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1. Introduction 

Sometimes even identified - albeit incorrectly - with biomechanics, kinesiology is a field 
relying heavily on biomechanical methodology. Borellian Rennaisance approach, enhanced 
in the past with seminal contributions by scientists such as Marey, Braune, and Fischer, 
followed further by the work of the Berkeley Group, and later by a number of modern 
authors, has put classical mechanics in the centre of a paradigm taken to understand, 
analyse and quantitatively assess human movement. As this framework sets both a 
geometrical and a dynamical definition of the spatial (three dimensional - 3D) movement of 
human body as a whole, an important further focus of the study may be directed to skeletal 
muscle itself, a basic actuator of movement and genuine biological system designed to 
produce mechanical force and cause movement. In this context, to monitor and evaluate 
human movement, we have a unique, second to none, method: electromyography (EMG); 
i.e. the recording of electrical activity of skeletal musculature. When studying kinesiological 
tasks, in particular, surface electromyography (sEMG) is the method's variant of choice. To 
quote Hess (Hess, 1954, as cited in Waterland, 1968): „The course of a movement is nothing 
else but a projection to the outside of a pattern of excitation taking place at a corresponding 
setting in the central nervous system“. This thought reflects the importance of EMG signals 
as certain „windows“ into the action of the central nervous system during the performance 
of a motor task. 
Kinesiological electromyography is, therefore, an established subfield of modern locomotion 
biomechanics. We witness today a number of professional journals, conferences, 
organizations and university-level courses devoted to this subject around the world. At the 
University of Zagreb, in particular, courses of this kind are spread across several 
departments (Medved, 2007). At the intersection of physiology and biomechanics, and with 
strong quantitative aspect, this discipline significantly contributes to our understanding of 
human movement and is therefore used in a number of basic and applied fields. 
Consequently, due to its inter-disciplinary nature, it is used by different professionals; 
physical therapists, medical doctors of various specialties, electrical and biomedical 
engineers, kinesiologists, to name but a few. 
To set the global framework, this chapter first shortly refers to the basics of methodology in 
biomechanical approach to human movement and of musculo-skeletal modelling. The 
method of surface electromyography is described next in some detail. Time domain signal 
processing methods are then presented, followed by the methods performed in the 
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frequency domain; all with the vision towards applications in the field of kinesiology. 
Chapter concludes by pointing to modern engineering solutions for multichannel sEMG. 

2. Multiple rigid body paradigm and neuro-muscular modelling 

Biomechanical methodology for studying human movement is based on a multiple rigid 
body modelling paradigm in the representation of human body. Body segments are 
presumed to be rigid and interconnected by joints, so that a so-called kinematic chain is 
formed as a relevant description of movement of the body as a whole. At this level of 
abstraction (and simplification), the laws of classical mechanics may be applied to this 
system, whereby experimentally obtained (measured) kinematic data are combined with 
inertial properties of body segments, taking into account possible external acting forces and 
moments. The strict expression of quantitative relations in a system of this kind enables 
mathematical calculation of internal resultant (net) forces and moments acting in virtual 
joint centres, the procedure called inverse dynamic approach. Historically, the approach was 
first introduced by Braune and Fischer in Germany near to the end of 19th century, who 
have employed the method of photography to realize stereometry in movement recording 
and, consequently, implemented relevant Newtonian equations. The approach was later 
refined and perfected as technology for measurement and signal and data processing 
developed to our days. A detailed overview of the subject matter including exact 
mathematical formalisms describing the approach, as well as descriptions of a number of 
practical solutions, is available in representative journal papers (Cappozzo, 1984; a 
landmark paper) and in standard biomechanics literature (Medved, 2001; Rose & Gamble, 
2006). This methodology forms the basis of modern biomechanics of human movement and 
locomotion, both in sportive and in medical applications. 
Inverse dynamic approach is thus, to recapitulate, a vehicle to obtain quantitative estimates 
of internal resultant (net) forces and moments acting in the joints during movement of the 
body, idealized as a multi-segment mechanical system. 
Skeletal muscle was researched the most during the 20th century, at the microstructural, 
biophysical, biochemical as well as at the control level. This was enabled by technological 
and methodological advancements such as the invention of electron microscopy, 
development of electrophysiological recording techniques, pursuing the concept of 
cybernetics, etc. Basic muscle contraction mechanism was elucidated and mathematically 
modelled: see, for instance, explanation of the Huxley's model of muscle contraction 
(McMahon, 1984). Up to the 1980es, therefore, theoretical basis was available for 
development of faithful quantitative models of the muscle-tendon complex (Zajac, 1989), 
based on which computer-supported quantitative and graphics-based solutions to model 
the neuro-musculo-skeletal system were realized (Delp et al., 1990). The approach has been 
broadly implemented until our days, not only in research, but entering the arena of clinical 
applications as well (Delp et al., 2000). 
This methodological improvement has added to the classical inverse dynamic approach, 
enabling, in fact, further sub-division of calculated resultant (net) forces and moments in the 
joints into their components corresponding to particular muscles, resulting with a detailed 
and realistic biomechanical modelling and simulation possibilities of complex neuro-
musculo-skeletal structures. 
Skeletal muscle is a system characterized by mechanical, thermal and electrical energy 
outputs. Mechanical action of skeletal muscle as a whole is described well by the „tension-
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length“ and „force-velocity“ relations, its model including active, elastic and viscous 
components (Medved, 2001). EMG-supplied information is connected with fundamental 
muscle function. The active component, namely, is the one representing genuine feature of 
muscular tissue to mechanically contract, and this component is correlated with electrical 
events; being manifested ultimately as electromyographic signals (provided adequate 
detection and recording be secured). Contributions of elastic and viscous components of the 
model to the muscle force, on the contrary, are not „visible“ in the EMG. 

