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ABSTRACT

The high position accuracy and rigidity of robots are very important in interventions to the human
body. Due to its closed chain kinematic structure, parallel robots exhibit superior positioning
accuracy and rigid body structure. Although these reasons lead to the preference of rehabilitation
robots, the closed chain kinematic structure introduces a limited working space which restricts the
robot to perform the necessary rehabilitation exercises through one joint, solely. Based on this fact,
a newly constructed rehabilitation robot ensuring the same positioning accuracy of a parallel robot
and also an increased working space has been utilized in this work. This rehabilitation robot
represents a parallel robot as a Stewart Platform structure including a 7™ linear actuator combined
with a trajectory stabilizer. By means of its expanded working space, this robot system offers the
possibility of rehabilitation in the ankle with plantarflexion-dorsiflexion, eversion-inversion,
adduction-abduction and in the knee joint with extension-flexion ROMs. On these joints, active and
active-assisted ROM rehabilitation with position-based impedance control structure have been
applied. Measurements performed on two healthy volunteers revealed that the robot's standard
ROM values could be brought with a maximum deviation of 1.3%, with the force or torque
occurring in the “0” or reverse direction.

Keywords: Lower extremity rehabilitation robot, parallel robot, position-based impedance control,
active rehabilitation exercises, active-assisted rehabilitation exercises

1. INTRODUCTION

The use of robots in the field of health has started to become widespread with the development of
technology. Rehabilitation exercises, which are of great importance to restore the physical functions
of the affected external limbs of individuals, have an important place in the field of health. Due to
the differences in the physical and biological structures of patients, the effects of the same disease
may vary according to the individuals. For this reason, the strength and range of motion that the
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physiotherapist will apply during the treatment varies from person to person. Therefore, it takes
long time for the physiotherapist to gain practical skills and experience after education. In addition,
repetitive physiotherapy movements cause occupational body deformations for physiotherapists.
However, the inability to measure the recovery of the patient's limb fully and rationally is among
some of the problems of traditional rehabilitation methodologies.

Different robotic systems have been developed and are being developed to reduce or completely
prevent these problems. In the literature, it is seen that the parallel robot structure comes to the fore
in the design of rehabilitation robots that provide range of motion (ROM) in three axis in the ankle.
The main reasons are the rigid structure of parallel robots as well as motion repetition, positioning
precision, and high degrees of freedom. However, due to the reduced working space of parallel
robots, rehabilitation applications with parallel robots in the literature have been limited to the ankle
joint (Ayas et al., 2018; Ayas & Altas, 2018; M. Dong et al., 2021; M. Girone et al., 2001; M. J.
Girone et al., 1999; Jamwal & Hussain, 2016; Liu et al., 2006; Rakhodaei et al., 2016; Tsoi & Xie,
2008; C. Wang et al., 2013). Diaz et al. reviewed ankle rehabilitation robots as a separate group in
their review article on rehabilitation robots (Diaz et al., 2011). It is observed in the literature that
serial robots are generally preferred in wearable and fixed rehabilitation robots for knee
rehabilitation. At these robots, either only knee rehabilitation was provided or studies were carried
out on combined rehabilitation movements with ankle and/or knee (F. Dong et al., 2022). However,
it has been determined that serial robots that provide knee and ankle rehabilitation have the ability
to move only in one axis (plantarflexion-dorsiflexion) in the ankle (Chisholm et al., 2014; Feng et
al., 2016; Mohanta et al., 2018; Shen et al., 2020). In addition, in the knee joint, the posterior parts
of the condyles have a common rotation center passing through the anterior and posterior cruciate
ligament attachments. The anterior parts do not have a single rotation center due to their different
morphological structures and three-dimensional movements (Eckhoff et al., 2007; Esmer et al.,
2011). In these serial robots, only the rotational axis is used in the knee axis, and therefore, they
cannot compensate for the forward translational movement of the tibia on the femur due to the axis
shift seen in knee extension. Peng et al. reported ROM between —2° and +85° in the knee
rehabilitation robot they designed (Peng et al., 2016). Wang et al. performed knee rehabilitation
studies in the range of —5° to +95° (D. Wang et al., 2009). Chisholm et al. reported an ROM of 0° to
+70° for the knee and —15° to +30° for the ankle (Chisholm et al., 2014). Feng et al. performed
knee rehabilitation exercises between —120° - 0° and ankle exercises between —15° and +30°.

However, it was observed that these studied ranges could not reach the average normal range of
motion determined by AMA (American Medical Association) and AAOS (American Academy of
Orthopaedic Surgeons). In our previous study (Budakli & Yilmaz, 2021), we designed a new robot
system that can meet flexion-extension ROMs in the knee, and plantarflexion-dorsiflexion,
eversion-inversion, adduction-abduction ROMs in the ankle joint according to AAOS and AMA.
Beside that, passive exercises were performed with PID control in this robotic system. In this study,
the position based impedance control structure was added to the related robot and the results of
active and active-assisted rehabilitation exercises were evaluated by performing tests on healthy
volunteers.

2.SYSTEM DESCRIPTION

It is aimed that the designed rehabilitation robot will perform passive, active and active assisted
ROM rehabilitation exercises by meeting the flexion-extension ROMs in the ankle in three axis
(plantarflexion-dorsiflexion, eversion-inversion, adduction-abduction) and in the knee joint. Passive
and active rehabilitation with a seven-axis robotic structure in total, with a six-degree-of-freedom
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parallel robot with Stewart platform structure that can provide a three-axis range of motion in the
ankle and perform the linear movement of the knee forward, and a linear axis with a unique
mechanism included in this parallel robot structure to meet the knee extension movement. A system
has been designed to assist the treatment process by providing exercises. The designed
rehabilitation robot can provide treatment to more patient groups by applying rehabilitation to the
two joints of the right and left lower extremities. The rehabilitation robot basically consists of
workstation, electronic hardware and robot mechanism parts. The general structure of the robot is
shown in Fig. 1.

