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Abstract. The aim of this research work is to assess the muscles fatigue of the male runner during 
400 meters(m) running with three types of running strategies. The Electromyography (EMG) signals 
from the Rectus Femoris (RF), Biceps Femoris (BF), Gluteus Maximus (GM), Gastrocnemius 
Lateralis (GL), and Gastrocnemius Medialis (GMS) were collected by using bipolar electrodes from 
the right lower extremity’s muscles.  EMG signals were collected during the run on the tartan athletic 
track. Five subjects (non-athletes) had run 400m with three various types of running strategies. The 
first type: the first 200m running 85-93% of full speed and the last 200m sprinting (full speed), second 
type: the first 300m running 85-93% of sprinting and the last 100m sprinting, and third type: running 
85-93% of sprinting for 400m. The EMG signals were transformed to the time-frequency domain 
using Short Time Fourier Transform to calculate the instantaneous mean frequency (IMNF) and 
instantaneous median frequency (IMDF). The less index fatigues were during 1st strategy, while the 
RF, BF, GM, and GL muscles got recovered with IMNF and IMDF with the three strategies, and the 
GMS muscle has less negative regression slope value with IMNF with 1st strategy during the 4th 100m 
of the 400m running event. From the results, it can be concluded the running with the 1st strategy get 
less fatigues compared with the 2nd and 3rd strategy based on the results of time-frequency domain 
features (IMNF and IMDF). 

Introduction 
The number of runners keeps increasing in each year, with many different distances to be applied. 

Hence, an appropriate phase of running is needed to lower the possibility of injuries and muscles 
fatigue, also to enhance the sprinting event in a comfortable manner. Muscular fatigue can be 
specified as an inability of muscles to keep a reasonably estimated force production [1]. Exhaustion 
typically happens after mental or physical effort, insufficient rest or other short-term occurrences. 
Sometimes it is called as healthy or acute because the fatigue is commonly relieved with rest [2]. 
Exhaustion of the muscles during running may lead to difficulty or inability in continuity to run. For 
this reason, it is necessary to develop the strategy of sprinting to overcome the muscles fatigue in 
early time during sprinting. 

The muscle fatigue describes the decline in muscle maximum force during contraction [3]. The 
fatigue occurs in our daily life activities. When fatigue occurs in the muscle fiber cells, nerves will 
produce a high activity to gain the maximum contraction. However, it cannot sustain the high activity 
for a long time, and that leads to a decline in muscle force. Normally, the fatigue in the muscle fibers 
occurs due to low nutrition and accumulation of metabolites [4]. Prolonged muscle activities will lead 
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to acute fatigue which affects our ability to move any part of the body. There are many factors affect 
fatigue like muscle fiber composition, regulation of ionic component in blood supply, energy supply, 
and many other factors [5]. 

Generally, muscle fatigue is recognized by the EMG signal as long as there is a mutual decline in 
parameter examined in the frequency domain [6] and an increment in the parameter evaluated in the 
time domain [7].  

