use. Some designs do not report employing
sensors, while others measure the position of each
actuated joint. Some designs are capable of sensing
their environment to determine when they reach
an obstacle and/or the height of that obstacle; these
devices may be considered semi-autonomous. Other
devices rely upon the user to change modes or directly
control the climbing sequence. Because maintaining
the seat level while ascending and descending
obstacles is important for the comfort, safety, and
stability of the user and maintenance of the center of
mass over the wheelbase, 7 of the devices incorporate
sensors to measure this angle directly.

Table 2 lists some of the capabilities of each
device. The median accommodated step height
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Figure 4. Crawler tractor designs.

was 20 cm, with the maximum step height
reported being 25.5 cm. Ten devices reported being
capable of climbing continuous stairs, whereas the
RT Mover and PerMMA/MEBot only reported
being able to climb 2 steps and 1 step, respectively.
Five of the devices reported having the additional
functionality of being able to maintain the seat
level while traveling on continuous inclines; 3 of
these reported similar capabilities for cross slopes.
For these devices, the terms “pitch” and “roll” refer
to the maximum terrain angle at which the device
can maintain a level seat posture orientation,
respectively, front to back and left to right relative
to the device.

Table 3 gives the dimensions of each device and
the maximum length and width for a wheelchair
to maintain good indoor maneuverability as
recommended in the International Organization
for Standards (ISO) 7193 standard, which is 129.5
cm x 71.1 cm (length x width). As measurement
procedures were not outlined in the examined
articles, it is possible that the measurements
reported by researchers may not have been made
in the same way, that is, according to the detailed
procedures for measuring wheelchairs given in the
ISO 7176-05 standard, which specifies the features
on the wheelchair that constitute the endpoints
for each measurement. Of the devices reporting
length, none exceeded ISO 7193. Only 3 exceeded
in width (Chen, RT Mover, Sugihara), with one
of those exceeding the maximum recommended
slightly (RT Mover). There was a range in device
weights, and 3 of the devices (TopChair, Sugihara,
PerMMA/MEBot) were nearly twice as heavy as
the average of the other designs; the complete

rehabilitation seating system on the MEBot is
partly responsible for its increased weight.

Table 4 presents data on some of the rough
terrain wheelchairs that are, or have been, available
on the market. These wheelchairs are divided into
2 groups: those that use crawler tracks and those
that use large wheels with all-wheel drive. Both
approaches, while effective for many outdoor
terrains, are inefficient for providing locomotion,
tend to limit indoor maneuverability, and can
damage the surfaces they traverse. We also note
that manufacturer advertised claims of capabilities
may not be wholly reliable.

Although the ability to traverse curbs and stairs
can enhance mobility and independence for
wheelchair users, these features should not come
at the expense of efficient locomotion over level
terrain or indoor maneuverability. Considering
that a typical walking speed is 4.0 km/h (2.5
mph),"* the speed of some devices over level
ground is so slow as to be impractical for use as
a primary mobility aid (Morales, Zero Carrier).
The small wheels on many designs would impede
progress of the device over bumpy terrain, whether
causing it to execute an obstacle negotiating
sequence or bringing the device to a halt.

Indoor maneuverability is another key function
of a mobility device. Although most of the designs
fit within the footprint defined by the ISO 7193
maximum recommended dimensions, all are not
equally maneuverable. Many designs are described
as being able to turn 360° in place, but that does
not necessarily indicate ease of moving in tight
spaces. For example, making a 90° turn at the
intersection of 2 hallways could require stopping,
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Device Mechanism Climbing sequence Sensors Sensor purpose
iBOT# 4 independently driven Clusters rotate wheels 6 gyroscopes Maintain level 2 wheel
(Figure 2) wheels in 2 rotatable wheel ~ onto each step mode; detect user

clusters intention to climb/to send
TopChair®*% Rear-wheel drive chair Track lowers to contact Seat pitch angle sensor Measures seat levelness
(Figure 4) with lowerable track surface, and uses friction

carriage to climb
Bang?® 2 extendable foldable legs  Legs push downward on 2 distance sensors Measure step height
(Figure 3) added under power chair  step, and pull wheelchair

up backward

Chen®?? 2 triangular members on Rear support swings up Optical encoder each Measure joint positions
(Figure 1 & 2) each side, wheel and track  and over front; connector ~ motor for planned motion

on each, connected with arm pivot position is

centrally rotated arm on shifted by epicyclic gear

epicyclic gear
Morales®! Independent height Rack raises wheelchair, Ultrasonic sensors (vertical Detects and measures
(Figure 3) adjustment front and rear  axle moves to step, and and horizontal) on each step, matches movements

PerMMA2/MEBot”!'>"7
(Figure 1)

