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Introduction

Mechanomyography (MMG) is a non-invasive tool for 
the recording of low-frequency lateral oscillations in active 
skeletal muscle fibres1,2. These oscillations reflect the 
mechanical counterpart of motor unit activity measured 
by electromyography (EMG)3. The notable benefits of MMG, 
such as minimal skin preparation, negligible effect of skin 
impedance and notably lower susceptibility to external noise, 
make this technique a suitable alternative to EMG4-6. Although 

EMG has been extensively used for muscle assessments 
for decades, it has been shown that MMG has the ability to 
quantify muscle function in a non-invasive manner, which 
strengthens its potential for clinical applications7. The 
frequency content of an MMG signal, in contrast to an EMG 
signal, provides valuable information on muscle contractile 
properties related to the muscle fibre type and composition8. 
The literature details the use of both MMG and EMG for the 
characterization of neuromuscular function.

Similar to EMG signals, MMG signals are sensed using 
transducers. Dimensional changes during isometric 
or dynamic muscle contractions through voluntary or 
stimulated motor unit activity generate mechanical 
oscillations or vibrations in muscles at a gross level9. MMG 
captures the oscillatory effects of these dimensional changes 
using transducers. The sensor weight and muscle mass are 
considered critical in the selection of transducers for MMG10. 
The transducers that have been used for MMG measurements 
include accelerometers, piezoelectric contact sensors, 
condenser microphones and laser displacement sensors, and 
amongst these, lightweight accelerometers are considered 
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suitable because these reduce the risk of potential 
disturbances during the recording of surface oscillations9.

A recorded MMG signal can depict a muscle’s motor unit 
activation strategy based on temporal and spectral features 
during both voluntary and stimulated contractions. Specifically, 
temporal features, such as MMG root mean square (RMS), and 
spectral features, such as MMG mean power frequency (MPF), 
median frequency (MDF) and centre frequency (CF), provide 
information regarding motor unit recruitment and firing11,12. 
However, at near-maximal intensities or durations, these 
features can exhibit opposite dynamics during these different 
types of contractions, suggesting an end to the recruitment 
of new motor units and an exponential increment in the firing 
rates to produce more force13.

The current technology limits the acquisition of MMG 
signals to skeletal muscles (surface mechanomyogram). 
These muscles account for up to 40% of the body mass 
and are important for the movement of limbs and the body. 
MMG has certain limitations, and the most critical of these is 
crosstalk, which refers to the contamination of a myographic 

signal from a target muscle by a signal from a neighbouring 
muscle10. MMG has been used by many researchers to review 
the activity of the biceps brachii muscle (BB). These MMG 
studies provided evidence showing that the BB muscle is 
less prone to signal crosstalk, which might be due to the 
peculiar geometry and relatively isolated nature of the BB. In 
contrast, MMG-based studies of forearm10 and leg muscles14 
have shown that the signals from these muscles are likely to 
be contaminated by crosstalk. Hence, MMG signals of the BB 
muscle are more reliable because MMG in the absence of any 
interference is just as reliable as EMG. Thus, the MMG-based 
studies of the BB muscle should be thoroughly reviewed to 
investigate the validity of MMG as a muscle assessment tool.

Although many MMG-based studies have assessed the BB 
muscle, these assessments of BB muscle activity have not yet 
been systematically reviewed. Hence, a systematic summary 
and critical analysis of the assessment of BB activity using 
MMG is necessary. The literature includes only a few review 
articles on MMG, but the present review is clearly distinct 
from the published articles. Specifically, a previous review15 

Figure 1. Flow chart for selection of studies.
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examined MMG frequency and amplitude responses under 
dynamic contraction using different experimental designs. 
Two other articles16,17 discussed MMG sensors, including 
their development and signal processing techniques, for 
different muscles. In another review, the researchers 
provided an assessment of muscle function via MMG6. 
Muscle function using MMG was also reviewed a year later7. 
MMG feature extraction methods for clinical applications 
were documented in another review18. Another publication19 
reported advancements in MMG in terms of sensors, signal 
acquisition, processing and analysis. Skeletal muscle 
function was assessed in another study20 that focused on the 
measurement reliability and sensitivity of MMG signals. Thus, 
there is gap in knowledge regarding the assessment of BB 
activity using MMG. This article reviews the published studies 
that assessed various activities produced in the BB muscle 
using MMG based on sensor type, experimental protocol and 
MMG signal parameters. This review is of crucial interest for 
aiding our understanding of the BB muscle while performing 
different activities. As a result, MMG-based analyses of 
the BB muscle can be utilized in both clinical and applied 
research based on its wide range of applications in sports 
and medicine. To the best of our knowledge, the literature 
does not include an article that summarizes and analyses the 
studies on BB muscle activity assessment using MMG.

This review aims to: (1) generate a classification of the 
assessment of BB muscle activity using MMG signals, (2) 
identify commonly selected MMG parameters addressing 
diverse types of BB muscle activities, and (3) analyse the 
results corresponding to all the compartments relevant to the 
protocol and BB muscle activity under consideration. Under a 
specific experimental protocol, the behaviour of temporal and 
spectral features of MMG signals is related to various muscle 
activities. The muscle activities that have been studied using 
MMG-based approaches, i.e., fatigue, strength, force and 
torque, provide insights regarding muscle physiology. The 
findings also encourage the application of MMG for clinical 
research in medicine, rehabilitation and prosthetic control as 
well as applied research in athletics and sports. Thus, MMG can 
be used as an alternative to EMG in various clinical applications, 
including rehabilitation, muscle disease and atrophy.

Methods 

Identification of studies

A comprehensive literature search of studies that 
assessed the BB muscle using MMG was conducted. Five 
different databases, namely, PubMed, Science Direct, Wiley 
Online Library, IEEE Xplore and SCOPUS, were searched for 
articles on MMG-based BB muscle assessment published 
during the period from January 2001 to December 2017. 
Suitable combinations of keywords derived from the root 
words ‘mechanomyography’ AND ‘biceps brachii’ were used, 
and the identified peer-reviewed journal articles, conference 
publications, books, and clinical reports were reviewed for 
the selection of eligible records.

Study inclusion/exclusion criteria

The search of five databases using the abovementioned 
set of keywords yielded 315 studies. Four additional 
articles were obtained from other sources, such as medical 
journals and databases other than the five abovementioned 
databases. Of these 319 total studies, 60 records were 
excluded because they (1) were published in a language other 
than English, (2) described animal studies or (3) discussed a 
technique other than MMG. Further screening resulted in the 
exclusion of 199 additional articles for the following reasons: 
(1) the manuscript did not describe muscle assessment, (2) 
the study did not provide findings for the BB muscle, and (3) 
the article did not clearly describe the protocol used. After 
the removal of duplicates, extended versions and studies with 
insufficient information, we ultimately obtained 48 articles 
that met the inclusion criteria, as shown in Figure 1.

Data extraction

The shortlisted 48 articles were analysed in detail, and 
the following information was extracted from each study – 
(1) author name and publication year, (2) sensor used, (3) 
details of the subjects, (4) muscle activity, (5) experimental 
protocol, (6) MMG parameters studied, (7) results obtained 
and (8) applications, implications and limitations of the study.

Data analysis

The MMG-based assessment of BB muscle activity was 
further categorized into comprehensive subsections, such as 
muscle strength, fatigue, torque and physiology.

Results

The 48 eligible records described the assessment of 
BB muscle activity using MMG could be classified into the 
following broad categories – elbow joint torque studies (10 
records), muscle fatigue studies (19 records), BB muscle 
strength / force studies (9 records), and activity assessment 
based on muscle physiology (10 records).

Elbow joint torque assessment

Ten records were found to describe assessment of muscle 
torque in the BB using MMG, as shown in Table 1. One of these 
studies21 proposed a protocol for evaluating the effect of 
dehydration on torque under submaximal isometric loadings. 
No change in torque versus MMG RMS / MMG MPF was 
observed after dehydration, which suggests that dehydration 
does not change the filtering properties of the tissues between 
the MMG sensor and the BB muscle. Other researchers22 
observed the effect of the static stretching of the BB for 
maximal dynamic torque production. Greater torque was 
observed for exercises with non-stretching protocols while 
higher MMG amplitudes were observed for exercises with 
stretching protocols. The authors suggested that a greater 
ability to produce torque without prior stretching relates to 
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Table 1. Details of records on torque assessment.

