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Highlights

Autonomous detection and ascent of a step for an electric wheelchair

Andrea Botta, Roberto Bellincioni, Giuseppe Quaglia

o This paper addresses the problem of architectural barriers
and wheelchairs

o This study proposes a method to classify a step
o This study proposes an autonomous step climbing wheelchair

e The proposed solutions were tested on an actual proto-
type



Autonomous detection and ascent of a step for an electric wheelchair

Andrea Botta®*, Roberto Bellincioni?, Giuseppe Quaglia®
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Abstract

With the number of individuals using a wheelchair on the rise, the issue of removing architectural barriers, or at least overcoming
them, has to be faced to improve independence, inclusiveness, and participation of wheelchair users. Some electric wheelchairs can
climb and descend stairs and obstacles, however, the actual operations required to do so safely may be complex and may require
an experienced or trained user. To overcome this issue, a method to first detect and classify a step and then autonomously climb it
safely is proposed here. The same method is then applied and tested on an actual stair-climbing wheelchair prototype to prove its

reliability in different conditions.
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1. Introduction

The topic of eliminating architectural barriers, or at least
overcoming them, is attracting increasing attention due to the
rising trend of wheelchair users and their need for accessible
and inclusive spaces. Worldwide, it is estimated that about 1%
of the population of developed countries uses a wheelchair. In
less developed countries, the percentage of people who need a
wheelchair is greater than 1%, but only between 5% and 15%
of these have one available [1]. It is mandatory that at least all
public spaces have adequate accessibility, necessary not only
for disabled people but for the entire community in order to
avoid limited participation and isolation [2, 3]. In Italy, during
the 2017/18 academic year, only 32% of the schools were free
from architectural barriers. The most common barrier is the
lack of an elevator or the presence of an elevator unsuitable for
the transport of people with disabilities (63%); less frequent
are schools without standard bathrooms (30%), external ramps
(23%) or stairlifts (21%). In addition, there are rare cases where
some stairs or doors (respectively, 7% and 4%) are not up to the
standard [4].

The accessibility issue is not only limited to people with dis-
abilities: the shift toward an increased number of older people
in the population is a global phenomenon due to a decline in fer-
tility rates, reduction of mortality rates, and increased longevity.
In 2010, 10% of the global population was 60 years of age or
older, but by 2050, more than 20% of the population is expected
to be at least 60 years of age [5]. Farber et al. [6] discuss factors
that may prevent access, inclusiveness, and participation of the
elderly, similar to the ones people with disabilities may face.

Within this global scenario described above, this work also
wants to contribute to the third sustainable development goal
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(SDG3 - Ensure healthy lives and promote well-being for all of
all ages) proposed by the United Nations [7].

About 90% of all wheelchairs are manually driven [4], how-
ever, some researchers suggest that wider use of power wheelchairs
could provide enhanced mobility, independence, and participa-
tion in community-based activities [8, 9]. Even if architectural
barriers are a common issue for any kind of wheelchair user,
electric wheelchair users are the ones who suffer the greatest
effects. Manual wheelchair users generally tend to be more ac-
tive, stronger, and more independent in their daily activities, in
part because their wheelchairs are lightweight; on the contrary,
electric powered wheelchairs are bulky and heavy, with the re-
sult that they may limit mobility even more. Also, the user visi-
bility of the surroundings may be significantly reduced, leading
to the possibility to tip over from unseen descending steps or
similar obstacles or even to bump into something. For this rea-
son, most of the state of the art regarding wheelchair overcom-
ing obstacles is mainly focused on electric wheelchairs. Sun-
daram et al. [10] give a broad overview of different approaches
to overcome architectural barriers, mostly stairs, in the scien-
tific literature and available commercial solutions. Generally
speaking, the most widely adopted solutions propose electric
wheelchairs with tracks [11], wheels and tracks [12], or a com-
bination of tracks, wheels, and legs [13, 14]. In the past, the
authors developed an electric wheelchair for climbing stairs,
called Wheelchair.q05, with an innovative hybrid locomotion
unit [15-18]. In addition to its ability to climb stairs, its unique
locomotion units allow the wheelchair to overcome single steps
always facing the direction of motion. This prototype was later
used to test the autonomous features proposed in this paper.

