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Combining Bioimpedance and EMG
Measurements for Reliable Muscle Contraction
Detection

Roman Kusche®, and Martin Ryschka”

Abstract— Objective: Muscle contractions are commonly
detected by performing EMG measurements. The major
disadvantage of this technique is that mechanical disturbances to
the electrodes are in the same frequency and magnitude range as
the desired signal. In this work we propose an approach and a
realized measurement system to combine EMG and bioimpedance
measurements for higher reliabilities of muscle contraction
detections. Methods: We propose the development of a modular
four-channel measurement system, whereat each channel is
capable of acquiring EMG, the bioimpedance magnitude and
phase, simultaneously. The modules are synchronized by an
additional interface board, which communicates with a PC. A
graphical user interface enables to control the bioimpedance
excitation current in a range from 100 pA to 1 mA in a frequency
range from 50 kHz to 333 kHz. Results: A system characterization
demonstrated that bioimpedance magnitude changes of less than
250 ppm and phase changes below 0.05° can be detected reliably.
Measurements from a subject have shown the timing relationship
between EMG and bioimpedance signals as well as their
robustness against mechanical disturbances. A measurement of
five exemplary hand gestures has demonstrated the increase of
usable information for detecting muscle contractions. Conclusion:
Bioimpedance measurements of muscles provide useful
information about contractions. Furthermore, the usage of a
known high-frequency excitation current enables a reliable
differentiation between the actual information and disturbances.
Significance: By combining EMG and bioimpedance
measurements, muscle contractions can be detected much more
reliably. This setup can be adopted to prostheses and many other
human-computer interfaces.

Index Terms—Bioimpedance measurements, electrode-skin
contact, electromyography, human-computer interaction, I/Q-
demodulation, motion artifacts, multi-channel, muscle
contractions, prosthesis control.

[. INTRODUCTION

N the past several years the detection of muscle contractions
has become an important technique in biomedical
engineering. It can either be acquired at a single position of the
body to analyze the state of a single muscle (group) or it is
acquired at different positions simultaneously. The gathered
information is commonly used to control computer systems,
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robots, exoskeletons or prostheses [1], [2], [3]. Especially for
the last example, a high reliability is important to avoid
misinterpretations of the signals, which could cause dangerous
situations to the user.

The commonly used measurement technique to detect muscle
contractions is the Electromyography (EMG) [4]. This method
is based on acquiring the action potentials of the contracted
muscles [5]. Typically, these signals result in differential
voltages in millivolt ranges at the body surface and can be
acquired using surface electrodes [6]. Since the most dominant
signal frequency range is from 10 Hz up to 100 Hz [7], the
electrical measurement instrumentation can be very elementary.
Further methods to detect muscle contractions are the
mechanomyography (MMG) [8] and optical setups [9].
Algorithms to combine a set of several signals to get
information about movements are often machine-learning
based [10].

One of the most challenging problems are motion artifacts,
since the fixation of optical, ultrasound or acceleration sensors
to the human body is problematic. But also the most commonly
acquired EMG signal is very sensitive to motion artifacts [11].
Especially, forces to the electrode-skin interfaces result in
significant signal disturbances [12]. Since these disturbances
are in a similar frequency range like the actual EMG signal, it
is difficult to differentiate between both of them.

A promising measurement technique which might be more
robust towards these disturbances is the electrical impedance
myography (EIM). This technique is based on measuring the
changes of the muscles’ electrical bioimpedance, which occur
during muscle contractions, caused by geometrical changes
[13], [14]. The major advantage of this measurement method is
that muscle contraction information is modulated onto an
excitation current of much higher frequency than that of motion
artifacts. Therefore, the subsequent filtering of motion artifacts
is very simple. Obviously, it is also advantageous to extend the
EMG information by the two additional dimensions of
information, the magnitude and the phase of the bioimpedance
(BioZ).

In this work, we propose a measurement method to acquire
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Fig. 11. Measurement results of two performed muscle contraction of the
forearm flexor muscle and two artificially applied mechanical disturbances to
the positive voltage electrode. It can be seen that the applied vibrations affect
the EMG signal significantly, whereas the bioimpedance magnitude and phase
do almost not change during these time periods.

about 0.5 sand 1.3 s.

The acquired unfiltered data of the EMG signal (black), the
bioimpedance magnitude (blue) and the bioimpedance phase
(red) are shown in the plot in Fig. 10. For comparison purposes,
the EMG signal is plotted in arbitrary units.

Both contractions can clearly be seen in the morphology of
the EMG signal. It is also distinguishable, that during these
contractions, the magnitude of the bioimpedance decreases
from about 27.7 Q to approximately 25.4 Q. During this time
period, the phase shift increases by about 0.7°. It can be seen
that the slopes of the impedance signals begin simultaneously
with the EMG signals. After approximately 100 ms the
bioimpedance values reach a constant state, which indicates the
end of the movement and therefore the end of geometrical
muscle changes. After contractions, the bioimpedance signals
need more time to reach to original values, which might be
caused by the different signal origins.

