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Abstract

The design and control of a cable-driven rehabilitation robot, which can be configured easily for exercising different
articulations such as elbows, shoulders, hips, knees and ankles without requiring any orthosis, are introduced. The
passive, active-assisted and active-resisted exercises were designed and implemented using impedance control. The
controller could switch between exercises according to the force feedback. The effectiveness of the proposed con-
troller was demonstrated by experimental studies. The robot was tested first with a dummy extremity and then with
a healthy subject mimicking various types of patients during the tests. Experimental results showed that satisfactory
closed-loop performances were achieved.

1. Introduction

A physical rehabilitation aims to increase the functional abilities of the people who have physical disor-
ders and to regain the motor functions they have lost [1]. The physical rehabilitation progresses are still
widely performed by substantially applying forces to or moving the patient limbs and joints by physio-
therapists. This situation has some disadvantages such as the physiotherapist’s spending a long time and
making too much effort, and the patient’s being unable to follow the procedure because of the fatigue of
the physiotherapist during the long exercise session.

The usage of the robotic products has significantly increased in the rehabilitation sector in recent
years [2, 3, 4]. Rehabilitation procedures could be planned and applied more efficiently and practically,
and the treatment could be followed with better understanding, and furthermore, the improvement could
be seen in a shorter period of time by using these kinds of devices as an aid in the physiotherapy. At the
current stage the rehabilitation robotics reached, it could be possible to assist various motor functions and
to determine the motor performance of the patient [5, 6]. The use of robots in the physical rehabilitation
applications decreases the workload of healthcare officers; hence, the cost of therapy procedures reduces
[7]. On the other hand, a robot-aided rehabilitation improves the motor functions of patients better and
faster compared to the conventional rehabilitation applications [8, 9].

Rehabilitation robots have been in the scope of many academic studies, and their importance has
been more and more understood. They are classified into two groups with respect to their mechanical
structures: (1) assistive robotic manipulators and (2) external skeleton (exoskeleton) robots. An assistive
robotic manipulator which is mounted on a fixed place, such as a wall or a floor or a wheel chair or so,
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is connected to a patient’s limb via its end-effector, and it can apply forces only from the place where it
is connected to the patient. The advantages of these devices are that they are simple, convenient and low
cost and can be easily arranged for different extremity sizes. On the other hand, their disadvantages are
that the posture of the extremity or the interaction torques of each joint cannot be accurately determined
because the robot and the patient interact only at the end-effector of the robot. The most well-known
robot for upper limb rehabilitation applications is MIT-MANUS robot, which is used for the treatment
of the patients with stroke [10]. The studies with MIT-MANUS showed that the patients who had robotic
therapies in addition to manual (conventional)ones recovered better and faster than the patients who had
no robotic therapy [11].

An exoskeleton robot is attached to each joint of the patient’s extremity and makes the patient exer-
cised so as to comply with the movement of the extremity. The advantages of these types of robots are
that they can exactly determine the posture of the extremity and they can individually control the torques
applied to each joint. Their disadvantages are the need to adjust the robot segments according to the size
of the extremity and the difficulty of attaching to the patient. One of the most known exoskeleton robots
is ARMin, which was developed by Nef et al. [12, 13].

The rehabilitation robots can also be classified into three groups according to the exercise patterns:
(1) passive, (2) active and (3) interactive rehabilitation robots. The passive rehabilitation robots are
safer, lighter, cheaper and easier to use than other types of rehabilitation robots. The disadvantage of
these robots is that they cannot aid the patient under the effect of a force other than the gravitational one.
These types of robots are suitable for treatment of the paretic patients. The active rehabilitation robots
are the devices that can control the interaction forces between the patient and itself or directly control
the positions of the extremities. These types of robots, which can assist or resist the patient, are also used
to precisely measure the active forces, range of motions and to determine spasticity levels of the patients
[14, 15]. The interactive robots include sophisticated control methods, which can react according to the
efforts of the patients. In these kinds of robots, the interaction is determined by feeding back the signals
of position and force sensors to the controllers [16].

In the rehabilitation robots, various control approaches have been used such as proportional-integral—
derivative (PID) position and force control, impedance control and adaptive control methods. The
simplest and common one is the PID position control method, which is used for trajectory tracking
for repeated passive exercises. Because it is neither a compliant nor flexible method, it is not effective at
force-based applications such as active-assisted and strengthening exercises. To deal with this problem,
it can be used together with adaptive and fuzzy control methods [17, 18]. Another control approach is
hybrid position and force control one, which consists of an independent position and a force control
loops at the same time. The rehabilitation devices with this control approach do not only move along
the desired trajectory but also provides certain interaction forces [19]. In the impedance control method,
the force feedback is received from the sensors to provide a position control, which complies with the
patient’s movement, rather than a classical position control [20]. Since the impedance-based controllers
are flexible and compliant unlike the PID controllers, they are very appropriate and frequently used
in the rehabilitation robots [21, 22]. Some researchers use electromyography (EMG) sensors to detect
the muscle activities on the extremity of the patient, and the EMG signals are used as feedback data
in the control system. The EMG-based control systems utilize EMG signals to estimate the joint angle
for torque or provide continuous proportional torque assistance [19]. An adaptive control system has
a capability of modifying its own parameters to achieve the best possible mode of operation. In other
words, it continuously estimates the present state of the system to adapt its parameters for an optimal
performance.

ROMRES (Range of Motion Rehabilitation System) is a novel patented neurological rehabilitation
robot, which can make patients do exercises for both upper and lower limbs within a wide range of motion
[23]. ROMRES can be categorized as a parallel end-effector-based cable-driven assistive rehabilitation
device. As a mechatronic system, ROMRES was designed to serve for the largest number of exercise
types. This robot can move any limb by driving the cables attached to the limb by means of pulleys
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connected to servo motors. As the limb rotates with respect to the support point, which is the bed in this
system, the pulley mechanisms are translated vertically through elevators so that the cables are always
perpendicular to the limb. As a system with both cables and elevators, it can be used for different limbs,
as well as offering richness in exercise types. The types of exercises that can be done with ROMRES
are shown in Fig. Al given in Appendix.

Another optional feature of the robot is that it can do the exercises in the ways different from the
known ones in the literature. Instead of intensive exercises of the patient’s limb only on one side, it can
be operated in the opposite direction at very short intervals (impulsive motion) allowing the muscles on
the other side to work.

The robot can perform three main exercises: passive exercise, active-assisted exercise and exercise
on spasticity. During a passive exercise, the extremity of the patient is moved according to the given
position and velocity references. During the active-assisted exercise, the patient is allowed to freely move
the extremity, while the system applies small amount of force (approximately 150 g) to compensate limb
weight and frictions. In case of a spasticity exercise, the system changes the direction of the movement
based on the reaction from the patient and moves the extremity in the direction of spasticity.

In order to perform the exercises, the behavior of the motors on both sides of the robot is controlled
in the higher layer. It is a rule-based control system and determines the response of the device according
to the patient’s behavior. This layer consists of a state machine with five states for each direction of
movement. In real time, these states switch the controllers, depending on the selected exercise type and
the patient’s behavior. PD controller for elevators and impedance controller for patient—robot interaction
were designed. In order to cancel the effects of frictions and disturbances especially in the pulley system,
a disturbance observer was designed. Hence, the system was able to operate with a high performance.

A motorized dummy arm was designed for initial tests to evaluate the overall performance of the
system and to make improvements. Following successful tests, the system has been made ready to work
with human subjects. In the last stage of this study, experiments were carried out for three different types
of exercises with a healthy subject mimicking various types of patients. The tests for passive and active
exercises were successfully performed. More remarkably, in the exercise on spasticity, when resistance
is exerted by the subject against the movement applied by the robot, the robot was able to change the
movement of the limb in the direction of the resistance to relax the patient. All experimental results
have shown that the designed robot can successfully perform all exercises, maintaining the stability in
the human-robot interaction.

