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Abstract—Efficiency of muscular work is usually measured
as the relationship between work load and maximum exercise
duration. The present study analyzes the efficiency feature as a
ratio between mechanical work (WK) and the energy (E) of the
surface electromyographic signal (SEMG). This relation
(WK/Eggpmg) Wwas  compared with the most common
electromyographic descriptors and its behavior was observed
during muscle fatigue. A total of sixteen healthy men (26.8 + 4.7
yrs, 175.7 £ 4.7 cm, and 79.2 + 9.4 kg) performed three sets of
ten maximal concentric repetitions of dominant knee extension
at 60°/s on an isokinetic dynamometer, with 1 minute of rest
interval between the sets. The SEMG signals were recorded
during the exercises. With the view to minimize the factors
other than fatigue that also influence the SEMG descriptors
behavior, the only isokinetic repetition phase considered for
measurements was the load range. Statistical analyses showed
significant correlations between WK/Eggyc and the traditional
electromyographic fatigue indicators.

I. INTRODUCTION

RESEARCHES of human movement have pointed that there
are three main ways of describing mechanical efficiency
during exercise [1]: (1) gross efficiency, expressed as the
percentage ratio of external work performed to the total
production of energy; (2) net efficiency, expressed as the
percentage ratio of work performed to the extra energy
expenditure during the exercise; (3) delta efficiency,
expressed as the percentage ratio of the change in work
performed per minute to the change in energy expended per
minute. In a physiological aspect, work efficiency represents
the product of two phenomena [2]: (1) the efficiency with
which the chemical energy of glucose and/or fat is converted
to adenosine triphosphate (ATP) through oxidative
phosphorylation; and (2) the efficiency with which the
chemical energy of ATP hydrolysis is converted to work.
Previous studies have focused on the importance of
accurately measure mechanical efficiency in order to well
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know the human movements and the forms of locomotion,
what yields, for example, in methods to estimate internal
power generated to overcome inertial and gravitational
forces related to the movement when external power is
delivered [3], [4].

Another important characteristic related to the study of
human movement is the muscular fatigue. Although it is not
difficult to know when one is fatigued, it is entirely another
matter to be able to identify the physiological mechanisms
responsible for this condition [5]. In general, fatigue can be
defined [6] as “any exercise-induced reduction in the ability
of a muscle to generate force or power.” Muscle fatigue can
refer to a motor deficit, a perception or a decline in mental
function [5]. It can describe the gradual decrease in the force
capacity of muscle or the endpoint of a sustained activity,
and it can be measured as a reduction in muscle force, a
change in -electromyographic (EMG) activity or an
exhaustion of contractile function [5]. Regarding to EMG
signal, fatigue is known to be reflected as an increase of its
amplitude and a decrease of its characteristic spectral
frequencies [7]. Whereas this assertion may be valid under
completely static conditions, its validity is questionable
under dynamic conditions [8]. However, some researchers
have claimed some success in tracking fatigue with a single
myoelectric parameter when contractions yield cyclic
changes in muscle length and/or tension [8].

The main goal of this study is to analyze the muscular
work efficiency feature as a ratio between isokinetic work
(WK) and the energy (E) of the surface electromyographic
signal (SEMG), as well as to determine how this relation
(WK/Eggmg) 1s good enough to indicate muscular fatigue on
isokinetic exercises. The load range phase of the isokinetic
repetition [9] was the only phase used in the analysis to
assure similar cyclic conditions. Statistical correlations
between WK/Eggy and the traditional electromyographic
descriptors showed significant values.

II. METHODS

A. Subjects

The subjects were sixteen normal healthy adult males,
with no history of orthopedic disease, aged 18-37 years
(mean and standard deviation 26.8 + 4.7). Their height and
weight were 175.7 £ 4.7 cm and 79.2 + 9.4 kg, respectively.
They signed a written consent form before participating in
the experiment voluntarily. The project was approved by the
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College of Health and Science of the University of Brasilia.

