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Abstract. Mechanomyography (MMG) signals record and quantify low-frequency lateral
oscillations of active skeletal muscles. These oscillations reflect the ‘‘mechanical counterpart’” of
the motor unit activity measured by electromyography (EMG). Accelerometers have been
commonly used to measure MMG. However, the accelerometer mass can affect the MMG signal.
The purpose of this paper was to investigate the relationship of the accelerometer mass and the
MMG signal. Thirty-two normal volunteers conducted the maximum voluntary contraction of leg
extension. MMG signals were obtained from the rectus femoris muscle using an accelerometer.
For each subject, the accelerometer mass was varied from 3, 8, 13, 18, 23 and 28 g. The signals
were measured for three seconds with a sampling rate of 1kHz. Results showed that the MMG
signal amplitude increased as the accelerometer mass increased. However, the median frequency
(MF) of the MMG signal decreased with the increased accelerometer mass. When the
accelerometer mass increased from 8 g to 13 g, the amplitude of the MMG signal increased the
most, and the MF of the MMG signal decreased the most. However, for accelerometers heavier
than 13 g, no significant change was observed in both the amplitude and MF. Based on the present
study, the mass of the accelerometer is recommended to not exceed 13 g to properly measure
MMG signals.
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1. Introduction

Surface mechanomyography (MMG) records low-frequency lateral oscillations of active
skeletal muscle [1, 2]. Barry and Cole [1] and Orizio [2] suggested that these oscillations are
attributed to (a) slow bulk movement of the muscle at the initiation of the contraction, and (b)
smaller subsequent lateral oscillations occurring at the resonant frequencies of muscle. It has been
suggested that the MMG power density spectrum provides qualitative information regarding the
global firing rate of unfused activated motor units [1-3].

Electromyography (EMG) has attracted its attention for decades as a reliable tool for the
assessment of neuromuscular activation. Many investigators have examined EMG and MMG
responses during sustained isometric [4] as well as repeated concentric [5, 6] or eccentric [7],
isokinetic muscle actions. Hendrix et al. [4] developed fatigue-thresholds derived from the
frequency domains of the EMG and MMG signals during isometric muscle contraction. Ebersole
et al. [5] examined the linear changes in torque, EMG amplitude, EMG MPF, MMG amplitude,
and MMG MPF across 50 repeated maximal concentric muscle contraction and reported decreases
in concentric torque, motor unit discharge rates, muscle fiber conduction velocity. The findings of
these studies indicated that analysis of the amplitude and frequency contents of the EMG and
MMG signals provide information related to the different motor control strategies [4-7].

Even though EMG is used more often to study muscle properties, MMG has some notable
advantages over EMG [8]. First, due to its propagating property through muscle tissue, the
placement of MMG sensors does not need to be precise or specific [9]. In particular, the surface
EMG is affected by the position of electrodes with respect to the innervation zone and tendons.
Secondly, because MMG is a mechanical signal, it is not influenced by changes in skin impedance
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due to sweating [8, 10]. Finally, electrical noise has no effect on MMG. EMG on the other hand,
cannot be used concurrently with functional electrical stimulation (FES) or neuromuscular
electrical stimulation (NMES) because EMG is disrupted by electrical noise. Thus, MMG is used
to analyze muscle fatigue while using FES or NMES [11]. Furthermore, MMG can be used in
conjunction with EMG to examine neuromuscular function [12]. As it can compensate for the
weakness of EMG, the application fields of MMG are numerous and increasing. Many studies
span from the assessment of muscle function during isometric or dynamic contractions under
different physiological conditions, such as fatigue [13], stretching [14], training [15], analyzing
the effects of rehabilitation programs [16], the development of prosthesis [8], and/or the use of the
MMG as a triggering signal [17].

MMG can be recorded using various sensors, such as hydrophones [2], condenser microphones
[2], piezoelectric contact sensors [2], sonomyography [18], accelerometers [19] and goniometers
[19] among others. Each sensor has advantages and disadvantages in terms of weight, cost,
accuracy, noise and so on. Thanks to recent technological developments, the size of the
accelerometer has become very small and the price has become very affordable. Therefore, many
research groups have measured MMG signals using accelerometers [19].