Whatever the locomotion unit of the wheelchair, it can be
stated that these types of wheelchair are complex machines that
can be fully operated by an experienced user or employing a
suitable electronic controller. Given the authors experience man-
ually operating the wheelchair proposed here, the user has to
control several actuators at the same time and with some ac-
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curacy to avoid dangerous manoeuvres. Also, for a user sit-
ting in the wheelchair is not easy to keep monitoring the posi-
tion of each moving part since the wheelchair itself obstructs
his/her view, hence he/she has to control some actuators fol-
lowing his/her experience. On the other hand, an autonomous
machine can easily control several degrees of freedom at the
same time and can also monitor the state of the whole ma-
chine and its surroundings to perform such control precisely
and safely. Naturally, the first step of a controller is to iden-
tify a potential obstacle before facing it properly. The literature
collects several methods to achieve this task, but it is possible
to identify two main approaches: vision-based estimation and
range-based estimation. In the first case, a stereo-camera sys-
tem is used to estimate the obstacle (i.e., a staircase or a step)
by means of the detection of its distinctive features in the im-
age [19-22]. Range-based techniques, instead, use a sensor, or
an array of sensors, namely, sonars, radars and LIDARs (Light
Detection And Ranging or Laser Imaging Detection and Rang-
ing), to collect a set of measures of angles and distances that
are then processed in order to estimate the geometric features
of an architectural barrier [23-28]. Recently, hybrid solutions
that employ RGB-D cameras to use image processing methods
together with depth measures seem to be promising [29-31].

Most of the range-based techniques focus on the use of 3D
scanning sensors, hence a lot of data point has to be collected to
classify the obstacle correctly. Planar rangefinders instead en-
able to reduce considerably the size of the point cloud and still
be able to properly classify the architectural barrier, by leverag-
ing on the fact that single steps and stairs have a very distinctive
profile. Alternatively, by collecting the same amount of data as
in a 3D setup, it is possible to achieve planar estimation with
excellent resolution. Hence, this study proposes a simple, yet
effective, and successful range-based estimation of architectural
barriers composed of two 360° LIDAR scanners and an effec-
tive autonomous climbing state machine based on obstacle clas-
sification outputs. A very similar approach was proposed and
tested by Chocoteco et al. in [32, 33]. Compared to measuring
systems based on a relatively high number of simpler range-
based sensors, such as ultrasonic sensors [34] or photoelectric
sensors [35], this solution enables one to achieve obstacle clas-
sification with a simpler sensor architecture with significantly
fewer sensors that have to be managed without the complex-
ity of recognising an obstacle from a 3D point cloud or from
a 2D image. In particular, this paper focuses on the classifica-
tion of a single step and its subsequent overcome, performed
autonomously by the wheelchair. In the following section, the
method to classify a step using two LIDARSs is described, then
a state machine for the autonomous tasks is proposed. The pro-
posed method is then applied and tested on Wheelchair.q05, for
this reason, the prototype wheelchair and its working principle
are described briefly.

2. Methods

In this section, the general method of estimating significant
features of an obstacle to classify it as a step or not is pre-
sented. After that, a proposal for an autonomous control system

based on this method is made. A schematic description of how
Wheelchair.q05 works and how it can climb or descend stairs
and steps is also provided.

2.1. Single step classification

An obstacle climbing wheelchair requires to detect and mea-
sure correctly a single step in front of it in order to face it
safely. Figure 1 depicts the working principle behind the pro-
posed method. Two 360° LIDAR are fixed to the wheelchair
structure, one per side, with their scanning planes parallel to
the sagittal plane of the wheelchair. The user manually stops the
wheelchair in front of the step and selects on the control panel
the execution of the automatic step climbing sequence. The two
lidar sensors begin to scan the surrounding environment, return-
ing a cloud of points in polar coordinates from which, through
some post-processing, the dimensions of the step and the rela-
tive yaw angle between the wheelchair and the step are detected.
Thanks to these measurements, the wheelchair can automati-
cally manage the approach and the overcoming phase, moving
the locomotion system and the subframe of the wheelchair by
the quantities necessary to overcome the step of the detected
size.

