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Abstract—This work presents the implementation and testing
of a control strategy for functional electrical stimulation of
hand movements. The system is capable of producing continuous
power grasp and hand opening movements on the right hand,
through amplitude modulation of two stimulation channels, based
on surface electromyography signals from two contralateral
hand muscles. The solution comprises: a finite state machine, a
movement classifier, a proportional mapping, and a biofeedback
control strategy. The movement classifier algorithm was evalu-
ated offline with a healthy volunteer, obtaining a 81.72% average
accuracy. The controller was tested successfully in an online
test where a functional task was performed, involving six-step
and the power grasp and hand opening movements. Therefore,
this controller and SEMG-FES system developed are a suitable
alternative for FES-based mirror-therapy of the hand, and motor
rehabilitation of hemiplegic stroke patients.

Index Terms—Functional Electrical Stimulation, EMG, Hand
Movement, Control, Upper Limb, Stroke, Hemiplegia, Rehabili-
tation, Functional Task, Biofeedback.

I. INTRODUCTION

Central neural system injuries generally damage the func-
tion of motor and sensory control structures, causing severe
disability. Stroke, in particular, reduces the brain blood flow,
which results in hemiplegia. Functional Electrical Stimulation
(FES) is a technique that enables muscle contractions and
generate functional movements [1], through the application
of electrical current to neuromuscular structures. Moreover,
FES can be used to deliver upper limb rehabilitation therapy
for people with hemiplegia. One example is mirror-training
therapy, which is based on achieving a synchronous movement
of the two extremities by applying stimulation in the paralyzed
one in correspondence to the movement of the non-paralized
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one. FES-based mirror therapy has enabled motor recovery
in hemiplegic patients, by using the illusion of synchronous
movement between the two extremities [2].

Different control strategies have been used to develop
mirror-training therapy systems for the hand based on FES [3]
[4] [5] [6]. Among them, the biofeedback control strategy can
be highlighted, since it has promising results for hemiplegia
rehabilitation [7]. This strategy uses voluntary regulation of
movement in the unaffected limb, translated to changes in
FES parameters that induce similar movements in the affected
limb. For this end, biofeedback-based FES systems make use
of algorithms for threshold detection and movement classifi-
cation from Inertial Movement Units (IMU) [5] [7] or surface
Electromyography (sEMG) [6] [8]. However, most of them
do not allow continuous control over FES amplitude during
the execution of functional hand movements, since they use
ON/OFF control or triggered FES activation. Moreover, some
of them use strategies focused on maximizing the number of
identified movements and classification performance, but not
on continuous contralateral control of movement [4].

A continuous contralateral control approach for hand FES
systems was reported based on bend sensors over the hand and
fingers to obtain control signals [7]. However, there is lack of
SEMG-based FES systems that allow continuous contralateral
control of hand movements. Such approach would be a better
option since SEMG-based FES has been proved to be effective
for hand rehabilitation after stroke [7]. In order to implement
a contralateral SEMG-based continuous control of FES is
necessary a suitable mapping strategy besides algorithms to
identify the beginning and type of voluntary movement [8].
The main aim of this work is to develop a FES controller based
on contralateral SEMG, that allows continuous biofeedback
control of the power grasp and hand opening movements for



mirror-training functional tasks. Also the performance of each
block of the controller will be measured and an online test
with a multi-step functional task will be performed, involving
continuous contralateral control of the power grasp and hand
opening movements.

II. METHODS

The sEMG signal acquisition, the processing and control
system were implemented on MATLAB® and Simulink®.

A. sSEMG signal acquisition

Two pairs of surface electrodes (Telectrode T178, Bio-
Protech Inc.) were placed in the direction of the muscle fibers
of the left flexor digitorum (for power grasp movement) and
extensor digitorum (for hand opening movement) muscles,
after skin cleaning, following the recommendations described
in [9]. The reference electrode was placed on the elbow.

