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Abstract—Robotic-based rehabilitation has attracted great at-
tention since it provides various advantages from the viewpoint
of patients, therapists and rehabilitation process. This paper
presents a redundantly actuated ankle rehabilitation robot, its
control schemes for the common rehabilitation exercises, and
experimental results indicating the effectiveness of the control
schemes and the performance of the controllers. In order to
analyze the effect of external disturbance in position control
scheme, the related experiments are performed with and without
artificial disturbance required for making a fair performance
comparison of the optimized controllers. The effectiveness of
admittance control scheme is analyzed utilizing a healthy subject.
The performance of the developed controllers are calculated using
common performance indexes.

I. INTRODUCTION

Ankle sprain is one of the most common orthopedic injuries
occurred in daily life [1], [2]. Traditional rehabilitation meth-
ods require physical therapists to rehabilitate patients one-to-
one. The effectiveness of this rehabilitation process extremely
depends on the therapist’s skills. Since the rehabilitation
process contains repetitive and intensive exercises, it can take a
long time which affects the therapist in a negative way. Hence,
the same therapist cannot deliver the same well rehabilitation
process. Therefore, the importance and requirement of robotic-
based rehabilitation has been emphasized by many studies
from the viewpoint of patients, therapists and rehabilitation
process [3]-[5].

Ankle rehabilitation robots provide various advantages such
as:

o They provide a rich stream of measurement data to
the therapists to record and observe every detail of the
rehabilitation process and so make early alteration of
the diagnosis, prognosis, and customization of possible
therapy. In addition, therapists ensure about patients’
compliance to the treatment regimens.

o They enable therapists to treat more patients by maximiz-
ing their free time.

o They accelerate patients’ recovery by delivering more
accurate, repetitive, intensive, and long enough therapies.

Ankle rehabilitation robots can be classified into two main

categories as exoskeletons [4], [6], [7], i.e. wearable robots,
and platform robots [8]-[14], although several design ap-
proaches have been proposed. Exoskeletons are not discussed

in this study, since only the devices used to manipulate ankles
in sprained ankle treatment process are considered.

The most popular and earliest ankle rehabilitation system
is the Rutgers Ankle proposed by Girone et al. [8]. Both
passive and active training of the sprained ankle could be
performed using the Rutgers Ankle. Zhang er al. [9] devel-
oped a 1-degree of freedom (DOF) rehabilitation device to
perform the passive range of motion (ROM) exercises. A
3-SPS/SP parallel ankle rehabilitation robot was developed
by Dai et al. [10]. Liu et al [11] developed a parallel
rehabilitation robot to perform plantarflexion/dorsiflexion, in-
version/eversion, and abduction/adduction exercises. A parallel
mechanism that could be used as a ROM exercise device and
a balance/proprioception device was developed by Yoon et al.
[12]. A redundantly actuated parallel robot with a central strut
was proposed by Saglia et al. [13], [14].

In these aforementioned studies, authors neither revealed
their controller performances using any specified performance
index, nor used any optimization methods to tune the controller
parameters in order to improve the controller performances.
However, these developed devices contain one or more control
type and thereby controllers such as position, velocity, torque,
force, admittance, assistive, and resistive. In addition, control
frameworks of the developed devices required for the most
rehabilitation exercises anticipated by rehabilitation protocols
were not clearly provided except [14].

The main purpose of this study is to present a devel-
oped 2-DOF redundantly actuated parallel ankle rehabilitation
robot with its control framework. In addition, a proportional-
integral-derivative (PID) controller and a fuzzy logic con-
troller (FLC) both of which are optimized using Cuckoo
search algorithm (CSA) for position control are introduced.
Although we proposed an optimized PID controller [15] and
an optimized FLC [16] for such a parallel rehabilitation robot
in our previous studies, none of them present the control
framework and also both of them performed in simulation
environment. Furthermore, we also proposed a fractional order
PID controller in our previous study [17] which does not cover
the control framework presented in this study. In order to
estimate the controller performances, error-based performance
measurement methods, i.e. integral of absolute error (IAE),
integral of time-weighted absolute error (ITAE), and integral



TABLE I: Range of motion for the human ankle [20]-[21]

Motion type Range

Dorsiflexion 25°-30°
Plantar flexion  40°-60°
Inversion 20°-30°
Eversion 10°-20°

TABLE II: Ankle rehabilitation exercises

Type of Exercise  Exercises Mode

ROM Dorsiflexion, Plantar flexion  Passive & Active
Inversion, Eversion
Strengthening Isometric, Isotonic Active

of squared error (ISE), are used. The controller performances
when the ankle rehabilitation robot subject to external dis-
turbance are also observed since the interaction between
patient and robot results in disturbance effect. Furthermore,
admittance control scheme of the robot required for providing
assistance or resistance to the patient in strengthening exercises
is presented in this study. It should be noted that neither [15]
and [16] nor [17] proposed an admittance control scheme.