The main contribution of this research to the literature is the design and control of a novel cable-driven
rehabilitation robot, which can be configured easily for exercising different articulations such as elbows,
shoulders, hips, knees and ankles. There are some variety of cable-driven rehabilitation robots in the
literature [24, 25, 26, 27, 28, 29, 30, 31, 32, 33]. Among them, Alamdari et al. proposed a cable-driven
rehabilitation robot called ROPES, which can be used for lower extremities [24] and Jin et al. proposed
another cable-driven rehabilitation system for a gait training [25]. These devices made important con-
tributions to the literature in the field of cable-driven rehabilitation. However, they need an exoskeletal
orthosis to attach the patient’s extremity and cannot be suitable for a rehabilitation procedure in the bed.

Cable-driven rehabilitation robots have several advantages such as simple architecture, low inertia,
high load-to-weight ratio, modularity, no joint misalignment and suitability for reconfiguration [34].
Most of these robots are categorized as serial and parallel with subcategories of exoskeleton-based and
end-effector-based. In ROMRES, the two cables are attached to the splint (end-effector) and the motor-
ized reels. Thus, a large workspace without restricting the natural DOFs of the human limbs can be
attained. By means of these two cables, any limb can be actuated bidirectional. The effect of weight
of the limb on the cables is determined initially and taken into account by the software. Thanks to its
adaptability feature, patients with various physical parameters, such as size and shape, can be accommo-
dated. The elevator mechanism provides the motorized reel to be positioned vertically so that the applied
force vector at the limb through the cables can be kept fixed as the limb rotates with respect to its joint.

https://doi.org/10.1017/50263574721000357 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574721000357

4 Efe Levent Oyman et al.

Table I. Comparison of parallel end-effector-based cable-driven rehabilitation robots.

Features/systems [36] [37] [38] [39, 40] [41] [44] ROMRES
For upper limbs ) ) ) ) o X o
For lower limbs X X X X ) o )
Adaptability X o ) ) ) o o
Versatility X X X X ) ) o
Portability ) ) X ) X X o
Patient progress tracking X X X ) X X o
Impedance control feature ) X X X X X o
Range of motion allowed M M M M H H H
Direction of actuation B B 8] 8] 8] B B
Weight M M M H M H M
Bulkiness M M H H H H H

o —available. x — unavailable. L/M/H — Low/Medium/High. U/B — Unidirectional/Bidirectional.

Having a large workspace together with bidirectional actuation ability makes ROMRES a highly versa-
tile device. On the other hand, most of the parallel end-effector-based cable-driven rehabilitation robots
are not portable; ROMRES is portable as it is designed compact and modular for both home and clinical
usage. Additionally, the rehabilitation is both comfortable and simple, since the cable-driven mechanism
is light and flexible. The special design of ROMRES allows binding to the patient with a single splint,
which is simply a cuff, and doing an intensive treatment to the inpatients without any inconvenience
for a long time. This structure not only provides a comfort to the patient but also allows the healthcare
worker to easily bind the patient to the robot.

Although some parallel end-effector-based cable-driven rehabilitation devices are reported in the
literature, many of them either are remained in the design stage or do not show experimental practice
and results. Table I shows the available features of the referenced devices and ROMRES comparatively.
In this comparison, only cable-driven real devices are included, whereas cable-driven exoskeletons and
devices to rehabilitate the hands, fingers and gait are excluded for a fair comparison. For recent reviews
on the cable-driven exoskeleton-based rehabilitation devices, the reader is referred to refs. [34, 35].

A planar desk-mounted cable-driven device for the passive rehabilitation of shoulders is reported
in ref. [36]. The motion of the upper limb is measured by an optical tracking system to analyze the
motion during the exercise. Although four different rehabilitation exercises are introduced, only results
of passive exercise are shown. In ref. [37], another desk-mounted planar cable-driven rehabilitation
device is introduced. Use of three cables and only one moving pulley block makes the system under-
actuated. To provide bidirectional actuation, optimal cable configuration is described analytically and
the reconfiguration problem is solved. A cable-driven device that moves upper limbs translationally and
unidirectional in 3D space is studied in ref. [38]. A sliding-mode controller was designed to control
the motion of upper limbs under the effect of external disturbances. NeReBot [39] and MariBot [40]
are cable-driven parallel robots designed for the rehabilitation of the upper limb of hemiplegic stroke
survivors. Both robots have three cables to move the forearm of the patient. NeReBot has 3-DOF, and
MariBot is a 5-DOF robot which is developed from NeReBot by addition of two serial linkages. A par-
allel end-effector-based cable-driven robot, which is similar to ROMRES in some ways, is reported in
refs. [41, 42, 43]. It is not bidirectional, so it needs gravitational force for any return motion. Also, it
lacks a mechanism to keep the applied force vector at the limb fixed. A novel design of a cable-driven
lower limb rehabilitation robot with five rails is introduced in ref. [44]. According to the end-effector
position on the leg, the actuators move along the rails to keep the tension on the cables constant. This
function is similar to that of the elevator mechanism of ROMRES. As can be seen in Table I, ROMRES
has more advantageous features than others.
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Figure 1. Components of ROMRES.

The remainder of the paper is organized as follows: In Section 2, the design of the ROMRES is
presented. The system kinematics and dynamics of the robot are introduced in Section 3. In the following
section, the design of the controllers is presented. Section 5 covers the experiments done with a dummy
arm and a healthy subject and discussions over the results.

2. Mechatronic system description
2.1. Mechanical design

ROMRES consists of two vertically symmetrical parts. Any part includes three groups: the pulley group,
the lower body and the elevator system, see Fig. 1. The pulley system consists of a main pulley, a cable
wrapped around the pulley and a servo motor that drives the pulley. There are also auxiliary idle pulleys,
which guide the cable to be properly wrapped onto the main pulley. The lower body consists of a case
including electronics hardware.

During an exercise, the servo motor applies torque to the pulley according to the torque information
received from the motion control unit (MCU) to provide a patient to perform a proper exercise. The cable
is attached to the splint, which is attached to the patient’s extremity, and transmits the generated torque
from the servo motor to the patient’s joint. In order to prevent unwanted movement from the passive
joints during an exercise, an immobilizer is used. For example, during shoulder flexion or extension
exercise, the movement of elbow is unwanted. The immobilizer fixes this joint to a predetermined angle.
Thus, the angle of the extremity of interest can be more accurately measured.

During the exercise, the angle between the patient extremity and the cables must be adjusted to about
90 degrees in order to increase the range of motion of the limb. The best way to achieve this is to use an
elevator system that moves pulley group according to the angle information of the extremity during an
exercise.

The cables in this system are made of polypropylene and 3 mm in diameter. With the help of
experiments, it has been seen that the change in length of the cable under normal operating loads is
<1%. Therefore, it was safe to assume that flexibility of cables does not affect the exercises.

The geometric parameters of the system are shown in Fig. 2. Here, 6 is the angular position of the
limb; v, and v, are angular position of the pulleys at left and right sides, respectively; H, and H, are
linear positions of the elevator mechanisms at left and right sides, respectively; r is the radius of the
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Figure 2. Geometric parameters of ROMRES.
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pulleys. The horizontal distance between the side pulleys is shown by X, and the horizontal distance
between the second pulley and the center of limb joint is denoted with Z. The length of the limb is
denoted with L. The distance between the center of gravity of the limb and the limb joint is denoted
with Lc. The angle between the normal of the limb and the cable at the left side is denoted with o,
and the angle between the normal of the limb and the cable at the right side is denoted with ;.