Some studies have discussed the effects of accelerometer placement on MMG signals [20, 21].
They reported that the amplitude of the MMG signal changes depending on the position of the
accelerometer, and suggested that the signal normalization and the process to determine the
optimal accelerometer position was necessary in MMG analysis. However, little research has been
conducted regarding the relationship between accelerometer mass and MMG signals. It has been
suggested that the amplitude content of the MMG signal is related to motor unit recruitment,
whereas MMG frequency is associated with the global firing rate of unfused, activated motor units
[3, 22]. The accelerometer mass has an effect on MMG frequency and amplitude. The frequency
of the MMG signal is particularly important for patients with FES. In this study, we investigated
the changes in the amplitude and frequency of MMG signals by varying the accelerometer mass.

2. Methods
2.1. Participants

This study comprised 32 healthy male volunteers (mean + SD; age = 23.0+£3.0 years; body
mass = 65.2+12.8 kg; height = 176.4+7.2 cm). All subjects provided written informed consent
before participating in the study. None of the subjects reported any current or ongoing
neuromuscular diseases or musculoskeletal injuries that involved the hand, wrist, ankle, knee, or
hip joints. All subjects were informed of the purpose, the experimental procedure and the potential
risks of this study. Before the actual experiments, three or four voluntary isometric contractions
were practiced to familiarize the subjects with the procedures.

2.2. Equipment

A single-axis accelerometer (SCA620, VTI Technologies, Finland) was used to measure
MMG signals and vibration signals. The initial mass of the accelerometer was set to 3 g, because
the pure weight of the accelerometer was 3 g. Then, the mass of the accelerometer increased by
5 g until 28 g. MMG signals and vibration signals were not measure in the accelerometer mass
heavier than 28 g, because the distortion of the signal has occurred. Isometric exercise equipment
(Biodex System 3, Biodex Medical Systems, USA) was used to conduct the maximum voluntary
contraction (MVC). In addition, a speaker (FS-36055R8N-01, Micro Dynamic Speaker, Korea)
was used to produce a constant vibration.
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2.3. Vibration measurements

The accelerometer was attached to the vibration plate of the speaker. Using the function
generator, 20, 40, 60, 80 and 100 Hz sinusoidal waves were applied to the speaker since the MMG
signal frequency range is between 20 and 100 Hz. While each frequency signal was applied, the
vibrations were measured using the accelerometer with a sampling rate of 1 kHz (Fig. 1). For each
sinusoidal signal, the accelerometer mass was varied from 3 g, 8 g, 13 g, 18 g, 23 gand 28 g.

g =

Accelerometer = Additional load g
e Accelerometer
e

—————— """
| E—
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Fig. 1. The measurement of vibration using Fig. 2. The measurement of MMG signal using
an accelerometer and a speaker an accelerometer

Additional load

2.4. The measurements of MMG signal that occurred in the muscle

Subjects performed the MVC of leg extension using Biodex System 3. Each subject was
stabilized in a chair in the seated position with a hip flexion angle of 80° and a knee flexion angle
of 60°. MMG signals were obtained from the rectus femoris muscle using the accelerometer with
a sampling rate of 1 kHz. The accelerometer was placed at the midcenter along the line from the
anterior spina iliaca superior to the superior part of the patella, based on SENIAM (Surface
Electromyography for the Non-Invasive Assessment of Muscles). For each subject, the
accelerometer mass was varied from 3 g, 8 g, 13 g, 18 g, 23 g and 28 g (Fig. 2). There was a
five-minute rest between each trial to avoid muscle fatigue (Fig. 3).

304 MVC 10min Leg extension Smin Leg extension Smin Leg extension Smin Leg extension
S5sec Ssec Ssec Ssec

[Practice Rest MvC Rest MVC Rest MVC mmm| Rest MVC ]

\ J

T

[Accelerometer mass was varied in a random orderA]

Fig. 3. The MVC Exercise protocol

2.5. Signal processing

Using MATLAB (MathWorks Inc., USA), raw MMG signals were band-pass-filtered at
5-150 Hz (4th order Butterworth). Then, the filtered MMG signals were full-wave rectified and
were low-pass-filtered at 4 Hz (4th order Butterworth) for the linear envelope. The amplitude of
the MMG signals (MMGawmp) was calculated using a one-second interval signal during the MVC.
In addition, frequency analysis was performed using the fast Fourier transform (FFT) and the
median frequency (MF) of the MMG signals (MMGwr) was determined.

