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Abstract— We present a simple method to suppress the arti-
fact that functional electrical stimulation causes to surface elec-
tromyography signals. The method is based on selecting a high-
frequency sinusoidal wavelet as the stimulation waveform to
make the artifact frequencies easily removable from the mea-
sured signals, and combining it with simple filters in the hard-
ware and as digital filters. Our theoretical computations demon-
strate how the selected stimulus pulses attenuate significantly
compared to commonly used square wave pulses already in a
first-order low-pass filter used before the measurement ampli-
fier. The experimental results with 8 participants show that the
artifacts can be suppressed in our target application: facial pac-
ing for unilateral facial paralysis. The method can be benefi-
cial also for other neuroprosthetic applications that apply func-
tional electrical stimulation in combination with electromyogra-
phy measurements. More complex artifact suppression methods
are unnecessary and the delays of the processing are caused only
by the simple filters in the signal processing chain.
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I. INTRODUCTION

Neuroprosthetic devices are used to restore functionality
that is missing or lacking due to paralysis or disability. Func-
tional electrical stimulation can be used to cause muscle con-
tractions. Electromyography (EMG) on the other hand can be
used to measure muscle activity for controlling the stimula-
tion. However, so called stimulation artifact can cause prob-
lems in applications that measure EMG simultaneously when
carrying out electrical stimulation [1]. The stimulus voltages
can be hundreds of volts while the EMG amplitudes may be
only in the order of tens of microvolts. Artifacts can distort
the EMG measurements and render them unusable for reli-
able detection of muscle activity levels. Low-amplitude arti-
facts can be digitally removed but it is impossible if the EMG
measurement amplifiers become saturated.

Unilateral facial paralysis causes facial functions on one
side of the face to be missing or lacking. Facial pacing refers
to neuroprosthetic technology for reanimating the disabled

side of the face based on the measurements of the healthy
side. The principle was introduced four decades ago [2]. Re-
liable measurement of muscle contraction intensities, con-
trolled production of muscle contractions, and low latency
between these two to achieve symmetric and synchronous fa-
cial expressions are basic requirements for the pacing. Most
people notice a delay in an eye blink when it exceed 33 ms
between the eyes, but other movements allow longer delays
between the sides of the face go unnoticed [3].

The simplest approach for handling EMG measurements
contaminated with stimulation artifacts is to wait until the
measurement amplifier recovers from the artifact, and dis-
card data until it happens. This has been proposed for pacing
eye blinks [4, 5]. Another approach for eye blinks includes
the same blanking by discarding samples, but combined with
digital filtering to shorten the recovery time [6]. Also, digital
filtering alone has been successful in removing the artifact.
For example adaptive-matched filter designed via genetic al-
gorithm optimization [7] and empirical mode decomposition
combined with notch filtering [8] have been used.

EMG amplifier saturation due to artifacts can only be pre-
vented in the hardware. Hardware-based methods can also
be used for blanking to speed up recovery from the artifacts.
First ideas on suppressing electronic artifacts had a sample-
and-hold circuitry to hold the measurement amplifier output
during the stimulation pulses [9]. Other suppression methods
include disconnecting the amplifier or a part of its circuitry
during the pulses [10] and amplifier designs with decreased
recovery times [11]. A recent method uses an analog delay
line for artifact detection, active suppression before satura-
tion occurs, and fast recovery from artifacts by adjusting the
high-pass cut-off frequency of the amplifiers [12].

Earlier studies focus on removing the artifacts caused by
square wave stimulation pulses. Artifacts due to square, sine,
and triangle wave pulses have been studied, but only with a
single pulse and a fixed pulse period [13]. However, bursts
of higher frequency waveforms in the kHz range can also be
used for electrical stimulation [14]. Pulsed waveforms instead
of continuous ones are often used to promote the activation of
small muscles and to avoid muscle fatigue [14].

The goal of this study was to develop a new method that



combines stimulation waveform selection and simple filtering
for suppressing the stimulation artifact. We wanted to avoid
the need for more complex artifact suppression methods that
require computationally heavy processing, specialized hard-
ware, or both.

II. METHODS

A. Artifact Suppression

Our artifact suppression is based on selecting such a high-
frequency stimulation waveform that it is strongly attenuated
already by the hardware filters prior to sampling. A wavelet
with a length of 0.8 ms consisting of 8 periods of a 10 kHz
sine wave was chosen as the stimulation pulse. Its envelope
was modulated with half cycle of a sine wave with a matching
length. A repetition frequency of 250 Hz was used to form
pulse trains to cause muscle contractions.