Physiotherapist Patient

|I},’i -

Target

WORKSTATION ELECTRONIC PART ROBOT
machine

part
D O N\
Electronic
Panels

Fig. 1. General Structure of the Rehabilitation Robot.

The robot is designed to provide rehabilitation for individuals with a maximum weight of 180 kg
and a heel-to-knee distance of 43 - 54 cm. The technical requirements and technical equipment of
the rehabilitation robot in order to meet the relevant exercises and ROMs are given in Table 1.

Table 1. Technical Requirements and Equipments

Property Technical requirements Technical equipments
Maximum weight of the rehabilitated person: 180 kg Actuator torque requirement: 500 N (6 pcs AC)
400 N (6 pcs AC) 800 N (1 DC)
500 N (1 DC)
Passive, active and assisted active exercises Joint angle speed: 0.2 rad/s 1 rad/s and 0,5 rad/s
Engine speed: 30 mm/s 150 mm/s (6 pcs AC)
80 mm/s (1 DC)
Required ROMs: Stroke length: 200 mm (6 pcs AC)
x-axis: -20° - 30° 200 mm (6 pcs AC) 300 mm (DC)
y-axis: -20° - 40° 300 mm (DC)

z-axis: -10° - 20°
Heel-to-knee distance: 43 - 54 cm

Maximum force/torque exerted by the rehabilitated  x-, y- axis: 150 N, £10 X-, y- axis: 165 N
person z-axis: 400 N z-axis: 495 N
Torque=+10 Nm Torque=+15 Nm

The parallel robot provides both linear and rotational motion in the X, y, z-axis and has 6 degrees of
freedom. However, the working space is not sufficient for the knee extension movement. A seventh
linear actuator is incorporated into this parallel robot, which is designed to meet the ROMs required
for knee rehabilitation.

www.euroasiajournal.org 68 Volume (10), Issue (31), Year (2023)



International Indexed and Refereed
ISSN 2667-6702

Euroasia Journal of Mathematics, Engineering, Natural & Medical Sciences %’3

Table 2. Mechanical Parts of Robot

Mechanical parts of parallel robot Mechanical parts of additional mechanism
Upper plate Movable foot plate

Fixed base plate Trajectory stabilizer

Linear Actuator (6 pcs) 7th Linear actuator

Universal Joint (12 pcs) Joints (2 pcs)

Mounting part (6 pcs) Support unit for trajectory stabilizer

The design parts of both the parallel robot and the additional mechanism of the robot are shown in
Table 2. The structure of the rehabilitation robot consists of the lower platform, the upper platform
and 6 linear actuators with a stroke length of 200 mm between them (see Fig. 2). The linear
actuators are fixed to the lower and upper platform with universal joints. In addition, inclined
connectors made of steel material are mounted between the universal joints and the platforms. Thus,
in the zero position, the universal joints are kept straight and can allow the upper platform to be
tilted up to 50°. In knee extension movement, the parallel robot brings the knee up to a certain
angle, then the seventh linear actuator engages and continues the movement for maximum extension
ROM. In this case, only the 7" linear actuator needs to leave the platform of the foot and move. For
this reason, a table that can be separated from the middle of the upper platform of the parallel robot
and where the foot can be placed was designed.

a)

7th Linear actuator
Upper plate

/ Movable foot plate

Joint 1

Joint 2

Support unit
for trajectory
stabilizer

Motor
Linear actuator
Universal joint

Fixed base plate

Fig. 2. Mechanical structure of the rehabilitation robot (Budakli & Yilmaz, 2021).

The footplate is connected to the additional mechanism with a hinge-type joint from the lower part.
A split weight through which the additional mechanism in the middle of the upper platform can
move. In Fig. 3, balancing weight, teflon bed and reel connected with steel rope from the lower part
of the patient chair are shown.
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Fig. 3. Rehabilitation robot: a) Balancing weight, b) Teflon bed and reel supporting unit (Budakli &
Yilmaz, 2021).

In addition to the software and electronic safety measures of the rehabilitation robot, some safety
measures have also been taken in its mechanical design. The additional mechanism in the knee
extension movement is limited to 90°. The parallel robot linear actuator stroke is used as 200 mm,
so that the maximum angle in ankle movement does not exceed 40°. There are manual emergency
buttons on the right side of the rehabilitated person, on the top of the electronic panel, and also on
the user's desktop.

3. MATHEMATICAL MODELING OF THE ROBOT
Inverse Kinematics of the Robot

The inverse kinematics of the rehabilitation robot consists of two parts, the Stewart Platform part
and the additional mechanism. In the Stewart Platform part, the determination of the stroke length
of each linear actuator for the position and orientation of the midpoint of the upper plate is done by
inverse kinematics calculations. In Fig. 4, the vectors for the inverse kinematics calculations on the
two legs of the Stewart Platform are shown.