Figure 2a shows how the features of the step are estimated
from a LIDAR point cloud. The LIDAR sensor scans the sur-
rounding environment to collect a reasonable number of sam-
ples of polar coordinates, namely, the distance 7;_ and the an-
gle 0, _, in the LIDAR reference frame {L.}. Where the symbol
~ stands for L and R, the left and right side, respectively. In-
tuitively, the potential step may be located only in a sector of
the scan plane, hence only the data with angular coordinates
0. €[0, /2] are considered. Furthermore, all remaining points
with unfeasible coordinates are discarded, namely points below
the ground or much higher than the step. The point cloud is
then filtered using an algorithm based on the moving average.

After the data conditioning, it is possible to begin the step
classification in order to obtain 5 parameters: the distance d
between the step and the wheelchair reference frame {P}, the
height of the step A, the distance after the step e, the relative
yaw angle y;, and a Boolean value representing if it is feasible
to climb the step or not, according to the physical characteris-
tics of the wheelchair. The dimension d is obtained by scrolling
all the points of the profile starting from the point below the
LIDAR (6, = m/2) and verifying when one of them presents
a value of the ordinate y;_ that is outside a confidence region
centred on the ground with a width of 2g4, a value that mainly
depends on the LIDAR accuracy, i.e. when y;, < Hp_ — gy, it
is possible to state that there is a vertical surface. The ordinate
yL. of the point, called MarklI, is the distance d. In order to esti-
mate the step height A, a similar approach is used. Starting from
Markl, the first point, called Mark2, outside a new confidence
region centred around xz_ y441 With a width of 2g;, can be con-
sidered part of a horizontal surface following the step. The step
heightis then givenby h = H;_—yr_ marko. Similarly to the dis-
tance d, the estimate of how much space there is after the step,
the value e, is given by the difference e = x1_ ma3 — X0, Mark1»
where Mark3 is the last point or a point where starts another
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Figure 1: Single step classification working principle

vertical surface, like for Markl. The relative yaw angle y, (Fig-
ure 2b) is computed from the estimates d; and dy as follows
 dr —dg

i

yL = tan” M
where i is the distance along y;p; between the two LIDAR ref-
erence frames.

By knowing all these estimates, it is possible to check if the
wheelchair is able or not to climb the step.

2.2. Single step climbing control

The classifying method described before becomes the core
element of the state machine governing the autonomous sur-
passing of a step. Figure 3 depicts a schematic representation
of the proposed state machine. When the user faces an archi-
tectural barrier like a sidewalk or a single step, he/she can acti-
vate the autonomous sequence to climb. First, several LIDAR
scans are collected and processed as described above. The re-
sults of the single step classification (i.e., d, h, e, y; and a
Boolean feasibility value) are then used to distinguish between
three possible outcomes. If the controller determines that the
wheelchair cannot surpass the obstacle, for whatever reason, it
goes back to the idle state, waiting for the user to take control
back. Conversely, if a feasible step is detected, two different
behaviours are activated depending on the value of d. If d is
large (the actual threshold depends on the LIDAR accuracy),
the wheelchair automatically moves closer to the step and com-
pensates for the relative rotation y;, and then returns to the step
classification procedure in order to improve its estimate. If in-
stead, the wheelchair is sufficiently close to the step, both after
the first scan or after the second one, the complete autonomous
sequence to climb the step is activated.

Figure 2: Single step features estimation. (a) Side view. (b) Top view with
relative rotation between the wheelchair and the step.

The actual autonomous sequence is strictly related to the
wheelchair features, but generally speaking, both the LIDAR
estimated parameters and potentially other information from
other sensors are used to generate the required reference for the
closed loop control system of the actuators. In the following, an
example of an autonomous sequence, based on the wheelchair
used for the tests, is briefly described.

