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Abstract

Mechanomyography (MMG) records mechanical vibrations generated by active muscle
contraction and may provide a simple field-applicable method for detecting post-loading
muscle responses. This study aimed to characterize post-loading changes in multidimen-
sional and time–frequency MMG features of the forearm flexor–pronator muscles after a
repetitive gripping exercise. Eight healthy volunteers were assessed bilaterally, yielding
16 forearms for exploratory analysis. MMG signals were recorded before loading, im-
mediately after loading, and 24 h after loading from the volar forearm region overlying
the superficial flexor–pronator muscle group, anatomically corresponding to the flexor
digitorum superficialis. The loading task consisted of repeated gripping using a 30 kg grip
trainer. Multiple MMG trials at each time point were averaged within each subject-arm
unit. Time-domain, envelope-based, spectral, band-power, wavelet-energy, and exploratory
spectrogram-derived band-power features were extracted using a reproducible Python 3.12
pipeline (Google Colaboratory environment). Changes across time points were assessed
using Friedman tests, followed by Wilcoxon signed-rank tests with a multiplicity adjust-
ment. After the false discovery rate correction, 11 of 23 conventional MMG features showed
significant time effects. These features were concentrated in amplitude- and energy-related
domains, including RMS, envelope, peak-to-peak amplitude, signal energy, and wavelet
energy. They decreased immediately after loading and increased at 24 h. An exploratory
spectrogram analysis showed similar temporal changes in the absolute band power across
predefined frequency bands, whereas the relative band-power distribution remained sta-
ble. These findings suggest that a multidimensional MMG feature analysis can detect
post-loading changes in the superficial forearm flexor–pronator region after a repetitive
gripping exercise.

Keywords: mechanomyography; forearm flexor muscles; repetitive loading; muscle stiffness;
post-loading response; digital stethoscope; wavelet analysis; spectrogram; time–frequency
analysis; sports medicine

1. Introduction
Baseball pitching is a high-load overhead motion that places excessive stress on the

shoulder and elbow joints [1–3]. In particular, substantial valgus torque is generated on
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the medial aspect of the elbow from the acceleration phase to ball release. The native
ulnar collateral ligament (UCL), the primary static stabilizer of the medial elbow, has been
reported to fail at an ultimate valgus moment of approximately 32–34 Nm. However, the
valgus torque generated during pitching often exceeds this failure threshold and has been
reported to reach a peak instantaneous value of 80–120 Nm in professional pitchers [1,4–6].
This apparent discrepancy may be partially explained by the dynamic stabilizing function
of the forearm flexor–pronator muscles (FPMs), which help prevent the structural failure of
the elbow joint [7–9].

The FPMs consist of several muscles, including the pronator teres, flexor carpi radialis,
palmaris longus, flexor digitorum superficialis, and flexor carpi ulnaris, many of which
originate from the medial epicondyle. Among these muscles, the flexor carpi ulnaris and
flexor digitorum superficialis are located close to the UCL [10]. The appropriate contraction
of these muscles may help resist valgus stress and reduce the direct load applied to the
UCL [9]. However, repetitive pitching may impair the function of these dynamic stabilizers,
thereby increasing the risk of UCL injury.

In sports and clinical settings, muscle condition is often evaluated using a manual
examination, subjective symptoms, subjective tightness, or local tenderness. Although
useful, these assessments are difficult to standardize and may not capture early load-
induced changes. Ultrasound shear wave elastography (USWE) can quantify muscle
stiffness and has been used to evaluate exercise-induced changes in muscle tissue [11–13].
A recent study demonstrated that the tissue elasticity of the flexor–pronator muscles
increased immediately after pitching and remained elevated 24 h after pitching, suggesting
that forearm muscle properties may be altered even after a short-term recovery period [14].
However, USWE requires specialized equipment and technical expertise, which limits its
routine use in field settings.

