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Assessment of muscle load and fatigue
with the usage of frequency and time-frequency analysis

of the EMG signal

PAWEŁ BARTUZI*, DANUTA ROMAN-LIU

Central Institute for Labour Protection – National Research Institute, Department of Ergonomics, Warsaw, Poland.

The aim of the study was to determine the effect of the muscle load and fatigue on the values of the parameters calculated on the basis of
the time, frequency (Fourier transform) and time-frequency (wavelet transform) analysis of the EMG signal, for low levels of load.

Fifteen young men took part in the study. The EMG signal was registered from right side biceps brachii (BB) and trapezius (TR)
muscles in static conditions, at load 10%, 20% and 30% MVC (maximal voluntary contraction). On the basis of the analysis there were
selected parameters sensitive to force (RMS) and parameters sensitive to fatigue but simultaneously insensitive to force (MPF – mean
power frequency determined on the basis of Fourier transform, CMPFdb5 – mean power frequency determined on the basis of the wave-
let transform).

The results indicate that CMPFdb5 can show similar (muscle BB) or greater (muscle TR) sensitivity to fatigue than MPF. It can sug-
gest that, for low levels of load, the wavelet transform parameters can be more effective in assessing muscle fatigue than the parameters
based on the Fourier transform.

The obtained results can allow for a more precise analysis of muscle fatigue at low levels of load. Further analysis for a greater num-
ber of muscles activated at low levels of load, with the usage of the parameters tested is desirable.
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1. Introduction

Musculoskeletal disorders are an important work-
related problem [1], [2]. The reason for the occurrence
of musculoskeletal disorders may be muscle fatigue,
associated with prolonged muscle load even at low
load levels [3]–[6]. This means that the reduction of
the load and fatigue in the working conditions may be
an important step in reducing the occurrence of mus-
culoskeletal disorders. A valuable tool for assessment
of muscle load and fatigue is non-invasive surface
electromyography (EMG) [7]–[10].

There are various methods of the EMG signal
analysis. For many years the commonly used indicators
of load and fatigue were determined in time or fre-

quency domain on the basis of Fourier transform. The
assessment of muscle load in time domain on the basis
of the amplitude (RMS – root mean square) of the
EMG signal is carried out [11]–[13]. Muscle fatigue, in
addition to RMS, can also be visible in the values of the
EMG signal power spectrum parameters, such as mean
power frequency (MPF) or median frequency (MF).
Muscle fatigue causes an increase in RMS and decrease
in the values of MF and MPF, which is caused by shifts
of the power spectral density (PSD) of the EMG signal
towards relatively lower frequencies [14]–[17]. Pa-
rameters MPF and MF, determined on the basis of Fou-
rier transform, are commonly used indicators of fatigue,
however they have some limitation. This limitation
concerns the adopted simplifying assumptions about
the stationarity of the signal tested.
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An important problem associated with the analysis
of muscle fatigue is the ambiguity of the changes of
the EMG signal parameters, particularly at low levels
of load [3], [4], [18], [19]. MPF and MF are success-
fully used to assess fatigue in the case of muscle load
at levels above 30% MVC (maximal voluntary con-
traction). But for smaller loads, there are visible
changes in the values of these parameters that may be
caused by other factors than muscle fatigue, such as
force fluctuation, changing of the muscle length and
fatty tissue content [10], [20], [21].

In recent years, time-frequency methods are used in
the EMG signal analysis. Authors of many studies indi-
cate that the time-frequency methods provide more
accurate results concerning the assessment of muscle
load and fatigue than frequency methods [16], [22],
[23]. One of the time-frequency methods of the EMG
signal analysis is the wavelet transform [24]. The re-
sults of research indicate that the time-frequency meth-
ods can be used in the analysis of muscle load and fa-
tigue [23], [25]–[27]. In addition, the time-frequency
indicators do not require the adoption of simplifying
assumptions about the stationarity of a signal [28], [29].

