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Abstract: Muscle fatigue is an exercise-induced reduction in maximal voluntary 10 

muscle force. As the surface electromyography (SEMG) can be used to estimate the 11 

features of neuromuscular activations associated with muscle contractions, it has been 12 

widely employed as an objective tool to evaluate muscle fatigue. On the other hand, 13 

ultrasound imaging can inherently provide the morphological information of 14 

individual muscle, thus the architectural changes of muscles during fatigue can be 15 

obtained. In this study, we demonstrated the feasibility of using the dimensional 16 

change of muscles detected by ultrasound images, named as sonomyography (SMG), 17 

to characterize the behavior of muscles when they were in fatigue. The SEMG signals 18 

of the muscles were also recorded simultaneously and used for comparison. The right 19 

biceps brachii muscles of 8 normal young male adult subjects were tested for 30s 20 

under 80% of the maximal voluntary isometric contraction. The muscle fatigue was 21 

indicated by the change of the root-mean-square (RMS) and median frequency (MDF) 22 

of the SEMG signals. The results showed that the SEMG RMS had a linear increase 23 
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with time with a rate of 2.9 ± 1.9 %/s (mean±SD), while the MDF decreased 1 

linearly with a rate of -0.60 ± 0.26 Hz/s. The muscle thickness, detected from the 2 

ultrasound images, continuously increased during the muscle fatigue but with a 3 

nonlinear increase with time, which was rapid during the initial 8.1 ± 2.1 s with a 4 

mean deformation rate of 0.30 ± 0.19 %/s and then became slower with a rate of 5 

0.067 ± 0.024 %/s up to 20 s after the contraction. The muscle deformation at 20 s 6 

was 3.5 ± 1.6 %. The results demonstrated that the architectural change of muscles 7 

detected using SMG could potentially provide complementary information for SEMG 8 

for the muscle fatigue assessment. 9 
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INTRODUCTION 14 

Muscle fatigue, which is an exercise-induced reduction in maximal voluntary 15 

muscle force [1], frequently occurs in our daily life. It can be categorized into: 1) 16 

central fatigue, defined as a decline of alertness, mental concentration, motivation, 17 

and other psychological factors, and 2) peripheral fatigue defined as the changes in 18 

physiological processes [1]. Many methods have been developed to evaluate muscle 19 

fatigue, including oxygen uptake [2], heart rate [3], pH value of the muscle interstitial 20 

fluid [4], muscle generated force [5], muscle stiffness [6], surface electromyography 21 

(SEMG) [7][8], and invasive needle EMG [9], etc. 22 

As muscle fatigue is an ongoing process during muscle activities rather than a 23 
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failure at a time point, it is important to monitor the temporal changes of the 1 

physiological variables as the fatigue develops [8]. The SEMG signal, which contains 2 

the features of the neuromuscular activation associated with the muscle contraction, 3 

has been considered as an objective tool to evaluate muscle fatigue non-invasively. 4 

The root-mean-square (RMS) and median frequency (MDF) of SEMG are frequently 5 

used for the estimation of muscle fatigue. However, they are also sensitive to other 6 

factors which may change during the muscle contraction [10]. Alternative signals with 7 

the potential to tackle these challenges to SEMG are in demand and are being 8 

explored in the related fields. For example, mechanomyography (MMG) [12]-[14], 9 

which detects the sound or vibration generated by muscles during contraction, and 10 

near-infrared spectroscopy [13] have been used for the assessment of muscle fatigue.  11 

Since early 1990’s, sonography has been used to measure the changes in muscle 12 

thickness [15][16], muscle fiber pennation angle [17]-[20], muscle fascicle length 13 

[15][17]-[20], and muscle cross-sectional area [17][21] during isometric and dynamic 14 

contractions. As these architectural parameters have a close relationship with the 15 

muscle functions [22], they can be potentially used to characterize muscle activities 16 

during its contraction. Some researchers recently began to investigate the relationships 17 

between the ultrasound parameters and the EMG activities in quasi-static [15][23][24] 18 

and dynamic ways [25][26]. However, few studies have been conducted on muscles 19 

fatigue using both ultrasound and EMG signals. Only most recently, two papers which 20 

examined the muscle architecture with ultrasound during fatigue [25][26] were 21 

reported. 22 

The aim of this study was to investigate the feasibility of using the muscle 23 
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thickness change continuously extracted from the ultrasound images, named as 1 

sonomyography (SMG) [16], to characterize the muscle fatigue. The ultrasound and 2 