To address this issue, we focused on mechanomyography (MMG). MMG is a noninva-
sive method that records mechanical vibrations generated by contracting muscle from the
skin surface [15–18]. Unlike electromyography, which captures electrical activity, MMG
reflects the mechanical consequences of muscle contraction, including lateral muscle fiber
oscillation, motor unit recruitment and firing behavior, contraction dynamics, and changes
in viscoelastic muscle properties [15–18]. Because MMG sensors can be small, inexpensive,
and simple to use, MMG has potential as a field-deployable method for monitoring muscle
condition. However, the behavior of MMG features after the repetitive loading of the
forearm flexor–pronator muscles remains insufficiently understood.

Previous MMG studies have shown that fatigue and repetitive dynamic tasks can
influence both amplitude- and frequency-domain MMG parameters [15,16,18–20]. In
particular, recent work focusing on the flexor digitorum superficialis during moderate-
intensity dynamic grasping demonstrated that MMG features can change in association
with declines in maximal voluntary contraction and increases in perceived exertion [20].
These findings support the use of MMG to capture load-related changes in the forearm.
Nevertheless, most clinical applications have relied on a limited number of frequency-
domain features, and it remains unclear whether broader time-domain, envelope, energy,
spectral, wavelet, and time–frequency features can more sensitively characterize post-
loading responses.

The purpose of this study was to characterize post-loading changes in the multidimen-
sional and time–frequency MMG features of the superficial forearm flexor–pronator region
after a repetitive gripping exercise and to compare these changes with the USWE-derived
tissue elasticity. We hypothesized that amplitude- and energy-related MMG features would
change across pre-loading, immediate post-loading, and 24 h post-loading time points,
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and that these changes would provide exploratory information on local forearm muscle
responses that may be relevant to future post-throwing monitoring studies.

2. Materials and Methods
2.1. Participants

This study was approved by the Ethics Committee of Kobe University Graduate School
of Medicine (approval number: B210009). Written informed consent was obtained from
all participants. Eight healthy volunteers were included in this exploratory laboratory
study. Both forearms were evaluated, yielding 16 subject-arm units for repeated-measures
analysis. Participants with a history of upper-extremity musculoskeletal disorder, neuro-
logical disease, or current forearm pain were excluded. The mean age of the participants
was 38.9 ± 10.03 years, with a range of 27–55 years. Sample size was determined by feasi-
bility rather than a priori power calculation, consistent with the exploratory, hypothesis-
generating design of this study.

2.2. Experimental Protocol and Loading Task

Measurements were performed at three time points: pre-loading, immediately after
loading, and 24 h after loading. Before each MMG recording, participants performed
active flexion and extension movements of the proximal interphalangeal joints in time
with a metronome set at 60 beats per minute. Each movement was repeated 10 times. The
loading task consisted of repeated gripping exercise using a 30 kg grip trainer. Participants
performed 3 sets of 30 repetitions. This protocol was designed to apply repetitive local
loading to the forearm flexor–pronator muscle group, including the flexor digitorum
superficialis. An identical absolute load (30 kg) was used for all participants rather than a
load individually normalized to each participant’s maximal voluntary contraction (MVC);
therefore, the relative loading intensity likely varied among individuals. Because maximal
voluntary contraction, perceived exertion, and muscle soreness were not assessed, the
present protocol was defined as a repetitive loading task rather than a validated fatigue-
induction protocol.