Authors Sensor used Subjects
Muscle activity 
assessed

Experimental pro-
tocol

Parameters Results Application / Limitation / Future work

21
Piezoelectric 
crystal sensor

10 (6 men, 4 
women)

Effect of dehydra-
tion on muscle 
torque 

Sub maximal isomet-
ric contractions at 
25%, 50%, and 75% 
MVC

Torque, MMG MPF and 
MMG RMS 

No change in the torque, RMS and MPF (both 
EMG & MMG) values after dehydration.

Effect of dehydration can be studied on other 
muscles using MMG in future.

22
Piezoelectric 
crystal sensor

18 (10 men, 8 
women)

Ability of muscle 
to produce torque 
after static 
stretching

Maximal dynamic 
torque production

Torque, EMG and MMG 
amplitudes

Torque increases while moving from stretching 
to non-stretching protocol.

Effect of change in muscle temperature and blood 
flow on muscle stiffness was not considered.

23
Piezoelectric 
crystal contact 
sensor

12 (6 men, 6 
women)

Modulation in 
dynamic torque 
production due to 
isokinetic muscle 
action

Submaximal to maxi-
mal isokinetic actions

Torque, MMG ampli-
tude and MPF, EMG 
amplitude and MPF

The MMG and EMG RMS show a linear relation 
with increasing peak torque

The study could be extended in future to other 
body muscles taking MMG signal contamination 
into account.

11
Piezoelectric 
crystal sensor

10 (5 men, 5 
women)

Torque assess-
ment during isoki-
netic and isometric 
contraction

Isometric and isoki-
netic testing at 10% 
to 90% MVC

MMG amplitude, MMG 
MPF and torque

MMG amplitude increases in isokinetic test-
ing while MMG amplitude flattens and MPF 
decreases in isometric testing from 80% to 
100% MVC. 

MMG amplitude and frequency response in relation 
to torque can be observed for other muscles in 
future.

26
Piezoelectric 
crystal sensor

8 (6 men, 2 
women)

Eccentric torque 
production 

Submaximal to 
maximal eccentric 
isokinetic muscle 
actions

MMG MPF, MDF, peak 
torque

MMG CF obtained for the biceps brachii muscle 
increases linearly with increases in eccentric 
isokinetic torque from 10% to 100% peak 
torque.

Fourier based time-frequency methods can be 
used in future to process MMG signal coming from 
other muscles as well.

29
Piezoelectric 
contact and ac-
celerometer

10 (5 men, 5 
women)

Torque response 
under isokinetic 
and isometric 
forearm flexion

Submaximal to 
maximal isokinetic 
and isometric muscle 
actions 

Torque, MMG am-
plitude for both the 
contact sensors and 
accelerometer, MMG 
MPF

The contact sensor and accelerometer 
resulted in different torque-related responses 
that might affect the interpretation of the mo-
tor control strategies involved.

MMG amplitude and frequency response may be 
compared in both contact sensor and accelerom-
eter for muscle under fatiguing contraction.

27 Accelerometer 10 men
Estimation of 
torque through 
MMG

Transcutaneous 
muscle electrical 
stimulation

Peak torque and 
MMG peak to peak 
amplitude

A strong correlation between peak torque and 
MMG peak to peak amplitude in fatigue was 
found.

Specialized dynamometer was not used to meas-
ure joint torque accurately instead of load cell.

28
Displacement 
sensor

15 men
Torque and muscle 
deformations

Isometric twitch 
response

Delay time, T
c
, half-

relaxation time, D
m

Parabolic relation between transversal 
displacement and torque amplitude was 
observed.

Contractile properties have been assessed 
for transversal and longitudinal biceps brachii 
response only. Lateral response in terms of con-
tractile properties may also be measured for same 
methodology in future, so that a good comparison 
can be made among three axis responses.

24 Accelerometer
10 (4 men, 6 
women)

Maximal non-
fatigue torque 
level derived from 
MMG, EMG and 
critical torque 

Isometric contrac-
tions at 30, 45, 60 
and 75% MVIC

Critical torque, 
mechanomyographic 
fatigue threshold from 
frequency content, 
electromyographic 
fatigue threshold from 
frequency content

No differences in the isometric torque levels 
associated with Critical torque, mechanomyo-
graphic fatigue threshold from frequency con-
tent and electromyographic fatigue threshold 
from frequency content were observed.

Fatigue threshold tests can be validated by dy-
namic muscle actions in future.

25 Accelerometer 7 men
Torque estimation 
via the MMG signal

Incremental / dynamic 
voluntary contrac-
tions

Muscle torque, MMG 
RMS, MMG MPF

The estimation obtained using the MMG torque 
estimator was more accurate than linear 
mapping.

Number of subjects considered for torque estima-
tion experiment is very small.
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musculotendinous stiffness rather than number of motor 
units recruited while a more compliant muscle (stretched) 
would result in reduced stiffness, increased muscle fibre 
oscillations and higher MMG amplitudes. Another study23 
observed a linear relationship for the MMG RMS with increase 
in the peak torque during isokinetic muscle actions, which 
suggests the possibility that motor unit control strategy could 
be studied through MMG amplitude analyses. Furthermore, 
another investigation24 compared the isometric torque levels 
associated with fatigue thresholds estimated from EMG and 
MMG frequencies and critical torque. Critical torque is the 
slope coefficient of the linear relationship between isometric 
work and time to exhaustion. These researchers found no 
differences among the results obtained using these three 
different strategies for calculating the fatigue threshold. 
Another group of researchers25 constructed an MMG torque 
estimator for dynamic contractions. The frequency variance 
was used as a significant feature for estimating torque, 
and this measure showed better accuracy than the linear 
mapping between MMG RMS and muscle contraction torque 
because the error in the predicted torque was reduced 
significantly at four different contraction frequencies. In 
another study11, MMG amplitude and frequency values at 
different ranges of peak torque and maximal voluntary 
contractions were investigated, and the researchers found 
an increase in the MMG RMS with no meaningful change in 
the MMG MPF during isokinetic actions from 10% to 100% 
peak torque. A plateau in the MMG RMS and a decrease in 
the MMG MPF were also observed during isometric actions 
from 80% to 100% maximum voluntary contraction (MVC). 
The researchers claim that this finding might be due to the 
fusion of motor unit twitches at high intensity levels. Another 
study26 found a linear increase in the MMG CF with increase in 
the isokinetic torque from 10% to 100% peak torque. These 
researchers compared and found that both the fast Fourier 
and continuous wavelet transforms yielded similar responses 
when used to examine the relationship between MMG 
frequency and eccentric torque. Another work27 investigated 
contractile changes in the BB muscle. The muscle developed 
fatigue in response to transcutaneous electrical stimulation, 
and a strong correlation was found between the peak torque 
produced and the peak-to-peak MMG amplitude during 
fatiguing conditions. Furthermore, another investigation28 
examined the BB muscle under electrical stimulation and 
found a parabolic relationship between torque and the 
transversal displacement of the BB muscle. The behaviour 
of accelerometer and piezoelectric contact sensor was 
compared in another investigation29 for the assessment of 
isokinetic and isometric muscle actions. The findings from 
this study suggested a linear correlation between normalized 
MMG amplitude and isokinetic torque when piezoelectric 
contact sensor and accelerometer are used as sensors. The 
authors observed the pattern of normalized MMG amplitude 
as a function of isometric torque obtained using piezoelectric 
sensor was flattened from 60% to 100% MVC, whereas that 
obtained using accelerometer continued to increase during 
this range of MVC. The authors observed no significant 

changes in isokinetic torque versus normalized MMG MPF 
relationships of both the sensors. In contrast, they observed 
normalized MMG MPF to be decreasing linearly with increase 
in isometric torque for accelerometer. But there was no 
significant relationship between normalized MMG MPF with 
isometric torque in contact sensor. 