B. Dynamometer setup

A calibrated Biodex System 3 Pro isokinetic
dynamometer (Biodex Corp., Shirley, NY, USA), which has
been shown to be a reliable instrument for collecting data
and a valid measurement tool of human torque, joint
position, and limb velocity [17], [18], [29], [30] was
assembled with the knee attachment according to the
manufacturer’s specifications [19]. The dynamometer shaft
was aligned with the assumed axis of rotation (lateral
femoral condyle) of the dominant knee (right leg for all the
subjects) with the subject in a seated position and the back
reclined at approximately 110°. The left thigh was secured
with straps as were the waist and thoracic torso [20]. Arms
were placed across the chest with hands grasping the straps
[21]. The lever arm pad was positioned to place the inferior
aspect immediately superior to the medial malleolus.
Subjects were passively moved by the dynamometer through
a ROM of 90° of flexion to 0° of extension (full extension).
The mechanical stops of the ROM were set at 90° and 10° of
knee flexion. Gravity compensation analysis was performed
by the computer system software provided with Biodex
System 3 Pro.

C. SEMG and biomechanical data acquisition

An electromiograph (EMG 16, OT Bioelettronica Snc,
Italy) connected to a laptop computer with a PCMCIA card
was used to acquire the SEMG signals. The optimal SEMG
acquisition region of the vastus lateralis muscle was mapped
with a semi-flexible linear electrode array of 16 electrodes
(Ag, Smm inter-electrode distance, OT Bioelettronica Snc,
Italy) during a 5s of a maximum voluntary knee isometric
contraction at 60°. After mapping, a flexible linear electrode
array of eight electrodes (Ag-AgCl, Ix10mm with S5mm
inter-electrode distance, OT Bioelettronica Snc, Italy) was
placed over the cleaned skin of the vastus lateralis muscle
between the enervation zone and the tendon region with
conductive gel using single differential configuration,
resulting in seven SEMG signals for each acquisition. A
reference electrode was placed on the right kneecap.
Electromiograph was setup with a sample rate of 2,048 Hz
and an analog gain of 2,000 in the single differential
configuration.

The Biodex System 3 Pro was built with the feature of
record the biomechanical signals with a sample rate of only
100 Hz. Hence, the dynamometer DB-15 female interface
[19] had to be used to record biomechanical signals at the
same sample rate which the SEMG signals were acquired.
This interface provides in real time analog signals of torque,
angular velocity, and angular position. An adaptor was built
by the authors in order to get the signals from DB-15
interface and send them into three separated BCN
connectors of a digitizer board (BCN-2120, National
Instruments, TX, USA) which recorded the biomechanical
signals at a sample rate of 2,048 Hz, quantized with 12 bits.

With the view to guarantee the posterior synchronization

between biomechanical and SEMG signals, a marker of
magnetic pulses was developed in the Biomechanical
Laboratory of the College of Physical Education. The
marker was fixed on the lever arm to register the exact
beginning time of each knee extension cycle and the
magnetic pulses were sent simultaneously to the
electromiograph and the digitizer board.

D. Isokinetic experimental protocol

Following equipment setup, subjects were asked to
perform 10 gradient sub-maximal reciprocal concentric
extension (240°/s) and flexion (300°/s) repetitions for warm-
up and familiarization with the equipment. In addition, the
subjects performed three sets of ten maximal concentric
repetitions of dominant knee extension at 60°s, with 1
minute of rest interval between the sets. Consistent and
standard, moderate (no yelling or screaming) verbal
encouragement was given; however, the computer screen
was not made accessible for visual feedback [22]-[24].