Two separate Cartesian coordinate systems are defined for the fixed based and upper platforms. The
vectors between the center of the coordinate system (basic coordinate system) located at the center
of the lower platform and the joints at the bottom, and along the legs of the platform are denoted by
g, and [, respectively. The vector p extending from the origin of the base coordinate system to the
origin of the upper platform are expressed in the basic coordinate system (Budakli & Yilmaz,
2021). The vector b from the origin of the upper platform to the upper joint of the legs is expressed
according to the upper platform coordinate system.
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Fig. 4. Vector Definition of Steward Platform for Inverse Kinematics Calculations.

For vector addition, the vector b in the upper platform coordinate is defined in the basic coordinate
system by multiplying it with the rotation matrix consisting of Euler angles given in (1).

cpcf copsasf—casp saspp+cacopsf
R=|cfs¢p cacp+saspsf casqbsﬁ—cqbsa] D
sf cfsa cacf
The position of each leg of the platform in three axis is achieved with vectorial calculation as,
Li=R-b;+P;— 3 (2)
Liy Ryi Ry1 Ry [bi Px Aix
Liy = | Ry Ryz R, |. biy + |Py|— [aiy] (3)
Liz Rys  Rys Ry [by, Pz Aiz
The leg lengths are as;
(4)

sty = \/Lixz + Liy2 + Liz2 ,((=12,..,6)

calculated.

In ankle rehabilitation exercises, only the movement of the Stewart Platform is sufficient.
Therefore, the inverse kinematics equations above are used. However, knee motion is provided with
Stewart and 7" linear actuators. Therefore, additional kinematic equations are required. In the
extension movement of the knee joint (see Fig. 5), the Stewart Platform starts to move in the
negative x-direction at point A and the 7™ linear actuator is activated when the foot is at point C
after Stewart brings the knee up to ©° alone. Through the medium of the 7™ actuator and the
inclined part in the form of a quarter circle mounted on it, the foot performs the remaining knee
orbit after ©6° in direct proportion to the extension of the piston.

*D —
LR
P{I‘".I‘

&

Fig. 5. Trajectory of the Robot for Knee Movement (Budakli & Yilmaz, 2021).
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It reaches the maximum point D. Between the D point and the A point, the 90° angle, which is the
maximum value in knee extension movement, is achieved. In Fig. 5, “r” denotes leg length. The
deflection values, which vary according to the elongation amount of the piston of the seventh linear
actuator, were calculated by polynomial regression and the polynomial is;

spy = —71,26 — 0,211S + 0,00665% — 0,00002015S> + 0,0000000135* (5)

Here “S” is the elongation amount of the 7™ linear actuator. In order to eliminate the deviations with
this obtained polynomial, the 7" linear actuator and the motion of the Stewart platform were
obtained as a mathematical expression and placed in the control software of the robot. The
displacement of the Stewart Platform in the x-axis is as,

Xst = Xst43 + SDx (6)

expressed. The amount of elongation of the 7™ linear actuator required for the position of the foot,
which is accepted as the end processor, depending on the change in knee angle is by

S=(9—43)-i—§+6 (7)

calculated. The elongation amount of each linear actuator is obtained by using the vectorial
calculation (2) and (7).

Forward Kinematics of the Robot

Different mathematical methods are used to determine the correct leg positions in the forward
kinematic calculations of the Stewart parallel robot. The forward kinematics equation can be
calculated numerically with an accuracy of 10 using the Newton-Raphson method (Sarhan &
Alwan, 2019). Since this sensitivity is suitable for the rehabilitation robotic system, the Newton-
Raphson method was used for advanced kinematic calculations in this study. According to this
method, firstly inverse kinematics calculations are set to zero, and defined as

fx)i=0 (8)

f(x)i = [(px + Rx1 " bix + Ryl ’ biy + R,y by, — axi)2
+ (py + Ryz " bix + Ryz ’ biy + Ry bz — aiy)2

)
+ (pz + Ry3 - bix + Ry3 ) biy + R;3 biz - aiz)z]O'5 - ls —q;

a function. The function f(x) is differentiated and its inverse is calculated. The result obtained by
dividing f(x) by the derivative of the function f(x) is obtained from the current upper platform
position adn so, it converges to the position of the upper platform. With iteration, the current
position of the upper platform is calculated (Alwan & Sarhan, 2019). The position of the midpoint
of the Stewart Platform calculated with Newton-Raphson also gives the position of the foot. While
it is used directly in this way in ankle rehabilitation exercises, for knee exercises should be
determined the knee angle 8. When the 7™ linear actuator is in the “0” position, only the Stewart
Platform is moving forward kinematics due to knee angle,

Xst — Xo

0 = arcsin(

) (10)

and due to the elongation of the 7" actuator is calculated via

www.euroasiajournal.org 72 Volume (10), Issue (31), Year (2023)



International Indexed and Refereed
ISSN 2667-6702

Euroasia Journal of Mathematics, Engineering, Natural & Medical Sciences %" ?

0 =(s—6) = +47. (11)

4. CONTROL TECHNIQUE

In active rehabilitation exercises, the individual actively moves the limb by using the
musculoskeletal system.

F

l Foot

"""" M

Fig. 6. Mass-Damping-Spring System Between Parallel Robot and Foot.