3. Surface electromyography 

Electromyography means detection and recording the electrical activity of skeletal 
musculature. In kinesiology, predominantly surface recording technique is used due to the 
requirement of non-invasiveness. To correctly comprehend the method of 
electromyography, a certain level of understanding of signal genesis is necessary. Based on 
anatomico-physiological properties of neural and muscular tissues, the process may be 
mathematically modelled; a task accomplished successfully by Carlo De Luca, electrical and 
biomedical engineer, who in 1960es and 1970es gave a careful and systematic mathematical 
description of a so-called interference pattern - a resulting global electrical signal by the 
active muscle as a whole - and thus complemented the traditional anatomically-based 
approach. Interested reader is referred to original papers (De Luca, 1979, 1984, as well as to 
the book „Muscles Alive: Their Functions Revealed by Electromyography“ (Basmajian & De Luca, 
1985) - a classical reference in the field - where mathematical modelling of interference 
pattern is also reproduced. 

3.1 On origin and properties of myoelectrical signal 
Processes of depolarization and repolarization result with action potentials at the muscle fibre 
membrane. The depolarization–repolarization cycle forms a depolarization wave or electrical 
dipole travelling along the surface of a muscle fibre. Since a motor unit consists of a number 
muscle fibres, the electrode pair (detection electrodes issues will be discussed later) “sees” the 
potentials of all active fibres within this motor unit, depending on their spatial distance from 
the detection site. Typically, the action potentials sum up to a so-called Motor Unit Action 
Potential (MUAP), which differs in form and size depending on the geometrical fibre 
orientation with respect to the electrode(s) site. Within kinesiological studies, the MUAPs of all 
active motor units detectable under the electrode(s) site are electrically superimposed and 
observed as a bipolar signal with symmetric distribution of positive and negative amplitudes 
(mean value equals to zero). This is interference pattern (Konrad, 2005). 
An unfiltered (exception: amplifier bandpass) and unprocessed signal comprising the 
superimposed MUAPs is called a raw EMG signal. In Fig. 1, a raw surface EMG (sEMG) 
recording is shown for three successive contractions of m. rectus femoris. 
Raw EMG signal is, by its nature, of random shape (quasi-stochastic), meaning that one raw 
recording burst cannot be precisely reproduced in exact shape. This is due to the fact that 
the actual set of recruited motor units constantly changes within the matrix of available 
motor units: If occasionally two or more motor units fire at the same time, and they are 
located near the electrodes, they produce a strong superposition spike. By applying a 
smoothing algorithm (e.g. moving average) or yielding a proper amplitude parameter (e.g. 
area under the rectified curve), the non-reproducible contents of the signal is minimized. 
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Raw sEMG can range between  5 mV (maximum achieved in athletes) and typically the 
frequency contents ranges between 6 and 500 Hz, showing most power between ~ 20 and 
250 Hz. 
 

