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ABSTRACT
This paper explains the development of a lower limb stroke rehabilitation machine
designed for subacute stroke patients. The system is capable of measuring the muscle
force and providing goal-oriented feedback in real-time and running in two different
rehabilitation modes. The mean value of engagement metric of healthy subjects using
this machine with feedback was 24.53% higher than without feedback. This proved that
feedback can help the patients to be fully engaged during the rehab session and this can
be useful in strengthening the neuromotor pathways. The brain recovery based on the
motor cortex correlation quantification algorithm based on the electroencephalography
(EEG) signals which is validated against the established technique based on the
functional magnetic resonance imaging (fMRI). From the results, the resting-state EEG
beta coherence of healthy subjects was found to be 0.474±0.06, whereas the average
fMRI functional connectivity between left and right primary motor areas of healthy
subjects was 0.537±0.08. The percentage difference was only 11.7%. clinical trial will
be carried out to further measure the efficacy of the rehabilitation treatment using this
system.
Keywords: electroencephalography, functional connectivity, functional magnetic
resonance imaging, lower limb, motor cortex, recovery, rehabilitation, stroke, subacute
and visual feedback.
INTRODUCTION
According to the World Heart Federation, 15 million people worldwide suffer from
stroke and nearly five million are left permanently disabled with paralysis and
weaknesses every year [1]. For instance, approximately 50,000 Canadians and 780,000
Americans suffer a stroke each year, One-sided paralysis is a common effect of stroke
which diminishes the strength and control of the lower limb [2,3]. About 80% of
patients with stroke experience motor weakness/hemiparesis [4].
The functional recovery and long-term health status of the stroke patients are
more affected by rehabilitation during the subacute stage [5]. Generally, the recovery
from stroke occurs within 3 months after the onset of stroke. To be more specific, it is
proven that the neurological and functional recovery of stroke patients occurs at the
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higher rate during subacute stage [6]. Rehabilitation at the sub-acute stage is difficult
due to the fact that the patients are generally not strong enough to carry out exercise of
the lower limb. In this project, a small, lightweight and portable rehabilitation machine
is developed specifically for the stroke patient to carry out rehabilitation exercise which
still on the bed. Commonly, stroke rehabilitation guidelines recommend the intensive
and repetitive practice of functional tasks after stroke [7]. Moving the limb in a manner
that self-generated effort cannot achieve, assistive exercise provides novel
somatosensory stimulation that helps induce brain plasticity [8]. Studies [9-10] suggest
that providing too much assistance may have negative consequences for learning.
Example strategies to encourage participant effort and self-initiated movements by
implementing the active resistive exercise, triggering assistance only when participants
achieve a force or velocity threshold, making robot compliant [11]. The brain is able to
rebuild the damaged neuron paths through the conscious control of the limb’s motion
[12] and this can be achieved through movement re-education [13, 14, 15]. In terms of
quantification of stroke recovery, it is commonly indicated by Fugl Meyer Assessment
(FMA) score. It is a stroke-specific, performance-based impairment index and is
designed to assess motor functioning, coordination, balance, sensation and joint
functioning in patients with post-stroke hemiplegia [16]. However, its scoring is based
on direct observation of performance and subjective evaluation and broad based. Hence,
a more specific and direct measurement is needed and in this project, the push force of
the lower limb during flexion-extension movement can be obtained.
In order to tackle all the stated problems related to the rehabilitation of the lower
limbs for stroke patients, three main objectives have been highlighted as below:
1. To design a lower limb rehabilitation machine which can monitor muscle
strength recovery.
2. To investigate the engagement of stroke patients in rehabilitation exercises.

METHODOLOGY
Design of the lower limb rehabilitation machine
The view of the machine with all the major components is as shown in Fig. 1 below. In
this figure, the machine is shown with load cells which are used to measure the force
applied by the lower limb of stroke patients throughout the rehabilitation exercises, as
an indication of the lower limb motor performance. Meanwhile, ultrasonic sensors are
used for the measurement of the range of motion, and eventually to provide real-time
visual feedback on the screen.
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Figure 1. Overview of the stroke rehabilitation machine
The intelligence of this machine can be defined from its capability to measure muscle
force, provide real-time visual feedback as well as the ability to run in two different
modes of exercises. The two different modes in which the machine can run, are namely
Continuous Passive Motion (CPM) and Active Resistive Motion (ARM). In CPM mode,
the physiotherapist just has to select the CPM mode and key in the number of cycles
required. The system is provided with an emergency stop button to protect the patient in
case of emergency. In the ARM mode, the force from the foot of the motion measured
using the load cells will be compared to a range of set values, within which the machine
will keep on moving. If the push force from the feet is lower or higher the system will
stop and advise the patient to lower or increase the force from the foot.
RESULTS
Fig.2 below shows the iLLSRM system prototype being tested with healthy patient. In
this setup the patient is requred to push the device and at the same time paying attention
to the display on the screen which requires the patient to exert the force in some
predetermined level. Fig. 3 shows the real time push force from the healthy leg and the
paretic leg which allows for direct comparison of the difference of the push force. This
will allow for better communication and also monitoring of patient recovery.
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Figure 2. Set-up of iLLSRM System

Figure 3. Display Comparing Paretic (stroke affected) and Non-Paretic Leg (nonaffected)
Measuring Engagement
The results of the engagement measure of all the five healthy subjects with age 21–24
(mean = 22.8 ± 1.3 years), undergoing exercises with and without visual feedback is
shown in the box plot in Fig. 4 below to compare the engagement measure before and
after thefeedback was introduced in the exercise.
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Figure 4. Engagement Measure Comparison for Exercises

DISCUSSION
The machine has shown its intelligence and capability in monitoring muscle strength
recovery, displaying real-time visual feedback and running in two different modes. As
shown in Fig. 3, the force exerted by the non-paretic limb is used as a baseline strength
to indicate the full recovery of the paretic limb. This is because the strength of the lower
limb varies from one person to another. The paretic limb is considered to recover fully
once it is able to exert the same magnitude of force as the non-paretic limb. When it is
being observed carefully, there is a slight lag off in the graph on force exerted by the
paretic limb.
The percentage of increment in engagement measure was 24.53%. Hence, it can
be deduced that patients will be more concentrated and highly engaged in their
rehabilitation exercises as compared to conventional machines. This is due to the fact
that the system interactively communicates to the patients concerning the muscle
performance in terms of their range of motion, as well as the minimum force which they
have to overcome for the continuous movement. It can maintain the engagement of
patients in undergoing the therapy without or with lesser feeling of boredom, as there
are certain targets to be achieved in their rehabilitations. At the same time, it will be
stimulating the somatosensory cortex in the affected hemisphere, which is known to be
involved in cortical reorganization after stroke.
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CONCLUSION
This project has successfully come out with a lower limb stroke rehabilitation machine
which can provide goal-oriented visual feedback in real-time, measuring lower limb
muscle force and running in either Continuous Passive Motion (CPM) or Active
Resistive Motion (ARM). It is also proven that visual feedback can help patients in
being more engaged in their rehabilitation.
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