2.3. Data Acquisition

Muscle sounds from the region corresponding to the flexor digitorum superficialis
were recorded using a digital stethoscope (Nexteto, ShareMedical, Nagoya, Japan) [21].
The stethoscope was placed on the volar aspect of the forearm over the muscle belly of
the superficial forearm flexor–pronator muscles, approximately 5 cm distal to the medial
epicondyle of the humerus. The same anatomical site was used as consistently as possible
across time points. The measurement site was marked on the skin to guide repositioning
across time points, the same examiner performed all MMG and USWE measurements
at all time points, and the sensor was secured with tape to maintain consistent contact
throughout each recording. Because several superficial forearm flexor–pronator muscles are
anatomically adjacent, the recorded signal should be regarded as a composite mechanical
response of this muscle group rather than an isolated signal from a single muscle. Multiple
trials were recorded for each subject-arm unit at each time point. Trials affected by record-
ing failure were excluded before feature extraction; no processing failures occurred in the
present dataset. At the same time points, tissue elasticity of the forearm flexor muscles
was evaluated using ultrasound shear wave elastography (USWE). Measurements were
obtained using a linear-array transducer (14L5) with an Aplio 500 Platinum ultrasound ma-
chine (Toshiba Medical Systems, Ohtawara, Japan). USWE measurements were performed
at the same site as MMG recording. The transducer was oriented longitudinally along the
muscle fibers, and tissue elasticity was measured in kilopascals. Eight valid measurements
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were obtained from the region of interest, and the mean value was used for analysis [14]
(see Figure 1).

 

Figure 1. Measurement of MMG signals and ultrasound shear wave elastography. (A) The digital
stethoscope was positioned approximately 5 cm distal to the medial epicondyle of the humerus.
(B) Representative MMG waveforms acquired during the task. (C) Representative ultrasound shear
wave elastography image showing tissue elasticity measurement over the superficial forearm flexor–
pronator muscle region, anatomically corresponding to the flexor digitorum superficialis, at the same
site as MMG recording.

2.4. Signal Processing and Feature Extraction

All audio data were processed using a reproducible Python 3.12 pipeline implemented
in the Google Colaboratory environment. The pipeline recursively searched the specified
MMG data folder, parsed subject, side, condition, and trial identifiers from the folder
structure and file names, and generated quality-control tables documenting processed
and excluded files. WAV files were read using the SoundFile library and converted to
mono signals by averaging channels when necessary. The DC component was removed by
subtracting the mean value of each waveform. The analysis notebook used a fourth-order
Butterworth low-pass filter with a cutoff frequency of 200 Hz, implemented in second-
order sections (scipy.signal.butter, output = “sos”). Zero-phase forward-backward filtering
was performed using scipy.signal.sosfiltfilt when applicable; if zero-phase filtering failed
for a specific waveform, one-pass second-order-section filtering (scipy.signal.sosfilt) was
used as a fallback. No high-pass filter was applied. The same preprocessing procedure
was applied to all WAV files before conventional feature extraction and spectrogram
analysis. Time-domain and envelope-related features included RMS mean, RMS variability,
envelope mean, envelope variability, peak-to-peak amplitude, and signal energy. RMS
and zero-crossing rate were calculated from frames of 2048 samples with a 512-sample
hop. Envelope features were calculated using the absolute value of the analytic signal
obtained by the Hilbert transform. Spectral features were calculated using a Hann-window
short-time Fourier transform with nperseg = 2048, nfft = 2048, hop length = 512 samples,
no boundary extension, and no padding. Power spectral density features were calculated
using Welch’s method with nperseg = min (32,768, signal length) and 50% overlap. Relative
band powers were calculated for 5–15, 15–30, 30–45, and 45–60 Hz as the band-specific
area under the power spectral density curve divided by total power. Wavelet features
were extracted after resampling the signal to 1000 Hz using a level-4 Daubechies-4 discrete
wavelet decomposition. Approximation and detail energies (A4 and D4–D1) and their
relative energy proportions were calculated. For statistical analysis, multiple trials were
first averaged within each subject-arm unit and time point, resulting in one representative
value for each arm at each time point.
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2.5. Spectrogram and Time–Frequency Band-Power Analysis

As an exploratory time–frequency analysis, short-time Fourier transform spectrograms
were generated from the same preprocessed MMG signals. The same 200 Hz low-pass-
filtered waveform was used for this analysis. Spectrogram parameters were prespecified
to improve reproducibility: n_fft = 2048, hop length = 256 samples, maximum displayed
frequency = 250 Hz, and lower display floor = −80 dB. Representative spectrograms
for the three time points were selected automatically from a complete participant-arm
unit using the trial closest to the median signal-energy value for each condition, thereby
avoiding subjective selection of visually favorable examples. Absolute band-power time-
series features were then extracted from four frequency ranges: 10–30, 30–60, 60–120, and
120–250 Hz. For each WAV file and frequency band, the mean, median, standard deviation,
maximum, minimum, area under the curve, temporal slope, and early–middle-late third
band powers were calculated. These spectrogram-derived features were summarized at
the subject-arm-condition level in the same manner as the conventional MMG features.

