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Abstract: In manual wheelchair locomotion, the large upper extremity loads and the repetitions of the
propulsion movement increase the incidence of upper limbs injuries, pain and muscle fatigue. The main
goal of this study was to investigate the influence of a closed-loop partial power assistance for manual
wheelchairs through predictive simulations of a dynamic four-bar model. The applied control law applied
can be seen as an impedance-like control, but it does not require force measurement. The simulation
results indicate that this strategy can reduce joint torques without significantly altering the typical

kinematic pattern of manual wheelchair locomotion.
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1. INTRODUCTION

Data from IBGE (Brazilian Institute of Geography and
Statistics) show that about 14 million Brazilians have motor
impairment. The main assistive technology used for
locomotion is the wheelchair, but manual propulsion is
inefficient and require large energy consumption, according
to van der Woude et al. (2001). Besides, manual wheelchair
locomotion can cause upper extremity injuries and pain
(Boninger et al., 2002; Cooper et al., 1999).

To overcome these issues, wheelchairs with partial
assistance, also called Pushrim Activated Power Wheelchair
(PAPAW), were developed. This type of wheelchair typically
has an electromechanical element coupled to the rear wheel
axle. The wheelchair with partial assistance still requires the
user to apply force to the pushrim, but part of the propelling
action is carried out by the motor. This solution differs from
fully assisted electric wheelchairs, which do not allow the
user to engage in physical activity and is, therefore,
detrimental to his health.

The most common strategies used for partial wheelchair
assistance are (i) the constant assistance that is established
when the user touches the propulsion rim, and (ii) the
proportional assistance that generates extra torque in the rear
wheel proportional to the torque applied by the user. These
two strategies were compared in Guillon et al. (2015).

Cuerva et al. (2016) compared these strategies to a
mechanical impedance control-based  strategy. The
particularity of the strategy based on impedance control is
that it allows changing the apparent mass or friction
properties of the wheelchair-user system.

Cuerva (2017) proposed improvements to the assistance
strategy using a modified wheelchair-user model. Instead of
representing the system as a lumped mass subject to resistive
and propelling forces, an approach commonly found in the
literature, he proposed to represent it more realistically by
means of a four-bar system, based on a model developed in
Ackermann et al. (2014) to study the influence of pavement
inclination and mass on system performance in steady-state
locomotion.

The strategy proposed by Cuerva et al. (2016) requires the
measurement of the force exerted by the user on the pushim
and, therefore, specific instrumentation such as the use of
load cells is needed. The present work intends to analyze the
performance of a control system based only on the speed of
the wheelchair, a more accessible variable. The performance
of the proposed closed-loop partial assistance strategy is
evaluated via predictive simulations obtained by solving an
optimal control problem, considering the parameters of the
controller also as free optimization variables of the problem.

Section 2 of this article contains the model of the wheelchair
locomotion and the formulation of the optimal control
problem. In section 3, the predictive simulation results are
presented. Section 4 contains a discussion of the results and
section 5 concludes the paper.

2. METHODS

2.1 Model of the wheelchair-user system

The multibody model employed in this study is shown in
Fig.1. The wheelchair-user system is contained in the sagittal
plane and consists of four rigid bodies: arms, forearms, rear
wheel, and body structure with the wheelchair, considering
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bilateral symmetry. Therefore, the system becomes a moving
four-bar system: the arm, the forearm, the wheel and the rigid
body representing the wheelchair structure and the user’s
body. The shoulder and elbow joints and the wheel’s axle
were considered ideal hinge joints and there is no slip
between the wheels and the floor, according to
Ackermann et al. (2014).

The model is actuated by elbow and shoulder moments as
well as by the wheel motor, as indicated in Fig.1.

Fig. 1. Model of the wheelchair-user system in the propulsion
phase: wheels (black), arm (green), forearm (red).

The wheelchair locomotion is divided into two phases, the
propulsion phase and the return phase. In the propulsion
phase, the hands are in contact with the propulsion rim and
this interaction. In the return phase, the hands are not in
contact with the propulsion rim.

In the return phase, the model has three degrees of freedom,
where S is the angle between the arm and the vertical, & is

the angle between the forearm and the vertical, and x is the
horizontal displacement of the shoulder, linked to the
wheelchair, Fig. 1. The generalized coordinates are

represented by the vector ¢ =[x S @] , used to describe

the multibody system configuration.

In the propulsion phase, the contact between the hand and the
rim is modeled as a hinge joint and the model has a single
degree of freedom, characterized by the horizontal
displacement x of the chair.

The segment’s centers of mass, moments of inertia, lengths
and masses were taken from the literature (Winter, 2009;
Holzbaur et al., 2005; Delp et al., 2007) for a 1.70 m, 70 kg
person.

