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A Lower Limb Phantom for Simulation and
Assessment of Electromyography Technology

Bryan R. Schlink™ and Daniel P. Ferris

Abstract— Electromyography signal processing
approaches have traditionally been validated through
computer simulations. Electromyography electrodes and
systems are often not validated or have been validated on
human subjects where there is no clear ground truth signal
for comparison. We sought to develop a physical limb
phantom for validation of electromyography hardware and
signal processing approaches. We embedded pairs of wires
within a conductive gelatin surrounding an artificial bone
such that the antennae could broadcast identified ground
truth signals. The ground truth signals can be simple
sinusoids or more complex representations of muscle
activity. With the phantom and surface electromyography
electrodes, we were able to show varying levels of crosstalk
between nearby recording electrodes as we altered the
amplitude of the antennae signals. We were also able to
induce motion artifacts in our recordings by lightly dropping
the phantom on a surface while antennae broadcast
signals. High-density electromyography recordings of the
trials showed that traditional filtering techniques fail to
fully eliminate relatively small motion artifacts. The results
suggest that the electrical limb phantom could be a valuable
tool for testing potential effects of muscle crosstalk and
motion artifacts on different electromyography systems
and signal processing approaches.

Index Terms— Crosstalk, electromyography, lower limb,
motion artifact, phantom, running, walking.

|. INTRODUCTION

URFACE electromyography (EMG) is a non-invasive

method for quantifying the electrical activity of muscles
with technical limitations [1], [2]. Signal crosstalk between
neighboring muscles and motion artifacts are especially rele-
vant when recording EMG during dynamic conditions, such
as walking and running [3]. Crosstalk occurs when a surface
electrode on one muscle records a signal from both the target
muscle and one or more nearby muscles [3], [4]. The level
of crosstalk depends on the size and location of the target
muscles [5]. Surface EMG measurements from a target muscle
may contain up to 30% of a non-target muscle’s signal [6].
Motion artifacts can result from disturbance of the electrode
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and deformation of the skin beneath the electrode [7]. They
are particularly large at heel strike, as the force of impact
sends shock waves through the soft tissues of the body [8].
In these types of abrupt situations, the frequency content
of the artifact may overlap with that of the true muscle
activity [9].

There has been considerable work to mitigate the effects
of crosstalk, mostly through the continued development
of advanced computer models. Merletti et al. showed the
effects of motor unit characteristics on the surface EMG
signal [10], [11], while Farina et al. developed a model that
incorporates the nonhomogeneity of human muscle, fat and
skin and used it to investigate the effects of source location
on crosstalk [12], [13]. Lowery et al. also incorporated the
complexities of the different human tissues into a finite-
element model that demonstrated how differences in subcuta-
neous layers affect the level of EMG crosstalk [14]. Advanced
filtering techniques have also been developed to identify and
reduce crosstalk on experimental data [15], [16]. However,
computer models are unable to distinguish between different
EMG hardware, and filtering techniques are susceptible to the
inherent variability of the EMG signal. For example, human
EMG data during walking tends to be more variable for proxi-
mal and biarticular muscles [17]. Furthermore, reproducibility
of human EMG data during running is highly dependent on the
target muscle and the specific parameters of the EMG signal
that are investigated [18].