2.3. Wheelchair.q05 working principle

The methodology discussed previously is general and could
work for any stair-climbing wheelchair. The proposed method-
ology was tested using a prototype of a stair-climbing electric
wheelchair, named Wheelchair.q05, developed at Politecnico di
Torino.

As detailed in Figure 4, Wheelchair.q05 is composed of 5
main subsystems. All elements are fixed to the main chassis
PCD; Opc is the absolute inclination of the chassis with re-
spect to the world reference frame. A revolute joint in C en-
ables a relative rotation 8 between the fixed chassis and the mo-
bile one (CRE) with the main function of tilting the wheelchair
seat, mounted on the mobile chassis, by an angle ®¢x about
the world reference frame. The link ES rotates of an angle gg
around the revolute joint in E to deploy an idle track that is free
to rotate around S. The track provides an adequate number of
contact points with at least three steps of a stair to guarantee
wheelchair stability. When in driving mode or facing a single
step, the track is not required, therefore, it is in its retracted po-
sition. A set of two pivot wheels is mounted at the end of the



link DU. This link rotates by an angle 8py about the revolute
joint in D in order to improve user comfort in various situations,
but also to shift back and forth the wheelchair centre of mass
location in a controlled manner to maintain always static sta-
bility. The locomotion unit is composed of a triangular shaped
epicyclical gearing mechanism that can rotate of an angle 9p
about P.

Figure 5 depicts with more detail how the hybrid leg-wheel
locomotion unit works. The arms of the tripod constitute the
planet carrier of an epicyclical mechanism in which the central
solar gear transmits the motion to the wheels coupled with the
2" planet gears by means of three idle planet gears (a). Hence,
each locomotion unit has two degrees of freedom (d.o.f.): the
rotation of the wheels relative to the carrier wypee;, and the rev-
olution 8p (8p = Qcurrier) of the carrier with respect to the fixed
chassis PCD. To ensure safety and complete control of the ma-
chine, both d.o.f.s are actuated. In particular, two DC gear mo-
tors, one per side, drive the solar gears, while a single DC motor
actuates both carriers synchronously. By combining the motors
rotations, the wheelchair can both drive and overcome archi-
tectural barriers (b). In particular, the figure represents the two
most useful cases: in the first and last parts, the carrier rotation
is locked, and the unit is in “driving mode”’; while climbing or
descending a step, instead, the sun gear spins to compensate the
wheels rotation induced by the carrier revolution, this results in
a revolution of the carrier with locked wheels.

2.4. Wheelchair.q05 autonomous climbing sequence

As mentioned before, the actual autonomous climbing se-
quence strictly depends on the wheelchair itself. In particular,
for Wheelchair.q05, the step climbing sequence consists of the
following phases:

e AQ: The wheelchair uses the estimated distance d and
the relative orientation y to begin the approach to the
step based on the inverse kinematics of a differential drive
robot. At the same time, the tripods (the carriers of the

epicyclical mechanism) rotate to lift the most upfront wheels

above the step of height 7. The wheelchair slows down
as travels closer to the step, but it keeps gently driving
toward the step until both the wheels on the ground touch
it and a torque spike is measured employing current sen-
sors. The latter is an additional safety measure to com-
pensate small estimation errors, both for d and for y;.

e Al: The locomotion motors spins to keep the wheels
locked in place while the tripods rotate to let the lifted
front wheels touch the step top surface. During this phase,
the rear pivoting wheel deployment mechanism maintains
the required wheelchair inclination.

e A2: The tripods rotations lift the wheels on the ground
at the same height as the front ones. The actuation of the
pivoting wheels keeps the wheelchair level.

e A3: The wheelchair advances until the rear wheels of the
tripods have a sufficiently large clearance from the edge
of the step.

e A4: The pivoting wheels and the tripods move at the
same time to tilt the wheelchair forward to shift its whole
weight to the tripod wheels in contact with the ground.

e AS: The wheelchair is statically balanced on the tripods
wheels; hence the pivoting wheels are lifted just a little
above the height A.

e A6: The wheelchair advances until a safety margin is ob-
tained between the pivoting wheels and the edge of the
step.

e A7: The tripods and the pivoting wheels are positioned in
the default configuration for navigation. The autonomous
sequence is completed.

