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Abstract: Control systems for human physiotherapy exercises based on functional electrical
stimulation (FES) have provided excellent performance in several setups. Myocontrolled neuro-
prostheses use electromyography (EMG) for timing and intensity control of stimulation applied
to these exercises, estimating not only the volitional activity (from the patient) but also the
evoked activity (from FES). A typical EMG response to FES starts with the stimulation artifact,
followed by an excitation curve called M-wave. To extract volitional and evoked components,
we first need to find the inter-pulse-intervals (IPIs), i.e., the EMG signal between stimulation
artifacts. For that, we have developed a method for two-channel stimulation artifact detection
for EMG signals which are not hardware-synchronized to a FES stimulator. First, the artifact
detection approach marks all potential artifacts based on one of three adaptive threshold-based
detection methods (mean/standard deviation, median/MAD and quantiles). Subsequently, for
IPI extraction we cluster the potential stimulation artifacts to cross-correlate the resulting
potential stimulation artifact vector with a vector of expected artifacts based on the stimulation
and EMG frequencies. For evaluation, we performed tests on two benchmark datasets obtained
from FES-assisted walking with two hardware setups. We found more than 95% success rate
for both hardware setups using the adaptive threshold method independently on the selected
method for choosing the threshold. Because of its low computational demands, we recommend
the mean/standard deviation approach.

Keywords: Electrical stimulation, Neural control, Electromyography, Artifact detection,
Myocontrolled neuroprosthetics.

1. INTRODUCTION

Technology advances improved physiotherapy techniques
for movement restoration of individuals with lower limb
disability, such as stroke and spinal cord injury (SCI).
Functional electrical stimulation (FES) stands for a known
rehabilitation technique for motor functions improvement,
in which FES generates muscle contraction (Lynch and
Popovic, 2012). For timing and intensity control of stimu-
lation, FES systems usually measure position, velocity, and
torque. Although these variables are sometimes straight-
forward to measure and to process, it is harder to differen-
tiate evoked (i.e., from FES) from volitional activity (i.e.,
from the patient). Therefore, electromyography (EMG)
measurements for feedback control of timing and intensity
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of stimulation may provide more efficient rehabilitation
protocols (Schauer, 2017).

After a stimulation pulse, a typical EMG response starts
with the stimulation artifact, a spike lasting between less
than a millisecond and a couple of milliseconds, followed
by an excitation curve, called M-wave. The latter is formed
by the synchronous muscle action potentials (MAP) of
all motor units that have been fired by the stimulation
pulse. The Gaussian-like superposition of MAPs caused
by volitional muscle activation is much smaller than the
artifact and M-wave. To extract these components from
EMG signals, we need first to find the inter-pulse-intervals
(IPIs), i.e., the EMG signal between stimulation artifacts.

Many previous projects precisely synchronized the EMG
amplifier and the stimulator during stimulation to re-
duce (e.g., (Thorsen, 1999)) or even completely remove
(e.g., (Knaflitz and Merletti, 1988; Shalaby et al., 2011))
artifacts by custom-made hardware interfaces. The syn-
chronization allows the precise suppression, blanking or
marking of stimulation pulses in the EMG recordings.
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Other researchers used separate stimulation and EMG
measurement devices. A loose synchronization between
EMG recording and stimulation was achieved by control-
ling the pulse generation and EMG recording within one
software on the PC. This setup hinders a precise marking
of stimulation artifacts – only the presence of an artifact
can be assumed within a given time window. Additional
signal processing steps are required to precisely detect
the onset of the stimulation artifacts and to extract the
last complete inter-pulse-interval (IPI) or the EMG data
after the last detected stimulation artifact (incomplete
IPI). (Soares et al., 2013; Klauer et al., 2012) calculated
the cross-correlation function between the EMG signal
and an artifact template to locate potential artifact on-
sets. However, finding a suitable artifact template is a
challenge when stimulating more than one channel on a
limb. Most stimulation devices possess only one current
source and generate the pulses on the different channels
time-multiplexed in a fast sequence. Threshold-based ar-
tifact detection serves as another possible approach to
find stimulation artifacts. The threshold is often chosen
based on statistical signal properties like standard devi-
ation and median absolute deviation (MAD). However,
manual adaptation is usually required. More sophisticated
methods use Wavelet transformations to calculate thresh-
olds (Merlo et al., 2003; Arafat and Skubic, 2008), yet,
these calculations require much computation time and fine
tuning of a large number of parameters. Finally, machine
learning might be applied to detect stimulation artifacts.