In a similar way, motion artifacts have been addressed by
researchers for decades, but there remain limitations in assess-
ing technologies for removing motion artifacts. Researchers
and organizations have suggested standards for appropriate
signal filtering when using surface electrodes [19]. More
recently, Thongpanja et al. developed a set of statistical
descriptors for identifying EMG data contaminated with
motion artifact by analyzing its probability density func-
tion [20]. However, as new technology is introduced for use
in dynamic conditions, such as high-density EMG [21], it is
imperative to consider the methods used for proper artifact
rejection. To date, methods to eliminate motion artifact have
been focused on surface recordings with bipolar electrodes.
Based on the combined effects of crosstalk and motion artifact
on new EMG technologies, it would be helpful to develop
a method for assessing different surface EMG hardware and
signal processing methods using known, ground-truth sources
of data.
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One method to simulate EMG data is with an electrical
leg phantom. Electrical phantom devices typically consist of a
conductive material with embedded wires which can broadcast
ground-truth electrical signals. A main advantage of a phantom
is that it is relatively immune to the inherent variability
of human EMG signals, as the same set of signals can be
broadcast without changes due to fatigue, pain, etc. Further-
more, phantoms provide an objective method to assess dif-
ferent processing methods and measurement equipment [22].
Although computer models can simulate different physiologi-
cal conditions of EMG recordings, they are unable to test the
effects of different recording systems. Conversely, a phantom
can provide a consistent, ground-truth set of signals that can
be evaluated across many types of EMG systems. Phantoms
have previously been used to simulate electrocortical data for
the purposes of optimizing source localization and assessing
different sources of artifact in electroencephalographic (EEG)
recordings [23]-[26]. However, phantom devices have not
been developed for to assess how crosstalk and motion artifact
affect the performance of different EMG systems.

The purpose of this study was to design, build, and evaluate
an electrical leg phantom with known, ground-truth muscle
electrical sources. We wanted to demonstrate that such a
phantom could provide a way to quantify crosstalk and motion
artifact attenuation in EMG. Additionally, we wanted to show
that these analyses were not limited to one type of EMG
hardware, so we used different types of electrodes throughout
our analyses. We developed a phantom consisting of antennae
embedded in a conductive gelatin material and broadcast
signals from these antennae to be recorded with EMG sensors
at the phantom surface. We had three aims: (1) to characterize
the relationship of the signals input to the antennae and the
output recorded at the surface of the phantom; (2) to vary
the amplitude of signals being broadcast through the phantom
as a way to induce different levels of crosstalk between
neighboring muscles; (3) to investigate the effects of motion
artifact on the signal quality recorded with a high-density
EMG array.

Il. METHODS
A. Phantom Design

We designed our leg phantom to be anatomically similar to
that of an adult human shank. We used a 3D scanner (Artec
Eva, Artec, Santa Clara, CA) to scan the left lower leg of a
healthy adult male and then used this scan to form the mold
for our phantom with 3D modeling software (Solidworks,
Dassault Systems, Waltham, MA). We printed the mold using
a 3D printer (Markforged, Watertown, MA); the mold was
scaled to approximately 70% of the original size of the scan
so that it fit on the printer bed. To provide stability for
the phantom, we printed a human tibia and fibula from an
open-source 3D model and attached them to a circular base
(Fig. 1, left).

To create the antennae that broadcast electrical signals
through the phantom, we ran 24 pairs of wires up through
the base and tethered them to the tibia and fibula. The
tips of each antenna were at a depth of 1-2 cm from the

Fig. 1. Above pictures are anterior views of the phantom before (left)
and after (right) the gelatin mixture was added to the mold and solidified.
We divided twenty-four pairs of wires into four groups in the approximate
areas of the tibialis anterior, soleus, lateral gastrocnemius, and medial
gastrocnemius. We mixed sodium chloride with ballistics gelatin to
simulate the conductive properties of human tissue.

outer surface of the phantom, and we oriented the wires
vertically to simulate the orientation of muscle fibers in the
leg. We separated the antennae into four groups in the areas
of the phantom that represent four major lower limb muscles:
tibialis anterior, soleus, lateral gastrocnemius, and medial
gastrocnemius. Finally, the soft tissues of the phantom were
created using a mixture of ballistics gelatin, deionized water,
and sodium chloride. This composition was chosen because
it has comparable mechanical properties to human skin, fat,
and muscle [27], [28]. Ballistics gelatin and human fat/muscle
have a similar response to impact forces [29], [30], and it has
been used as a surrogate for human tissues in several previous
phantom designs [24], [31], [32].