This measurement demonstrates that the acquisition of the
complex bioimpedance, simultaneously to EMG signals,
provides additional useful information.

B. Robustness towards Mechanical Disturbances

The most promising advantage of the additional
bioimpedance recording is its robustness towards electrode
motion artifacts. By only evaluating the occurring voltage
signals of the known excitation frequency, interferences of all
other signals with different frequencies can be eliminated.

To evaluate this beneficial effect, the measurement of the
section above was repeated under the same conditions. In
addition to contracting the forearm muscle two times,
mechanical disturbances were applied to the positive voltage
electrode to generate changes in the half-cell voltage. These
minuscule vibrations were generated by slipping the clamping
mechanism of a cordless screwdriver on the electrode with an
intensity which produces disturbances in the range of the actual
EMG signal.
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Fig. 12. Positioning of the 16 Ag/AgCl gel electrodes for performing
measurements with four measurement modules. The distance between related
voltage electrodes is about 4 cm.

In Fig. 11 the acquired three raw signals are displayed.
During the two performed muscle contractions, the signals
show up as before. During the two additional periods (11-14 s;
15-18.5 s), the previously described external force was applied
to the electrodes. While the EMG trace shows strong
interferences with amplitudes similar to the former EMG
signals, the EIM magnitude |Z| is only slightly affected at the
onset of the mechanical disturbances. The EIM phase however
remains not influenced.

C. 4-Channel-Measurement for Prosthesis Control

In many applications, for instance prostheses control, it is
desirable to analyze several muscle groups simultaneously.
Especially, the geometrical depth of the impedance
measurement needs to be considered. If thus particular muscle
regions cannot be selected by a single set of electrodes reliably
the simultaneous use of several electrode sets could be useful.

To demonstrate the system’s capability to distinguish more
complex activations of muscle groups, measurements utilizing
all four available measurement modules were performed on a
human forearm. The chosen positions of the Ag/AgCl gel
electrodes are shown in Fig. 12. The excitation currents of the
modules were 200 pA and to separate the channels from each
other, different excitations frequencies were chosen
(f1=91 kHz, £,=100 kHz, f;=111 kHz, f4=125 kHz).

To verify whether the bioimpedance signal provides
additional information or if it is just redundant to the EMG
signal, several typical wrist movements were performed by the
subject. The chosen five movements are shown on the top of
Fig. 13. Under the -corresponding photographs of the
movements, the acquired data of the four EMG, |Z| and ¢(Z)
channels are shown. Only the EMG signal is filtered by a zero-
phase notch filter to reduce the 50 Hz interferences. No further
digital filtering is performed to the signals. For a more
convenient perception, offsets are added to the EMG signals.
The magnitude and phase plots present the occurring changes
in percent and in degrees, respectively.

Every performed muscle contraction was started after 1 s for
a duration of about 2 s. These periods can easily be
distinguished in all signal plots.

Comparing the five impedance magnitude plots leads to the
assumption that the channel decoupling in this measurement
setup is sufficient. This is especially visible when focusing for
example on the signals of the channels CH2 (red) and CH3
(yellow) with adjacent electrodes and similar frequencies of the
first (WF) magnitude plot. Even when both sets of electrodes
and thus the corresponding bioimpedances are close to each
other, the behavior of the signals is completely different.
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Fig. 13. Measurement result of five typical hand gestures, using the four measurement modules simultaneously. Each muscle contraction was performed for a
duration of about 2 s. In the plots below the corresponding photographs, the EMG signals as well as the bioimpedance magnitudes and phases are shown. The
EMG data was preprocessed by a digital 50 Hz notch filter, whereas the impedance signals have not been filtered digitally. Comparing the resulting plots leads
to the conclusion that the magnitude and phase signals of the bioimpedance provide additional useful information about muscle contractions. Additionally, hand
gestures which are difficult to detect via EMG measurements, for example the hand rotation (HR), can be recognized via bioimpedance measurements reliably.

To check if the information of the EMG data and the
corresponding impedance magnitudes is same, the plots of the
wrist flexion (WF) and extension (WE) can be compared. It can
be seen that the EMG behavior of CH1 (blue) during both the
movements has a similar behavior. In contrast, the
corresponding impedance magnitude signals of CHI1 differ
completely from each other. The same effect can be found when
comparing the EMG data with the impedance phase signal. For
example, the EMG signals of CH4 look similar during the WE
and the HO motion, whereas the behavior of the corresponding
impedance phases is opposite during both the muscle
contractions. Finally, comparing the impedance magnitude and
phase plots in the same way, leads to the result, that acquiring
EMG, bioimpedance magnitude and phase provides three
independent fully redundant sets of information per
measurement channel.

