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Abstract—Robot and functional electrical stimulation (FES)
techniques have been used for improving motor functions after
stroke respectively. In this work, we aimed to examine the
combined effects from Robot and FES in post-stroke wrist
rehabilitation. We developed a new electromyography
(EMG)-driven FES-robot system with a control algorithm,
which was interactive to the voluntary motor inputs from
persons after stroke. Two hemiplegic subjects with chronic
stroke were recruited to test the EMG-driven FES-robot system.
The results demonstrated that the integrated system was
effective in improving the tracking performance represented by
root mean squared error (RMSE) and root mean squared jerk
(RMS)) of tracking trajectories in programmed wrist tracking
tasks assisted with different proportions of the interactive
supports from the FES and robot parts respectively. This
combined system may have the potential to be applied in stroke
rehabilitation.

INTRODUCTION

STROKE can cause morbidity and invalidity in the paretic

limbs, and about 80%-90% persons after stroke have
permanent motor function weakness or sensory dysfunction
[1]. Although, most patients can recover parts of the function
through long-term and intensive post-stroke physical training,
post-stroke treatment always requires huge human resource
and large financial expense.

In comparison with the post-stroke rehabilitation programs
conducted by human physical therapists, post-stroke trainings
assisted with rehabilitation robot showed their advantages in
aspects of well-controlled training setup and saving the human
resources [2][3]. It has been reported that robot-assisted
therapy could significantly improve the upper limb motor
functions after stroke [4-7]. The most commonly reported
motion types provided by developed rehabilitation robots are:
1) continuous passive motion, 2) active-assisted movement
(for interactive treatment), and 3) active-resisted movement
[5]. Due to the effectiveness in motor improvement by
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active-assisted robotic treatment, the recent developments
involving rehabilitation robots has been worked towards the
active-assisted control strategies for interactive rehabilitation
treatment, which allows the robotic system to react to patient’s
voluntary intention.

Functional electrical stimulation (FES) is a common
technique used for the rehabilitation of people with
neurological disabilities. FES has been used to generate
motions of upper limbs in quadriplegic patients [8] and the
motions of lower limbs in paraplegic patients [9][10]. It has
been found that by using FES at the paretic muscles, muscle
strength may be improved by the regular electrical stimulation
on the target muscles [11]. There are many FES systems
available for clinical use. For example, the bionic glove
[25][26] from the University of Alberta, Canada, is a hybrid
system consisting of a garment with FES electrodes that use a
mechanical measurement of wrist extension to trigger
stimulation of finger flexion. There are also other
commercially available FES products, such as the Handmaster
[12], an orthosis in which stimulation electrodes are fitted for
upper limbs.

Comparing the training effects of using rehabilitation robot
and using FES devices, we may find their own advantages and
disadvantages. Rehabilitation robotic systems usually have
mechanical components to support body parts to finish a
programmed motion task [13]. In a physical training assisted
by a rehabilitation robot, subjects may practice whole limbs,
which are related to the activities of several groups of muscles.
[21-24]. However, physical trainings assisted with robot
usually cannot target on a specific muscle as in the treatments
with FES. Treatments with FES may precisely activate each
target muscle. However, the main disadvantages of the
physical treatments with FES are that the physical training on
muscle groups usually requires a number of FES electrodes to
stimulate muscles, and mechanical limb supports usually are
lacking in FES devices. In our previous works, a robotic
system driven by electromyography (EMG) has been
developed for post-stroke training on both the wrist and elbow
joints [14][15][29]. Although significant motor improvements
obtained after the training, muscle weakness still existed,
especially in the wrist and elbow extensors [16]. We also
developed a four-channel FES system for gait training on
persons after stroke [17]. With this FES system, gait speeds
were improved [18].

In this work, we developed a new system for stroke
rehabilitation by combining EMG-driven robot system with
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EMG-driven FES system; and the performance of using this
system by persons after stroke were analyzed.

I. METHODS

A. The FES-Robot System

Fig 1 shows the diagram of the FES-robot system for
post-stroke rehabilitation. The FES-robot system was
composed of a robot part and FES part, which were both
driven by voluntary EMG signals detected from the flexor
carpi radialis (FCR), and extensor carpi radialis (ECR). When
using this system, a subject would be seated with the affected
upper limb mounted horizontally on the system to conduct
wrist extension and flexion by tracking a target cursor on a
computer screen (Fig 2), moving with an angular velocity at
10°/sec from -45° (extended position) to 60° (flexed position).

The hardware of the system consists of a Robot system and
an FES system which are controlled by a computer. The
computer sampled the amplified EMG signals from the FCR
and ECR muscles with a sampling frequency of 1000 Hz , also
the angle feedbacks of the wrist through a digital-to-analogue
device. Then sent out the control signals to the Robot system
and the FES system respectively. The software of the system
was developed by LABVIEW program which processed the
incoming signals, sent out the control signals, and provided a
screen interface to the subject as shown in Fig 2. Furthermore,
the electrical stimulation from the FES was given on the
surface FCR and ECR muscles.