B. Signal Generation

We transmitted two types of files to the phantom through-
out the different phases of the experiment: (1) sinusoidal
bursts generated using software (MATLAB, The Mathworks,
Natick, MA) and (2) simulated EMG data created using
an established model [33], [34]. Although our goal was a
phantom that broadcast physiologically-relevant EMG signals,
sinusoidal bursts allowed us to characterize aspects of phantom
performance with a less complex signal. Fig. 2 shows a
representative 2-second window for each of these signal types.
The sinusoidal bursts had a frequency of 25 Hz and we varied
their amplitudes throughout the experiment. The simulated
EMG data were created using physiologically-relevant para-
meters for the human gastrocnemius during walking [35], [36].
We created two signals with different contraction times to
simulate muscle activity during walking at different speeds.
Custom-written scripts and data acquisition platforms (Lab-
VIEW/National Instruments, Austin, TX, USA) transmitted
both types of signals to the antennae of the phantom at
a rate of 1000 Hz to be consistent with the pre-recorded
EMG data.
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Fig. 2. We broadcast two types of files from the embedded antennae of
the phantom. Sinusoidal bursts (top row; black) allowed us to characterize
the relationship between the input and output signals of the phantom in
a very reproducible way. We used simulated EMG data from the gas-
trocnemius (middle and bottom rows) to test more biologically complex
signals.

C. Ground Electrode Resistance

We placed the phantom on a table at a safe distance from
the DAQs and computers so that it would not record excessive
electrical noise. The ground electrode was placed at the bottom
of the phantom in an area without antennae broadcasting.
We measured the resistance across the ground location with
a handheld multimeter. We broadcast sinusoidal bursts with
a peak-to-peak amplitude of 2V at a frequency of 25 Hz
from one antenna of the phantom. We placed a bipolar EMG
electrode on the phantom surface over this antenna location
and recorded these sinusoidal bursts. Once this trial had been
recorded, we removed the ground electrode. We then placed
a small heat gun approximately six inches away from the
ground location and blew air at room temperature on the
ground location for fifteen minutes. We then measured the
resistance across this area once again to confirm that drying
the gel increased the resistance. To test the effects of a higher-
resistance ground, we broadcast the same sinusoidal bursts as
before and recorded using the same bipolar electrode in the
same location. We compared the outputs from each of these
trials (before and after drying) to see the effects on the signal
amplitude.

D. Signal Input/Output Comparison

Previous research with electrical head phantoms in our
lab has shown that the conductive material of the phantom
leads to attenuation of the input signal from the anten-
nae [22], [24], [25]. Therefore, we first needed to determine
the appropriate adjustments to the input amplitudes in order
to produce physiologically relevant recordings at the phantom
surface. Physiologically relevant amplitudes were determined
by comparing the phantom output amplitudes to the human
EMG signals we previously recorded during walking and
running. We broadcast sinusoidal bursts with peak-to-peak
amplitudes ranging from 0.2 to 4 V in increments of 0.2 V
and recorded the signals at the surface with bipolar EMG elec-
trodes (Biometrics). Once we determined the input amplitudes
that produced output amplitudes seen in human walking and

Fig. 3. We placed two recording electrodes (‘1’ and 2’, above) on the
surface of the phantom 9 cm apart to measure crosstalk. Two antenna
(one underneath each electrode) simultaneously broadcast simulated
EMG data from the lateral and medial gastrocnemii at varying amplitudes.

running EMG, we scaled our pre-recorded EMG data to these
levels.

E. Crosstalk Induction and Measurement

To induce crosstalk between recording -electrodes,
we recorded from multiple sites while multiple
signals were broadcast. We placed two bipolar surface
electrodes (Biometrics) on the surface of the phantom
directly over two antennae broadcasting signals (Figure 3;
Electrode 1 was placed over Antenna 1, Electrode 2 over
Antenna 2). The distance between Antenna 1 and Antenna 2
was approximately 9 cm. Antenna 1 broadcast simulated
EMG data during walking from the lateral gastrocnemius for
10 seconds at a physiologically-relevant amplitude. Antenna 2
simultaneously broadcast simulated human EMG data during
walking from the medial gastrocnemius.