 
Fig. 1. Raw surface EMG recording for three successive contractions of m. rectus femoris 
(Cifrek, 1997). 

3.2 Measurement of surface EMG signal 
In majority of kinesiological studies surface electrodes are used due to their non-
invasiveness. Offering the benefit of easy handling, their main limitation is that only surface 
muscles can be detected. For deeper muscles (covered by surface musculature or bones) 
fine-wire or needle electrodes are inevitable. (Fine-wire electrodes, being thin and flexible, 
are better suited to kinesiological applications than needle electrodes.) 
Surface EMG electrodes can be classified considering the materials and the technologies 
adopted for their manufacturing (Merletti et al., 2009). One can distinguish between dry and 
non-dry or wet electrodes. Several types of dry electrodes exist: pin or bar electrodes made 
of noble metals (e.g. gold, platinum or silver), carbon electrodes, and sintered silver or silver 
chloride electrodes. Wet electrodes include a layer of conductive gel, hydrogel or sponge 
saturated with an electrolyte solution. These electrodes are often self-adhesive, so they can 
be easily applied and used for analysis of dynamic sEMG (Merletti et al., 2009). 
Among surface electrodes, silver/silver chloride pre-gelled electrodes are the most often 
used ones and recommended for the general use (SENIAM, according to Hermens et al., 
1999). The electrode diameter (conductive area) should be sized to 1 cm or smaller. 
Commercial disposable electrodes are manufactured as wet gel electrodes or adhesive gel 
electrodes. Generally wet gel electrodes have better conduction and impedance conditions 
(i.e. lower impedance) than adhesive gel electrodes. The latter one has the advantage that it 
can be repositioned in case of errors. 
Electrodes are positioned in a so-called differential arrangement; meaning that to each 
specific skeletal muscle pair of electrodes is to be attached according to the standardized 
procedure regarding their location with respect to the muscle, and with standard spacing. It 
is common today to follow the SENIAM standards (Hermens et al., 1999). There is an on-
going debate among the experts, however, regarding the actual positioning of the electrodes 
with regard to muscle for kinesiological measurements. The conservative opinion regarding 
two signal electrodes was that they have to be positioned at the midpoint, the most 
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prominent part of muscle, at a distance of 15 to 30 mm (Nilsson et al., 1985). A more exact 
approach to electrode positioning, however, presupposes that the location of the motor 
point (plate) has been determined beforehand. This is accomplished by electrically 
stimulating the muscle and determining the location of stimulation where the muscle has 
the greatest mechanical response. For a long time the opinion held was that electrodes 
should be positioned as close as possible to the motor point (Viitasalo et al., 1980). Loeb and 
Gans explain this traditional attitude; they think that "electrodes have to be positioned 
reasonably close to the motor point with the goal of obtaining a signal of maximum and 
constant amplitude" (Loeb & Gans, 1986). But, from the point of view of signal stability, this 
location is the worst. In this region the action potentials travel caudally and rostrally along 
muscular tissue consisting of fibres, and so the positive and negative phases of the action 
potential are mutually neutralized. Basmajian and De Luca, therefore, are of the opinion that 
electrodes must be located approximately at the midpoint between the determined motor 
point location and the point where the muscle and tendon join because there signal 
properties are the most stable. 
As far as interelectrode distance is concerned, De Luca and Knaflitz recommend a value of 
10 mm centre to centre (De Luca & Knaflitz, 1992). Namely, the interelectrode distance 
influences signal spectrum (Lynn et al, 1978). It is therefore necessary to keep the distance 
fixed, so as to enable quantitative comparisons of measured values intra and inter-
muscularly, as well as between subjects. A 10 mm distance is considered to be a good 
technical compromise because in this way a representative electrical muscle activity is 
detected during contraction (several cm3 of muscular tissue), while the filtering effect of 
bipolar configuration is reduced at the same time (Lindström, 1973). But, in measuring 
dynamical muscle activity, it is often impossible to keep the interelectrode distance constant, 
introducing additional variability to the measurement procedure. It is customary to locate 
the third, neutral electrode as far away as possible from the muscle. As an addendum to 
experiment documentation, and in order to achieve repeatability of the measurement 
procedure, it is a common practice to take a photograph of the actual electrode setting. The 
dilemmas mentioned remain open. Besides the mentioned SENIAM protocol, valuable are 
also the Standards for Reporting EMG data (Journal of Electromyography and Kinesiology, 
February 1999; 9(1):III-IV). 
After detection follow signal amplification and conditioning, bringing the signal into the 
volt range. Pre-amplifier is positioned as close as possible to detection site and is of a 
differential type. An important property of differential amplifier is high quality signal 
amplification with simultaneous suppression of noise (Medved, 2001). Interfaced to 
computer via analogue-to-digital (A/D) conversion, signals may be digitally processed, the 
task which can be accomplished either in the time domain or in the frequency domain. 
Modern electromyograph devices secure high-quality signal recording with good noise 
suppression. Usually, they are designed as data-loggers or, alternatively, radiotelemetric 
systems (for example ZeroWire by Noraxon, FREEEMG 300 by BTS). Considering problems 
of muscle coordination and synchronisation when performing movement patterns, it is 
desirable to measure more EMG channels simultaneously. Modern electronics technology 
enables small and light detection-amplification devices as well as reliable signal 
transmission. Displaying a multichannel sEMG signal series provides a visually attractive 
means to monitor muscular activity, serving, as a first step, in qualitative analysis of 
multiple muscle action, be it isometric or dynamic. 
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4. SEMG signal processing in time domain: A muscle co-ordination issue 