The entire sequence takes place without user intervention.
The actuators are governed by closed-loop position control sys-
tems that use the transducers on the wheelchair to generate
feedback signals to be compared with the signals sent. The
transition from one phase of the sequence to the next occurs
when the kinematic elements of the wheelchair have reached
the correct positions and the conditions for the transition to the
next action have been met.

3. Results

This section briefly summarises the experimental setup used
to test the autonomous climbing sequence, and then some in-
sights about the experimental results are given.

3.1. Experimental setup

The following setup was used to perform the tests (Fig-
ure 6). A wooden platform of fixed plant dimensions (1500 x
1500 mm) and adjustable height (it can be set to 68mm or
90 mm) was placed in front of Wheelchair.q05 to act as the
architectural barrier. Wheelchair.q05 has dimensions compara-
ble to a typical electric wheelchair (about 0.7 x 1.2 x 1.3 m with
a mass of 80 kg). A Speedgoat education real-time target ma-
chine (Speedgoat GmbH, Liebefeld, Switzerland) is employed
as the main controller of the wheelchair, hence the whole state
machine governing Wheelchair.q5 was designed with Simulink
(The Mathworks Inc., Natick, MA). The real-time machine is
equipped with a proprietary input/output board (I0102) with
32 single-ended (or 16 differential) analog inputs with a resolu-
tion of 16 bit over the +10 V range, 16 digital (TTL) inputs, and
4 single-ended analog outputs with a resolution of 16 bit over
the £10 V range. The data filtering of the acquired signals is
done via software by employing the moving average algorithm.
The sampling frequency and the controller frequency are both
1 kHz. The LIDAR sensor (RPLIDAR AIMI1-R1, Shanghai
Slamtec Co. Ltd., China) is mounted on the chassis CDP using
a 3D printed support. The support fixes the sensor reference
frame L. in a known position with respect to P in order to be
able to apply a geometric transformation to the measurement
in a more suitable reference frame. When Wheelchair.q05 is in
its default configuration on flat ground, the xz plane defined by
L. is parallel to the ground, the plane yz contains the point P,
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Figure 4: Wheelchair.q05 functional scheme of its main components. In red the fixed chassis PCD, in blue the mobile chassis CRE, in green the locomotion unit,
in cyan the pivot wheels and in magenta the idle track
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(b)

Figure 5: (a) Wheelchair.q05 locomotion unit functional scheme. (b) Locomo-
tion unit sequence while facing a single step.

the plane xy is 46 mm beyond the wheels external face, the axis
Xy points forward and %, points inward, and the LIDAR
centre is placed about 800 mm above ground.

\

|| Height Adjustable
{| Platform :

RPLIDAR Al

Figure 6: Experimental setup

All preliminary tests were done without a user in the wheelchair

for safety reasons. Hence, Wheelchair.q05 is remotely con-
trolled both to set the initial position, to start the autonomous
mode, and to switch from the automatic sequence to manual
drive whenever the user wants to regain control. Future tests
are going to use a dummy to comply more appropriately with
the wheelchair testing standards defined in ISO 7176.