The equations of motion representing the dynamics of the
multibody system were determined using the Newton-Euler
formalism (Schiehlen, 1997), resulting in

Tu
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for the propulsion phase, where M is the matrix of mass, k is
the vector of generalized centrifugal and Coriolis forces, k,is
the vector of applied generalized forces, including those
related to gravity, G transforms the components of the
(FeeFy)
transforms the moments at the shoulder, elbow and motor
(7, ,7,€7., respectively) into generalized forces, and Q

contact forces in generalized forces, H

transforms the rolling resistance force (F

ro

,) into a
generalized force.

In the contact phase, the hinge joint between the hand and the
pushrim imposes two additional kinematic constraints,

¢(x,f,a)=0, which reduced the number of degrees of
freedom from 3 to 1 and is associated with the two
components of the reaction forces (Fy e F} ).

2.2 Formulation of the optimal control problem

The predictive simulation problem wused to test the
performance of the proposed control law represent a transient
maneuver starting from rest and achieving 0.5 m/s at the end
of the first propulsion phase.

An optimum control formulation was used to reproduce the
implicit optimization of the movement performed by a human
during the propulsion cycle with a motorized closed loop
assistance based on the speed measurement of the chair. The
goal of this formulation was to provide the optimal

generalized coordinates profiles (q,q'), and the shoulder,

elbow and motor moment estimations. In this work, the total
energy demanded by the motor along the investigated
maneuver was limited to save energy.

The variables of the optimal control problem are organized
into two groups: control variables, which are the torques
variables of the multibody system (7,,,7,¢e7.), and state

variables, which are composed by the position vector (g),
generalized velocities (¢), and as components of the contact

force (Fy eF,).

The simulation refers to a complete cycle of the wheelchair
locomotion (propulsion and return), whose results are
obtained through the solution of the optimal control problem.
To solve the optimal control problem, we used the software
PROPT (http: /tomdyn.com) that transcribes the optimal
control problem into a nonlinear programming problem,
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resulting on a standard nonlinear programming problem that
can be solved, for example, by SNOPT solver.

constraints of the optimization problem are: i) the equations
of motion (1) and (2); ii) the two kinematic constraints
imposed by the link between the hand and the pushrim in the
contact phase; iii) continuity between phases, ensuring that
the final states of one phase are the same as those in the
beginning of the other one; iv) it was imposed that the system

is initially at rest (v(0)=0), v) the final speed at the end of

the propulsion phase if 0.5 m/s; vi) the positions of the hands
at the beginning of the contact phase on the pushrim

corresponding to an angle ¥ = 70° (Fig.1) and at the end of the
corresponding contact phase at an angle ¥ =120° ; v) we also

imposed an upper bound of 5 J to the energy consumed from
batteries by the motor along this one-cycle maneuver.

We defined for this problem a cost function given by the
integral of the squared moments for both phases of the
propulsion cycle.

J = IOT' (7" +7.7)dt+ J':”Z (7," +7.°)dt 3

where 7, is the duration of the propulsion phase, and 7, is
the duration of the return phase.

Aiming at real applications, the control law of the optimum
control problem formulation was defined in closed loop
based on measurements of the chair speed, as depicted in
Fig.2.

Four -bar |(@4)
I Model | ]
" q(1)
PID —

Fig. 2. Block diagram of the closed-loop control.

The block highlighted in red is a liner transformation that
selects the wheelchair speed from the generalized coordinates
and velocities vector.

A PD-type control law was chosen because it is quite usual,
but also because it can implicitly represent an impedance
control law, as pointed out by Monteiro Junior (2017). An
impedance control aims to maintain the relationship between
force and kinematics of motion, apparently altering the
parameters of the equation of motion, such as mass and
coefficient of friction. If we consider that the wheelchair can
be represented approximately by a concentrated mass block,
the PD feedback apparently alters these parameters of the
wheelchair-user system. This control law can be represented
in state space through the following ODE

. [k :
Ty =k, i+ 2= (i-n),

D

where k, is the constant related to proportional action, k, is
the constant of derivative action, 7, it is the filtering time

constant of the derivative action which helps avoiding noise
amplification (7, = 0,15 ), and n is the control state variable

of derivative action.

3. RESULTS

In this session, the predictive simulation results obtained by
the solution of the corresponding optimal control problem,
are presented. A rolling resistance force of 15 N was
included.

Predictive simulations were generated for three scenarios: for
the PD action, for the open-loop assistance and for the
wheelchair without assistance. It was found that the PD
controller implies in a performance close to the reference
performance. This reference was established by the solution
of the optimal open-loop control problem, that is, without any
structural constraints imposed by the control law and without
any linkage to a measured variable. Therefore, this situation
was considered here as a performance limit to evaluate the
controller action.

Some control actions were investigated, but since the PD
action was the one that produced the best performance, the
following figures deal only with the PD action in comparison
to the wheelchair without assistance. The simulated data of
the open wheelchair assisted wheelchair represent the best
expected results, but they are not practical.

