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Abstract. In this paper, an assessment model for muscle fatigue was con-
structed with mean fatigue energy and subjective feeling of fatigue degree for 
the entire process of the experiment. The model which combined objective and 
subject data will be valuable for improving work efficiency and for monitoring 
muscle fatigue. To investigate the relationship between surface electromyogra-
phy and subjective assessment of muscle fatigue, twenty young male volunteers 
participated in the experiment of pistol holding and aiming. sEMG of the ante-
rior deltoid was recorded during the entire process, while fatigue assessments 
(Borg scale) were collected every 30s. We divided the signal into several parts 
and then octave band method was used to calculate mean energy of each part. 
An equation was derived based on the relationship between the mean energy of 
sEMG and Borg scale. The results demonstrated that a quadratic curve reflected 
the relationship between fatigue energy and fatigue sensation, which suggests 
that fatigue energy can be calculated to use to collect sEMG activity recordings, 
and that fatigue sensation can be determined using this evaluation model. This 
model therefore provides a suitable basis for developing fatigue-monitoring 
equipment based on sEMG activity, as well as providing a theoretical and de-
sign basis for monitoring the fatigue levels of operators, and designing and 
planning jobs to make them more ergonomic and intuitive. 
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1 Introduction 

Muscle contraction can drive body movement and it is easy to cause muscle  
fatigue, thus it reduce work efficiency and may cause serious injury to the muscle. 
Therefore, it is important to develop a method of assessing muscle fatigue during 
operation, which may produce valuable results in terms of designing controls,  
planning rational working systems and preventing occupational injuries. 

                                                           
* Corresponding author. 
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In present, muscle fatigue assessment is mainly according to sEMG, ultrasound 
image, dynamic heart rate, biochemical testing, largest independent contraction force 
and subjective assessment[1-3]. Ultrasound and biochemical estimation methods may 
cause interference in the process of measurement, while maximal voluntary contrac-
tion  (MVC) force measurement of muscle fatigue requires frequent measurement of 
MVC and thus affect the work flow, meanwhile the subject will be exhausted by 
MVC testing. Although dynamic heart rate do not influence the subject, it is unsuita-
ble for the evaluation of low-load local muscle fatigue. 

sEMG measures the bioelectric phenomenon that occurs on the surface of skin in 
association with muscle activity. It contains a wealth of information about muscle 
contraction; the changes of sEMG to a large extent can reflect the muscle activity 
state. The measurement of sEMG will never bring any pain to the subject, and does 
not affect the completion of the action. Many studies have investigated muscle fatigue 
by means of average rectified value (ARV), root mean square (RMS), median fre-
quency  (MDF), mean frequency(MNF)[4-6], fractal dimension, complexity and 
entropy[7][8] of sEMG. During muscle fatigue, the amplitude of sEMG increase, 
MDF, MNF, complexity and entropy decrease continuously, fractal dimension 
showed growing trend. All of them can be used to characterize the physiological indi-
cators of muscle charge. The usefulness power of sEMG concentrated in the range of 
50~150Hz, while the evaluation of muscle fatigue in the frequency domain covers the 
entire range of sEMG from 0 to 500Hz. Octave is a scale of frequency, and the range 
of frequency is divided into several sections, as to each section, there are upper fre-
quency limit, lower frequency limit and centered frequency. Using octave method, 
sEMG can be divided into several parts in frequency domain. Zhou et al. used sEMG 
of the biceps barchii and the Borg scale to evaluate local muscle fatigue in the upper 
limb after isometric muscle action, then analyzed the sEMG by one-third band octave 
method, and got an equation to determine the degree of muscle fatigue [9]. In this 
paper, an assessment model for muscle fatigue was constructed using mean fatigue 
energy and subjective feeling of fatigue degree for the entire process of the experi-
ment. The model which combined objective and subject data will be valuable for 
improving work efficiency and for monitoring muscle fatigue. 

2 Method 

2.1 Subjects 

Twenty healthy young male volunteers (mean age (21.3±2.39) years, mean weight 
(62.94±5.63) Kg, mean height (169.09±4.25) cm) were involved in this study. All 
subjects voluntarily participated in the experiment and right handed, having no recent 
strenuous exercise and without upper limb muscle fatigue before the experiment. 

2.2 Apparatus 

sEMG acquisition and analysis system (JE-TB0810), disposable Ag/Agcl electrode 
and 75% alcohol were used to acquire sEMG. 
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2.3 Procedure 

The main steps of the experiment were as follows: 
Before the experiment, all subjects were trained to make a good understanding of 

the purpose, process, Borg scale scoring rules and regulation of this experiment by 
using experimental instruction for the purpose of eliminating the tension in subjects. 

Make sure that electrodes were attached to the apophysis of the muscle belly of the 
anterior deltoid, the two electrodes separated by 2~3cm. Before placing the elec-
trodes, the relevant areas of skin were shaved and cleaned. 

Following the action tips to hold the pistol and using sEMG acquisition and analy-
sis system to record the sEMG of the anterior deltoid, the sampling frequency 
was1000Hz. 

All subjects were asked to describe the degree of muscle fatigue according to Borg 
scale (Table 1) every 30s until exhausted or the arm fell 10°. 

Table 1. Borg scale 

Score Description 
0 Nothing at all 

0.5 Extremely weak 
1 Very weak 
2 Weak 
3 Moderate 
4 Slightly strong 
5 Strong 
6 Moderately strong 
7 Fairly strong 
8 Quite strong 
9 Very strong 

10 Extremely strong 

3 Evaluation Model of Muscle Fatigue 

According to the objective and subject data obtained in the experiment, establish the 
evaluation model of muscle fatigue as follows: 

To avoid the effects of power frequency, mechanical vibrations and ECG noise, the 
sEMG data were initially subjected to finite impulse response band-pass filter and an 
adaptive notch filter. Band-pass filter can be achieved by using Kaiser window in 
Matlab. 

