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Abstract— Objective: The purpose of this study was to assess 

whether accelerometry effectively reflects muscle vibrations 

measured with ultrafast ultrasonography. Methods: Vibration 

characteristics initiated on the vastus lateralis muscle by an 

impactor were compared when assessed with accelerometry and 

ultrasonography. Continuous wavelet transforms and statistical 

parametric mapping (SPM) were performed to identify 

discrepancies in vibration power over time and frequency between 

the two devices. Results: The SPM analysis revealed that the 

accelerometer underestimated the muscle vibration power above 

50 Hz during the first 0.06 seconds post impact. Furthermore, the 

accelerometer overestimated the muscle vibration power under 

20 Hz, from 0.1 seconds after the impact. Linear regression 

revealed that the thicker the subcutaneous fat localized under the 

accelerometer, the more the muscle vibration frequency and 

damping were underestimated by the accelerometer. Conclusion: 

The skin and the fat tissues acted like a low-pass filter above 50 Hz 

and oscillated in a less damped manner than the muscle tissue 

under 20 Hz. Significance: To eliminate some artifacts caused by 

the superficial tissues and assess the muscle vibration 

characteristics with accelerometry, it is suggested to 1) high-pass 

filter the acceleration signal at a frequency of 20 Hz, under certain 

conditions, and 2) include participants with less fat thickness. 

Therefore, the subcutaneous thickness must be systematically 

quantified under each accelerometer location to clarify the 

differences between subjects and muscles.  

 
Index Terms—Acceleration, Continuous wavelet transforms, 

Damping, Statistical parametric mapping 

I. INTRODUCTION 

OFT tissue vibrations have been widely studied for various 

purposes over the past three decades. The first objective of 

these studies was to assess the vibration characteristics, such as 

amplitude, main and median frequencies, and damping 

properties [1]–[6]. Thereafter, studies aimed to better 

understand muscular activity tuning in response to impact and 

its effect on vibration (i.e., the muscle tuning paradigm) [7]–

[12]. Then, some researchers demonstrated that muscular 

fatigue generated an increase in the vibration amplitude [13]–

[15]. Currently, there is growing interest in assessing the 

influence of sports equipment on the decrease of soft tissue 
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vibrations [15]–[21]. Notably, in all the aforementioned studies, 

soft tissue vibrations were quantified with accelerometers 

attached to the skin. Although accelerometry is the most 

applicable method for assessing soft tissue vibrations, this 

approach involves the recording of the accelerations of all the 

soft tissue packages, namely, the skin, the subcutaneous fat, and 

the muscle. Considering that muscle injuries [22], [23] and 

fatigue [24] can be caused by vibrations, the characterization of 

muscle vibrations, rather than the vibrations of the overall soft 

tissue package, is of greater interest. A previous study reported 

that muscle and other soft tissues do not share the same 

mechanical properties [25]; therefore, soft tissue vibrations 

measured by accelerometry might not accurately reflect muscle 

vibrations. 

 Recently, ultrafast ultrasound devices have been used to 

quantify continuous vibrations of a spinal bone [26] and the 

quadriceps muscles vibrating at frequencies below 10 Hz [27]. 

Analysis of such vibrations was performed using high-

frequency image recording combined with image tracking 

algorithms. Although the vibrations were of a lower frequency 

and amplitude than those usually observed during sports 

activities, ultrasonography is a promising tool to assess impact-

induced muscle vibrations without influence from the 

vibrations of the other soft tissues (i.e., the skin or subcutaneous 

fat). To the best of our knowledge, no study has assessed 

whether significant differences between accelerometry and 

ultrasonography may be observed when estimating muscle 

vibrations. Nevertheless, identifying such potential 

discrepancies could contribute to a better characterization of 

muscle vibrations assessed in realistic conditions with 

accelerometry. 

Consequently, the purpose of this study was to determine 

whether a skin-mounted accelerometer reflects muscle 

vibrations assessed with ultrafast ultrasonography in a relaxed 

or contracted muscle. Based on a previous study [25], we 

hypothesized that soft tissue vibrations assessed with an 

accelerometer would be of greater amplitude, of lower 

frequency, and with reduced damping properties than muscle 

vibrations assessed with ultrasonography. 
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II. MATERIAL AND METHODS 

A. Participants 

A group of 15 participants composed of 12 men and 3 women 

(25.1 ± 4.4 years, 176 ± 6 cm, 70.7 ± 9.8 kg) volunteered to 

participate in this study. All the participants were healthy and 

free from lower-limb injury. The study was approved by the 

local university ethics committee, according to the statement of 

ethical principles of the Declaration of Helsinki, and the 

participants signed an informed consent document. 