RT Mover®*3
(Figure 1)

StairMaster*>?
(Figure 2)

Sugahara’
(Figure 1)

Wheelchair.q*
(Figure 1 &2)

Yamamoto®
(Figure 2)

axles, solenoid locks each
wheel, and extendable
non-slip rack

2 driving wheels, 2 front
casters, 2 rear casters;
independent height
adjustment for all 6
wheels, driving wheels
fore/aft motion

4 driven wheels steering
and roll on front and
back axles, and pitch
adjustment on seat

3 driven small wheels on
spider wheel, and front
and rear support skids on
parallelogram linkage

4 wheels per side on
morphing parallelogram
linkage

Triangular structure
with passive wheels on
3 corners, and epicyclic
gearing

4 spider wheels, adjustable
wheelbase

solenoid prevents wheel
from slipping

Actuators raise device,
driving wheels rise and
move forward relative
to frame while casters
support weight

Roll actuator lifts wheel,
and steering actuator
swings wheel forward

Climbs backwards, spider
wheel moves small wheel
onto each step, and skids

provide stability

Repeated transformations
of parallelogram shape
conforms to step contours

Triangle rotates to climb
steps

Radial wheel cluster
rotates to place small
wheel on step, adjustable
wheelbase accommodates
stair pitch

wheel, inclinometer on
frame, 4 encoders (on
each rear wheel and on
each climbing rack), angle
sensor on linear actuators,
and end of range switches
on actuators

Seat angle sensor, actuator
position sensors, and
encoders on drive wheels

Seat angle sensor, laser
rangefinders in front,
photo detectors, encoders
and current sensors on
each motor

Optical and force sensors
on skids

None

None

to step measurements,
and measures seat
levelness

Angle sensor measures
pitch and roll; actuator
sensors measure positions
of pneumatics

Detect obstacles and
drop-offs, measure seat
levelness, and detect
ground contact

Detect stair/drop-off and
contact between skid and
surface

(Continued)



104

Torics IN SPINAL CORD INJURY REHABILITATION/SPRING 2017

Table 1. Description of step-climbing power wheelchairs (CONT.)

Device

Mechanism

Climbing sequence

Sensors

Sensor purpose

Yu40
(Figure 4)

Zero Carrier**? (Figure 1)

Caterpillar track; flippers
adjust track shape and
tension

8 vertical prismatic joints,
and 4 pair wheels - driven

Track changes shape to
accommodate staircase
beginning, middle, and
end

Leg raises, device rolls
forward, leg descends to

Seat incline, Flipper
torque

Potentiometer each leg,
current sensor each leg,

Measures seat levelness,
measures contact of track
with ground

Leg position, leg loading,
step height

and castor step

2 distance sensors, 10
proximity sensors

*iBot was available on the market from 2003, but ceased production in 2009.

"Currently available.

turning 90° then proceeding, rather than turning
in an arc around the corner. Additionally, some
turning methods, such as 4-wheel drive with fixed
wheel positions or crawler tracks, require skidding
of the driving elements against the ground, leading
to damage of floors and carpets. These caveats on
indoor maneuverability and possible damage to
floors also apply to the rough terrain wheelchairs
that are currently on the market.

Power seat functions of tilt, recline, and leg
elevation are prescribed for many power wheelchair

users. These seating adjustments provide postural
support that can be adapted to different activities
of daily living, such as reaching or transfers,
increased sitting comfort, and relief of pressure
that could otherwise damage skin integrity and
lead to pressure sores. Of the referenced devices,
only 2 considered the addition of powered seat
functions (PerMMA/MEBot, Stairmaster). This
fact is particularly significant, as the iBOT’s lack
of support for power seat functions was one of
the factors preventing it from getting the higher

Table 2. Capabilities of step-climbing power wheelchairs

< ;-1 ~ = -

& $ g 3 ] = = =

D o~ g =} ® 9 %4 - o =

EE g g E B A s £ g £

s = 2 = 2 g 2 = =
8 E= £ . E Es 2 8 = E £3 £3
% g g & E e 2% E2 g 2 - -
=) = 2 O =5 = 8 T g & & =] =]
iBOT 20.3 No maximum - - - - - -
TopChair 20 No maximum  — 33 - 9 - -
Bang® 25.5 n/a 22.8 45 - - - -
Chen 16.5 No maximum 19 avg 19 - - +9 -
Morales® 24 No maximum 15 45 20 4 +15 +10
PerMMA2/ 20 1 - — - 7.2 +15 +15
MEBot*
RT Mover* 25 2 25 - 25 5.4 +30 +35
StairMaster? 22.9 No maximum 15 42 25 8 0to-18 -
Sugahara® 11 No maximum - - - - - -
Wheelchair.q* 19 - 25 37.2 6 10 - -
Yamamoto 18 No maximum 25 - - - - -
Yu 15 No maximum — - - - - -
Zero Carrier 14.5 No maximum  — - 8 1.5 - -

Information obtained from author/researcher.