SEMG signals were collected simultaneously from the biceps brachii of 8 normal 3 

young male adult subjects under an isometric contraction.  The SEMG parameters 4 

and the muscle deformation were calculated. The features of the muscle deformation 5 

signal during muscle fatigue were described and its potential contributions to the 6 

muscle fatigue evaluation were discussed.  7 

 8 

SUBJECTS AND METHODS 9 

Eight healthy male subjects participated in this study (age: 27 ± 3 years; height: 10 

169 ± 3 cm; weight: 65 ± 5 kg). None of them had history of neuromuscular 11 

disorders and each gave written informed consent prior to the experiment. 12 

The subject was seated comfortably on the adjustable chair of a Cybex machine 13 

(Cybex Norm Testing & Rehabilitation System, Cybex Norm Int. Inc., Ronkonkoma, 14 

USA) with the trunk of the body fixed by a strap to the chair back to restrict the 15 

posture change during the test. The forearm was placed and fixed on a forearm holder 16 

and the hand griped a vertical lever arm. The elbow was flexed at 90° with the upper 17 

arm vertical and the forearm oriented horizontal. The axis of the lever arm was 18 

mounted to be parallel with the rotational axis of the elbow joint. The hand was 19 

maintained in the halfway between pronation and supination. The right arm was 20 

chosen for measurements, which in all subjects was the dominant one.  21 

After several warm-up contractions, three isometric maximal voluntary 22 

contractions (MVC) were performed by each subject at the beginning of the 23 
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measurement. The subject was asked to produce the maximal isometric elbow flexion 1 

at 90° as the MVC. The real time visual feedback of the torque value was displayed 2 

on a computer screen. Each MVC lasted for approximately 3s with a rest interval of 3 

60s between adjacent contractions. The MVC torque for each subject was defined as 4 

the mean of the maximum values of the torque generated during the three 5 

contractions. 6 

When the experiment began, the subject was asked to perform an elbow flexion 7 

against the lever arm to the 80% of his MVC [27] and maintained this value through 8 

the visual feedback of the torque reading on the screen. The test was stopped when the 9 

torque dropped to approximately 70% of the MVC. The data collection for the torque, 10 

ultrasound image, and SEMG signal were started after the torque reached the 80% 11 

MVC. To maintain the subject’s concentration, constant encouragement was given 12 

verbally during the contraction period. Usually, the endurance time did not exceed 30s 13 

for all the subjects. Totally three repeated voluntary contractions were performed at 14 

the same MVC level with a rest interval of at least 5 minutes [28][29] between 15 

adjacent contractions.  16 

A dynamometer (Cybex Norm Testing & Rehabilitation System, Cybex Norm Int. 17 

Inc., Ronkonkoma, USA) was used to measure the elbow flexion torques. The torque 18 

signals from the dynamometer were amplified by a custom-made amplifier and 19 

digitized by a data acquisition card (NI PCI-6024E, National Instruments, Austin, 20 

USA) installed in the PC, where they were synchronized with the ultrasound images 21 

and SEMG signals. The experiment setup is shown in Fig. 1.  22 

The ultrasound system used in this study was the same as that in a previous study 23 
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on the potential of SMG for prosthesis control [16]. The sonography of a 1 

cross-sectional area of the biceps brachii was recorded using a portable B-mode 2 

ultrasound scanner (180 Plus, Sonosite Inc., Washington, USA) with a 7.5 MHz / 38 3 

mm linear probe (L38, Sonosite Inc., Washington, USA). The depth of the device was 4 

46 mm. Under this setting, the corresponding pixel resolution was approximately 0.1 5 

mm in both x and y directions. According to the measurements using phantoms, the 6 

axial and lateral resolutions of the ultrasound image were 0.87 ± 0.13 mm, 0.92 ± 0.21 7 

mm, respectively. The probe was fixed by a custom-made bracket and was 8 

perpendicular to the skin surface of the biceps brachii region with its image plane 9 

arranged vertically to the orientation of the biceps brachii muscle. The probe surface 10 

had a distance from the skin surface to avoid any compression on the tissue during the 11 

whole contraction period. Hence, the change of the muscle thickness was only 12 

contributed by the behaviors related to the muscle fatigue. Ultrasound gel was used to 13 

fill the gap between the probe and the skin to maintain a good coupling during the test. 14 

The video output of B-mode ultrasound scanner was digitized by a video capture card 15 