3.2. Experimental results

3.2.1. Step classification
Table 1 provides an overview of some of the experimental
classification tests. The wheelchair was positioned in front of a

wooden platform, representing a step, of known dimensions and
distance from the wheelchair. The distance from the LIDAR to
the step edge is often slightly overestimated, for this reason, the
automatic sequence uses an auxiliary method to check the dis-
tance from the step edge, namely locomotion motors currents
monitor to sense contact. In particular, the wheelchair keeps
advancing very gently until it bumps against the curb, when a
bump is detected by measuring a current spike in a traction mo-
tor, that side stops while the other keeps going until it makes
contact with the step. The latter is a yaw rotation in place of the
whole wheelchair about the contact point of the first wheel that
has bumped. A more elegant and contactless solution could
be re-orienting the ultrasonic range finder to point forward to
make an analogous safety check. The step height is generally
the best estimate with a very limited error. On the other hand,
the estimation of how much space is available beyond the step
edge presents a quite evident overshoot. This is the main rea-
son why there are two LIDAR scans if the automatic sequence
is enabled beyond a threshold distance: the first scan is used to
control an initial approach to the step to then do a second scan
that estimates the step dimensions.

Figure 7 shows the step classification process in more de-
tail in an example of the step classification done with a sin-
gle LIDAR mounted on the left side of Wheelchair.q05. The
top figure shows a sector of the raw LIDAR scan and the post-
processed scan. Raw scans are quite noisy; however, the post-
processing is reliable enough to obtain a clear step profile in a
wide range of test scenarios. From the post-processed data, the
step classification is performed, as described before, by means
of 3 key points (Markl, Mark2, and Mark3). The bottom figure
highlights these points and shows the estimation results. The
distance d is estimated with an error of —0.64%, the height
h with an error of 0.27%, and the distance e with an error of
22.33%. On average, instead, the distance d is estimated with
an error of 3.37%, the height h with an error of 0.89%, and the
distance e with an error of 19.64%
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Figure 7: Experimental Step Classification. Top figure shows raw and post-
processed LIDAR data in {L; }. Bottom figure shows the classification results



Table 1: Step classification experimental tests

dtrue dmeus Error htrue hmeas Error Ctrue €meas Error
test number ;0] [mm] dwstue  [mm] [mm] “esbe [mm]  [mm] et
I 500 500 0% 68 69 1.5% 1500 1816  21%
2 690 714 3.4% 68 67  -15% 1500 1800  20%
3 600 658  9.6% 68 63  73% 1500 1810  20.6%
4 600 568  -53% 68 72 59% 1500 1695  13%
5 600 681  135% 90 98 88% 1500 1784  18.9%
6 681 712 45% 90 92 22% 1500 1802  20%
7 500 510 1.9% 90 88  22% 1500 1820 21.3%
8 940 934  -0.64% 90 89  -027% 1500 1835  22.3%

3.2.2. Autonomous sequence

Figure 8 depicts the evolution of the reference signals gen-
erated by the autonomous control based on the classification
results and how the actuators are controlled to reach these ref-
erences by means of PID (Proportional Integral and Deriva-
tive) controllers tuned to obtain a safe and reliable climbing se-
quence. In particular, the figure shows the three main motions
required to climb, namely, the two d.o.f.s of the locomotion
units and the deployment mechanism of the pivot wheels.
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Figure 8: Reference (SET) and feedback (FB) signals of the rotation 65 of
the sun gears, angle fpy of the pivot wheels deployment mechanism, and the
rotation 8p of the carriers during the complete autonomous sequence

The sequence starts with a LIDAR scan while Wheelchair.q05
is stationary. Then, since the wheelchair is not close enough to
the step, the solar gears are actuated to advance (the required
rotation is minimal) to repeat the second scan used to classify
the step. From this point on, the wheelchair follows the se-
quence of actions from AO to A7 previously presented, where
every change in any reference signal represents a transition to
the next phase. The solar gears and the carrier cooperate for
almost the whole sequence except when a simple advancement

is commanded (e.g., during the initial approach, A3, and A6)
and therefore just the solar gears must be actuated.

Various completion times were achieved because these tests
were also used to optimise the motors controllers parameters to
balance the requirement of speed, effectiveness and safety. Ini-
tially, the completion time was less than 2 minutes for a com-
plete test with a first laser scan at distance, then an approach to
the step to improve the classification with a second scan, and
then the complete autonomous sequence. After all tests, the
same sequence lasted about 55 s.

