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Intelligent Control Framework for Robotic Rehabilitation after Stroke

Duygun Erol & Nilanjan Sarkar, Senior Member, IEEE

Abstract — This paper presents a new approach to robot
assisted rehabilitation for stroke patients. The control
architecture is represented in terms of hybrid system model
combining a high-level and a low-level controller. The main
focus of this paper is to present an intelligent controller, which
is the high-level controller in the control architecture. The
high-level controller is designed to monitor the progress and
safety of the rehabilitation task. It also makes decisions on the
modification of the task that might be needed for the therapy.
Experimental results on unimpaired subjects are presented to
demonstrate the efficacy of the high-level controller.
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I. INTRODUCTION

Stroke is a highly prevalent condition [1], especially
among the elderly, that results in high costs to the individual
and society [2]. According to the American Heart
Association (2006), in the U.S., approximately 700,000
people suffer a first or recurrent stroke each year [1]. It is a
leading cause of disability, commonly involving deficits of
motor function. Recent clinical results have indicated that
movement assisted therapy can have a significant beneficial
impact on a large segment of the population affected by
stroke or other motor deficit disorders. In the last few years,
robot-assisted rehabilitation for rehabilitation of the stroke
patients has been an active research area, which provide
repetitive movement exercise and standardized delivery of
therapy with the potential of enhancing quantification of the
therapeutic process [3]-[6].

The first robotic assistive device used as a therapeutic tool
is the MIT-MANUS, which uses an impedance controller to
provide assistance to the patient [S]. Mirror Image
Movement Enabler (MIME) [4] uses a PUMA 560
manipulator to provide assistance to move the subject’s arm
with a pre-programmed position trajectory using
Proportional-Integral-Derivative (PID) controller. Assisted
Rehabilitation and Measurement (ARM) Guide [3] is
another robotic system that is capable of generating both
horizontal and vertical motion, which provides assistance or
resistance to the patient’s movement to complete the
reaching task. The GENTLE/s is used to provide assistance
to patients to move to the target positions along with a
predefined path using admittance control. The subject’s
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movement trajectory is represented in the virtual
environment [6]. Studies with these robotic devices verified
that robot-assisted rehabilitation results in improved
performance of functional tasks.

The existing robotic rehabilitation systems mainly use
low-level controllers to assist the movement of patients’
arms. In these cases, the task parameters are pre-defined at
the beginning of the therapy. The therapist continuously
monitors the patient’s progress and quickly determines if the
task parameters are needed to be changed to adapt to the
patients’ performance. Then these task parameters are
updated by the therapist to be executed by the low-level
controllers. In addition, the therapist is required to pay
attention to the safety related issues during the robot assisted
therapy. If such an issue occurs, the therapist needs to take
necessary action to ensure the safety of the patients.

In this work we develop an intelligent control framework
to help the therapist in i) determining the task parameters
dynamically based on patients’ performance and
implementing the new set of parameters; and ii) monitoring
the safety related events in an automated manner and
generating an accommodating plan of action should such an
event happen. We believe that such an intelligent controller
will likely to help in therapist’s decision-making and make
the robotic rehabilitation process safer. The primary focus of
this paper is to present an intelligent controller, which is
called a high-level controller, to monitor the progress of the
task and make decisions on the modification of the task that
might be needed for the therapy. This high-level controller
works in coordination with low-level controllers.

This paper is organized as follows. It first presents the
overall control architecture in Section II. Then the
rehabilitation robotic system is presented in Section III. The
high-level controller of the overall control architecture has
been described in Section IV. Results of the experiments are
presented in Section V to demonstrate the efficacy of the
high-level controller on unimpaired subjects. Section VI
discusses potential contributions of this work and possible
directions for future work.

