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Abstract: This paper fits into the field of research concerning robotic systems for rehabilitation.
Robotic systems are going to be increasingly used to assist fragile persons and to perform rehabilita-
tion tasks for persons affected by motion injuries. Among the recovery therapies, the mirror therapy
was shown to be effective for the functional recovery of an arm after stroke. In this paper we present
a master/slave robotic device based on the mirror therapy paradigm for wrist rehabilitation. The
device is designed to orient the affected wrist in real time according to the imposed motion of the
healthy wrist. The paper shows the kinematic analysis of the system, the numerical simulations, an
experimental mechatronic set-up, and a built 3D-printed prototype.

Keywords: parallel robots; mechatronics; motion simulation; mirror therapy

1. Introduction

Limb rehabilitation using robotic devices is an innovative form of rehabilitation based
on interactions between the patient and the device. These systems augment the rehabil-
itation outcomes in neurologic disorders, such as stroke and multiple sclerosis. Robotic
therapy provides high-intensity and repeated training and it can be used as an effective
complement to standard rehabilitation from the beginning of a therapy [1,2]. The results
show in all cases that patients who received the robotic therapy in addition to conventional
therapy have greater reductions in motor impairment [3–6]. The robotic rehabilitation
systems can be classified according to the design, depending on whether it operates as
end-effector or as an exoskeleton. Another classification is between proximal and distal
robots. Proximal robots are used to move the shoulder joint and the elbow joint; distal
robots are rehabilitation robots for fine motor skills. They are used to train the hand and the
fingers. Finally, rehabilitation robots can be classified as unilateral and bilateral. Unilateral
devices use only the paralyzed limb for rehabilitation tasks, whereas bilateral robots use
both limbs, the paralyzed and the healthy one [7].

There are numerous successful implementations of robotic rehabilitation devices.
One of the first examples was the MIT-MANUS, which had a major impact on neuro-
rehabilitation. The MIT-MANUS can move and guide the upper limb and record the
trajectory, the velocity and the force of movement [8], indeed, this application can be
classified as proximal and unilateral. A similar concept was described in [9]. An approach
for robotic rehabilitation was used with MIME (Mirror Image Movement Enabler) [10],
using an industrial robot to train the arm. A pneumatic system is the RUPERT (Robotic
Upper Extremity Repetitive Therapy), which is an exoskeletal type. It consists of four
pneumatic muscles, [11]. MACARM (Multi-Axis Cartesian-based Arm Rehabilitation
Machine) is a planar cable-driven system designed for the rehabilitation of the upper
limb [12]. The use of this kind of technology was further used in [13,14], although for
correct operations, several issues for the design and modeling should be considered [15–17].
NeReBot and then MariBot are cable-driven systems with proximal, unilateral end-effector
devices [18,19]. A cable-driven robot was proposed for mirror therapy in [20] and a real-
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time two-axis mirror robot system was developed for functional recovery of hemiplegic
arms in [21].

In this paper, we present the design, analysis and experimental set-up of a system
based on the mirror therapy concept suited to wrist rehabilitation. Mirror therapy is an ef-
fective occupational therapy for functional recovery of a hemiplegic arm after stroke [22–24].
It can facilitate brain neuroplasticity through activation of the sensorimotor cortex. The
standard approach uses a simple mirror and the individual sits orthogonal to the mirror.
The affected limb is positioned behind the mirror, so that it blocks the view and shows
the non-paralyzed limb. Watching the mirror, the motion of the master limb is ideally
projected to the paralyzed limb (the slave). The mirroring creates the illusion where it looks
like the paralyzed limb would do the same movement as the non-paralyzed one. With
this visual illusion, damaged nerve connections in the brain should be stimulated to make
reconnections [25]. Moreover, mirror therapy has been used for chronic pain [26,27], and, as
it was introduced by Vilayanur S. Ramachandran [28], as a therapy against phantom pain.

In our implementation, the system is designed to orient the affected wrist (slave) in
real time according to the imposed motion of the healthy wrist (master).