B. Instrumentation 

An electromyogram (EMG) of the vastus lateralis of the right 

leg was recorded at 1000 Hz with pairs of surface electrodes 

(Delsys, Natick, Massachusetts, USA). An Aixplorer 

ultrasound device was used with an SL15-4 probe (Supersonic 

Imagine, Aix-en-Provence, France) to obtain video of the 

vastus lateralis vibrations (1000 Hz). The soft tissue 

acceleration of the thigh as well as the probe acceleration 

(± 50 g, 1000 Hz) were recorded with two biaxial 

accelerometers (Mega Electronics, Kuopio, Finland). 

C. Procedure and data collection 

Participants were seated on a custom-built isometric knee-

extensor ergometer, with the hip and knee angles set at 90° and 

the chest secured with a safety belt. After having shaved and 

cleaned the skin with alcohol, surface electromyographic 

electrodes were placed on the vastus lateralis belly, according 

to SENIAM recommendations [28]. Before the experiment, 

participants performed a standardized warm-up consisting of 

ten incremental isometric knee extensions of 5 seconds. After a 

3-minute rest period, participants performed two maximum 

voluntary isometric contractions to determine the maximal 

EMG signal and normalize the vastus lateralis activation level 

(see Data treatment section below). 

Testing consisted of an assessment of vastus lateralis 

accelerations induced by an external shock, using a pendulum 

impactor (i.e., a reflex hammer was dropped from an angle of 

45° with respect to the vertical). The position of the impactor 

was adjusted so that the impact was administered 6 cm distally 

from the location of the muscle-vibration measurement device. 

Shocks were administered under a relaxed condition (4 shocks) 

and a contracted condition (4 shocks at 40% of the maximal 

activation). Visual feedback of the 0.05-second normalized 

root-mean-square EMG of the vastus lateralis was displayed on 

a computer screen to help the participant achieve the 40% ± 

10% target activation level. The impact was administered when 

the activation level was reached.  

For each condition, two-dimensional vastus lateralis 

vibrations were measured with both an ultrasound device and 

an accelerometer. The ultrasound probe was positioned 

perpendicularly to the longitudinal axis of the thigh and 

proximally to the EMG electrodes. The position of the probe, 

ensuring two-dimensional analysis of the muscle vibrations 

along the mediolateral and anteroposterior axes of the thigh 

(Fig. 1), was marked on the skin, and the probe was clamped 

with a mechanical arm. A water-based gel was applied between 

the skin and the probe to avoid probe-skin contact. The position 

of the probe was adjusted between the relaxed and contracted 

conditions to keep the probe out of contact with the skin when 

the muscle expanded and, therefore, avoid any pressure from 

the probe on the skin. Once all the shocks were administered, 

the probe was replaced by the accelerometer, which was placed 

at the same location and oriented in the same direction as the 

probe. Thereafter, the same procedure was performed. Finally, 

the subcutaneous thigh fat thickness was measured with a skin 

caliper (the average of three measurements) at the location of 

the ultrasound probe and the accelerometer. 

 
Fig. 1. Instrumentation during ultrasound measurement. ML: Medio-lateral 

axis; AP: Antero-posterior axis. The dashed arrow represents the longitudinal 

axis, orthogonal to the two others, but was not quantified in this study. 
DEVICE: Accelerometer or Ultrasonography. 

D. Data treatment 

The entire data treatment process was computed with 

MATLAB R2018b (MathWorks, Natick, Massachusetts, 

USA). Raw EMG signals of the vastus lateralis were run 

through a Butterworth bandpass filter between 10 Hz and 

499 Hz. Thereafter, the root-mean-square envelope of the 

signal was calculated with a window length of 0.05 seconds. 

The signals were normalized for each participant with the mean 

values of the greatest 0.5-second plateau obtained during the 

two maximal contractions. The mean EMG was calculated from 

0.5 seconds to the 0.05 seconds before the impact to avoid the 

noise caused by the shock [29].  