Control Bignals
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ECE STIMULATOR |
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Fig 1. The diagram of the FES-robot system

The control algorithm for the FES-robot system could be
described as follows:

1) The EMG signals were processed by band-pass filter
from 10Hz to 500Hz. The stimulation artifacts in the EMG
signals were deleted by method of sample and hold principle,
as did in stimulus removal study of Minzly [27]. The envelope
of an EMG signal trial was then obtained by full-wave
rectification and filtering with a moving average window
(100ms). The processed ECR and FCR EMG at this step was
named as, EMG;, where i represented the respective muscles.

2) The processed EMG;, was then sent to the robot and FES
parts. For the robot part, the assistive torque from the motor
was formulated as:

T, =G Ty M, (1)

where, G is a constant gain used to adjust the magnitude of the
assistive torque; and Tpyyc is the maximal value of the torques
during IMVF when doing flexion, or IMVE when doing
extension. M; is defined as
EMG, -EMG,,,,,
EMG ) — EMG,,,,, 2)

where, EMG; is the EMG of the agonist muscle i (ECR during
the extension, or FCR during the flexion). EMG; is the
averaged EMG of muscle i during the resting state, and
EMG;imvc is the maximal value of muscle i during its maximal
isometric contractions at wrist angle of 0°. Robot-assisted
post-stroke rehabilitation with proportional EMG control has
been applied in our previous study on elbow and wrist training
[15] [16] [28].

For the FES part, the stimulation intensity to a target muscle
was defined as:

I,=K-1I

M, =

wi M,
max,i i (3)

where, K is a constant gain used to adjust the magnitude of the
stimulation voltage intensity; Ly, ;, 1S the stimulation intensity
which can evoke the maximum flexion or extension torque
when the wrist joint is positioned at 0°; M; bears the same
meaning as in Eq 2.

B. System Evaluation with Persons after Stroke

After obtaining approval from the Human Subjects Ethics
Sub-Committee of the Hong Kong Polytechnic University, we
recruited two subjects with chronic stroke (at least 1 yr
postonset of stroke, right hemiplegia, ages of 52 yrs and 38 yrs
respectively) to evaluate the system. The motor disabilities at
the wrist joint of these two subjects were measured by the
modified Ashworth score for the wrist (1 and 1+ respectively)
[19] and Fugl-Meyer score at the forearm/hand (14 and 9
respectively) [20].

In the experiment, each subject was firstly required to
conduct the isometric voluntary flexion and extension at 0°
with a repetition of 3 times. Then, the stimulation intensities of
Inaxi (Eq 3) for the ECR and FCR muscles at the wrist joint of
0° were started to output. After that, the subject were asked to
carry out wrist tracking tasks by following a target cursor
moving with the angular velocity of 10°sec on the computer
screen (Fig 2). There were 5 cycles of wrist extension/flexion
in each tracking trial, and seven combinations between the
supports from the FES and robot parts during the tracking task
were examined, as illustrated in Table 1. Tracking accuracy
was evaluated by the root mean squared error (RMSE)
between the target and actual angles during the tracking, as
shown in Eq 4.

RMSE = \/%Z(ﬁo(i) —6(i))* 4)
6 (i)

where o "'/ was the target wrist angle at i sampling instant
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and () was the actual wrist angle at i™ sampling. N was the
total number of samples.

The smoothness of the tracking was measured by the root
mean squared jerk (RMSJ), as shown in Eq 5

/ 1
RMSJ = ,|—X j(i)’
N )

J(i) was jerk of wrist movement at i sampling instant which
could be calculated from the third derivatives of the angle .

ACTUAL
CURSOR

EXTENDED POSITION
FLEXED POSITION

Fig. 2 The display of the screen interface for the subjects when doing the
tracking tasks.

TABLEI
THE PROPORTION OF THE FES OR ROBOT INVOLVED.
Combinations | FES support, K | Robot support, G

1 0% 0%

2 50% 0%

3 100% 0%

4 50% 50%

5 100% 100%

6 0% 100%

7 0% 50%

K and G are the gain values defined in Eq 1 and 3.

II. RESULTS

Three tested results were examined in this paper: a) the
hardware performance (Fig 3) to make sure if the system
works as EMG driven Robot-FES system; b) tracking
trajectories with and without supports from the system to
compare if the system can bring the stroke patient significant
moving improvement; c) difference performance with
different combinations of the supports from the FES and
robot.