Many researchers have detected muscles fatigue from different muscles during running, where 
most of them recording the EMG signals during running over a treadmill and overground for one 
phase of sprinting only [8]. Many ongoing of researchs have studied the detection of muscle fatigue. 
Many of the detection methods are applied to muscle signals in order to detect fatigue [9]. 
Nevertheless, EMG is the main method to record and study muscle functions [10]. For instance, in 
2000, Mizrahi collected the EMG signals from the Gastrocnemius muscles of the subjects during 
running on the treadmill for 30 minutes, then calculated the average integrated EMG, MPF and 
applied statistical analysis to detection the muscles fatigues [11]. In 2012, Mastalerz collected the 
EMG signals from biceps femoris and rectus femoris muscles (right and left leg) during running on 
the tartan athletic track for 400m with variables intensity, the 1st distance of 400 m took 90 s, the 2nd 
took 70 s, the 3rd took 60 s, and the last one was covered with a maximal velocity until exhaustion. 
Then calculated the mean power frequency and applied the linear regression to detect the muscles 
fatigue. The results of his study had shown the effects of the fatigue were observed with the last case 
of running, where the biggest change in mean power frequency were with the rectus femoris and 
biceps femoris of the left leg [12]. In 2014, Zuniga collected the EMG signals from the Vastus 
lateralis, Vastus medialis, and Rectus Femoris muscles of the subject during running on treadmill. 
The test starts with walking the subject then increased the velocity of the treadmill by 1.6 km/h for 
each minute until fatigue, and then analyzed the muscles fatigue in frequency domain by calculated 
the mean power frequency (MPF) [13].  In 2015, Crozara collected the EMG signals of the Rectus 
Femoris, Vastus lateralis, Biceps Femoris, and Gastrocnemius Lateral muscles of the subjects during 
running on the treadmill, where the test started at 8 km/h then increases the velocity 1km/h each 3 
minutes, where extracted the RMS features and then applied the statistical analysis for muscles 
fatigues detection [14]. In 2017, Ridzuan collected the EMG signals from the Gastrocnemius muscles 
of the subject during running on a treadmill with constant speed for 30 minutes, then calculated the 
MPF in frequency domain and applied a statistical analysis to detection muscles fatigues [15].  

In this research work, EMG signals of RF, BF, GM, GL, and GMS muscles were collected by 
using bipolar electrodes from the right leg of five subjects (non-athletes) during running 400-meter 
for three strategies of run, then the IMNF and IMDF features were extracted in the time-frequency 
domain to use it as an indicator of the muscles fatigue. Finally, the linear regression applied to these 
features separately to detect the muscles fatigue of each 100m to know which strategy get less fatigue.  

Materials and Methods 
The EMG signals are collected from the RF, BF, GM, GL, and GMS muscles of the right leg 

during running for 400-meters with three strategies. Next signals are processed, then extracted the 
features of IMNF and IMDF to detect the muscles fatigue.  
Subjects 

Five active young male adults volunteered to participate in this study for running 400-meter. All 
subjects gave their written informed consent before participation. Subject’s mean and standard 
deviation of age, height, heart rate, and body mass index were 22.2 (0.83) years, 170.6 (2.70) cm, 192 
(3.2) bpm, and 25.06 (3.31) kg, respectively. Furthermore, the subjects were mentally prepared and 
physically healthy throughout the experiment. 
Procedures 

The EMG electrodes were fixed on the selected muscles after preparing the skin. However, the 
electrodes wires were tightened using tape and bandages to avoid disturbing the subject and be tighten 

2 Journal of Biomimetics, Biomaterials and Biomedical Engineering Vol. 42



so it will not be disconnected when the subject runs. The heart rate monitor was connected to the 
subject’s chest to monitor their heart rate with each strategy [16]. To prove the subjects running with 
max speed with the 1st and 2nd strategies the heat rate beat has been recorded for all subjects [17]. 
However, the heart rate was recorded by using heart rate monitor model (HRM-Run™, Garmin Ltd. 
Lenexa, Kansas, U.S.A). EMG measurements were recorded during the run on the tartan athletic track 
for three strategies on separate days by using the Eego amplifier and bipolar disposable electrodes 
(Eego™sports). The time for each 100-m has been recorded where cones were used to determine each 
100-m of the tartan athletic track. The first cone to indicate the start point, the second cone to indicate 
the end of the 1st 100-m, the third cone was for the 2nd 100-m, the fourth cone was for the 3rd 100-m, 
and so on. However, the subjects were asked to warm up for 5 minutes (jogging) before starting the 
running. After the warming up procedure, the subject was rest for 5 minutes.  Eego amplifier has been 
placed in the back bag of the subject as shown in Fig.  1. 

 

 
 

Fig. 1. Eego amplifier. 
 

    Then the subject was started running for 400-m on an outdoor running track (tartan athletic) for 
three types of running strategies, as shown in Table 1. 
 

Table 1. The type of running strategies. 
 

No Strategy  
1 1st 200-meter 85-93% of sprinting and last 200-meter sprinting 
2 1st 300-meter 85-93% 0f sprinting and last 100-meter sprinting 
3 400-meter 85-93% of sprinting speed. 