Vastus lateralis accelerations were firstly computed from 

ultrasonographic images (bandwidth = 7.5 MHz, acquisition 

frequency = 1000 Hz, resolution = 256 pixels [width] x 180 

pixels [height], field of view = 5 cm [width] x 2.5 cm [height]). 

When the vastus lateralis was located at the center of the image 

while relaxed or contracted, the upper zone of the muscles just 

below the subcutaneous fat was manually selected. Then, the 

binary robust invariant scalable keypoints (BRISK) algorithm 

[30], [31] was used to detect a maximum of 300 points within 

the selected zone. The point trajectories over time were then 

tracked to obtain the mediolateral and anteroposterior 

displacements of each point (videos are presented in 

supplementary files). A Butterworth bandpass filter between 

10 Hz and 130 Hz was applied to the displacement of the points, 

and then the displacement signal was derived twice to obtain 
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the point acceleration in the two directions. Points with a 

maximum acceleration above 5 m∙s-² were included, and the 

mean acceleration of these points was analyzed. Acceleration 

signals from the accelerometers (i.e., the skin and probe) were 

filtered with a Butterworth bandpass filter between 10 Hz and 

130 Hz.  

Acceleration signals of the tissues assessed with 

ultrasonography and accelerometry in the two-dimensional axis 

were investigated in the time-frequency domain with a 

continuous wavelet transform, using a filter bank with a Morse 

mother wavelet with 𝛾 = 3 and 𝑃2 = 60 [32]. The modulus of 

the coefficients produced by the wavelet transform was 

computed and expressed as power as a function of time and 

frequency, 𝑝(𝑡, 𝑓). The mean maps of the four trials for each 

condition and each participant were considered for analysis. 

Only the signal powers ranging from 10 Hz to 130 Hz during 

the 0.25 seconds after the impact were analyzed [6], [33]. 

Consequently, the power maps were composed of 30250 nodes 

(250 nodes [time] x 121 nodes [frequency]) 

Additionally, three variables (main frequency, median 

frequency, and damping properties) were extracted from the 

power maps. The energy spectrum, E(f), representing the 

energy at each frequency, was computed by integrating the 

signal power of each frequency over the time interval (1): 

𝐸(𝑓) = ∫ 𝑝(𝑡, 𝑓)
0.25

𝑡=0

𝑑𝑡. (1) 

The main and median frequencies were computed from the 

energy spectrum. The main frequency corresponded to the 

frequency with the most energy and the median frequency to 

the frequency that split the spectrum into two equal parts.  

The overall measured power as a function of time, P(t), was 

computed by integrating the power with respect to the 

frequency (2): 

𝑃(𝑡) = ∫ 𝑝(𝑡, 𝑓) d𝑓. (2)
130

𝑓=10

 

The damping properties (D) were computed from the overall 

signal power with an optimization algorithm, which minimized 

the sum of the squared difference between the measured and the 

theoretical power decay of the vibration [12], [33]. The 

algorithm optimized the D between the instants when the power 

decay was maximal (T1) and when the power was equal to 10% 

of the power at T1 (T2) (3):  

min J =  ∑ (𝑃𝑇1 ∙ 𝑒−𝐷∙𝑡 − 𝑃(𝑡))²,

𝑇2

𝑡=𝑇1

 (3) 

where 𝑃𝑇1 is the measured power at T1, and 𝑃𝑇1 ∙ 𝑒−𝐷∙𝑡 is the 

theoretical power decay. 

Finally, trials for which the peak acceleration of the probe of 

the ultrasound device was above 5 m∙s-2 for at least one axis 

were excluded from the data analysis. 