This paper describes and evaluates different methods for
detecting stimulation artifacts for two channels of EMG
and stimulation on the same limb segment. Such a setup
is of practical relevance, e.g., when controlling a body joint
by one pair of antagonistic muscles. We aimed to develop
and provide a Simulink® (The Mathworks Inc., USA)
toolbox for EMG processing during FES that can be used
with different non-hardware-synchronized stimulators and
EMG amplifies for various EMG sampling frequencies and
stimulation rates. The artifact detection approach consid-
ered in this paper contains two phases: first, an adaptive
threshold-based detection will mark all potential artifacts,
and then a clustering/cross-correlation approach combined
with a plausibly check will extract the last complete or
incomplete IPI. Afterward, we feed the extracted IPIs to
filters for estimating volitional and evoked EMG activity.
The toolbox was tested on benchmark data obtained from
FES-assisted walking with two different EMG systems in
which the number of active channels, as well as the form
and intensity of the stimulation artifacts, varies over time.

Section 2 presents an overview on the proposed methods
followed by the experimental evaluation in Section 3. The
obtained results are presented in Section 4 before the final
discussion and conclusions in Section 5.

2. METHODS

The stimulation artifact detection is executed at stimula-
tion frequency and must consider that noise, poor cable
connection and movements also generate EMG artifacts.
In this paper, we present a method that starts buffering
two vectors with M raw EMG samples (one buffer for each
channel). The buffer size should be M > L for searching

0 50 100 150 200 250 300 350 400 450
−80

−60

−40

−20

0

20

40

60

# samples = 160

# samples = 152

R
aw

E
M
G

[m
V
]

(a) EMG buffer signal (M = 496 = 3.1L, L = 160)

EMG channel 1
EMG channel 2
incomplete IPI
complete IPI

0 50 100 150 200 250 300 350 400 450
0

0.5

1

F
ou

n
d

cl
u
st
er
s

(b) Real vector clustering

found clusters
potential artifacts

0 50 100 150 200 250 300 350 400 450
0

0.5

1

Number of samples

E
x
p
ec
te
d

cl
u
st
er
s

(c) Base vector clustering

Fig. 1. Clustering potential artifacts. (a) EMG buffer with
complete and incomplete EMG vectors marked. (b)
Potential artifacts clustering yields the real vector vr.
(c) Base vector with expected stimulation artifacts.

the last incomplete IPI and M > 2L for searching the
last complete IPI. Here, L corresponds to the expected
number of EMG samples between two stimulation pulses.
L is defined by the frequency of EMG (fe = {1kHz, 2kHz,
4kHz}) and stimulation (fs = {25Hz, 40Hz, 50Hz}) as

L =

⌈
fe
fs

⌉
. (1)

Even larger buffer sizes might be chosen if the compu-
tational power allows it. The influence of the buffer size
on the detection rate will be discussed later. Note that
M must be chosen in a way that we know the number
of expected stimulation pulses inside the buffer (loose
synchronization of FES and EMG). As illustrated in Fig.
1, for a buffer that containsM = �3.1L� samples we expect
at least three stimulation artifacts during active FES. At
each stimulation instant k, the EMG amplifier transmits
EMG vectors with up to L samples to the artifact detection
block for both EMG-channels. The built raw EMG buffer
vectors are

bc[k] = [bc,1[k] . . . bc,M [k]]
T
, (2)

where c ∈ {1, 2} stands for the EMG channel. bc,M [k]
represents the most recent EMG samples available in the
Simulink block for artifact detection.
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During execution, the block considers that EMG and stim-
ulator frequencies are constant and hardware dependent.
Beforehand, the user declares both frequencies, consider-
ing also the application (cf. Sec. 2.3, e.g., performing both
volitional and evoked estimation requires a lower stimula-
tion frequency, e.g. fs = 25 Hz, whereas only volitional
EMG estimation is also possible for higher stimulation
frequencies up to 50 Hz). The user also chooses which
potential artifact detection algorithm will be applied, and
which IPI vector should be returned, the last complete
or the recent incomplete one (see Fig. 1(a)). The block
returns the corresponding IPI when stimulation is active
(stimulation intensity (charge) of any channel qi > 0, i ∈
1, 2) or the most recent L EMG samples when the stimula-
tion is off (qi = 0), i =∈ 1, 2). The stimulation intensities
are therefore additional inputs to the artifact detection
block.