(NI PCI-1411, National Instruments, Austin, USA) with a sample rate of 8 Hz. The 16 

images were saved frame by frame together with other signals for subsequent 17 

analysis. 18 

After cleaning the skin with alcohol, a pair of EMG biploar Ag-Agcl electrodes 19 

(Axon Systems, Inc., New York, USA) was placed between the transducer and the 20 

elbow joint and near the ultrasound probe along the orientation of the biceps brachii 21 

muscle. The distance between the two electrodes was approximately 20 mm. The 22 

EMG reference electrode was placed on the proximal head of the ulna. The EMG 23 
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signal was amplified and filtered by a custom-made device with a gain of 10 and 1 

bandwidth of 10-800Hz and then digitized by the A/D card (NI PCI-6024E National 2 

Instruments, Austin, USA), which provided an additional gain of 10. The sample rate 3 

for colleting EMG was 4 kHz. 4 

The data acquisition was controlled by a custom-developed program for the 5 

ultrasonic measurement of motion and elasticity (UMME) using Visual C++ 6.0 6 

(Microsoft, Washington, USA) [16]. Multithread technology was applied in UMME 7 

software to insure the synchronization among the ultrasound image, torque, and 8 

SEMG. The ultrasound images were sampled frame by frame, each accompanied by 9 

an SEMG epoch of 125 ms and a torque value.  10 

 All the ultrasound, SEMG and torque signals were processed off-line using the 11 

UMME program and another program written in MATLAB (Version 6.5, MathWorks, 12 

Inc., Massachusetts, USA). The ultrasound images were imported to the UMME 13 

software and displayed frame by frame. A cross-correlation algorithm was used to 14 

track the displacements of the interested tissue regions in the images. It has been 15 

reported that the correlation tracking algorithm can work for images with low signal 16 

noise ratio (SNR) and with complex structures of target and background [30], and is 17 

particularly useful for the ultrasound images with complex speckles [16]. It requires a 18 

reference image or template (containing the interested object) from an initial image 19 

frame and looks for the most similar area to the reference image for estimating the 20 

object position in the updated frame [30][31]. In this study, two rectangular blocks 21 

were manually selected for the upper and lower boundaries of the cross-sectional 22 

image of the biceps brachii in the first frame of the image sequences (Fig. 2a). The 23 
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images defined by these two blocks were regarded as two templates for the 1 

subsequent automatic tracking. The echoes reflected from the muscle-humerus 2 

interface were selected as the lower boundary of the elbow flexion muscles, which 3 

were mainly the biceps brachii with a small portion of brachialis (Fig. 2). These 4 

echoes were much easier to track in comparison with those from the fascia between 5 

the biceps brachii and the brachialis. The centers of the upper and lower template 6 

blocks were placed at the subcutaneous fat-muscle interface and the upper boundary 7 

of the humerus, respectively (Fig. 2a). The sizes of the blocks were selected manually 8 

to include enough features for a reliable tracking with a cross-correlation coefficient 9 

larger than 0.9 between two conjunctive frames. This manual selection of the blocks 10 

may slightly affect the value of the muscle thickness, but its effect on the deformation 11 

measurement can be negligible. Figure 2a was taken at the moment when the torque 12 

first reached 80% MVC and Fig. 2b at the moment when the torque started to 13 

decrease to below that level. The image correlation tracking algorithm was 14 

implemented in UMME software to track the movement of each selected block frame 15 

by frame both in vertical and horizontal directions [16]. The equation used to 16 

calculate the normalized two-dimensional cross-correlation is as follow: 17 
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where ),( nmx  and ),( jnimy ++  (m=0, M, and n=0, N) are the pixels of the 19 

selected image blocks in two different frames. The image block ),( nmx  is regarded 20 

as the template. The block represented by ),( jnimy ++  shifts by i and j pixels in 21 
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the horizontal and vertical directions, respectively, in comparison with the template 1 

represented by ),( nmx . 
−

X  and 
−

Y  represent the means of pixel density for the 2 

image blocks ),( nmx  and ),( jnimy ++ , respectively, while ( , )R i j  is the 3 

cross-correlation coefficient between them. By changing i and j, the correlation 4 

coefficients between the template in the first image and a group of image blocks in the 5 

second image can be calculated. The best matched image block of the template can 6 

then be located according to the peak value of the correlation coefficients. In this 7 

study, the search range was set to be -10 to 10 pixels in the horizontal direction (i) and 8 

