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Abstract. Rear add-ons are assistive devices developed to assist users who have
difficulty propelling wheelchairs. Improving the mobility of wheelchair users and
allowing them access to more activities is in line with the objective of the sustain-
able development goals SDG3, and SDG11. Currently, commercial rear add-on
devices implement speed-based controls. The speed-based control consists in set-
ting the reference speed that the device must keep constant which makes rear
add-on devices suitable for long journeys but, makes them unsuitable for use in
narrow spaces. In this paper an hybrid control is presented. The proposed control
law takes into account the thrust exerted by the user (torque-based), the forward
speed of the wheelchair (speed-based), as well as the surrounding environmental
conditions. The total torque delivered by the device is evaluated as the sum of a
contribution proportional to the user’s thrust, a delayed contribution as a function
of forward speed, and the gravity compensation contribution. The proportional
contribution synchronous with respect to the user’s push at low speeds improves
manoeuvrability and controllability of the wheelchair, whereas, at higher speeds,
the introduction of the delayed thrust distributes the assistance torque over a longer
period, reducing the peak of torque provided by the device. A dynamic multibody
model of a wheelchair was also developed and implemented in the Simulink envi-
ronment to test the proposed control algorithm. As a future step the algorithm will
be implemented on a rear add-on device and it will be tested experimentally by
wheelchair users.
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1 Introduction

Many manual wheelchair users may find it difficult to get around and perform daily
activities. Difficulty could be due to reduced physical ability, upper body weakness,
pain, injury, or fatigue from prolonged wheelchair pushing. Facilitating wheelchair users’
mobility is in line with the aim of the third sustainable development goal (SDG3) healthy
lives and promotion of well-being, as well as promoting human settlements inclusive
for persons with reduced mobility (SDG11). Previous studies have shown that power
assisted devices (PADs) positively affected propulsion capabilities, reducing biomechan-
ical and physiological strain associated with manual wheelchair self-propulsion [1-3]
and improving mobility [4]. Currently, there are different types of propulsion assist
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devices for wheelchairs. The main ones can be divided into three categories: pushrim
activated power-assisted wheelchairs (PAPAW), which consist of replacing the standard
wheels with two motorized and sensorised wheels; the front-end attachments, which
consist of a motorized wheel steered by a handlebar that transforms the wheelchair into
a tricycle; rear-end attachments, also called rear add-ons, which consist of a drive wheel
placed under the seat in the rear part of the wheelchair. The drive wheel provides an
amount of torque sufficient to propel the wheelchair autonomously. In previous studies,
the user perception and performance of some of the most common PADs have been inves-
tigated [5—11]. The main positive aspects of the add-on devices that have emerged from
users’ perception are the small size and low weight. However, some gaps in intuitiveness
and control reliability have been highlighted. The control laws currently integrated into
assistive devices are mainly speed-based control and torque-based control. PAPAW-type
devices mainly exploit torque-based controls by acting as torque multipliers. To estimate
the action exerted by the user on the wheels, the motorized wheel has built-in sensors.
Hence, whenever the user performs a push gesture, the control generates a torque ref-
erence for each wheel proportional to the torque exerted on the handrim. By exerting
greater action on one of the two wheels, the control generates a different torque reference
for the left and the right side, and consequentially the wheelchair steers. To compensate
for any kinetic or temporal thrust asymmetries, controls that consider the torque balance
ratio have been developed [12]. In addition, some control strategies integrate gravity
compensation to assist the user pushing the wheelchair up a ramp [13].

On the contrary, the integrated controls on the rear add-on devices are speed-based.
The user sets a speed command and the device sustains the propulsion at the given speed
until the user provides input to change the speed or halt the device. In this case, the user
can manoeuvre the wheelchair by braking both wheels. In the speed control the gravity
is intrinsically compensated because whenever going uphill the device automatically
supplies a higher torque to follow the set speed reference.

Overall, torque-based control as a thrust multiplier is more suitable in narrow spaces
and for small movements while a more uniform thrust, like the one provided in speed
controller, is more suitable for long trips.

In this work, a hybrid-control for assistance devices is presented. The goal is to obtain
a comprehensive control law for a power assist device that takes into account the force
exerted by the users on the handrim, the ground inclination, and the travel speed. As a
result, the assistance device would be able to provide more suitable assistance according
to the user’s needs and to adapt continuously to external conditions.