2.6. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 11.0 (GraphPad
Software, Boston, MA, USA) and Python 3.12 implemented in the Google Colaboratory
environment. For USWE analysis, data normality was assessed using the D’Agostino–
Pearson test. Changes in USWE parameters across the three time points were analyzed
using repeated-measures one-way analysis of variance with Geisser–Greenhouse correction,
followed by Tukey’s post hoc test when appropriate. For MMG analysis, each subject-
arm unit was analyzed as a repeated-measures observational unit across the three time
points. Because of the small sample size, expected non-normal distribution of several MMG
features, and multiple extracted features, changes in MMG parameters were assessed using
the Friedman test. Conventional MMG features were corrected for multiple testing using
the Benjamini–Hochberg false discovery rate. Features with FDR-adjusted q values < 0.05
were considered to show significant time effects. Post hoc pairwise comparisons were
performed using Wilcoxon signed-rank tests with Holm correction. Data are presented as
mean ± standard deviation unless otherwise indicated. Statistical significance was set at
p < 0.05.

3. Results
3.1. Overview of Significant USWE Features

The tissue elasticity measured by USWE significantly changed over time. The shear
modulus increased from 25.79 ± 4.57 kPa before loading to 47.74 ± 13.56 kPa immediately
after loading and remained elevated at 43.04 ± 11.51 kPa 24 h after loading. Post hoc
analysis showed significant differences among all time-point comparisons (see Table 1).

Table 1. Changes in USWE-derived shear modulus across time points.

Parameter Pre-Load Immediate
Post-Load

24 h
Post-Load

Repeated-
Measures
ANOVA p

Pre vs.
Immediate Pre vs. 24 h Immediate

vs. 24 h

Shear Modulus
(kPa) 25.79 ± 4.57 47.74 ± 13.56 43.04 ± 11.51 <0.05 <0.05 <0.05 <0.05

Repeated-measures ANOVA p indicates the overall Geisser–Greenhouse-corrected repeated-measures ANOVA p
value; Pre vs. Immediate, Pre vs. 24 h, and Immediate vs. 24 h indicate Tukey-adjusted post hoc p values.
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3.2. Overview of Significant MMG Features

A total of 216 MMG trials were processed without failure. After averaging repeated tri-
als within each subject-arm unit and time point, 16 complete arm-level repeated-measures
datasets were available for analysis. Among 23 extracted conventional MMG features,
11 showed significant time effects after FDR correction. These significant features were
all absolute amplitude- or energy-related variables: RMS mean, RMS variability, enve-
lope mean, envelope variability, peak-to-peak amplitude, signal energy, and wavelet
A4/D4/D3/D2/D1 energies. In contrast, PSD mean, median, and peak frequencies, relative
band-power features, and relative wavelet-energy proportions did not remain significant
after FDR correction.

Because several significant features are conceptually related amplitude- or energy-
domain measures, they should be interpreted as convergent evidence for an amplitude-
/energy-domain response rather than as independent biomarkers (see Figure 2).

Figure 2. Temporal changes in representative MMG features. Representative amplitude- and energy-
related features, including RMS mean, envelope mean, peak-to-peak amplitude, signal energy, and
wavelet energy, decreased immediately after loading and increased at 24 h after loading. Individual
subject-arm units (n = 16) are shown with connected lines. Thick lines and error bars indicate
group mean ± standard deviation. p values were obtained using the Friedman test with Benjamini–
Hochberg FDR correction, followed by Wilcoxon signed-rank tests with Holm correction for post hoc
pairwise comparisons. Kendall’s W effect sizes for each feature are shown in Table 2.