-40 to 40 pixels in the vertical direction (j), respectively. After finishing the matching 9 

for one frame, the template was automatically updated with the most similar image 10 

blocks, which might shift from the position of the initial template. After the initial 11 

template was manually selected, the above process would be automatically performed 12 

for each subsequent image frame until the last one and the positions of matched image 13 

blocks were recorded. It was demonstrated that the algorithm could achieve a 14 

resolution of 0.1 mm for the displacement measurement for tracking the selected 15 

image block, which was the same as the image pixel resolution.  16 

The distance between the centers of the two image blocks was calculated for each 17 

frame, which was defined as the muscle thickness at each moment. The percentage 18 

deformation of the muscle was defined as: 19 

%100)(
0

0 ×
−

=
d

ddρ                                            (2)                   20 

where d0 is the initial muscle thickness at the moment when the subject first 21 

contracted to 80% MVC, d  is the muscle thickness measured at each frame.  22 
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The RMS of amplitude and MDF of the SEMG signals were calculated for each 1 

epoch using the program written in MATLAB. The change rates of RMS and MDF as 2 

functions of the muscle contraction time were further calculated using linear 3 

regressions.  4 

 5 

RESULTS 6 

Figures 3a and 3b show the typical results of SEMG RMS and MDF for a trial on 7 

one subject. In Fig. 3a, the y-axis was normalized by the first RMS value for each trial. 8 

The results of other subjects showed similar trends. The increase of RMS and 9 

decrease of MDF as a function of time during the muscle fatigue were consistent with 10 

the results previously reported [7][32]-[34]. The changes of the SEMG parameters 11 

confirmed that the investigated muscles had experienced fatigue during the 12 

experiments. Figure 4a shows the increasing rate of SEMG RMS, and 4b the 13 

decreasing rate of MDF of different subjects, with the error bars representing the 14 

standard deviation (SD) of the three tests for each subject. The overall change rates of 15 

SEMG RMS and MDF of the 8 subjects were 2.9 ± 1.9 %/s (mean±SD) and -0.60 16 

± 0.26 Hz/s, respectively.  17 

Figure 3c shows the muscle deformation of the same subject as in Figs. 3a and 3b. 18 

The muscle thickness increased obviously during the contraction, but in a complex 19 

nonlinear manner. Figure 5 shows the muscle deformations of all the 8 subjects at 20 s 20 

after the contraction. The overall mean deformation was 3.5 ± 1.6% at that moment. 21 

During the first several seconds after the contraction, the muscle thickness increased 22 

rapidly with a mean change rate of 0.30 ± 0.19 %/s for the 8 subjects (Fig. 6a). We 23 
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defined this rate as the initial muscle deformation rate. It lasted for 8.1 ± 2.1 s (Fig. 1 

6c), and then the muscle thickness increased gradually with a smaller change rate of 2 

0.067 ± 0.024 %/s (Fig. 6b) till the moment of the torque fluctuation, which 3 

indicated that the subject could not maintain the assigned torque any more. We 4 

defined this lower rate as the steady muscle deformation rate. The transition time 5 

between the initial and steady muscle deformation rates was named as the critical time, 6 

which was calculated as the cross point of the two linear trend lines as shown in Fig. 7 

3c. From Fig. 3c, we can find that the deformation reached a peak at the time of 8 

approximately 25s and then descended. This was because the subject could not 9 

maintain the 80% MVC anymore and the torque tended to fluctuate. For all the 10 

subjects, this phenomenon happened between 20 and 30 s of the experimental time. 11 

Interestingly, this fluctuating torque was not reflected in the corresponding RMS or 12 

MDF of the SEMG signals as shown in Figs. 3a and 3b.  13 

The correlations between the muscle deformation and SMEG parameters were 14 

also investigated. The R2 values of the linear regressions were all smaller than 0.3, 15 

indicating that no strong correlation could be observed between the muscle 16 

deformation and the SEMG parameters during the fatigue of the muscle.  17 

 18 

DISCUSSION 19 

We described a method to simultaneously collect the SEMG signals and 20 

ultrasound images of the biceps brachii muscle during an isometric contraction of the 21 

80% MVC. From the SEMG signals, the RMS and MDF data were derived, while the 22 

muscle deformation was obtained from the ultrasound images, i.e. sonomyography 23 



 13

(SMG). It was confirmed that the muscles experienced fatigue according to the 1 

increase of RMS and the decrease of the MDF data [7][32]-[34]. It was also observed 2 

that the muscle thickness increased rapidly during the first several seconds, then 3 

increased gradually till the torque fluctuation, i.e. the subject could not maintain the 4 