Fatigue assessment

Nineteen records reported studies of BB muscle fatigue 
using MMG, and these studies are summarized in Table 2. 
Five of these records discussed the indication of muscle 
fatigue through MMG signals13,30-33. The authors of one of 
these studies33 considered MMG as an alternative to EMG for 
muscle fatigue assessment during sustained contractions 
at 25% MVC. The findings showed that both EMG RMS and 
MMG RMS increase at the onset of fatigue. In addition, the 
mean frequency regression slopes obtained for men and 
women using MMG were more similar than those obtained 
using EMG. Hence, this finding provides preliminary evidence 
showing that MMG is less sensitive to inter-sex variation. In 
another study13, MMG was used to study the effects of fatigue 
in the BB muscle under isometric ramp contractions from 
0% to 90% MVC. After the development of fatigue in the BB 
muscle, the MMG RMS showed a decreasing trend, while the 
MMG MPF values shifted to a lower scale. Another group of 
researchers32 used MMG for measuring muscle fatigue and 
strength and estimated the motor unit activation strategy 
under isometric muscle contractions at 20% and 80% 
MVC. As indicated by these, at 20% MVC, the MMG RMS 
showed an initially decreasing and then increasing trend, 
and the MMG MPF showed the opposite trend. However, at 
80% MVC, MMG RMS showed a continuous decrease, and 
the MMG MPF trend was unchanged. The findings revealed 
that fatigue induces a change in the motor unit activation 
strategy, as was observed by the above-mentioned changes 
in the MMG RMS and MMG MPF trends. In addition, the 
authors of this study claimed that short-time Fourier 
transform provides a better estimation of the MMG MPF. 
Similar to a previous approach, another study31 compared 
Fourier and wavelet transforms for examining EMG and 
MMG spectral responses during maximal isokinetic muscle 
actions. Motor unit twitches and firing rates were assessed 
using different frequency parameters, including the CF, MPF 
and MDF. Decreases in the MPF, MDF and CF were found 
after the development of fatigue using both EMG and MMG. 
Another study30 performed an experiment with an electret 
condenser microphone to observe the MMG RMS and MMG 
MPF during voluntary contractions and found an increase 
in the MMG RMS with increase in muscle fatigue and force.

Five other studies evaluated the effect of fatigue on 
different MMG parameters and muscle conditions34-38. In 
one study, the researchers35 developed an MMG sensor to 
measure the frequency and magnitude of muscle contraction 
before and after fatigue. These researchers observed 
stability in the sensor output and a time shift in the maximum 
MMG MPF value due to muscle fatigue. Another study36 
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Table 2. Details of records on fatigue assessment.

Authors Sensor used Subjects
Muscle activity 
assessed

Experimental  
protocol

Parameters Results Application / Limitation / Future work

33 Accelerometer
18 (9 men, 9 
women)

Muscle fatigue
Sustained muscle 
contraction at 25% 
MVC

RMS, MDF
From the onset of fatigue, the RMS of both EMG 
and MMG increases, while MDF decreases. 

For future research fatigue assessment may 
be performed under high electrical noise for 
both MMG and sEMG to prove the validity of 
MMG as suitable alternative to sEMG.

13 Accelerometer
10 (gender 
not men-
tioned)

Muscle fatigue
Isometric force ramp 
from 0% to 90% of 
MVC

RMS & MPF
In fatigued muscle RMS showed a decreasing 
trend and MPF shifted to lower values.

Application for fatigue detection and under-
standing of motor unit activation strategy.

32 Accelerometer 10 men Muscle fatigue
sustained isometric 
contractions at 20% 
and 80% MVC

RMS, MPF

At 20% MVC, the RMS first decreased and then 
increased, whereas the MPF increased and then 
remained constant. At 80% MVC, the RMS 
decreased, and the MPF first increased and 
then decreased. 

Results for fatigue test may not be reliable 
due to: 1) Two fatigue tests at two intensities 
were not performed in same order for all the 
subjects. 2) Break between two consecu-
tive tests was also not same among all the 
subjects.

31
Piezoelectric 
crystal sensor

7 men
Muscle compliance 
and muscle fatigue 

50 consecutive isoki-
netic muscle actions at 
a velocity of 180°s-1

CF, MPF, MDF for both MMG 
and EMG

Decrease in MMG MPF, MDF and CF values over 
repetitions were observed.

MMG frequency-based response for both 
wavelet and Fourier transform can be com-
pared in future for isometric ramp contraction.

43 Accelerometer 7 women

Effect of muscle 
blood flow and 
oxygen availability 
on fatigue

10% MVC for 10 
minutes

Intramuscular pressure, tis-
sue oxygenation, RMS, MPF

Intramuscular pressure remained constant, 
and tissue oxygenation first increased and then 
returned to its resting level within 1minute. Both 
of these factors do not affect muscle fatigue.

Application in indication of muscle pain and 
disorders but the results cannot be general-
ized as experiment was restricted to one 
gender only.

34
Microphone and 
accelerometer

14 men

Fatigue develop-
ment trend in mus-
cle under sustained 
contractions

3 minutes isometric 
elbow flexion at 30% 
MVC

MMG absolute and normalized 
RMS, MPF, power spectral 
variance (Mc

2
), and skewness 

(µ
3
)

Microphone resulted in higher RMS and Mc
2
 val-

ues while lower MNF and µ
3
 values as compared 

to accelerometer.

MMG signal power spectrum may be studied 
with higher order spectral moments in future.

44
Piezoelectric 
crystal sensor

12 (7 men, 5 
women)

Muscle relaxation 
and muscle fatigue

Forearm flexions at 
85% of maximum 
repetitions of seated 
preacher curl exercise 
with BIO & NOBIO

MMG RMS, EMG RMS
Biofeedback did not improve athlete perfor-
mance due to lack of training regarding viewing 
the MMG signal.

The details for biofeedback used in the study 
are not mentioned clearly. Future work in pain 
control and athlete performance is recom-
mended.

30
Electret con-
denser micro-
phone

5 (4 men, 1 
woman) 

Force of contrac-
tion and fatigue 

Isometric contractions 
at 60% to 80% MVC

RMS, MDF
Increasing force of contraction & fatigue 
increases RMS value.

The impact of crosstalk in MMG signal, 
recorded through microphone from multiple 
muscles can be a future work. 

39 Accelerometer
5 (gender not 
mentioned)

Muscular effort 
and fatigue

Isometric contraction 
at 80% MVC

Noise limit and correlation 
dimension (D

2
)

Muscle activity became more dynamic at high 
noise levels.

This methodology can be used in future to 
distinguish between different muscle states.

35

MMG sensor 
composed of a 
PVDF film as the 
sensory material

5 men 

Investigation of 
muscular injury 
and muscular fa-
tigue via MMG

40% MVC with elbow 
flexion and extension 
from 45° to 90° in a 4 
seconds cycle

MPF and variance (of sensor 
output)

Muscle fatigue decreases variance while MPF 
reaches its maximum value prior to fatigue. 

1) The sensor used in the study is not a 
commercial sensor. 2) Results of this study 
cannot be generalized for both genders.

40 Accelerometer 10 men

Investigation of 
the influence of 
variation in window 
length for fatigued 
muscle

Submaximal isometric 
contractions of elbow 
joint at 70% MVC

MPF, skewness of the spec-
trum (μ

3
), zero-crossings, 

spectral ratio (SR)

MPF showed a negative effect on spectral en-
ergy leakage due to the nature of the algorithm 
used. An increase in μ

3
 and decrease in the MPF 

was interpreted as reflection of fatigue.

Influence of variation in window length can be 
studied on other muscles at various levels of 
effort in future.
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Table 2. (cont. from previous page).