3. Results
3.1. The vibration occurred in the speaker
As the accelerometer mass increased, the amplitude of the 60 Hz, 80 Hz and 100 Hz signals

measured by the accelerometer decreased. In contrast, the amplitude of the 20 Hz and 40 Hz
signals increased (Fig. 4).
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Fig. 4. Normalized vibration signal for different accelerometer masses

3.2. The MMG signals occurred in the muscle

As the accelerometer mass increased, MMGawmp increased (Fig. 5 and Table 1). When the
accelerometer mass increased from 8 g to 13 g, MMGawmp increased the most. However, for
accelerometers heavier than 13 g, no significant change in the amplitude was found. When the
accelerometer mass increased to 28 g, MMGawmp increased from 0.97+0.28 m/s? to 4.11+1.61 m/s?
(Table 1).
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Fig. 5. MMG signals for different accelerometer masses
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Table 1. MMGawp for different Table 2. MMGwr for different
accelerometer masses accelerometer masses
Accelerometer mass (g) | Amplitude (m/s?) Accelerometer mass (g) | Amplitude (G)
3 0.97+0.28 3 35.740.8
8 2.07+1.25 8 31.6+0.9
13 3.66+1.39 13 21.4+0.7
18 3.78+1.42 18 20.1+0.7
23 3.94+1.62 23 20.0+0.8
28 4.11+1.61 28 19.8+0.7

MMGwr decreased with the increased accelerometer mass (Fig. 6 and Table 2). When the
accelerometer mass increased from 8 g to 13 g, MMGwr decreased the most. However, for
accelerometers heavier than 13 g, no significant change in the MF was observed. When the
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accelerometer mass was increased to 28 g, MMGwr decreased from 35.7+0.8 Hz to 19.8+0.7 Hz
(Table 2).
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Fig. 6. Power spectrum of MMG signals for different accelerometer masses
4. Conclusions

In this study, we hypothesized that the accelerometer mass would affect MMG frequency and
amplitude. Previous studies did not consider the accelerometer mass when investigating the
properties of MMG signals. The present study showed that these properties vary with different
accelerometer masses. As the accelerometer mass increased, MMGawmp increased and MMGyr
decreased.

A speaker was used to investigate the effect of accelerometer mass in the vibration signal with
a given oscillation frequency. When the accelerometer mass increased, signals over 50 Hz
decreased by the inertia force, since they exist in the relatively high frequency region in MMG.
However, signals below 50 Hz showed no significant difference. In other words, MMGwmr
decreases with an increasing accelerometer mass.

We also investigated the MMG signal with different accelerometer masses. When the
accelerometer mass increased, MMGawmp increased and MMGyr decreased. It is known that
MMGawmp is usually associated with muscle force [23-25]. Therefore, the accelerometer mass is
very important in the study of MMG and muscle force. The decrease in MMGwr can be explained
by the simple spring-mass model. According to this model, the natural frequency is inversely
proportional to the mass of the spring. Furthermore, MMGyr is associated with muscle fatigue
[4,26-28]. It is known that muscle fatigue decreases the MMGwr [26, 27]. When the accelerometer
mass increases, the reduction in MMGwr can be incorrectly perceived as muscle fatigue.
Therefore, accelerometer mass should especially be considered in measuring muscle fatigue
during FES or NMES.

Only a single type of accelerometer was used in this study. The effect of the accelerometer
mass on the MMG signal would not be different for other types of sensors. MM Gawmp changed the
most when the accelerometer mass increased from 3 g to 8 g but MMGwr changed the most when
the accelerometer mass increased from 8 g to 13 g. Even though changes in amplitude can be
overcome through the normalization process, large changes in the frequency domain can be
misinterpreted. Therefore, due to a large change in the frequency domain, we recommend that the
accelerometer mass does not exceed 13 g.
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