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Abstract— This article introduces a set of novel haptic
guidance algorithms intended to provide intuitive and reliable
assistance for electric wheelchair navigation through narrow
or crowded spaces. The proposed schemes take hereto the non-
holonomic nature and a detailed geometry of the wheelchair
into consideration. The methods encode the environment as
a set of collision-free circular paths and, making use of a
model-free impedance controller, ‘haptically’ guide the user
along collision-free paths or away from obstructed paths or
paths that simply do not coincide with the motion intended
by the user. The haptic feedback plays a central role as it
establishes a fast bilateral communication channel between
user and wheelchair controller and allows a direct negotiation
about wheelchair motion. If found unsatisfactory, suggested
trajectories can always be overruled by the user. Relying on
inputs from user modeling and intention recognition schemes,
the system can reduce forces needed to move along intended
directions, thereby avoiding unnecessary fatigue of the user. A
commercial powered wheelchair was upgraded and feasability
tests were conducted to validate the proposed methods. The
potential of the proposed approaches was hereby demonstrated.

I. INTRODUCTION

Powered wheelchairs are built to assist people with physi-
cal and/or cognitive limitations in their daily life. They help
to solve the loss in independence experienced by individuals
that suffer from restricted mobility. By doing so they have a
direct impact on the quality of life of their users. Unfortu-
nately, not everyone is able to benefit from this technology.
The relatively large dimensions of wheelchairs compared to
the size of everyday environments makes maneuvering dif-
ficult. Seemingly simple maneuvers such as doorpassing or
taking an elevator require considerable motor and cognitive
skills. The limited response speed and large inertia of these
systems can lead to dangerous situations, possibly inflicting
serious harm upon the driver or bystanders.

For this reason, so-called ‘smart’ wheelchairs are be-
ing developed since the early eighties. These systems try
to simplify navigation tasks and assist in transporting the
user safely to a desired location [1]. Some of the more
advanced systems such as TAO, the NavChair, Rolland
or the SmartChair foresee multiple assistance modes that
are switched depending on the context. Such systems par-
tially take over the control from the user and adjust the
user’s inputs by providing assistance for wall-following,
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Fig. 1: Traditional shared control schemes display asymme-
try in the decision making process. Users only understand
decisions after actual displacement took place.

collision avoidance or door-passage tasks. Since the user
only perceives the decisions by the navigation system after
wheelchair displacement, such approaches might unexpect-
edly cause frustration and actually complicate maneuvering
tasks. For instance this is the case when the provided
assistance does not correspond to the needed or the expected
assistance. The latter is often referred to as mode confusion
in the literature [2], [3]. Shared control approaches that
follow this pattern (Fig.1) exhibit a certain asymmetry in
the decision making process and will be referred to as
unilateral shared control approaches hereafter. With good
knowledge of the wheelchair behaviour the user might be
able to anticipate the wheelchair’s response. Yet, in complex
or adaptive assistive schemes this is an error-prone and
possibly dangerous process.

Parallel to advances in mobile navigation teleoperation
tasks [4], researchers started recently to experiment with
haptic feedback for wheelchair navigation [5]–[13]. By set-
ting up a fast, bilateral communication channel between the
user and the wheelchair controller, control can be shared
more profoundly (Fig.2). The user can directly negotiate
with the controller over this haptic channel and is given
the final word, as he/she can overrule unwanted wheelchair
actions. Next to challenges in designing robust haptic display
hardware for this application, a major challenge remains
in the design of intuitive bilateral shared control methods
that fully exploit the opportunities of the haptic channel and
that do not cause additional fatigue of its user. This article



Fig. 2: Bilateral shared control schemes feature a deeper level
of control sharing, allowing the user to negotiate directly with
the wheelchair over a haptic communication channel.

presents a novel approach for haptic navigation assistance
that uses environmental information in the form of collision-
free circular paths. The approach is designed so that in a later
stadium estimated intentions and wheelchair dynamics can be
easily embedded in this framework. The paper is organised
as follows. Section II gives a brief overview of prior art
in haptic guidance for navigation assistance and explains the
fundamentals of the novel approach. Section III describes the
proposed control algorithm in more detail. From this general
scheme a number of assistance strategies are derived in IV.
In section V the practical setup and a novel haptic display
system are shortly described. Some initial experiments are
reported in section VI to demonstrate the potential benefit of
the proposed approach. Finally, conclusions and directions
for future research are put forward in section VII.