EMG Data Collection 
Surface EMG has continuously recorded the data from five lower limb muscles (RF, BF, GM, GL, 

and GMS) using the eego amplifier during the testing. However, after located the muscles location 
according to SENIAM recommendations [18] and prepared the skin for fixing the electrodes on the 
skin muscles, then shaving the hair and dead skin with a disposable blade. Next, the shaved area was 
cleaned with cotton dipped in alcohol until the area turned red. After letting the alcohol evaporate, 
the electrodes were placed in a bipolar configuration, each electrode is a 10 mm sized circle with an 
inter-electrode distance of 20 mm. The placement was done by tapping the electrodes on all sides to 
ensure that they would not detach during testing, or due to excessive sweating during running. The 
cable of the electrodes was tightly fixed to minimize the movement of the cables during running and 
preventing the cables from coming off. where the electrodes fixed to the selected muscles: RF, BF, 
GM, GL, and GMS muscles, the electrodes placement is shown in Fig. 2.  
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 Fig. 2. The yellow-colored ball represented electrodes placement [18]. 

The EMG signals were collected from the subjects by using the Eego amplifier. However, the 
EMG signals were recorded with a sampling rate of 2000 Hz and filtered with two different types of 
filters, namely; band stop filter 50 Hz for removing line noise, and 2nd order Butterworth bandpass 
filter (20-450 Hz). These filters are recommended for sEMG during dynamic movements [18]. The 
sEMG signal contained the original signal measured from the muscle and it was contaminated with 
unavoidable different types of noise, especially during dynamic movements [19]. The raw and filtered 
EMG signal is shown in Fig. 3.  

 
Fig. 3. The raw and filtered EMG signal for one muscle only as an example. 

Data Transformation 
Short-Time Fourier Transform (STFT) was used to transfer the EMG signals from the time domain 

to the time-frequency domain. The time-frequency distributions look at the frequencies that exist at 
a certain time of the signal. STFT takes a small part of the time (window) and applies fourier 
transform for that part then moves to the next window and does the same thing. At each window a 
different spectrum is obtained, and the totality of these spectrums is a time-frequency distribution 
[19]. Then, the EMG signal was segmented into half second (window size = 1000 samples) and the 
windows of the EMG signal were overlapped with 50% of the window size. The spectrogram uses 
STFT to calculate power spectral density for each window, which was used to extract the 
instantaneous features (IMDF and IMNF). 
Statistical Analysis  

Statistical analysis converts numbers into meaningful conclusions. Whereas the statistical analysis 
should be applying to extracted features in order to determine whether or not there is a significant 
difference between each strategy (running strategy) on the muscle fatigue [20]. In this research the 
linear regression and analysis of variance has been used as a statistical analysis method. 
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Linear Regression 
Linear Regression is a modeling approach to show the relationship between the dependent 

variables and the independent variable (time) and was applied to the IMNF and IMDF for each 
muscle. The negative slope of linear regression indicates the fatigue index. The results are compared 
for all subjects on individual muscles under three strategies.  

However, in order to quantify the distribution of time-frequency domain features during the 
experiment of 400-meters, a linear regression analysis was applied to evaluate the trend of fatigue 
indices [21]. The linear function is defined in equation (1). 

 

𝑦𝑦 = 𝑚𝑚𝑚𝑚 + 𝑏𝑏                                                                                                                                                  (1) 
 

Where y is the feature of time-frequency domain and 𝑥𝑥 is the time interval, 𝑚𝑚 is the regression slope 
value (fatigue index), and 𝑏𝑏 is the intercept (the value of y when x = 0). If the values of 𝑚𝑚 were 
negative that is mean there is fatigue, but if were positive that is mean there is no fatigue. Indeed, 
with time frequency domain the muscles fatigue based on the pattern of the features, where if the 
patterns of the features are decreased toward the negative slope that’s mean fatigue. While if the 
patterns of the features are increased toward the positive slope that’s mean recovery (non-fatigue), 
because the fatigue is known to be reflected in the EMG signal as an increase of its amplitude and a 
decrease of its spectral characteristics [22]. 
Analysis of Variance 

Analysis of Variance (ANOVA) is a statistical model used to analyze the variation among and 
between different groups. In this research, one-way ANOVA statistical analysis has been used to 
compare and find the significance of the slope values of linear regression for IMNF and IMDF at 
each strategy. One-way ANOVA was applied for each muscle separately of all subjects to find the 
significance for each muscle between the types of running strategies. 