2.1 Detection of potential stimulation artifacts

When stimulation is active, the block marks all potential
artifacts by one of the three algorithms available based on
some EMG signal properties (mean/standard deviation,
median/median absolute deviation (MAD) or quantiles).
To remove offsets and to amplify the high-frequency signal
components we compute the second-order differences in
each EMG channel buffer. Thus, for b1 and b2 at each
instant k, we obtain

B1 = ∆2b1,

B2 = ∆2b2.
(3)

From B1 and B2, we compute two thresholds (thmax,c

and thmin,c) for each channel c ∈ {1, 2}, depending on
the method explained below. Finally, we mark all EMG
sampling instances i for of buffers that fulfill the criterion

Bc,i > thmax,c or Bc,i < thmin,c, (4)

and join the resulting sets of time points from both
channels. Bc,i, i = {1, . . . ,M} are the elements of the
vector Bc for channel c ∈ {1, 2}. This method takes into
account that most stimulators have one current source that
generates pulses on two channels sequentially in a short
period of time. In addition, the method also foresees that
pulses of each stimulation channel will be visible in both
EMG channels due to the close proximity of all electrodes
at one limb segment.

Defining thresholds by mean and standard deviation The
most intuitive method considers the means B1 and B2 and
standard deviations σ1 and σ2 of the vectors B1 and B2,
respectively. Then, the maximum and minimum thresholds
are defined as

thmaxc = Bc + ασc,

thminc = Bc − ασc,
(5)

where α > 0 is a tuning parameter. Red lines in Fig. 2 il-
lustrate an example of maximum and minimum thresholds
using mean and variance for α = 3.

Defining thresholds by median and MAD Since both the
mean and the standard deviation are particularly sensitive
to outliers, the median value m becomes a more suitable
estimator than the mean (Leys et al. (2013)). The median
absolute deviation (MAD) is also a considerable estimation
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Fig. 2. Extracted IPI of EMG, dark gray marks the region
of the artifact, medium gray marks the region of M-
wave, and light gray marks the volitional activity. In
addition, we show maximum and minimum thresholds
using mean/standard deviation (red lines, α = 3),
median/MAD (green lines, α = 3) and quantiles (blue
lines, α = 95%), as defined in Sec. 2.1.

of the variability of a signal. The MAD for both channels
is determined by

BMAD,c = m (|Bc,1 −mB,c| , . . . , |Bc,M −mB,c|) , (6)

where mB,c corresponds to the median of Bc. The thresh-
olds are then defined as

thmaxc = mB,c + αBMADc ,

thminc
= mB,c − αBMADc

,
(7)

where α > 0 is again a tuning parameter. Green lines in
Fig. 2 illustrate an example of maximum and minimum
thresholds using median and MAD for α = 3.

Defining thresholds by quantiles The previous methods
set the thresholds symmetrically with respect to the mean
and median, and do not take asymmetries in the possibly
time-varying artifact into account. The next method is
based on quantiles, which are the cut points dividing
the probability distribution into contiguous intervals with
equal probabilities. By defining the maximum and mini-
mum thresholds as
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During execution, the block considers that EMG and stim-
ulator frequencies are constant and hardware dependent.
Beforehand, the user declares both frequencies, consider-
ing also the application (cf. Sec. 2.3, e.g., performing both
volitional and evoked estimation requires a lower stimula-
tion frequency, e.g. fs = 25 Hz, whereas only volitional
EMG estimation is also possible for higher stimulation
frequencies up to 50 Hz). The user also chooses which
potential artifact detection algorithm will be applied, and
which IPI vector should be returned, the last complete
or the recent incomplete one (see Fig. 1(a)). The block
returns the corresponding IPI when stimulation is active
(stimulation intensity (charge) of any channel qi > 0, i ∈
1, 2) or the most recent L EMG samples when the stimula-
tion is off (qi = 0), i =∈ 1, 2). The stimulation intensities
are therefore additional inputs to the artifact detection
block.