There are several typical time domain signal processing methods used in electromyography. 
All of them aim to simplify quantification and, subsequent, interpretation of signals recorded 
(Medved, 2001). (Raw EMG signals are, namely, of a quasi-stochastic and noise-like 
appearance: Fig. 1.) Among the proposed quantification methods pretending to offer indices 
correlating well with muscle force and energy, the most important one from the kinesiological 
point of view is signal smoothing (or averaging) which comprises full-wave rectification 
followed by low pass filtering. This kind of signal representation bears ressemblance to 
isometric muscular force signal - which, in principle, is not available - and can therefore in the 
first approximation be used as an indirect measure of muscular force (De Luca, 1997). 
A number of kinesiological studies were realized in the past employing this rather non-
invasive and elegant methodology to monitor muscular force(s). Spectrum of applications 
ranges from a number of medical rehabilitation examples, such as typically gait analysis 
(Fig. 2; see typical multichannel lower extremity EMG record of a walking child, Frigo & 
Crenna, 2009), over studies of sportive movement patterns, to various ergonomic problems. 
(Needless to say that a typical kinesiological experimental study incorporates, besides EMG, 
also other measurement quantities: kinematic and kinetic, depending upon availability.) 
 

 
Fig. 2. Wireless sEMG recording in a 5 years old child. The picture on the left shows the 
electrodes and the self-powered cases, each one provided with preamplifier and antenna for 
independent transmission of myoelectric signals. Traces on the right-side are illustrative 
examples of EMG activities recorded during a tiptoe walking task from tibialis anterior (TA), soleus 
(SOL), gastrocnemius medialis (GAM), and gastrocnemius lateralis (GAL) (Frigo & Crenna, 2009). 
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Multichannel EMG may serve in studies of muscular coordination, enabling, in turn, certain 
evaluation of locomotor skill. An example of this kind of study whereby skilled artistic 
gymnastics movements were measured and analysed will be referred to (Medved & 
Tonković, 1991; Medved et al., 1995; reproduced in Medved, 2001). Gymnasts were 
instrumented with surface electrodes positioned at major lower extremity muscles (m. 
gastrocnemius, m. tibialis anterior, m. rectus femoris, m. biceps femoris). They were instructed to 
perform backward somersaults from the standing position with take-off from force platform 
(Fig. 3). Performances were graded by certified gymnastics judges. This gymnastics element 
of technique was chosen as it enabled insight into the level of acquired performance skill, 
because it concerns a complex movement structure. Gymnasts take a number of years of 
training to acquire a high-quality backward somersault and this element represents a 
significant component of the performance repertoire of their compositions. 
 