2.2. Actuators, sensors and control hardware

A diagram consisting of all electronic modules of the ROMRES is shown in Fig. 3. The robot contains
a DVPIOMCIIT (Delta Electronics, Taipei, Taiwan), which is an integrated programmable logic con-
troller (PLC) and the MCU running in real time. Although these are integrated into a single module, they
are programmed separately and responsible for different tasks. The MCU controls the servo motors of
the robot through the CAN open network and reads the data from the angle measurement unit. The PLC
is mainly responsible for storing the data and initializes the start-up parameters, managing the digital
input/output (I0) features of the robot and reading the load cell data.
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Figure 4. Graphical user interface.

A Delta DVP202LC (Delta Electronics, Taipei, Taiwan) load cell module was used to amplify and
digitize the signals received from the load cells (Mavin NA32; Hope Technologic Co., Xiamen, China)
which were converted to S-type by assembling custom milled parts. Two load cells mounted on both
sides of the splint which is directly connected to the extremity to measure the forces acting on the
cables. A Delta DVPENO1 (Delta Electronics, Taipei, Taiwan) Ethernet communication module was
used to provide a fast and reliable interface between the computer and the PLC/MCU devices.

Four pairs of industrial servo motors/drivers were used to actuate the pulleys and the elevator systems.
The Delta ASD-A2-0421M (Delta Electronics, Taipei, Taiwan) servo drivers communicate with the
MCU and generate necessary electrical signals to drive the motors with 20-bit incremental encoders
(Delta ECMA10604GS; Delta Electronics, Taipei, Taiwan).

A custom-made micro-electro-mechanical system (MEMS) accelerometer (Atek; Alfa Electronics,
Istanbul, Turkey)-based inclinometer was used to measure the angle of the patient’s extremity around a
single axis as an analog signal between 4 and 20 mA. The sensor is attached to the center of the rotation
of the limb as close as possible. The aim is to isolate the sensor from linear accelerations. As the sensor is
accelerometer-based, the angle readings are affected by any acceleration other than the gravitational one.
It is seen that the sensor is able to generate accurate measurements within +50 degrees of inclination in
the axes other than the one it is designed for. This angle margin is acceptable for the intended usage of
the inclinometer in this study.

2.3. Software components

A custom graphical user interface (GUI) application, shown in Fig. 4, was developed in C# program-
ming language to command the robot and monitor its operation. The software contains various patients’
information in its accounts. It contains robot configuration parameters related to its operations. The user
can select an exercise type, an exercise duration, an exercise speed and an assistance level. The user can
start or stop the exercise via the GUI, and he/she can monitor the angle of the patient’s extremity during
the exercise as well as the applied forces by the patient. The user can change and customize the exercise
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Figure 5. State machine of ROMRES.

parameters via options screen when needed. The software can also save the collected data to track the
progression of the patient along the rehabilitation process.

The motion controller software contains a state machine, which contains a rule-based structure, and
decides the behavior of the pulley motors according to the measured force from the patient. It switches
the operation modes of the pulley motors by changing the virtual spring and damper coefficients of the
impedance controllers and the velocity reference.

The state machine receives the patient’s force as an input and continuously checks whether the patient
performs an active movement or a spasticity by comparing the forces generated by the patient with
predetermined force thresholds, which are the “assist activation” (F,,> 0) and the “spasticity activation”
(Fsa< 0) ones.

The state machine also receives the angle of the extremity and continuously checks whether the
extremity angle is within the predetermined minimum angle (6,;,) and maximum angle (6,,x) Which
are set by healthcare staff. The minimum and maximum angles are the limits of the range of motion in
the extension and the flexion directions of the exercise, respectively. When the extremity angle exceeds
these limit values, the state is changed to ensure keeping the extremity in the range of motion of the
exercise.

The state machine has a total of ten different states, five of which are for the flexion direction and five
for the extension one. The block diagram of the state machine is shown in Fig. 5.

1. Passive Exercise Assist-enabled State: This is the state which provides the system to track the given
position and velocity reference within the range of motion with a high impedance (Ko, and Dy pig)-
Additionally, the system makes impulsive movement in reverse direction periodically. The impulsive
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movement is similar to the repeated stretch technique of proprioceptive neuromuscular facilitation
[45]. In the technique of repeated stretch (repeated contraction), a command is given by the phys-
iotherapist to contract the muscles while they are stretched. Similarly, in ROMRES, during the
impulse period, the cables move in the opposite direction to the ongoing motion of the exercise.
It switches again to the normal direction at the end of the impulse duration. The impulse duration
can be changed by the preferences of the health professionals. However, it is usually set to short
time intervals, such as a quarter of a second. It is thought that this impulsive movement has positive
effects in the rehabilitation of the patients and is not mentioned further here because it is beyond the
scope of this work.

2. Passive Exercise Assist-disabled State: This state is activated when the extremity of the patient is
outside of the range of motion. The system brings the extremity into the range of motion by following
the position and velocity references with a high impedance.

3. Active-Assisted Exercise State: When the active force applied by the patient exceeds the system’s
adjusted active force threshold, the system switches to the active-assisted exercise state. In this state,
the virtual spring and damper coeflicients of the impedance controller are set to low impedance
(Kdlow and Ddlow)-

When the system works with a low impedance, the part of the impedance control formula depend-
ing on the position error reduces its effect. However, the part depending on the external force is
applied in the same way. Thus, the controller makes the motors to produce the torque at the rate
of applied external force, instead of tracking the given position. If the patient cannot move his/her
extremity, this working method enables the controller to increase the amount of assistance until the
patient’s extremity moves.

4. Spasticity State: Spasticity is involuntary and velocity-dependent muscle tone that causes resistance
to movement [46]. When the force applied by the patient is below the spasticity force threshold of
the system, it is switched to the spasticity state. The direction of the velocity reference generated
in this state is reversed. Thus, it is ensured that the patient’s extremity was made to move slowly
by resisting to the spasticity. This state continues as long as the patient applies the spasticity force
within the range of motion.

5. Spasticity Position Limit State: This state occurs when the patient applies the spasticity force outside
the range of motion. The system works in the same way as the Passive Exercise Assist-disabled State
does. This state is developed only to observe easily whether the patient applies the spasticity force
beyond the range of the joint motion.

These five states (1-5) are used when the system moves the extremity in the flexion (pulling) direction.
In the direction of the extension (pushing), the states similar to those in the direction of flexion (6—-10)
were used.

3. System kinematics and dynamics
3.1. Assumptions
Various assumptions were made in order to simplify the process of mathematical modeling:

* The cables of the robot were assumed to be rigid, since their measured maximum strain in a specific
test was <1%.

* The rotational joint position of the patient’s limb was assumed fixed in Cartesian coordinates.

* The motion of the system was assumed planar.

* The kinematic model of the system was obtained only for one group of pulley, elevator and limb.

* The elevator mechanisms were assumed simple linear systems.

* The servo motors were assumed ideal.

* The overall mechanical system was assumed frictionless.
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3.2. Geometric constraints

The kinematic constraints of the robot are identified as scleronomic holonomic constraints. The
equations of these constraints are given as:

g1 = \/(Hl — Lsin6)>+(X — Z+Lcosh)? — yrir=0 (D

9= \/ (Lsin® — H»)*4+(Z — Lcost)? — yror =0. 2

3.3. Kinematics

The Jacobian matrix of the system is needed to design the controller. Therefore, using aforementioned
constraints, a partial kinematic model was determined by obtaining the Jacobian of the robot. This partial
kinematic model includes only one side of the pulley system and elevator group. It shows the relation
between the angular velocity of the limb, the angular velocity of the pulley and the linear velocity of the
pulley, so that the equation

. ¥
0= Jil | . 3)
1 Jiz |:H,
is satisfied. If we isolate 6 in (1) and then take its partial derivative with respect to v;, we obtain J;;.
Similarly, Ji, was calculated by taking partial derivative of isolated 6 with respect to H,. The Jacobian
of the system relative to ¥, and H; can be derived in a similar fashion.