Results 
Instantaneous Median Frequency (IMDF) Results 

IMDF features were extracted from the preprocessed sEMG signal. Fig. 4 shows the continuous 
plots for IMDF for one muscle (GL) of one subject during the 3rd strategy of running as an example. 
The x-axis is the running duration time in seconds and the y-axis is the median frequency with regards 
to the running time. Linear regression method was applied to the IMDF for each signal. The slope 
orientation indicates the fatigue index, as shown in Fig. 5. 

                                     
Fig. 4. IMDF for GL muscle for one subject during the 3rd strategy of running. 
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Fig. 5. Linear regression applied to IMDF for GL muscle for one subject during the 3rd strategy of 

running without segmenting the signal. 

It is noticeable from Fig 5, the slope regression had a negative slope that indicates there is fatigue.  
After recording each slope for each muscle at the three strategies, the mean and standard deviation 
(STD) for the slope regression values were calculated for all subjects at each 100m to get more details 
about the results, check Table 2. 

Table 2. Mean and STD values for linear regression slope applied to IMDF for individual muscles 
with three types of running strategy. (a)1st 100-m, (b) 2nd 100-m, (c) 3rd 100-m, and (d) 4th 100-m. 

(a) 
Type of strategies RF BF GM GL GMS 

1st strategy 1st 100 MEAN 
STD 

-0.232 
0.092 

-0.187 
0.124 

0.089 
0.063 

-0.021 
0.019 

-0.052 
0.059 

2nd 
strategy 

1st 100 MEAN 
STD 

-1.554 
2.003 

-1.393 
1.381 

-0.364 
0.565 

-0.085 
0.605 

0.162 
0.265 

3rd  
strategy 

1st 100 MEAN 
STD 

-0.410 
0.276 

-0.381 
0.609 

-0.257 
0.317 

-0.400 
0.231 

-0.193 
0.194 

(b) 
Type of strategies    RF   BF   GM   GL   GMS 
1st 

strategy 
2nd100 MEAN 

STD 
-0.0004 
0.043 

0.025 
0.052 

0.016 
0.032 

-0.062 
0.051 

-0.016 
0.016 

2nd 
strategy 

2nd100 MEAN 
STD 

0.098 
0.092 

0.262 
0.313 

-0.040 
0.321 

0.042 
0.182 

0.093 
0.116 

3rd 
strategy 

2nd100 MEAN 
STD 

-0.005 
0.288 

-0.454 
0.474 

-0.025 
0.249 

0.017 
0.221 

0.028 
0.174 

(c) 
Type of strategies    RF   BF   GM   GL   GMS 
1st 

strategy 
3rd 100 MEAN 

STD 
-0.018 
0.018 

0.016 
0.024 

-0.014 
0.022 

-0.007 
0.024 

0.007 
0.049 

2nd 
strategy 

3rd 100 MEAN 
STD 

-0.145 
0.592 

-0.151 
0.832 

-0.350 
0.742 

-0.058 
0.050 

-0.153 
0.257 

3rd 
strategy 

3rd 100 MEAN 
STD 

0.008 
0.110 

0.005 
0.084 

0.001 
0.170 

0.077 
0.178 

0.024 
0.168 

(d) 
Type of strategies    RF   BF   GM   GL   GMS 
1st 

strategy 
4th 100 MEAN 

STD 
0.040 
0.109 

0.051 
0.075 

0.027 
0.064 

0.015 
0.019 

-0.043 
0.024 

2nd 
strategy 

4th 100 MEAN 
STD 

1.108 
1.870 

0.226 
0.369 

0.306 
1.301 

0.411 
0.494 

0.875 
1.228 

3rd 
strategy 

4th 100 MEAN 
STD 

0.713 
0.889 

0.909 
1.575 

0.727 
1.237 

0.667 
1.563 

0.699 
1.384 

Fig. 6 shows the plot for mean and STD results for the applied linear regression slope to IMDF for 
one muscle with three strategies of running. 