II. CONTROL ARCHITECTURE

Let us first present a broad overview of the control
architecture of robot-assisted rehabilitation that we present
in this paper (Fig. 1). This architecture is represented by
hybrid system model. A hybrid system model has three
parts, a “Plant”, a “Controller” and an Interface [7],[8]. In
order to avoid confusion about terminology, we call the
controller in hybrid system model a high-level controller in
this paper. The continuous part, identified as the “Plant” is

1238



typically described by differential/difference equations. In
this architecture, the low-level assistive controller represents
the “Plant”, which provides robotic assistance to subjects to
complete a rehabilitation task. The design of the low-level
assistive controller has been described in more details in [9].
The high-level controller includes a discrete decision
process that is typically a discrete-event system (DES)
described by a finite state automaton. The proposed high-
level controller makes decision about the task that is
required for the therapy during the robotic assistance (Fig
1). The high-level controller and the plant cannot
communicate directly in a hybrid control system because
each utilizes different types of signals. Thus an interface is
required which can convert continuous-time signals to
sequences of symbols and vice versa. There has been no
work to our knowledge on designing such a hybrid system
for rehabilitation purposes. However, there has been some
work on developing such hybrid controllers in other fields,
such as industrial robotics, medicine, and manufacturing
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Figure 1: Control Architecture

In order for the high-level controller to decide the
necessary control actions, the state information from the
robot and the human is observed by the process monitoring
module through the interface (Fig. 1). The interface triggers
events pertinent to the task and communicates to the process
monitoring block of the high-level controller. Once these
events are triggered, the decision making module of the
high-level controller determines what actions to be taken in
response to these events. The high-level control’s
instructions are sent to the low-level assistive controller
through the interface, which then executes these actions. The
proposed architecture is flexible and extendible in the sense
that new events can be included and detected by simply
monitoring the additional state information from the human
and the robot, and accommodated by introducing new low-
level assistive controllers.

III. REHABILITATION ROBOTIC DEVICE

The proposed rehabilitation robotic system uses a PUMA
560 robotic manipulator, which is augmented with a force-
torque sensor and a hand attachment device (Fig. 2). The
microcontroller board of the PUMA is replaced to develop
an open architecture system to allow implementing the low-
level assistive [9] and high-level controllers. We have
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introduced a tool frame to include the location of the human
arm through the hand attachment device.
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In order to record the force and torque, an ATI Gamma
force/torque sensor is used. The robot is interfaced with
Matlab/Real-time Workshop to allow fast and easy system
development. The force values recorded from the
force/torque sensor are obtained wusing a National
Instruments PCI-6031E data acquisition card with a
sampling time of 0.001 seconds. The joint angles of the
robot are measured using encoder with a sample time of
0.001 seconds from a Measurement Computing PCI-
QUADO4 card. The torque output to the robot is provided by
a Measurement Computing PCIM-DDAO06/16 card with the
same sample time. A computer monitor is placed in front of
the subject to provide visual feedback about his/her motion
trajectory during the execution of the task.

Since in this work we are primarily interested in
effecting assistance to the upper arm, a hand attachment
device is designed where the subject’s arm is strapped into a
splint that restricts wrist and hand movement. The subject is
asked to use the arm to make a movement with or without
the assistance from the robot [3]-[6]. Forearm padded
aluminum splint (from MooreMedical), which ensures the
subject’s comfort, is used as a splint in this device. A steel
plate with proper grooves is designed that holds two small
flat-faced electromagnets (from Magnetool Inc.) that are
screwed on it. This plate is also screwed with the force-
torque sensor, which provides a rigid connection with the
robot. A light-weight steel plate under the splint is attached,
which is then attached to the electromagnets of the plate.
These electromagnets are rated for continuous duty cycle
(100% duty cycle), i.e., they can run continuously at normal
room temperature. Pull ratings of these magnets are 401b.
Two electromagnets have been used to have a larger pulling
force to keep the splint attached to the hand attachment
device. An automatic release (AU) rectifier controller
(Magnetool Inc.) has been used to provide a quick release of
these eclectromagnets. A push button, which has been
connected to the AU Rectifier Controller, is used to
magnetize and demagnetize the electromagnets when the
subject wants to remove the hand attachment device from
the robotic manipulator in a safe and quick manner.

Ensuring safety of the subject is a very important issue
when designing a rehabilitation robotic system. Thus, in
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case of emergency situations, therapist can press an
emergency button. The patient and/or the therapist can
quickly release the patient’s arm from the PUMA 560 by
using the quick-release hand attachment device to deal with
any physical safety related events. In order to release the
subject’s arm from the robot, the push button is used. When
the push button is pressed electromagnets are demagnetized
instantaneously and the subject is free to remove the splint
from the robot. The push button can also be operated by a
therapist.