The rest of the paper is organized as follows: In Section 2 a description of the system
is provided, Section 3 presents the kinematic analysis of the mechanisms, Section 4 shows
the numerical results obtained from the simulations whilst in Section 5 we describe the
experimental set-up. Finally, in Section 6 the conclusions are drawn.

2. Description of the System

The system is basically composed of two units, which are called master and slave, the
master is interacting with the full functional upper limb, while the slave is devoted to the
affected upper limb. The two mechanisms are different because they must have different
functions. The master is designed and built as a three-axis gimbal. Figure 1 illustrates a
view of the master. In a typical gimbal, there are two or three motors on the system with
the aim to prevent or eliminate vibration or locate an end-effector in space [29,30]. The
basic aim of a gimbal is to minimize the vibration in video recording devices, and creating
a reverse motion in the opposite direction of the vibration. The reverse motion can be
provided by using an inertial measuring unit (IMU) sensor, which is placed on the camera
and detects the camera movements and reports the motion to three servomotors positioned
in line with the camera lens. The IMU detects the relative pose of the camera according to
the ground, and based on the predetermined optimum position, the deviation between the
two is evaluated. Then, an electronic board receives and processes data from the IMU and
then transmits the information to the servomotors of the gimbal, which provides smooth
motion. Thus, the servomotors that produce the opposite movement of the camera allows
obtaining a smooth image. We have used the same concept to design a gimbal for tracking
the orientation of the full-functional upper limb. Instead of using the IMU, we have chosen
encoders. The motivation is that the orientation of the hand must be tracked and measured,
instead of its angular velocity and acceleration. Nevertheless, in future applications, we
may consider the use of an IMU.

The slave is a spherical parallel mechanism [31,32]. Figure 2 illustrates a view of the
slave. It consists of a fixed base and an end-effector, hereafter referred to as the joystick,
connected to each other by three identical limbs, each with an RRUR kinematic chain (R
stands for revolving joint, U stands for universal joint formed by two concurrent R joints,
P stands for prismatic joint and S stands for spherical joint) [33]. In each limb the first
three R joints have parallel axes forming a planar chain whilst the last two R joints are
perpendicular to each other, intersecting in the center of rotation of the joystick. Only the R
pairs connected to the frame are actuated. The motors torques allow the joystick to fully
rotate about the center of rotation. The mechanism is decoupled and not-overconstrained.

In literature, there are numerous applications of the parallel mechanisms for re-
habilitation tasks. Some ankle rehabilitation devices proposed have the 3-RRR [34], 2-
RRR/UPRR [35], 2-UPS/RRR [36], 3-RRS [37] geometries and to fit more closely the ankle
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motion Zhang et al. exploited a more complex parallel geometry [38]. There are, also,
parallel geometries exploited for upper limb, wrist rehabilitation devices as those proposed
in [39,40].

In summary, the choice of the three-axis gimbal geometry is motivated by its simplicity.
In fact, the simple kinematics allows us to obtain the joystick orientation straight from
the encoders measurements. Additionally, there are no strict requirements in terms of
dynamics as the motion is imposed by the healthy hand. Conversely, the slave mechanism
must reduce the inertial effects as the affected hand follows the driven motion and it has to
be accurate and repeatable in posing the joystick. For these reasons, the parallel architecture
appeared to be appropriate as it presents light moving links with the motors fixed at
the base. Furthermore, the closed chain geometry may allow us to have high accuracy
and·repeatability.

Y

Z

X

Master

Figure 1. The master mechanism.

Slave

Y

Z

X

Figure 2. The slave mechanism.
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3. Kinematics

The master mechanism is moved by the patient healthy arm with the rotations mea-
sured by encoders. A forward position kinematics allows us to obtain the orientation of
the joystick. Because of the numerical efficiency, a quaternion parametrization was used
such that the rotation of the joystick can be expressed as the compositional rotation of the
intrinsic Tait–Bryan angles, ψ, θ, φ:

q = q3 ⊗ q2 ⊗ q1, (1)

with

q1 = cos(
ψ

2
) + sin(

ψ

2
)k, yaw

q2 = cos(
θ

2
) + sin(

θ

2
)j, pitch

q3 = cos(
φ

2
) + sin(

φ

2
)i. roll

Equation (1) indicates a rotation q1 followed by rotation q2 and followed by rotation q3 as
shown in Figure 3.