E. Signal processing

A software tool [10] was used to synchronize SEMG and
biomechanical (torque, angular velocity, and angular
position) signals, as well as to adjust the DB-15 volts
quantities of the recorded signals to the real units (N-m,
degrees per second, and degrees), following the
manufacturer’s specifications. A bandpass zero-phase FIR
filter was applied to the SEMG signals in order to cut off the
frequency components out of the SEMG bandwidth (20 Hz
to 500 Hz) [12]. The root mean square (RMS), median
frequency (MDF), and mean frequency (MNF) of the SEMG
signals were calculated as in [l1]. Fiber membrane
conduction velocity (CV) was estimated as in [13]. The
isokinetic work [9], [25] and the SEMG energy [14] were
determined to calculate the WK/Eg,, ratio. All the
descriptors were calculated over the load range phase of the
isokinetic repetition [9], what was possible because of the
features implemented in the software tool [10]. Linear
regressions were performed for all descriptors and the
fatigue index (FI) — defined by the angular coefficient
normalized by the linear coefficient (initial value) [26] — was
calculated for comparing the muscular activity between
different subjects [27].

F. Statistical Analysis

Statistical analysis was made for all descriptors in each of
the three isokinetic sets and for a larger set built by a
concatenation of the first three sets. Shapiro-Wilk’s
normality test was applied in all related cases. Pearson’s
correlation coefficient was calculated for the normally
distributed cases and Kendall’s tau non-parametric
correlation was determined for the non-normal ones [15].

III. RESULTS

Table I shows the FI for all descriptors in each isokinetic
set. Table II illustrates the correlation coefficients and their
respective significance when Flyygg,,, 1s correlated with the
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TABLE1
FATIGUE INDEX OF EMG AND EFFICIENCY DESCRIPTORS IN EACH
ISOKINETIC SET
(MEAN + STANDARD DEVIATION) - 107

Set Flrms Flvior Flyre Fley FlwiEge

Sy 1269+  -16.55+ -1597+ -11.92+ -4342+
18.84 8.84 7.16 36.96 * 31.73 *

Sz 6.68 £ -10.02+  -11.56+ -78.36+ -5246+
16.72 8.77 6.65 268.67*  13.70

S3 033+ -11.82+  -11.26+ -1533+ -4568+
13.87 8.54 6.36 28.23 * 18.04

* Significantly non-normal (p < 0.05)

TABLE II
STATISTICAL CORRELATION BETWEEN Flywy/k,,,, AND THE FI OF EACH
EMG DESCRIPTOR IN EACH ISOKINETIC SET

Set Statistic  RMS MDF MNF CcvV

S cc -0.81 ** 046 * 0.53 ** -0.03
Sig. <00l t 001 = <001t 087 t

S, cc -0.89 **  0.29 0.47 0.18
Sig. <00l » 025 r 055 r 032 1

S; cc -0.89 **  0.06 0.31 0.29

Sig. <00l » 082 r 022 r

CC is the correlation coefficient.

Sig. is the 2-tailed significance.

T represents the Kendall’s tau non-parametric correlation.
r represents the Pearson’s parametric correlation.

* Correlation is significant at the 0.05 level.

** Correlation is significant at the 0.01 level.

0.10 =

TABLE III
FATIGUE INDEX OF EMG AND EFFICIENCY DESCRIPTORS FOR THE
CONCATENATED ISOKINETIC SET
(MEAN + STANDARD DEVIATION) - 107

Set  Flrms Flypr Flunr Fley Flwk/bgeno
Sis  7.56+ -13.37+ -13.45+ -15.81+ -47.95 +
17.02 9.05 7.17 15535 * 21.90 *

* Significantly non-normal (p < 0.05)

TABLE IV
STATISTICAL CORRELATION BETWEEN Flwy/k,,,, AND THE FI OF EACH
EMG DESCRIPTOR IN THE CONCATENATED ISOKINETIC SET

Set Statistic  RMS MDF MNF CvV
Si2s ccC -0.68 **  0.21* 0.32 ** 0.12
Sig. <00l t 003 t <00l T 024 t

CC is the correlation coefficient.

Sig. is the 2-tailed significance.

T represents the Kendall’s tau non-parametric correlation.

* Correlation is significant at the 0.05 level.