3.4. Dynamics

The Euler-Lagrange method was used because it makes easier to include the constraints by using the
Lagrange multipliers. According to Euler-Lagrange method, the dynamics of a system can be written as

d (L) L ag;
— =) — =71 Ai— 4
dr(%) REAPILT “@

where the term £ denotes the Lagrange operator, g; denotes the generalized coordinates of the system,
7; denotes the total torques at the generalized coordinates, A; denotes the lagrange multipliers and g;
denotes the constraint equations. The generalized coordinates of the system were chosen as 1, Hy, ¥,
H, and 6. Considering previously given assumptions, the total kinetic energy and total potential energy
of the system can be written as,

1 . 1 . 1 . 1 . 1 .

T= oM + MY + S 10" + =1 + = (I + ML) 6 5)
2 2 2 2 2

V:Meng +MegH2 +ngLCGsin9 (6)

where the term M, denotes the mass of the elevator mechanisms, 1, denotes the inertia of the pulley
mechanisms, I; denotes the inertia of the limb at its center of gravity, M; denotes the mass of the limb,
L¢c denotes the distance between the mass center and the joint of the limb and g denotes the gravity.
Employing (4), the dynamical equations of the system are obtained as follows:
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Lyn(t) +ar=1
. )\.161
M(H () +g) — ————==F

Va2 + (X —b)*

Lyn(t) +rr =1

M, (B +g) — —25— =F
L V- e A
6(t) (ML + L) + Migeos(0(t)) Leg +d + e =1, (7)

where

a=H,(t) — Lsin(6(¢))

b=Z7 — Lcos(0(t))

¢ =H,(t) — Lsin(6(t))
_ AiLcos(0(1)) (a) + Lsin(0(1)) (X — D)
- Va + (X —b)?

ApLcos(6(t)) (c) — Lsin (6(2)) (b)

e= Ny .
The terms 1| and A, can be eliminated using constraint Egs. (1) and (2). Two of the resultant equations
do not contain any derivative term because the constraint equations are holonomic. It is necessary to

take the derivatives of these equations in order to express the dynamics of the nonlinear system in the
X =f(x, u) form. The state vector of the system is formed as

d

x=[y1 ¥1 H H Vo Y» Ho H, 0 é]T-

4. Controller design

Overall controller block diagram of ROMRES is given in Fig. 6.

4.1. Pulley controller

The performances of the position control algorithms depend on the accuracy and the sensitivity of the
sensors. A MEMS-based angle measurement unit was used to measure the angle of the extremity in
the system. Not only delayed but also noisy data were received from this sensor. Therefore, the encoder
positions of the motors instead of the angle of the extremity are used in the control algorithm because
the resolution of the encoders is 20-bit and the encoder feedback has a less delay and a less noise than
the feedback of angle measurement unit does. According to the requirements of the exercises, the pulley
motors should follow the reference, which is determined by the trajectory generator. It is well known
that the motors should not operate in a rigid position control mode, but they should follow a position in
compliance with the patient’s reactions. In the given circumstances, the impedance controller was found
suitable as a control method for the controller of the pulley motors. The purpose of the impedance
control method is to obtain a controller force that can establish a mathematical relation between the
external force and the position tracking error [47]. Although this relation may vary according to the
studies carried out, it is generally expressed by using the second-order equation given as:

Myé+ Dyé+ Kje=r, ()
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Figure 6. Overall controller block diagram of ROMRES.

Figure 7. Free body diagram of the pulley system.

where the terms M, D, and K; are the desired inertia, damping and spring coefficients of the system,
respectively. The 7, term denotes the external torque, and e denotes the difference between the actual
and desired positions.

Figure 7 illustrates the free body diagram of the pulley system, where t; is the torque of the pulley
motor and F), is the external force applied by the patient. It has been assumed that no other external
forces affect the pulley. Friction forces are not included in the impedance control algorithm since those
forces have been compensated by a disturbance observer algorithm.

The dynamical model of the pulley system according to Fig. 7 is given as:

Ly =1 — Fpr. )

The main equation of the controller has been adapted to the system in the form of (10) in order to
establish a mathematical relationship between the force applied by the patient and the position tracking
error as

Mdé_’_Ddé_’_Kde:_Fpr (10)
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The position tracking error indicates the difference between the position reference and the position of
the pulley motor. This value can be shown as:

e=Y1 — Yl (11)
The acceleration tracking error is obtained by taking a double derivative of (11) as:
E=V1 — iy (12)
Substituting (12) into (10) yields:
My(V'1 = Vi) + Daé + Kge = —Fpr. (13)

The desired acceleration is considered to be zero ( 1]}1 =0). Thus, (13) is rearranged as:

ref
(=Fpr — (Dgé + Kqe))

= . 14
Vi M, (14)
If (14) is substituted into (9), then,
I, )
L [=Fpr — (D¢ + Kge)| =t1 — Fpr (15)
Mg
is obtained. If some arrangements are made on (15), the general controller equation becomes
1 Ly F, Iy (Dgé + Kze) (16)
- — r—|— e &)=t
M, )" M, d d 1

In most studies in the relevant literature, the reference trajectories of the rehabilitation robots are usually
designed to move the patients’ limbs under the influence of a certain speed and force within certain
position limits [48, 49]. In this study, some simple trajectories, similar to the ones given in refs. [50, 51,
52,53, 54], were designed for demonstrating the robot to successfully perform three exercises mentioned
above. Basically, they serve to perform the movements shown in Fig. 1 within the chosen ranges of
motion, speed and force. They are also expected to satisfy the required criteria, such as switching to the
active assistance state when needed.

The state machine generates constant velocity references for the pulleys depending on the current
state, but tracking these references with pulleys is not enough for the limb to move with a constant
speed. While a pulley controls the length of a cable, the pulley is moved vertically by an elevator that
makes the cable perpendicular to the limb. This coupled motion of the pulley causes the limb to have an
undesired effect which must be compensated during an exercise. The compensation is possible with the
Jacobian matrix given in the kinematic analysis of the system. By using the Jacobian matrix, the effect
of elevator mechanism is calculated and the velocity reference of the pulley is updated accordingly.

The equations for the velocity and the position references of the first pulley controller are
given as:

¢1ref = Iplsm + ¢1mmp (17)
wln{f = 1ll/lIC' + / ¢1refdt (18)

where the subscript ‘1” denotes the first pulley; the terms v, represent the angular velocity

ref and I//lmf
and position references for the pulley controller, respectively; 1ﬁ1mis the velocity reference generated by
the state machine; v, represents the initial angular position of the pulley and 1/}1(0”,1, is the calculated
compensation velocity reference to minimize the effect of elevator motions on the limb. Similar equa-
tions can be applied to the second pulley system. Only difference is the additional velocity reference

https://doi.org/10.1017/50263574721000357 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574721000357

14 Efe Levent Oyman et al.

(¥2,.) fed from cable tension controller. The equations for the velocity and the position references of the
second pulley controller are given as

Vo = V20 + Ve + V200 (19)
Ipzref = 1)ﬁle + / 1&2refdt (20)
The formula
; HiJy»
Vlcomp = — Q1)
Ji

describes the compensation velocity reference.