X’’, q3

Y’, q2

Z, q1

Figure 3. Tait–Bryan angles in the master mechanism.

The slave mechanism drives the patient affected arm by three servo-motors. An
inverse kinematics is needed to obtain the motors rotations from the orientation of the
joystick q.

With reference to the Figure 4, the equations required to solve the inverse position
kinematics are obtained considering the ith. of the 3-RRUR mechanism:

ai + bi + di = si, (2)

vT
i wi = 0. (3)

The solving procedure is: (a) to obtain the orientation λi of di = dwi by solving Equation (3),
(b) to obtain the motors rotations by solving Equation (2).
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w11, v3

w3, v2

w21, v1

Figure 4. Slave mechanism at home pose.

Under the rotation q = q0 + q1i + q2j + q3k from the joystick of the master mechanism,
wi are obtained as (Figure 5):

w1 = e1je∗1 ,

w2 = e2ke∗2 ,

w3 = e3ie∗3 ,

where e∗i is the ith. conjugate quaternion and

e1 = e01 + e11i,

e2 = e02 + e22j,

e3 = e03 + e33k.

e1, e2, e3 are the Euler parameter quaternions that represent the unknown rotations λi of
wi around the first three axes of each limb. On the other hand the axes vi connected to the
joystick are rotated by q.

v1 = qkq∗,

v2 = qiq∗,

v3 = qjq∗.

Equation (3) leads to:

(2e2
11 − 1)(2q0q1 − 2q2q3)− 2e01e11(2q2

1 + 2q2
2 − 1) = 0,

(2e2
22 − 1)(2q0q2 − 2q1q3)− 2e02e22(2q2

2 + 2q2
3 − 1) = 0, (4)

(2e2
33 − 1)(2q0q3 − 2q1q2)− 2e03e33(2q2

1 + 2q2
3 − 1) = 0.

Equation (4) with the Euler parameters normalized equations, namely e0i
2 + eii

2 = 1, form
two equations with two unknowns for each limb that can be easily solved. The sought
angles λi are then obtained as: λi = 2atan(eii/e0i). It is worth noting that geometrically the
solutions are obtained as intersection points of a conics and a circle in the Euler parameters
plane {e0i, eii}. An example is shown in Figure 6. It may be noted that, because of the
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symmetry of the solutions, a couple of points provides the same angle leading to only two
distinct solutions.

Y

Z

X

λ1

w1

w3

w2

v1

v2

v3

y1

z1

x1

Figure 5. Slave mechanism in an arbitrary pose.
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0

0.5

1

1.5

2

Figure 6. The conics and the circumference in the Euler parameters plane {e01, e11}.

The rest of the solution procedure consists of solving the inverse kinematics of a

three-link planar manipulator, namely Equation (2), with λi =
3

∑
i=1

θ1i as known values:

acθ1i + bc(θ1i+θ2i)
= pyi − dcλi , (5)

asθ1i + bs(θ1i+θ2i)
= pzi − dsλi ,
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with (pyi , pzi ) coordinates of the center of rotation expressed in the reference system of the
limb. The procedure is well-known [41] and for this reason it is not reported here in the
detail. First, θ2i is obtained by squaring and summing up Equation (5) to have the multiple
solutions corresponding to the elbow-up or the elbow-down, then sθ1i and cθ1i can be obtained
as the solution of a linear system.

Range of Motion

In the light of the application under study, it is required to know the range of motion
of each input link of the slave mechanism.

In doing that the planar three-link model of the ith. limb is considered. According to
Figure 7, the maximum Euler angle β and the limiting values of the input angle θ1i can be
obtained geometrically. Firstly, the limit of the counterclockwise input rotation θ1iu is con-
sidered. θ1iu is reached when the first two links of the limb are aligned. This configuration
represents an inverse singular configuration for the mechanism (serial singularity) that is
avoided in practice:

(a + b)cθ1iu
− dsβ = pyi , (6)

(a + b)cθ1iu
+ dcβ = pzi ,

Solution of Equation (6) is straightforward. By squaring and summing up the equations
an equation of the form Asβ + Bcβ + C = 0 is obtained and solved by the half-tan method.
Eventually, we obtain θ1iu = atan2(pzi + dsβ, pyi − dcβ). Once β is known, the limit of the
clockwise input rotation θ1id is obtained by solving the Equation (7):

acθ1id
+ bcε + dcβ = pyi , (7)

−asθ1id
+ bsε + dsβ = pzi .

zi

yi

ai

bi

di

ε

β

β

θ1iu

θ1id

Figure 7. Geometric model for θ1iu , θ1id
calculation.