 
Fig. 3. a) Schematic sequential representation of the backward somersault kinematics b) 
Idealized waveform of the vertical component of ground reaction force vector FZ (t), (BW= 
body weight, FZ max = maximum value of vertical force signal). Force signal waveform may 
be correlated to movement kinematics during the time period preceding airborne phase 
(Medved et al., 1995). 
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SEMG signals were detected, amplified and averaged on-line by analogue means, i.e. 
full-wave rectified and low pass filtered (analogue RC filter, 100 ms time constant), 
which was a part of the RM Beckman Dynograph device ("averaged" measurement 
mode). The upper frequency thus attained was 150 Hz. Signals were further digitized on-
line and stored in computer memory. Quantification according to Gandy et al., (1980) 
was applied. The above procedure was thus: 1) measurement and signal acquisition, 2) 
signal pre-processing (i.e. signal smoothing), 3) statistical signal and data processing (i.e. 
calculation of correlation between smoothed signals, and of correlation between signal 
parameters and grades of performance) and 4) conclusion, i.e. determining quantitative 
skill criteria.  
The experiments yielded the following quantitative criteria for the level of skill acquisition 
in the performance of the backward somersault from a standing position. The kinetic 
criterion of good quality performance is determined by values of the vertical force Fz 
impulse width < 300 ms and of ratio Fzmax/BW > 3 (Fig. 3), while the bioelectric criterion is 
determined by the value of the correlation coefficient of averaged EMG signals of the left 
and right m. gastrocnemius of ≥ 0.8, reflecting a high degree of symmetry in the activity of 
ankle extensor muscles (BW stands for body weight). 
The bioelectrical criterion has been further elaborated into the so-called moving correlation 
function: 
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The function H(j), being a collection of scaled correlation coefficients, calculated one by one 
for each j shows the correlation between two selected averaged EMG signals. It is calculated 
by moving a 200 point window A over the original 300 point function B starting from the 
"-50 point" to the "+50 point" (Schwartz, 1975; Spiegel, 1992). The function H(j) thus has 100 
points in total (j = 100) with an expected maximum around or at the "50 point". Fig. 4 shows 
calculated moving correlation functions for the “top-level” and "poor" performer, that is, for 
performances by a top-level performer "at his best" and "deliberately poor", respectively. A 
good discriminability feature is observed in the procedure for the evaluation of skill level 
realized in this way; EMG signals have thus shown to be rather sensitive measures of neuro-
muscular performance. 
The method described serves as an example of possible use of multichannel sEMG signals as 
an indirect measure of multiple muscle force co-ordination pattern associated with 
particular skilled locomotion. It is potentially applicable in quantification of acquisition of 
other movement structures as well (presuming respective muscles are measured), and might 
also serve in monitoring the progress in motorics in course of particular diagnostics and/or 
treatment procedures in rehabilitation medicine. 
Depending upon a kind of question attempted to be answered by EMG analysis, signal 
amplitude normalization might be necessary. This is for instance when inter-subject or inter-
muscular (at the same subject) comparisons of EMG signals are to be made. Naturally, the 
value to which normalization is made (100%) must be determined precisely in a sense of 
defining actual kinesiological conditions of a corresponding movement or posture, and type 
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of contraction performed (isometric, dynamic,...). There is no absolute consensus about this 
matter, however, and each investigator is responsible for correctness of his own 
measurement/experiment (Konrad, 2005; Medved, 2001).  
 

  
Fig. 4. Left column: correlation (L Ga vs. R Ga) functions H(j) of “top-level” performer (a) 
and “poor” performer (b). Right column: correlation (L Ga vs. R Ga) functions H(j) of top-
level gymnast performing backward somersault “at his best” (c) and “deliberately poorly” 
(d) (Medved et al., 1995). 

