POLITECNICO DI TORINO
Repository ISTITUZIONALE

Motion Tracking Hands-Free HMI of Electric Wheelchair

Original

Motion Tracking Hands-Free HMI of Electric Wheelchair / Baglieri, L., Matsuura, D., Kobayashi, T., Quaglia, G.. -
ELETTRONICO. - 179:(2025), pp. 181-189. (14SDG Workshop 2025 - IFToMM for Sustainable Development Goals Villa
San Giovanni (ITA) June 9-11, 2025) [10.1007/978-3-031-91151-4_20].

Availability:
This version is available at: 11583/3000507 since: 2026-01-15T09:25:38Z

Publisher:
Springer

Published
DOI:10.1007/978-3-031-91151-4 20

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
Springer postprint/Author's Accepted Manuscript

This version of the article has been accepted for publication, after peer review (when applicable) and is subject to
Springer Nature’'s AM terms of use, but is not the Version of Record and does not reflect post-acceptance improvements,
or any corrections. The Version of Record is available online at: http://dx.doi.org/10.1007/978-3-031-91151-4 20

(Article begins on next page)

13 June 2026



Motion Tracking Hands-free HMI of Electric Wheelchair

Lorenzo Baglieri', Daisuke Matsuura?, Tsune Kobayashi® and Giuseppe Quaglia®

1 Politecnico di Torino, Italy
lorenzo.baglieri@polito.it, giuseppe.quaglia@polito.it
2 Institute of Science Tokyo, Japan
matsuura.d.aa@m.titech.ac.jp
3 JTEKT Corporation and Institute of Science Tokyo, Japan
kobayashi.t.cs@m.titech.ac.jp

Abstract. The rise in mobility challenges due to aging populations has increased
the need for innovative wheelchair technologies. Many users struggle with tradi-
tional power wheelchairs, finding them unusable and experiencing difficulties in
steering. The solution, proposed by the author, is a novel side-by-side and hands-
free Human-Machine Interface (HMI) for an omnidirectional electric wheelchair.
It is designed to use a vision-based interface, with cameras capturing the head
and torso movements of both the rider and a caregiver. Their motion intentions
are interpreted and combined through shared control to produce velocity com-
mands, enabling intuitive and collaborative navigation. This paper focuses on the
hands-free HMI working principle. It analyzes how detects and processes the
movements of the rider. The inputs are translated into linear and angular veloci-
ties relative to the wheelchair base, allowing navigation without using hands.
Simulations validate the interface's ability to drive the wheelchair smoothly
around obstacles, aligning commands with user intentions. The system offers ad-
justable sensitivity to accommodate different movement thresholds to generate
velocities.

Keywords: SDG 3, motion tracking, Human Machine Interface, Wheelchair,
Disability, vision system

1 Introduction

The median age of the population is constantly increasing and this affects the growth
of people with walking diseases. In the European zone, the number of people with mo-
bility limitations is over 120 million people by 2020 [1]. According to studies up to
10% of people find it difficult or impossible to use a traditional power wheelchair, an-
other 10% have problems steering without help, and 40% struggle with steering [2].
Moreover, omnidirectional movements perform better in narrow indoor environments
[3, 4].

Nowadays the use of new Human-Machine Interfaces (HMI) enables the develop-
ment of intelligent wheelchairs. The various innovative ways of wheelchair control with
a free-hand interface use: EEG [5], eye gaze [6], tactile information [7], IMU and visual
information [8], and tongue [9]. Throughout the above and other research and
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development efforts, the actual challenge is the development of a wheelchair that fits
with human life standards like: free to move, inclusion, satisfying social life and hap-
piness. Furthermore, allowing temporary and life-long users to manage their mobility
is a goal of the highest interest, capable of restoring quality of life to these people. From
this point of view, the implementation of an HMI adapted to the user's disability and
capable of assisting the user in navigation is very important.

The authors propose an HMI system to estimate the intentions of both the users of
the wheelchair: the driver and the caregiver. The main idea is to develop a sort of shared
control of the wheelchair movements, combining the two agents' intentions and defin-
ing a set of different rules and various driving solutions in which one of the two agents
has priority and the other can make some adjustments. The HMI collects the movements
of the face and torso of the rider and caregiver through the vision system and generates
the velocity reference for the wheelchair. Thanks to this it is possible to drive the wheel-
chair with the rider's movements, the caregiver's movements, or with the combination
on a hands-free basis. This aim also is addressed in the UN Sustainable Development
Goals n. 3, Good Health and Well-Being. This paper mainly discusses the development
of a vision system, and some experimental validation to show its feasibility and capa-
bility for constructing HMI in the future.