II. IMPROVED NAVIGATIONAL ASSISTANCE THROUGH
HAPTIC GUIDANCE

A. State of the art of haptic guidance for wheelchair navi-
gation

The rotational and translational velocity of normal electric
wheelchairs (v,ω) are roughly proportional to the deviation
(x,y) of a joystick from its neutral position (Fig.3). The
idea of haptic guidance is to encode various sources of
information and to combine this into a single 2-dimensional
force signal (Fx,Fy) applied through a force feedback joy-
stick to the user. This signal should guide joystick mo-
tion towards ‘likely’ joystick positions (and corresponding
wheelchair motion) and adversely prevent motions towards
‘unlikely’ directions. Prior art can be subdivided in the
type of information that is encoded and the manner how
this information is encoded. So far, most attention went to
devise intuitive schemes to feed ‘environmental information’
back to the user. Hong et al. propose a ‘virtual elasticity
zone’ around the vehicle [5]. Obstacles in this zone generate
opposing forces proportional to the intrusion depth into the
elasticity zone. Protho et al. additionally scale forces with

Fig. 3: One to one mapping of joystick position (left) to
wheelchair velocity (right). Each position (x,y) expressed
in joystick coordinate frame Σ j corresponds to a linear and
rotational velocity (v,ω) w.r.t. local wheelchair coordinate
frame Σwch, resulting in an instantaneous circular path with
radius r=v/ω in base coordinate frame Σb.

increasing wheelchair velocity [7]. Fattouh calculates forces
as a weighted sum of directional forces inversely proportional
to the distance to obstacles [11]. Kitagawa et al. control the
joystick impedance as a function of (holonomous) wheelchair
velocity and distance to obstacles [8]. In addition to ‘envi-
ronmental feedback’ forces, Lee embeds the wheelchair size
into the collision avoidance strategy. Additional collision-
preventing forces are parameterized in function of maximal
frontal and backward collision-free distance, and maximal
clockwise and counterclockwise collision-free rotation [12],
[14]. The Generalised Potential Field (GPF) scheme by
Krogh et al. considers the limits on vehicle deceleration as
adapted for haptic feedback by Boschloo et al. [10]. Factors
such as vehicle dimensions (circumscribed circle), safety
zone and user reaction time were accounted for.

Since purely reactive schemes tend to fatigue the user
too much, specially in cluttered spaces, Hong introduced
Gaussian filters to reduce the effect of obstacles that do not
lie in the direction of wheelchair motion [5]. Such filters
are also used by Luo et al., who further try to reduce user
effort by programming attractive forces in directions where
free space is perceived [6]. Recently, Bourhis and Sahnoun
employed the vector field histogram and the minimal vector
field histogram [15] methods to determine a free direction
within surrounding obstacles. Then, they provide haptic
guidance to move towards these free directions [13].

B. Concept of novel algorithm

The novel algorithm proposed in this paper is based upon
the following observations:

1) prior art ignores the non-holonomic nature of most
powered wheelchairs, although this has important impli-
cations on the effectiveness of haptic guidance schemes.

2) prior art does not (sufficiently) take wheelchair geome-
try into account where in daily life a few centimeters
can make a difference between passage or collision.

3) prior assistance schemes are mainly geometric, hardly
considering user characteristics nor intentions, although
such knowledge could help shaping schemes that trade-
off better between guiding and tiring a specific user.



(a) Effect of non-holonomicity on
wheelchair motion.

(b) Effect of wheelchair geometry
on passage.

Fig. 4: Need to incorporate accurate kinematic wheelchair
model into haptic guidance algorithms.

Typically, in prior art, environmental obstacles located e.g.
at (xo,yo) in the wheelchair’s local coordinate frame Σwch
generate repulsive forces (Fx,Fy) in the opposite direction (of
the same local frame Σwch

1). Such forces can be misleading
and even inappropriate as joystick displacement results in
new linear and rotational wheelchair velocity (v,ω) rather
than in translational velocity (vx,vy).