6 Journal of Biomimetics, Biomaterials and Biomedical Engineering Vol. 42



 
Fig. 6. IMDF, means, and STD of linear regression slope for GM muscle for all subjects with three 

types of running strategies. 
It is noticeable from Fig 6, the GM muscle got less fatigue with the 1st strategy during the 3rd 

100m compared to the other strategies. The GM muscles did not get any fatigue with the 1st strategy 
at 1st 100-m, while it got recovery and resting with the 2nd and 3rd strategies at the 4th 100m.  

One-way ANOVA was applied for each muscle separately (mean of regression slope) with three 
strategies of running, to find the significance for each muscle between the strategies at each 100m. 
Table 3 shows the p-value results for linear regression slope of all tests. 

 

Table 3. The p-value of ANOVA results for three strategies test to find the significance of the linear 
regression slope (IMDF) between 1st strategy, 2nd strategy, and 3rd strategy for each 100m.  

(a)1st 100-m, (b) 2nd 100-m, (c) 3rd 100-m, and (d) 4th 100-m. 
(a) (b) 

Muscles   
 

p-value ANOVA 
test 

Muscles   
 

p-value ANOVA 
test 

RF 0.009 P < 0.05 RF 0.621 P > 0.05 
BF 0.104 P > 0.05 BF 0.014 P < 0.05 
GM 0.179 P > 0.05 GM 0.925 P > 0.05 
GL 0.268 P > 0.05 GL 0.606 P > 0.05 

GMS 0.038 P < 0.05 GMS 0.383 P > 0.05 
(c) (d) 

Muscles   
 

p-value ANOVA 
test 

Muscles    
 

p-value ANOVA 
test 

RF 0.762 P > 0.05  RF 0.405 P > 0.05  
BF 0.829 P > 0.05  BF 0.341 P > 0.05  
GM 0.391 P > 0.05  GM 0.576 P > 0.05  
GL 0.178 P > 0.05  GL 0.563 P > 0.05  

GMS 0.266 P > 0.05  GMS 0.383 P > 0.05  
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It is noticeable from Table 3 (a), only RF and GMS muscle had significant results between the 1st, 
2nd, and 3rd strategies for the 1st 100-m of running. Table 3 (b) shows only BF muscle had significant 
results between the strategies of running for the 2nd 100m of running. Table 3 (c) and (d) shows no 
significant results for all strategies at the 3rd and 4th 100m of the running.  
Instantaneous Mean Frequency (IMNF) Results 

IMNF feature was extracted from preprocessed sEMG signals. Fig. 7 demonstrates the continuous 
plots for IMNF for one muscle (GL), for one subject during the 3rd strategy of running as an example. 
The x-axis is the running duration time in seconds and the y-axis is the mean frequency regarding the 
running time. Linear regression method was applied to the IMNF for each signal. The slope 
orientation indicates the fatigue index, as shown in Fig. 8. 

                                           
Fig. 7. IMNF for GL muscle for one subject during the 3rd strategy of running. 

 
Fig.8. Linear regression applied to IMNF for GL muscle for one subject during the 3rd strategy of 

running without segmenting the signal. 

