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ABSTRACT: In this paper, a new application of the Stewart platform is developed for rehabilitation =~ Review History:

utilities. Stewart robot has a good workspace and load capacity similar to other parallel robots. Here the  Received: Jul. 30, 2022
Stewart model is modified in order to be employed as a wrist rehabilitation robot. Both the direct and  Revised: Nov. 27, 2022
inverse kinematics of the robot is extracted using the Jacobian matrix. Afterward, the related dynamic  Accepted: Jan. 30, 2023

model of the proposed robot is developed using the virtual work method. In order to keep the wrist of the ~ Available Online: Mar. 01, 2023
patient within the desired path of rehabilitation, a nonlinear position control is designed and implemented
using Computed Torque Method. In order to move the patient’s wrist along a safe path, an optimal path  Keywords:
is extracted through which, the least amount of acceleration and consequently interaction force will be
implemented on the patient’s wrist and this path is controlled using Computed Torque Method. With
the aid of conducting some analytic simulations in MATLAB the applicability of the proposed robot for
wrist rehabilitation is demonstrated. The verification of the model is performed by comparing the results
with previous articles while the efficiency of the implemented controller is proved by comparing the Kinematics
actual path with the desired one in presence of disturbance. It is shown that with the aid of the proposed = Dynamics

Rehabilitation robot
Stewart parallel robot
Virtual work

robot and controller, the wrist rehabilitation process of a patient can be successfully accomplished. Computed torque method controller
Optimal path.
1- Introduction 2- Modeling the Proposed Robot
A-rehabilitation robot is a robot used by a patient which can The proposed robot for wrist rehabilitation is a horizontal
help the person for improving their special limb movements, Stewart platform as follows:
and maneuvers, as well as increase the strength and resistance The kinetic of this robot can be represented as the
of the muscles. There are classic rehabilitation robots that following dynamic model:

have been developed in the past years with extensive clinical

testing. Among them, we can mention the basic designs:

MIT-MANUS [1] and ARM [2]. Next, the Bi-Manu-Track M(q)j+Clg.9)q +Glg)= Hlg)F (1)
robot was made in Germany and had only two degrees of
freedom (DOFs) [3]. Martinez et al. [4] used a three-DOFs
robot to rehabilitate stroke patients. All the mentioned robots,
despite the significant improvements, do not have any forced
interaction with the patient’s hand.

In this research, an application for the Stewart robot
(wrist rehabilitation robot) is introduced. In the upcoming
article, firstly, the modeling of the robot is presented. After
that, a controller for the mentioned robot is designed using
the calculated torque method. Next, in order to implement
a safe rehabilitation for patients’ wrists, an optimal path for
changing the angle of the wrist has been extracted, in which
the minimum acceleration and impact are applied to the wrist,
and lead to the rehabilitation of the wrist with the minimum
possible damage. Then, in the simulation section, the results
are presented.

where ¢ is the generalized coordinate vector, M is the
inertia matrix, C is the Coriolis matrix, G is the gravity vector,
F is the force vector of the actuators and A is the Jacobian
matrix of the robot. Now it is possible to locate the hand of
the patient like the following figure and move it according to
the above-mentioned formulas:

3- Control and Path Planning

In order to achieve the optimal path from the point of
view of acceleration and jerk by which the least amount of
impulse would be implemented on the damaged wrist of the
patient it is required to employ a polynomial with optimum
gains. Here a polynomial of order 5 is required to satisfy the
initial conditions:
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Fig. 1. Stewart robot schematic used in modeling
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Employing the gradient method, the optimum values of

the gains can be extracted as follow:

o) = —% +0.08386658583¢° —0.02058427240¢ * + 3)
0.001758106753¢> —0.00005061757867¢ °

In order to keep the wrist within the above-extracted path
in the presence of patient disturbances, Computed Torque
Method is employed by which the required jacks’ force
should be implemented according to the following rule:

Uery =M (G, +Up)+C4, +G

4
Up =Kpe+Kyé, e=q,—4, @

where the subscripts a and d represent the desired and
actual components, respectively, U, is the applied input
load, and Kp and K, are controller coefficients. The schematic
view of the proposed controller for the robot can be shown as
the following flowchart:

4- Results and Discussion

In order to check the optimality of the chosen path for
wrist rehabilitation, the results of the extracted optimal path
are compared with the results of a desired path. The forces
required by the actuators to produce these two paths are as
follows:

It can be seen that the selected optimal path requires 33%
less force for its jacks, which in addition to creating a safer
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Fig. 2. The schematic of the rehabilitation robot
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Fig. 3. CTM controller schematic in joint workspace [5]

movement for the patient’s wrist, also leads to energy savings.
Next, for the interaction force between the patient’s wrist and
the robot during the movement, we have:

As can be seen from Fig. 4, the use of the proposed
rehabilitation robot for the movement of the optimal path
extracted with the Computed Torque Method (CTM)
controller applies about 47% less force impact to the patient’s
hand.