E. Statistics 

Using the spm1d package for MATLAB [34], statistical 

parametric mapping (SPM) analysis was conducted in two 

dimensions on the power maps obtained from the wavelet 

transform. The SPM analysis requires a 1D-1D continuum, 

while power maps corresponded to a 2D-1D continuum (i.e., 

the power [1D] is represented as a function of time and 

frequency [2D]). In line with a previous study using 2D-1D 

SPM analysis [35], the maps were flattened into a 1D-1D 

continuum to allow for comparisons between the conditions and 

then reshaped to their original dimensions for interpretation of 

the results. Power maps were analyzed with a two-way analysis 

of variance (ANOVA) on repeated measures (i.e., device: 

accelerometer vs. ultrasound; muscle activation level: relaxed 

vs. contracted). Considering the independent analysis of the 

mediolateral and anteroposterior axes, the level of significance 

was set at 2.5% (α = 0.05/2). Then, post hoc tests with the 

Bonferroni correction were performed when appropriate. To 

find the F- or t-value corresponding to the level of significance 

mentioned above, a permutation test was used. The latter is a 

non-parametric statistical approach consisting of permutations 

of the labels between the different conditions, which allows the 

derivation of the appropriate statistical distribution directly 

from the data [36]. To achieve numerical stability, the number 

of permutations was set at 100/α (e.g., 4000 permutations for 

each ANOVA). 

Using R software (v3.5.0, R Core Team, Vienna, Austria), 

linear mixed models [37] were used to investigate the effect of 

the device (fixed effect) and muscular activation level (fixed 

effect) on the vastus lateralis mean EMG, main and median 

frequencies, and damping properties. All the trials were 

included in the models, and the fixed effects were set as random 

intercepts and slopes to adapt the model to each participant’s 

performance. The χ² and p-values were obtained from 

likelihood ratio tests, which were conducted by testing the full 

model against the model without the effect tested. The alpha 

error (5%) was corrected with the Holm-Bonferroni method. 

When an interaction was observed, the two fixed effects were 

tested independently in each category of the other effect. Then, 

Tukey HSD post hoc comparisons were performed. The 

normality, homoscedasticity, and linearity of the linear mixed 

model residuals were graphically controlled.  

Therewith, effect sizes (ESs) were calculated with Hedges’ g 

for each node of the power maps and each variable. 

Furthermore, the ESs for the power maps were corrected for a 

non-normal data distribution [38]. 

The mean relative differences between the values obtained 

with accelerometry and ultrasonography were calculated for the 

main and median frequencies and damping properties. Linear 

regressions were performed between these mean relative 

differences and the subcutaneous fat thickness for each axis and 

level of activation. A total of 12 regressions were performed, 

and the alpha risk (5%) was corrected with the Holm-

Bonferroni method. When statistically significant, correlations 

were classified as strong if Pearson’s |𝑟| range was between 0.6 

and 0.79 and very strong if greater than or equal to 0.8. 

D 
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III. RESULTS 

The thigh fat thickness assessed with the skin caliper ranged 

from 4 mm to 18 mm (mean ± SD: 9.7 ± 4.1 mm). The mean 

peak accelerations of the probe in the mediolateral and 

anteroposterior directions were 2.1 ± 0.5 m∙s-2 and 

2.2 ± 0.6 m∙s-2, respectively. These accelerations were, 

respectively, 20.3 ± 8.2 and 16.1 ± 7.0 times lower than the 

peak acceleration of the muscle assessed with ultrasonography. 

Concerning the muscular activation, linear mixed models 

depicted no interaction (p = 0.71, χ² = 0.1) or device effect 

(p = 0.98, χ² = 0.0), whereas the contracted condition led to a 

significantly greater mean EMG compared to the relaxed 

condition (p < 0.001, ES = 8.1; Fig. 2). 

 
Fig. 2. Vastus lateralis activation (mean ± SD) for the two conditions and the 

two devices. Black lines represent subject specific changes. US: 

Ultrasonography, ACC: Accelerometry. ***, p<0.001. 

A. Power map analysis 

1) Mediolateral axis 

The SPM ANOVA of the power maps (Fig. 3) revealed an 

interaction between the activation level and the device (clusters 

A’ and C’), as well as the main effects of the device (clusters A, 

B1, and B2) and activation level (clusters C and D). 

The effect of the device was observed in three clusters. 

Firstly, signal power between 50 Hz and 90 Hz during the first 

0.06 seconds (cluster A) was 30% to 50% lower (-3 au on 

average) measured with accelerometry compared to 

ultrasonography (ES: 0.9 to 1.3). Due to an interaction effect, 

cluster A’ was larger (up to 130 Hz) when the muscle was 

contracted. Secondly, cluster B may be divided into two sub-

clusters. The signal power between 20 Hz and 130 Hz from 

0.15 seconds (B1) measured 150% to 250% greater (0.2 au on 

average) with accelerometry than with ultrasonography (ES: 

2.0 to 3.0). By contrast, under 20 Hz (B2), the signal power was 

300% to 600% greater (1 au on average) when measured with 

accelerometry (ES: 1.4 to 1.8). 