Table 2. Conventional MMG features showing significant time effects after FDR correction.

Parameter Pre-Load Immediate
Post-Load

24 h
Post-Load

Friedman
p

FDR
q

Kendall
W

% Change:
Immediate

vs. Pre

% Change:
24 h vs.

Immediate

Wavelet D2
energy 0.2326 ± 0.2092 0.1194 ± 0.08873 0.4481 ± 0.3428 0.002 0.01 0.4 −48.70% 275.40%

Wavelet D1
energy 0.01113 ± 0.008337 0.006094 ± 0.004238 0.02108 ± 0.01599 0.003 0.01 0.36 −45.30% 245.90%

Envelope mean 0.01998 ± 0.0152 0.0141 ± 0.008915 0.02586 ± 0.01547 0.003 0.01 0.36 −29.40% 83.40%

Envelope SD 0.02281 ± 0.01592 0.01559 ± 0.009952 0.03068 ± 0.01877 0.003 0.01 0.36 −31.70% 96.80%
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Table 2. Cont.

Parameter Pre-Load Immediate
Post-Load

24 h
Post-Load

Friedman
p

FDR
q

Kendall
W

% Change:
Immediate

vs. Pre

% Change:
24 h vs.

Immediate

RMS mean 0.01651 ± 0.01244 0.01175 ± 0.007387 0.02146 ± 0.01281 0.003 0.01 0.36 −28.90% 82.70%

RMS SD 0.01393 ± 0.009554 0.009283 ± 0.00601 0.01889 ± 0.01169 0.003 0.01 0.36 −33.40% 103.50%

Signal energy 60.93 ± 68.53 27.19 ± 24.45 96.89 ± 77.25 0.003 0.01 0.36 −55.40% 256.30%

Wavelet D3
energy 0.6301 ± 0.6867 0.2982 ± 0.2688 1.071 ± 0.8463 0.003 0.01 0.36 −52.70% 259.30%

Peak-to-peak 0.2995 ± 0.1929 0.2059 ± 0.1288 0.3989 ± 0.2423 0.007 0.018 0.31 −31.20% 93.70%

Wavelet A4
energy 0.08105 ± 0.1179 0.02458 ± 0.0279 0.07602 ± 0.06153 0.022 0.046 0.24 −69.70% 209.20%

Wavelet D4
energy 0.4358 ± 0.5899 0.1734 ± 0.1858 0.5895 ± 0.5113 0.022 0.046 0.24 −60.20% 239.90%

Values are mean ± standard deviation. n = 16 subject-arm units. p indicates Friedman test p value (before FDR
correction). W indicates Kendall’s W. FDR indicates Benjamini–Hochberg false discovery rate correction.

3.2.1. Immediate Post-Loading Changes for MMG

Compared with pre-loading, significant decreases were observed immediately after
loading in all 11 significant amplitude- and energy-related MMG features after within-
feature Holm correction. The RMS mean decreased by 28.9%, RMS variability by 33.4%,
envelope mean by 29.4%, envelope variability by 31.7%, peak-to-peak amplitude by 31.2%,
and signal energy by 55.4%. Wavelet energies also decreased immediately after loading,
with reductions of 69.7% for A4, 60.2% for D4, 52.7% for D3, 48.7% for D2, and 45.3% for
D1. These results indicate a broad immediate suppression of the absolute MMG amplitude
and energy after the repetitive gripping task.