2 Dynamic Model

A standard reference wheelchair (14 kg and 24 inches wheels diameter), a multibody
dummy 50 percentile Italian male, and a rear add-on device were conceived as multi-
body dynamic models and implemented in Simulink Simscape (Fig. 1), as described in
the previous work [14].

The wheelchair dynamic behavior is mainly influenced by the forces exerted by the
user on the handrims, the additional thrust provided by the rear add-on device, and losses.
In particular, losses can be due to rolling friction, air drag, and viscous losses in the wheels
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Fig. 1. Virtual representation of the multibody dynamic model

bearings. The contact between tyres and ground was modelled as a stick-slip continuous
contact model (i : static friction coefficient, ;y: dynamic friction coefficient) and a
visco-elastic model was adopted for tyre deformation (Ky.: stiffness, cyr.: damping).
The rolling friction force F,; was modelled as Eq. (1):

Fron = crouFn (D

where ¢,y 1s the rolling coefficient and F is the normal contact force between the wheel
and the ground. The estimation of the rolling friction values can be non-trivial due to
many non-linearities; many previous works have investigated the link between rolling
friction and tyre type, ground, speed, and other dependencies [15, 16]. The viscous
damping torque 7,,; has been applied on the two wheels and defined as Eq. (2):

Twi = nyw; (2)

where 7, is a loss coefficient set according to [17] and w; is the wheel angular speed.
The air resistance F,; was defined as in Eq. (3).

Fair = %vZCDAp 3)
where Cp is a form factor and A is the frontal area [16], v is the wheelchair speed, and
p the air density.

The force exerted by the user has been modelled as a sinusoidal function saturated
positive, with the push pattern consistent with the results presented in [18]. The main
features considered (Table 1) are the cycle time Cyjye, the push phase P, the peak
tangential force F; peqr, and the mean tangential force Fueqn The resulting handrim
tangential force Fy is shown in Eq. (4).

. 2T T )
F; = max(O; F,pwksm<c t— —) — blas> 4)

time 2

Table 1. Push gesture parameters

Parameters Clime (5) Py (%) F peak (N) Ft mean (N)

1.15 36 33 21
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The additional thrust provided by the add-on is defined as a function of F;, speed,
and wheelchair inclination. The assistive torque produced by the rear add-on device is
transmitted to the wheelchair through a revolute joint coaxial to the wheels. The control
law will be described deeper in the specific section. In order to find the optimal parameters
that fit the wheelchair behaviour in lab trials, deceleration test have been performed. The
experimental test showed a decay of the linear speed of the free wheelchair from 0.9 m/s
to O m/s in approximately 9 s as shown in Fig. 2a. Hence, a curve fitting procedure was
carried out, and all the optimal parameters were set as shown in Table 2. To validate the
model an experimental test consisting in 8 pushes from standstill was performed and the
forces exerted by the user on the handrims and the wheel speed were acquired by suitable
sensors embedded in the wheels. The forces during trial were provided as input to the
model. The wheelchair speed acquired experimentally and the one estimated through the

simulation were compared. Numerical results well approximate the experimental data
(Fig. 2b).

Table 2. Model optimal parameters

kiyre (N/m) | cgyre (Ns/m) ny(Nms/rad) | s d Front ¢,y Rear ¢,y
3e5 led 0.05 085 ]0.65 |0.012 0.007
! 25 30
——exp. speed
[ S o

—input torque

a) time (s) b) time (s)

Fig. 2. Experimental and simulated angular velocity decay (a), model validation output (b)

3 Control Law

The control law of the add-on device is designed as described in Eq. (5)

T yddon (t —(Th a1 Tut — & 212
addon (&, v, &) = ( H()(al — 28max)+ H( — )<25max>> )
(1 = bra) + Mg sin(a)r

§ = max(0; min(dyv — d2; Smax)) (6)

where T (t) = F¢(t)R is the human torque provided at the handrims, § is a delay factor
described in Eq. (6), r is the radius of the add-on wheel, R is the radius of the wheelchair
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Table 3. Control law parameters

Parameters |al | b;ad™l) |d;(s*m™Y) |da(s) | Smax (8) | r(m) |R(m) | Mir(kg)
0.75 | 6.02 0.67 0.17 0.25 0.11 [026 892

wheels, M, is the total mass, v is the linear speed of the wheelchair, and a;, b;, d;, d2,
and 6,4, are coefficients. The values of all parameters are defined in Table 3.