5. SEMG signal processing in frequency domain: A muscle fatigue issue 

Given the recommended amplifier bandpass settings from 10 Hz high-pass up to at least 
500 Hz low pass (SENIAM), most of the surface EMG frequency power is located between 
20 and 250 Hz. Power distribution can be obtained by the Fourier Transformation (applying 
in practice Fast Fourier Transform (FFT) to a time represented signal) and graphically 
presented as EMG signal power density spectrum, which shows signal power distribution 
with regard to frequency (Fig. 5). 
The dominant change in the EMG power density spectrum during sustained contractions is 
a compression of the signal spectrum toward lower frequencies, which is shown by curves 
on Fig. 5 a) and b). Measures of this compression are associated with metabolic fatigue in the 
underlying muscle. 
Power spectrum density curve can be characterized by the following frequency parameters 
(Fig. 6): mean frequency, as the mathematical mean of the spectrum curve: 
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and median frequency as the parameter that divides the total power area into two equal 
parts: 
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Fig. 5. SEMG power spectrum density – before (a) and after (b) fatiguing exercise (De Luca, 
1984). 
 

 
Fig. 6. Power spectrum density characteristic frequencies 
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Within applied EMG-frequency analysis the mean and median frequencies are the most 
important parameters, and their time domain changes in sustained contractions are 
monitored (fatigue studies). 
(An alternative to the FFT based calculations was, historically, the simple counting of zero 
line crossings of the EMG signal, being highly correlated to the FFT based mean/median 
frequency values.) 
Within static submaximal contractions both amplitude and frequency based analysis 
parameters show time domain changes due to muscular fatigue. The classical test requires a 
constant load level at a well defined angle position/muscular length. Due to recruitment of 
motor units, the amplitude shows an increase, whereas mean and median frequency of the 
power spectrum show a decrease over contraction time. The latter ones decline because - 
besides other reasons - the conduction velocity of the motor actions potentials at the muscle 
membrane decreases. This causes a shift to the left of the power density spectrum. The 
regression coefficient of the median or mean frequency slope towards lower values can be 
used as a non-invasive fatigue index for the investigated muscle. 
The influence of muscle fatigue on the properties of the sEMG signal during isometric 
voluntary and electrically elicited contractions is clearly shown in Fig. 7 (Merletti & Lo 
Conte, 1997). In this example a subject maintained target torque level for 60 s before a 
mechanical manifestation of muscle fatigue occurred (healthy tibialis anterior muscle). 
Increase of the RMS value and decrease of CV and power spectrum mean frequency are 
evident from the beginning of the contraction. This is even more evident during electrically 
elicited contractions (vastus medialis stimulated for 30 s at 30 pulses/s), and it appears to be a 
combination of scaling (stretching in time and in amplitude) and a change of shape of the 
M-wave (myoelectric signal evoked by electrical stimulation). 
Cifrek and colleagues (Cifrek, 1997; Cifrek et al., 1998, 2000) developed a method of surface 
myoelectric signal measurement and analysis aimed at evaluating muscle fatigue in healthy 
subjects during cyclic dynamic contractions of upper leg musculature in a simple cyclic 
flexion–extension movement of the lower leg, recorded during exercise on a training device 
(Fig. 8). The signal processing part of the method is schematically presented in Fig. 9. As an 
indicator of muscle fatigue a change in the power spectrum median frequency (MF), 
calculated from the spectrogram, was used. The authors also discussed the influence of 
analysis parameters on the results (Cifrek et al., 1999). 
Merletti & Parker (2004) have edited a book providing a broad coverage of modern 
modelling and signal processing issues in the area of sEMG, among other also fatigue 
influences and means of quantification of this phenomenon. Cifrek et al. (2009), however, 
have recently presented a state of the art summary on the issue of sEMG based muscle 
fatigue evaluation. An overview is given of classical and modern signal processing methods 
and techniques from the standpoint of applicability to sEMG signals in fatigue-inducing 
situations relevant to the broad field of biomechanics. Time domain, frequency domain, 
time-frequency and time-scale representations, and other methods such as fractal analysis 
and recurrence quantification analysis are described succinctly and are illustrated with their 
biomechanical applications, research or clinical alike.  
SEMG recordings during dynamic contractions are particularly characterised by non-
stationary (and non-linear) features. Standard signal processing methods using Fourier and 
wavelet based procedures demonstrate well known restrictions on time–frequency 
resolution and the ability to process non-stationary and/or non-linear time series, thus 
aggravating the spectral parameters estimation. The Hilbert–Huang transform (HHT), 
comprising of the empirical mode decomposition (EMD) and Hilbert spectral analysis  
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Fig. 7. Examples of fatigue plots showing the time course of the EMG signal variables 
during a sustained contraction, the EMG signal and its power spectral density (PSD) during 
specific time windows. (a) Voluntary contraction of a healthy tibialis anterior muscle 
sustained for 100 s with a target set at 60% MVC. For the sake of clarity a three-point 
moving average has been applied to the variables and one value every 3 s is displayed. Note 
the mechanical breakpoint at 60 s. (b) Electrically elicited contraction of a healthy vastus 
medialis stimulated for 30 s at 30 pulses/s. MNF = mean frequency of the PSD, RMS = root 
mean square value, CV = conduction velocity. From (Merletti & Lo Conte, 1997). 
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Fig. 8. Exercise on a “leg-extension” training device and measured quantities (HR=heart 
rate, RF = m. rectus femoris, VL = m. vastus lateralis, VM = m. vastus medialis, β = shaft angle) 
(Cifrek et al., 2000). 