It is noticeable from Fig. 8, the slope regression has a negative slope, that means there is fatigue. 
After recording each slope for each muscle with the three strategies, the mean and standard deviation 
for the regression slope were calculated for all subjects at each 100m to get more details about the 
results, check Table 4. 
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Table 4. Mean and standard deviation results for linear regression slope applied to IMNF for 
individual muscles with three types of running strategies. (a)1st 100-m, (b) 2nd 100-m, 

 (c) 3rd 100-m, and (d) 4th 100-m. 
(a) 

Type of strategies RF BF GM GL GMS 
1st  

strategy 
1st 100 MEAN 

STD 
-0.211 
0.065 

-0.158 
0.098 

-0.067 
0.043 

-0.038 
0.015 

-0.067 
0.046 

2nd  
strategy 

1st 100 MEAN 
STD 

-1.678 
0.979 

-1.439 
1.049 

-0.641 
0.817 

-1.194 
1.032 

-0.356 
1.081 

3rd  
strategy 

1st 100 MEAN 
STD 

-0.387 
0.126 

-0.339 
0.522 

-0.300 
0.522 

-0.361 
0.201 

-0.301 
0.178 

(b) 
Type of strategies RF BF GM GL GMS 

1st 

 strategy 
2nd 100 MEAN 

STD 
0.004 
0.025 

0.014 
0.029 

0.015 
0.026 

-0.055 
0.036 

-0.002 
0.019 

2nd  
strategy 

2nd 100 MEAN 
STD 

0.152 
0.136 

0.357 
0.388 

-0.079 
0.348 

0.060 
0.191 

0.008 
0.459 

3rd  
strategy 

2nd 100 MEAN 
STD 

-0.021 
0.226 

-0.666 
0.613 

-0.031 
0.290 

0.008 
0.219 

0.076 
0.273 

(c) 
Type of strategies RF BF GM GL GMS 

1st  
strategy 

2nd 100 MEAN 
STD 

-0.0007 
0.009 

0.016 
0.014 

-0.014 
0.020 

-0.006 
0.015 

0.0007 
0.033 

2nd  
strategy 

3rd 100 MEAN 
STD 

0.004 
0.451 

-0.274 
1.131 

-0.375 
0.970 

-0.1736 
0.272 

-0.207 
0.208 

3rd  
strategy 

3rd 100 MEAN 
STD 

-0.002 
0.073 

0.026 
0.147 

-0.047 
0.084 

0.080 
0.129 

-0.050 
0.192 

(d) 
Type of strategies RF BF GM GL GMS 

1st 

 strategy 
4th 100 MEAN 

STD 
0.031 
0.088 

0.036 
0.059 

0.063 
0.079 

0.008 
0.016 

-0.038 
0.030 

2nd  
strategy 

4th 100 MEAN 
STD 

1.874 
1.780 

0.054 
0.450 

1.011 
1.228 

0.587 
0.924 

1.063 
0.924 

3rd  
strategy 

4th 100 MEAN 
STD 

0.539 
0.741 

0.682 
1.170 

0.665 
1.089 

0.515 
1.245 

0.594 
1.215 

Fig. 9 shows the plot for mean and STD results for the linear regression slope applied to IMNF 
for one muscle with three types of running strategies as an example. 

 
Fig.9. IMNF means and STD of linear regression slope for one muscle for all subjects with three 

types of running strategies for GM muscle. 
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It is noticeable from Fig. 9, GM muscle got less fatigue (linear regression slope rate value) with 
the 1st strategy during the 3rd 100m compared to the other strategies. However, it did not get any 
fatigue with the 1st strategy at the 1st 100-m. while it got recovery and resting with the 2nd and 3rd 
strategy at the 4th 100m. 

One-way ANOVA was applied for each muscle separately (mean of regression slope) with the 
three strategies of running, to find the significance for each muscle between the variable strategies at 
each 100m. Table 5 shows the p-value results for linear regression slope. 
Table 5. The p-value of ANOVA results for three strategies test to find the significance of the linear 

regression slope (IMNF) between 1st strategy, 2nd strategy, and 3rd strategy for each 100m. (a)1st 
100-m, (b) 2nd 100-m, (c) 3rd 100-m, and (d) 4th 100-m. 