The aim of the study was to determine the effect of
the muscle load and fatigue on the values of the pa-
rameters calculated on the basis of the time, frequency
(Fourier transform) and time-frequency (wavelet
transform) analysis of the EMG signal, for low levels
of load.

2. Methods and materials

2.1. Participants

A homogeneous group of participants consisted of
fifteen young men. Mean (standard deviation) age,
body height and weight were, respectively, 21.9 years
(1.4); 180.1 cm (3.2); 73.6 kg (3.9). The participants
were physically active and they had no musculo-
skeletal complaints. Each participant read and signed
an informed consent form prior to the study. The pro-
tocol of the study was approved by the local ethics
committee.

2.2. Protocol

The EMG signal was registered from right side bi-
ceps brachii (BB) and trapezius (TR) muscles in static
conditions, at load 10%, 20% and 30% MVC.

In order to activate the muscles tested the meas-
urement stands were used. BB muscle was activated
on USMS stand (Fig. 1) and TR muscle on PSP1
stand (Fig. 2). During activation of BB muscle par-
ticipants were standing upright, with their right upper
limb flexed in the elbow at 90°. The flexion angle of
the shoulder was also 90°. The participant’s task was
to maintain elbow flexion against resistance.

During activation of TR muscle participants were
standing upright with straightened upper limbs. They
kept in hands the handles attached to the ground.
Their task was to lift up arms against resistance.

The measurements for each muscle tested had
two stages. The first one consisted in registering the
EMG signal and the external force at maximum
effort (MVC). In one measurement, the participants
exerted force twice, the greater effort was chosen
as MVC. The measurement at maximum effort took
10 s.

Fig. 1. The activation of BB (biceps brachii) muscle
on the USMS stand

The second stage was done for the same body
posture as in the first stage. The EMG signals were
recorded, while the subject maintained constant force
during tests at 10, 20 and 30% MVC. The order of
tests for individual subjects was different and deter-
mined on the basis of the tables of random numbers.

Measurement of the EMG signal at each level of
load lasted up to the fatigue. The criterion of fatigue
occurrence was a decrease in the capability of main-
taining force, which was displayed on the monitor as
a graph, of more than 20% of set level, for at least
2 consecutive seconds. There was a 15 minute break
between tests for recovery.
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Fig. 2. The activation of TR (trapezius) muscle
on the PSP1 stand

2.3. Equipment

2.3.1. Measurements of the EMG signal

Raw EMG signal was measured and registered
with a Bagnoli-16 device (Delsys, USA). Data were
sampled with a 16-bit DAQCard 6036E A/D card (Na-
tional Instruments, USA). The signal sampling fre-
quency was 4 kHz. The bandwidth of Bagnoli-16 was
20–450 Hz (±10%), bandwidth roll-off 80 dB/decade,

overall noise ≤1.2 μV (RMS, RTI) and EMG amplifi-
cation 1000. The EMG signal was recorded with
EMG Works 3.5 software and double differential sur-
face electrodes DE-3.1 (Delsys, USA). Those elec-
trodes were used to reduce the risk of crosstalk [13],
[30]. Contact material of the sensor was 99.9% Ag,
contact dimension 10 × 1 mm and contact spacing
10 mm, so the detection area was 200 mm2 (including
both pairs of contacts). Input impedance of the sensor
was over 1015Ω //0.2 pF, noise 1.2 μV (RMS, RTI),
CMRR-92 dB and preamplifier gain 10.

Before sticking EMG electrodes the skin was
shaved and disinfected with a cotton swab soaked in
alcohol. The electrodes were also disinfected with
alcohol. They were fixed to the skin with a dedicated
double-sided adhesive tape. To avoid signal artefacts
no gel was used [31]. After affixing the electrodes,
participants were asked to relax and to activate the
muscles in question to provide a high signal-to-noise
ratio [32], [33]. Differences in the amplitude of the
EMG signal between the state of activation and re-
laxation were visually checked. If the difference was
not clear, the contact between the skin and the elec-
trode was improved. The electrodes were located on
the skin according to the SENIAM guidelines [33],
[34] and Perotto [35].