The velocity reference 1}1”" is fed to the trajectory generator from the state machine, see Fig. 6. The
state machine handles the direction of movement by checking the angle information that is fed back
from the angle measurement sensor. If a maximum or minimum angle is reached, the state is switched
and an appropriate velocity reference is generated by the new state. This velocity reference is constant
most of the time during each state. There is an exception for assist-enabled state which they handle
the optional impulsive motion by reversing the exercise direction for short periods of time. To reverse
the exercise direction, they simply reverse the velocity reference they normally generate. The constant
velocity references for each state can be configured by the user via GUI.

4.2. Cable tension controller

In order to provide the patient’s comfort during an exercise, the cables should not be too tense. On the
other hand, if they are too loose, the patient’s extremity cannot be moved in the direction of the exercise.
In addition to this, to be able to excite the limb promptly in the reverse direction to the ongoing motion,
slackness of the cable on the trailing side needs to be avoided. For this reason, a PD controller has been
used to keep the tension of the cables within a certain range during an exercise. The designed controller
is combined with the pulley system controllers in a cascade control structure. The second load cell output
(Frc,) is fed to the tension controller as input. The controller outputs a velocity reference ({bzm), which is
used in the pulley system trajectory generator in order to keep the tension value close to a preset constant
reference, see Fig. 6. Thus, during flexion for example, if the tension on the cable of the second load
cell exceeds the reference, the second pulley is accelerated in the direction of movement of the exercise;
hence, tension is reduced. Likewise, if the tension on the cable of the second load cell falls below the
reference, the pulley velocity is slowed down and the tension is increased to the desired level.

The output of this controller was saturated between £0.8 times of the exercise speed. Thus, the second
pulley is prevented from changing direction due to the tension controller during the exercise.

The tension reference is set via GUL This value is optimized by trial and error to maximize the
patient’s comfort under the consultancy of healthcare staff. An example value of 4000 gf is used
throughout the experiments in this study.

4.3. Limb force calculator

In order to calculate the force applied by the patient, two load cells were attached to the cables at both
sides of the limb. The free body diagram of the limb isolated from the rest of the system is shown in
Fig. 8.

Applying Newton’s Second Law of Motion for rotation, the following equation can be obtained:

Iléz(FLClcosal —FLC2cosa2)L+F,,L—Fg(9)L (22)
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Figure 8. Free body diagram of the limb.

where the term F,(6) is the effect of weight of the limb on the cables. In (22), it is assumed that 6=0.
If the force applied by the patient F), is isolated in the resulting equation, it is obtained as:

Fp=(Frcycos p — Froicosay ) — Fy(6). (23)

Due to the diversity of patients, the mass and center of gravity of the limb may vary on a vast scale.
Also, measuring these parameters is not practical. Therefore, a procedure was developed to measure
F,(6) term. In this procedure, the patient is asked to relax and apply no force for one full cycle of the
exercise. During this cycle, it is assumed F), =0 and F,(6) is calculated from (23) relative to 6. Then,
F,(0) is stored in a lookup table. After one cycle of the exercise, at each iteration of calculation, Fy(6)
is obtained from the lookup table and F), is calculated from (23).

The robot continuously checks the tension level on the cables via the load cells. A predetermined
tension level is maintained by adjusting the velocity reference of the second pulley. By doing so, the
necessary planar motion can be provided most of the time, since the tension on the cables does not
allow the limb to tilt in the orthogonal direction. If a joint shifts from its original position however, the
robot continues the exercise, while the limb is slightly tilted. Under these circumstances, the performance
of the limb force calculator degrades, and so the patient needs to apply more force in order the robot to
switch to the assistive mode.

4.4. Elevator controller

The primary purpose of the elevator system is to make the cables as perpendicular as possible to the
limb axis at all times. To accomplish this, elevator mechanisms continuously position themselves during
an exercise according to the limb angle.

An elevator mechanism contains a timing belt/pulley mechanism and an industrial servo driver/motor
system. This servo system can be driven by feeding velocity references to the driver. The servo driver
then can generate necessary electrical signals and send them to the motor according to predetermined
ramping parameters. In this study, the ramping parameters were chosen very small, so that they are
ignored; therefore, the dynamics of the servo system are supposed to be ideal. The elevator mechanisms
were modeled at a basic level. The validation and the verification of its controller and trajectory generator
were done through simulations before implementing them in the actual system.

APD controller was chosen as the control law for the elevator mechanisms as follows:

leef = CpeHl + CdéHl 24)

where the terms C,, and C, are the proportional and derivative controller gains, respectively. ey is the
error between the reference and actual heights of the first elevator mechanism. The actual height of the
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Figure 10. Block diagram of disturbance observer model.

elevator can be calculated from the encoder of the servo motor. The block diagram of the controller is
given in Fig. 9. The control law for the second elevator mechanism was derived in a similar fashion.

In order the elevator system to properly work, the reference signals of the controllers must be gener-
ated at each control cycle. These reference signals indicate that the required ideal heights of the pulley
mechanisms for the cables to be perpendicular to the extremity. In order to achieve it, a trajectory gen-
erator, which calculates the position of the elevator mechanisms cyclically using various geometric
calculations based on the position of the patient limb, was developed.

In Fig. 2, o; and o, denote the angles between the cable and the normal vector of the patient’s
extremity. As previously discussed, the aim here is to maintain these angles close to zero. Thus, the
geometric calculations of the desired elevator heights are calculated as:

H,
H,

= Lsinf + (X — Z + LcosO) tan(wr — 0) 25)
= Lsinf + (Z — Lcosf) tan(r — 6). (26)

ref
ref

These generated height references are given as inputs to the PD controllers of the elevator servo motors.

4.5. Disturbance observers

Preliminary studies indicated that a variable friction exists due to the mechanical structure of the system.
Some experimental studies were carried out to obtain a friction model. However, the desired sensitivity
cannot be achieved with that friction model, especially for an active-assisted exercise. To overcome this
problem, a disturbance observer was designed. The ideal inverse model of a pulley system has been
established. Ideally, the pulley systems are modeled as frictionless and consisting of motors, reducers
and idle pulleys which can only rotate with the motor torque. The block diagram of the disturbance
observer model is given in Fig. 10.
The ideal model of the system can be given as:

Tideat =17 27)
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Figure 11. Stable and unstable zones of the controller.

where Tjz. is the torque which is required to accelerate the pulley system in ideal conditions. This
equation is expressed by including the friction as:

Thotor = Tidear + Tfrictinn- (28)

Thus, the torque value for friction and the other disturbances is determined by

Tfriction = Lmotor — Lideal (29)

A low-pass filter was used to reduce the effect of high-frequency noises.

5. Experimental studies
5.1. Determining stable region of the controller

Finding the virtual spring and damper coefficient ranges, in which the impedance control algorithm can
operate stably, is of importance. Once the appropriate ranges of the coefficients have been found, the
spring and damper coeflicients can be selected according to the desired working stiffness. Experimental
methods can be used to find the range of coefficients for the modern algorithms such as an impedance
controller [55, 56]. According to the results of the experiments, the spring and damper coefficient ranges
can be found and the coefficients of the controller can be freely and accordingly chosen [56, 57].

In the experiments, it has been found that 0.08 Nm intervals in the spring coefficient were significant.
Thus, the spring coefficient was increased at an interval of 0.08 Nm. Likewise, 0.016 Nm s intervals in
the damper coefficient were found to be significant.

According to the test procedure, the system was operated with no load, as the controller virtual spring
and damper coefficients were initially set to zero. A step input was sent as the position reference to
the controller, and then, the spring coefficient was increased by 0.08 Nm until the motors could reach the
given reference position. This process was repeated until the system continuously oscillates. When the
system becomes unstable, the spring coefficient was recorded and reset. Next, the damper coefficient
was increased by 0.016 Nm s, and the same process was repeated.