Authors Sensor used Subjects
Muscle activity 
assessed

Experimental  
protocol

Parameters Results Application / Limitation / Future work

36 Accelerometer 15 men

Effect of fatigue 
and cooling on 
neuromuscular 
activation

Voluntary isometric 
contractions at 20%, 
40%, 60%, 80% and 
100% MVC

Latency between EMG and 
MMG (∆t EMG-MMG), latency 
between MMG and force (∆t 
MMG-F), electromechanical 
delay (EMD)

Muscle cooling increased ∆t EMG-MMG, but 
fatigue elongated both ∆t EMG-MMG and ∆t 
MMG-F.

Results cannot be generalized as subjects 
participated in the experiment are male only.

45 Accelerometer 13 men
Muscle fatigue 
detection

Non-isometric exercis-
es at 40% and 70% 
maximum dynamic 
strength (MDS) 

Davies-Bouldin index
The optimal range of -0.775 Davies-Bouldin 
index can separate fatigue and non-fatigue. 
MMG signals.

Pseudo-wavelet method can be used in future 
to distinguish between fatigue and non-
fatigue content of MMG signal coming from 
muscle under isometric contraction.

37 Accelerometer 15 men
Change in muscle 
relaxation delay 
after fatigue

Fatigue exercise for 
elbow flexors at 50% 
MVC producing inter-
mittent contractions

Delays from EMG cessation 
to onset of F decay (R-EMD), 
from F decay to onset of larg-
est MMG displacement  
(MMG 

p-p
) (R-∆t F-MMG), from 

the beginning to the end of 
MMG

p-p
 (R-∆t MMG

p-p
), and 

from the end of MMG
p-p

 to F 
cessation (R-∆t MMG

p-p
)

No prominent differences in muscle tempera-
ture before and after fatigue were observed. 
The total relaxation delay is mainly due to the 
main phase of cross-bridge detachment.

Effect of fatigue on electromechanical delay 
could be investigated in future for stimulated 
contraction in muscle.

41

Piezoelectric 
resonance-based 
active muscle 
stiffness sensor 
and MEMS ac-
celerometer for 
MMG signals

12 (10 men, 
2 women)

Change in physical 
stiffness of muscle 
under fatigue 
condition

Isometric contrac-
tions at various levels 
of MVC

Temporal and spectral 
features respectively which 
obtained with muscle stiffness 
sensor (S

a
 and S

f
), mean ab-

solute value of the amplitude 
of the MMG and EMG signals 
amplitude

Stiffness caused increase in the EMG amplitude, 
decrease in MMG amplitude and slight vari-
ations in the temporal and spectral features 
respectively which obtained with muscle stiff-
ness sensor

1) Physiological model for stiffness changes 
in muscle can be developed in future to check 
the abnormal behaviour of MMG signal due 
to stiffness. 2) Muscle stiffness sensor was 
tested only for isometric muscle contraction. 
This sensor can also be tested for dynamic 
muscle contraction.

42
Laser displace-
ment sensor 
(LDS)

13 (gender 
not men-
tioned)

Accumulated 
muscle fatigue

2-s concentric con-
tractions, maximally 
fatiguing exercise

Contraction velocity (V
c
), half-

relaxation velocity (1/2V
r
), 

maximal displacement (D
m
), 

MPF and MVC

V
c
, 1/2V

r
 and D

m
 decreases while MVC and MPF 

remained stable.

Speed of exercise was not constant while 
performing concentric contraction which may 
lead to a difference in time to fatigue occur-
rence among various subjects.

46 Accelerometer
18 (gender 
not men-
tioned)

Effect of gender on 
muscle fatigue

50 intermittent 
submaximal isometric 
contractions between 
2 MVIC trials 

MMG RMS and MMG MPF
MMG RMS increased 22.5% and 17.5% for 
men and women respectively. No change in 
MMG MPF.

Future studies may examine the intensity 
related gender differences for intermittent 
fatiguing contraction and make observation 
using MMG and EMG responses.

47 Accelerometer
60 (30 men, 
30 women)

Quantitative 
grading of muscle 
fatigue

Sustained contrac-
tions of both isometric 
and isotonic types for 
3 minutes and 5 sec-
onds respectively.

MPF, MDF and frequency ratio 
change

Frequency ratio change matched MPF & MDF 
by 87.5%.

Long-term muscle fatigue has not been taken 
in to account while performing experiment. 
It may alter the results for muscle fatigue 
grading

38 Accelerometer
11(5 men, 6 
women)

Effect of fatigue on 
muscle moment

50 intermittent con-
centric muscle actions 

MMG amplitude, peak mo-
ment, mean power

MMG amplitude versus mean power showed 
linear behaviour while moment remained same 
at 65% peak moment

Future research can be performed to track 
relation between power and MMG amplitude 
for diseased muscles as well as trained 
muscles.
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investigated the effect of fatigue and a change in temperature 
on electromechanical delay components comprising both 
electrochemical and mechanical processes. The findings 
revealed that fatigue increases the delays in both mechanical 
and electrochemical processes, whereas cooling only 
affected the electrochemical process. The combined effect of 
fatigue and cooling decreased the fibre conduction velocity, 
which suggests a change in the muscle fibre propagation 
properties. In another study37, the researchers recorded the 
MMG, EMG and force during MVC from the BB muscle before 
and after fatigue to observe the effects of fatigue on the total 
relaxation delay component. They defined the total relaxation 
delay as the time lag from the end of neuromuscular activation 
to the end of force production. These researchers found 
that the total relaxation delay component was lengthened 
after fatigue. Among all the contributing components to this 
delay, they found the main contributor to be the largest MMG 
displacement duration (peak-to-peak duration of the largest 
MMG signal amplitude during relaxation), which incorporates 
the main phase of the detachment of cross-bridges and 
series elastic components relaxation. Another study34 
compared spectral moments of the MMG signals obtained 
from microphones and accelerometers under sustained 
contractions at 30% MVC. The general trends obtained after 
fatigue manifestation with both sensors were similar, but little 
correlation in the rate of change of spectral moments was 
found between these sensors. The researchers claimed that 
this finding was due to the characteristics of the sensors. The 
authors of another study38 investigated the effect of fatigue 
on muscle moment and mean power and found that the MMG 
RMS could track the changes in the mean power. In contrast, 
the MMG RMS could not monitor muscle moment, probably 
due to the increases in muscle stiffness and change observed 
in the muscle activation pattern after fatigue.

Other studies39-43 revealed observations regarding the 
measurement of fatigue. The researchers of one of these 
studies43 used an experimental protocol for fatiguing 
contractions at 10% MVC for 10 minutes. One-minute test 
contractions, at 5% MVC were performed before, 10 minutes 
after, and 30 minutes after the fatiguing contractions. The 
findings from this research suggested that the measurement 
of muscle fatigue through MMG is not affected by blood flow 
and oxygen availability in the BB muscle. Another research 
study39 found that the fatigued MMG signal was chaotic 
in nature. These researchers suggested two parameters, 
namely, noise limit and correlation dimension, as measures 
of fatigue obtained using MMG. Noise limit was identified as a 
power indicator of chaos in a fatigued MMG signal. The nature 
of chaos in an MMG signal was further investigated using the 
correlation dimension between non-linear dynamic features 
of the signal originating from a fatigued BB muscle. The 
findings indicated that the mechanical activity of the muscle 
could be described using three to four degrees of freedom. 
Thus, the MMG signal from a fatigued BB muscle exhibits high 
dimensional chaos. The researchers claimed that the theory 
of nonlinear dynamics is useful for modelling a fatigued 
MMG signal. The authors of another study40 investigated 

the influence of changes in the window length used for the 
analysis on various MMG parameters during submaximal 
fatiguing contractions identified by spectral skewness and 
a decrease in the MPF. An increase in the window length 
increases the capability of the algorithm to differentiate 
between fatigued and non-fatigued MMG signals, but a larger 
window size could suffer from real-time usage issues. The 
authors concluded that the use of a one-second window length 
provides optimal analysis results. The researchers of another 
study41 compared the use of a stiffness sensor for MMG- and 
EMG-based analyses to monitor fatigue in the BB muscle. 
The results revealed that the signals obtained from the 
stiffness sensor suffers from stability issues during fatiguing 
contractions, indicating concerns regarding reliability and 
feasibility for muscle fatigue estimation. This study showed 
that the importance of an MMG signal for obtaining an 
indication of muscle fatigue was equal to that of an EMG 
signal. The researchers of another study44 applied MMG 
feedback as a tool to observe changes in muscle relaxation 
during fatiguing contractions. Elbow joint flexion during a 
preacher curl exercise at 85% MVC was assessed with and 
without visual MMG biofeedback. The results revealed that 
MMG biofeedback enhances muscle relaxation but does not 
cause a delay in fatigue. This study advocates the use of MMG 
as a biofeedback tool similar to EMG.