Furthermore, the effect of the activation level was 

represented by two distinct clusters. The first cluster (C), 

located between 45 Hz and 130 Hz during the first 0.1 seconds, 

depicted an increased power of 100% to 400% (4 au on 

average) for the contracted condition (ES: 1 to 1.5). Due to an 

interaction effect, this cluster was larger for ultrasonography 

(C’). The second cluster (D) was located between 10 Hz and 

20 Hz during the first 0.2 seconds and exhibited a lower power 

of 30% to 60% (2.5 au on average) for the contracted condition 

(ES: 1.2 to 2). 

 
Fig. 3. From top to bottom; rows 1 and 2: mean power map for each condition 
of the medio-lateral axis; row 3: differences between devices for each activation 

condition, row 4: differences between activation conditions for each device. The 

enlighten clusters (A, B1, B2, C, and D) correspond to significant differences 
between two conditions. Clusters with an apostrophe (C’) depicted an 

interaction effect within the cluster. US: Ultrasonography, ACC: 

Accelerometry. 

2) Anteroposterior axis 

The SPM ANOVA of the power maps (Fig. 4) revealed an 

interaction effect between the activation level and the device 

(clusters E’, F’, and G’), as well as the main effects of the device 

(clusters E, F, G, and H) and the activation level (clusters I and 

J). 

The effect of the device was represented by four clusters. 

Firstly, from 0.05 to 0.12 seconds and between 70 Hz and 

130 Hz (clusters E and E’), signal power was 40% to 60% (1 au 

on average) and 150% to 200% (3 au on average) greater when 

measured with accelerometry (ESs: 0.5 to 1.2 and 1 to 1.8) for 

a relaxed and contracted muscle, respectively. Secondly, power 

between 20 Hz and 50 Hz during the first 0.12 seconds (cluster 

F) was 200% to 500% (6 au on average) greater when measured 

with accelerometry (ES: 1.9 to 2.3). The third cluster (G) was 

located under 15 Hz and depicted 250% to 350% (1 au average) 

more power when measured with accelerometry (ES: 0.5 to 

0.8). Due to an interaction effect, clusters F’ and G’ were larger 

and interrelated when the muscle was relaxed. The power 

between 20 Hz and 130 Hz from 0.15 seconds (cluster H) was 
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300% to 600% (0.2 au on average) greater when measured with 

accelerometry (ES: 2.0 to 4.0). 

Furthermore, the effect of the activation level on the power 

maps was observed in two distinct clusters. The first cluster (I), 

between 50 Hz and 120 Hz during the first 0.12 seconds, 

depicted 100% to 500% (6 au) more power when the muscle 

was contracted (ES: 1.2 to 2.2). The second cluster (J) was 

located between 15 Hz and 20 Hz during the first 0.2 seconds 

and exhibited 30% to 60% (3 au average) less power for the 

contracted condition (ES: 0.8 to 1.4).  

 
Fig. 4. From top to bottom; rows 1 and 2, mean power map for each condition 
of the antero-posterior axis; row 3: differences between devices for each 

activation condition, row 4: differences between activation conditions for each 

device. The enlighten clusters (E, F, G, H, I, and J) correspond to significant 
differences between two conditions. Clusters with an apostrophe (E’, F’, and 

G’) depicted an interaction effect within the cluster. US: Ultrasonography, 

ACC: Accelerometry. 

B. Extracted variables 

Firstly, interaction effects on the main frequency were 

revealed for both axes (p < 0.001, χ² = 80.2 and p < 0.01, 

χ² = 10.0 for the mediolateral and anteroposterior axes, 

respectively; Table 1). Lower main frequencies were computed 

with accelerometry compared to ultrasonography, more 

significantly for a contracted muscle than for a relaxed one 

(-49%, p < 0.001, ES = 3.9 compared to -35%, p < 0.001, 

ES = 1.5 and -18%, p < 0.01, ES = 1.2 compared to -13%, 

p < 0.01, ES = 0.6 for the mediolateral and anteroposterior axes, 

respectively). Moreover, higher main frequencies were 

observed when the muscle was contracted than relaxed, though 

less significantly when quantified with accelerometry rather 

than ultrasonography (+50%, p < 0.001, ES = 1.6 compared to 

+93%, p < 0.001, ES = 3.5 and +46%, p < 0.001, ES = 1.6 

compared to +53%, p < 0.001, ES = 2.5 for the mediolateral and 

anteroposterior axes, respectively). 