The zones where the system performs as stable and unstable are shown in Fig. 11. Here, the range
of damper coefficients in which the spring coefficient range is the largest between 0.06 and 0.16 Nm s
in the stable zone. When the damper coefficient is over 0.24 Nm s, the position tracking performance
decreases due to a high damping and the motors cannot reach the given input value. For this reason, the
area, which the damper coeflicient is above 0.24 Nm s, is out of the working range.

5.2. Experiments with motorized dummy arm

In order to objectively test the system’s performance and safely, a dummy arm was designed. A single-
DOF human arm-shaped test dummy with a servo motor and a PLC was developed and realized. The
experimental setup is shown in Fig. 12.
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Table I1. Numerical values of all parameters.

Parameter Value Unit Parameter Value Unit
L 0.46 m X 2.53 m
0 in 60 deg 0 max 120 deg
Kanign 6.6x 1077 Nm Fa 0.05 Nm
Dpigh 0.25x 1077 Nm s Fy, -1 Nm
M, 1x 1073 Kg m? 1 1.5x 107 kg m?
Kaiow 26x1078 Nm w 7.2 °/s
Do 05x 1078 Nm s Hpeu 0.68 m
Hlmax 0.7 m Hlmin 0.15 m
Hzmax 0.7 m Hzmm 0.15 m

Figure 12. Experimental setup for assessing performance of the system.

Several different tests have been conducted during the development process. The artificial patient’s
force, F ]’,, was generated through the servo motor of the dummy arm. To evaluate the performance of
the robot, F’ I’, has been compared with F),, which is calculated by the robot, using the force information
received from the load cells. Also, the encoder data of the dummy arm have been compared with the
angle measurement sensor data to evaluate the performance of the angle sensor.

The exercise type was “left shoulder flexion-extension”. The assist activation and spasticity activation
parameters were adjusted by trial and error under the consultancy of physiotherapists. The maximum
and minimum angle limits of the exercises were adjusted in a way maximizing the range of motion
while not compromising the performance of the device too much. If, for example, the limits were to be
chosen too high or too low, the elevator mechanisms would not be able to keep the cables at 90 degrees
to the limb because of the mechanical limitations. This would have negatively affected the performance
of the device and the comfort of the patient. Also, the speed of the exercise (w) was adjusted under the
consultancy of physiotherapists when exercising with a real human subject. The numerical values of
all the parameters are given in Table II. The preliminary results with this test setup were reported in
ref. [58]. The results of four experimental scenarios for the system are separately examined below. The
experimental data obtained from these three exercises have been tabulated and exhibited in Appendix B.

5.2.1. Passive exercise experiment

The first experiment conducted on the system is the passive exercise. In this experiment, the motorized
dummy arm does not apply any external force to the system. In this case, the first performance criterion
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Figure 13. Passive exercise experiment: Extremity position.
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Figure 14. Passive exercise experiment: Encoder position of dummy arm.

is to check whether the system switches into active assistance state on its own by making a faulty active
force detection at any point. The second performance criterion is to check whether the movement of
elevator systems affects the dummy arm during the exercise. The third criterion is to ensure that the
system gets the exercises done within the given angle limits. The last criterion is to check whether the
system can get the impulsive movement accurately done. The data received from the angle measurement
sensor for passive motion are shown in Fig. 13.

The plot in Fig. 13 shows the data obtained from the angle measurement unit directly attached to the
dummy arm. The plot indicates one round of an exercise, and the system is able to exercise the patient
joint at the specified angle range. Second, it is seen that the extremity position increases or decreases
at a constant rate. It is understood that elevators are properly moved. However, the impulsive movement
cannot be distinguished in this plot. The main reasons of this are the small delay and noisy results
received from the angle measurement sensor. Furthermore, an experienced physiotherapist suggests that
decreasing the magnitude and increasing the frequency of the impulsive movement yield better results.

Although the impulsive movement is not clearly demonstrated in the data received from the angle
measurement sensor, it can be observed in the encoder data obtained from the dummy arm as seen in
Fig. 14.

The system completed one cycle of passive exercise in approximately 5 min. For a clearer view, the
impulsive movement is zoomed in as shown in Fig. 14. Here, the encoder position of the test apparatus
changes in the positive direction over time. However, this movement stops periodically, and a smaller
movement in the negative direction occurs. A similar movement can be seen in the time history of both
pulley motor positions as shown in Fig. 15.

In these graphs, the reason why the motor position and position references do not appear straight as in
the patient’s extremity position is due to the algorithm compensating the effect of vertical movement of
elevator systems on the extremity. This algorithm instantly changes the pulley motor position reference
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Figure 15. Passive exercise experiment: (a) first and (b) second motor positions and position references.
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Figure 16. Passive exercise experiment: Applied and measured external forces.

according to the elevator motor speed using (21), so the elevator motor effects on the patient’s extremity
can be compensated. The motors move in the pulling direction until the 410th s. Up to this point, the
first pulley motor provides the movement by pulling the cable, while the second pulley motor releases
the cable with a certain amount of resistance, so that the tension on the cable is maintained.

Figure 16 shows the external force measured by the ROMRES and the external force applied to
the system through the motor of the dummy arm. No command was given to the motorized dummy
arm, so it did not apply any force to the system. Therefore, the graph only shows the noise values.
The system obtains the external force applied by comparing the data of two load cells located in the
splint mechanism. Since the data obtained from these load cells are noisy, the external force applied
to the system is calculated with oscillations within &1 N. However, these oscillations do not cause any

problem since their amplitudes are below 2 N, which is the smallest threshold value to switch into the
active-assisted exercise state.
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Figure 17. Passive exercise experiment: (a) the first and (b) the second elevator positions and position
references.

Figure 17 shows the positions of the elevator system motors. The graphs show noise and fluctuations
around reference values between 150 and 700 mm. The fluctuations are due to the impulsive movements,
but the noise is caused by the algorithm that generates the reference based on the angle measurement
sensor. By designing a PD controller that follows the reference with a small delay, the motor was ensured
not to follow the noises occurring in the reference value and the patient’s comfort was maintained.

5.2.2. Assisted exercise experiment

The second experiment conducted on the system is the active-assisted exercise. In this experiment, the
test apparatus applies a force on the system at certain points. The purpose of this experiment is to test
whether the system successfully detects the active force and switches to the active-assisted exercise state,
when the test apparatus exerts a force to the system in the direction of the movement. The data received
from the angle measurement unit for active-assisted exercise are shown in Fig. 17(a).

Just like passive exercise experiment, the system operated between 60 and 120 degrees in the active-
assisted exercise experiment. However, unlike the passive exercise extremity position graph, jumps can
be seen at certain points, where the test apparatus applies an active force to the system. For a better
clarity, the measured external force and force values obtained from the motor of the dummy arm are
shown at the bottom plot in Fig. 18.

As seen in Fig. 18, when external force applied to the system that exceeds 2 N in the direction of the
movement, the system stops following the passive exercise trajectory and let the dummy arm continue
the movement. These graphs also reveal that although there is a noise in the external force caused by the
sensors, the system can detect an externally applied active force.

The pulley motors’ positions for an active-assisted exercise are shown in Fig. 19. Since one of the
position plot of the motors is sufficient to convey the characteristics of the motion, the second one is
omitted hereafter.

https://doi.org/10.1017/50263574721000357 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574721000357

22 Efe Levent Oyman et al.

(a)

120

100

Angle (°)

80

60

250 300 350 400
Time (s)

Force (N)
(=)

I
(3]

1
i

250 300 350 400
Time (s)

Figure 18. Assisted exercise experiment: Relationship between (a) extremity angle and (b) external
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Figure 20. Assisted exercise experiment: (a) first and (b) second elevator positions and position
references.