Fig.4a sketches how reactive schemes that do not account
for the nonholonomic nature of the wheelchair would ‘need-
lessly’ slow down the wheelchair and bend an otherwise
collision-free path trajectory a, that corresponds to a constant
joystick position (x,y), towards a second path trajectory b,
causing additional fatigue of its user. Fig.4b shows how
wheelchair geometry is to be taken into account to avoid
collision with an object at (xo,yo) and how haptic guidance
can be used to bend trajectory c into a collision-free trajec-
tory d. Prior work [16], [17] reveals how user modelling and
intention estimation for wheelchair navigation can assist in
wheelchair navigation. Haptic guidance strategies that inco-
porate this information can provide more effective guidance
to the user potentially reducing navigation effort and fatigue.

The next section presents a novel approach for haptic gui-
dance that encodes environmental information and arbitrary
wheelchair geometry in the form of collision-free circular
paths. Based on this encoding a time-varying impedance
controller is designed to guide the user instantaneously
along a collision-free trajectory. This scheme can be easily
expanded to incorporate knowledge from user modelling by
simply lowering the impedance in directions that correspond
to estimated user intentions.

III. NOVEL SCHEME FOR HAPTIC NAVIGATION GUIDANCE

A. Environment encoding as a set of collision-free paths

a) Generation of circular paths: In case the dynamic
effects of the wheelchair are negligible, general wheelchair
motion can be approximated as a sequence of instantaneous
motions on circular paths Cm w.r.t. a base coordinate frame
Σb. The radius r of such path Cm is, for joystick position

1For simplicity and without loss of generality Σ j = Σwch is assumed here.

(x,y) and corresponding velocity commands

v = kvy,

ω = −kω x (1)

with appropriate velocity gains kv and kω , given by:

r = |v|/|ω|. (2)

As long as the joystick position does not change, the
wheelchair will move along the same circle Cm. In fact, all
joystick positions on a line through the origin of Σ j and
position (x,y), thus forming an angle φm with the X-axis of
Σ j, will command the wheelchair to move along Cm, albeit
with different speeds. This can be easily verified by noting
that for arbitrary points (x1,y1) and (x2,y2) on such line

tan(φm) = Cte ⇒ y1

x1
=

y2

x2
(3)

and that from (1) and (2) follows that

r1 =
|v1|
|ω1|

=
|kvy1|
|kω x1|

=
|kvy2|
|kω x2|

=
|v2|
|ω2|

= r2. (4)

The path associated with (x1,y1) and (x2,y2) is thus the same.
By extension all two-dimensional joystick positions can be
encoded as a one-dimensional set of circular paths:

rm =

∣∣∣∣ kv

kω

tan(m∆φ)

∣∣∣∣ , for m=0, . . . ,N−1 and N ∈ Z+
0

and ∆φ =
2π

N−1
where N→ ∞. (5)

Each circular path segment is represented as a (v,ω,dt)
tuple where the path’s length equals v ·dt and the orientation
change ω ·dt. Note that m∆φ = {0,π} corresponds to pure
rotational motion, whereas m∆φ ={π/2,3π/2} corresponds
to pure translational motion. For computational reasons it is
necessary to discretize the set of possible circular paths by
using a finite value for N. In this work N is set to 144. It can
be appreciated that, after selecting a discretization method for
the arclength and a number of steps M to proceed along the
arc, the geometry and coordinates of all the M × N points
over the N circular paths is invariable in Σ j. These points
can thus be precomputed and stored in a look-up table to
speed up further calculations.

b) Determining collision-free lengths of circular paths:
Next, the distance over each circular path until first collision
with the environment is computed.

1) A local map of the environment is built and refined
at a fixed update rate. Ranging data from laser (or
other) sensors can be used to build an online map of
the environment expressed relative to the wheelchair
local coordinate system Σwch. Prior information of the
environment, transformed from Σb to Σwch, can be used
to improve the accuracy of the local map (Fig.5a).

2) In a following step, intersections are checked between
the local environment and the wheelchair moving over
all circular paths. The wheelchair geometry is hereto
shifted at a predefined speed (v,ω) over each circular
path and the earliest time of intersection dt is recorded.