A dimensional graphical synthesis was performed in order to avoid singularity con-
figuration during the system’s operations. In addition, the Jacobian matrix, which refers



Actuators 2022, 11, 14 8 of 15

to check the inverse singularity is a diagonal matrix whose condition number has been
verified [33]. In particular, it is worth noting that the maximum value of the Euler an-
gle attained by the joystick in the simulation of the system was β̃ = 35◦. For this value
the condition number of the Jacobian matrix is about 1.7, which is still far away from
singular configurations.

4. Simulation of the System

The main goal of the numerical simulations was to produce the motion mapping
from the master to the slave mechanism in accordance with the results from the kinematic
analysis. Further, the model allowed us to choose the motors to be used in the prototype.

The geometrical dimensions of the slave in the model are: ai = 72 mm, bi = 150 mm,
di = 78 mm.

The simulation was carried out in order to have the same behavior (rotational motion)
of the two joysticks. In particular, the motion laws of the three motors of the slave must
be related to the angular configuration of the master. It is worth noting that, since the
two mechanisms are different, the laws of motion will be different. The outcome of the
simulation of the system has to be reproducing the same motion of the joysticks. Figure 8
shows the rotation about z-axis for the first 10 s and an arbitrary spherical motion for the
last 10 s. Figure 9 shows the mechanisms configuration at t = 7.5 s when the maximum
discrepancy was found between the input and the output curves while performing the
basic rotation. The mapping mismatch is shown in the plot, too. For the sake of clarity, the
curve is shifted by an opportune offset.

0 5 10 15 20 25 30 35 40
-60

-40

-20

0

20

40

60

Figure 8. Master to slave Rz mapping.
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Master

Slave

θM3

θZ

θZ

Figure 9. Mechanism configuration at t = 7.5 s.

Similarly, Figures 10 and 11 show the rotation about x-axis in the time interval 10–20 s
and the rotation about y-axis in the time interval 20–30 s. The corresponding mapping
mismatch curves are shown as well. The mechanisms configurations at t = 17.5 s and
t = 27.5 s are shown in Figures 12 and 13.

0 5 10 15 20 25 30 35 40
-60

-50

-40

-30

-20

-10

0

10

20

30

40

Figure 10. Master to slave Rx mapping.
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Figure 11. Master to slave Ry mapping.

Master

Slave

θM1

θx

θx

Figure 12. Mechanism configuration at t = 17.5 s.
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Master

Slave

θM2

θy

θy

Figure 13. Mechanism configuration at t = 27.5 s.

It may be noted from the simulation plots that, because of the decoupled nature of the
slave, the map is close to an identity while doing the basic rotations. A slight mismatch, i.e.,
4.5◦, was found when the motor rotation approaches its maximum θMi → θ̃1iu . On the other
hand, because of the complex geometry and kinematics of the slave, the motor rotation
laws are different from the master counterparts while performing a spherical motion. The
limiting values of the motor rotations obtained from the simulation are θ̃1iu = θ̃1id = 42◦

and the maximum value of the joystick Euler angle of β̃ = 35◦. As expected, all values
are lower than the theoretical counterparts calculated according to Equations (6) and (7),
namely θ1iu = 65.7◦, θ1id = 41◦ and β = 42◦. Figure 14 shows the mechanisms configuration
at t = 38.5 s when a spherical rotation is performed.