The rehabilitation robot can act passively in such exercises, as well as apply a certain counterforce.
Impedance control structure is designed for the rehabilitation robot to perform active rehabilitation
movements. As shown in Fig. 6, a second-order mass-damping-spring system is placed between the
environment and the robot in impedance control (Song et al., 2017). Thus, the robot provides
movement depending on the force by absorbing the effect of the external F force, and the resistance
of the robot can be adjusted with the desired coefficients (Ba et al., 2018; Yoshikawa, 2000).
Second-order mass-damper-spring equation is as,

M, —%)+B(;—%) +K(xyg—x)=F (12)

defined and in the frequency domain,

X(s) 1

F(s) Ms2+Bs+K
defined as an impedance filter. The impedance filter Z(s) updates the position of the robot specified
by (12). The mechanical impedance determined by M, B, and K defines how the robot will respond

to external forces acting on contact with an object (Kizir & Bingiil, 2014). The natural frequency
and damping ratio of the second-order system are, respectively,

K B
_ /_ _ (14)
“n= 137 7° = 280,
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given in the form. Stability conditions of position-based impedance control is as,

£>050W1+2k—1 (15)
k=K,/K>1 (16)

determined. A position-based impedance control scheme consists of an inner position loop and an
outer position based force loop as shown in Fig. 7. The force due to the weight of the foot is
accepted as the initial force and considered zero. In this case the desired trajectory Xq is identical to
the compliant trajectory X, since no compliant motions are required. However, in forced motions, a
non-zero contact force modifies the desired trajectory in the outer impedance control loop, resulting
in the compliant desired trajectory to be tracked by the inner motion control loop according to (12).
The applied force is detected in 6 axis by the 6-axis force/torque sensor. Thus, on the axis where the
force is applied, the position is adjusted according to the force change.

B
Xd v_ -1
—(—» K —_»(?—» M > _[ : I >
_Axp A x x x
Fext
Xp
L Inverse »| Robot Forward .
Kinematics Kinematics

Fig. 7. Block Diagram of Position Based Impedance Control of Parallel Robot.

Position is used as the input value of the system. The position of the midpoint of the platform is
subtracted from the desired position and the integration of this difference is taken to form (12). The
force of the end point of the platform is measured by the 6-axis force/torque sensor and is included
in the equation. Thus, the movement step of the platform is determined and the leg lengths required
for this movement are calculated with inverse kinematics and the position-based impedance control
is performed by bringing the platform to the desired position with the movement of the linear
actuators.
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Fig. 8. Block Diagram of Position Based Impedance Control of 7" Linear Actuator.

Fig. 8 shows the position-based impedance control scheme for the 7™ linear actuator. According to
(12), the mass-damper-spring equation is also valid here. The impedance control structure is created
with the force feedback and position feedback received from the end point of the linear actuator.
Matlab/Simulink program is used for real-time control of the robotic system. The communication of
the force/torque sensor and AC motor drives via Speedgoat takes place via EtherCAT PDO blocks.
For real-time control of the robotic system, it is necessary to build a communication topology for
the motor drivers so that the Matlab program can work with EtherCAT communication.

In order to use the EtherCAT communication method, a communication topology covering all the
engines that will use the communication protocol is first initialized with TwinCAT. The topology of
6 motors to communicate serially was created in the TwWinCAT program. In addition, the ".xml" file
was created by using PDO objects that transmit the signal at the preferred sampling time for the
required control signals. With Matlab/Simulink blocks, necessary input signals are transmitted to
motor drivers and output signals are detected. The closed-loop control signals created with these
blocks were combined with the necessary Matlab® software to transmit and receive commands to
the synchronous motors.

a) b)
Y L

Tl

-

A W) ‘ A Y 4

Fig. 9. Synchronization Problem of the Robot Algorithm Software and Simulink Realtime: a) Fast,
b) Slow.

However, the Matlab program or the program software created in the user interface does not run
with the specified sampling rate for PDOs in Simulink real-time. For this reason, synchronization
problem may occur in the detection loop of the motors with the input command. When the software
loop rate is faster than the sampling rate of the PDOs, it exceeds the desired position, as in Fig. 9a,
causing a less damped motion. When the software loop rate is slower than the sampling rate of the
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PDOs, it behaves like an over-damped system and cannot reach the desired position at the sampling
rate, as shown in Fig. 9b. In order to solve this problem, the parts of the software program that need
to work simultaneously can be placed in the Matlab/Simulink function within the Simulink realtime
program and controlled by the software in the user interface. Thus, synchronization is performed
and vibration is completely prevented in active rehabilitation exercises.

5. RESULTS AND DISCUSSION

In this experimental study with healthy individuals, the ability of the rehabilitation robot to perform
active and active-assisted ankle and knee rehabilitation exercises was evaluated. In active exercises,
healthy volunteers experienced bringing the robot to standard ROM of the joint by guiding the robot
with the movement of their lower extremities. In the active assisted exercises, the volunteers first
guided the robot with their own movements and brought the joint angle to a value lower than the
standard ROM of the joint. The robot realized that the movement stopped and that no force or
torque was applied in the same direction, and completed the relevant movement within the
framework of the required ROMs and performed the active-assisted rehabilitation exercise. In
graphics; the first volunteer was expressed as G-1 and the second volunteer as G-2.

G1 G-2
180 180
160 |9 19)
160
240+ SN A A . |40 |
Ewo | 7N /N NN\ o b A a0 A
7’ N/ \ / \ Vi N / \ s NN / \
o5 190 B WX Voou[100 NS s N A
S 80 ,” ‘*::;:'" \ /NS 80 . N /NS
3 0 LN / \ 60 v
\
S 40 \. / \/ 40
& 20 )
(72]

Force/ Torque (N, Nm)

w
o

N
o

=
o

o

Ankle Angle (°)
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0 10 20 30 40 50 60 70 80 0 6 12 18 24 30 36 42

Time (sec) Time (sec)

Fig. 10. Plantarflexion-Dorsiflexion Active Exercise, a), b), ¢) Representative Foot Position of the
Patient, d), g) Stroke Lengths, e), h) Force/Torque Sensor, f), i) Ankle Angle.

www.euroasiajournal.org 76 Volume (10), Issue (31), Year (2023)



International Indexed and Refereed
ISSN 2667-6702

Euroasia Journal of Mathematics, Engineering, Natural & Medical Sciences é" ?