Secondly, interaction effects were revealed for the 

mediolateral axis on the median frequency (p < 0.001, 

χ² = 102.6; Table 1). Lower median frequencies were observed 

when quantified with accelerometry than with ultrasonography, 

more significantly for a contracted muscle than for a relaxed 

one (-38%, p < 0.001, ES = 4.1 compared to -20%, p < 0.001, 

ES = 1.2). Higher frequencies were observed for a contracted 

muscle than for a relaxed one, less significantly when 

quantified with accelerometry compared to ultrasonography 

(+25%, p < 0.001, ES = 2.2 compared to +44%, p < 0.001, 

ES = 3.3). Additionally, for the anteroposterior axis, only the 

main effects of the activation level and device were found 

(Table 1). Lower median frequencies were quantified with 

accelerometry compared to ultrasonography (-14%, p < 0.001, 

ES = 0.9), and higher frequencies were observed when the 

muscle was contracted rather than relaxed (+29%, p < 0.001, 

ES = 2.1). 

Finally, the main effects of the activation level and device on 

the damping properties were calculated (Table 1). Reduced 

damping properties were found when quantified with 

accelerometry compared to ultrasonography (-37%, p < 0.001, 

ES = 1.4 and -15%, p < 0.01, ES = 0.7 for the mediolateral and 

anteroposterior axes, respectively). Greater damping properties 

were observed for a contracted muscle compared to a relaxed 

one (+66%, p < 0.001, ES = 1.6 and +14%, p < 0.01, ES = 0.6 

for the mediolateral and anteroposterior axes, respectively). 

TABLE I 

VIBRATIONS CHARACTERISTICS 

Variables Axes 

US 

ꓵ  

Relaxed 

ACC 

ꓵ  

Relaxed 

US 

ꓵ 

Contracted 

ACC 

ꓵ  

Contracted 

Main 
Frequency  

(Hz) 

ML 28.3 ± 8.1 * 18.5 ± 4.6 54.6 ± 6.8 #$ 27.7 ± 7.0 * 

AP 35.4 ± 7.9 * 30.7 ± 8.4 54.2 ± 7.0 #$ 44.7 ± 8.6 * 

Median 

Frequency  

(Hz) 

ML 42.5 ± 6.5 * 35.6 ± 4.4 61.2 ± 4.5 #$ 44.4 ± 3.7 * 

AP 49.6 ± 4.8 * 42.2 ± 5.5 63.5 ± 5.2 #$ 55.4 ± 5.4 * 

Damping  

(/s) 

ML 25.7 ± 7.5 * 14.9 ± 3.4  40.7 ± 5.8 #$ 26.7 ± 4.8 * 

AP 34.5 ± 4.0 * 30.3 ± 6.5 40.4 ± 9.9 #$ 33.5 ± 7.6 * 

Mean ± SD of the main, median frequencies and damping. US: 

Ultrasonography; ACC: Accelerometry. ML: medio-lateral axis; AP: antero-

posterior axis. * means different of ACC ꓵ Relaxed; # for different of 

US ꓵ Relaxed; $ when different of ACC ꓵ Contracted. 

C. Correlation with thigh fat thickness 

Significant correlations were found for the anteroposterior 

axis (Fig.5). For an increase of 1 mm of subcutaneous fat, the 

relative difference of the main frequency between 

ultrasonography and accelerometry increased on average by 

3.4% for a contracted muscle (strong). The relative differences 

for the median frequency between the two devices also 

increased on average by 2.4% and 1.7% per 1 mm of fat 

thickness for a relaxed (very strong) and contracted (strong) 

muscle, respectively. The relative differences in damping 
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properties increased on average by 3.4% per 1 mm of fat for a 

relaxed muscle (very strong). 