IV. HIGH-LEVEL CONTROLLER

The high-level controller monitors the progress of the
task, the status of the plant, and makes decision on the
modification of the task that might be needed for the
therapy. The high-level controller decisions are executed by
the low-level assistive controller to accomplish the task
requirements. In this section, we first present the theory of
the high-level controller. The design of the high-level
controller needs to consider the specific task that it needs to
monitor. Thus we present the task description, and then
provide the details of the design of the high-level control.

A. Theory

The high-level controller is a discrete-event system
(DES) deterministic finite automaton, which is specified
byp=(P X,R,v,1) [71[8]. Here P is the set of discrete
states. Each event is represented as a plant symbol, where
X is the set of such symbols, for each discrete state. The
next discrete state is activated based on the current discrete
state and the associated plant symbol using the following
transition function:y : Px X — P . In order to notify the low-
level assistive controller the next course of action in the new
discrete state, the controller generates a set of symbols,
called control symbols denoted by R using an output
function: 1: P — R . The action of the high-level control is
described by the following equations:
i n]=y(p,[n—1]%[n])
An]=A(p;[n])

where P.D, € P.%, € X and 7 e R . iand represent the

(1a)
(1b)

index of discrete states. k and ¢ represent the index of plant
symbols and control symbols, respectively. n is the time
index that specifies the order of the symbols in the sequence.
B. Task Description

We choose a reaching task that is commonly used to
increase the active range of motion (AROM) in shoulder and
elbow in preparation of later functional reaching activities in
rehabilitation of upper extremity after stroke. In this task, the
subjects are asked to move their arms in the forward
direction to reach a desired point in space and then bring it
back to the starting position in a repeated manner. We ask
the subjects to follow a visually presented desired motion
trajectory which is likely to command their concentration. It
had been shown in the literature that the movement tracking
task that required cognitive processing achieved greater
gains in performance than that of movement training that did

WeD8.2

not require cognitive processing [11]. In this work, we
constrain the motion of the arm in the horizontal plane and
in one direction (along the Y-axis). The idea here is to
improve the ability of subject’s arm movement in one
direction at a time by helping him/her to improve his/her
speed of movement, which is an important criterion to
measure the success of a therapy. The tip of the position
trajectory that the subject is required to follow represents the
velocity of the task trajectory. During the execution of the
reaching task, the number of times subject needed robotic
assistance to track the desired motion is recorded. Task
parameters are modified based on this number to make the
task more or less challenging using the high-level control.
Safety related events are monitored during the task
execution so that the high-level controller can make decision
for the next plan of action to ensure safety of the subjects.

C. High-Level Controller Design

The high-level controller first detects the state
information from the robot and the human through the
interface, and then determines the actions to be taken in
response to this information. The state information from the
robot and the human can be a continuos signal or a discrete
value. Let Sg, and Sy, represent the sets of robot and human
state information, respectively. In this research, the
continuos signals that are detected from the robot are: i)
robot’s joint angles (Sg,), ii) the force reference calculated
for the planner given in [9] (Sk»), iii) the subject’s velocity,
which is measured from the tool frame velocity (Sg;). The
discrete value detected from the robot is the subject’s
progress during the tracking task (Sg,). In order to find Sk,
the number of times subject needed robotic assistance at 10"
trial (n,0) and at 50™ trial (ns) were recorded. Decision logic
is defined to determine the value of Sk,:

, ) then {Spy=1} » (2a)
if n50<[n10—(n]0 W))] 1{ R4 }

el L Ap ) then {SR4=—1} > (2b)
elseif n50> n g, 700

else iSR4 :0} (2¢)

Ap is the percentage change of velocity that can be
defined by the therapist and it can be person specific. We
detect two discrete signals from the human state
information, which can take only 0 or 1 value: i) when the
pause or stop button is pressed (Sy;), and ii) when the pause
button is released (Sy;). However, continuos signals such as
heart rate detection of patients using electrocardiogram
(ECG) signal can also be included as one of the human state
information in the control architecture. In this task, we
define the following plant states 3 : stay, difficult, easy, stop

and pause. Stay (p, ) implies the subject needs to continue the
task at the same difficulty level. Difficult (p,) means the

subject has improved his/her task performance and task
parameters need to be more challenging. Similarly, easy (3, )

implies changing the task parameters to make the task easier.
Stop (p,) and pause ( p,) are defined in their usual ways.