Fig. 10 shows the results of experiments with two volunteers in active exercise for plantarflexion-
dorsiflexion movement of the ankle. Fig. 10d and g show the piston length of linear actuators of the
Stewart platform in the first and second volunteer experiments, respectively. Since the motion is
rotational motion in the y-axis, linear actuator pistons (L1-L2, L3-L4 and L5-L6) symmetrical with
respect to the x-axis have equal elongation. The first volunteer performed the plantarflexion
movement shown in Fig. 10b in the first 18 seconds and the second volunteer in the first 7 seconds.
Accordingly, the L1 and L2 pistons at the rear realized the maximum elongation, while the L5 and
L6 at the front reached the minimum value.

Fig. 10e and h show the torque exerted by the foot in the T, direction, it was observed that the first
volunteer applied a torque of approximately 1.2 Nm in the positive direction of Ty, and the second
volunteer applied a torque of 1.7 Nm. In Fig. 10d-f, at the point indicated by "A", the change in the
pistons, force/torque sensor and foot angle was observed when the first volunteer changed the force
applied. At the points marked "B", "C" and "D", changes in motion are shown. When the volunteers
started to move in the opposite direction, opposite changes in strength and positions were observed.
In this motion, torque and force parameters of the 6-axis force/torque sensor, except Ty, are not
included in the control algorithm. In this way, while plantarflexion-dorsiflexion movement is
performed, unwanted movements of the parallel robot in other axis are prevented. The first
volunteer performs the dorsiflexion movement in Fig. 10c between 18 and 37 seconds, and the
second volunteer between 7 and 15 seconds. L1 and L2 have minimum elongation, while L5 and L6
pistons show maximum elongation. It was observed that the first and second volunteers exerted an
average torque of —1.8 and —2.2 Nm in the negative direction of Ty, respectively. Volunteers
repeated the plantarflexion-dorsiflexion movement twice. Fig. 10f and i show that the foot angle
varied between 30° and —16° in the first volunteer, and between 24° and —14° in the second
volunteer, under the control of the volunteers.

The linear actuator strokes (L1-L2, L3-L4 and L5-L6) symmetrical with respect to the x-axis have
equal stroke lengths, since the motion is rotational motion in the y-axis with respect to the platform
axis (see Fig. 11d and g). The first volunteer performed the plantarflexion active exercise between
the 9™ and 15™ seconds and stopped the movement at the "A" point. Between 15 and 19 seconds,
the robot switched to assisted mode because the movement did not continue and there was no
increase in the force value.

He brought the ankle to the required ROM at the "B" point in the 40™ second, after applying 15
seconds of stretching, he brought the ankle to the starting position. Between the 89" and 93
seconds, the volunteer actively dorsiflexed and stopped the movement at the "C" point. Between the
93" and 98™ seconds, the robot switched to the assisted mode because the movement did not
continue and there was no change in the force value, brought the ankle to the required ROM at the
110" second, and brought the ankle to the starting position after 15 seconds of stretching.

The second volunteer performed the plantarflexion active exercise between 1.2 and 7 seconds and
stopped the movement at the "D" point. Between the 7" and 10™ seconds, the robot switched to
assisted mode because the movement did not continue and the force value did not increase. He
brought the ankle to the required ROM at the "E" point at 35 seconds, after applying 15 seconds of
stretching, he brought the ankle to the starting position. Between the 82™ and 87" seconds, the
volunteer actively dorsiflexed. At the “F” point, there was a change in the force in the opposite
direction and this movement caused vibration. Between the 87" and 91% seconds, the robot
switched to the assisted mode because the movement did not continue and there was no change in
the force value, brought the ankle to the required ROM at the 103" second, and brought the ankle to
the starting position after 15 seconds of stretching. The force/torque sensor data during this time is
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in Fig. 11e and h. In the graphs, the changes in the force/torque sensor of the volunteers during
active exercise are shown at the "A", "C", "D", "F" points. Fig. 11f and i show the changes in foot
angle during the exercise. After the first volunteer actively plantarflexed up to 7°, it was observed
that the robot completed the foot angle up to 40° in the plantarflexion movement in Fig. 11a. In the
dorsiflexion movement shown in Fig. 11c, after the volunteer actively moved his foot up to —6°, the
robot provided ankle motion up to —20°. After the second volunteer made 10° active plantarflexion,
it was observed that the robot completed the foot angle up to 40° in the plantarflexion movement in
Fig. 11a.
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Fig. 11. Plantarflexion-dorsiflexion active-assisted exercise, a), b), ¢) representative foot position of
the patient, d), g) stroke lengths, e), h) force/torque sensor, f), i) ankle angle.