1.1  Explanation of hands-free and side-by-side function

Fig. 1 shows the working principle of the hands-free side-by-side wheelchair. Thanks
to the cameras on the left and right armrests, the head and torso movements of the rider
and the caregiver are acquired by using specific algorithms of face and torso recognition
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Fig. 1 Working principle of the hands-free side-by-side wheelchair.




with respect to (w.r.t.) wheelchair base reference frame. The pose of the shoulder is
detected according to the position of some characteristic points of the shoulder called
landmarks. By monitoring the landmarks in the image frame of the cameras and using
some algebraic calculations, it can estimate the position and the rotations of the shoul-
der. The detected pose of the rider head is acquired thanks to an algorithm that has
already been validated in our precedent research [8]. The same logic will be applied to
detect the caregiver’s pose of the head and torso, and both the user and caregiver pose
represent the rider and caregiver’s intention of motion. These intentions are simultane-
ously sent to the intention estimator, which analyzes and interprets all the data to pro-
vide a unique intention output from the rider and caregiver.

There are several possible approaches to determining a single multidimensional
command signal by combining requests from two agents. This paper does not address
this aspect but focuses on techniques to produce a command from only one of the two
agents. The motion planner is in charge of producing the velocity command, it trans-
forms the intentions into two linear along the x and y axis and one angular around z for
the. Finally, the velocity references are transformed into motion commands for the trac-
tion motors and the steering motors. The peculiarity of this working principle is the
minimal use of physical contact to drive the wheelchair. The signals are mostly acquired
without the need for the use of the hand or any other specific contact between a human
and a wheelchair.

2 Hands-free HMI working principle

This paper will focus on how the rider’s intentions are used to produce a velocity com-
mand for an omnidirectional wheelchair, using the so-called hands-free Human Ma-
chine Interface (HMI). Fig. 2 shows the relationship between coordinate frames to es-
tablish the proposed HMI working principle. The main objects in this drawing are pre-
sented with the reference frame: space {s}, wheelchair base {b}, right camera {camR},
left camera {camL}, torso (or shoulder) of rider {rt}, head of rider {rh}. The two
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Fig. 2 Reference systems of the components of HMI between wheelchair and rider.



cameras collect head and torso movements through the acquisition of the frames and
process them with a torso and face recognition algorithm to obtain movement infor-
mation. The movements need to be transposed into the wheelchair base reference frame
to obtain the rider's movements in a coherent reference for the rider's point of view.

The idea behind this HMI interface is to allow hands-free movement of the wheel-
chair and to give velocity command to the wheelchair with torso and head movements.
Table 1 describes how the relationship between the movement of the torso and head
w.r.t. wheelchair base reference frame produces velocity command for the wheelchair
base.

Table 1. Description of the variables acquired for driving the wheelchair. Correlation
between the recorder variables and the wheelchair movements.

Variable  Type of body movement  Wheelchair velocity command result
recorded

Xrt Shoulder movements for-  Wheelchair forward linear velocity is re-
ward. lated to the shoulder front movements
(backward is not produced).
Yrt Shoulder movements Wheelchair lateral linear velocity is related
left/right. to the shoulder lateral movements.
Oz:h Head rotation clock- Wheelchair angular velocity is related to
wise/counterclockwise head rotations.

3 Establishment of the command generation for the rider

Fig. 3 illustrates the inputs from the rider, namely, the rotation of the head around
the z-axis of the wheelchair base reference frame, 6. , and the position of the torso,
(%ot , Yb,ri). By analyzing the image taken by the right- and left cameras, these inputs
are acquired in the camera reference frames {camR} and {camL}. Then, they are trans-
lated in the wheelchair base reference frame {b}. These three inputs are used to develop
a command generation routine for the wheelchair starting from the rider's movements.

The torso or shoulder movements acquired are cleaned from the little involuntary or
unrecognized movement applying a threshold of 4 cm in any direction. That means that
every movement bigger than 4 cm is registered as an input.

3.1 Command generation process from human motion inputs

To generate the linear velocity of the wheelchair, the shoulder input, (Xt , Ybrt), iS
transformed from cartesian to polar coordinates so that the parameters become its dis-
tance, dr, from the center of the reference system and the angle, ¢, of the direction
w.r.t the xp axis. The equations used to perform this calculation are below,



Fig. 3. Rider’s shoulders and head moving w.r.t. the wheelchair base reference
frame. The coordinates used for describing the rider motion are the HMI input.
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With this formulation, a maximum and a minimum threshold can be set. All the ve-

locities will have a constant behavior regardless of the direction. Once defined the

threshold for the minimum displacement t,,,;,,, the gain K and the saturation velocity
VUmax It 1S possible to write the equation for generating the linear velocity.

0 if |drt| < binin
v=4(dr — tmin) K ifdpy K <Vpgy and dyp >t @)
Umax if drt K> Umax

A similar approach is applied also to the head rotation input. According to human
physiology and our previous research about head rotation recognition [8], the upper
threshold for head rotation is not needed because the recognition algorithm result is
reliable and the human head cannot rotate more the 180° starting from one side and
ending in the opposite direction. Similarly, the threshold related to the minimum rota-
tion 6,,;, and the gain K, are choose for head rotation. Below is presented the equation
that transforms the head rotation in angular velocity of the wheelchair.