Robot and human state information is monitored to
trigger relevant events to modify the task. When these
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events are triggered, the interface provides the necessary
plant symbol (%) to the high-level controller. Currently we
have defined nine events for the proposed high-level
controller. However, the number of events can be easily
extended. Five of these events (E1, E2, E3, E4 and ES) are
robot generated, and three of these events (E£6, E7 and ES)
are human generated events. The other event, which is a
secondary event, is called SE/. This is used to detect the
previous state when the subject wants to continue with the
task after he/she stops. The high-level controller needs to
know which state is active before the pause or stop button is
pressed in order to provide the same task parameters to the
subject when he/she resumes the task. For example, when
the subject presses pause button, a value is assigned to SE/.
This value is retrieved when the subject resumes the task so
that he or she can continue the therapy with the same task
requirements. Events are reset at the beginning of task
execution. Additionally, the triggered event is reset when a
new event occurs. When the subject requires less, more or
same level of robotic assistance to track the desired
trajectory, EI, E2 and E3 is triggered, respectively. E4
occurs when the robot’s joint angles are out of range. If the
force reference provided to the low-level assistive controller
to assist the subject and the subject’s velocity are above
predefined threshold values, then E5 and E6 are triggered,
respectively. E7 occurs when the subject presses the pause
or the stop button. In order to continue with the task, the
subject resets the pause button and ES event is triggered.
Plant symbols (%) are designed based on the events (Table
I). The joint limits are known from the robot’s specifications.

Fesnog 304 X, are determined by the therapist at the

beginning of the task execution. Note that if any of E4, E5,
E6, and E7 or their combinations occurs then the state stop is
activated. Thus we assign the same plant symbol,z, for

reshold

these events.
TABLE I: Plant Symbols for the High-Level Controller

Signals from Human and Robot Event Triggered Plant Symbol
Spa=1 Eil=1 el
Spa=-1 E2=1 ¥ 2
Spe=0 E3=1 X,
Spi=joint limits or E4=1 ¥,
SRZ Fdfhresha[d or E5=1
SRJ > xﬂ’lr@s}m[d or Ef:]
S]-H =] E7=1
Suz=1 Es=1 x5

The secondary event, SEI, is defined as follows: if the
state is difficult and E7=1, then SE/=1. We assign a
corresponding plant symbol %, . Similarly, if the state is easy
and E7=1, then SE/=2, and the plant symbol 3, is assigned.

If the state is stay and E7=1, then SE/=3. We assign a
corresponding  plant symbol % . SEI releases state

information when E7=0 and E§=1.

When any of these events is triggered, then the high-level
controller decides the next plan of action to modify the task.
When an event is triggered, the corresponding plant symbol
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(%) is generated by the interface. The current state (7 ) and

the plant symbol (5) are used by the high-level controller to
determine the next state. Then the high-level controller
generates the corresponding control symbol (7 ) for this new
state and provides it to the interface. The control mechanism
of the proposed high-level controller is shown in Fig. 3
(left).

Control Symbol Constant Value
P a=0,8=i
7 o=1,8=1
7z a=-1,8=1
7 8=0
75 i

Figure 3: Controller for the Rehabilitation System
In this figure, 7 s are corresponding control symbols for
each plant symbol 3 , where k=1,2,..8, c=1,2,...5. Any event

that generates corresponding plant symbols 3, along with

the current state information 2 determines the next 7, and
as a result, 7, where i=72..5 and j=/2..5. In our

application only one state is active at any given time, and
therefore we uniquely assign a control symbol 7 for each

state 3 . Since the low-level assistive controller cannot

interpret the control symbols, the interface converts them to
the appropriate values for « and g for (3) to execute the task.
The available control symbols 7 and their corresponding o

and S values for the plant input are defined in a table in Fig. 3
(right). The plant equation which determines the desired
velocity for the low-level assistive controller is defined as:

iy = B3y +(a*delia)) 3)

where delta is selected as a constant value to increase and
decrease the j , which makes the task more or less

challenging. ; ~is the new desired velocity value used to

determine the new ; and x. The ; ,x

e

and x,_ were
calculated and if Ko < Xy < X,y WAS DOL satisfied then the

low-level assistive controller was activated to provide
assistance to complement subject’s effort to complete the
task in a precise manner [9].The Matlab/Simulink/Stateflow
software was used to implement the proposed high-level
controller [12].