D. Measurement of Isometric Muscle Contractions

The previously presented measurements were performed
during actual movements. In some applications it might also be
interesting to detect isometric muscle contractions without
significant geometrical changes within the tissue under test. To
give an impression about the occurring bioimpedance signals
during these kind of muscle contractions, the previously shown
measurement was repeated for the wrist flexion and extension.
Both contractions were performed against solid plates, as
shown at the top of figure 14, to avoid changes in the angle
between the forearm and the hand. The occurring forces Fiso
during the contractions were measured to be 20+3 N. Both
contractions were performed two times for a duration of about
2s.

In the corresponding EMG plots in figure 14, it can be seen
that the signal behavior is similar to the previously presented
results of the non-isometric wrist flexion and extension. The
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Fig. 14. Measurement of two typical hand gestures. To enable isometric
muscle contractions, the movements were performed against solid plates with
a force of approximately 20 N.

isometric contractions do also cause significant changes of the
bioimpedance magnitude and phase signals. In comparison to
the results in figure 13, the relative changes of the
bioimpedance magnitudes and the phase shifts are lower. Some
signals, such as CH3, have a very similar behavior during
isometric and non-isometric contractions. However, the signal
of CH2 behaves very different in both cases. This might be
caused by the different kinds of geometrical changes within the
tissue, but has to be analyzed more detailed in the future.

VI. DISCUSSION

The EMG and the EIM, though both deployed to detect
muscle activations, do differ with respect to their physiologic
origins. EMG represents the bioelectrical signal of the muscle
contraction caused by the muscle cells’ activation potentials.
The impedance signal however, is induced by the geometrical
changes of the muscle. Either during active contraction or
during passive expansion. Therefore, both the signals do not
strictly depend on each other. Since there is usually a time delay
between muscle activation and its geometrical reaction [23], the
bioimpedance signal is delayed against the EMG signal. This
delay is visible in the exemplary measurement shown in
Fig. 10. It occurs in a range of tens of milliseconds and it

http://dx.doi.org/10.1109/JSEN.2019.2936171

depends on the particular application, if such delays are
acceptable.

The measurement, in Fig. 11 has demonstrated that the
sensitivity regarding mechanical disturbances of the voltage
electrodes is much lower in bioimpedance measurements than
in EMG signals. Nevertheless, the conditions of the electrode
skin contacts in EIM applications is important as well. High
interface impedances of the current electrodes lead to high
voltage drops over the electrode skin impedances. This issue
has a significant impact on the design of the current source as
well as on the voltage measurement circuit [24]. The usage of
dry electrodes, as preferred in prostheses, with commonly high
electrode skin impedances aggravates this issue [25], [26]. But
lower excitation currents or higher excitation frequencies can
help to keep the voltage drop over the mainly capacitive
impedances under a tolerable limit.

The measurement results shown in Fig. 13 are very
promising. They support that the additional bioimpedance
measurement triples the amount of usable information. In this
particular example, 12 signals are available to detect the muscle
contractions in the forearm. Even in situations in which the
EMG signals are poor, it seems that the bioimpedance
measurements provide useful information. The information of
both kinds of signals can be combined by applying machine
learning algorithms. The results in figure 14 show that the
bioimpedance magnitude and phase change also during
isometric contractions.

It has to be noted, that all measurements in this work were
performed in a laboratory environment. Further disturbances
such as the mechanical interactions between the electrodes and
the muscles were not investigated. It is conceivable that
changes of the limb position can lead to impedance changes as
well. Exhaustive studies on subjects are mandatory to analyze
the influence of the electrode-skin interfaces and the electrode
positions on the measurement results.

Furthermore, the anisotropic behavior of the muscles’
impedance has not been analyzed in this work. This behavior
could also be a useful information to differentiate between
motion artifacts and actual muscle contractions.

To assess the actual benefit of the additional bioimpedance
signals for different prostheses situations as well as for other
applications, more studies with extended subject sets and
typical environmental noise situations are envisaged for the
future.

VII. CONCLUSION

In this work we presented an approach to acquire EMG and
EIM information about muscle contractions from several
positions of a subject, simultaneously.

A modular multi-channel measurement device was
developed and characterized. In addition to an ordinary EMG
system, this device is capable of acquiring bioimpedance
magnitude changes in mQ ranges and phase changes smaller
than 0.05°.

First measurements from a human subject have shown the
differences between EMG and EIM signals with a focus on their
timing relationships. Additionally, the robustness of
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bioimpedance measurements towards mechanical disturbances
to the electrodes was demonstrated.

Finally, the combination of four measurement modules was
used to analyze typical hand gestures by combining EMG and
bioimpedance measurements. The results demonstrated the
usefulness of acquiring the bioimpedance to detect muscle
motions, especially for prosthesis controls. But many other
human-machine interface applications are conceivable as well.

Even when the proposed results are very promising, further
studies on the influence of the electrodes’ behavior and
positions have to be performed.

In the future, existing algorithms have to be adapted to
combine the signals and to convert them into a movement
information, automatically.
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