The graphs show that the pulley motors follow the position reference as long as the dummy arm does
not apply any external force to the system. When the motorized dummy arm applies an active force to the
system, the motors follow the rapidly increasing position reference with some delay. The main reason for
this delay is that the control system makes the virtual spring and damper coefficients very low to allow
only a small amount of support. Not a big difference occurred between the motor position reference and
the actual motor position, since the dummy arm is lightweight and constantly applies a force. However,
a bigger difference can be seen in the experiments with healthy human subjects as shown in Fig. 32.

Figure 20 shows the elevator positions. Although these graphs are basically the same as the graphs
obtained during passive exercise, there is a difference in the reference values due to the rapid angle
changes during an active movement. However, the controller’s performance was not affected by those
rapid changes.

5.2.3. Spasticity exercise experiment

In this scenario, an external force of approximately 20 N is applied to the system in the opposite direction
of movement at certain points. The aim of this experiment is to imitate an extremity with spasticity in
the dummy arm and to observe the response of the system in the state of a spasticity. Data obtained from
the angle measurement sensor and the measured external force are shown in Fig. 21.

InFig. 21, it can be seen that while the system is moved in the pulling (positive) direction, the direction
of the movement is changed between 1050 and 1080th s as the system is switched to the spasticity
state. Similarly, the system was exposed to a spasticity between 1250 and 1260th s during the pushing
(negative) movement.

As seen in the graphs, when the external force exceeded 20 N in the opposite direction of movement,
the system is stopped following the passive exercise trajectory and then started to move in the opposite

direction without an impulse. In this situation, the behavior of the pulley motor is clearly shown in
Fig. 22.
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Figure 21. Spasticity exercise experiment: Relationship between (a) extremity position and (b) external
force.
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Figure 22. Spasticity exercise experiment: (a) first and (b) second motor positions and position
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Figure 23. Passive exercise (a) with and (b) without disturbance observer.

It can be seen that the pulley motor followed the position reference as in the passive movement before
the application of the external force. When the external force is applied on the system by the dummy arm
in the opposite direction of the movement, the pulley motors continue to follow the position reference in

the opposite direction. In the spasticity state, the position reference is generated without the impulsive
movement.

5.2.4. Evaluation of disturbance observer performance

A disturbance observer was designed to eliminate the effects of the friction and some disturbances on
the system operation. In this study, the operating performances of the system in the cases of passive
exercise, active-assisted exercise and exercise on spasticity were observed with and without using the
disturbance observer. Since the disturbance observer affects only the pulley motors, the pulley motor
position graphs will be sufficient to assess the system performance when the disturbance observer does
not work.

The motor position and the position reference of the first pulley motor for the passive exercise with
and without the disturbance observer are shown in Fig. 23. When the plots are examined, it can be seen
that the difference between the position and position reference values of the motor is significant, when
the disturbance observer does not work. Therefore, the disturbance observer has a positive effect on the
position tracking performance.

A more significant effect of the disturbance observer can be seen in Fig. 24. When the disturbance
observer is off, the position of the dummy arm under the action of the active force does not change.
The reason is why that the 2 N active force applied by the dummy arm is not enough to move itself by
overcoming the friction. The use of the disturbance observer has a substantial effect on the active-assisted
exercise.

Similar to the performance of the disturbance observer in the passive exercise, a positive effect was
also observed in the exercise on the spasticity.
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Figure 24. Active-assisted exercise (a) with and (b) without disturbance observer.

5.3. Experiments with healthy subject

In order to test the performance of the robot, some experiments with a healthy subject were conducted.
The subject was male, 175 cm tall and weighed 70 kg. The exercise type was selected as “left elbow
flexion-extension” from the user interface software. The assist activation (F,,) and the spasticity acti-
vation (F,) parameters were adjusted by trial and error under the consultancy of the physiotherapists.
The numerical values of the parameters were almost the same as they were in experiments with dummy
arm. Only Onax = 120°, Opin = 60°, Hipax = 0.53 m, Hypy, = 0.15 m, Hy o = 0.3 m and Hyp, =0 m
were specifically chosen. The experimental setup is shown in Fig. 25. The results of three experimental
scenarios performed on the system are discussed in the following sections.

5.3.1. Passive exercise experiment
In this experiment, no external force is applied by the subject. The procedure followed here is the same as
in the passive exercise experiment performed with the motorized dummy arm. The biggest advantage of
the experiments done with the motorized dummy arm is that the force applied by the dummy arm on the
system was known and it could be compared with the external force measured by the system. Because
the force applied by the subject cannot be measured during the experiments, only the external force data
measured by the system are included in our analysis. The data received from the angle measurement
unit for one cycle of passive exercise are shown in Fig. 26.

As seen in Fig. 26, the system was able to exercise the human subject’s extremity within the specified
angle range. Second, it is seen that the extremity position increases or decreases at a constant rate. This
shows that elevators operated as expected. It is also seen that the impulse speed is slightly increased

in this operation mode. Thus, the impulsive movement has become distinguishable in the data received
from the angle measurement sensor.
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Figure 25. The experimental setup for the experiments with the healthy subject.
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Figure 26. Passive exercise experiment on healthy subject: Extremity position.

As seen in Fig. 27, the motors move in the pulling direction until the 281st s. Up to this point, the
first pulley motor pulls the extremity, while the second one releases the cable with a certain amount of
resistance, so that the tension on the cable is maintained.

Figure 28 shows the torque values of the first and the second motors. The graphs show the torque
value of the 1st motor varies between 0.3 and 0.4 Nm. The torque value of the 2nd motor varies between
—0.3 and —0.2 Nm. There is an increase in motor torque values compared to the passive exercise with
the motorized test dummy. The reason for this is that the extremity of the person is heavier than the
dummy arm.

Figure 29 shows the external force values measured by the system. The subject was instructed not
to apply any force. For this reason, force value measured by the system is only the noise values. The
system calculates the applied external force by comparing the data of two load cells located in the splint
mechanism. Since the data received from these load cells are noisy, the external force applied to the
system oscillates within £1 N.

Figure 30 shows the position and position reference values of the elevator system motors. No differ-
ence was observed compared to the experimental study conducted with the dummy arm. Fluctuations
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Figure 27. Passive exercise experiment on healthy subject: (a) The first and (b) the second motor
positions and position references.
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Figure 28. Passive exercise experiment on healthy subject: (a) the first and (b) the second motor torque
values.
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Figure 30. Passive exercise experiment on healthy subject: (a) the first and (b) the second elevator
positions and position references.

and noises in motor references occurred similarly. By designing a PD controller that follows the refer-
ence with a small delay, the motor was ensured not to follow the noises occurring in the reference value
and the human subject’s comfort was maintained.

5.3.2. Assisted exercise experiment
In this experiment, the subject exercised by the system applies a force in the direction of the movement
at certain points. The purpose of this experiment is to test whether the system successfully detects the
force and switches into the active-assisted exercise state. The data received from the angle measurement
sensor for active-assisted movement are shown in Fig. 31.

Unlike the passive exercise extremity position graph, there are jumps at 368 and 375th s due to the
force applied by the subject. There is no difference between this result and the one obtained in the
experiment conducted with the dummy arm.
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Figure 31. Assisted exercise experiment on healthy subject: Extremity position.

(@ 60
=1
=
g 40
=
2
Z 20
[=W
360 370 380 390 400 410
Time (s)
(b) 60
=12
=2y
=
£
=
L2
z
o
[=W

360 370 380 390 400 410
Time (s)

Figure 32. Assisted exercise experiment on healthy subject: (a) the first and (b) the second motor
positions, position references.