V. RESULTS

In this section we present the experimental procedure and
the results of the experiments with unimpaired subjects.
Three female and one male subjects within the age range of
25-30 years, right-handed subjects took part in the
experiment. The subjects tried to track the desired position
trajectory by visually looking at the computer screen. x was
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selected as 0.02m/s, which was chosen in consultation with a
physical therapist. The ; and x, were selected as 25% more

and less of x, which were 0.025m/s and 0.015m/s,
respectively. The condition ;,  <x <z, Was checked to

decide the low-level assistive controller activation. Subjects
were asked to execute the tracking task 50 times. The
number of trials and the number of times subject needed
robotic assistance were recorded (Table II). Friction and
gravity compensation were always activated in order for the
subject to move the robot along with his/her arm in an

effortless way.
TABLE II: Number of Times Robot Assisted
Trial Range 1-10 11-20 21-30 31-40 41-50
Assistance for P1 8 6 5 4 3
Assistance for P2 14 13 13 12 11
Assistance for P3 13 11 9 8 7
Assistance for P4 12 12 11 10 9

In order to demonstrate the efficacy of the proposed
high-level controller, we had designed two experiments. In
the first experiment, we had demonstrated the efficacy the
proposed high-level control to modify the task when the
subject improved his/her movement ability to track the
desired trajectory. In the second experiment, we had
demonstrated the efficacy of the high-level controller to
modify the task in order to ensure the safety of the subjects.

In the first experiment, we had used P1’s low-level
assistive controller results. 4p was selected as 30, which
could be varied based on subject’s progress and therapist’s
choice. It was observed from Table II that n;;=8 and nsy=3
and Equation (2a) was satisfied, thus £/ was triggered and
the plant symbol % was generated from the interface.

difficult (,) state became active and the control symbol 7

was generated. The interface converted this control symbol
to =1 and S=1. Amount of the increment (delta) to increase
the difficulty level of the task was an important issue that
needed to be decided. In rehabilitation therapies, increasing
%, with a small increment would be more desirable

especially for low-functioning stroke patients. In this
experiment, we had incremented ; by 20%, where

delta=0.004. New desired velocity was calculated using (3),
which was 0.024m/s. The velocity boundaries were
calculated as 0.03m/s and 0.018m/s for ; and j,

respectively. We had asked P1 to perform the tracking task
50 times with this new velocity boundary. Low-level
assistive controller assisted the subject as and when they
were out of the new velocity band. It was observed that the
P1 needed more robotic assistance when the desired velocity
to complete the task was increased. It could be seen that P1
learned how to accomplish the task with practice (Table III).

TABLE III: Number of Times Robot Assisted for P1 with New Veloci
Trial Range 1-10 11-20 21-30 31-40 41-50

Assistance for P1 11 10 9 8 7
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In the second experiment, we had assumed a safety
event had occurred when P1 was performing the task with
new increased velocity band. P1 did not feel comfortable
and wanted to stop for a while and then reset the pause
button in order to complete the rest of the task. When the
task started £/ was triggered and the plant symbol %, was

generated from the interface. difficult (p,) state became
active and the control symbol 7 was given to the interface.

The interface converted this control symbol to constant
values o=/ and g=I. The plant equation (3) was used to
calculate ;, ~(the desired velocity), which was 0.024m/s. The

reaching task required subject to move 0.3m and then came
back to the starting position. Thus, the initial position (0),
desired position (0.3) and desired i, (0.024m/s) was

provided to the reference block to generate the smooth
desired velocity trajectory from A4 to B (Fig. 4).