(ez,rh + emin) KB if gz,rh < _emin
w; = 0 if |92,rh| < gmin (3)
(ez,rh - gmin) KG if ez,rh > gmin

3.2  Transformation of the command velocities into the cartesian frame

In the above, command velocities, v and @,, have been acquired in the polar coordinate.
Then, they should be transformed into the reference velocities in the cartesian frame:
two linear velocities v, and v, and the angular velocity w,. This can simply be done
by using the direction @, as

vy = v Cos (Pry), vy = vsin (Pp). (@)

The v, is always positive because, according to the authors’ feelings, it is dangerous to
give a backward velocity without having the possibility to check where the system is
going. A more dangerous situation could happen if the rider turns his head to check the
backward direction, the wheelchair will unexpectedly rotate around the z-axis for the
rider. It should be implemented an additional safety routine to enable backward move-
ment.

According to preliminary experimental evaluation to test the driving comfortabil-
ity, e, needs to be less sensitive when the wheelchair has a higher linear velocity. This
kind of reduction in sensitivity is managed by making a threshold of minimum rota-
tion, 8,,;,,, dependence on the velocity as follows.

Omin = Qmin,o 1+ ke v), (%)

where 8,,,;,, o is the minimum threshold when the velocity amplitude, v, is zero, k. is
the gain that modifies how fast the sensitivity will decrease according to the speed in-
crease. Table 2 summarizes all the variables used, which values were used during the
simulation and the meaning of that variable.

Table 2. List of all the variables and constants used during the simulation with their re-
spective value and description

Variable  Value Description
dyt Obtained from  Distance of the rider reference frame from the wheel-
measured data  chair reference frame in polar coordinates.
D, Obtained from  Direction of the rider reference frame from the
measured data  wheelchair reference frame in polar coordinates.
Vmax 1m/s Saturation for linear velocity.
tmin 4cm Threshold of minimum displacement in any direction
of the shoulder to obtain a linear velocity output.
K 0.1 ™/ om Gain that transforms displacement (cm) in linear ve-
locity (m/s).
Omin Obtained from  Minimum angular rotation of the head to obtain an

measured data  angular velocity of the wheelchair.




Omino 0.174 rad Minimum head rotation threshold when the linear ve-
(10°) locity is zero.
k¢ 1s/m Gain to increase or reduce the linear velocity effect
on the threshold.
Ky 111/s Gain that transforms the head rotation in wheelchair

angular speed.

4 Driving simulation result of an electric wheelchair with the
proposed hands-free HMI

Several user tryouts have been conducted to demonstrate the feasibility of the above-
mentioned command generation logic using hands-free HMI. The proposed logic was
carried out in a 3D-physical simulation software running on a desktop PC, receiving
real-time user input from a USB camera. During the test, the rider has to drive around
a cone (red dot in the image) and avoid going outside a barrier with a 3 m radius from
the center cone (red dot around path). In all trials, the velocity generation has no diffi-
culties in producing a velocity twist coherent with the human motion intentions. It was
also possible to combine two different velocities (linear and angular). In many tests,
like the one displayed, the command was good enough to not require any lateral com-
pensation. As a result, only the trace of the vy velocity component and ; are changing
simultaneously in Fig. 4 while v, remains flat. It is also appreciable, in red, the thresh-
old zone in the input plots.
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Fig. 4. Simulation of driving an electric wheelchair with the hands-free HMI. On
the left is displayed the trajectory, on the right is displayed the torso and hed input
and the linear and angular velocities generated



Fig. 4 also shows 7 samples of the wheelchair position and orientation with the rel-
ative input and output. This highlights how the thresholds are working and the possi-
bility of giving two simultaneous commands to the system. Another important result,
shown in Fig. 4, is the effectiveness of the filter in removing an important part of the
noise from the command. All the noise in y; . and in 8, is prevented from becoming
an unwanted velocity output.

During the test, the riders feel the necessity to have a more stable velocity signal
produced from his / her movements. For this reason, the exponential filter to reduce the
noise in all three velocity commands is used as follows:

ss=ax; + (1 —a)s;_,, t>0, (6)

where « is the smoothing factor, and 0 < a < 1. When s;_, is substituted into s, con-
tinuously, the formula is fully expressed in terms of x;. In the first iteration s, = x,
and in our simulation @ = 0.6.

5 Conclusion

This paper demonstrates the drivability of an omnidirectional wheelchair using the
rider's motion to produce an intention of motion that is transformed into velocity in-
put. Thanks to the simulation it was possible to verify the feasibility of this driving in-
terface. This result should be validated in a real test, with the wheelchair prototype.
The next step of our research on this topic should be a real test to compare and vali-
date the simulated results.
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