Tables 1 and 2 summarize the results for the three
investigated scenarios: the proportional-derivative action
(PD), the open-loop assisted wheelchair and the manual
wheelchair without assistance. Fig. 3, in turn, illustrates the
kinematics of the movement of the wheelchair-user system
obtained by solving of optimal control problem, where the
element in red represents the arm and the element in black
represents the forearm, and the green circles indicate points
of contact at the propulsion ring.

Fig. 3. Simulated kinematics of upper limb.



Mauricio A. de A. Martins et al. / [FAC PapersOnLine 51-27 (2018) 350-354 353

Fig. 4 shows the predicted joint angles and wheelchair
displacement for the two practical scenarios: optimal
maneuver with the PD action and optimal locomotion without
assistance. Fig.5 shows the corresponding joint moments and
motor torque (only for the PD action scenario).
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Fig. 5. Predicted joint and motor moments.

The results related to the cost function and the controller
gains are presented in Tab.1 and Tab.2, respectively.

Table 1 — Cost function

Assisted Assisted Wheelchair
wheelchair wheelchair without assistance
PD controller Open loop
Cost:  258.8 Cost: 166.6 Cost: 323.2
Table 2 — Controller gains
kp Gain: 6.99 kp Gain: -0.48

The controller remains on and its gains are the same for both
phases. In this way, it is possible to implement a closed-loop
control strategy that does not require a sensor connected to
the pushrim.

4. DISCUSSION

The assistance problem was formulated as an optimal control
problem for both the open loop and the closed-loop scenarios.
The open loop problem was solved to establish a maximum
performance limit and the closed loop problem was proposed
so that the assistance did not have to be redesigned for each
new maneuver. For comparison purposes, an optimal control
problem was also solved for the unassisted wheelchair. The
nominal design of the closed-loop control law was performed
for a single maneuver, but it is assumed that the performance
in other maneuvers would still be advantageous when
compared to an unassisted maneuver.

The plots in Fig.4. illustrate that the wheelchair with the PD
controller reproduces approximately the same cyclic
movement performed by the manual wheelchair without
assistance, due to the kinematic constraints that impose this
movement pattern. It should be noted that the propulsion
cycle is executed more quickly with the assistance.

The results in Fig. 5 show that motor assistance is used to
overcome the inertia of the system at the beginning of the
propulsion phase and then decaying exponentially until a
certain instant, after which it remains constant for the
remainder of the propulsion cycle. Furthermore, it illustrates
that the human propulsion effort is lower compared to the one
in a manual, unassisted wheelchair. This demonstrates the
usefulness of an assisted wheelchair, also because joint loads
are one of the major factors associated with increased risk of
injury.

Table 1 illustrates that the PD controller reduces the cost
function value in relation to the unassisted wheelchair. It is
noted that the closed-loop control strategy resulted in a cost
value between the open-loop performance limit and the one
for the unassisted wheelchair, indicating that the strategy
studied is beneficial.

Table 2 presents the optimal values for the controller gains of
both proportional and derivative actions. The gains are
identical in the propulsion phase and return phase. Note that
by doing so it is not necessary to implement a sensor to
indicate the instant of switching the control law at the end of
each phase. However, keeping fixed the gains during the two
phases may represent a reduction of performance when
compared to an assistance that allows the switching of control
law.

It is noted that the joints moments are smaller for the closed-
loop solution compared to the optimal unassisted solution.
The PD control law was chosen because, if the wheelchair
model is approximated by a block of lumped mass, the PD
control law can alter the apparent inertia and viscous friction
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of the model. The proposed control law differs from that
proposed by Cuerva et al. (2016) to control the impedance of
the wheelchair in the sense that it does not need the
information of the force produced by the user.

5. CONCLUSIONS

The objective of this work was to investigate the effect of a
closed-loop power assistance with a PD action requiring only
velocity measurements along on a transient propulsion cycle.

This study applied the an optimum control formulation in
order to predict and investigate the effects of a closed-loop
PD controller on the joint moments and movement pattern of
a wheelchair-user system for a transient maneuver.

It is noted that the kinematic pattern of motion is not strongly
altered by the inclusion of the motor assistance inserted by
the control law because the cyclic movement is given by
kinematic constraints that strongly impose this pattern.
However, the controller proved useful for reducing the cost
function. The solution of the optimal control problem showed
that the joint moments found in the closed loop scenario are
close to those obtained for the open-loop optimal assistance
scenario, considered here as a reference of performance.

The optimal open-loop assistance scenario does not lend
itself to a real implementation of assistance, but it did
highlight the maximum limit that the closed-loop strategy
could achieve.

As a continuation of this research, it is proposed to
investigate the design of the control law for a more complete
maneuver that involves acceleration, steady-state locomotion
and braking. Other future work would be to investigate the
design of the control law without having to solve an optimal
control problem to find its parameters. It is argued that it is
possible to find a law of control that alters explicit portions of
the equations of motion, manipulating them conveniently for
any maneuver.
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