(a) 2D map of the environment, using real-time sensor
information (dark purple marks) and prior knowledge
(light cyan marks). The central rectangle represents the
wheelchair.

(b) Circular collision-free paths, calculated from the map
and wheelchair geometry. Blue arcs represent forward
paths, red dashed lines are backward paths.

Fig. 5: Collision-free paths of wheelchair in its surroundings

This time, representative for the collision-free length, is
stored in an N×1 vector.

Fig.5b shows the collision-free paths that are calculated for
the wheelchair based on environmental data from Fig.5a. The
haptic guidance is then programmed so that the wheelchair
follows one of these paths, preferably the one closest to the
wheelchair driver’s intention. Based on new sensor readings,
maps and collisions are recomputed, forces recalculated and
so on. The next section explains in greater detail the actual
implementation of the haptic guidance algorithms.

B. Haptic control algorithms based on collision-free lengths

c) Adaptive model-free impedance control: A model-
free impedance controller with inner force feedback loop is
chosen to regulate the haptic interaction [18], [19]. Fig.6 de-
picts a block scheme of the controller. The aim is to replicate
the feeling of a desired impedance Zperceived =Zd at the end-
effector of the joystick, with Zperceived = Y−1

perceived indicated
on Fig.6. The inner force feedback loop, encompassing
• the joystick itself, represented by admittance Y joy,
• the human operator holding the joystick, Zuser, whose

behaviour is captured through measurement of forces

Fig. 6: Impedance controller providing haptic guidance along
collision-free paths.

Fuser and velocity estimates vuser, and
• force feedback gains G,

allows to compensate the inherent dynamics (inertia, damp-
ing, friction) of the joystick so that Zperceived approaches Zd .
It further allows one to set Zd very low. With a large share
of wheelchair users suffering from fatigue, unable to supply
large forces, this property is especially important.

d) Transformation to polar coordinate system:
The haptic guidance is now programmed by designing
impedances Zd . A good design strategy is crucial to obtain
intuitive and safe navigation assistance. Recalling the map-
ping from joystick positions to circular paths (section III-A),
it is more natural to express Zd in a polar coordinate system,
rather than in the original Cartesian frame Σ j. Hereto

ρ =
√

x2 + y2,

φ = atan(y,x), (6)

is applied. The variation ∂Zd/∂ρ explains then the change in
impedance felt when changing travel speed along a circular
path. The variation ∂Zd/∂φ corresponds to the change in
impedance that is felt when the user wants to change lane
towards a different circular path. Note that since forces
and velocity measurements take place in Cartesian space,
jacobian matrices J, containing derivatives of (6) appear in
the block scheme of Fig.6.

e) Mapping collision-free lengths to impedances: Sup-
plied with a vector of path lengths dt from subsection III-A,
a natural encoding is then to attribute higher resistance to
paths with short collision-free paths and vice versa. Since
dt is a function of the angle φ , so is Zd . In practice, the
variable resistance is thus fed back under the form of a
variable joystick stiffness kdt .

Table I indicates how kdt is calculated as a function of
dt. A path length above dtmax is considered infinite and
receives minimal stiffness kmin. A path length below dtmin
corresponds to a maximal stiffness kmax. In between, a lineair
relationship between dt en kdt is imposed. Knowledge about
the user’s intention (probabilities over the paths) could in
the future be used to modify the stiffness associated with
a certain path. When a user finds himself for example in



front of a closed door, the path lengths will be short and
consequentially a high stiffness will be displayed. However,
in case the user persists in moving in that direction the
system, becoming more sure about the user’s intention, can
then reduce the displayed stiffness. Next to the variable
stiffness a small constant damping c and inertia equal to zero
form the desired virtual dynamics Zd . The Laplace form of
the virtual dynamics is therefore given by

Zd(s) =
k(φ)

s
+b. (7)

To accommodate for the effect of sensor noise and dif-
ferences in loop rates a number of additional processing
steps is needed before obtaining the actual forces that will
be commanded towards the haptic joystick’s motors. These
steps are explained next.