IV. DISCUSSION 

The purpose of this study was to determine whether a skin-

mounted accelerometer reflects muscle vibrations assessed with 

ultrafast ultrasonography in a relaxed and contracted muscle. 

Compared to the ultrasound, the accelerometer overestimated 

the muscle vibration power under 20 Hz at the end of the 

vibration and underestimated the muscle vibration power above 

50 Hz during the first 0.06 seconds after an impact for both the 

relaxed and contracted conditions. These discrepancies made 

the accelerometer underestimate the main and median 

frequencies, as well as the damping properties of the muscle. 

Furthermore, the differences observed between the two devices 

were greater when thigh fat thickness increased. 

 
Fig. 5.  Linear correlations between the subcutaneous fat thickness and the 
mean relative differences among accelerometry and ultrasonography on the 

antero-posterior axis for a) the main frequency on a contracted muscle, b) the 

median frequency for a relaxed and c) for a contracted muscle, d) the damping 
properties on a relaxed muscle. 

A. Methodological considerations 

To better characterize muscle behavior after an external 

impact, some methodological choices were made. Considering 

that a muscle tends to damp the vibrations as soon as an impact 

is initiated [3], the location of the probe and accelerometer with 

respect to the muscle belly had to be the same when comparing 

the measurement methods. Consequently, the recordings could 

not be performed simultaneously with the two devices. 

Therefore, precautions were taken to ensure that the two 

measurements were performed on the same location under 

uniform conditions. To that end, the mean muscular activation 

had to be similar when vibrations were recorded with either 

accelerometry or ultrasonography. We also ensured that 

vibrations generated by the impactor were minimally 

transmitted to the ultrasound probe during ultrasonographic 

measurement. 

Different factors were considered in analyzing the ultrasound 

imaging videos. Our tracking method differed from previous 

studies aimed at tracking vibrations with ultrasound videos 

[26], [27]. As the muscle does not behave like a rigid body, a 

sliding window was not suitable for our purpose. Likewise, 

previous analysis of the data indicated that corner detection 

methods such as the Kanade-Lucas-Tomasi algorithm were not 

optimal, as the points tracked often disappeared during maximal 

amplitude acceleration. Thus, the BRISK algorithm [30] for 

detecting features (i.e., corners and the zones around them) 

appeared to be more appropriate. Furthermore, as the 

shockwave did not travel through all the points tracked, some 

points remained motionless over time. Therefore, a minimum 

limit of 5 m∙s-2 was set to ensure that only the points undergoing 

vibration were included in the computation of average 

acceleration. 

Consequently, the acceleration signals obtained from the 

ultrasound videos were considered to reflect the vibrations of 

the muscle only and not those of the other soft tissues. 

B. Bias induced by superficial tissues 

The extracted variables quantified with accelerometry 

aligned with a previous study reporting that the soft tissue 

vibrations of the vastus lateralis induced by an impactor have a 

main frequency ranging from 10 Hz to 40 Hz and damping 

properties from 10 s-1 to 60 s-1 for a relaxed and fully activated 

muscle, respectively [1]. However, these values were lower 

than those obtained from the muscle with ultrasonographic 

measurement. The power map analysis revealed that superficial 

tissues biased the vibration signal of the muscle by amplifying 

the power under 20 Hz and attenuating it above 50 Hz when 

estimated with accelerometry. The additional power observed 

with the accelerometer under 20 Hz at the end of the vibration 

may be explained by the lower stiffness and damping properties 

of the superficial tissues [25]. On the contrary, the lower power 

observed with the accelerometer above 50 Hz just after the 

impact may be the consequence of the superficial tissues acting 

like a low-pass filter [25]. Furthermore, we observed that an 

increase in the fat thickness intensifies the underestimation of 

the frequency content and damping properties of the muscle 

vibrations. This outcome aligns with the map analyses; on one 

hand, a lower power above 50 Hz causes a lower median 

frequency, and on the other hand, a greater power under 20 Hz 

at the end of the vibration involves decreased damping 

properties and a lower main frequency. Other differences in 

power at the end of the vibration and above 20 Hz were 

observed. These differences were small (0.2 au) relative to the 

total vibration power and may correspond to signal noise. 

