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A shared control solution for safe assisted power wheelchair navigation
in an environment consisting of negative obstacles: a proof of concept

Louise Devigne', Francois Pasteau!,
Tom Carlson?, Marie Babel®

Abstract— Power wheelchairs allow people with motor dis-
abilities to have more mobility and independence. However,
driving safely such a vehicle is a daily challenge particularly in
urban environments while navigating on sidewalks, negotiating
curbs or dealing with uneven grounds. Indeed, differences of
elevation have been reported to be one of the most challenging
environmental barrier to negotiate, with tipping and falling
being the most common accidents power wheelchair users
encounter. It is thus our challenge to design assistive solutions
for power wheelchair navigation in order to improve safety
while navigating in such environments. To this aim, we propose
a shared-control algorithm which provides assistance while
navigating with a wheelchair in an environment consisting
of negative obstacles. We designed a dedicated sensor-based
control law allowing trajectory correction while approaching
negative obstacles e.g. steps, curbs, descending slopes. This
shared control proposed method takes into account the human-
in-the loop factor. In this study, our solution the ability of
our system to ensure a safe trajectory while navigating on a
sidewalk is demonstrated through simulation, thus providing a
proof-of-concept of our method.

I. INTRODUCTION

Motorized mobility is not without risk and accidents can
occur while driving a power wheelchair. In a study on
the prevalence of wheelchair-related accidents involving 95
participants, 54.7% of them reported at least 1 accident in the
past 3 years [1]. In this context, robotic assistive solutions
can increase wheelchair navigation safety. Indeed, navigation
support can be supplied in the form of autonomous [2] [3]
or semi-autonomous [4] assistance [5].

However, the existing navigation assistance technologies are
currently restricted to indoor environment. Indeed, they do
not detect outdoor environmental barriers such as differences
in elevation (step, curb, etc.). Yet, recent studies highlight the
benefits of power mobility in the case of outdoor activities
[6] [7]. Indeed, it is reported that power mobility can improve
the user self-esteem and sense of independence as it allows
to go outdoors more easily and to have the opportunity
to socialize and enjoy daily activities such as shopping.
Therefore, outdoor navigation solutions have to be developed
to increase navigation safety. Among the 3 categories of
wheelchair-related accidents identified in [1], 87.7% were
tips and falls. In some cases, this type of accident can have
serious consequences such as traumatic brain injury or spinal
cord injury [8]. Moreover, [9] highlights that environmental
obstacles impact the outdoor driving safety and that one of
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the biggest challenges is to negotiate curb drop-offs and curb
cuts. While a lot of works have been done in the robotics
field on detecting and avoiding obstacle, there is significantly
less research on detection of negative obstacles to improve
outdoor robot navigation. In [10] an algorithm analyzes the
terrain using a 3D laser range finder. They classify the obsta-
cles and populate a grid map of obstacles and terrain features.
In [11], a stereo-based scene reconstruction is used to detect
drop-offs and also relies on the definition of a grid map.
The few proposed methods are used for autonomous robot
navigation and are typically based on stereo-vision detection
or use expensive sensors such as LIDARs and generally rely
on computationally expensive localization methods within
local maps of the environment.

As for wheelchair navigation, only a few research teams have
worked on assistive solutions for power wheelchair driving
in outdoor environments. While the intelligent wheelchairs
presented in [12] simply stops when a drop-off is detected,
[13] proposes an algorithm relying on depth information
using stereo vision for finding obstacle edges. Then, if some
efforts have been made in order to detect drop-offs using
a robotized power wheelchair, no control law is given in
order to assist the user while driving. In [14] we presented
an approach dealing with obstacles that a wheelchair cannot
cross (e.g. walls, furniture).

In this paper, we present a complementary approach pro-
viding navigation assistance in an environment consisting of
negative obstacles which are defined here as curbs, steps and
descending slopes. Here, we use distance sensors mounted
all around the wheelchair to detect distances to the floor
and to extract local floor orientations information. With this
method, no map is required and the proposed solution is
able to smoothly correct the trajectory of the wheelchair
while approaching a negative obstacle while respecting user
intention.