The processing for artifact suppression is shown in Fig-
ure 1a. The input EMG signal is first processed with hard-
ware filters. In practice, all EMG amplifiers contain a low-
pass anti-aliasing filter that can also be used in the artifact
suppression. However, our approach includes prefiltering be-
fore the amplifier to suppress the artifact and prevent satura-
tion of the amplifier. Then the hardware anti-aliasing filters
and bandpass filters are used. After AD conversion the raw
sampled signals are digitally bandpass filtered to remove low-
frequency noise and to further attenuate the high frequencies
where the stimulation artifact resides. Next step is using notch
filters to remove the power line noise and the stimulation ar-
tifact at the pulse repetition frequency.

B. Experiments

Experiments with 8 healthy volunteers (3 female, 5 male,
ages 34.9 ± 7.0) were carried out. The principles outlined
in the World Medical Association’s Declaration of Helsinki
were followed in the experiments. An inhouse device de-
signed for facial pacing was used in the experiments [15]. It
is able to produce any pre-defined arbitrary constant-current
stimulation waveform and measure EMG signals. The sam-
pling frequency for signal generation was 80 kHz, and for the
measurement 10 kHz. The prefilter is of first-order and has
a cutoff frequency of 620 Hz. The high-pass and low-pass
filters of the EMG amplifiers are 0.55 Hz and 200 Hz, re-
spectively. The low-pass filter is a second-order Butterworth
filter. The input voltage range of the EMG amplifiers is ap-
proximately ±3.3 mV while the stimulator channels have a
nominal maximum output voltage of ±100 V.

For digital filtering, we chose infinite impulse response

(IIR) filters. The bandpass filter was a fourth-order Butter-
worth one with cutoff frequencies at 30 Hz and 200 Hz to
fully remove electro-oculographic signals and provide atten-
uation at the high frequencies. One IIR notch filter was used
to remove the 50 Hz power line noise and two the stimulation
artifact: one at the pulse repetition frequency 250 Hz and the
other at the second harmonic 500 Hz.

The experiments included three parts. We chose the
frontalis muscle as the target muscle because unilateral fa-
cial paralysis commonly causes it to lack in functionality.
Also, the stimulation artifact can be expected to couple more
strongly to the measurement as the stimulation and the mea-
surement electrodes need to be placed closer to each other
than with most other muscles in facial pacing. In the first part
of the experiments, 10 pulse trains of symmetric, biphasic
square wave pulses were repeated to contract the target mus-
cle on one side of the face, and EMG was measured from
the same muscle on the other side. The length and repetition
frequency of the pulses matched that of the previously de-
scribed wavelet (0.8 ms and 250 Hz, respectively), and they
were repeated to form 1-second-long pulse trains. The pulse
amplitude was adjusted to a level that caused a clear, visible
muscle contraction without discomfort. Second part of the ex-
periments was the same as the first but with the wavelet pulse.
The final part of the experiments included the determination
of the maximum voluntary contraction (MVC) level by per-
forming 10 repetitions of raising eyebrows. An example im-
age of the experimental setup is show in Figure 1b.

Input EMG signal

Hardware anti-aliasing
/ bandpass filtering

Raw sampled EMG

Digital band-
pass filtering

Digital power-
line noise removal

Digital stimulation
artifact removal

Processed EMG signal

(a) EMG processing for the
stimulation artifact

suppression.

(b) The experiments: stimulation
electrodes were placed on the
frontalis on the right side and

measurement electrodes on the left
one.

Figure 1: EMG processing and experiments.

EMG RMS values were calculated to compare the exper-



Table 1: Averages and standard deviations of the measured EMG RMS
values of the participants during stimulation pulses and during periods of

inactivity (baseline). Values are presented for raw and processed EMG
signals and they are normalized with the value for maximum voluntary

contraction.