Fig.3 shows the representative EMG trials of the ECR, FCR
muscles and FES intensity in a tracking task, which was with
50% motor and 50% FES supports. The former two graphs
were the normalized EMG signals (ECR and FCR), which are
defined as energy, used to driven the Robot and FES. In the
last panel in Fig.3, it shows the stimulation intensity driven by
the former two signals. Also, the stimulating time is 180
seconds.
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Fig.3 The representative EMG energies for the ECR and FCR muscles (a and
b) and the corresponding stimulation intensities (c) with 50% robot and 50%
FES supports. In c, the dark line is the stimulation for ECR and the gray line
is for FCR, the scale of the y axis ranges from O to 1, reflecting the
stimulating intensity to these two muscles during a tracking task.

In Fig 3, we can see two properties of the system. Firstly,
the support from the FES part was interactive and related to
the EMG amplitudes of the agonist muscles during the
tracking. Secondly, the stimulation intensity from the system
was calculated by the gain, K in Eq 3. The FES and Robot
parts were controlled in real time by the subjects’ own EMG
signals.

Fig.4 shows two tracking trajectories represented by the
tracking angles, with and without the support from the system.
The first trial was conducted without any assistance (Fig 4.a),
and the second trial (Fig 4.b) was the movement supported by
the system with the combination of G=50% and K=50%.

644

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on May 06,2010 at 08:04:12 UTC from IEEE Xplore. Restrictions apply.



ANGLE(Dezree)
801

60
40 -
-_— | = ]

207 | [

| 1

1 h

D '1 4 [
] 120 180

-20 | - ' ' ¢
_'qu L

5o L TIME(S]

AMGLE(Degree)
80 r

60 [
40 r

20 [

0

TIMES)

Fig.4The representative tracking trajectories of the target angle (thick lines)
and the actual angle (dashed lines) during two tracking tasks with different
supportive combinations from the system. In a, there was no support from the
system. In b, the supports from the robot and FES parts are 50% and 50%.

In Fig 4, It shows that the range of motion (flexion or
extension) for wrist was apparently increased with the
assistive force from the system. The stroke patient cannot
reach -20° and 30° in the direction of flexion and extension
respectively without the assistive force (as Fig 4. a), but can
get to the full range up to -45°
significant improvement in extension tracking task, up to 43
° with the system’s assistance.

In Fig 5, the performances of the tracking for the two
subjects with different combinations of the supports from the
FES and robot parts were summarized by the parameters of
RMSE and RMSJ, which showed the tracking accuracy and
the tracking stability respectively. The different FES and robot
combinations were numbered as specified in Table 1.
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Fig. 5 The RMSE and RMS]J in seven different combinations (as numbered
in Table 1), calculated from two patients (the black bars are for patient 1 and
the grey bars are for patient 2). The upper graph is the RMSE. The lower
graph is the RMSJ calculated based on the same data.

In the Fig 5.a, the largest tracking error was observed when
there was no support from either the robot or the FES part in
subject 1. The lower tracking error was observed when the
support combinations are: 50% robot and 50% FES, 0% FES
and 100% robot, and 0% FES and 50% robot, but the lowest
are 50% robot and 50% FES . The variation in the tracking
error in subject 2 was not as large as that in subject 1, and the
lower tracking error was observed in the support combination
of 50% FES and 50% robot, 0% FES and 100% robot, 0%
FES and 50% robot, but the lowest are 50% robot and 50%
FES. In conclusion, 50% FES and 50% robot combination is
the best proportion on improving the tracking error in this
system.

When evaluating the tracking smoothness by RMSJ (Fig
5.b), the largest RMSJ value happened when 100% FES and
100% robot were applied.

Overall, there were three FES and robot support
combinations with smaller RMSE and RMS]J found in the two
subjects attended the experiment, i.e., [S0% FES and 50%
Robot], [50% Robot], and [100% Robot] but the most
efficient one is [50% FES and 50% Robot].

III. CONCLUSION

In our paper, we developed a new FES-robot rehabilitation
system. The robot and FES sub-systems were driven by ECR
and FCR EMG signals, which reflected the voluntary intention
of the subjects. The assistance from the system was only given
to the agonist muscle during the tracking in the same
movement direction (i.e., in the flexion, only FCR was
stimulated; while in the extension, only ECR was stimulated),
which may suppress the over excitation from the antagonist
muscle.

The system evaluation results from the two hemiplegic
subjects after stroke suggested that with the adequate supports
(e.g. 50% robot and 50% FES) from the robot and FES, the
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RMSE of the tracking performance improved. However, if the
gain of the supports from the system was too large (e.g. 100%
robot and 100% FES), the control abilities of the subjects on
the robotic system were not stable enough to conduct smooth
tracking, which resulted in high RMSJ. The different
combination of the supports from the robot and FES parts
should be studied on more subjects in the future work.
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