2.3.2. Force measurements

The levels of load (10%, 20% and 30% MVC)
were determined on the basis of the values of external
force measured with the usage of the dynamometer.
The dynamometer in conjunction with a transducer
allows converting the applied force to an electrical
signal and the presentation of changes in the force
values during the test. The software CPSv_2.0 was
used to visualise and measure the force. The visuali-
sation of force enabled the subject observation and
maintaining the exerted force on a constant level.

2.4. Signal analysis

In order to determine the effect of muscle fatigue
on the EMG signal characteristics, the differences in
the values of parameters at the end and at the begin-
ning of the tests were analysed. For each participant,
each level of load and each muscle tested, fragments
of the beginning (B) and the end (E) parts of the EMG
signal were chosen. Fragments B concern first two
seconds of the load (after stabilization of the EMG
signal amplitude) and fragments E correspond to the
last two seconds of the load (with stable values of the
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EMG amplitude). On the basis of selected fragments
the parameters of the EMG signal were determined.
The software developed in Matlab (version R2009)
was used.

2.4.1. Parameters characterising EMG signal

The parameters which characterize the EMG sig-
nal in time, frequency and time-frequency domain
were computed. The RMS expresses the relative value
obtained as a result of dividing the amplitude of the
EMG signal from measurements in separate tests
(10%, 20% and 30% MVC) by the value of the am-
plitude of the measurement at MVC.

MPF parameter was calculated on the basis of the
fast Fourier transform (1 s, 4000 samples, Hanning
window; 50% overlap). Power spectral density (PSD)
was estimated from the Fourier transforms with the
Welch method and expressed with periodograms [36].
On the basis of the periodograms MPF parameter was
determined in accordance with equation (1).
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where S( f ) is the value of density function for the
frequency f, calculated by FFT.

In order to determine the parameters in time-
frequency domain, continuous wavelet transform
(CWT) was carried out. Wavelet function from Dau-
bechies family (db5) was used. Wavelet coefficients
for 16 scales, representing the EMG signal in the fre-
quency range from 19 Hz to 675 Hz, were calculated.
Scales with the following numbers were selected: 6, 7,
9, 11, 13, 16, 20, 25, 31, 38, 47, 58, 69, 81, 95, 109.

Based on CWT, for each of the selected scales,
wavelet coefficients were obtained. On the basis of
the wavelet coefficients from all scales, the scalo-
grams were obtained. From the scalograms the mean
frequency CMPFdb5 was determined [29], [37]
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where SC is the scalogram, which is equivalent to the
periodogram obtained on the basis of the Fourier
transform, s is the scale (ls – the lowest scale, hs – the
highest scale).

In the analysis the parameters determined in the
time, frequency and time-frequency domain were
included. In time domain the amplitude RMS was
analysed, in frequency domain – parameter MPF and
time-frequency domain were represented by the pa-
rameter CMPFdb5.

2.4.2. Time normalization

Due to the various levels of load (10%, 20% and
30% MVC) and various endurance of the participants,
the duration of the individual EMG signal measure-
ments was different. Fatigue analysis for different
levels of load and participants is possible only if the
time of load for each of the analysed cases is the
same. Therefore, to obtain the values independent of
the duration of the measurement, the parameters de-
termined from the end fragments (E) were normalized
in time.

To assess fatigue, for all the tests (all levels of load
10%, 20% and 30% MVC, all participants and both
muscles) the constant load time (Tc) was adopted. In
order to normalize the values of the parameters in
E fragments, the values of the parameter which would
be reached at the time Tc were calculated. Therefore,
for each parameter, each level of load, each muscle
and for each participant, there was determined the
equation of the line passing through the following
points:
– point B, which is the value of the parameter at the

beginning of the load (for this point the adopted
time is 0),

– point E, which is the value of the parameter at the
end of the load (time Te).
On the basis of equation (3), values of the pa-

rameter which would be reached at time Tc were cal-
culated.

