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I. INTRODUCTION

For many people with severe paralysis, the very assistive
machines meant to improve their quality of life are in practice
a burden to operate, or entirely inaccessible—because of the
limited control interfaces that are available to them [3]. It is
extremely important (and often overlooked) to consider the
different forms that the user-generated signal might take. The
most common control interface is the two-axis joystick, which
provides a continuous-valued 2-D signal. However, for those
with severe motor impairments and/or paralysis, the interfaces
available to them are much more limited—for example, the
sip-and-puff which is operated by issuing discrete 1-D signals
via breath (as hard and soft inhalations and exhalations). Not
only are these control signals lower dimensional and discrete,
they also are issued at a much lower rate.

Characteristics of the user’s control signal necessarily im-
pact how they interact with the autonomous system. Thus, the
performance of the human-robot system as a whole is impacted
by this control interface. It might even be the case that which
control sharing paradigm performs best is specific to the type
of control interface. Moreover, it would not be surprising to
see a correlation between the effort and difficulty in generating
control signals (i.e. through more limited interfaces) and the
amount of desired assistance—where the more difficult it is
for the human to operate the wheelchair, the more assistance
from the robotics autonomy is welcome.

While there are numerous commercial interfaces for oper-
ating powered wheelchairs, we can categorize the form of the
signals they produce largely into the following groups:

• Continuous, covers the full (2-D) control space, high
bandwidth. (e.g. hand- and head-operated joystick)

• Discrete, covers parts (1-D) of the control space, low
bandwidth. (e.g. sip-and-puff, switch-based head array)

In this extended abstract we present a preliminary analysis
of performance and user effort when our robotic wheelchair
is driven by both a 2-axis joystick and a headrest switch
array under three different control paradigms, by six volunteers
without motor impairment. The work utilizes our modular
control architecture that allows for seamless interchange of
the interface and control paradigm. We provide experimental
evidence for performance discrepancies under different input
methods. We are in the middle of a multi-session experiment
with Spinal Cord Injuried (SCI) patients and uninjured subjects
that leverages the findings in this work, and performance under
these two control interfaces and five control paradigms.
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Fig. 1. SMART WHEELCHAIR hardware configuration. The base system
consists of an RGB-D sensor, a mini-PC, converter boards and wheel encoders.
Additional hardware can be added based on a user’s needs and preferences.

II. THE SMART WHEELCHAIR

The software and hardware components in our SMART
WHEELCHAIR are modular and customizable—allowing for
various control formulations and sensors to be swapped in or
out. The design furthermore prioritizes low cost, since (at least
in the foreseeable future) these autonomy components will not
be covered by insurance. Modifying commercially available
powered wheelchairs is common within the smart wheelchair
literature [1, 2, 4, 5], since they have the advantage of being
extensively validated by thousands of users, and the fact that
expensive parts are covered by insurance provides financial
feasibility. We outfit a Permobil C300 (Timra, Sweden) with
additional components including a computer, electronics and
sensors (Figure 1) and an expandable input control module
that is a commercially available electronic box responsible for
communicating with wheelchair electronics.

Fig. 2. Experiment control inter-
faces. Left: Joystick and manual
override buttons. Right: Switch-
based headrest array.

Our system also is able to han-
dle many types of human input.
Each input group is implemented
in our system as a distinct Robot
Operating System (ROS) node
and the type of control inter-
face issues a flag in the param-
eter server. Interface-constraint
information is readily available
throughout the system and the published information does not
extrapolate the provided signals (e.g. repeatedly publishing a
discrete low-bandwidth signal).

III. EXPERIMENTAL RESULTS

This pilot study utilized two control interfaces: a hand-
operated 2-axis joystick and a switch-based headrest array
(Figure 2). The headrest array is not a proportional interface,
and all movements happen at constant speeds, contrary to the
joystick. The headrest interface operates by touching (with the



head) the back panel to drive forwards and backwards (toggled
by a button mounted on the armrest), and the right and left
panels to rotate clockwise and counterclockwise, respectively.
It is nontrivial to activate two panels at the same time.

We are particularly interested in whether the performance of
different control paradigms varies with choice of the interface.
We consider three control formulations: full teleoperation,
shared control 1 and full autonomy. A doorway traversal task
under each control paradigm is performed (two, six and two
times, respectively) with each interface by the six uninjured
volunteers (four are lab members). To illustrate, paths executed
by all participants using two control interfaces are plotted in
Figure 3. The paths taken using the joystick are smoother
thanks to the advantages of a continuous input, while the head
array operation requires stopping to steer the wheelchair in the
correct direction which results in angular piecewise paths.

The performance metric that perhaps matters most is the
number of collisions and interventions either from participant
or experimenter. There were no head-on collisions with any of
the joystick trials. However, for three trials with the headrest
interface the experimenters had to intervene to prevent colli-
sions, in addition to two collisions which were not prevented.
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Fig. 3. Single trial ground paths, all volunteers, joystick (left) and headrest
(right) interfaces. The experimental loop passes through four doors in three
adjacent rooms.

Driving the wheelchair with a joystick comes easily to
most uninjured subjects and to patients with a lower level
of motor impairment. However, we observe that participants
have trouble with head array trials under full teleoperation and
end up taking longer compared to joystick runs. Completion
times do not change across joystick trials even under different
levels of autonomy; most probably due to the full teleoperation
trials being already quite fast to begin with. The discrepancy
between joystick and head array performances decreases as
the level of autonomy increases, with the head array trials
converging to joystick performance under full autonomy

The number of interactions with the control interface mea-
sures the involvement of the user and provides a metric
to loosely quantify the effort of the user [6]. We calculate
the number of interactions by counting the number of times
the joystick exits its deadzone (defined as 0-25% deflections
from the center position). Interactions with the head array are

1User inputs are either blended with or filtered by the autonomy commands.
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Fig. 4. Task completion time and number of interactions with control interface
under full teleoperation, shared control and full autonomy.

counted as the number of discrete touches. During teleopera-
tion the head array trials have a higher number of interactions
which can be credited to the discrete nature of head array in-
terface. With the introduction of autonomy, interaction counts
decrease for both control interfaces in a similar ratio, which
suggests that users benefit from autonomy even in joystick
trials, while maintaining the same good temporal performance.

IV. CONCLUSION

In this extended abstract, we have provided experimental ev-
idence towards the distinct differences in the traveled path and
task performance metrics while driving the wheelchair with
different control interfaces: a 2 axis joystick and a headrest
switch array. Results show that only the head array trials—
which require higher effort—benefit from an increase in
temporal performance, despite both control interfaces having
similar changes in the number of input interactions. We expect
similar behavior across daily activity tasks. A comparatively
large multi-session study is ongoing to identify prominent
navigation assistance paradigms involving subjects with high
(C-3, C4) SCI as well as subjects without injury.
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