Table 3. Dimensions of step-climbing power wheelchairs
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= o -4 o = & (CI3) A = = &
iBOT 4000° 109-119 64-73 113 45.7 7.6 30.5 15.2/ 114
30.5¢
TopChair 115 98 68-70 145 45-56 - 35 23 110
Bang® 85.5 - 65 70 54.1 - 32.6 12.8 -
Chen 80 - 100 55 - - 18 - -
Morales® 110 90 62 60 46 16 20 20 100
PerMMA2/ 125.7 - 66 165.5 - 1-22.9 35.6 12.4/ 113
MEBot* 35.6¢
RT Mover* 123 99 73.9 70 47.7 16.5 20 20 80
StairMaster® - 90 55.2 111 55.5 44 20.2 4.1 75
Sugahara® 128 70 113 154 45 - 30 30 70
Wheelchair.q* 103 70 60 80 52 9 24 17 120
Yamamoto 75-115 - 70 63 - - - - 524
Yu - - - - - - - - -
Zero Carrier 60.2 - 62.2 46 70.0 - 12 12 80
ISO 7193 129.5 - 71.1 - - - - - -
‘Information obtained from author/researcher.
"Dimensions retrieved from user review website USA Techguide.®
‘Depending on driving configuration
4Mass of user for prototype testing
Table 4. Data for other rough terrain wheelchairs
Device specifications Outdoor obstacles negotiation
- : 2§ g :
g = = o) =
g CO- B - COE | 5 g8 2
9 £ 2 s 4 5 = = < 2o g
2 s = R < = = 3 22 g .
3 g = 5 s g 2 2 gy g g
A = = E £ & o5 = & = 2 O %
Tank treads
Action TrackChair** 133.4 74.9 128.3 61.6 14 19.3/24.4 33. Not advertised
Access Mobility System* 63.5 55.9 229 (36° incline) No
maximum
TankChair*¢ 142.2 118.1 66 15/15
TracFab 3077 147.3 76.2 61 Not recommended
All wheel drive
Bounder Plus™® 110.5 72.39 66 45.7-53.3 7.6 20 20
HexHog* 30 30
P4 Country* 145 69 1009 15 30 20
PW-4x4Q™ 115 73 49 68 12 30 12-15 (25° No
incline) maximum
Extreme X8 115 71 134.6 47 10.2 4 4 Not recommended

‘Information obtained from manufacturer.
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level of reimbursement from Medicare for group 3
power wheelchairs.

Device evaluations

The literature only reflects preliminary, proof-
of-concept-type testing, which makes judging the
practical utility of any of these devices difficult. Of
the 13 devices identified, 11 appear only to have
been tested in highly structured environments. It
is, therefore, unclear how well their mechanisms
would cope with variations in step height, tread
depth, riser slant, or step edge geometry (eg,
rounded, eroded, etc) that would be encountered
in daily use. For those designs that employ sensors,
differences in surface reflectivity for infrared or
laser rangefinders and poor contrast for optical
sensors could give erroneous readings that could
cause the system to misjudge obstacle height or
completely fail to detect a drop-off.

Furthermore, there is no indication that the
testing of any of these research prototypes (a group
that includes all cited devices except the iBOT and
the TopChair) has been done with individuals with
disabilities. A clinical study of the PerMMA2 used
subjects with disabilities, but it was only to test the
manipulator arm functions.”” Moreover, only the
PerMMA/MEBot refers to involving individuals
with disabilities in the design process.”*®"” Together,
these omissions make it difficult to predict the extent
to which any eventual product may be adopted.

Clinical evaluation

The 2 largest clinical studies of step-climbing
wheelchairs both commented on the lack of a
standardized test to evaluate the efficacy of advanced
wheelchair systems. Consequently, each study sets
forth its own test criteria in scoring system.

In Uustal and Minkel’s study of the iBOT,'® the
Community Driving Test consisted of 15 tasks
performed by subjects in their usual living and
working environment. Of the 15 tasks, 4 — up
interior stair, down interior stair, up exterior stair,
and down exterior stair — would be impossible
to perform safely in any standard EPW, and 6
others — climbs up curb, climbs down curb, one
step entry, one step exit, negotiate uneven terrain,

and retrieve book off high shelf — would either be
difficult or impossible to perform in a standard
EPW depending on the specific measurements
of the obstacles, although retrieving a book off
a high shelf could be facilitated by a wheelchair
with seat elevation or standing function. The tasks
were scored from 0 to 6 with 0 indicating that the
subject could not or would not perform the task;
1 to 3 measuring the exertion of an assistant who
helped to perform the task, with 1 being maximum
exertion and 3 being minimal exertion; and 4 to 6
measuring the exertion of the subject, with 4 being
maximum exertion and 6 being minimal exertion.
Although these tasks are arguably representative of
tasks performed by ambulatory persons in similar
environments, the Community Driving Test
clearly favors EPW with the specific characteristics
of the iBOT - curb climbing, stair climbing, and
seat elevation.