During the experiment, record sEMG continuously and wrote down the subject’s 
fatigue assessment every 30s. Assuming there were N fatigue assessments, the sEMG 
can be divided into N parts (Table 2). 
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Table 2. Sequence number and its signal range 

Sequence number Signal range 
1 (1*30-10)~ (1*30+10)s 
2 (2*30-10)~ (2*30+10)s
i (i*30-10)~ (i*30+10)s 

n-1 ((n-1)*30-10)~ ((n-1)*30+10)s 
n (n*30-20)~ (n*30)s 

 
Calculate the Fourier transform of each signal and then using one-third band octave 

method to get the energy of each signal. The formula for calculating the energy E(fi)  
is 

                       (1) 

 
In this formula, f is the frequency of sEMG activity switched by Fourier transformation; 
fi is the centre frequency; fl is the lower frequency limit; fu is the upper frequency limit; 
E(fi) is the energy value of sEMG after Fourier transformation. One-third, one-sixth and 
one-twelveth band octave method are the commonly used method. In this paper, we use 
one-third band octave spectrum to analysis the sEMG, the center, lower and upper fre-
quency limits of one-third band octave spectrum were shown in Table 3., where 

  and . 

The maximum one-third band octave spectrum of 0~20s sEMG is divided by the 
octave spectrum during muscle fatigue to eliminate individual differences and the 
relevant octave spectrum E’(fi) is obtained. 

Fatigue energy of sEMG is calculated according to the following formula: 

                  (2) 

In the formula, E’(fi) is the relative octave spectrum; fi is the center frequency; B(fi) is 
the coefficient of frequency spectrum which is calculated using the Blackman win-
dow. The formula for obtaining B(fi) is 

          

(3) 
In the formula, fc is the virtual cut-off frequency B(fi). Because the frequency of 
sEMG ranges from 0 to 500Hz, when fi=500Hz, fu >500Hz, therefore fc=400Hz. 
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Table 3. Center, lower and upper frequency limits of one-third band octave spectrum 

Center frequency(Hz) Lower frequency limit Upper frequency limit 
1 0.89 1.12 

1.25 1.11 1.40 
1.6 1.43 1.80 
2 1.78 2.24 

2.5 2.23 2.81 
3.15 2.81 3.54 

4 3.56 4.49 
5 4.45 5.61 

6.3 5.61 7.07 
8 7.13 8.98 

10 8.91 11.22 
12.5 11.14 14.03 
16 14.25 17.96 
20 17.82 22.45 
25 22.27 28.06 

31.5 28.06 35.36 
40 35.64 44.90 
50 44.54 56.12 
63 56.13 70.72 
80 71.27 89.80 

100 89.09 112.25 
125 111.36 140.31 
160 142.54 179.59 
200 178.18 224.49 
250 222.72 280.62 
315 280.63 353.58 
400 356.36 448.98 
500 445.45 561.23 

4 Results and Discussion 

The sEMG and fatigue assessment were recorded until the subject exhausted or the 
arm fell over a certain level, so the length of each subject’s sEMG are different, got 
the mean energy of sEMG which have the same Borg scale as shown in table 4. 

Table 4. Borg scale and mean energy 

Borg scale Mean energy Borg scale Mean energy 
0 5.895 5 6.248 

0.5 6.223 6 6.513 
1 6.022 7 6.989 
2 5.967 8 7.103 
3 6.062 9 7.105 
4 6.284 10 8.256 
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Took mean energy Emean(j) as independent variables, while the Borg scale as de-
pendent variables, two kinds of curves were tested to describe the relationship be-
tween Emean(j) and the Borg scale. They are quadratic, cubic, quartic and logarithmic 
curves. 

The expression of quadratic curve: 

              (4) 

with a correlation coefficient R of 0.9427. 
The expression of cubic curve:       (5) 

with a correlation coefficient R of 0.9429. 
The expression of quartic curve:    (6) 

with a correlation coefficient R of 0.9429. 
The expression of logarithmic curve:               (7) 

with a correlation coefficient R of 0.9036. 
According to statistical theory, the result is considered to be better if the correlation 

coefficient R is larger, therefore, one-variable polynomials is better. The maximum 
value of quadratic and quartic curve are 10.08 and 10.25, they are beyond the scope of 
Borg scale. Thus cubic curve represents a reasonable and accurate muscle fatigue 
evaluation model based on sEMG and fatigue assessment. 

During the experiments, several factors, such as individual volunteer, electromag-
netic interference and recovery after fatigue, were accounted for and therefore did not 
influence the overall results. Consecutive measurements of sEMG activity can there-
fore be used as a relatively straightforward method of evaluating fatigue, after calcu-
lation with the proposed algorithm. This represents a more convenient and practical 
method than time domain analysis based on sEMG activity. 

5 Conclusion 

This study evaluates muscle fatigue of the anterior deltoid when holding a pistol and 
aiming. The evaluation of muscle fatigue based on sEMG and fatigue assessment. 
sEMG is objective signal in time domain while fatigue assessment is subjective which 
reflects the felling of subjects. 

The results show that cubic curve of one-variable polynomials reflected the rela-
tionship between mean fatigue energy and Borg scale. According to the model, mean 
energy of sEMG can be calculated, so that Borg scale and corresponding fatigue  
assessment can be obtained. This model therefore provides a suitable basis for  
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developing fatigue-monitoring equipment based on sEMG activity, as well as provid-
ing a theoretical and design basis for monitoring the fatigue levels of operators, and 
designing and planning jobs to make them more ergonomic and intuitive. 
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