** Correlation is significant at the 0.01 level.
IF of each electromyographic descriptor in each isokinetic
set. Table III is similar to Table I, however the three
isokinetic sets were concatenated to generate an only and
larger set. This fact also represents the difference between
Table II and Table IV since the last establishes the

correlations considering the larger set.

IV. DISCUSSION

Conventional electromyographic fatigue indicators are
related to amplitude features (RMS), spectral features (MDF
and MNF), and CV. Their behavior revealed a progressive
state of fatigue after the three isokinetic sets. The proposed

efficiency indicator was compared with the classical ones.

The results in Table I showed a behavior consistent with
what is expected under fatigue conditions. Increases in RMS
values were registered for the three sets, however with
decreasing FI values along the sets. This is a consequence of
the applied protocol where the subjects were oriented to
perform the exercises producing the maximal force. Thus, it
is reasonable to think that the most part of muscular motor
units (MU) were activated in the first set in order to reach
the maximal force. The slope of Flrys is highly accentuated
in the first set, indicating higher amplitudes and Esgwmg
production. The efficiency indicator Flypg,.,, reveals its
better performance what means that more work was
produced with less energy. In the second set, Flgys
continues its ascendant tendency, with a lower intensity, but
still indicating new MU recruitment and a necessity for more
quantity of energy. The Flyk/.. in S; shows that even the
supposed additional MUs recruited were not enough to
maintain the same work production of the previous set. This
could indicate a fatigue state according to the definition of
muscle fatigue [16] as “an exercise-induced reduction in the
ability of muscle to produce force or power whether or not
the task can be sustained.” This fact could justify the little
slope of the Flrys in S;. However, there is a recuperation of
the Flyi/gg.. i S3 which could be associated with the ability
to continue the task (non- exhausted muscle) at a low level
of energy production [5].

For the three sets the spectral indicators (Flypr and Flyr)
and the CV manifested a decrease what is also related to the
fatigue state [7], [28]. Nevertheless, the CV in S, has a great
standard deviation which could be related to motion artifacts
[31].

Table II shows that RMS has a high negative correlation
with WK/E,,, what is easily understandable since RMS is
directly proportional to Esgvg. Regarding to spectral
indicators, WK/E,,, is significant correlated with MNF and
MDF only in S; what is not sufficient to suppose the
proposed ratio as a reliable fatigue indicator. Since the MNF
has been hailed as the gold standard for muscle fatigue
assessment [8], at least under static conditions, we could
expect that the WK/E,,, . had some kind of correlation with
the MNF.

So, in order to investigate the collected data under another
point of view, all the three sets were sequenced and
concatenated, what permitted to analyze the isokinetic
protocol as a whole. Table III shows the FI of each
descriptor for the concatenated set. Their behaviors are still
coherent with a muscular fatigue state and the CV presents a
high standard deviation influenced by S,. Table IV shows
that for the entire protocol the WK/E,,, has significant
correlations with the spectral descriptors. This may suggest
the WK/E,,,, as a possible indicator of fatigue at the same
that time it shows how efficient a muscular activity can be
performed.

SEMG
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V. CONCLUSION

The SEMG behavior for the dynamic isokinetic
contractions performed in the load range phase was similar
to that usually related for static contractions. This was
possible probably because of the similar cyclic conditions
provided by load range phase.

The proposed efficiency indicator showed significant
correlations with traditionally recognized fatigue indicators
(MNF and MDF) when the isokinetic protocol was seen as a
whole. However, further analysis is needed in order to

consolidate WK/E,, ., as a reliable fatigue indicator.

ACKNOWLEDGMENT

The authors would like to express their gratitude for the
Biomechanical Laboratory from the College of Physical
Education and for the Group of Digital Signals Processing
(GPDS), both within the University of Brasilia, for all the
support.

REFERENCES

[11 M. Kent, Oxford Dictionary of Sports Science and Medicine (3nd ed.).
Oxford: Oxford University Press, 2006.