When P1 pressed the pause button at B, E7 was
triggered. When E7 was triggered, plant symbol 5 was

generated from the interface and stop (p,) state became

active. When stop state was active, the high-level control
provided the control symbol 7 and =0 was given to (3) and

x, was determined as zero. The zero velocity could cause

sudden stop. In order to prevent P1 from sudden stop, the
reference generator block was used to provide a smooth
velocity trajectory to bring the motion to stop. In this case,
the velocity was detected when E7 was triggered and the
desired velocity was given as zero and using the reference
generator block, the smooth desired velocity was given to
the low-level assistive controller from B to C (Fig. 4). It
could be seen that P1’s position did not change after the
velocity became zero until P1 reset the pause button. SE/
was set to / because the state was difficult and E7=1. When
the subject reset the pause button, £E8 was triggered and 3

plant symbol was given to the interface, and pause (,) state
became active and the high-level controller provided 7 .
Then %,

corresponding control symbol 7 was generated, and =1

was given to the interface because SE=/. The

and p=1 values were given to (3) to calculate x, , which was

0.024m/s. 1t could be seen that the high-level controller
resumed the task in such a manner that the subject could
continue with the therapy with the same task parameters.
The subject’s position at the time of the triggering of £§ was
detected and was given as an initial position to the reference
generator block; the desired position was set to 0.3. The
velocity trajectory from C to D was generated and given to
the low-level assistive controller (Fig. 4). On the other hand,
if we did not use this high-level controller, the desired
velocity trajectory would not have been automatically
modified to register the intention of the subject to pause the
task. As a result, the velocity trajectory would follow the
dashed line in Fig. 4. In such a case, when P1 wanted to start
the task again, the desired velocity trajectory would start at
point C’ with non-zero velocity. This could create unsafe
operating condition. In addition, since the desired velocity
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computation would not have included the pause action,
restarting the task at point C’ would not allow the
completion of the task as desired. For example, in this case,
if P1 had used the dashed velocity trajectory, she would start
moving in the opposite direction at point C’. It could be
possible to pre-program all types of desired velocity
trajectories beforehand and retrieve them as needed.
However, for non-trivial tasks such a mechanism might be
too difficult to manage and extend as needed. The high-level
controller provides a systematic mechanism to tackle such
issues. It could also be seen that new velocity trajectories
could be created dynamically using the generator block. In
order to generate the required trajectories, the task
parameters were needed. High-level controller monitored the
progress of the task and made decision on the modification
of the task parameters. When the subject reached the desired
position, which is 0.3m, and then velocity trajectory from D
to £ was generated and given to the low-level assistive

controller so that P1 moved back to the starting position.
0.03 :

Velocity(m/s)

0.2 | SERROEEE EORTIIELS EUTTELRT STTTIEE SSTEt SR I

Position(m)

0.1}

OiJ é 10 lIS Zb ZIS Sb 3l5 40 45
Time(s)
Figure 4: Motion Trajectories When Task is paused
As could be seen from the results from experiments 1
and 2, the high-level controller determines the task
parameters dynamically based on patients’ performance and
monitors the safety related events to generate the necessary

motion trajectories at the required time.

VI CONCLUSION AND FUTURE WORK

In this paper we present a new control approach to offer
robotic assistance for stroke patients that include the
coordination between a high-level controller and low-level
assistive controller. The high-level controller can coordinate
with a low-level assistive controller to improve the robotic
assistance with the following objectives: 1) to monitor the
upper arm rehabilitation task; and ii) to make necessary
decisions to address the status of the task. We present a
systematic design procedure for the high-level controller to
accomplish the above objectives. Note that the proposed

WeD8.2

high-level controller can be integrated with other low-level
controllers with minor modifications. We have conducted
experiments with unimpaired subjects and demonstrated the
usefulness of the high-level controller. The control
architecture presented here is an example of a hybrid control
system. There has been no work to our knowledge on
designing such kind of control architecture for rehabilitation
purposes.

An important direction for future development involves
testing the usability of the proposed control architecture with
stroke patients. New methods to detect human state
information can be integrated into the control architecture
such as ECG signals can be used to monitor patients’ heart
rate to detect their exhaustion and a voice recognition
system can be integrated to examine the patient’s verbal
commands to modify the task.
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