The paper is organized as follows. Section II deals with
the modeling related to the robotized wheelchair. Section
IIT presents the computation of the constraints deduced from
sensors measurements on which the method relies and then
details the proposed sensor-based wheelchair assisted naviga-
tion method. Section IV presents simulations of the system,
thus highlighting the behavior of the servoing process in
presence of negative obstacles while driving on a virtual
sidewalk. The results are discussed in section V.



II. MODELING

We model a 6 wheeled robotic wheelchair composed
of 2 actuated wheels and 4 passive caster wheels. It is
controlled with 2 variables, namely the linear velocity « and
the rotational velocity w.

The wheelchair is equipped with distance sensors. As
shown on Fig. 1, we define the following notations

o let Fr(R, X, R,Y},Z_}g) be the frame attached to the
robotic wheelchair,

o let Fg,(S;, Xi, }71-, Z) be the frame attached to the
sensor s;,

e let u = (v,w) be the 2-DoF control input of the
wheelchair,

« let v, be the velocity of the sensor s;,

e let a; and b; be the distances from the robot frame to
the sensor frame respectively along the robot z-axis and
y-axis.

« let ¢; be the orientation of the sensor s; with respect to
the robot frame Oxy plane,

o let d; be the distance measured by the sensor s;,

« let 6; be the orientation of the sensor s; with respect to
the robot frame z-axis,

o let e; be the difference between the measured distance
z; and its desired value z.

0;
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(b) Details for one sensor s;
(right view).

(a) Details for one sensor s;

(top view).

Fig. 1: Definition of the robot frame

Each sensor s; is rigidly fixed to the robot frame so that
the translation vector "t;, between F;, and Fr is such that

a;
Tty = | bi| . (1
0

The rotation matrix **R, relative to sensor s; frame Fj,
with respect to the robot frame Fg is given by

Ry = "R, (¢:)" R (0;) 2
with _
cosgp; 0 —sing;
“Re(p)=| 0 1 0 3)
[sing; 0  cos¢;
and _
cosf; sinf; O
%R, (0;) = |—sin6h; cosb; 0 4
0 0 1

The translation ®t,. between the robot Fr frame and the
sensor s; frame F, is obtained from *R, with

sit, = %R, "t,,. (5)

From *‘R, and °‘t,, the velocity screw transformation
matrix is given by
S; RT‘
O3x3

S t?" S; RT
| Jﬁ (6)

W, =
with [ ]« the skew matrix expression.
The velocity v, of the sensor s; in the sensor frame Fj,
is derived from the robot 2-DoF control input u in the robot
frame using

Ve, = T, )

with
5 T'r' = Siw'r'r']’r', (8)

where "J,. is the robot jacobian expressed in the robot frame

such that
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III. SENSOR-BASED SERVOING FOR ASSISTED
NAVIGATION ON A SIDEWALK

In [14], we presented a semi-autonomous approach pro-
viding adaptive assistance in the form of an intuitive ob-
stacle avoidance. This method consists in merging the user
control coming from a wheelchair controller with a set of
constraints deduced from the sensors. This shared control
law is based on the definition of two distinct areas in
the wheelchair velocity domain that represent allowed and
forbidden wheelchair control input values. So far, we applied
this method to indoor navigation. In this section, we present
the assisted power wheelchair navigation in an environment
consisting of environment obstacles by detailing the features
extracted from the sensors measurements and we present the
computation of the constraints in the velocity domain. The
resulting computation of the wheelchair control values from
user velocity input by minimizing a cost function is directly
applied from [14].

A. Distance sensor features

In this method, we want to extract relevant informa-
tion from each sensor distance measurement. Considering
a sensor able to measure multiple distances within different
regions of interest, we are able to collect information about
floor differences of elevations by means of local floor orien-
tation computation obtained for each sensor. This leads to the
definition of two features in the form of angles characterizing
the orientation of the detected floor area. As shown on Figure
2, let (o, , oy, ) be the set of angles defining the orientation
of the floor with respect to the wheelchair Oxy plane with
o, and ay;, being defined respectively around the sensor s;

i

z-axis and y-axis.