The signals acquisition was performed using 2 bipolar
channels (channel 1 for power grasp movement and channel
2 for hand opening movement) of the system Cyton Board
(OpenBClI Inc., New York, U.S.A.) using its default configu-
ration (sampling frequency of 250 Hz and gain of 24).

B. sSEMG processing

The sEMG signals were filtered using three digital filters
(all were 2nd order Butterworth, with non-zero phase). A
high-pass filter with 15 Hz cutoff frequency, a low-pass filter
with 100 Hz cutoff frequency, and a notch filter at 60 Hz.
For the offline case, the filtering process was applied to the
entire signal, while for the online case the filtering process was
applied to each 100 ms window. The RMS value was used in
combination with a median filter of 10 samples to obtain a
slow changing sSEMG envelope (smoothed RMS), as a control
signal. This processing was applied to each 100 ms window.

C. Control system

A control system was designed combining a FSM and
proportional mapping. The FSM determined the FES channel
to be activated, based on the output of an algorithm which
classified the two sEMG processed channels, into one of
three movement classes: rest, power grasp and hand opening.
Whenever one of the two last classes were obtained, the
proportional mapping translated the value of smoothed RMS to
a specific amplitude value of the electrical stimulation pulses
(with a pulse width of 300 s and 30 Hz frequency), which
were applied to the right arm.

Fig. 1 shows a schematic of the FSM, where it can be
seen that four parameters are necessary to carry out the
state transition: three RMS thresholds of sSEMG (movement
detecting threshold (M DT), incomplete power grasp threshold
(M41) and incomplete hand opening threshold (M>;)) obtained
after a calibration stage; the fourth parameteris RMS which
is obtained from (1), where RM S, represents the smoothed
RMS value of acquisition channel 2, while RM S; represents
the smoothed RMS value of acquisition channel 1.
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Fig. 1: FSM designed for activation of stimulation channels.

The proportional mapping algorithm is defined by the
equation of a straight line, as shown in (2), where FES;
represents the amplitude of electrical stimulation that will be
applied in the j  th stimulation channel, RMS; represents
the smoothed RMS value in the j  th acquisition channel,
while mj and b; are the parameters of the j  th straight line,
which are obtained from the calibration stage.

FESj = mjRMS; + bj (2)

1) FES parameters calibration: A calibration of FES pa-
rameters was carried out, to obtain the motor and functional
thresholds of electrical stimulation for the power grasp and
hand opening movements. For that calibration, the electrical
stimulation electrode placement system reported in [10] was
used, in combination with the FES software platform reported
in [11] and [12] . The electrical stimulation device was the
RehaStim 2 (HASOMED GmbH., Magdeburg, Germany).

This calibration consisted of carrying out an exploration of
the subject’s response to different applied electrical current
amplitude values. The motor threshold (Unpj) was defined
as the first value of stimulation amplitude that generated
a remarkable motor response to the naked eye of the ex-
perimenter, and recognized by the subject. The functional
threshold (Ugj) was the amplitude value that produced the
target hand movement with a full range of movement similar
to a voluntary one. This calibration was performed for both
movements: power grasp (J = 1) and hand opening (j = 2).

2) RMS thresholds calibration: A graphical user interface
(GUI) was designed to show the user text cues of the target
movements, which he was previously instructed to perform.
At the same time, this GUI records the two SEMG channels
and stores time markers associated with the indication of
the requested movement. The movements requested by the
GUI were complete hand opening (Myj), incomplete hand
opening (My;j), rest (Msj), incomplete power grasp (Maj) and
complete power grasp (Ms;). To carry out this calibration, the
subject performed two repetitions of the following movement
sequence ng sz Mlj sz |V|3j M4j M5j M4j
and a final repetition of movement Msj, where the duration
of each Mzj movement was 9 s, the duration of each My; and
Myj movement was 3 s and the duration of each Myj and Ms;
movement was 6 s. Upon completion of the requested motion



repetitions, GUI provided the experimenter the RMS threshold
values for each motion, movement detecting threshold value,
and proportional mapping parameters.