The Fig. 12 shows the graphs obtained when the volunteers performed the eversion-inversion active
rehabilitation exercise. The force in the Ty axis is considered. The pistons of the linear actuators do
not intersect on the y-axis of the coordinate system of the midpoint of the foot on the upper
platform, so the piston lengths did not change symmetrically (see Fig. 12d and g). While L1 and L3
reached the maximum value in inversion movement, L2 and L4 showed minimum elongation. The
first volunteer performs the inversion movement in Fig. 12a in the first 20 seconds and the second
volunteer in the first 7 seconds. The point at which the maximum angle is reached in this movement
is indicated by "A" for the first volunteer and "C" for the second volunteer.
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It was observed that the volunteers applied torque of approximately £1.5 Nm in the positive and
negative direction of T,. Angular changes in the ankles of the volunteers are given in the graphs in
Fig. 12f and i, respectively. Accordingly, the angular change in the ankle of the first volunteer
ranged from a maximum of +30° to —15°, and the maximum range of +15° to —16° in the second
volunteer. In this movement, the axis of the 6-axis force/torque sensor other than the x-axis are not
included in the control algorithm. In this way, while the eversion-inversion movement is performed,
the forces of the other axis of the parallel robot are detected and unwanted movements are
prevented. VVolunteers repeated the eversion-inversion movement twice and ended it by returning to

the starting position.

Fig. 12. Eversion-inversion active exercise, a), b), ¢) representative foot position of the patient, d),
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g) stroke lengths, €), h) force/torque sensor, f), i) ankle angle.
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Fig. 13 shows the results of active-assisted rehabilitation exercise for eversion-inversion movement
of the ankle. The first volunteer performed the voluntary inversion active exercise between 8 and 16
seconds and stopped the movement at the "A™ point. Between 16 and 20 seconds, the robot
switched to assisted mode because the movement did not continue and there was no increase in the
force value. He brought the ankle to the required ROM at the "B" point at 38 seconds, after
applying 15 seconds of stretching, he brought the ankle to the starting position.
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Fig. 13. Eversion-inversion active-assisted exercise, a), b), ¢) representative foot position of the
patient, d), g) stroke lengths, e), h) force/torque sensor, f), i) ankle angle.

Between the 82" and 89" seconds, the volunteer actively dorsiflexed and stopped the movement at
the "C" point. Between the 89" and 93 seconds, the robot switched to the assisted mode due to the
lack of movement and no increase in the strength value, brought the ankle to the required ROM at
the 112™ second, and brought the ankle to the starting position after 15 seconds of stretching. The
second volunteer performed the plantarflexion active exercise between 2.5 and 11 seconds and
stopped the movement at the "D" point. Between the 11" and 15" seconds, the robot switched to
assisted mode because the movement did not continue and there was no increase in the force value.
He brought the ankle to the required ROM at the "E" point in the 31* second, after applying 15
seconds of stretching, he brought the ankle to the starting position. Between the 74™ and 79"
seconds, the volunteer actively dorsiflexed to the "F" point. Between the 79" and 82" seconds, the
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robot switched to the assisted mode because the movement did not continue and there was no
increase in the strength value, brought the ankle to the required ROM at the 97" second, and
brought the ankle to the starting position after 15 seconds of stretching. The force/torque sensor data
during this time is in Fig. 13e and h. In the graphs, the changes in the force/torque sensor of the
volunteers during active exercise are shown at the "A", "C", "D", "F" points.

Fig. 13f and i show the changes in foot angle during exercise. It was observed that the first
volunteer completed the robot's foot angle up to 30° after actively performing the inversion
movement in Fig. 13a up to 8,5°. In the eversion movement shown in Fig. 13c, after the volunteer
actively moved his foot up to —11°, the robot provided ankle motion up to —20°. It was observed
that the second volunteer completed the foot angle of the robot up to 30° after 16° of active
inversion movement. In the eversion movement shown in Fig. 13c, after the volunteer actively
moved his foot up to —7.5°, the robot provided ankle motion up to —20°. Adduction-abduction
active exercises for ankle are given in Fig. 14. Relevant movements are realized by rotation of the
foot in positive and negative directions relative to the z-axis of the coordinate system located at the
midpoint of the parallel platform. The first volunteer performed the adduction movement in the first
10 seconds and the second volunteer in the first 8 seconds. It has been shown that just before the
"A" point in the graphics, the torque applied by the foot of the first volunteer decreased and
accordingly the linear change in the angle of the piston and the foot deteriorated, and the movement
continued with the application of a positive torque at the "A" point again.
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Fig. 14. Abduction-adduction active exercise, a), b), ¢) representative foot position of the patient,
d), g) stroke lengths, €), h) force/torque sensor, f), i) ankle angle.
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The first volunteer performed the abduction movement between 17 and 20 seconds, and the second
volunteer between 11 and 17 seconds, and repeated the adduction-abduction movement serially.
Fig. 14e and h show the torque exerted by the volunteers on the z-axis. It was observed that the foot
of the first volunteer exerted a maximum torque of 2 Nm to —1.2 Nm, and the second volunteer
applied a maximum torque of 1.8 Nm to —1.7 Nm. The changes in foot angles are shown in Fig. 14f
and 1. Accordingly, the angular position of the foot of the first volunteer varied between 7° and —3°,
while the angular position of the second volunteer changed between 4° and —5.7°. The graphs in
Fig. 14 show the reverse movement of the pistons and foot angles while changing the directions of
the torques applied by the first and second volunteers at the "B", "C" and "D" points. Fig. 15 shows
the results of adduction-abduction active-assisted rehabilitation exercise for ankle. The first
volunteer performed voluntary adduction active exercise between 3 and 8 seconds and stopped the
movement at point "A". Between 8 and 11 seconds, the robot switched to assisted mode because the
movement did not continue and there was no increase in the force value. He brought the ankle to the
required ROM at the "B" point in the 20" second, after applyin% the stretch for 15 seconds, he
brought the ankle to the starting position. Between the 51 and 54" seconds, the volunteer actively
performed the abduction movement and stopped the movement at the "C" point. Between the 54"
and 62" seconds, the robot switched to the assisted mode due to the lack of movement and no
increase in the strength value, brought the ankle to the required ROM at the 73" second and brought
the ankle to the starting position after 15 seconds of stretching. Second volunteer, 1.8 to 7.5.
performed the adduction active exercise between seconds and stopped the movement at the "D"
point.
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Fig. 15. Abduction-adduction active-assisted exercise, a), b), c) representative foot position of the
patient, d), g) stroke lengths, e), h) force/torque sensor, f), i) ankle angle.