(a) Definition of oy, .

(b) Definition of o, .

Fig. 2: Definition of o, and a,.

B. Velocity regulation controller design

Within the context of power wheelchair navigation assis-
tance in an environment consisting of negative obstacles, a
velocity controller is designed to ensure the wheelchair to
navigate safely. We propose here to progressively adapt the
wheelchair control input to avoid hazardous situations caused
by negative obstacles.

To do so, we define the error e, for each sensor s; such
that es, = d; — df where d;,d; € R are respectively
the distance measured by a sensor s; to the floor and
a configurable fixed value corresponding to the maximum
allowed distance from the sensor s; to the floor.

1) Interaction matrix computation: With the 2 features
0z, and oy, defined in III-A, we can design a dedicated
control law that regulates the error e, by taking into account
local floor area orientation into each sensor s; interaction

matrix. )
For the present case, the interaction matrix L, is such
that

tan og; tan(ag; )

Ly, :[—1

1 d;
sin ¢; tan(¢;+oay,) tan(¢;+oy,) ?  sin¢;

where o, and ay, are depicted in Figure 2.

2) Shared control method: The objective is to regulate
the wheelchair velocity control input to avoid hazardous
situations involving negative obstacles when needed while
still allowing full control to the user when there is no
negative obstacle close to the wheelchair, we propose to
gradually activate the regulation of each distance sensor s;
feature d; to a desired value d corresponding to the distance
measured when no negative obstacle is detected. This is
achieved by using an interval [d}™, dj"] that we define to
trigger the sensor-based servoing when the distance d; leaves
the safe interval. This hybrid control law method has been
introduced in [15] and applied to wheelchair navigation in
[16] within a wall avoidance task. The idea is to adapt this
framework to our semi-autonomous navigation task in an
environment consisting of negative obstacles. We propose
the following sensor-based control law aiming to keep the
distance feature d; within the interval [df_ , df+]

d; = ha,Lg,vs, (11)

with Ly, € R'*6 the interaction matrix introduced in [17]
and hg, € RT™ a varying weight associated to the distance
feature d;. The weight hq, associated to d; is such that hy, €
[0;1]. A null weight leads to no regulation of the error e;
d; —d; by the sensor-based servoing. Therefore, the term hg,

'

allows to activate or deactivate the control law when desired.
In order to gradually activate the control law when the feature
d; is leaving the safe interval [df‘ , dffﬂ, we propose here
to define the weight hy, by the following smooth function

d; — df+ o 15+ +
1 — cos WW /2lde <£U<d,t
0 if 7 <z <dit
h’di (dl) = d ds_ 1 1 x 1
<1 — Cos (Wi_L_>) J2ifd; <x<di”
d; —d;
1 otherwise
(12)
where [di_ , dﬂ D [df‘ , df+] is a tolerated interval whose

fixed limits represent the distance values corresponding to
distances measured to obstacles the wheelchair should avoid.
The evolution of the weighting term hy, is given in Fig. 3.
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Fig. 3: Weighting function hg, defined for feature d;. The
weight is null in the safe interval and smoothly increases up
to 1 in the tolerated intervals [di_ , df_] and [df+ , dﬂ

For each sensor s;, we have the formulation

d; > —es,, (13)

where A\ € R** is a gain and e, = d; — d the difference
between the measured distance to the floor d; and its desired
value d}. In this framework, d; value is the distance which
is measured by the sensor s; while detecting no obstacle.

This way, we constrain d, by a minimum value —Mes,.
When considering the relationship d7 = Lg4,%*T,u between
the 2 DoF wheelchair control input u and the variation d;
of the distance d; measured by the sensor s;, we obtain

hdiLdisiTTu Z 7)\6,% (14)

ie.

quyu 2 _Aes,” (15)

where J;, = hq,Lg,°* T, is the sensor s; jacobian.

The system (15) is a linear equation system which can
admit an infinity of solutions in the form of a 2D half-plane
in the wheelchair velocity domain.