We recorded several trials of surface EMG from the phan-
tom while Antenna 1 and Antenna 2 broadcast their respective
signals. Throughout all trials, Antenna 1’s signal was kept
constant. We then varied the broadcast amplitude levels of
Antenna 2’s signal (0.5, 1.0, 1.5 and 2x the broadcast ampli-
tude of Antenna 1). To quantify the effects of crosstalk in
each scenario, we calculated Pearson’s correlation coefficient
between Antenna 1 with no input from Antenna 2 and each
level of Antenna 2 input.

F. Motion Artifact Analysis

To simulate the effects of motion artifact, we dropped the
phantom from a short height above the table while simulated
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to increase its resistance. Output amplitudes were twice as high in the
dry condition.

EMG data were broadcast from one antenna of the phan-
tom. We recorded high-density surface EMG signals with a
64-channel array arranged in five columns of 13 electrodes
(OT Bioelettronica, Turin, Italy). These 64 monopolar signals
were converted to 59 differential signals along the longitudinal
axis of the array. We then high-pass filtered the signals (20 Hz
4% _order Butterworth) and calculated the average root mean
square (RMS) value for all channels over the window that
included the resulting motion artifact from the impact of the
table and the closest burst of EMG activity. We also broadcast
the same simulated EMG data and recorded signals at the
surface while the phantom was stationary for comparison.
To confirm that we introduced physiologically-relevant motion
artifact in our recording, we compared the amplitude and
frequency content from our phantom recording to a high-
density recording from a healthy subject during treadmill
running.

I1l. RESULTS

The ground location had an original resistance of 180 kQ
prior to drying it out. After drying with air for 15 minutes, the
resistance increased to 850 kQ. We measured this resistance
throughout our data collection and found a change of 10 kQ
over time, indicating that the resistance was stable and the
gel did not rehydrate to its previous level during the data
collection. A higher resistance at the ground electrode led
to higher amplitudes in surface recordings. Fig. 4 shows the
sinusoidal bursts recorded at the phantom surface with and
without drying the ground location. When the ground was
dried and had a higher resistance (blue line), the signal was
approximately twice as large as the signal when the ground
was not dried (orange line).

The amplitude of the EMG signal at the phantom surface
was reduced by approximately a factor of 10 when compared
to the input amplitude (Fig. 5). At very low levels of sinusoidal
amplitudes, the recorded signal was relatively indistinguish-
able from the baseline noise. Input signals with amplitudes
between 1 and 3 V led to a nearly linear 1-to-1 relationship
with the output signal. Larger input amplitudes (3.5+ V) also
had a fairly linear relationship to the output signal, albeit at a
steeper slope.

0 1 2 3 4
Input Peak-to-Peak Amplitude (V)

Fig. 5. We examined the relationship between the peak-to-peak
amplitude of input sinusoidal bursts and the peak-to-peak amplitude of
the signal recorded at the surface of the phantom. There was an overall
nonlinear change in the gain between input and output amplitudes.

We were able to generate increasing levels of crosstalk
between our recording electrodes as we increased the
broadcast amplitude for Antenna 2 (Fig. 6, left). When
Antenna 2 broadcast at lower amplitudes, the signal recorded
from Electrode 1 closely resembled the true signal. How-
ever, increasing levels of Antenna 2 amplitude induced
greater crosstalk, thereby reducing the similarity between
the true Antenna 1 signal and the recorded signals (Fig. 6,
bottom 2 rows). Pearson’s correlation coefficient decreased
sharply once the Antenna 2 amplitude was greater than its
normal physiological value (Fig. 6, right).

When motion artifact was induced, the average RMS ampli-
tude of several differential channels across the electrode
array increased when compared to the stationary condition.
High-pass filtering the data with a cutoff frequency of 20 Hz
reduced, but did not eliminate, the motion artifact. Individual
channel data showed a clear motion artifact before and after
filtering the data (Fig. 7, top). As a result, the RMS values for
many electrodes were higher with motion artifact compared to
the same recording when the phantom was stationary (Fig. 7,
bottom). The amplitude and frequency content of the recorded
phantom data with motion artifact closely matched what is
seen during running in human subjects, indicating that we
simulated a reasonable representation of motion artifact seen
in high-density EMG (Fig. 8).