80% MVC. The transition of the muscle deformation rate might be explained as 5 

follow using the recruitment pattern and firing rate of the motor units during muscle 6 

contraction.  7 

In this study, the subject was asked to maintain a constant torque till he could not 8 

persist and the joint angle remained constant during the test. The “size principle” [35] 9 

suggested that more and more motor units might be recruited during the fatigue 10 

process in order to compensate the inability of the activated muscle fibers and to 11 

maintain their force generation [34]. According to the sliding filament theory of 12 

muscle contraction [36], the newly recruited fibers could locally shorten to generate 13 

enough force to maintain the torque. Consequently, the lateral dimension might 14 

increase at some local regions. Furthermore, it has recently been reported that the 15 

fascicle length significantly decreased and the pennation angle increased for the 16 

gastrocnemius medialis muscle in vivo during the process of sustained isometric 17 

contraction till fatigue [25]. The decreasing fascicle length and increasing pennation 18 

angle were accounted for the creep of the corresponding tendon during the sustained 19 

isometric contraction [25] and would result in the shortening of the muscle. According 20 

to Swammerdam’s result [37] that the muscle volume kept constant during contraction 21 

while the muscle shortening might cause the increase of muscle cross-sectional area 22 

as well the muscle thickness [38]-[40]. Therefore, our finding of the increasing 23 
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muscle thickness during the sustained isometric contraction was consistent with the 1 

result of this recent study [25], though the muscles studied were different. Further 2 

studies should be followed to measure the creep of tendons and the dimensional 3 

change of their corresponding muscles simultaneously seeking a better explanation for 4 

the findings of the present study.   5 

Interestingly, it was reported that the amplitude of the sound generated by the 6 

muscle (mechanomyogram, MMG) showed a significant increase during the initial 7 

phase of a sustained contraction and declined significantly when exhaustion was 8 

approached [12]. Their results may correlate with our findings in this study. The 9 

muscle sound is generated by the summation of the vibration of single motor unit 10 

during contraction [41]. Further studies are required to systematically investigate the 11 

mechanisms of the new findings observed in this study and the correlations among 12 

different types of signals generated during the muscle fatigue. 13 

We could not observe any indication of the torque fluctuation or the transition 14 

phenomenon in the SEMG parameters (Fig. 3). The SEMG RMS and MDF linearly 15 

increased and decreased, respectively, as time going during the whole measurement 16 

even after the measured torque started to fluctuate. On the contrary, the results of 17 

muscle deformation clearly indicated the torque fluctuation. This might reflect the fact 18 

that the muscle deformation, similar to MMG, is a measure of actuation achieved 19 

(mechanical output), while the SEMG is a measure of activation intended (electrical 20 

input). As the muscle begins to fatigue, the neurons continue to fire at the same or 21 

greater rate trying to activate the fibers to maintain the force output which results in 22 

the continuous increase of the SEMG magnitude, but the fibers are unable to respond 23 
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causing the torque fluctuation. There is dissociation between the electrical and 1 

mechanical activation of the muscle. Therefore, if we combine the information 2 

provided by the muscle deformation and SEMG signals together, the muscle fatigue 3 

can be potentially better characterized.  4 

The subject number (n=8) is relatively small and only a specific group of subjects 5 

(normal young male adults) were tested in this study. Since ultrasound imaging can 6 

inherently provide the morphological information of individual muscles, it should 7 

have potential to assess the fatigue of overlapped muscles. It has been reported that 8 

the MMG parameters of biceps brachii and soleus muscles were significantly different 9 

during the sustained isometric contraction [12]. Further investigations with diverse 10 

and a larger number of subjects on different types of muscles are required to confirm 11 

the potential applications of SMG for the fatigue analysis, particularly its capability of 12 

differentiating neighboring deep muscles. It was noted that the variations of the 13 

muscle deformation and SEMG parameters among the three repeated tests were 14 

similar. For some subjects, the variations were relatively large. Therefore, it is 15 

necessary to understand better in future studies what affects the extraction of the 16 

parameters.  17 

In this study, we used two rectangular blocks to automatically track the selected 18 

upper and lower boundaries of the muscle for the sequence of real-time ultrasound 19 

images using cross-correlation algorithm. The automatic correlation tracking was 20 

performed for the image translating but not for rotation. It is possible that there is  21 

rotational movement between the skin and the bone references during the muscle 22 

contraction, particularly during the process of isometric or isotonic contractions. The 23 
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rotation of the muscle bundles was obvious during the process to reach the torque of 1 