f) Smoothening environmental data: To avoid that big
jumps in path lengths caused by sensor noise, produce
sudden jumps in impedances/and output forces, the path
length vector is filtered with a Gaussian convolution mask. A
for-loop is programmed, in which an original n-dimensional
vector q ∈ ℜn×1 gets shifted a limited number of steps to
the front (resulting in q+) and to the back (resulting in
q−) every run through. The convoluted vector qc is then
obtained as indicated in Table II. Convoluted vectors for dtc
were calculated in this manner with σ = 5 and j = 14 being
experimentally determined.

g) Upsampling towards haptic update rates: Since hu-
mans can perceive force variations up to high frequencies
(Tan et al. report up to 1000Hz [20]), haptic control loops
rates are typically run at 1kHz or higher, which is two orders
of magnitude faster than the environmental perception loop

TABLE I: Algorithm 1
Calculating stiffness kdt from path length dt

Input: dt
Output: kdt

if (dt ≥ dtmax)
kdt = kmin;

else if (dt ≤ dtmin)
kdt = kmax;

else
kdt = kmin +

kmin−kmax
dtmax−dtmin

·(dt−dtmax);

TABLE II: Algorithm 2
Algorihtm 2: Gaussian convolution mask, applied to vector q

Input: q, j,σ
Output: qc

qc =
1

σ
√

2π
q

for m = 1 to j
q+← [q(n−m+1 · · ·n);q(1 · · ·n−m)];
q−← [q(m+1 · · ·n);q(0 · · ·m)];
g← 1

σ
√

2π
exp
(
− m2

2σ2

)
;

qc← qc +g ·(q++q−);
end for

qc← max(q)
max(qc)

qc;

that runs here at 10Hz. To accommodate for the difference
in loop rate, the slower signals are upsampled by linearly
extrapolating the last two measurement values until a 1kHz
rate. This approach introduces thus a delay of 100ms which
is acceptable for such relatively slowly varying property.

IV. DIFFERENT USER MODES WITH HAPTIC GUIDANCE

Based on the scheme developed in section III, two differ-
ent operation modes are derived next. The proposed schemes
can be seen as haptic equivalents of the more traditional
collision avoidance and obstacle avoidance schemes.

A. Collision avoidance

In collision avoidance mode, the navigation assistance
limits itself to slowing down the wheelchair and coming to
a full stop in front of an obstruction. This assistance mode
does not try to change the wheelchair’s path, so only the
radial component of the impedance Zd is used. The joystick
behaves then as a spring-damper connected to the origin
of the joystick coordinate frame Σ j. The stiffness k(φ) is
function of the joystick angle φ , but independent of ρ . The
exerted force varies linearly with magnitude ρ as in

Fρ =

{
−Fρ,0− k(φ) ·ρ−bρ · ρ̇ for ρ ≥ ρnz
−bρ · ρ̇ for ρ < ρnz

(8)

and is always directed towards the center of the joystick.
bρ is the radial component of damping b in (7). For stability
reasons a neutral zone with radius ρnz is programmed around
the midpoint in (8). Offset Fρ,0 is such that Fρ |(ρ=ρnz) is
zero, when ρ̇ = 0. Fig.7a illustrates an exemplary force field
when an obstacle is detected on the righthand side of the
wheelchair and k is calculated as kdt of Table I.

B. Obstacle avoidance

Obstacle avoidance schemes bend the wheelchair motion
towards an alternative path, helping it to pass an obstacle
rather than simply slowing it down. This behaviour is realised
by employing both radial and tangential components of Zd .
The former corresponds to (8), the latter can be approx-
imately calculated with central finite differences from the
surrounding stiffness values as in

Fφm =

{
−Fφm,0−

km+1−km−1
φm+1−φm−1

·ρ−bφ · φ̇ for ρ ≥ ρnz

−bφ · φ̇ for ρ < ρnz
(9)

for bφ the tangential component of damping b in (7) and
a joystick angle φm ∈ [(m− 1/2)∆φ ,(m+ 1/2)∆φ) for m=
0, . . . ,N−1, with ∆φ defined in (5). Note that to avoid overly
complex notations, the special cases m = 0,N are ignored in
(9). The offset Fφ ,m0

is a constant such that Fφm |(ρ=ρnz) is
zero, when φ̇ = 0. Fig. 7b illustrates the gradients of the
force field of Fig.7a.