Another recent study42 determined the effect of 
accumulated muscle fatigue on the MMG signal. MMG, 
EMG and MVC were recorded from the BB muscle for 13 
days before and after a fatiguing exercise. This study 
measured various contractile properties of the muscle, 
such as contraction velocity (V

c
), half-relaxation velocity 

(½V
r
) and maximal displacement (D

m
). A decrease in these 

contractile parameters proved to be an indicator of muscle 
fatigue. In addition, the EMG MPF and MVC values were 
stable and thus do not provide insight into fatigue. Hence, 
it can safely be deduced that the observation of contractile 
properties using MMG can provide a better estimation of 
muscle fatigue than EMG.

In another study45, the researchers developed a pseudo-
wavelet function to classify the fatigue and non-fatigue 
contents of an MMG signal originating from the BB muscle. 
The classifier was trained using 70% of the conducted MMG 
trials, and the remaining 30% of the MMG data was used for 
testing. The authors claimed that pseudo-wavelet function 
enhances the classification performance of muscle fatigue 
by 4.7% to 16.61% compared with other wavelet functions.

The researchers of another study46 observed the effect of 
gender on the MVC torque, EMG and MMG responses during 
intermittent fatiguing contractions in the BB muscle. A slight 
increase in the MMG RMS of 22.5% and 17.5% and a decrease 
in the EMG MPF of 20.0% and 25.3% were observed in men 
and women, respectively, after a fatiguing exercise. The MMG 
MPF, EMG RMS and amount of decrease in the MVC torque 
from pre- to post-test were equal for both genders suggesting 
muscle mass and strength differences between genders do 
not affect differences in fatigue resistance but rather this 
could be an effect of differences in fiber type composition.
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Another study47 introduced a new parameter, denoted by 
frequency ratio change, to quantitatively measure BB muscle 
fatigue during isometric and isotonic contractions. The MPF 
and MDF of both MMG and EMG signals were also computed 
to measure muscle fatigue. A high correlation was found 
between these features and the frequency ratio change for 
the evaluation of muscle fatigue. The frequency ratio change 
showed 87.5% similarity with the MPF and MDF for the 
computation of fatigue under all muscle conditions and with 
both myographic signals.

 Strength and force assessment

Nine of the identified studies used MMG signals to assess 
the BB muscle strength and force, as listed in Table 348-56. In 
one of these studies56, the BB muscle strength was assessed 
based on the MMG signal obtained from a muscle during 
isometric contractions using a biaxial accelerometer. An 
increase in the amplitude and a decrease in the frequency 
of the MMG signal were observed with increases in the BB 
muscle force. The decrease in the frequency content might 
be attributed to the noise in the MMG signal. However, the 
researchers concluded that muscle strength can be assessed 
using MMG parameters. Furthermore, another study55 
concluded that muscle pain induces changes in the twitch 
force and motor unit firing rate, and these might be observed 
as an increase in the MMG RMS. The muscle was under static 
isometric contractions. In another study, the researchers54 
characterized the motor unit activity in MMG signals from 
a muscle during isometric contractions at three levels, i.e., 
20%, 50% and 80% MVC. The researchers observed an 
increase in the single-motor-unit MMG amplitude from 20% 
to 50% MVC, but this value remained unchanged in range of 
50% to 80% MVC due to an increase in muscle stiffness. The 
authors of another work53 compared the performances of an 
artificial neural network model and a multiple linear regression 
model to estimate elbow flexion force from an MMG signal. 
These researchers found that the artificial neural network 
model was more accurate with a lower normalized RMS error. 
The model with temporal features (RMS) produced a better 
estimate of force than spectral features (zero crossing). 
This model, which was established for one subject, was also 
tested on another subject for cross-subject validation. The 
results revealed that the within-subject model estimates 
were better than the cross-subject estimates, which might 
be due to difference in muscle morphology, stiffness and 
intra-muscular pressure across subjects. The authors of 
another study52 utilized an artificial neural network to model 
the strength of the BB muscle. The frequency variance was 
used as a significant feature for estimating strength because 
it showed better accuracy than MMG RMS linear mapping. 
The error in the predicted strength was reduced significantly 
at four different contraction frequencies. Another study51 
observed an increase in the MMG RMS with increases in the BB 
muscle force up to 80% MVC, which is due to an increase in 
the isometric force after motor unit recruitment. The authors 
of another study50 observed the effect of the application of 

direct inhibitory pressure (DIP) to the myotendinous junction 
of the BB muscle on the muscle force. DIP induced a decrease 
in the rate of force development, MVC, RMS of MMG and EMG. 
The study concluded that the muscle force output decreases 
due to the application of DIP on the myotendinous junction, 
and this decrease in muscle force are possibly due to the 
impairment of neuromuscular activation.

In addition, another study49 performed an unilateral 
forearm flexion exercise under concentric and eccentric 
muscle actions and reported a moderately linear behaviour 
for the MMG RMS as a function of the dynamic constant 
external resistance (DCER).

Furthermore, another study48 investigated the effect of 
transcranial magnetic stimulation on the BB muscle. These 
researchers found that the muscle potential force obtained 
using an MMG signal increased with increases in the motor 
evoked potential (MEP) area and amplitude. The linearity in 
the MMG RMS and the BB force in all recordings were due to 
the motor unit recruitment pattern.

BB physiology assessment

An MMG signal can be employed for the study of muscle 
activity-related physiology factors during several types of 
muscle contractions, as summarized in Table 457-66. Three out 
of eight of these studies performed their assessments during 
sub-maximal to maximal isometric muscle contractions64-66. 
The authors of one of these studies66 observed MMG and 
EMG signals in the BB and triceps brachii (TB) muscles of 
nine Parkinson’s disease patients and six controls under 
submaximal load holding and found a higher MMG RMS 
in agonist muscle and a lower MMG MDF in both muscles. 
However, the EMG RMS was equal for the muscles and both 
types of subjects, and the EMG MDF was increased in the TB 
muscle of the patients. This study showed that MMG provides 
better differentiation among diseased and healthy muscles 
than EMG. MMG also remains unaffected by a postural tremor 
in a limb. In another study65, the same researchers observed 
the MMG and EMG responses of the BB and TB muscles in 
Parkinson’s disease patients and controls and found no 
tremor-related changes in the patients during maximal 
isometric contraction. No difference in the MMG and EMG 
signal parameters were observed between the patients and 
controls, which might be due to the fact that the patients 
were on medication. A later study64 explored the effect of 
sensor location on the MMG signal using eight unidirectional 
accelerometers on the BB muscle. The researchers observed 
the maximum value of the MMG amplitude and the MPF on 
the belly of the muscle and found that MMG is sensitive to the 
muscle architecture and the territorial distribution of motor 
units in the muscle.

The authors of another study63 developed a differential 
composite probe for recording EMG and MMG data 
simultaneously. These researchers assessed the BB muscle 
under sustained voluntary contractions. The differential 
probe showed the same MMG and EMG amplitudes as a 
non-differential probe. However, the differential probe 
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Table 3. Records on muscle strength / force assessment.

Authors Sensor used Subjects
Muscle activity 
assessed

Experimental protocol Parameters Results Application / Limitation / Future work

48 Accelerometer 5 men

Effect of 
transcranial 
magnetic 
stimulation) on the 
excitability of spinal 
motoneurons

Motor-evoked 
potential obtained by 
magnetic stimulation 
at 5%, 10%, 20%, 
30%, 40%, 60% and 
100% MVC

Motor-evoked potential area 
and amplitude

The peak to peak amplitude and area 
increases with increase in muscle 
contraction.