Defining A; = J,, and B; = —\e,,, inequation (15) can
also be written as

This defines 2 half-planes in the (u,w) such as shown on
Fig. 4a. The green and red half planes respectively represent
allowed and forbidden wheelchair control input values.



In the particular case where hg, is null (i.e. when no
negative obstacle is detected), the forbidden half plane is
not defined, therefore the constraint deduced from sensor s;
is not involved in the regulation of the wheelchair control
input. This way, user full control is ensured.

When considering N sensors, we rewrite (16) as

Au>B
A() BO
and B =

a7

using A = . which defines

An_1 Bny_1
a convex polygon in the wheelchair velocity domain as
shown on Fig.4b.

(a) Half plane in the velocity (b) Convex polygon in the
domain. wheelchair velocity domain

Fig. 4: Wheelchair setup for the simulation.

C. Computing control values

o Let uy, = (Uop,wop) be the user desired velocity,

e let Ueng = (Uemd, Wema) be the robot velocity.

U.,q is computed from w,, under constraints (17) by
minimizing a cost function f. This can be written as an
optimization problem using

{ucmd II{]IH f (uop7 ll) (18)
Au>B

The details of the computation of the wheelchair control
values from user velocity input by minimizing the function
f are given in [14].

IV. SIMULATIONS

In this section, we present the results of a simulation we
performed as a first step to develop the proposed solution of
power wheelchair navigation assistance on a sidewalk.

A. Simulation framework

As a part of our research activities, we developed a
simulator for assisted power wheelchair navigation. This
simulator has been designed with Unity3D and consists
of a Virtual Environment in which we operate a virtual
robotized wheelchair equipped with virtual distance sensors
[18]. In this study, we use a framework designed to control
a wheelchair in a virtual environment with any type of
assistance (Fig. 5). This framework allows us to develop,
test and tune driving assistance solutions more rapidly than
while working with a real ground prototype. With such a

simulator, we are able to modify the environment and the
tests conditions with rapidity and flexibility.

‘Wheelchair ‘Wheelchair
Controller |/ usar dynamics
joystick - )
input User velocity Whaalchair | Virtual environment
input cunent {UnityaD)
Shared | pasition
contral i 2 I <
algorithm compuied | engine Virtual wheelchai
: velocity - (Unity3D)
command compuae
position | M
Features |

o€
Extraclad faaturas extraction SaNSOrs faw measuramant

Fig. 5: Framework used for this study on the wheelchair
driving simulator.

()
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modules

fig)o-

(a) Sensor arrangement.

(b) Virtual wheelchair.

Fig. 6: Wheelchair setup for the simulation.

The virtual wheelchair (Fig. 6b) is here equipped with 12
distance sensors divided into 4 detection modules placed at
each corner of the virtual wheelchair (Fig. 6a). The virtual
environment is displayed on a computer screen as it is only
used to demonstrate the properties of the proposed solution
for assisted power wheelchair navigation on a sidewalk. As
shown on Fig. 7, it consists of a 20 cm height sidewalk. The
velocity parameters of the wheelchair are chosen to mimic
a typical commercially-available wheelchair, such that the
maximum forward speed is 0.7m.s~! and the maximum
rotational speed is 0.5rad.s 1.

Fig. 7: Virtual environment for the simulation.

B. Simulation results

Multiple simulation tests have been performed with differ-
ent initial wheelchair positions. Fig. 8 shows the wheelchair



trajectories for 3 different initial positions. In order to
demonstrate the behavior of the wheelchair and evolution
of wheelchair control inputs, we present the results of a
single trial on Fig. 9. The user’s linear and angular inputs are
constant and respectively set to the maximum linear velocity
value and zero for angular velocity. This leads the wheelchair
to go forward at maximum speed.

:’ ;idewalk, ‘

height = 15cm

Fig. 8: Wheelchair corrected trajectory for different initial
positions.

