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Abstract This paper presents the kinematics of modular a parallel robot for
post-stroke rehabilitation of elbow and wrist. The targeted motions for rehabilitation
are: elbow flexion, pronation/supination, flexion/extension and adduction/abduction
(radial/ulnar deviation) of the wrist. The kinematic structure of the robotic system is
presented starting from general considerations concerning the rehabilitation pro-
tocol of the upper limb. Its kinematics is developed and simulation results are
presented for a proposed training exercise.
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1 Introduction

Stroke is one of the most encountered causes of death and a main cause of chronic
disability in the world [9]. Although current possibilities in the stroke treatment and
prevention have reduced its impact, the ageing population phenomenon, especially
in Europe will increase the incidence rate of stroke and cardiovascular diseases
[18]. On the other hand, mortality rate from strokes has declined over time [12],
resulting in an increased worldwide prevalence of stroke. Romania has proved to be
a leading country in Europe concerning the cardiovascular diseases and especially
stroke related disabilities [7]. Great advances have been achieved in the manage-
ment of acute phase of post-stroke survivors, but even so the care of these patients
still relies on the rehabilitation treatments. Robotic-assisted rehabilitation has
proved to accelerate the recovery of lost motor functions for post-stroke survivors,
enabling clinics to switch from the classical intensive-oriented training to higher
repetitive technological treatment [4].

Huge effort has been made by private companies, research centers and univer-
sities to provide suitable robotic solutions for rehabilitation [13]. The developed
robotic systems could be classified according the targeted are for rehabilitation (i.e.
lower limb, upper limb) or by their architecture: end-effector based or exoskeletons.
The first category of rehabilitation robots use a classic serial or parallel architecture
in which the targeted limb is mobilized using the robot end-effector, especially
designed to hold the patient’s limb using a pre-determined anchor point: [3, 6, 8, 17].
Compared to end-effector robotic systems, exoskeletons provide certain advantages
like: the workspace similarity in form and size, lack of singularities or the precise
mapping of the joint forces [15]. The main disadvantages of exoskeletons rely in the
impossibility to replicate the human kinematics because of its diversity and in their
innate more complicated design. Achievements are numerous and prove that such
architectures can be successfully used for training: [1, 2, 10]. Most exoskeletons
have a serial architecture, since their design requires a wrapping of the human limb.
Parallel structures have proven their advantages compared to serial ones, especially
in terms of stiffness and dynamic performances. In [5] the authors proposed a
serial-parallel exoskeleton for the rehabilitation of the upper limb. It has a high
stiffness, very accurate, but has also a complicated structure, using differential
mechanism of bevel gear transmission and lacks the abduction/adduction of the
wrist. In [11] the authors developed a 5 DOF shoulder exoskeleton in a modular
design: the first module with 3 DOF (a spherical parallel manipulator) has an active
function and the second module with 2 DOF acting as a passive slip interface
designed to increase the system’s mobility and to prevent joint misalignment. The
robotic system is designed to train only the shoulder.

The current paper presents a modular exoskeleton robotic system, with a parallel
architecture, for the training and rehabilitation of elbow and wrist, specifically the
following motions: elbow flexion/extension, pronation/supination and the wrist
flexion/extension and adduction/abduction. Section 2 presents the kinematics and
Sect. 3 a set of training-based simulations.
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2 A Parallel Modular Robot for Elbow and Wrist
Rehabilitation

The authors have proposed and discussed in [14] the main requirements for a
rehabilitation robotic system in terms of motion analysis including anchoring
(active/passive), range and actuation force. The PaRReEx robotic system consists of
two independent parallel modules, one for elbow rehabilitation (PaRReEx—elbow,
see Fig. 1) and the other for wrist rehabilitation (PaRReEx—wrist, see Fig. 2) [16].
The PaRReEx—elbow achieves the pronation/supination motions, while the PaR-
ReEx—wrist achieves the wrist flexion/extension and adduction/abduction.

The PaRReEx—elbow module has 2 DOF: two rotations, one around the OY axis
(achieved by the q; active joint) and the other around OX axis (achieved by the q,
active joint). q; achieves the elbow flexion/extension while q, achieves the pronation/
supination motion, using a bevel gear mechanism. The fixed coordinate system is
placed in the R, rotation joint, the geometrical parameters being: 1; (the length of the
mechanism on the OX axis) and 1, (distance from the R; joint to the hand axis).