For future work, influence of motor evoked potential 
parameter on muscle contraction can be observed 
with consideration of electrical noise.

56 Accelerometer
27 (15 men, 
12 women)

Muscular strength

Isometric contractions 
at 20%, 40%, 60%, 
80% and 100% of 
maximal workload 
performed for 8 
seconds.

RMS and MPF (both 
parameters in both directions, 
i.e. perpendicular to fibres and 
parallel to fibres)

The RMS for both directions depicted 
an increasing trend in both genders, 
while MPF for both directions showed a 
decreasing trend in females.

Muscle strength may be assessed for muscle under 
dynamic contraction in future.

55 Accelerometer 12 men

Change in the 
motor unit firing 
rate and twitch 
force due to muscle 
pain

Static isometric 
contraction (0%, 
10%, 30%, 50% and 
70% of MVC

MMG and EMG RMS, MMG and 
EMG MPF, MMG / EMG ratio

The MMG RMS increased after 
experimental muscle pain. 

Results of this study are gender specific as all the 
subjects belong to male gender group only.

54 Accelerometer 10 men

MMG and EMG 
(both amplitude 
and frequency) of a 
single motor unit

Contractions at three 
force levels (20%, 
50%, and 80% MVC)

Amplitude and mean 
frequency

The MMG amplitude increased from 
20% to 50% MVC and remained 
unchanged from 50% to 80% MVC. 

Subjects belong to one gender only.

49 Accelerometer 19 men
Concentric and 
eccentric muscle 
action

Unilateral forearm 
flexion exercise

MMG amplitude and dynamic 
constant external resistance 
(DCER)

MMG RMS as a function of the DCER 
showed a moderately linear relationship. 

The linearity of MMG amplitude with respect to 
concentric DCER relationship can be investigated 
in future using microphone and piezoelectric MMG 
sensors.

53 Accelerometer 5 men
Elbow flexion force 
during muscle 
contraction

Elbow flexions from 
0% to 80% MVC

RMS, zero crossing

Both temporal and spectral features 
establish a non-linear relationship 
between MMG and force using artificial 
neural network model.

Future work can be done on variety of muscle 
activities from other muscles. Other machine learning 
techniques like support vector machine can be used in 
a future study for same methodology.

52 Accelerometer 7 men
Contraction 
strength of muscle

Voluntary static 
contraction

 MMG RMS and frequency 
variance 

The MMG RMS increased slowly and 
the frequency variance decreased with 
increasing voluntary contractions.

Strength estimation algorithm can be tested for other 
muscles with various methodologies in future.

51 Accelerometer 27 men

Muscle output 
force for assessing 
muscle contraction 
properties

20%, 40%, 60%, 
80%, and 100% of 
maximal voluntary 
isometric contractions 
(MVIC) with the elbow 
joint at 90ο and the 
palm in supine position

MMG RMS in three axes
The MMG RMS increased with increase in 
the muscle force in all three axes.

Muscle force gradation can be accomplished in future 
using a triaxial accelerometer and ultrasound for 
better results.

50 Accelerometer
35 (14 men, 
21 women)

Effect of direct 
inhibitory pressure 
(DIP) on BB 
myotendinous 
junction

Submaximal 
contractions at 20%, 
40%, 60% and 80% 
of MVC

MMG RMS, EMG RMS and 
electromechanical delay

After DIP, MMG RMS and EMG RMS 
shifted to lower values while muscle 
force output decreased

1) Reflex activity i.e. H-reflex and tendon reflex were 
not measured in this research. 2) Joints other than 
BB which possess less mechanical constriction may 
also be analysed to know the effect of DIP.
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Table 4. Records on activity related to muscle physiology.

Authors Sensor used Subjects
Muscle activity 
assessed

Experimental pro-
tocol

Parameters Results Application / Limitation / Future work

63
Piezoelectric 
MMG mem-
branes

Number of 
subjects not 
mentioned

Muscle vibration / 
muscle contrac-
tions

Sustained voluntary 
isometric contraction

Power difference, MMG and 
EMG amplitude

Power difference increased from 5% 
to 90% by rubbing skin.

The EMG and MMG probe used in experiment was 
not standardized and it was tested only on sus-
tained muscle contraction.

64 Accelerometer 10 men
Isometric muscle 
contractions

Isometric muscle 
contractions at 10%, 
20%, and 40% MVC

RMS and mean power spec-
tral frequency (MPF)

Variation in RMS and MPF with varia-
tion in sensor location. 

Effect of variation in MMG sensor location was 
studied only for voluntary contraction.

60
Displacement 
sensor

10 men Muscle stiffness
Electrically evoked 
maximal single twitch

T
c
, D

m

No significant change in the T
c
 and D

m
 

of BB muscle was observed after bed 
rest.

Muscle stiffness assessment can be extended for 
voluntary contraction to have results closer to 
natural muscle condition

66
Hybrid EMG / 
MMG probe

15 women (9 
with Parkin-
son disease, 
6 healthy)

Muscle stiffness 
and ability to 
carry load

Submaximal load 
holding

MMG Amplitude and MDF
Higher RMS in agonist muscle and 
lower MDF in both agonist and antago-
nist muscles.

Lack of normalization for EMG data.

65
Hybrid EMG / 
MMG probe

20 women 
(10 with 
Parkinson’s 
disease, 10 
healthy)

Tremor-related 
changes in Parkin-
son disease (PD) 
patients

Maximal isometric 
contraction 

RMS, MDF for both PD pa-
tients and control subjects 

No intergroup difference in the as-
sessed parameters was observed due 
to the medication.

Maximal and submaximal load tasks were per-
formed in different days which could alter the 
results of study

62
Piezoelectric 
transducer

20 (10 men, 
10 women)

Isometric contrac-
tions

Muscle isometric 
ramp and step con-
tractions

MMG MPF, MMG total 
intensity, first and second 
principal components

The MMG MPF and first principal com-
ponent showed higher values in ramp 
contractions than in step contractions.

Spectral properties of EMG and MMG signals can 
also be observed for other muscles.

61
Piezoelectric 
transducer

12 (6 men, 6 
women)

Contribution of BB 
to elbow flexion 
concentric / ec-
centric activity

Voluntary concen-
tric and eccentric 
contractions at 20%, 
40%, 60%, and 
80% load

Elbow angle 

The total intensity of MMG during 
eccentric contractions was higher 
than that obtained during concentric 
contractions.

Spectral properties of EMG and MMG signals can 
also be observed for other muscles and results 
may be compared to BB for generalization.

59
Laser measure-
ment device

19 (gender 
not men-
tioned)

Exercise hyper-
trophy & disuse 
atrophy

Electrically evoked 
stimulation and then 
strength training by 
bicep curl to induce 
muscle hypertrophy 

D
m
, T

c
, V

c

D
m
 and V

c
 showed a decline on the 

same time points while T
c
 remained 

stable throughout the hypertrophic 
and atrophic phases.

Using dominant limb as control may change the re-
sults of contractile properties, because motor unit 
activity has been observed to effect homologous 
contralateral limb.

58 Microphone 18 men

Change in 
neuromuscular 
efficiency and 
muscle stiffness 
after eccentric 
contractions

25 contractions at 
50% MVC of elbow 
flexion

MMG RMS and MDF
MMG RMS decreased and the MMG 
MDF increased during the recovery 
period after contractions. 

Future work can be done on different intensity 
levels for muscle stiffness assessment.

57
Piezoelectric ac-
celerometer

10 men
Mechanical defor-
mation of muscle

Resting and ramp 
contraction from 5% 
to 85% MVC

RMS correlation coeffi-
cient between the rest and 
contraction states, phase 
correlation coefficient

High similarity in bulk movement be-
tween resting and contracting muscle 
was observed.

Intensity variation in ramp contraction is not ad-
dressed in the study.
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significantly reduced the artefacts produced in the muscle by 
rubbing the skin. A power difference higher than 90% was 
found between the two probes under this condition.