As already said, the controllers have been initially designed
with safety and reliability as the first concerns. For this reason,
the actuators are far from being close to actual capabilities, and
this can be seen in the longer phases, A0 and A4. AO is clearly
divided in two moments: in the first one, the carriers rotate
while the wheelchair advances very slowly; then in the second
moment, when the carrier rotation is complete, Wheelchair.q05
keeps advancing more quickly since the rotation of the solar
gear is no more influenced by the carriers. This phase could be
sped up by designing more aggressive solar gears controllers to
shorten the initial and slower part. A4, instead, is a slow phase
for a reason more related to safety and stability. During this
phase, the centre of mass of the wheelchair is shifted forward
in order to lift the pivot wheels from the ground and to balance
the wheelchair only on the locomotion units wheels (two per
side). Therefore, to avoid approaching this critical condition
too fast, the automatic phase execution is slowed down.

4. Discussion

This section provides a brief summary of the benefits of the
proposed idea, its limitations and issues, and possible solutions
to address them. For better clarity, this discussion section mir-
rors the structure of the previous one.

4.1. Step classification

The results presented previously clearly show that the accu-
racy of the geometric features of the steps is particularly af-
fected by noise over larger distances. The problem was ex-
pected but to a lesser extent. More in general, the raw sen-
sor data appears to be much noisier when acquired with Speed-
goat compared to the initial tests done with the LIDAR directly



connected to a PC. The authors’ hypothesis is that the addi-
tional longer wiring and the conversion between serial proto-
cols (UART to RS232) required by Speedgoat contribute to the
noise. The issue could be mitigated by employing a LIDAR
with better performance over long-range distances or by im-
proving the signal-to-noise ratio of the current solution by im-
proving the available hardware.

On the other hand, the most critical features of a step, namely
the distance d from it and the step height A, are always estimated
with significant precision. The slight deviation is easily com-
pensated by the auxiliary checks done by the controller to verify
if there is a contact or not between the wheels and the step. If
desired, the LIDAR could be fixed higher on the chassis to ob-
tain a better perspective to estimate the distance e, however, by
doing so, the perspective could be not suited for estimating the
step height & with the same quality.

Despite the problems, the step classification system proves
to be robust during the entire experimental campaign. However,
more research needs to be done on environmental factors that
could affect sensor measures. In particular, this system has to be
tested with steps made of different materials and with different
lighting and weather conditions to evaluate how reflection, vis-
ibility, and light affect the measure. This open point is crucial
to guarantee the same robustness achieved in a controlled labo-
ratory environment, also in environmental conditions closer to
real scenarios.

Beside being developed completely independently, the pro-
posed method is very similar to the one suggested in [32]. Both
methods follow a natural and intuitive procedure of aggregating
the profile of obstacles measured by laser scanners into horizon-
tal and vertical segments in order to extrapolate their geometric
characteristics. In particular, both approaches use some thresh-
old values (e.g. thresholds €4, &, and &,) to define whether a
point is within a group or not. The solution proposed here does
not explicitly define the groupings, but it uses the significant
points Markl, Mark2, and Mark3. Then from each group, a ge-
ometric feature is extrapolated: in [1] the median of the relevant
quantities is computed, while in this approach, the relevant val-
ues of Markl, Mark2, and Mark3 are considered since the data
had already been filtered thoroughly.

While the concept behind the two methods is similar with
some implementation differences, the method suggested here
has some other minor differences. First of all, in [32] the laser
sensors can scan a limited sector of the corresponding planes,
thus the wheelchair must be in a predefined configuration to
properly scan the obstacle. By employing a 2D laser scan-
ner mounted in a known position instead, it is always possi-
ble to scan a relevant sector of the measuring plane in any
wheelchair configuration because the homogeneous transfor-
mation between the reference frames {L.} and {P} allows one
to properly interpret the data in any configuration. Further-
more, the approach proposed and tested in [32, 33] required
and implemented two laser sensors, one per side. By contrast,
the experimental evidence of the hereby presented method have
proved that a single LIDAR is enough to estimate and overcome
the obstacle if some auxiliary sensors are employed. Conse-
quently, the proposed setup proved to be robust to the failure of

the second LIDAR.