In Laffont et al’s study of the TopChair," the
simulated outdoor circuit consisted of a variety
of slopes of up to 10° and driving with one set
of wheels on level ground while the other was
on a curved surface. No soft or irregular surfaces
were included; on the outdoor driving circuit,
the TopChair was only evaluated in its wheeled
operation mode. Hence, the test provided little
opportunity for the TopChair’s advanced functions
to demonstrate an advantage over the conventional
EPW (Invacare Storm3) used as comparison. The
same report did include trials of climbing steps
with the TopChair that assessed this feature.

A number of driving assessments have
been developed and adopted in research and
clinical practice to measure the abilities of
wheelchair users. The Power Mobility Indoor
Driving Assessment (PIDA) and Power Mobility
Community Driving Assessment (PCDA) evaluate,
respectively, maneuvering indoors and the ability
to overcome environmental obstacles.?>*! The
widely administered Wheelchair Skills Test is
more often used with manual wheelchairs, but
it has also been used with power wheelchairs.?>*
Version 4.2 of the Wheelchair Skills Test for
power wheelchairs includes propulsion across
uneven surfaces, inclines, a vertical obstacle
similar to a curb or threshold, and maneuvering
up and down a 5 cm curb.** Another tool, the
Obstacle Course Assessment of Wheelchair User



Performance, requires construction of ramps at
multiple inclinations up to 7° a section of gravel
surface, and the highest individual step height of
these assessments at 15 cm (6 in.).”® More recently,
Kamaraj et al have developed the Power Mobility
Clinical Driving Assessment,?® which includes
inclines, cross slopes, and ADA curb cuts but no
steps. In keeping with the assessments’ focus on
safety and training, the scores rely primarily on the
evaluations of the administering clinician.

Drawing upon the preceding studies and further
input from clinicians, users, and researchers, a
driving test should be developed in which tasks and
scoring are specifically tailored to the evaluation
of devices in negotiating real-world tasks while
minimizing the influence of operator skills. The
test should include terrain and environmental
barriers that are not easily negotiated by a typical
EPW to demonstrate clinically significant increases
in independence. The test should also include
tasks that can demonstrate performance relative
to conventional EPWs in customary usage, such
as traversal over level ground or maneuvering
through doorways. Further, it is important that
such terrains and obstacles be standardized
and quantifiable, so that equivalent tests can be
undertaken at different times, and in different
locations, whether in the context of benchtop
testing or clinical trials. As the clinical benefit of
any assistive technology is based on a variety of
factors, a multidimensional scoring rubric may
include some combination of task completions,
time, observer evaluation, and user comfort with
the device.

Conclusion

A number of wheelchairs capable of climbing
curbs or steps are under current development.
These devices represent a variety of approaches
to the tasks of climbing a single step or
continuous stairs, including leg-wheel hybrid
systems, spider wheels, additional structures
for lifting, and crawler tractors. Control
systems range from relying on no sensors at
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all for detecting features of the environment
to closely monitoring the position of each
actuated structure and estimating features of
the environment. The majority of the identified
designs are capable of climbing continuous stairs.
However, even though all the devices included
in the review reported the ability to overcome
environmental barriers that are a hindrance to
current EPWs, not all are as efficient as current
EPWs when traveling over level ground and their
suitability for maneuvering indoors has not been
demonstrated.

Testing for the described prototypes was
reported to have taken place in highly controlled
environments, and most frequently testing did not
include end-users representing the group for which
the product was designed. Test results are not
comparable across reports. The 2 largest clinical
studies of step-climbing wheelchairs to date either
gave little opportunity for the advanced wheelchair
to demonstrate its advantage over current offerings
or did not provide details of the tests that were
specific enough to be used by other researchers
in trying to compare device functionality. It is,
therefore, important to develop a well-specified
driving evaluation that is representative of the
situations most encountered by wheelchair users.

With only one of the devices currently available
on the market, there is a need to refine current
prototypes to make them usable for the wide
variety of terrains encountered by wheelchair
users, make their mechanisms and sensors reliable,
and create a final design that can be manufactured
at a reasonable cost. Opportunities still exist for
new research — either by expanding upon the
reported designs or by taking an entirely new
approach.
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