Master

Slave

Figure 14. Mechanism configuration at t = 38.5 s.
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5. Experimental Set-Up of the System

The layout of the proposed system is shown in Figure 15 following a mechatronic
architecture shown in [42,43]. The input signals of the servo-system are the reference signals
θ1, θ2, θ3-SET, which correspond to the time position laws of the gimbal. They are sent to
control board, which uses a control law Gc for generating the signals θM1 , θM2 , θM3-SET
for the motors. Gc implements the inverse kinematics of the slave mechanism. In the
closed-loop regulator, the θMi -SET are compared with the feedback signals θMi -F/B, which
are compensated by the signal conditioning Kθ of the angular transducers connected to the
motors shafts. The error ε is compensated through the proportional controller P, such that
the outputs θM1 , θM2 , θM3 -REF are the command signals of the three small servomotors of
the slave system. The θMi -OUT signals, which are related to the shaft angular position of
the motors, change the configuration of the slave to follow the θi-SET signals of the master
minimizing the error.

θ1,2,3_SET

Gc

θM1, M2, M3-SET

Gc = Control Law from Master to Slave

e
PID

θM1,M2, M3-REF Motors

M1,M2,M3

Kθ
θM1,M2,M3-OUT

θM1,M2,M3-F/B

+
-

Figure 15. Block scheme of the control.

Figure 16 shows the overall control scheme, in which a PC, labeled (6), is used for
programming and monitoring the operation and finally recording the trial. It is worth
noting that after initial programming and calibration, the system is able to work and to
interact automatically with the end-user. The end-user grasps the joysticks of the master
and slave systems at the same time. The healthy hand plays as the master; therefore, the
gimbal (1) is completely passive and follows the movements. The encoders, named as S1,
S2 and S3, measure the angular configuration (orientation) of the system and their values,
θi-SET are sent through a sensors control board (2) to the Arduino control board (3). The
resulting signals θM1 , θM2 , θM3-SET are generated by the Gc control law and sent to the
motor control board (4) to operate the motors of the slave system to move the affected hand.
It is worth noting that either a mirror movement or the same of the slave can be generated,
according to the programming of the system at the beginning of the trial.

The Arduino Electronic Board is used to control the small servomotors to actuate the
slave, they have a power supply of 4.8 V, maximum torque 2.45 Nm and rotation speed of
2 π/s. Figure 16 shows a scheme with the basic components, they are used for the primary
task of monitoring and eventually recording the orientation of the healthy and affected
hands. Nevertheless, the use of force sensors on the joysticks may be considered in order to
increase safety during the operation, i.e., the system stops if the grasping forces in one or
both hands increase or decrease rapidly. This option will be further implemented.

The preliminary mechatronic prototype of the system is reported in Figures 17 and 18.
As mentioned previously, the system is basically composed by two units, the master is
interacting with the full functional upper wrist, while the slave is devoted to the affected
upper wrist.

Another important outcome of the proposed system is moving towards the e-healthcare,
providing a portable system, relatively at low cost, with mechatronic solutions that allow
the remote monitoring and recording of the trials to be supervised even at a distance.
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1

5 2

3

Arduino – (Control Board)

Gc = Control Law

USB

Sensors Control Board

PC

1

0

1

1

Motor Control Board

1

0

1

1

4 6

M1 M2 M3

M1

M3

M2

S1 S2 S3

S3

S1

S2

Figure 16. System control scheme.

SlaveM1

M2

M3

Master
S2

S1

S3

1

2

3

Figure 17. An overview of the proposed test bed of the mechatronic system.

Slave

M1

M2

M3Master

S2

S1

S3

1

2

3

Figure 18. Top view of the proposed test bed of the mechatronic system.

6. Conclusions

We presented the design, analysis and experimental set-up of a master/slave system
dedicated to wrist rehabilitation. The basic idea was to convey the motion of the healthy
wrist imposed to a gimbal-like mechanism to the affected wrist moved by a mechanism
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with a parallel geometry. This solution combines the simplicity of the master design with
the accuracy of the slave geometry. According to the analysis and simulation outcomes,
the master/slave map is an identity except when the motor links rotations of the parallel
mechanism approach the upper limits. The ranges of rotation either of the joystick or of the
driving motors can be considered acceptable for the application proposed. The simulations
allow the authors to select the driving motors and to arrange a mechatronic set-up of the
entire system. Experimental tests will be the main subject of the future work.
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