BBEEN +⋅
−

= Tc
Te

. (3)

EN expresses normalized value of the specific pa-
rameter at the end fragment of load. In the statistical
analysis, for each parameter the values corresponding
to B and EN were taken into account.

2.4.3. Statistical analysis

In order to determine the influence of the level of
load on the EMG signal characteristics, an analysis
of variance (ANOVA) was carried out for each pa-
rameter calculated from the EMG signal registered in
fragment B. The independent variable was muscle
force (three levels of load), while the dependent
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variables were EMG signal parameters (RMS, MPF
and CMPFdb5). Statistically significant differences
( p ≤ 0.05) in the values of specified parameter be-
tween level of load indicated a sensitivity of this

parameter to muscle force. In the cases where the
significant differences between the levels of load
were obtained, post-hoc analysis using Fisher’s test
was carried out.

Fig. 3. The mean values and 95% confidence intervals for RMS (root mean square) parameter
from the beginning (B) and the end (EN) fragments of BB (biceps brachii) and TR (trapezius) muscles’ activation

at three levels of load (10, 20 and 30% MVC)

Fig. 4. The mean values and 95% confidence intervals for MPF (mean power frequency obtained with the usage
of Fourier transform) parameter from the beginning (B) and the end (EN) fragments of BB (biceps brachii)

and TR (trapezius) muscles’ activation at three levels of load (10, 20 and 30% MVC)

Fig. 5. The mean values and 95% confidence intervals for CMPFdb5 (mean power frequency obtained with the usage
of wavelet transform) parameter from the beginning (B) and the end (EN) fragments of BB (biceps brachii)

and TR (trapezius) muscles’ activation at three levels of load (10, 20 and 30% MVC)
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To determine the effect of muscle fatigue on the
values of the EMG signal parameters, a statistical
analysis using t-test was performed. The dependent
variables were EMG signal parameters (RMS, MPF
and CMPFdb5), while the independent variable were
fragments (B and EN). Statistically significant differ-
ences ( p ≤ 0.05) in the values of specified parameter
between the B and EN fragments indicated a sensitiv-
ity of this parameter to muscle fatigue. The differ-
ences between B and EN fragments were analysed for
all three levels of load (10%, 20% and 30% MVC)
together as well as for each of the levels of load sepa-
rately. Statistica 9.0 was used.

3. Results

The marginal means and confidence intervals for
RMS parameter from the beginning (B) and the end
(EN) fragments of BB and TR muscles’ activation at
three levels of load (10, 20 and 30% MVC) are pre-
sented in Fig. 3. The marginal means and confidence
intervals for MPF and CMPFdb5 parameters are pre-
sented in Fig. 4 and 5, respectively.

Table 1 presents the effect of the muscle force
(three levels of load: 10%, 20% and 30% MVC) on
the values of analysed parameters from the EMG sig-
nal registered in fragment B from BB and TR mus-
cles, obtained by ANOVA application.

Table 1. The effect of the muscle force
(three levels of load: 10%, 20% and 30% MVC) on the values
of the RMS (root mean square), MPF (mean power frequency
obtained with the usage of Fourier transform) and CMPFdb5

(mean power frequency obtained with the usage
of wavelet transform) parameters from the EMG signal

registered in beginning fragment (B) from BB (biceps brachii)
and TR (trapezius) muscles, obtained by ANOVA application

BB muscle TR muscleParameter F p F p
RMS 19.68 0.0001 11.02 0.0001
MPF 0.16 0.8498 0.26 0.7742
CMPFdb5 0.77 0.4681 0.66 0.5240

On the basis of Table 1 it can be stated that there
are statistically significant differences in the values of
the RMS parameter between the levels of load in both
analysed muscles. In the case of MPF and CMPFdb5
parameters there were no statistically significant dif-
ferences between the levels of load in any of the mus-

Table 2. The results of the post-hoc analysis for different levels of load (10%, 20% and 30% MVC)
carried out using Fisher’s test for the values of the RMS (root mean square) parameter from the EMG signal

registered in beginning fragment (B) from BB (biceps brachii) and TR (trapezius) muscles