2.1 Detection of potential stimulation artifacts

When stimulation is active, the block marks all potential
artifacts by one of the three algorithms available based on
some EMG signal properties (mean/standard deviation,
median/median absolute deviation (MAD) or quantiles).
To remove offsets and to amplify the high-frequency signal
components we compute the second-order differences in
each EMG channel buffer. Thus, for b1 and b2 at each
instant k, we obtain

B1 = ∆2b1,

B2 = ∆2b2.
(3)

From B1 and B2, we compute two thresholds (thmax,c

and thmin,c) for each channel c ∈ {1, 2}, depending on
the method explained below. Finally, we mark all EMG
sampling instances i for of buffers that fulfill the criterion

Bc,i > thmax,c or Bc,i < thmin,c, (4)

and join the resulting sets of time points from both
channels. Bc,i, i = {1, . . . ,M} are the elements of the
vector Bc for channel c ∈ {1, 2}. This method takes into
account that most stimulators have one current source that
generates pulses on two channels sequentially in a short
period of time. In addition, the method also foresees that
pulses of each stimulation channel will be visible in both
EMG channels due to the close proximity of all electrodes
at one limb segment.

Defining thresholds by mean and standard deviation The
most intuitive method considers the means B1 and B2 and
standard deviations σ1 and σ2 of the vectors B1 and B2,
respectively. Then, the maximum and minimum thresholds
are defined as

thmaxc = Bc + ασc,

thminc = Bc − ασc,
(5)

where α > 0 is a tuning parameter. Red lines in Fig. 2 il-
lustrate an example of maximum and minimum thresholds
using mean and variance for α = 3.

Defining thresholds by median and MAD Since both the
mean and the standard deviation are particularly sensitive
to outliers, the median value m becomes a more suitable
estimator than the mean (Leys et al. (2013)). The median
absolute deviation (MAD) is also a considerable estimation
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Fig. 2. Extracted IPI of EMG, dark gray marks the region
of the artifact, medium gray marks the region of M-
wave, and light gray marks the volitional activity. In
addition, we show maximum and minimum thresholds
using mean/standard deviation (red lines, α = 3),
median/MAD (green lines, α = 3) and quantiles (blue
lines, α = 95%), as defined in Sec. 2.1.

of the variability of a signal. The MAD for both channels
is determined by

BMAD,c = m (|Bc,1 −mB,c| , . . . , |Bc,M −mB,c|) , (6)

where mB,c corresponds to the median of Bc. The thresh-
olds are then defined as

thmaxc = mB,c + αBMADc ,

thminc
= mB,c − αBMADc

,
(7)

where α > 0 is again a tuning parameter. Green lines in
Fig. 2 illustrate an example of maximum and minimum
thresholds using median and MAD for α = 3.

Defining thresholds by quantiles The previous methods
set the thresholds symmetrically with respect to the mean
and median, and do not take asymmetries in the possibly
time-varying artifact into account. The next method is
based on quantiles, which are the cut points dividing
the probability distribution into contiguous intervals with
equal probabilities. By defining the maximum and mini-
mum thresholds as
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thmaxc = α-quantile(Bc),

thminc
= (100− α)-quantile(Bc),

(8)

we properly consider the asymmetry of the stimulation
artifacts. Here, α is usually set between 90% and 98.5%.
Larger values would return the maximal and minimal
values of the raw EMG inside the buffer that is not desired.
Blue lines in Fig. 2 illustrates an example of maximum and
minimum thresholds using quantiles for α = 95%.

2.2 Extraction of the inter-pulse intervals (IPI)

Clustering To identify the last complete or incomplete
IPI during active FES, we cluster the found potential
stimulation artifacts. If two artifacts are less than �0.1L�
samples apart then the samples between them are also
marked, creating the vector vr of found potential stimu-
lation artifacts as seen in Fig. 1(b). The number of clus-
ters should relate to the number of expected stimulation
artifacts during the time period of the buffer. However,
noisy signals can increase or even decrease the number
of found clusters. Therefore, we use a base vector vb of
expected clusters to compare with the vector vr. The base
vector is constructed with the knowledge of the stimula-
tion frequency and the channel individual state of pulse
generation (on/off).