At the beginning, no negative obstacle is detected: the
wheelchair is going towards the curb. Then, when the curb is
detected, the linear velocity progressively decreases and the
rotational velocity is modified in order to follow the curb.
When the wheelchair drives parallel to the curb, the linear
velocity increases as there is no danger to fall from the curb.
Then, when the wheelchair is driving close to the curb drop-
off, an adaptation of both velocities is performed in order
to provide a curb-following behavior. When the wheelchair
arrives at the end of the corridor in front of a drop-off, it
stops and prevents the fall.

V. DISCUSSION

The purpose of this study was to provide a proof-of-
concept of a sensor-based shared control method providing
navigation assistance in an environment consisting of nega-
tive obstacles. The resulting sensor-based driving assistance
solution uses 12 low-cost distance sensors detecting distances
to the floor around the wheelchair. Considering the sen-
sors being able to detect multiple distances within different
regions of interest local floor orientations could thus be
determined around the wheelchair. Therefore, each constraint
deduced from a sensor measurement is used to define 2
half-planes in the wheelchair velocity domain representing
respectively allowed and a forbidden set of values induced by
the sensor constraint. Wheelchair control is then computed
from user input and sensors constraints so that it respects as
much as possible user intention given by u,,. The proposed
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Fig. 9: Simulation results: (a) Forward velocity applied
to the wheelchair (b) Rotational velocity applied to the
wheelchair (c) Representation of the trajectory of the virtual
wheelchair in the simulated environment (which we recorded
for visualization purpose only). The rectangles represent the
wheelchair at the beginning (red) and at the end (green) of
the simulation.

solution has been developed and tested in simulation in the
case of navigation in an environment with steep negative ob-
stacles (e.g. curb, drop-off). Simulation results with different
initial positions show our smart power wheelchair ability to
avoid negative obstacles while respecting user intention (here
driving forward). This is achieved by means of a smooth
trajectory correction resulting from progressive regulation of
the 2DoF wheelchair control inputs. The presented method
necessitates an extrinsic calibration of the sensors as we
use the sensor position information in our distance calcu-
lations. This consideration is easily respected when rigidly
attaching the detection modules to the wheelchair frame
thus ensuring a fixed position of the sensors. The findings
obtained with the simulation framework encouraged us to
equip a power wheelchair with such detection technology.
Therefore, a standard M400 power wheelchair from permobil
has been equiped with low-cost compliant Time-of-Flight
(ToF) VL53L1X distance sensors from STMicroelectronics.
The sensor-based shared control solution proposed in this
paper is currently under tests. Videos showing wheelchair
behavior in real environment conditions will be available
soon at https://team.inria.fr/rainbow/fr/louise-devigne/. Fi-
nally, based on these results, simulations and tests will also
be performed on the ability of the algorithm to provide
relevant progressive assistance while negotiating a slope or
a ramp.



Fig. 10: On-going test on a real power wheelchair.

VI. CONCLUSION

In this paper, we presented a shared-control solution for
safe assisted power wheelchair navigation in an environ-
ment consisting of negative obstacles. This method regulates
wheelchair control input values from constraints deduced
from each sensor measured distance to the floor as well as
local floor orientations. A gradual activation of the assistance
allows the user to keep full wheelchair control when no
obstacle is detected. When an obstacle such as a step is
detected, a modular level of assistance allows progressive
control input regulation. Therefore, in order to respect as
much as possible user intention, user input is blended with a
set of constraints deduced from the sensors. This provides an
intuitive shared control scheme capable of assisting the user
while needed without inducing a non-compliant trajectory.
This approach coupled with the framework presented in [14]
will allow a safe navigation indoors and outdoors.

The behavior of the system in simulation leads to validate
our method. This proof-of-concept step is essential in order
to technically validate the system before obtaining an ethical
agreement for performing trials with non disabled volunteers
as well as performing clinical trials with people with disabil-
ities. The shared control model presented here is flexible,
computationally inexpensive and independent of the range
measurement sensor type. Moreover, this work showed the
versatility of our method and encourages us to go further in
our research process. In particular, future work will focus on
improving the simulator physical engine in order to be able
to test this solution of assisted power wheelchair navigation
on a sidewalk to negotiate ramps.
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