Between 7.5 and 9 seconds, the robot switched to assisted mode because the movement did not
continue and there was no increase in the force value. He brought the ankle to the required ROM at
the "E" point at 22 seconds, after applying 15 seconds of stretching, he brought the ankle to the
starting position. 47 and 51.5. Between seconds, the volunteer actively performed the abduction
movement up to the "F" point. Between 51.5 and 53 seconds, the robot switched to assisted mode
because the movement did not continue and there was no increase in the strength value, brought the
ankle to the required ROM at 60 seconds, and brought the ankle to the starting position after 15
seconds of stretching. The force/torque sensor data during this time is in Fig. 15e and h. In the
graphs, the changes in the force/torque sensor of the volunteers during active exercise are shown at
the "A", "C", "D", "F" points. Fig. 15f and i show the changes in foot angle during exercise. It was
observed that the first volunteer completed the foot angle of the robot up to 20° after actively
performing the adduction movement up to 4°. After actively moving the volunteer foot up to —6.5°
in abduction movement, the robot provided ankle motion up to —10°. It was observed that the
second volunteer completed the foot angle of the robot up to 20° after 7° of active adduction
movement. In the abduction movement, after the volunteer actively moved his foot up to —6°, the
robot provided ankle motion up to —10°. The pistons L1-L2, L3-L4 and L5-L6 showed the same
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elongation as the upper platform was symmetrical in the x-axis during movement (see Fig. 16d and
g). Figure 5.7e and h show the force/torque variations in the three axis of the 6-axis force/torque
sensor position-based impedance control for two volunteers. While performing the knee extension
joint movement, the volunteers performed the movement by making linear motion in the y-axis (x-
axis of the platform) and z-axis and rotation in the x-axis (y-axis of the platform) of the force/torque
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Fig. 16. Knee flexion active exercise, a), b), ) representative foot position of the patient, d), g)
stroke lengths, €), h) force/torque sensor, f), i) Knee angle.

In the graphs, the change in forces and torques in the opposite direction at the points "A", "B", "C"
and "D" and the change in the knee angle in Fig. 16f and i in the opposite direction were observed.
The most force change occurred in the y-axis of the force/torque sensor, with a maximum range of
+3.4 N to —4 N for the first volunteer, and +3.7 N to —4 N for the second volunteer. Variations in
knee angle for two volunteers are given in Fig. 4.7f and i. In the first 28 seconds, the first volunteer
brought his knee to —40° and came to the starting position. He performed the repetition of the
movement between 58 and 95 seconds and brought the knee to —25° to the starting position. The
second volunteer brought it to —30° in 24 seconds and passed 0° at the "D" point. He started the
repetition from this position and performed between 52 and 64 seconds and brought the knee to
—25° to the starting position.
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Fig. 17 shows the results of active-assisted rehabilitation exercise for flexion movement in the knee
joint. The first volunteer performed the knee flexion active exercise between 17 and 30 seconds and
stopped the movement at the "A" point at the knee angle of —20°. Between the 30™ and 41%
seconds, the robot waited for a long time due to the lack of increase in the force value but the
change in the angle sensor and switched to the assisted mode. The array brought it to —45° ROM at
point "B" at 52 seconds, while the piston lengths remained constant while applying tension. After
stretching, he brought the knee back to the starting position at point "C" at 108 seconds and stopped
the movement. The second volunteer performed the knee flexion active exercise between 4 and 16
seconds and stopped the movement at the "D" point at —15°. Between 18.5 and 26 seconds, the
robot switched to assisted mode because the movement did not continue and the force value
decreased. The array brought it to —45° EHA at point "E" at 62 seconds, while the piston lengths
remained constant while applying tension.
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Fig. 17. Knee flexion active-assisted exercise, a), b), ¢) representative foot position of the patient,
d), g) stroke lengths, e), h) force/torque sensor, f), i) Knee angle.