Figure 1(c) shows the base vector construction, we expect
three clusters which are L samples apart. The duration
of each expected cluster is set to average durations of the
clusters present in vr.

Cross-correlation and α-adaptation To reject wrong
clusters and to reconstruct missing clusters, the cross-
correlation between vr and vb is determined. Afterwards,
the base vector is aligned to vr, and the corresponding IPI
is extracted based on the shifted base vector.

The parameter α is adjusted at the stimulation frequency
by comparing the number of found and expected clusters
in the buffer. For the mean/standard deviation and me-
dian/MAD method, α is decreased by 10% if fewer clusters
are found than expected, and increased by 10% if more
clusters are found. For the quantiles, α will be adapted
by ± 1% and will be limited to the range [90%,98.5%].
For all methods, the adaption only increases α if we find a
difference greater than two between present and expected
clusters.

Plausibility check The finally extracted IPIs are checked
for plausibility. As the artifact should occur in the begin-
ning of the vector, we considered the artifact detection and
IPI extraction as correct when the maximum or minimum
peak of the double differentiated EMG is located in the
first 3 ms of the IPI.

2.3 Filtering of the found IPI

To evaluate the applicability of the EMG extraction, we
also implemented a filtering block in Simulink to estimate
volitional and evoked EMG activity during active FES
from the returned IPI vectors. The user selects (1) the
stimulation and EMG frequencies, and (2) the intervals
within the IPI for assessing the volitional and evoked EMG
activity. As illustrated in Fig. 2, after the artifact the

M-wave usually contains information about the evoked
EMG signal (medium gray area), and the M-wave tail
includes information on the volitional EMG (light gray
area). For these subintervals, the block estimates volitional
and evoked EMG activity, respectively. We implemented
different filter methods described in (Ambrosini et al.,
2014; Schauer et al., 2016; Klauer et al., 2016). As voli-
tional activity is found on the tail of the extracted IPI, it
can only be evaluated from the last complete IPI.

3. EXPERIMENTAL EVALUATION

3.1 Experimental Setups

We evaluated the developed stimulation artifact detection
using EMG data from FES-assisted gait training. We con-
ducted the experiments with two healthy subjects each one
using a different hardware setup (Figure 3 illustrates the
general configuration) since the artifact detection should
be used with different non-hardware-synchronized stimu-
lators and EMG amplifies. Only one leg was stimulated
at the tibialis anterior (TA) and gastrocnemius (GAS)
muscles using hydro-gel electrodes (ValuTrode®, Axel-
gaard Manufacturing Co., Ltd., USA), while we measured
EMG at the same muscles using AgCl electrodes (Ambu®

Neuroline 720, Ambu A/S, Denmark).

The EMG electrodes are placed perpendicular to the
muscle fiber direction on the stimulated leg to minimize
the size of the M-wave that is induced by FES. The
reference electrode is placed over a bony prominence at
the knee or ankle joint of the same leg. The FES was
administered in synchronization with the gait cycle using
a velocity-adaptive real-time gait phase detection (GPD)
(Seel et al., 2014; Müller et al., 2015) based on an inertial
sensor at the foot to trigger the stimulation. Four gait
phases (foot flat, pre-swing, swing phase, loading response)
and four gait events (full contact, heel rise, toe-off, initial
contact) are detected. The TA is activated shortly before
the toe off (10% of the estimated gait cycle duration) and
until heel strike to support the lifting of the foot during
the swing phase. The GAS is stimulated to support push-
off before the heel off (20% of the estimated gait cycle
duration) until toe off. We set stimulation frequency to
25Hz, while adjusting the pulse width pw and current
amplitude I in real-time for the biphasic pulses. To enable
a robust detection of stimulation pulse instants and IPIs,
we also stimulate the muscles at a sub-sensory level (I =
6mA, pw = 50µs), i.e., when no functional stimulation at
a sensory or motor level occurs.