Part. Raw, square Raw,

wavelet

Processed,

wavelet

Processed,

baseline

1 6.72 ± 0.01 0.70 ± 0.02 0.05 ± 0.00 0.03 ± 0.01

2 15.27 ± 0.22 2.23 ± 0.22 0.18 ± 0.01 0.13 ± 0.02

3 10.53 ± 0.05 0.98 ± 0.01 0.10 ± 0.02 0.05 ± 0.03

4 6.53 ± 0.06 2.07 ± 0.01 0.09 ± 0.00 0.08 ± 0.01

5 13.03 ± 0.43 3.39 ± 0.75 0.23 ± 0.03 0.26 ± 0.07

6 12.37 ± 0.03 1.47 ± 0.12 0.12 ± 0.02 0.11 ± 0.02

7 28.96 ± 0.09 3.22 ± 0.10 0.15 ± 0.01 0.07 ± 0.01

8 17.17 ± 0.25 2.01 ± 0.02 0.09 ± 0.00 0.05 ± 0.01

avg 13.82 ± 0.20 2.01 ± 0.28 0.13 ± 0.02 0.10 ± 0.03

imental results. The values were computed for each stimula-
tion repetition by leaving out 0.1 s from the beginning and
end of the stimulation pulse train to remove the effect of IIR
notch filter transients on the results. Maximum voluntary con-
tractions were computed by filtering the already processed
EMG signals with a 0.5-second-long RMS filter and taking
the average of the maximum values of the 10 contractions.

III. RESULTS

Figure 2a shows the attenuation of pulse waveforms if
they were processed directly by the first-order hardware pre-
filter. The maximum amplitudes of the waveforms attenuate
by −2.3 dB, −5.3 dB, −19.4 dB, and −24.6 dB, for the
square wave, the sine wave, the high-frequency sine, and the
sinusoidal wavelet pulses, respectively.

Figure 2b shows examples of the EMG artifact suppres-
sion. Table 1 shows the EMG RMS values during stimulation
pulses and periods of inactivity. The stimulation amplitudes
during the artifacts were 3.9± 1.1 mA and 17.8± 4.1 mA
for the stimuli consisting of square wave pulses and sinu-
soidal wavelets, respectively. The respective maximum abso-
lute values of the raw sampled EMG during the stimuli were
1.25±0.57 mV and 0.24±0.09 mV.

IV. DISCUSSION

Figure 2a and the values for the attenuation of the different
waveforms show that the sinusoidal wavelet is attenuated sig-
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(b) Examples of the EMG processing results from raw sampled signals
to processed ones.

Figure 2: Example results of the EMG processing.

nificantly more in the prefilter of the measurement hardware
compared to the other waveforms.

Figure 2b shows the suppression of the stimulation arti-
fact of the sinusoidal wavelet stimulus. The artifact attenuates
visibly almost perfectly with the exception of the transients at
the beginning and the end of stimulus. The transients are a re-
sult of the IIR notch filters of the artifact removal. Lowering
the quality factor of the filters would attenuate the transients
but is not always desired because it would widen the filter
stop band. Methods to suppress the transients of IIR notch
filters could be applied [16].

The EMG RMS values during the stimuli show that com-
pared to the baseline there is some artifact left form the sinu-
soidal wavelet stimuli even after the suppression. However,
the RMS values correspond to 13% of the maximum volun-
tary contraction level on average, and the highest values are



obtained for the measurements that have more noise contam-
ination in the whole measurement. The RMS values for the
raw EMGs show how the artifact is already suppressed signif-
icantly more before sampling when the wavelet is used as the
stimulation pulse waveform. However, the applied stimula-
tion voltages were not known because constant-current stim-
ulation was used.

EMG measurement amplifier saturation was not encoun-
tered in our experiments, but the input values during square
wave stimulation were closer to it. The maximum AD con-
verter input voltage during square wave stimulation was on
average 5.2 times that of the sinusoidal wavelet stimulation.
This leaves more room for increasing the amplitude of the si-
nusoidal stimulation even if it already is 4.6 times that of the
square wave one.

The artifact caused by the sinusoidal wavelet stimuli is at
the pulse repetition frequency and its harmonics. Changing
from pulsed to continuous stimulation could allow simpli-
fying the filtering and also to lower the stimulation ampli-
tude. However, the waveform selection in the target applica-
tion also affects the achieved movement and the comfort of
the stimuli.

V. CONCLUSION

Our results show that a simple approach of using a
high-frequency waveform for functional electrical stimula-
tion combined with simple and computationally efficient fil-
tering can suppress the stimulation artifact from surface EMG
measurements. Future efforts should focus on further alter-
ations to the stimulation waveform and comparing how com-
fortable it is compared to other options. The used filters
should be chosen more carefully with focus on minimizing
the delays and suppressing noise. It should also be verified
that the EMG amplifier saturation is avoided with stronger
stimuli also with people that have unilateral facial paralysis.
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