The rest of the paper is organized as follows. Section
IT presents a brief background about the developed 2-DOF
redundantly actuated parallel ankle rehabilitation robot, and its
inverse kinematic analysis. In Section III, the control strategies
for rehabilitation exercises are introduced. The experimental
setup used in this study and experimental results are given in
Section IV. Finally, the conclusions are drawn.

II. ANKLE REHABILITATION ROBOT
A. Specifications

Anatomic structure of the human ankle is required in
addition to the knowledge of the common ankle rehabilitation
protocols in order to develop an ankle rehabilitation robot.
The human ankle is capable of performing three kinds of
movements, i.e. plantarflexion/dorsiflexion, inversion/eversion,
and adduction/abduction movements through the ankle joint
and subtalar joint in sagittal, frontal and transverse planes,
respectively [18]. However, most of the ankle rehabilitation
exercises are performed in frontal and sagittal planes [19],
[20]. The ranges of motions for the human ankle given in
Table I vary according to human age, gender,and left-right
ankle [21].

The commonly used exercises in ankle rehabilitation are
given in Table II. Plantar flexion/dorsiflexion and inver-
sion/eversion movements are the common movements used
as the range of motion (ROM) exercises, and isometric and
isotonic exercises are the common strengthening exercises in
ankle rehabilitation protocol. The patient does not apply any
force/torque in passive mode exercises, while a force/torque
is applied in active mode exercises. In order to perform these
exercises a mechanism having at least 2-DOFs mobility is
required with both position and admittance control schemes.
It is important to note that the mechanism should provide the
required range for each motion. For this purpose, a parallel
mechanism shown in Fig. 1 is developed.

Fig. 1: The developed parallel ankle rehabilitation robot (a:
Ankle connection platform; b: Force sensors; c: Moving plat-
form; d:Central strut; e: Linear actuators; f: Base platform).

B. Description

The developed mechanism shown in Fig. 1 consists of a
motionless base platform and a moving platform connected
by 3 extensible legs and 1 strut located at the center. The 3
extensible legs consisting of DC electrical actuators (Concen-
tric LACT4P-12V-5) are used to rotate the upper platform. The
legs have a universal joint at the bottom end and a spherical
joint at the upper end. The central strut with a universal joint at
the bottom end and a spherical joint at the upper end supports
the upper platform and limits the mobility of the device to
2 DOFs by fastening both moving and base platforms. As
a result of the given design features a redundantly actuated
mechanism which has high stiffness capability and singularity-
free workspace [22] is developed.

C. Inverse Kinematic Analysis

The desired trajectory of the moving platform can be trans-
formed in terms of the required lengths of each DC electrical
actuator using inverse kinematic analysis of the mechanism.
By controlling the position of the actuators, the desired length
of each actuator can be achieved. Fig. 2 depicts the modeled
parallel mechanism used in inverse kinematic analysis.

O(z,y,z) and C(u,v,w) are two different Cartesian co-
ordinate systems located at the center of base and moving
platforms, respectively. Two rotation angles « and 8 around
u and v axes are shown in Fig. 2. The rotation matrix
which expresses the orientation of the moving platform with
reference to the base platform can be defined as in (1):

ARp = R,(B)Ru(a) (1)

where R, () and R, () are given in (2) and (3), respectively.
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A X, = [O,O,pz,a,B,O]T vector consists of both posi-
tion vector, 7p, and orientation angles. The position vector
p=1[0,0,p,]" is constant owing to the central strut.

The length of the i*" leg of the mechanism can be calculated
as:

A;B;=p+" Rpb; —a;,i=1,2,3 )

where A;B; is the length of the it leg, a; = (@i, iy ,aiz]T
is the position vector of A;, and b; = [b;y, biy, biry]  is the
position vector of B;.

IIT. CONTROL SCHEMES FOR REHABILITATION
EXERCISES

The required control schemes for the ankle rehabilitation
exercises are given in Table III. Position and admittance
control are sufficient to achieve the particular exercises in both
passive and active mode. It is clear that admittance control is
only required in active mode, while position control is required
for both of the modes.