Another study62 assessed muscle strength in terms of 
the MMG signal spectral properties through an analysis 
of motor unit recruitment patterns under isometric ramp 
and step muscle contractions. These researchers observed 
higher values for the MMG MPF and first principal component 
PCI during randomly ordered ramp contractions compared 
with those obtained during step contractions at the same 
force level, which might be due to the different motor unit 
recruitment strategies adopted for different patterns of 
muscle contractions.

Another study61 assessed voluntary eccentric and 
concentric contractions in the BB muscle and investigated 
the spectral properties of MMG and EMG signals at different 
load levels. The researchers concluded that the total intensity 
of MMG signals obtained during eccentric contractions was 
higher than that obtained during concentric contractions. 
The observations related to EMG signals were opposite to 
those obtained with MMG. This finding might be attributed 
to an increase in physiological tremor which might not affect 
the MMG signal. Hence, the MMG signals were less affected 
by a tremor than EMG.

Two studies assessed the muscle condition under 
external stimulation using MMG59,60. The authors of one 
of these studies60 observed changes in the contractile 
properties of the BB muscle using MMG signals after 35 
days of bed rest. Various contractile properties, such 
as contraction time (T

c
) and D

m
, were measured, and no 

meaningful change in T
c
 and D

m
 of the BB muscle was 

detected. Some of the results from this study provide 
evidence for the use of the MMG signals from skeletal 
muscles to infer physiology factors through measurement 
of muscle stiffness based on contractile properties. 
Another study59 observed parallel changes in D

m
 and V

c
 

without a change in the Tc during a 16 weeks experimental 
period to observe the effects of exercise hypertrophy 
and misuse atrophy. Thus, MMG can be employed as a 
clinical tool to study muscle physiology and has advance 
applications in musculoskeletal rehabilitation.

The authors of another study58 observed MMG 
signals from both the BB and TB during MVC after 25 
intermittent, concentric and sub-maximal contractions. 
These researchers found a similar change in the MMG 
RMS of agonist and antagonist muscles, which suggests a 
common drive in agonist and antagonist activity. Another 
study57 investigated the BB ramp contraction and found 
no change in the low-frequency (less than 30 Hz) MMG 
signal of resting and contracting muscles based on the 
RMS correlation coefficient and the phase correlation 
coefficient between the resting and contraction states. 
The similarity in the resting and contracting states at a 
low-frequency range is due to the bulk movement of global 
soft tissue, as depicted by MMG.

Discussion

The literature reveals that MMG has the potential to be 
an alternative tool for assessing BB muscle activity during 
both dynamic and isometric contractions. The MMG MPF, 
MDF and CF have been observed to decrease during the 
development of muscle fatigue. Thus, the MPF, MDF and CF 
demonstrate potential for monitoring muscle fatigue during 
physical training and sports activities. In contrast, the MMG 
RMS increased linearly with increases in muscle strength 
and torque and could thus be used to follow improvements 
in muscle strength during rehabilitation. Furthermore, the 
MMG RMS may also serve as a biofeedback parameter to 
monitor muscle strength during various athletic activities, 
specifically under conditions in which torque cannot be 
measured directly.

Torque assessment

Torque estimation based on MMG signals has been 
accomplished for several types of muscle contractions, 
including stimulated, voluntary, isometric and isokinetic 
contractions, at different intensities from submaximal to 
maximal levels. All the relevant selected records strongly 
support the application of MMG as a tool for estimating 
muscle torque. MMG can serve as a suitable alternative 
approach for measuring muscle torque, specifically under 
those conditions in which direct measurement of torque is 
not feasible. For muscles under isometric contractions, a 
linear relationship has been observed between torque and 
MMG RMS11,21,25,36. This linear relationship was observed up 
to 80% MVC but then plateaued from 80% to 100% MVC. 
This finding might be due to the fusion of motor unit twitches 
at high intensities, which further suggests variations in the 
motor control strategy to produce torque. Changes in torque 
can also be observed by an analysis of MMG frequency. A 
linear relationship between torque levels and MMG frequency 
content was observed in a previous study21,24 for isometric 
contractions. Another investigation11 showed the previously 
observed trend in the MMG MPF up to 80% MVC. However, 
the MMG MPF decreases from 80% to 100% MVC, and this 
change in the trend for MMG MPF could be due to the probable 
fusion in motor unit twitches.

Muscles under dynamic contractions show a linear 
relationship between the MMG RMS and torque11,23,29. A 
previous study22 found that muscles are more able to produce 
torque without prior stretching, which indicates that the 
ability to produce torque is also related to musculotendinous 
stiffness, i.e., greater muscle stiffness produces more 
torque. Nevertheless, a linear relationship between MMG 
RMS and torque levels at high intensity is contrary to the 
typical motor control strategy23, which suggests that minor 
changes in recruitment patterns might be the primary motor 
control strategy for increasing isokinetic torque. For muscles 
under electrical stimulation, previous studies found a strong 
correlation between MMG amplitude and torque27,28. In 
conclusion, an MMG signal and torque measurement shows 
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a strong linear relationship. Hence, MMG appears to be a 
potential tool for torque estimation.

These studies reveal the following – First, in some cases, 
MMG RMS or MPF versus torque patterns in the BB muscle 
may vary depending on the type of sensor used29. Thus, it is 
important to consider the MMG sensor used in the experiment 
for the interpretation of those patterns to describe motor 
control strategies which modulate torque. Second, none of 
the torque studies of the BB muscle considered MMG signal 
contamination due to adjacent muscles while establishing 
a torque-versus-MMG signal parameter relationship, 
particularly at lower torque intensities. Future studies should 
explore torque assessment through MMG while giving special 
attention to crosstalk. Third, there is a need to further explore 
approaches for muscle torque estimation under fatiguing 
conditions under which torque is not detectable, such as 
during sustained contractions. Nevertheless, it has been 
observed that MMG can be used for fatigue assessment, even 
if a torque measurement is not possible for a muscle (such 
as during external stimulation). Finally, the literature reveals 
that MMG signals show the same response for both time and 
frequency domain parameters as those observed with EMG. 
Therefore, MMG can serve as a suitable alternative to EMG 
for torque estimations.

Fatigue assessment

The phenomenon of muscle fatigue has been indicated and 
measured using MMG. Various temporal and spectral features 
of MMG have elaborated the condition of a muscle during 
fatigue. At a lower level of sustained muscle contraction 
under fatiguing conditions, such as approximately 20% 
MVC, the MMG RMS shows an increasing trend32-34, and 
an opposite trend in the amplitude of the MMG signal was 
found in two previous studies32,41. This finding might be 
due to the lack of a sufficient number of motor units being 
recruited at the start of a contraction32. Nevertheless, this 
trend soon follows the usual increase in the MMG RMS, 
which could be due to the recruitment of newer motor units. 
In contrast, muscle stiffness causes a decrease in the MMG 
amplitude, as observed in a previous study41, which suggests 
that a physiological model for muscle stiffness needs to be 
developed to understand the behaviour of MMG signals from 
fatigued muscles with stiffness. The increasing trend for the 
MMG amplitude at low-level muscle contractions was also 
observed to agree with the trends obtained with EMG33,67. 
Common MMG frequency parameters, including MPF, MDF 
and CF, have shown a decreasing trend at low-level sustained 
contractions for muscles under fatigue32-34. This consistency 
in the MMG signal behaviour indicates the ability for using 
MMG as a potential alternative to other tools for studying 
skeletal muscle fatigue. At higher levels, i.e., approximately 
70% MVC of sustained muscle contractions during fatiguing 
conditions, the MMG RMS shows a decreasing trend32. This 
observation was contrary to that obtained in a previous 
study30, which could be due to the very small sample size 
used in the study. Similarly, a decrease in the trend of the 

MPF was observed in two previous studies32,40 during the 
fatiguing state. A decreased MPF coupled with an increase 
in spectral skewness was found to be indicative of muscle 
fatigue in a previous work40. 