For acquiring data and for controlling stimulation, inter-
face blocks have been programmed in Simulink for all
devices, and real-time code generation is performed using
the Linux Target for Simulink Embedded Coder®.

Setup A - RehaIngest For Setup A, we used one wire-
less Bluetooth inertial sensor (RehaGait, Hasomed GmbH,
Germany) and one two-channel EMG recording device
(RehaIngest, Hasomed GmbH, Germany) with Galvani-
cally isolated USB interface. We measured the EMG at
4000Hz, and the IMU accelerations and angular rates
at 50Hz. For stimulation, we used a current-controlled
multi-channel stimulator (RehaMove3, Hasomed GmbH,
Germany) with a galvanically isolated USB interface.

IFAC BMS 2018
São Paulo, Brazil, September 3-5, 2018

285



286 Ana Carolina C. de Sousa  et al. / IFAC PapersOnLine 51-27 (2018) 282–287

Fig. 3. Schematic representation of the setup with stim-
ulation and EMG recording of tibialis anterior (TA)
and gastrocnemius (GAS). The FES is timed by an
inertial measurement unit (IMU) at the foot.

Setup B - MUSCLELAB For Setup B, we used one wire-
less inertial sensor and one wireless EMG sensor with an
average transmission latency of 50 ms (MUSCLELABTM,
Ergotest Innovation A/S, Norway). The EMG sensor fea-
tures two bipolar measurement channels. We measured
the EMG at 1000Hz, and the IMU accelerations and
angular rates also at 50Hz. For stimulation, we used a
current-controlled multi-channel stimulator (RehaStim I,
Hasomed, Germany) with a galvanically isolated USB in-
terface.

Experimental procedure The volunteers walked on a
treadmill at slow walking speed (2 km/h) first without
sensory or motor level stimulation. Then the pw and I
were both linearly increased for both channels until the
subject reported sensation of stimulation pulses (sensory
level stimulation). In setup A, we manually increased the
intensities until visible muscle contraction (motor level
stimulation). For all levels of stimulation intensity the
subjects walked (1) normally, (2) with emphasized push-off
(more GAS activity expected), and (3) with emphasized
dorsiflexion (more TA activity expected). The different
gait patterns caused changes in the form and in the
amplitude of the stimulation artifacts to challenge the
artifact detection. Table 1 shows the applied stimulation
intensities.

Table 1. Stimulation levels of tibialis anterior
(TA) & gastrocnemius (GAS) for setups A and

B.

Sub- Sensory Sensory Motor
sensory (A/B) (A) (B) (A)

pw 50 GAS: 227 GAS: 226 GAS: 490
[µs] TA: 176 TA: 200 TA: 279

I 6 GAS: 23 GAS: 22 GAS: 49
[mA] TA: 19 TA: 20 TA: 29

3.2 Evaluation

We evaluated the artifact detection block with the
recorded data from the experiments for all methods with
and without α-adaptation. The percentage of IPIs that
passed the plausibility check (cf. Sec. 2.2.1) directly relates
to the performance of the different methods and parame-
ters settings. Furthermore, we observed the validity of the

filtering outputs (volitional and evoked) in real-time. We
also counted real-time errors due to computation times
that exceeded the sampling time.

4. RESULTS

We employed the artifact detection on data from both
gait experiments, and then evaluated the percentage of
complete IPIs that passed the plausibility check for both
TA and GAS channels. Table 2 resumes the performance of
the mean/standard deviation, median/MAD and quantiles
for different values of α. For mean/standard deviation and
Median/MAD, we set α = 3 as suggested by (Leys et al.,
2013) as a very conservative value. For the quantiles, we
set α to 95%, 96%, 97% and 98% to compare performance
on different α. We also evaluated the α-adaptation of the
three methods. All results refer to the last complete IPIs,
yet the incomplete IPIs showed very similar results.

The artifact detection and EMG filtering methods were
real-time capable as we did not observe a real-time error.
The filtering results showed that the visually observed
volitional muscle activity of the TA and GAS with respect
to the detected gait phases were as described in (Perry and
Burnfield, 2010).

Table 2. Gait experiment: Artifact detection
success rate for GAS and TA (complete IPI).