When the mentioned exercises are considered:

o The passive ROM exercises in which the ankles are
moved carefully by the rehabilitation robot are used when
the patients can scarcely move their ankles. In order to
achieve this movement along a certain trajectory at a
steady speed, a position control scheme is required.

o The active ROM exercises are needed to fully recover
the patients’ ROM. In these exercises, the patients apply
mild force to the moving platform of the rehabilitation
robot to initiate the motion. Since they cannot provide
sufficient force to complete the exercises, the robot should

TABLE III: Control types for ankle rehabilitation exercises

Type of Exercise  Exercise/Mode Type of Control
Passive Position

ROM Active Admittance
Isometric ~ Active  Position

Strengthining Isotonic Active  Admittance

assist them by observing their intentions by means of
the force sensors located under the moving platform.
An admittance control scheme is required to provide
additional effort.

« Isometric exercises in which the moving platform is fixed
to a certain position and then the patients apply force to
it are also required a position control scheme to move
the platform to desired fixed position. The applied force
is monitored through the force sensors to comment the
rehabilitation progress.

o Isotonic exercises which are one of the strengthening
exercises are required an admittance control scheme to
provide a certain resistance to the patient while moving
the platform.

A. Position Control Scheme

Position control scheme is required for both passive and
active exercises. Depending on the exercise, a reference trajec-
tory/fixed position defined by therapist has to be tracked/hold
accurately. Fig. 3, where I;,4 = 1,2,3 is the length of 7"
actuator corresponding to i*" leg, and X is the position vector
containing orientation angles, shows the block diagram of the
position control scheme. Required reference trajectory/fixed
position transformed in terms of required lengths of each
actuator, i.e. [;, by using inverse kinematic analysis. In order
to obtain accurate reference tracking, the parameters of the
designed PID controller and FLC are tuned using CSA. The
optimization process were given in our previous simulation
studies, [15], [16] where particle swarm optimization algo-
rithm was used instead of CSA. It should be noted that the
studies [15], [16] were performed in simulation environment,
whereas this study was performed in real time. Optimized
controller, i.e. PID controller or FLC, generates control signal
u;, 1 =1,2,3 for i actuator driver.
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Fig. 3: Block diagram of position control scheme.

The performance of the controllers in position control
scheme is measured using the ITAE, IAE and ISE performance
indexes. The equations of the mentioned performance indexes
are:

ot
ITAE:/ tle(t)) dt (5)
0



t
TAE = / le(t)] dt (6)
0
t

ISE = / o(t)dt ™
0
where e(t) is the error between reference and actual signal.

B. Admittance Control Scheme

Active ROM exercises used for fully recover the patients’
ROM, and strengthening exercises such as isotonic exercises
are based on admittance control scheme. The relation between
patient and robot can be introduced as a spring-damper model
shown in Fig. 4, where f,x,, k, and b are the applied force by
the patient, reference position, spring and damping parameters,
respectively. By measuring the applied force by the patient, the
reference position x, is estimated with an admittance filter
given in (8).
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Fig. 4: Force-motion model.

Fig. 5 shows the block diagram of the admittance control
scheme. The applied force is measured by means of three force
sensors located under the moving platform seen in Fig. 1.
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Fig. 5: Block diagram of admittance control scheme.

The reference position X,cr;,7 = 1,2,3 is estimated as
in (10), where f;, K, and v(f,, K) are preprocessed applied
force, support gain and output of gain regulator, respec-
tively. Kv(fy, K) value determines the level of assistance
(Kv(fq, K) > 1) or resistance (Kv(f,, K) < 1). The higher
Kuv(fq, K) value for Kv(fg, K) > 1 provides the higher
support, i.e. higher assistance, while the lower Kuv(f,, K)
value for Kv(f,, K) < 1 provides the higher resistance.
v(fy,K) is based on fuzzy logic and calculates a scalar
value to regulate the level of support. Fuzzy logic based
gain regulator consist of fuzzification, rule table, inference
system and defuzzification parts. The details of these parts

are not presented in this paper, since this study focuses on the
general presentation of the developed rehabilitation robot and
its control strategies.

Xfﬁk = Xf,k_1 + Kv(fg, K) bsf:i’i A )

where k represents time instance.