The total torque T, 44,,, cOnSsists of three main contributions: proportional (P), delayed
(A), and gravity compensation (G). P makes the add-on device responsive to fast changes
in input torque and is the only contribution at low speed (v < 0.25 m/s). A makes the
speed ripple smoother as the assistance torque lasts longer than the human torque. The
introduction of A contribution makes the assistance more suitable for higher speed in
steady state conditions. G is introduced to compensate gravity when the wheelchair is
on a ramp. It prevents the rolling back of the wheelchair and reduces the effort of the
user going on graded roads. In order to have a more continuous torque, the value of the
gains of P and A are proportional to the delay. In particular, the P gain is decreasing
with the delay whereas the A gain is increasing. An overall gain of the sum of P and A
contributions is applied in order to decrease the maximum torque on the graded surface.
The overall gain is equal to 0.5 when the wheelchair inclination reaches 4.8° (which is the
maximum inclination angle of ramps according to ISO 21542:2021). That adjustment
decreases the speed upward giving the user the perception of going uphill.

4 Results and Discussions

The first simulation was done with no assistance by introducing the forces exerted by
the user to propel the wheelchair on a levelled surface as described in Sect. 2. A steady
state speed of 2.1 m/s is obtained as shown in Fig. 3a.
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Fig. 3. Steady-state speed and provided torques without assistance (a) and with assistance (b)

Then, the assistance thrust of the device has been introduced. To evaluate the value
of the a; coefficient, a simulation with only the P contribution was performed. The value
of a; was estimated to obtain the same steady-state speed when 50% of the torque is
exerted by the user as shown in Fig. 3b. Then, the A contribution was introduced (Fig. 4).
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The 8mqx Was set equal to 0.25 s, which corresponds to about a quarter of the period of
the push phase. d; and d, were chosen in order to have the delay starting above 0.25
m/s and the maximum delay at 0.60 m/s. To limit the sum of P and A when the two
contributions overlap, the gain proportional to T'y. Was adjusted proportionally to the
delay. In the maximum-delay condition, the P gain is halved with respect to the no-delay
condition. The A gain is proportional to the delay and its maximum value was set to be
equal to P evaluated in the maximum-delay condition.

—speed

............. Taddon (P+4)

Speed (m/s)
Torque (Nm)

time (s) time (s)

Fig. 4. Transient (a); steady-state (b)

Analysing the speed trend and the torque delivered by the device it can be inferred
how it is possible to obtain a smoother ripple at the same average speed (Fig. 5a) by
delivering about half of the peak torque (Fig. 5b). Moreover, even if the maximum
transmissible torque increases as the assistive torque increases [14], reducing the peak
torque can be an advantage in low grip conditions to avoid wheel slippage.
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Fig. 5. Speed ripple comparison (left); torque comparison (right)

Eventually, the G gravity compensation was introduced. The amount of assistive
torque to compensate for the force of gravity has been estimated analytically by imposing
the wheelchair to be still on a ramp without any additional torque exerted by the user.
Hence, a simulation of the wheelchair approaching an 8% graded surface was carried
out. The total assistive torque is equal to the sum of the three contributions, in particular,
the G contribution is highlighted in Fig. 6.
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Fig. 6. Complete additional torque control law

5 Conclusions

The development of a comprehensive control algorithm that adapts to user actions as well
as environmental conditions is essential to make rear add-on devices more intuitive and
all-round. In this paper, a control law that takes into account the action that the user exerts
on the handrims, the forward speed, and the pitch angle of the wheelchair is presented.
The total torque delivered by the device is calculated as the sum of three contributions:
proportional to the user’s thrust, delayed as a function of forward speed, and gravity
compensation. At low speeds the torque is purely proportional and synchronous with
the user’s thrust, improving the controllability and manoeuvrability in narrow spaces.
At higher speeds, the assistance torque is distributed over a longer period than the
user’s thrust period, guaranteeing a more gradual and more suitable assistance for longer
distances. A dynamic multibody model of a wheelchair was developed and implemented
in the Simulink environment to design the control algorithm. At the moment the algorithm
is being implemented on a rear add-on prototype (patent pending) designed by authors
and experimental tests are being carried out with actual users. Hence, it will be possible
to tune optimised control parameters on the basis of the subjects’ perceptions.
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