RehaIngest MUSCLELAB

Mean/std α = 3 α = 3
GAS 98.93% 94.92%
TA 98.57% 94.48%

Mean/std α-adaptation α = 1.37 α = 2.01
GAS 99.75% 96.09%
TA 99.69% 96.21%

Median/MAD α = 3 α = 3
GAS 54.86% 87.32%
TA 52.55% 90.08%

Median/MAD α-adaptation α = 75.82 α = 18.11
GAS 99.83% 97.88%
TA 99.79% 97.50%

Quantiles α = 95% α = 95%
GAS 74.21% 96.53%
TA 69.33% 97.36%

Quantiles α = 96% α = 96%
GAS 91.74% 97.50%
TA 87.03% 97.85%

Quantiles α = 97% α = 97%
GAS 98.22% 97.59%
TA 96.34% 97.62%

Quantiles α = 98% α = 98%
GAS 99.89% 84.96%
TA 99.81% 85.37%

Quantiles α-adaptation α = 98% α = 97%
GAS 99.69% 95.54%
TA 99.60% 96.46%

5. DISCUSSION AND CONCLUSIONS

Setup A with RehaIngest exhibited slightly higher success
rates when compared to MUSCLELAB. This difference
is most likely due to the lower EMG frequency of MUS-
CLELAB (1000Hz) and wireless connection. Hence, the
artifacts are sometimes not sampled at their maximal or
minimal values and appear therefore smaller that nega-
tively affects the detection.
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Fig. 3. Schematic representation of the setup with stim-
ulation and EMG recording of tibialis anterior (TA)
and gastrocnemius (GAS). The FES is timed by an
inertial measurement unit (IMU) at the foot.

Setup B - MUSCLELAB For Setup B, we used one wire-
less inertial sensor and one wireless EMG sensor with an
average transmission latency of 50 ms (MUSCLELABTM,
Ergotest Innovation A/S, Norway). The EMG sensor fea-
tures two bipolar measurement channels. We measured
the EMG at 1000Hz, and the IMU accelerations and
angular rates also at 50Hz. For stimulation, we used a
current-controlled multi-channel stimulator (RehaStim I,
Hasomed, Germany) with a galvanically isolated USB in-
terface.

Experimental procedure The volunteers walked on a
treadmill at slow walking speed (2 km/h) first without
sensory or motor level stimulation. Then the pw and I
were both linearly increased for both channels until the
subject reported sensation of stimulation pulses (sensory
level stimulation). In setup A, we manually increased the
intensities until visible muscle contraction (motor level
stimulation). For all levels of stimulation intensity the
subjects walked (1) normally, (2) with emphasized push-off
(more GAS activity expected), and (3) with emphasized
dorsiflexion (more TA activity expected). The different
gait patterns caused changes in the form and in the
amplitude of the stimulation artifacts to challenge the
artifact detection. Table 1 shows the applied stimulation
intensities.

Table 1. Stimulation levels of tibialis anterior
(TA) & gastrocnemius (GAS) for setups A and

B.

Sub- Sensory Sensory Motor
sensory (A/B) (A) (B) (A)

pw 50 GAS: 227 GAS: 226 GAS: 490
[µs] TA: 176 TA: 200 TA: 279

I 6 GAS: 23 GAS: 22 GAS: 49
[mA] TA: 19 TA: 20 TA: 29

3.2 Evaluation

We evaluated the artifact detection block with the
recorded data from the experiments for all methods with
and without α-adaptation. The percentage of IPIs that
passed the plausibility check (cf. Sec. 2.2.1) directly relates
to the performance of the different methods and parame-
ters settings. Furthermore, we observed the validity of the

filtering outputs (volitional and evoked) in real-time. We
also counted real-time errors due to computation times
that exceeded the sampling time.

4. RESULTS

We employed the artifact detection on data from both
gait experiments, and then evaluated the percentage of
complete IPIs that passed the plausibility check for both
TA and GAS channels. Table 2 resumes the performance of
the mean/standard deviation, median/MAD and quantiles
for different values of α. For mean/standard deviation and
Median/MAD, we set α = 3 as suggested by (Leys et al.,
2013) as a very conservative value. For the quantiles, we
set α to 95%, 96%, 97% and 98% to compare performance
on different α. We also evaluated the α-adaptation of the
three methods. All results refer to the last complete IPIs,
yet the incomplete IPIs showed very similar results.