X — XfaX'ref < Xlim
ref Xlima X'r‘ef > Xlim

IV. EXPERIMENTAL RESULTS

(10)

Plantar flexion/dorsiflexion movement was performed in
both passive and active mode. Two different experiments were
performed in passive mode to compare the performance of
both the PID controller and FLC, while one experiment was
performed in active mode to indicate the effectiveness of the
admittance control scheme. The experimental set up shown in
Fig. 6 consists of six main elements: ankle rehabilitation robot,
PC, power supply, data acquisition card (National Instruments,
NI PCle-6361), actuator driver, and force sensor amplifier
board.

Fig. 6: Experimental set up (a: PC, b: Data acquisition card,
c: Actuator driver, d: Force sensor amplifier board, e: Ankle
rehabilitation robot, f: Power supply).

A sine signal with the frequency of 0.25 Hz was selected as
the reference signal in the passive mode experiments. It should
be noted that according to the specified reference trajectory,
the required trajectory for each actuator was calculated using
inverse kinematics in the experiments and the trajectory track-
ing control of each actuator was performed separately. Hence,
tracking control results of each actuator entitled actuator#1,
actuator#2, and actuator#3 were separately analyzed in the
experiments. However, only the tracking responses and track-
ing errors for the actuator#1 are given as figure, since the
results obtained for other actuators were nearly the same. The
only difference of the experiments was that the first experiment
was performed without any artificial disturbance, while the
external disturbance was subjected to the system as payload
in the second experiment. As the external disturbance, a known
weight was put upon the ankle rehabilitation robot and retaken
at the specific time intervals.

The tracking responses obtained in the first passive mode
experiment using the PID controller and FLC are compared
in Fig. 7, for the actuator#1. In addition, trajectory track-
ing errors for the actuator#1 are illustrated in Fig. 8. The



superiority of the FLC over the PID controller in transient
and steady-state performance was deduced from the zoomed
sections of the figures and tracking error figure. Performance
results of the controllers required as small as possible for
the first passive mode experiment are given in Table IV. The
performance values of the FLC are smaller than those of the
PID controller.

In the second passive mode ROM exercise, a known weight
was put upon the ankle rehabilitation robot and retaken at the
specific time intervals to change the available payload of the
robot. The signals of the applied external disturbance for each
actuator are given in Fig. 9. The obtained tracking responses
for both controllers are given in Fig. 10. Trajectory tracking
errors for the actuator#1 illustrated in Fig. 11 indicates that
the FLC is superior to the PID controller even the external
disturbance. Performance results of the controllers obtained in
the second experiment are given in Table IV. It can be clearly
inferred from the tracking error figures and performance re-
sults of the controllers given in Table IV that the FLC is better
than the PID controller in terms of attenuating the external
disturbance. The designed FLC has also better performance
than fractional order PID controller designed in [17] which is
our previous study.

Since tracking responses for the actuator#?2 and actuator#3
resulted in similar trend with actuator#1, trajectory tracking
responses and errors of these actuators were not demonstrated.
However, performance results of the controllers for all actua-
tors were given in Table IV.
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Fig. 7: Tracking response of actuator#1 in the first passive
mode experiment.

In addition to the passive ROM exercises, an active ROM
exercise using a healthy subject was also performed. It was
asked to the subject to perform plantar flexion/dorsiflexion
movement between -20 and 20 degrees by applying minimum
possible force, since additional support was provided by the
robot. The applied force by the subject and obtained platform
orientation are given in Fig. 12, where the region a shows the
relation between applied force and platform velocity. The more

Position Error (cm)

Time (s)

Fig. 8: Tracking error of actuator#1 in the first passive mode
experiment.

applied force increased the velocity of the platform. Platform
orientation was also limited between -20 and 20 degrees.
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Fig. 9: Signals applied as external disturbance (FS: Force
sensor).

V. CONCLUSION

A redundantly actuated ankle rehabilitation robot was pre-
sented and its control strategies for the common rehabilitation
exercises were discussed in this study. Two kind of exercises,
i.e. passive and active ROM exercises, were performed in the
study. First, passive mode exercises were performed as two
different experiments in order to show the performances of
both the FLC and PID controller. The design and optimization
process of the controllers were performed using the same
structure except the optimization algorithm in the previous
simulation studies [15], [16]. It was inferred that the FLC
is better than the PID controller in terms of attenuating the
external disturbance and tracking performance. Then, an active
ROM exercise was performed and the effectiveness of the
admittance control scheme was observed.
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TABLE IV: Performance results of the controllers obtained in the passive mode experiments
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