The RMS thresholds are expressed in (3), where Mj;j
represents the threshold of the i  th movement registered
in the j th channel, RM S[n] represents the smoothed RMS
value in the n-th register window (100 ms) associated with
the Mjj movement. It is worth mentioning that for movements
M;i;j with i = F1; 2; 4,59 the value of N equals 120, while for
Msj the value of N is 390 (where N is the total number of
SEMG windows registered in each case).
Mij = S h=1 RMSI[n]

N

The value of the MDT is determined by (4), where
RM S;[n] and RM S;[n] represent the smoothed RMS value
in the n  th recorded window for the incomplete hand opening
movement in acquisition channels 2 and 1 respectively, and
N represents the number of existing RMS values for the
incomplete hand opening movement, which is 120.

3)

N
MDT = Zn:1RM82'[\rl1] RMSy[n] "

The parameters of the proportional mapping lines are de-
fined in (5) and (6), where mj and b; represent the slope
and the intercept, respectively, of the j-th straight line cor-
responding to the j-th stimulation channel. Ugj and Upwmj
represent the functional and motor thresholds, respectively,
obtained after the calibration of FES parameters corresponding
to the j-th movement. Finally, Mcj and My represent the
RMS thresholds of the complete and incomplete movements,
respectively, associated with the j-th recording channel, whose
movement indexes are: for j =1 are C =5 and | = 4, while
forj=2areC=1and | =2.
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J
Mcj
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D. Experimental protocols

Three tests were designed that were executed in a single
session. They were used to obtain data about the performance
of the system, such as the accuracy of the classifying algorithm
and the total delay in the system. Also, the last test (online
functional task) was used to evaluate the potential of the
control approach proposed in this work, for the development of
applications for rehabilitation therapy, that could allow patients
with hemiplegia to perform common daily life activities that
would be impossible for them otherwise.

1) Offline validation: The purpose of this test was to assess
the accuracy of the classifier algorithm designed to identify
the target movements by configuring it with the parameters
obtained in the calibration. For this, a MATLAB® script was
designed that performs the following procedure: 1)Read the
raw sEMG record obtained in the calibration stage. 2)Apply
the signal processing algorithms (filtering, RMS calculation

and smoothing) to each 100 ms window of SEMG recorded.
3)Apply the designed control algorithm (FSM and proportional
mapping) to each value obtained in previous step. 4)Classify
all SEMG windows into one of the three classes, and generate
from the results a 3 3 confusion matrix. 5)Calculate the mean
classification accuracy value for the three movements.

Once the mean accuracy was obtained, the decision is made
to accept or reject the parameters obtained in the calibration.
In case of obtaining an accuracy value greater than or equal
to 80%, the parameters are accepted and the following test is
carried out. Otherwise, the placement of SEMG electrodes is
reviewed and the calibration repeated.

2) Online validation: Once the FES controller was vali-
dated offline, the online performance is tested. For this, the
SEMG-FES system implemented in Simulink® (Fig. 2) was
used with the following configuration: 1)Control block was
configured with the values obtained in calibration. 2)Enable
stimulation switch was connected to output of Control block.
3)Simulation time limit was set to 180 s.

Once the parameters of the FES controller were configured,
the subject was given instructions on how the test was to be
performed. The subject was shown in a window a trapezoidal
signal with negative and positive cycles, whose slopes the
subject had to follow closely with the sight. Also, the subject
was instructed to perform a hand opening movement during
the positive cycles of the trapezoidal, and a power grasp during
the negative cycles. Finally, the subject was asked to maintain
an isometric contraction for the current movement during the
plateaus of the trapezoidal.

Once the test was completed, an analysis was carried out
in MATLAB® to determine the delay time between start
of the non-zero slopes of trapezoidal signal and start of
electrical stimulation. All delay times obtained from analysis
were averaged to get a global system delay value. This
could be carried out since SEMG-FES system implemented
in Simulink® stores all signals obtained at the output of
Processing and Control blocks, and trapezoidal signal.