The artifact detection and EMG filtering methods were
real-time capable as we did not observe a real-time error.
The filtering results showed that the visually observed
volitional muscle activity of the TA and GAS with respect
to the detected gait phases were as described in (Perry and
Burnfield, 2010).

Table 2. Gait experiment: Artifact detection
success rate for GAS and TA (complete IPI).

RehaIngest MUSCLELAB

Mean/std α = 3 α = 3
GAS 98.93% 94.92%
TA 98.57% 94.48%

Mean/std α-adaptation α = 1.37 α = 2.01
GAS 99.75% 96.09%
TA 99.69% 96.21%

Median/MAD α = 3 α = 3
GAS 54.86% 87.32%
TA 52.55% 90.08%

Median/MAD α-adaptation α = 75.82 α = 18.11
GAS 99.83% 97.88%
TA 99.79% 97.50%

Quantiles α = 95% α = 95%
GAS 74.21% 96.53%
TA 69.33% 97.36%

Quantiles α = 96% α = 96%
GAS 91.74% 97.50%
TA 87.03% 97.85%

Quantiles α = 97% α = 97%
GAS 98.22% 97.59%
TA 96.34% 97.62%

Quantiles α = 98% α = 98%
GAS 99.89% 84.96%
TA 99.81% 85.37%

Quantiles α-adaptation α = 98% α = 97%
GAS 99.69% 95.54%
TA 99.60% 96.46%

5. DISCUSSION AND CONCLUSIONS

Setup A with RehaIngest exhibited slightly higher success
rates when compared to MUSCLELAB. This difference
is most likely due to the lower EMG frequency of MUS-
CLELAB (1000Hz) and wireless connection. Hence, the
artifacts are sometimes not sampled at their maximal or
minimal values and appear therefore smaller that nega-
tively affects the detection.
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Even with this discrepancy, the mean/standard deviation
and the quantiles with α = 97% accomplished success
rates higher than 95% for both systems without the α-
adaptation. For the median/MAD method, the low success
rate at α = 3 indicates that this default setting is
inappropriate for EMG signals during FES. The green
lines from Fig. 2 confirm the too small thresholds for
the median/MAD method. Likewise, the α-adaptation
reinforce this argument, by settling on a much higher
average α (α = 75.8249 for RehaIngest, and α = 18.1106
for MUSCLELAB).

Also, the divergent results from the quantiles indicate that
each system/data set has its own optimal α value (α =
98% for RehaIngest, and α = 97% for MUSCLELAB). All
three threshold-selection methods exhibited success rates
higher than 95% for both systems with α-adaptation. The
quantiles presented a slightly lower result for the MUS-
CLELAB due to a higher sensitivity to adjustments com-
pared to the mean/standard deviation and median/MAD.
Furthermore, the α-adaptation avoids the manual calibra-
tion and also reacts to unexpected signal behavior during
online execution. Therefore, independently of the method
chosen, we recommend the α-adaptation.

Contrary to what literature advises (Leys et al., 2013),
the mean/standard deviation, and median/MAD meth-
ods present similar success rates for suitable α. Con-
sidering the planned implementation of the artifact de-
tection into a wireless EMG sensor with ARM Cortex
M4 microcontroller, we must acknowledge that the me-
dian/MAD and quantiles methods demand vector sorting,
which critically depends on the buffer size M . There-
fore, the mean/standard deviation method with the cross-
correlation and α-adaptation seems more suitable for the
requirements of automatically detecting stimulation arti-
facts within EMG signals on a microcontroller.

The presented paper targeted stimulation artifact detec-
tion for non-hardware-synchronized stimulators and EMG
amplifiers supporting the evoked and volitional estimation.
For future experiments, we should also evaluate more cases
(i.e., hardware, application, and subjects). We should also
include further evaluation of the buffer size M , the param-
eters of the α-adaptation and the clustering parameters
concerning the computational effort in the microcontroller
and the performance of artifact detection. A larger M
would e.g. improve the results of the cross-correlation but
increase demands on memory and computational power.
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