Muscle 10% MVC*20% MVC 10% MVC*30% MVC 20% MVC*30% MVC
BB 0.0630 0.0001 0.0001
TR 0.0713 0.0001 0.0075

Table 3. The effect of the fatigue (fragments of the beginning and the end parts of the EMG signal)
on the values of the RMS (root mean square), MPF (mean power frequency obtained with the usage of Fourier transform)

and CMPFdb5 (mean power frequency obtained with the usage of wavelet transform) parameters
from BB (biceps brachii) muscle, obtained by t-test application

Three load levels 10% MVC 20% MVC 30% MVCParameter t p t p t p t p
RMS –4.29 0.0001 –1.84 0.0770 –3.85 0.0006 –5.89 0.0001
MPF 2.17 0.0327 –0.19 0.8471 0.27 0.7901 3.35 0.0023
CMPFdb5 –2.53 0.0133 0.32 0.7481 –0.59 0.5567 –3.33 0.0024

Table 4. The effect of the fatigue (fragments of the beginning and the end parts of the EMG signal) on the values
of the RMS (root mean square), MPF (mean power frequency obtained with the usage of Fourier transform)

and CMPFdb5 (mean powewr frequency obtained with the usage of wavelet transform) parameters
from TR (trapezius) muscle, obtained by t-test application

Three load levels 10% MVC 20% MVC 30% MVCParameter t p t p t p t p
RMS –4.98 0.0001 –2.89 0.0074 –5.65 0.0001 –5.69 0.0001
MPF 3.54 0.0006 0.36 0.7183 1.35 0.1870 4.24 0.0002
CMPFdb5 –4.83 0.0001 –0.73 0.4699 –2.53 0.0173 –5.38 0.0001
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cles examined. The results of the post-hoc analysis for
RMS parameter for different levels of load, carried
out using Fisher’s test are presented in Table 2.

Results presented in Table 2 show that for both
muscles statistically significant differences were ob-
tained between the highest load level (30% MVC) and
the other levels (10% and 20% MVC). Between levels
of load 10% MVC and 20% MVC there were no sta-
tistically significant differences in any of the muscles
examined.

Tables 3 and 4 present the effect of the fatigue
(differences between fragments B and EN) on the
values of analysed parameters from BB (Table 3) and
TR (Table 4) muscle, obtained by t-test application for
all three levels of load together as well as for each of
the levels of load separately.

On the basis of Tables 3 and 4 it can be said that
for all three levels of load together (10, 20 and 30%
MVC) values of all parameters studied (RMS, MPF
and CMPFdb5) differ significantly between fragments
B and EN for both muscles. However, in the case of
the analysis for each level of load separately, sensitiv-
ity to muscle fatigue is not so clear for the analysed
parameters.

In the case of BB muscle for the lowest level of
load (10% MVC) there were no statistically signifi-
cant differences between fragments B and EN in any
of the analysed parameters. For the load 20% MVC
only RMS differs significantly between fragments B
and EN, while for the load 30% MVC statistically
significant differences between fragments for all pa-
rameters under study were obtained.

In the TR muscle for the load 10% MVC only
RMS differs significantly between fragments B and
EN, for the load 20% MVC RMS and CMPFdb5 show
statistically significant differences and for the highest
load (30% MVC), similarly as in the case of BB mus-
cle, all analysed parameters differ significantly be-
tween fragments B and EN.

4. Discussion

The results of the research allowed us to determine
the effect of muscle force and fatigue on the values of
the EMG signal parameters, calculated on the basis of
time, frequency and time-frequency analysis, for low
levels of load of BB and TR muscles.

The results obtained indicate that the RMS ampli-
tude is sensitive to changes in the EMG signal caused
by fatigue of BB and TR muscles, analysed for all
three levels of load (10%, 20% and 30% MVC) to-

gether as well as for each of the levels of load sepa-
rately. However, it can be seen that RMS is also sen-
sitive to changes in muscle force. This means that
RMS is a less reliable indicator of muscle fatigue than
MPF and CMPFdb5 parameters, which do not show
statistically significant differences between the differ-
ent levels of load. Results demonstrating the high
sensitivity of EMG amplitude to changes of load,
resulting in a reduction of the reliability of muscle
fatigue assessment, are in accordance with the results
obtained by other authors [38]–[40].