Contrary to Chocoteco et al. [32] results that could achieve
an estimation error of about 2-3 mm, the implemented experi-
mental setup was able to achieve similar results estimating A,
while d and e were estimated with significant larger errors (Ta-
ble 1). However, the results shown here proved to be con-
siderably affected by the distance from the step and by noise
compared to [32], where these kinds of issues were not re-
ported. This behaviour led to developing a robust system that
can compensate uncertainty and user misuse by employing the
autonomous approach phase to improve estimates from far away
and torque sensors to properly compensate for any y;.

4.2. Autonomous sequence

The autonomous sequence proves to work perfectly in every
test run safely and without any problem. Future work will focus
on improving this solid foundation.

The step reference signals employed to drive the autonomous
sequence could be improved with smooth and synchronised ref-
erence signals of relevant motions in order to optimise user
comfort during the ride. For example, during the step climb
or descent, the wheelchair follows a trajectory with an evident
discontinuity, therefore its actuators (in particular the one ori-
entating the seat) could work synchronously to this trajectory to
let the user centre of mass following a straight path, or at least
a path without discontinuities.

Additional sensors, in particular sensors useful to estimate
the wheelchair user mass and position, could be very useful
to complete this phase quicker but also safer. Also, auxiliary
contactless sensors to perform fine measurements and safety
checks, such as ultrasonic or infrared proximity sensors, could
be implemented to replace the contact-based sensors used here.

At the moment, this autonomous sequence relies on the user
activating it when the path in front of the wheelchair is clear.
However, if the user activates the sequence despite there being
an obstacle, the two LIDARs should detect something that they
cannot classify as a step, therefore the autonomous sequence
does not start. As a safety feature, it is sufficient that one of the
LIDARs detects an unfeasible step to go back to manual drive
mode. However, the same feature could interfere with proper
operation when a false negative occurs and a step is classified
as unfeasible by one or both LIDARs. Also, some issue could
occur if the obstacle is not in the scanned planes, in that case
only the user can intervene to avoid a collision. In this scenario,
it could be possible to implement some range-finder sensors
pointing forward to avoid collision with un-detected obstacles.

During the autonomous phases, the user has (almost) al-
ways the possibility to switch to manual control. He/she can do
it by pressing the e-stop button that halts all the motors, then re-
moving the e-stop switch to go back to the manual drive mode,
aborting the automatic sequence. As an alternative, the user can
directly switch to manual drive mode without drive mode. The
only instance in which the user cannot instantly switch to the
manual mode is during the phase when the pivoting wheels are
lifted and the wheelchair is balanced on the tripods wheels only.
Even if the wheelchair is stable, it is safer to let the machine



complete this phase than letting the user take control because
it is possible to manually force some motion that could imperil
the user.

5. Conclusions

This study has proposed a simple yet reliable method to
classify an ascending step (or a similar architectural barrier) in
order to let an electric stair-climbing wheelchair performs an
autonomous sequence to overcome it. The proposed method
was then tested on an actual prototype in a wide range of exper-
imental setups, and it proved to be a reliable solution.

Compared to other solutions, the step classification system
proves to be a trade-off between effectiveness, architecture com-
plexity, and ease of measured quantities interpretation. Yet,
it proves to be a solid and reliable solution with some flaws
about signal noise that can be solved by improving the proposed
setup.

The experimental validation has proved that by combining
simple obstacle classification methods and a robust autonomous
control on an electric wheelchair properly designed to be al-
ways statically stable during its operation, it is possible to effi-
ciently complete very complex tasks where safety is key. There-
fore, the step classification will be improved in order to classify
all possible architectural barriers that the wheelchair can face
(e.g., ascending and descending stairs and single steps) to com-
pletely automate these complex operations.
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Appendix A. Autonomous climbing sequence
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Figure A.9: Autonomous climbing sequence
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