(a) (b) 
Muscles   

 

p-value ANOVA 
test 

Muscles   
 

p-value ANOVA 
test 

RF 0.002 P < 0.05 RF 0.193 P > 0.05 
BF 0.023 P < 0.05 BF 0.006 P < 0.05 
GM 0.155 P > 0.05 GM 0.852 P > 0.05 
GL 0.028 P < 0.05 GL 0.567 P > 0.05 

GMS 0.751 P > 0.05 GMS 0.907 P > 0.05 
(c) (d) 

Muscles   
 

p-value ANOVA 
test 

Muscles    
 

p-value ANOVA 
test 

RF 0.999 P > 0.05 RF 0.086 P > 0.05 
BF 0.721 P > 0.05 BF 0.311 P > 0.05 
GM 0.550 P > 0.05 GM 0.314 P > 0.05 
GL 0.105 P > 0.05 GL 0.555 P > 0.05 

GMS 0.158 P > 0.05 GMS 0.299 P > 0.05 

It is noticeable from Table 5 (a), GL, BF, and RF muscles have significant results between the 1st, 
2nd, and 3rd strategies for the 1st 100-m of running. Table 5 (b) shows only BF muscle has a significant 
result between the strategies of running for the 2nd 100m of running. Table 5 (c) and (d) shows no 
significant result for all strategies at the 3rd and 4th 100m of the running.  

Discussion 
Performance of the 400 m runners influenced by some factors like fitness level, psychological 

readiness, and training methods. Formation of lactate during the 400-m event influences the 
performance of the athlete. However, the sprinting requires repetitive action carried out by lower 
limbs. Thus, one of the consequences of repetitive action is fatigue which associated with decreased 
physical functioning and decreased running performance. This effect must be highly avoided in 
sprinting sport. The fatigue can be detected by analyzing the EMG signal.   

In biomechanics, the EMG is one of the best methods to analyze and provide a helpful detail about 
muscle activity which may be beneficial in optimizing the performance or reducing the possibility of 
harms. This is critical for athletes such as runners since the likelihood of injury increases with 
sprinting.  

Sprinting performance in track and field sprinters takes muscular strength and power to complete 
a 100 or 200-meter dash. Maximum sprinting speed is defined as the time to reach peak stride length 
and stride frequency [23]. 

From the results of Table 2(a) for IMDF feature it can be observing the following:  the lowest 
fatigue of RF, BF, GL, and GMS muscles were (-0.232), (-0.187), (-0.021), and (-0.052) respectively 
during the 1st strategy. For GM muscle was (-0.257) during the 3rd strategy. GM muscle did not get 
fatigue during the 1st strategy while the GMS muscle did not get fatigue during the and 2nd strategy. 
From the results of Table 4(a) for IMNF feature it can be observing the following: the lowest fatigue 
of RF, BF, GM, GL, and GMS muscles were (-0.211), (-0.158), (-0.067), (-0.038), and (-0.067) 
respectively during the 1st strategy. The results show the time-frequency domain features of most the 

10 Journal of Biomimetics, Biomaterials and Biomedical Engineering Vol. 42



selected muscles get less fatigues with the 1st strategy of running during the 1st 100-m.  However, the 
speed of running is varying from one subject to another. We calculated the mean value and standard 
deviation of the slope regression for all subjects to detect the fatigue and to evaluate running strategies 
using fatigue index. Sometimes the sprinters reduce their force as reported in Elena Bergamini [24] 
trying to save their energy at the beginning. 

From Table 3 and Table 5, we can observe that the p-value of ANOVA test was P < 0.05 for RF 
and GMS muscles for the 1st 100-m with IMDF feature during the 1st, 2nd, and 3rd strategy, that mean 
there is a significance between the slope regression of the muscles after getting the muscle fatigue. 
While with IMNF the p-value was P<0.05 for RF and GL muscle only. 