[2] E.F. Coyle, “Understanding efficiency of human muscular movement
exemplifies integrative and translational physiology,” J. Physiol., vol
571, no. 3, pp. 501-501, Mar. 2006.

[3] R. A. Ferguson, P. Aagaard, D. Ball, A. J. Sargeant, and J. Bangsbo,
“Total power output generated during dynamic knee extensor exercise
at different contraction frequencies,” J. Appl. Physiol., vol. 89, no. 5,
pp. 1912-1918, Nov. 2000.

[4] G. Sjegaard, E. A. Hansen, and T. Osada , “Blood Flow And Oxygen
Uptake Increase With Total Power During Five Different Knee-
Extension Contraction Rates,” J. Appl. Physiol., vol. 93, no. 5, pp.
1676-1684, Nov. 2002.

[5] R.M. Enoka and J. Duchateau, “Muscle fatigue: what, why and how it
influences muscle function,” J. Physiol., vol. 586, no. 1, pp. 11-23,
2008.

[6] S.C. Gandevia, “Spinal and supraspinal factors in human muscle
fatigue,” Physiolog. Rev., vol. 81, no. 4, pp. 1726-1771, Oct. 2001.

[71 L. A.C.Kallenberg E. Schulte, C. Disselhorst-Klug, and H. J.
Hermens, “Myoelectric manifestations of fatigue at low contraction
levels in subjects with and without chronic pain,” J. Electromyogr.
Kinesiol, vol. 17, no. 3, pp. 264-274, 2007.

[8] D.T.Maclsaac, P. A. Parker, K. B. Englehart, and D. R. Rogers,
“Fatigue Estimation with a Multivariable Myoelectric Mapping
Function,” IEEE Trans. Biomed. Eng., vol. 53, no. 4, Apr. 2006.

[91 L. E. Brown, Isokinetics in Human Performance. Davie, Florida: Lee
E. Brown Editor, 2000, ch. 5.

[10] F.P. Schwartz, V. A. R. Junior, A. F. Rocha, and F. A. O.
Nascimento, “Ferramenta Computacional para o Processamento de
Sinais Eletromiograficos e Variaveis Isocinéticas,” presented at the
XXI Brazilian Congress of Biomedical Engineer, Salvador, BA, Nov.
16-20, 2008, Paper 1022 ISBN: 978-85-60064-13-7.

[11] D. Farina and R. Merletti, “Comparison of algorithms for estimation
of EMG variables during voluntary isometric contractions,” J.
Electromyogr. Kinesiol., vol. 10, no. 5, pp. 337-349, Oct. 2000.

[12] R. Merletti and P. A. Parker, Electromyography — Physiology,
Engineering, and Noninvasive Applications. USA: IEEE Press Series
in Biom. Eng, 2004, pp. 182-196.

[13] S. Salomoni, F.A. Soares, F.A.O. Nascimento, W.H. Veneziano, and
A.F. da Rocha, “Algoritmo de Maxima Verossimilhanga para a
Estimagao da Velocidade de Condugao Média,” in IV Latin American
Congress on Biomedical Engineering 2007, Bioengineering Solutions

for Latin America Health, Isla de Margarita, 2007, pp. 29.

[14] S. W. Smith. (1998). The Scientist and Engineer's Guide to Digital
Signal Processing. Available: http://www.dspguide.com

[15] A. Field, Discovering Statistics Using SPSS. Thousand Oaks,
California: SAGE Publications Ltd, 2005, ch. 4.

[16] K. Segaard, S. C. Gandevia, G. Todd, N. T. Petersen, and J. L. Taylor,
“The effect of sustained low-intensity contractions on supraspinal
fatigue in human elbow flexor muscles,” J. Physiol., vol. 573, no. 2,
pp. 511-523, Jun. 2006.