5- Conclusions

Stewart robot is employed in this article as a novel
rehabilitation robot for the wrist. To investigate the
correctness of modeling, its related results are compared with
previous studies and it was seen that the maximum error is
about 5%. A CTM controller was designed and implemented
on the system through which any desired path proposed by
physicians can be tracked. It was seen that, in the presence
of disturbance, the error of wrist tracking can be reduced
from 10% to 1% during 2 seconds with the aid of the
proposed CTM controller. Also considering the fact that for
efficient rehabilitation, the trajectory of the wrist movement
is significant, an optimal path was extracted for which the
acceleration and consequently its related impulse is minimum
during the wrist movement. It was shown that the extracted
optimal path reduces the maximum acceleration by up to
48% and its related forces by up to 47% which is extremely
useful for patient treatment. Thus it can be concluded that the
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Fig. 4. Comparison between jacks power for these two
paths

proposed robot with the aid of the designed optimal controller
can result in proper rehabilitation for the wrist of human
during his physiotherapy period.
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Fig. 1. A rehabilitation robot that used for finger [3]

28 o)Ll (W] Tmle s [V 1) [4] ' ogile

S sl oglom 5 sl pl by g e Slo H3Vgeie ol
s )s¥snio cpl b wblo 5 (sl ol 2 [3] (Bsn 5 S by
& Jojle s> Joile 9 Cuwd e Jpilo cgdane Jilo sl Cuonsd s
93b 2ol 5 b a8 o SaS low 4 45 sl (03] 4 y> A (1l o
iy ) ot 3 g > Con A5 S a3
Jolo JS Sy oxd csjloosly (s )l3ilays Loy NS (S cams
2 Gl Sl Sl (6l 125 LS Sl 4 ooy Jgbo o 1) el
(oloyd Codi 09,5 sl 0wy (093 ol 4 g 0l ploul by pl ]
09)5 & Cuwd |y i (S 2Uly (isly by Sl ekl L
2 ol A G5 g ¢ Slopd Lgy cul ped > id gl s @y J S
A sdalie Hlew

b lomgp ol g o ol by ] Lasde 45 gblon
e gl S5 d lp (S8 8 Lae )8 o
3alg3 83 1) o asd G955 Bpo 9 A5 goi Jlows Ced & led
O (598 el U wiS ol 0)lg jlow Cawd (6 L8 b (pizmen )8
25 ol eMae

1  MIT-MANUS
2 ARM
3 MIME

W3S ol wsSan g paitians (g puamne 13 1) by Soletus SYoleo
@ weSan pue ) g Jolie las p oy ] Sholids &Yolae ¢ puoas
pie oty ol sl als 1 dges glyzital 5 (oyp SISV )
o5 (V] hiSas 5 55 dngl 51 o ol i Sialss (s
ly it slocsad Job g el a2 g5 3l gl plSe
09,5 a5 by o ol plSe ol S Voles vyl 13,8 w)
glyzeul $IEY OY¥ole Ko @) ¢ s 5 dibly ppond diaiSee i
03,5 (gjluddo ) o by Ol ritie Siloi izan gl 00,8
S sl S (slagcl plas dacSad ] g Candy 2 50 5
Sslatew (yp pie Gy olidy cpl b wls sl Glisls
Sikdae & Yo e Jlo 3 [A] sl (5 diles 30 6B ) p3Se osSinn
9255 ©pbe ilre)lS ol Byl Ol Gl GugSae Seolud
2 ol ol Ll 4 s el edlitl (b 4
OYoleo (Saoms i jl o dtwlS Coge a5 2503 odlatwl (g5ludis
Saolisd duwlro 5 (giludio pas @ o o (g9 )5 sla wlS L0008

Dges 0,L5] puiiie
L ansdS gLl o a8 o) dg2y (SedlS cisuily slacl,

~ Lg] el iy ey o 013] alos 5 wloss aidlu o258 b u.uLo)]

YV



VYV B YV+0 asio 0F ) Jlo Y o)loss @F 0,93 S yuel SilSo pwiigen s

[A] wsile (5 (61 ol (iseilys by Y U
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Fig. 3. ARM Guide robot [10]
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Fig. 7. Stewart robot schematic that used in modeling
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Fig. 8. Free-Body diagram of end effector and robot link position [14]
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Fig. 9. The schematic of rehabilitation robot
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Fig. 16. The system behavior during disturbance and in presence of the CTM controller
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