V. DISCUSSION

We developed an electrical lower limb phantom capable of
broadcasting physiological signals for the induction and analy-
sis of EMG crosstalk and motion artifact. To our knowledge,
this is the first and only electrical lower limb phantom for
assessing EMG signals. We demonstrated that high-fidelity
signals can be recorded with different types of surface EMG
electrodes. Additionally, we were able to induce both crosstalk
and motion artifact into our measurements, thereby providing
a novel, ground-truth method for researchers to objectively
assess their EMG hardware and processing techniques.
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Fig. 6. At left, EMG recordings from the phantom surface at varying levels of Antenna 2 broadcast amplitude. We held the amplitude from Antenna
1 constant across all trials. At right, Pearson’s correlation coefficient between the surface recording at Electrode 1 with no input from Antenna 2

(ground truth) and each level of Antenna 2 input.

15
0 W{ o Stationary
-1.5
Signal 1.5
Amplitude O—Wwwm/vi Artifact
=) 3
" Artifact
0 ’ “‘l ‘ (Filtered)
) 0. L5

5 1
Time (s)

1.0
| los RMS
(mV)

0

Fig. 7. At top, a representative channel from the high-density EMG
array during the stationary condition (black) as well as during the motion
artifact condition before (red) and after high-pass filtering the data
(blue). At bottom, difference of RMS values between recordings when
motion artifact was induced and when the phantom was stationary for
all differential electrodes of the high-density array. Positive RMS values
indicate that signal was higher with motion artifact.

Electrode
Array

Reducing the resistance at the ground location was a benefi-
cial step in our recordings, and it mirrored proper human EMG
recording technique. In a bipolar recording, the signal from the
ground electrode is subtracted from the difference in signal
between the two recording electrodes [37]. Therefore, it is
imperative that the ground electrode contain no portion of the
actual signal being recorded. This is normally accomplished

35r
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Fig. 8. Amplitude and frequency content for a representative channel
from a high-density EMG recording in two conditions: (1) a human subject
running at 5.0 m/s (black) and (2) our motion artifact simulation with
the phantom (red). The similarities in amplitude at frequencies typically
associated with motion artifacts (<100 Hz) showed that our simulated
artifacts were a relatively accurate representation of real artifacts seen
during running.

by placing the electrode on a bony prominence near the
recording site. Although this was not available to us, drying
out the ground location increased the resistance by nearly a
factor of five while still keeping it within the physiological
range of resistance for human skin [38]. As such, we were
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able to record signals with approximately twice the amplitude
compared to recordings taken without drying the ground
location.

We successfully induced crosstalk between surface elec-
trodes placed over separate sources in the phantom. In doing
so, we’ve provided a method for researchers to test new
techniques for crosstalk removal, such as blind signal sepa-
ration [39] or double differential [13] and branched electrode
configurations [40]. To date, these methods have all been
tested with either computer simulations or human EMG data.
Simulations often do not include the conductive properties of
human tissue [13], which may affect the conduction velocity
of action potentials [41]. On the other hand, human EMG
measurements can vary based on experimental aspects, such
as electrode location [42]. Intersubject variability also plays a
role, as muscle size and tissue volume can make it difficult to
compare processing methods across subjects [43]. However,
our phantom eliminates these concerns by using ground-truth
measurements to determine the level of crosstalk. Since we
know the exact characteristics of the signals input to the phan-
tom, we are able to accurately assess the level of contamination
in the output signal.