[17] J. M. Drouin, T. C. Valovich-mcLeod, S. J. Shultz, B. M. Gansneder,
and D. H. Perrin, “Reliability and validity of the Biodex system 3 pro
isokinetic dynamometer velocity, torque and position measurements,”
Eur. J. Appl. Physiol., vol. 91, no. 1, pp. 22-29, Jan. 2004.

[18] L. E. Brown, M. Whitehurst, J. R. Bryant, and D. N. Buchalter,
“Reliability of the Biodex System 2 isokinetic dynamometer
concentric mode,” Isokinetics exer. Sci., vol. 3, no. 3, pp. 160-163,
Jan. 1993.

[19] Biodex System 3 Pro Manual (#835-000) Applications/Operations,
Biodex Medical Systems, Inc., Shirley, NY, 1998.

[20] P.J. Weir, S. A. Evans, and M. L. Housh, “The effect of extraneous
movements on peak torque and constant joint angle torque-velocity
curves,” J. Orthop. Sports Phys. Ther., vol. 23, no. 5, pp. 302-308,
May. 1996.

[21] T. A. Stumbo, S. Merriam, K. Nies, A. Smith, D. Spurgeon, and J. P.
Weir, “The effect of hand-grip stabilization on isokinetic torque at the
knee,” J. Strength Cond. Res., vol. 15, no. 3, pp. 372-377, ago. 2001.

[22] N. A. S. Hald and E. J. Sander, “Effect of visual feedback on maximal
and submaximal isokinetic test measurements of normal quadriceps
and hamstrings,” J. Orthop. Sports Phys. Ther., vol. 9, no. 3, pp. 86-
93, 1987.

[23] H.J. Kim and J. F. Kraemer, “Effectiveness of visual feedback during
isokinetic exercise,” J. Orthop. Sports Phys. Ther., vol. 26, no. 6, pp.
318-323, 1997.

[24] P. J. McNair, J. Depledge, M. Brettkelly, and S. N. Stanley, “Verbal
encouragement: effects on maximum effort voluntary muscle action,”
Br. J. Sports Med., vol. 30, no. 3, pp. 243-245, 1996.

[25] A. Remaud, C. Cornu, and A. Guével, “A Methodologic Approach for
the Comparison between Dynamic Contractions: Influences on the
Neuromuscular System,” J. Athl. Train., vol. 40, no. 4, pp. 281-287,
Dec. 2007.

[26] R .Merletti, R. L. Lo Conte, and C. Orizo, “Indices of muscle fatigue,”
J. Electromyogr. Kinesiol., vol. 1, no. 1, pp. 20-33, 1991.

[27] L. Bolgla and T. Uhl, “Reliability of electromyographic normalization
methods for evaluating the hip musculature,” J. Electromyogr.
Kinesiol., vol. 17, no. 1, pp. 102-111, 2007.

[28] C. J. De Luca, “Myoelectrical manifestations of localized muscular
fatigue in humans,” Crit. Rev. Biomed. Eng., vol. 11, no. 4, pp. 251-
279, Apr. 1984.

[29] D. C. Feiring, T. S. Ellenbecker, and G. L. Derscheid, “Test-retest
reliability of the Biodex isokinetic dynamometer,” J. Orthop. Sports
Phys. Ther., vol. 11, no. 7, pp. 298-300, 1990.

[30] M. Ortqvist, E. M. Gutierrez-Farewik, M. Farewik, A. Jansson, A.
Bartonek, and E. Brostrém, “Reliability of a new instrument for
measuring plantarflexor muscle strength,” Isokinetics exer. Sci., vol.
88, 1n0. 9, pp. 1164-1170, 2007.

[31] T.Masuda, T. Kizuka, J. Y. Zhe, H. Yamada, K. Saitou, T. Sadoyama,
and M. Okada, “Influence of contraction force and speed on muscle
fiber conduction velocity during dynamic voluntary exercise,” J.
Electromyogr. Kinesiol., vol. 11, pp. 85-94, 2001.

1313



	MAIN MENU
	CD/DVD Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order
	Themes and Tracks