Similarly to a previous study [1], increasing muscular 

activation led to increased damping properties and higher main 

and median frequencies. More specifically, the increase in the 

frequency content from the relaxed to contracted muscle was 

greater when observed with ultrasonography compared to 

accelerometry. As discussed above, these discrepancies may be 

explained by the superficial tissues amplifying energy under 

20 Hz and attenuating energy above 50 Hz. Thus, the 
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superficial tissues decrease the sensitivity of the accelerometer 

to capture changes in vibration characteristics between a 

relaxed and contracted muscle, especially when the 

subcutaneous fat is thicker 

Accurate characterization of muscle vibrations could 

engender a better understanding of the muscle tuning paradigm 

[7], help in assessing muscle properties [1], and clarify the 

effects of fatigue or sports equipment on soft tissue vibration 

characteristics [15]. For instance, previous studies indicated 

that little or none of the energy of the input localized above 

50 Hz was transmitted to the soft tissues [2], [39]. This result 

might be due to the underestimation of the vibration power 

above this limit by the accelerometer. Thus, muscles might 

vibrate at frequencies above 50 Hz during activities like 

running. Moreover, some authors have defined damping 

properties as the work performed by the muscle to damp 

vibration [5], [7]. Hence, the underestimation of damping when 

measured with an accelerometer may lead to an 

underestimation of the work performed by the muscle. 

C. Practical applications 

The use of accelerometry during sports activities is the most 

applicable method for soft tissue vibration assessment outside a 

laboratory. Despite some under- and over-estimations, 

accelerometry can reflect the effects of muscular activation and 

can be used to detect differences in frequency content or 

damping during sports activities. However, our results indicate 

that accelerometers should be used with caution, and some 

suggestions are proposed for using the full potential of 

accelerometry. Firstly, a muscle contracted at 40% vibrates at a 

higher frequency than the superficial tissues. In this case, a 20-

Hz high-pass filtering of the signal can remove some artifacts 

caused by the superficial tissues vibrating at a frequency below 

20 Hz. However, as a relaxed muscle vibrates at a frequency 

around 20 Hz, this filter may also remove some muscle 

vibrations and, therefore, should not be used. Secondly, the 

inclusion of subjects with thinner subcutaneous fat tissue can 

limit the under- and over-estimation of the power induced by 

the accelerometry method at some frequencies. Quantification 

of the subcutaneous fat thickness under the location of each 

accelerometer is recommended, especially when comparisons 

between individuals are performed (e.g., men vs. women). 

Since our experimental protocol was not designed to develop 

correction algorithms for the accelerometry signal, further 

studies are needed to address this issue. 

 

D. Limitations 

The results in the present study were obtained after an 

administered shock to the lateral part of the vastus lateralis 

muscle, which may differ from values recorded during sports 

activities, as the amplitude of the vibrations was smaller than in 

running or landing [39]. Furthermore, only the upper zone of 

the vastus lateralis muscle was studied, and our outcomes may 

not be inferred to other muscles. Moreover, as the muscle 

damps the vibrations along its fibers, further explorations are 

needed to determine the effect of the spatial location of the 

measuring device on the findings of the present study.  

All measurements were firstly performed with 

ultrasonography and then with accelerometry. No 

randomization between the conditions could have been made, 

as the ultrasonography measurement had to be completed 

before the accelerometry measurement to determine the zone of 

interest. However, contractions were submaximal, and a rest 

period was allowed between each shock; thus, the first 

measurements should not alter the rest of the experiment. 

V. CONCLUSION 

The comparison between skin-mounted accelerometry and 

ultrafast ultrasonography revealed that the accelerometer 

exhibited limitations in accurately assessing muscle vibrations. 

More precisely, superficial tissues modify the acceleration 

signal when quantified by accelerometry compared to 

ultrasonography, by amplifying the vibration power under 20 

Hz and attenuating it above 50 Hz. Moreover, when the 

subcutaneous fat was thicker, the underestimation of the 

damping properties and vibration frequency was greater. 

Consequently, accelerometry seems to be an appropriate 

method to depict the salient characteristics of muscle 

vibrations; however, the outcomes should be considered 

cautiously with respect to fat thickness. Further studies are 

needed to develop correction algorithms for muscle vibrations 

estimated with accelerometry, especially during sports 

activities. 
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