In Fig. 32, a significant difference can be observed compared to the plot in Fig. 18. The pulley motors
precisely tracked the position reference, when no active force was applied on the system. However, when
the system is switched into the active-assisted exercise state, a delay occurred between the position
reference and the motor positions. The main reason for this delay is that the system makes the virtual
spring and damper coefficients smaller in the active-assisted exercise state to let the human subject
perform the movement as much as possible. A certain time after the active movement begins, the system
increases the level of the assistance until the extremity of the person starts moving. The extremity moves
with a constant assistance level, while the position and the speed references increase.

Figure 33 shows the motor torques during an active-assisted exercise. When the subject does not apply
a force, the graph fluctuates in the same way as in the passive movement. However, when the subject
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Figure 33. Assisted exercise experiment on healthy subject: (a) first and (b) second motor torques.
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Figure 34. Assisted exercise experiment on human: External force.

applies an active force, the motor torque stops fluctuating and the torque value increases proportional to
the applied force as seen in Fig. 34.

5.3.3. Exercise on spasticity experiment

According to this scenario, the subject exercised by the system applies approximately 20 N force in the
opposite direction of the movement at certain points. The purpose of this experiment is to observe the
response of the system in the state of a spasticity.

As shown in Fig. 35, while the system moves in the pulling (positive) direction between the 460 and
475th s, the robot changes its direction by switching to the state of spasticity. Similarly, the system was
exposed to the spasticity between 575 and 585th s during the pushing (negative) movement.

Figure 36 shows the external force measured by the system and the threshold value of the spasticity.
As shown in this graph, the external force exceeded the threshold values at certain times.
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Figure 36. Spasticity experiment on human: External force applied on the device.

5.4. Discussion and conclusion

In this study, the mechanical and electronic design, the working mechanism and the control algorithm of
the rehabilitation robot ROMRES have been presented. The ROMRES consists of a novel mechanical
structure among the rehabilitation robots available in literature. Three main exercise types have been
identified for the operation of the robot: the passive exercise, the active-assisted exercise and the exercise
for a spasticity. In the passive exercise case, the robot exercises the patient’s extremity at a constant speed.
In the active-assisted exercise, the patient is required to move his or her extremity, but cannot do it by
his/her own. Then, the robot assists the patient to perform the exercise. The last type is the exercise for a
spasticity. The spasticity is strong muscle contractions in opposite direction as a reaction to increase in
velocity of the joint. When strong muscle contractions in the opposite direction to the exercise occurs,
the robot detects this behavior and complies with the patient, allowing him or her to move the limb in
the direction of the spasticity.

The first study to ensure that the robot can operate in accordance with these three requirements is
the mathematical modeling. At this stage, some simplifications and assumptions have been made and the
partial kinematic and dynamic models of the robot have been obtained. Based on the system model, the
control system has been designed. PD controllers have been used to control the elevator mechanisms,
and an impedance controller has been implemented to control the cables connected to an extremity of
the human subject. A state machine structure has been used to make the robot operate in accordance
with the exercise requirements. A disturbance observer has been designed mainly to compensate the fric-
tion. In particular, the disturbance observer has improved the performances of the system by increasing
the sensitivity of the active-assisted exercise. In addition, an algorithm has been developed to calculate
the force applied by the human subject. This algorithm can distinguish the human subject’s force from
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the actuator and gravitational forces. Also, a PD controller has been implemented to maintain a fixed
tension level on the cables during the exercise.

The performance of the robot has been assessed using a motorized dummy arm at first. Scenarios
have been created to test whether requirements are met. The performance of the robot has also been
tested with a healthy subject. When the results of both case studies were examined, it has been seen that
the proposed control system successfully controlled the robot and met the requirements.

The load cells have not been able to measure the force resulting from the acceleration terms in the
force equation. Therefore, some errors have occurred in the algorithm of the extremity force detection.
The performance of the control system can be improved by using torque sensors connected to the pulley
systems instead of the load cells. On the other hand, the external disturbance effects on the weight
measurement can be reduced by using intelligent or adaptive algorithms. As a result of the trade-off
between the comfort and performance of the human subject, his or her joint is not restricted during the
exercises. Therefore, if the joint is moved, the performance of the calculator algorithm for the limb force
degrades.

The cable-driven robot ROMRES provides significant advantages: (1) it can be configured easily for
exercising different articulations such as shoulders, hips, knees and ankles; (2) it does not require any
orthosis; (3) it does not restrict the natural DOFs of the human limbs; (4) the effect of the weight of
the limb on the cables is determined and taken into account by the software; (5) the applied force to
the limb through the cables can be kept constant as the limb rotates with respect to its joint and (6) the
fact that the patient’s contact with the robot is only through a splint ensures that the rehabilitation is
both comfortable and simple. Thanks to these features, preparation time can be kept short and a natural
rehabilitation can be provided by this novel rehabilitation robot.
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Appendix A

Available exercise types with ROMRES are shown in Fig. Al.

Shoulder Flexion/Extension Shoulder Abduction/Adduction

r

Knee Flexion/Extension

Hip External/Internal Rotation

(9)

] 1 S —
Hip Abduction/Adduction Ankle Dorsi Plantar Flexion

Figure Al. Types of exercises with ROMRES.
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Appendix B
Table B.1. Passive exercise values.
Time(s) © () VYy(rad) Wy(rad) Ti(Nm) T,(Nm) Fp(N) FeN) FgN) Hi(mm) Hp(mm)
215 66.6 6.8 6.6 0.35 —0.24 0.05 2 —20 530.0 0.0
230 76.5 19.1 16.4 0.41 -0.27 0.03 2 -20 486.0 0.0
245 88.0 34.2 21.8 0.34 —0.26 0.01 2 —-20 300.2 200.5
260 99.6 41.7 29.7 0.28 —0.25 —0.02 2 -20 151.7 300.0
275 114.4 51.3 39.5 0.27 —0.24 —0.05 2 —-20 150.0 300.0
290 110.7 48.2 334 0.23 —0.31 —0.04 -2 20 150.0 300.0
305 98.5 39.3 27.4 0.22 —0.31 —0.02 -2 20 150.0 300.0
320 87.2 31.2 18.9 0.21 -0.29 —0.03 -2 20 293.8 210.7
335 76.3 18.1 14.2 0.20 —0.31 —0.02 -2 20 454.5 0.4
350 65.2 4.1 4.2 0.24 —0.31 0.01 -2 20 530.0 0.0
Table B.2. Assisted exercise values.
Time (s) O(°) W (rad) W, (rad) T1(Nm) T>(Nm) F,(N) F o (N)
365 65.5 6.2 6.1 0.34 —-0.24 —0.01 2
370 84.9 29.3 25.7 0.45 —0.30 391 2
375 92.1 42.6 29.7 0.35 —-0.24 1.92 2
380 115.3 53.2 41.1 0.25 —-0.25 0.56 2
385 1189 55.8 43.7 0.23 —0.25 0.54 2
390 117.0 53.6 41.6 0.22 —0.31 0.42 -2
395 112.9 50.7 38.6 0.22 —-0.32 0.48 -2
400 104.7 43.1 30.7 0.26 —0.43 —-2.92 -2
405 66.3 8.8 6.5 0.21 —0.26 —0.20 -2
410 63.5 33 3.2 0.24 —0.33 —0.01 -2
Table B.3. Spasticity exercise values.
Time (s) 0(°) F,(N) Fau(N)
425 67.7 —0.05 -20
450 86.6 0.20 —-20
475 71.8 —21.39 -20
500 89.4 0.03 —20
525 1114 —0.36 -20
550 105.7 —0.19 20
580 90.9 22.52 20
600 88.5 0.27 20
625 71.2 0.33 20
650 68.0 0.29 20
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