In the case of MPF and CMPFdb5 parameters, for
both muscles studied, the obtained results indicate a lack
of sensitivity to changes in muscle force and demon-
strate the sensitivity to muscle fatigue. Statistically
significant differences between B and EN fragments
in the values of MPF and CMPFdb5 parameters for all
three levels of load together and for 30% MVC were
obtained. At 10% MVC CMPFdb5 parameter, simi-
larly to MPF, shows no statistically significant differ-
ences between B and EN fragments in any of the mus-
cles under examination. In the case of BB muscle at
load level 20% MVC there were also no statistically
significant differences between B and EN fragments
in the values of MPF and CMPFdb5 parameters.
However, at 20% MVC in TR muscle statistically
significant difference between fragments B and EN
for parameter CMPFdb5 was obtained.

On the basis of the analysis it can be seen that at
the load levels as low as 10% MVC, frequency pa-
rameters of the EMG signal do not always allow the
effective assessment of muscle fatigue. On the other
hand, the analysis provided information that at 20%
MVC indicator based on the wavelet transform
(CMPFdb5) shows sensitivity to muscle fatigue, while
MPF does not demonstrate such a relationship. The
dependences obtained also show that the effect of
muscle fatigue at the level of load 30% MVC is visi-
ble in the case of both parameters (MPF and
CMPFdb5) for both muscles examined.

The above results indicate that the mean power fre-
quency determined on the basis of the wavelet trans-
form can show similar (muscle BB) or greater (muscle
TR) sensitivity to fatigue than the mean power fre-
quency determined on the basis of Fourier transform.
The relationships concerning TR muscle are consistent
with those presented by other authors [16], [22], who
report that time-frequency fatigue indicators seem to be
more reliable than the indicators calculated on the basis
of frequency analysis, while results of BB muscle are in
accordance with da Silva et al. [41], who indicate that
both types of indicators show similar effectiveness in
the evaluation of muscle fatigue.



P. BARTUZI, D. ROMAN-LIU38

On the basis of the analysis there were selected pa-
rameters sensitive to force (RMS) and parameters
sensitive to fatigue but simultaneously insensitive to
force (MPF, CMPFdb5) at low levels of load. Pa-
rameters sensitive to changes in muscle force may be
used to assess muscular load during short-term activi-
ties, while the parameters sensitive to fatigue and in-
sensitive to changes in force allow evaluation of fa-
tigue during prolonged activities.

The results of the present study indicate that the
wavelet transform parameters demonstrate a similar
or greater dependence on fatigue than the parameters
determined on the basis of Fourier transform. This
can suggest that, for low levels of load, the wavelet
transform parameters can be more effective in as-
sessing muscle fatigue than the parameters based on
the Fourier transform. It is important due to the fact
that the wavelet parameters do not require the adop-
tion of simplifying assumptions about the stationarity
of the signal tested. It should be noted, however, that
the analysis has concerned the EMG signal recorded
from two muscles and more effective assessment of
fatigue for CMPFdb5 parameter than MPF parameter
was observed only in the case of one of the muscles
tested (TR). It is therefore important to examine the
effectiveness of the tested fatigue indicators for
a greater number of muscles activated at low levels
of load.

5. Conclusions

In the present study, the results regarding the ef-
fect of muscle force and fatigue on the values of the
EMG signal parameters, calculated on the basis of
time, frequency and time-frequency analysis, for low
levels of load of BB and TR muscles have been pre-
sented. The obtained results can allow for a more pre-
cise analysis of muscle fatigue at low levels of load.
Further analysis for a greater number of muscles acti-
vated at low levels of load, with the usage of the pa-
rameters tested is desirable.
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