V. PRACTICAL SETUP

To validate the proposed algorithms a test setup was
built around the commercial powered wheelchair depicted
in Fig.8. A metal frame was added to the wheelchair to
mount additional hardware. Two Hokuyo URG-04LX laser



(a) Exemplary force field Fρ generated in collision avoid-
ance mode when an obstacle is detected on the righthand
side of the wheelchair. The vertical axis shows the force
amplitude, with upperbound Fmax implemented for safety
reasons. The force is always directed towards the midpoint
(0,0) of Σ j .

(b) The gradients of the force field Fρ indicating the
direction and the magnitude of forces generated in
obstacle avoidance mode when an obstacle is located
at righthand side of the wheelchair.

Fig. 7: Force patterns generated under collision and obstacle
avoidance modes

sensors with each a field of view of 270◦ were placed at
diagonal corners of this frame. In this way a full 360◦ 2-
dimensional scan of the surroundings of the wheelchair is
captured at once. The coverage of each Hokuyo is marked
in colour on Fig.8. A host computer mounted at the back
of the seating reads out the laser scanners and builds up
2D maps of the environment. The host computer (Windows
OS) communicates over UDP with a NI CompactRIO 9074
central processing unit (cRIO). Labview RT, a real-time OS
based upon VxWorks, is installed on this embedded PC. The
haptic control loop runs here at a rate of 1kHz.

A recent in-house designed 2-d.o.f. haptic joystick is
mounted in line with the armrest of the wheelchair. This
is a compact and powerfull joystick showing high contin-
uous output force at the handle (up to 40N, thanks to 2
Maxon RE30 motors, a cable-based reduction mechanism
with 1 : 10 reduction ratio and Maxon ADS E 50/5 PWM
current-controlled motor drives). Also, high resolution posi-
tion measurement (Scancon 2RMHF5000, 20.000 p.p.r. after
quadrature encoding) and interaction forces measurements
(HBM, 1-LY11-1.5/120 strain gauges glued on the joystick

Fig. 8: Commercial powered wheelchair interfaced and up-
graded for providing haptic navigation assistance.

Fig. 9: Users follow a trail enclosed by cardboard boxes

handle) are available. To test the algorithms a corridor was
built by placing a number of cardboard boxes. Fig.9 shows
the map that was constructed of this artificial environment.

VI. EXPERIMENTS

Some initial experiments were conducted to validate the
proposed haptic guidance algorithms by driving with the
wheelchair along the trajectory of Fig.9.

In these experiments a user was asked to follow the trail
illustrated in Fig.9. The experiment was done once with a
constant stiffness profile, making the joystick feel like a
traditional joystick; once using the collision-avoidance user
mode and once using the obstacle-avoidance user mode. A
local map of the environment was constructed and collision-
free paths calculated. Fig.(10a-10h) depict the calculated
collision-free paths and associated force fields in selected
points along the path. It can be observed that the user is
effectively guided haptically alongside the path. Note that at
places where the corridor is sufficiently broad, no resistance
is present against performing a U-turn. These preliminary
tests show the potential of the proposed schemes to help
establish a good balance between user guidance and leaving
the user the freedom to steer the chair in the desired direction.

VII. CONCLUSIONS AND FUTURE WORKS

This paper presented a new set of haptic guidance algo-
rithms for wheelchair navigation assistance that haptically



(a) Collision-free paths at pb. (b) Associated force fields in pb.

(c) Collision-free paths at pe. (d) Associated force fields in pe.

(e) Collision-free paths at p f . (f) Associated force fields in p f .

(g) Collision-free paths at pi . (h) Associated force fields in pi.

Fig. 10: Navigation assistance at selected points along the
path of Fig.9.

feed back environmental information, encoded under the
form of circular collision-free paths, to its user. The novel
algorithms take into account the non-holonomic nature of
the wheelchair as well as precise geometric knowledge of
the wheelchair’s dimensions (in 2D). This property allows
improved navigational assistance through narrow passages
compared to schemes that do not consider this information.
Extensions that incorporate wheelchair dynamic behaviour
and user intention can improve navigation accuracy further,
potentially reducing user fatigue. Further research will be
directed towards finetuning the control scheme’s parameters
and integrating intention recognition algorithms.
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