After stretching, he brought the knee back to the starting position at the "F" point at 118 seconds
and stopped the movement. Force/torque sensor data for the two volunteers during this time are
shown in Fig. 17e and h, respectively. In this motion, linear force sensing in the y- and z-axis of the
6-axis force/torque sensor and torque sensing in the x-axis are used for position-based impedance
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control of the parallel robot. At points "A" and "D" in the graphs, the changes in the force/torque
sensor are shown while the volunteers are actively exercising. After the first volunteer made the
extension movement actively until the "A" point, the robot continued its movement as the force
values in the y- and z-axis approached zero at this point. According to the force/torque sensor axis
during the first voluntary active movement; It exerted a maximum force/torque of 3.8 N on the y-
axis, 2 N on the z-axis and —2 Nm on the Xx-axis. After the second volunteer executed the knee
flexion movement actively until the "D" point, the robot continued the movement as the force
values in the y- and z-axis approached zero at this point. According to the force/torque sensor axis
during the first voluntary active movement; It exerted a maximum force/torque Experimental results
of knee extension active exercise are given in Fig. 18. When it starts to move from the starting
position, the parallel robot moves first, and when it reaches the "A" point in the first volunteer and
"C" in the second volunteer, the seventh linear actuator is activated and the knee extension joint
movement is completed. of 2.9 N in the y-axis, 1.5 N in the z-axis and —1.2 Nm in the x-axis. Fig.
4.9e and h show the force/torque variations in the three axis of the 6-axis force/torque sensor
position-based impedance control for two volunteers. While performing the knee extension joint
movement, the volunteers performed the movement by making linear motion in the y-axis (x-axis of
the platform) and z-axis and rotation in the x-axis (y-axis of the platform) of the force/torque sensor.
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Fig. 18. Knee-extension active exercise, a), b), ) representative foot position of the patient, d), g)
stroke lengths, €), h) force/torque sensor, f), i) Knee angle.
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With the activation of the seventh linear actuator at points "A" and "C" in the graphics, the change
in forces and torques continued in the same way. The change in the x- and y-axis direction of the
force/torque sensor at the "B" and "D" points in the graphs and the movement direction of the
seventh linear actuator and the change in the knee angle in Fig. 18f and i in the opposite direction
are observed. By providing position-based impedance control with the force and torque values of
the relevant axis, the position in the axis is changed according to the forces and torques applied by
the person on these axis.
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Fig. 19. Knee-extension active-assisted exercise, a), b), c) representative foot position of the patient,
d), g) stroke lengths, €), h) force/torque sensor, f), i) Knee angle.

In Fig. 19d and g, the changes in the piston lengths of the robot's linear actuators for the first and
second volunteers and the corresponding change in the knee angle are shown in Fig. 4.10f and 1i.
The first volunteer performed the active knee extension exercise between 2 and 38 seconds and
stopped the movement at the "A" point at the knee angle of 44°. Between the 38" and 42" seconds,
the robot switched to assisted mode because the movement did not continue and the force value did
not increase. The array brought it to 88.7° ROM at point "B" at 56 seconds, while the piston lengths
remained constant while applying tension. After stretching, the knee was brought to the starting
position at the "C" point at the 109" second with the movement of the seventh linear actuator and
then the parallel robot until 72 seconds and stopped the movement. The second volunteer performed
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the knee extension active exercise between 2.5 and 32 seconds and stopped the movement at the
"D" point at 42°. Between the 32" and 35" seconds, the robot switched to the assisted mode
because the movement did not continue and the force value decreased. The array brought it to 89.9°
ROM at point "E™" at 58 seconds, while the piston lengths remained constant while applying the
stretch. After stretching, the knee was brought to the starting position at the "F" point at the 98"
second with the movement of the seventh linear actuator and then the parallel robot until the 74"
second and stopped the movement. Force/torque sensor data for the two volunteers during this time
are shown in Fig. 19e and h, respectively. In this motion, linear force sensing in the y- and z-axis of
the 6-axis force/torque sensor and torque sensing in the x-axis are used for position-based
impedance control of the parallel robot.

The force value for the position-based impedance control of the seventh linear actuator is obtained
from the linear force variation in the y-axis direction of the 6-axis force/torque sensor. At points
"A" and "D" in the graphs, the changes in the force/torque sensor are shown while the volunteers
are actively exercising. After the first volunteer made the extension movement actively up to the
"A" point, the robot continued its movement at this point when the force values in the y- and z-axis
decreased to zero or below. After the second volunteer made the extension movement actively up to
the "D" point, the robot movement continued at this point as the force values in the y- and z-axis
first decreased and then decreased to zero and below.

6. CONCLUSION AND OUTLOOK

The ability of a newly developed rehabilitation robot to perform active and active-assisted ROM
recovery exercises was tested on healthy volunteers. The active rehabilitation exercises have been
performed with position-based impedance control method on a male and a female healthy volunteer
with different leg lengths and weights. A mathematical infrastructure and software have been
designed according to the rehabilitation application by selecting the desired ROM of the patient's
lower limb. The measurment have yielded that position accuracy in the linear actuators used 1n the
robotic configuration can operate with a quite neglible deviation of lower than 1%. The torque
differences applied by two volunteers with different characteristics did not exceed +0.8 Nm, while
the force differences resulted lower values than =2 N. According to the applied force and torque, a
proportional increase in the piston speeds of the robot was observed. It has been recorded that in the
active assisted exercise mode, the system can seamlessly transist from position-based impedance
control mode to PID position control mode by sensing the change in force. The robot transitioned to
the PID-controlled position mode with the force or torque occurring in the “0” and/or reverse
direction, and the limb could be brought to the standard ROM values with a maximum deviation of
1.3%. Futhermore, it has been evaluated that the speed of the movement increases in direct
proportion to the torque. As a result, it has been verified by experiments that the robot can perform
the desired movement in relation to the force with high precision, accuracy and repeatability. As a
result, experiments on healthy individuals have shown that the robot can perform active and
actively assisted rehabilitation exercises in accordance with standard ROMs. For the future, it is
targetted that studies on strengthening exercises (isometric, isotonic, isokinetic) and walking
exercises can be carried out with a combination of interactively created lower limb rehabilitation
robot and EMG signals to be taken from the relevant muscles of the leg. In addition, it is foreseen
that this prototype robot, which has been patented, can be brought to hospitals and rehabilitation
centers by industrial design and reducing production costs in order to serve more patients and to
reduce occupational deformations of physiotherapists.
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