The PaRReEx—wrist module has 2 DOF: two rotations, one around the OZ axis
(using the g5 active joint), which achieves the wrist flexion/extension and the other
around the OY axis (using q, active joint), which achieves the adduction/abduction
motion. The fixed coordinate system is placed in the R, active rotation joint, the
geometrical parameters being: r;, as the distance between the patient’s wrist joint
and the hand-holder (this being a human parameter used as input data into the
kinematic model of the robot), r; as the height of the hand-holder and d as the
distance between the patient’s wrist joint and the R, robot joint.
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Fig. 1 The PaRReEx—elbow module of the parallel robot for elbow flexion/extension and
pronation/supination rehabilitation
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Fig. 2 The PaRReEx—wrist module of the parallel robot for wrist flexion/extension and
adduction/abduction rehabilitation

2.1 Kinematics

The forward kinematics of the PaRReEx modules requires as input data the values
of the active joints q,,q,,q3,q and the geometrical parameters (1;, 1, ry, 12, d)
while the target is to determine the end-effector coordinates E; (Xg;, Ygi1, Zg1) and
orientation v, 0;,p,—for the elbow and E;(Xg2, YE2,Zg2), W, 02, p,—for the
wrist. Relations (1) to (4) show the closed-form kinematic equations of the forward
kinematics.

Xg1 =1; cos(qy);
Y1 =h; (1)
Zg1 = —1ysin(q;);

;= atan2(cos(q,) sin(q, ), sin(qy));

0; = atan2 \/1 — (cos(q,) cos(qy))?, cos(q,) cos(q2)>; (2)

o1 =atan2( = sin(q, ) cos(q,). sin(qy)):
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and:

Xgz = cos(qs) cos(qy) (r] —dsin(q,)) +12 cos(qs) sin(qy);
Yg2 = sin(q3) cos(qy)(r; —dsin(qy)) + 17 sin(q3) sin(qy); (3)
Zgy =13 c0s(qy) — sin(qy)(r; —dsin(qy));

v, =atan2(cos(qs), — sin(g3));
92 =q4, (4)
=333

In the case of PaRReEx—wrist, because of the d geometric parameter, the term
r; —dsin(q,) has been used as a displacement on the OX axis. Figure 3 explains
how it has been obtained.

The inverse kinematics requires as input data the hand orientation (the angles
Y, 01, ¢,) to determine the active joints coordinates: q; and q, of the PaARReEx—
elbow:

{ q, =atan2( — sin(@) sin(0), cos(@) cos(w) — cos(0) sin(@) sin(y)); (5)
q, =atan2( — cos(y) sin(0), cos(0) cos(@) cos(y) —sin(@) sin(y));

The same for the PaRReEx—wrist, where the solution of the inverse kinematics
is trivial.

GB=Y-3; 6
{ Qs =0; (6)
Fig. 3 A detail of the ‘}f
PaRReEx—wrist pat ient
/ wrist
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3 Training-Based Simulations of the PaRReEx Robotic
System

A simulation exercise has been programmed using MATLAB as a proposal for the
wrist rehabilitation, using the PaRReEx—wrist module. The two motions (wrist
flexion/extension and adduction/abduction) are performed independently, to avoid
any interference, but if necessary these could be performed also together. The
current formulation of kinematic analysis, used also in this simulation, can be used
for optimal design procedures and exploitation to characterize the feasibility of the
proposed robotic design. The q; active joint (which performs the flexion/extension)
ranges between: 0°: —45°:0°: +45°:0°, while q, (which performs the adduction/
abduction) ranges between: 0°: —30°:0°: +30°:0°. The motion parameters, chosen
based on [14] can be assumed as: Vpax = 6.5°/s and ez = 10° /2. Figure 4 shows
the simulation, as the computed joints motions (acting as input data) and Fig. 5 the
simulation results, namely the end-effector orientation time history diagram
(namely the angles y and 6).
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Fig. 4 Computed joint motions of PaRReEx—wrist for wrist flexion/extension and adduction/
abduction motion: positions, velocities and accelerations of the active joints
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Fig. 5 The time history diagrams of the end-effector (orientation y and 6) velocities and
accelerations for a simulated rehabilitation exercise

4 Conclusions

The paper presents the kinematics of a parallel modular robotic system designed for
rehabilitation purposes of the upper limb. The robotic system targets the flexion/
extension and the pronation/supination motions, using the PaRReEx—elbow par-
allel robotic module and the flexion/extension and adduction/abduction motions
using the PaRReEx—elbow parallel robotic module. This proves that the proposed
kinematics is suitable to perform all the motions of the upper limb starting from the
elbow up to the wrist (excluding the shoulder), which is something that other
systems have not entirely covered. The achieved simulations present a possible
training exercise motion for a range of 90° for flexion/extension and 60° for the
adduction/abduction, proving that the designed robotic system is suitable for the
targeted task and the kinematics can be easily implemented into the robot control.
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