80% MVC, but not when a constant torque level was maintained. As described earlier, 2 

all the data were collected after the torque reached 80% MVC, so the rotation should 3 

have had minimal effect on the results. This could be confirmed by the high 4 

correlation coefficient (R > 0.9) of the cross-correlation tracking for the skin reference 5 

and the bone reference among the image frames collected during the fatigue process. 6 

If a significant rotation happened for the tracking references, the correlation 7 

coefficients would be reduced.  8 

In conclusion, we demonstrated the feasibility of using the muscle deformation 9 

signal extracted from real-time ultrasound images to characterize the muscle fatigue. 10 

Both the SEMG and muscle deformation signals were used to monitor the muscle 11 

fatigue of the biceps brachii under the isometric contraction. The results demonstrated 12 

that the thickness of the biceps brachii increased first rapidly then gradually during the 13 

process of fatigue with the transition moment at approximately 8 s after the 14 

contraction reached 80% MVC. In addition, the torque fluctuation due to the failure to 15 

maintain the required contraction level could be observed in the SMG signals, while 16 

neither the transition phenomenon nor the torque fluctuation behavior could be 17 

observed in the SEMG parameters (RMS and MDF), which changed linearly with the 18 

time during the experiment period. The results suggest that the combination of the 19 

muscle deformation signal and SEMG parameters may give more comprehensive 20 

information for the fatigue assessment. The potential applications of the muscle 21 

deformation monitoring of fatigue need to be further confirmed with more 22 

experiments on subjects with different gender, age, and pathological conditions.  23 
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Figure Captions 1 

Fig. 1 The experimental setup for the measurement of muscle fatigue with SMG and 2 

SEMG. The area labeled with the small rectangle is magnified in the upper-left corner. 3 

 4 

Fig. 2 Motion tracking for the ultrasound images using the two dimensional 5 

cross-correlation algorithm. (a) The image taken at the moment when the torque first 6 

reached 80% MVC and (b) the image taken when the torque started to decrease below 7 

80% MVC. Two rectangular blocks were selected on the upper and lower boundaries 8 

of the cross-sectional image of the biceps brachii, respectively.  9 

 10 

Fig. 3 The changes of the SEMG parameters and the muscle deformation during the 11 

process of fatigue for a typical trial of a subject. (a) The change of the SEMG RMS 12 

normalized by the value of the first data point; (b) the change of SEMG MDF , (c) the 13 

change of muscle deformation. Linear regression was used in (a) and (b) to obtain the 14 

changing rates of SEMG RMS and MDF. For (c) the muscle deformation, two 15 

deformation rates were defined, namely initial muscle deformation rate representing 16 

the initial fast thickness change and steady muscle deformation rate representing the 17 

slow thickness change after the initial phase. The cross point of the two linear 18 

regression lines was defined as the critical time. The circled region indicates that the 19 

subject could not maintain the assigned torque any more due to fatigue and the torque 20 

value started to fluctuate. 21 

 22 

Fig. 4 The mean change rates of SEMG parameters of the 8 subjects calculated from 23 



 24

the results of 3 trials. (a) The mean change rate of the normalized RMS of different 1 

subjects; (b) the mean change rate of MDF of different subjects. The overall means of 2 

all the subjects’ change rates of the normalized RMS and MDF were given by the last 3 

bars in (a) and (b), respectively. The error bars of the individual results represent the 4 

SD of the 3 trials. The errors bars of the overall means represent the SD of the 8 5 

subjects.  6 

 7 

Fig. 5 The mean muscle deformation for the 8 individual subjects at 20 s after 8 

contraction at 80% MVC, which was calculated from the 3 trials. Their error bars 9 

indicate the SD of the 3 trials. The overall mean muscle deformation for the 8 10 

subjects’ was given by the last bar with its error bar representing the SD of the values 11 

of the 8 subjects.  12 

 13 

Fig. 6 The mean parameters of SMG for the 8 subjects calculated from 3 trials. (a) 14 

Initial muscle deformation rate; (b) steady muscle deformation rate; and (c) critical 15 

time. The overall means of parameters calculated for the 8 subjects are shown in the 16 

last bars in (a) to (c), respectively. The error bars of the individual results represent the 17 

SD of the 3 trials, and the errors bars of the overall means represent the SD of the 18 

values of the 8 subjects. 19 

 20 

 21 
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