One limitation of our phantom design was that it was a con-
tinuous, homogenous medium. It had consistent conductance
and resistivity values throughout the entire phantom. Human
tissues (muscle, fat, skin, etc.) have varying levels of resistivity
which affect the conductance of electrical signal from the
neuromuscular junction to the point at which it is measured at
the skin surface [44]. However, we were able to successfully
characterize the input/output relationship and produce signals
at the surface that resembled human EMG data in both
amplitude and shape. This is a significant improvement in
comparison to other recently developed phantoms that exclu-
sively broadcast non-physiological data [22], [24] and the next
logical progression in phantom development. Future phantoms
should incorporate a multi-layer design that would provide a
more physiologically-accurate representation for EMG signal
simulation. This could be accomplished by varying the propor-
tions of ballistics gelatin and sodium chloride to create layers
with different conductance properties [45]. Materials with dif-
ferent conductivities, such as dental plaster, agar, or synthetic
polymers [46], could also be layered to simulate different
tissues and add complexity to the phantom. Researchers should
then characterize the impedance of the phantom and see how it
changes with different signal frequencies and source locations.
Additionally, motion artifacts are typically generated by the
movement of the muscle below the skin during a contraction
and force impulses that cause movement at the electrode-skin
interface during movement [19]. Each of these sources of
artifact changes the geometry of the recording site. Although
our phantom is composed of soft, deformable material, it likely
does not deform in the exact same manner that human tissue
would during movement.

A more advanced leg phantom would also be beneficial
for detecting motor unit firing patterns. We limited our signal
broadcast to 1-2 antennae in each of the conditions we tested
for simplicity. To simulate individual motor unit activity, more
antennae should simultaneously broadcast physiological data

to generate the EMG waveform at the surface. Although
our phantom contained 24 antennae, this is much smaller
than the actual number of motor units found in human mus-
cle [47]. It would be useful to design future models with
even smaller antennae so that the phantom can broadcast
more signals. To this end, microelectrode arrays [48] could
be converted to antennae, thereby creating a higher-density
phantom. Precise simulation of motor unit discharge patterns
would also help evaluate different methods of motor unit
identification [49]-[51]. Spatial filtering, template matching
techniques, mixing models, and convolutive decomposition
methods are all methods to process high-density EMG data
and determine motor unit discharge patterns [52]. Currently,
there is no experimental ground-truth method for assessing the
validity of these procedures. Intramuscular EMG is considered
the gold standard for measuring and evaluating decomposition
methods [49]. A high-density lower leg phantom could be used
to test the different methods of decomposition and evaluate
their effectiveness. Furthermore, these methods can be tested
in both stationary and dynamic conditions. High-density EMG
has been used to detect motor units in stationary condi-
tions [52], but similar methods for use during dynamic condi-
tions have yet to be developed. Our leg phantom may provide
a practical, repeatable approach to develop and evaluate novel
methods of motor unit detection during walking and running.

High-density EMG is a useful technique that has been
used to quantify motor unit recruitment in a wide range
of clinical applications [21]. Bipolar EMG is limited to a
single recording site on a muscle, and slight changes in
electrode location may lead to very different interpretations
of muscle activity [53]. Conversely, high-density EMG allows
researchers to map a muscle’s spatial properties for a more
detailed analysis [54]. Although it is traditionally used during
stationary tasks, researchers have been trying to use it in
dynamic conditions. Schmitz et al. measured quadriceps activ-
ity during stationary cycling [55], while Cronin et al. recorded
high-density EMG activity during level walking at a self-
selected speed [56]. Each of these studies demonstrated the
utility of high-density EMG, and it can be applied in a wealth
of basic science and clinical applications. Motion artifact
was likely limited in each case due to small, or nonexistent,
impact forces of the lower limbs. Our analysis of motion
artifact showed that it was challenging to remove artifacts with
standard bandpass filter measures. Furthermore, we observed
an increase in RMS amplitude values at several electrode sites,
indicating that motion artifact will likely affect multiple areas
of the electrode array. Improving both the hardware and signal
processing methods of high-density EMG can increase its use
for a broader range of dynamic conditions. Our leg phantom
provides an objective way to compare different processing
techniques with ground truth measurements. Future phantoms
could provide more robust documentation and validation of
different high-density EMG hardware and signal processing
approaches.
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