(HSA), provides a new approach to overcome these issues (Srhoj-Egerker at al., 2010). The 
time-dependent median frequency estimate is used as muscle fatigue indicator, and linear 
regression parameters are derived as fatigue quantifiers. 
Moreover, emerging methods based on nonlinear signal analysis are being applied. These 
techniques, known as recurrence quantification analysis (RQA), are based on detecting 
deterministic structures in the signals that repeat throughout a contraction (Farina et al., 
2002). 

6. Conclusion 

The presented methods of sEMG signal measurement and processing were based on a 
classical differential (bipolar) signal detection and amplification. Currently, improved 
measurement techniques, including multi-channel approaches targeted at a single muscle 
are being developed, shifting a focus from a one-dimensional signal-based considerations to 
two-dimensional surface-based approaches registering myoelectric phenomena (Fig. 10). 
Merging these new measurement possibilities with sophisticated mathematical methods and 
digital signal processing techniques provides a solid basis for validation, refinement and 
standardization of suitable new methods to be applied in biomechanical situations. 
Methods for analyzing fatigue at the single motor unit level relying on non-invasive 
multichannel recordings and joint use of spatial filtering and spatial sampling are currently 
under study (Merletti et al., 2003; Farina et al., 2004). 
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Fig. 9. Myoelectric signal spectral analysis for quantification of muscle fatigue during 
dynamic contractions: (a) sEMG signal x[n], raw data; (b) extracted data, using window 
sequence w[n] of length L, with shift of R samples (c), (d) and (e) estimation of median 
frequency (MF’) using modified periodogram of windowed sequence, (f) course of median 
frequency (MF’), (g) after low-pass filtering, maximum values of MF during each 
contraction were calculated, (h) limits of contractions have been calculated using shaft angle 
data, (i) a slope of the regression line (k, expressed in Hz/min) that fits maximum values of 
MF in a least-square sense was used as a fatigue index. From regression line, the frequency 
at the beginning of exercise (f0) was calculated (Cifrek et al., 2000). 
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Fig. 10. Examples of sEMG signal recorded, during the same contraction, with different 
spatial filter configurations: (a) single differential system; (b) inverse binomial filter of the 
second order (IB2); (c) single ring concentric electrode system. In all cases, the interelectrode 
distance was 5 mm. The greater spatial selectivity of the concentric electrode system with 
respect to the other systems is evident (Merletti et al., 2009, redrawn and adapted from 
Farina & Cescon, 2001). 

On the other hand, we feel confident that in realms of biomechanical research, the presented 
methods for muscle fatigue evaluation will be further developed, exercised, improved and 
standardized. In clinical diagnostic applications - both in sport and in medical rehabilitation 
contexts - standardization of modern methods embodied in a novel type of a “muscle 
fatigue monitor” device is yet to be realized. It may appear in a form of a compact device of 
portable design and makeup, offering a menu of several correlated fatigue indices, 
(including, possibly, some non-EMG based as well). This goes in line with the general 
feature of miniaturisation of biomedical electronics instrumentation, enabling its use in an 
increasing number of real-life situations. 
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