3) Continuous functional task: The aim of this test was to
demonstrate the usefulness of the FES control system to carry
out a useful multi-step functional task for the subject, who
simulated having right-side hemiplegia. A change was made to
the previous configuration of SEMG-FES system, by adjusting
Simulation time limit to inf. For this test, two cylindrical
objects were placed a few centimeters from the hands of the
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Fig. 2: Block diagram of sSEMG-FES system implemented in Simulink® for
online operation.



subject, which rested over a table. The subject was asked to
perform a sequence of upper limb movements, while avoiding
any voluntary movement of his right, “affected” hand, in order
to evaluate the capacity of the system to “copy” the movement
of the contralateral, “unaffected” hand. The sequence was:

1) Shoulder adduction in both arms, to bring each hand
closer to the nearby cylindrical object.

2) Fingers extension with the “healthy” hand (left), while
bringing the open palm closer to the corresponding
object in both arms.

3) Fingers flexion with the “healthy” hand (left) to grasp
the object.

4) Extension and abduction of both arms to lift the objects
10 cm above the table and move them laterally 10 cm
from their original position.

5) Flexion of both shoulders to lower the objects to table
height.

6) Fingers extension with the “healthy” hand (left) to drop
objects on the table.

It is worth mentioning that in points 3 to 5, the subject must
keep for some seconds (isometric contraction) the voluntary
power grasp movement in the left hand. Fig. 3 shows a graphic
representation of this task, where each point mentioned above
corresponds to a subsection of the figure.

III. RESULTS

The sEMG-FES system was tested with a 22 years old
healthy volunteer, obtaining the following results:

A. SEMG processing

Regarding the signal processing stage implemented in this
work, SEMG envelopes were obtained with minimal variation
in muscle contractions of similar intensity. Fig. 4 shows an
example of the results obtained with this processing stage,
when applied to a calibration SEMG recording.

B. Calibration

TABLE I shows the values obtained for the motor (Upj)
and functional (Urj) obtained FES thresholds. TABLE II

— —h il 1 N

(d) (e} (f)

Fig. 3: Scheme of the sequence of movements in the free-time continuos
functional task. A set of coordinate axes is included to help indicate the
direction of movement. Blue arrows are movement along the Y-axis (frontal
plane). Red arrows are movement along the X-axis (transverse plane). Green
arrows are movement along the Z-axis (sagittal plane).

shows the values of RMS thresholds and the movement
detecting threshold, obtained after calibration step. TABLE
III shows the values of the slope (mMj) and the intercept
(bj) corresponding to linear proportional mapping of each
stimulation channel.

C. Offline validation

The movement classification algorithm obtained an average
accuracy of 81.72%, obtained from the confusion matrix
shown in TABLE IV. It can be seen from the matrix that the
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Fig. 4. Representative example of the processing stage results. (a)Signals for
power grasp movement. (b)Signals for hand opening movement. Top: Raw
SEMG signal. Bottom: Filtered SEMG signal (in blue) and smoothed RMS
(in red).

TABLE I. FES thresholds values

Threshold (TH)
Motor (mA) [ Functional (mA)

Channel 1 (power grasp) 6 14
Channel 2 (hand opening) 9 13

TABLE II: Values obtained for RMS thresholds

RMS threshold (TH)
Channel 1 | Channel 2

Movement (mYV) (mYV)

Complete hand opening (Myj) 0.8708 3.0000
Incomplete hand opening (Mgj) 0.4657 0.9115
Rest (M3j) 0.1981 0.1536

Incomplete power grasp (Maj) 0.7918 0.8134
Complete power grasp (Msj) 2.2491 1.9610

Movement detecting threshold (MDT) 0.4458

TABLE III: Parameters obtained for proportional mapping

Slope Intercept
(mA/mYV) (mA)
Channel 1 (power grasp) 5.4894 1.6536
Channel 2 (hand opening) 1.1953 7.2542