From the results of Table 2(b) for IMDF feature. it can be observing the following: the lowest 
fatigue of RF, GL, and GMS muscles were (-0.0004), (-0.062), (-0.016) respectively during the 1st 
strategy. For BF, and GM muscles were (-0.454) and (-0.025) respectively during the 3rd strategy. 
However, most of the selected muscles did not get fatigue during the 2nd strategy. From the results of 
Table 4(b) for IMNF feature it can be observing the following: the lowest fatigue of RF, BF, and GM 
muscles were (-0.021), (-0.6660, and (-0.031) respectively during the 3rd strategy. For GL, and GMS 
muscles were ( -0.055), and ( -0.002) respectively during the 1st strategy. However, most of the 
selected muscles did not get fatigue during the 2nd strategy. The results show the time-frequency 
domain features of most the selected muscles get less fatigue with the 1st strategy of running during 
the 2nd 100-m.  

From Table 3 and Table 5, we can observe that the p-value of ANOVA test was P < 0.05 for BF 
muscle for the 2nd 100m with IMDF and IMNF features during the 1st, 2nd, and 3rd strategy, that mean 
there is a significance between the slope regression values of the muscles after getting the muscle 
fatigue. 

From the results of Table 2(c) for IMDF feature, it can be observing the following: the lowest 
fatigue of RF, GM, and GL muscles were (-0.018), -0.014), and ( -0.007) respectively during the 1st 
strategy. For BF and GMS muscles were (-0.151) and (-0.153) respectively during the 2nd strategy. 
However, the selected muscles did not get fatigue during the 3rd strategy. From the results of Table 
4(c) for IMNF feature it can be observing the following: the lowest fatigue of RF, GM, and GL 
muscles were (-0.0007), (-0.014), and ( -0.006) respectively during the 1st strategy. For BF muscle 
was (-0.274) during the 2nd strategy, and for GMS muscle was ( -0.050) during the 3rd strategy. Some 
of the selected muscles did not get fatigue during the 1st and 3rd strategies. However, as the results 
show that the time-frequency domain features of most the selected muscles, get less fatigue with the 
1st strategy of running during the 3rd 100-m.  

From Table 3 and Table 5, we can observe that, the p-value of ANOVA test was P >0.05 for all 
muscle with the two features (IMNF and IMDF) that mean, there is no significant between the results 
of slope regression for the selected muscles during running with three strategies at the 3rd 100m of 
400m running event. 

From the results of Table 2(d) for IMDF feature and Table 4(d) for IMNF feature, it can be 
observing the following: the lowest fatigue of GMS muscle was ( -0.043), (-0.038) respectively during 
the 1st strategy and did not get fatigue with the 2nd and 3rd strategies while the RF, BF, GM, and GL 
muscles did not get fatigue during the 1st, 2nd, and 3rd strategy (got recovery), sometimes these 
phenomena occur when the subject reduce his force, or sometimes the muscles recovery [24]. 
However, as the results show that the time-frequency domain feature of most the selected muscles, 
did not get any fatigues with the 1st, 2nd, and 3rd strategies of running during the 4th 100m.  

From Table 3 and Table 5, we can observe that, the p-value of ANOVA test was P >0.05 for all 
muscle with the two features (IMNF and IMDF) that mean, there is no significant between the results 
of slope regression for the selected muscles during running with three strategies at the 4th 100m of 
400m running event. 

 
 
 

Journal of Biomimetics, Biomaterials and Biomedical Engineering Vol. 42 11



Conclusion 
As stated previously, the IMNF and IMDF values indicating the fatigue of muscles. The 

relationship between IMNF and IMDF and the level of fatigue are directly proportional to each other 
at most times. From all the results we can notice that the lowest negative values of the regression 
slope, were as following:  

During the 1st 100-m, most of the selected muscles get less fatigue with the 1st strategy of running. 
Also, for the 2nd 100m, most of the selected muscles get less fatigue with the 1st strategy of running.  
For the 3rd 100, most of the selected muscles get less fatigues with the 1st strategy of running. For the 
4th 100m, the RF, BF, GM, and GL muscles were having a positive slope values for IMNF and IMDF 
with the three strategies. The GMS muscle has less negative slope value with IMNF during 1st 
strategy, that means there is no fatigue with the last 4th 100m of running event, except the GMS 
muscle get less fatigue. From the results of all strategies with the selected muscles, the lowest fatigue 
and highest recovery times were during the 1st strategy for most selected muscles. 
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