For intermittent contractions under fatiguing conditions, 
the MMG RMS of a muscle was found to increase46, whereas 
the MPF showed a stable behaviour42,46. The stability of MPF 
at low-intensity contractions could be due to the fact that 
central fatigue occurs more rapidly than peripheral fatigue. 
Hence, the MPF was observed to be unchanged at peripheral 
levels. Similarly, muscle fatigue could be investigated with 
due cognizance of its manifestation as either central fatigue 
or peripheral fatigue using MMG. The frequency parameters 
of both MMG and EMG signals, namely, MPF, MDF and CF, 
were observed to be decreased in a previous study31. This 
decrease in frequency components is indicative of muscle 
fatigue, and the decrease in CF could be due to a reduction 
in muscle compliance, a prolongation of motor unit twitches 
or a decrement in firing rates. The similar patterns for MMG 
CF and EMG CF found during fatiguing dynamic muscle 
contractions further validates the use of MMG as a muscle 
fatigue assessment tool. This finding was demonstrated by 
using MMG to improve muscle relaxation in fatigued muscles 
through biofeedback44.

Contractile parameters measured using MMG have 
been shown to be a better indicator of muscle fatigue than 
those obtained using EMG42. However, muscle contractile 
properties can be assessed better when the muscle 
is under fatiguing conditions. However, some of these 
contractile parameters, including V

c
 and ½V

r
 do not have 

absolute values, which makes their comparison among 
different studies difficult. Similarly, the rate of fatigue 
occurrence might also be influenced by speed in concentric 
contractions42, suggesting that MMG might allow a deeper 
understanding of muscle mechanics during dynamic 
contractions. Similarly, future work should consider the 
influence of crosstalk to validate the origins of MMG signals 
originating from the BB muscle. These issues are expected 
to become more complex at higher contraction levels 
without increased motor unit recruitment; instead, at these 
levels, the firing rates play a key role in force production.

Strength and force assessment

MMG has also been used as a tool to assess muscle 
strength or force under dynamic contractions7. A previous 
study52 assessed muscle strength under static contractions 
and found an increasing trend in the RMS, but the sample size 
(seven subjects) could be considered small. The MMG RMS was 
observed to exhibit a linear relationship with the level of force 
during both stimulated48 and voluntary contractions49,51,52,54-56. 
The MMG RMS at a low frequency range remained unchanged 
from 5% to 85% MVC between resting and contracting muscle 
states57. This observation contradicts the findings from other 
studies in the literature because low-frequency MMG signals 
are highly influenced by bulk movement. MMG signals should 
ideally be collected at a higher frequency (5 to 100 Hz) range 
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to avoid the risk of recording signals originating from tremor, 
heart beat and other movement artefacts, which generally 
have a low frequency.

Both MMG and EMG has also been used for pain (inability 
to produce strength and force) assessment during BB muscle 
contractions48. The MMG spectral response depicts muscular 
pain. As pain increases, both the mechanical activity of a 
muscle and the twitch force increase, whereas the motor 
unit firing rate decreases55. These findings suggest that MMG 
might be a beneficial tool in sport sciences and medicine for 
assessing the condition of a muscle.

Taken together, these studies reveal some gaps in muscle 
strength assessment using MMG; for example, isokinetic 
and isotonic contractions should be studied to obtain a 
better understanding of muscle mechanics. Furthermore, 
the mechanisms responsible for the production of force in 
a muscle, including motor unit recruitment and firing rate, 
should be explored specifically during ramp contractions. 
However, in a ramp contraction study, the resolution of %MVC 
can be improved by performing a sustained contraction test 
at various intensities. In addition, the BB muscle force should 
be studied using MMG with various externally stimulated 
experiment protocols, which will improve our understanding 
of the muscle mechanics involved in force generation.

BB physiology assessment

The muscle physiology and condition can also be examined 
using MMG11,60. MMG has been employed to distinguish 
between muscles from subjects with Parkinson’s disease 
(PD) and normal healthy muscle, and the results revealed that 
MMG signals remained unaffected by physiological postural 
tremor from PD patients, whereas EMG signals need to be 
normalized66. Both these reasons bode well for the use of 
MMG for muscle assessment. The use of MMG to distinguish 
PD and healthy muscles was investigated in a previous 
study65, and the findings indicated that MMG should not be 
used to test the stiffness of PD muscles during sustained 
muscle contractions because a postural tremor might not 
appear in an MMG signal65. The other reason for the inability 
to distinguish between PD and normal muscles in a previous 
study65 could be that the medications taken by PD patients 
might affect muscle stiffness and eventually the MMG and 
EMG signals. Nevertheless, MMG was found to be a better 
tool for assessing the difference between controls and PD 
subjects compared with EMG because MMG signals remain 
unaffected by tremor-related changes in muscles66. 

MMG can also accurately detect changes in muscle 
contractile properties throughout hypertrophic and atrophic 
phases59, which indicates the utility of MMG as a rehabilitation 
tool in clinical applications. Thus, MMG might be an attractive 
tool for future applied research in the area of gait analysis.

Of the 48 identified studies that assessed BB muscle 
activity through MMG, 59% utilized accelerometers, 26% 
used piezoelectric contact sensors, 6% employed condenser 
microphones, 6% worked with displacement sensors, and 
the remaining 2% developed composite MMG sensors. The 

literature reveals that displacement sensors are appropriate 
for measuring the contractile properties of muscles42. 
Condenser microphones provide a higher signal-to-noise 
ratio than accelerometers68 and are thus preferable for MMG 
recordings when the mitigation of motion artefacts is crucial. 
Similarly, piezoelectric contact sensors are also less sensitive 
to motion artefacts13. Nevertheless, most of the identified 
studies employed accelerometers for the recording of MMG 
signals. Although ease of mounting and a miniature size 
make accelerometers attractive for use in MMG, there are no 
guidelines for the placement of these sensors, such as SENIAM 
for EMG40. Furthermore, the availability of accelerometers as 
triaxial sensors for measuring muscle activity separately in 
three directions might provide researchers additional insights 
into muscle activity, specifically along muscle fibres40.

Although the above-mentioned findings appear promising, 
the use of the MMG technique is at its infancy stage of 
advancement and has some limitations. EMG, as a widely 
used technique for studying muscle activity, has developed 
standards, such as SENIAM, for signal recording. However, 
no similar standards have been developed for MMG, which is 
a newer technique. In addition, neighbouring muscles exhibit 
the phenomenon of crosstalk, which constitutes a limitation 
of MMG as a tool for analysing muscle function10,69,70. Hence, 
the crosstalk levels between proximal muscles need to 
be explored and quantified if MMG is to be employed as an 
alternative and potential measurement tool. To this effect, 
methods to identify, quantify and eliminate crosstalk, 
determine the axis of propagation of MMG signals, and the 
size and placement of sensors on muscles are areas that 
need to be standardized in MMG.

Conclusion

This review unveils a few of the critical findings regarding 
the application of MMG for BB muscle activity assessment. 
The findings from these assessments are further classified as 
muscle torque, fatigue, strength and physiology. Our findings 
strengthen the observation that MMG is a useful technique 
for investigating the activity of muscles, particularly the BB, 
through analyses of temporal and spectral parameters of 
MMG signals. The literature reveals that MMG is a potential 
alternative measurement tool to EMG because most of the 
main observations and findings obtained with MMG concur 
with those found with EMG. Hence, we can conclude that 
MMG signals provide valuable information regarding muscle 
activity and function during muscle contractions. This 
conclusion paves the way for the successful and potential 
application of MMG in future applied and clinical research. 
Analyses of BB muscle activity could provide insights into 
the muscle condition during rehabilitation and exercise. The 
findings from this review pertaining to force and torque have 
the potential to benefit the research community working in 
the design and control of prosthetics. The nature of the BB 
muscle, which is somewhat ‘isolated’ from its neighbouring 
muscles, provides researchers with the opportunity to study 
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the origins of MMG signal generation due to the absence of 
many sources of signal contamination. To this effect, the 
limitations of the MMG technique, particularly with respect to 
crosstalk, should be further investigated on the BB muscle. 
In addition, we believe that the findings of this review will 
provide benchmarked results for the future development of 
novel MMG sensors because only a few sensors for MMG are 
currently commercially available.
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