3.2.2. Twenty-Four-Hour Post-Loading Changes for MMG

At 24 h after loading, the amplitude- and energy-related MMG features increased sig-
nificantly compared with the immediate post-loading values. The RMS mean increased by
82.7%, RMS variability by 103.5%, envelope mean by 83.4%, envelope variability by 96.8%,
peak-to-peak amplitude by 93.7%, and signal energy by 256.3%. Wavelet energies also in-
creased markedly from the immediate post-loading condition, with increases of 209.2% for
A4, 239.9% for D4, 259.3% for D3, 275.4% for D2, and 245.9% for D1. A direct comparison
between pre-loading and 24 h post-loading values showed a significant difference only for
wavelet D2 energy, which increased by 92.7%. Thus, the most consistent temporal pattern
was an immediate decrease followed by 24 h of recovery toward the baseline or a slight
rebound, rather than a uniform sustained elevation relative to the baseline (see Table 3).

Table 3. Significant post hoc pairwise comparisons after within-feature Holm correction.

Feature Significant Pairwise Comparisons

Wavelet D2 energy Immediate vs. 24 h: +275.4%, Holm-adjusted p < 0.001; Pre vs. Immediate: −48.7%,
Holm-adjusted p = 0.015; Pre vs. 24 h: +92.7%, Holm-adjusted p = 0.029

Wavelet D1 energy Immediate vs. 24 h: +245.9%, Holm-adjusted p < 0.001; Pre vs. Immediate: −45.3%,
Holm-adjusted p = 0.026

Envelope mean Immediate vs. 24 h: +83.4%, Holm-adjusted p = 0.002; Pre vs. Immediate: −29.4%,
Holm-adjusted p = 0.043

Envelope SD Immediate vs. 24 h: +96.8%, Holm-adjusted p < 0.001; Pre vs. Immediate: −31.7%,
Holm-adjusted p = 0.010
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Table 3. Cont.

Feature Significant Pairwise Comparisons

RMS mean Immediate vs. 24 h: +82.7%, Holm-adjusted p = 0.002; Pre vs. Immediate: −28.9%,
Holm-adjusted p = 0.043

RMS SD Immediate vs. 24 h: +103.5%, Holm-adjusted p < 0.001; Pre vs. Immediate: −33.4%,
Holm-adjusted p = 0.004

Signal energy Immediate vs. 24 h: +256.3%, Holm-adjusted p < 0.001; Pre vs. Immediate: −55.4%,
Holm-adjusted p = 0.031

Wavelet D3 energy Immediate vs. 24 h: +259.3%, Holm-adjusted p = 0.001; Pre vs. Immediate: −52.7%,
Holm-adjusted p = 0.043

Peak-to-peak Immediate vs. 24 h: +93.7%, Holm-adjusted p < 0.001; Pre vs. Immediate: −31.2%,
Holm-adjusted p = 0.015

Wavelet A4 energy Immediate vs. 24 h: +209.2%, Holm-adjusted p = 0.005; Pre vs. Immediate: −69.7%,
Holm-adjusted p = 0.031

Wavelet D4 energy Immediate vs. 24 h: +239.9%, Holm-adjusted p = 0.015; Pre vs. Immediate: −60.2%,
Holm-adjusted p = 0.015

Values indicate percent changes and Holm-adjusted p values from post hoc Wilcoxon signed-rank tests. Pairwise
comparisons were performed only for features showing significant time effects after FDR correction in the
Friedman test.

3.2.3. Non-Significant Frequency and Relative Energy Features for MMG

PSD-based frequency features did not show significant time effects after FDR cor-
rection. The PSD mean frequency was 94.2 ± 28.2 Hz before loading, 96.8 ± 30.3 Hz
immediately after loading, and 95.4 ± 29.1 Hz at 24 h after loading. The PSD median
frequency and PSD peak frequency showed similar non-significant patterns. The rela-
tive band-power features and relative wavelet-energy features were also not significant,
suggesting that the post-loading response was characterized primarily by changes in the
absolute signal amplitude and energy rather than by a consistent shift in the normalized
spectral composition.

3.2.4. Spectrogram and Time–Frequency Band-Power Findings for MMG

An exploratory spectrogram analysis was performed for all 216 processed WAV files,
producing 864 per-WAV band-power rows and 192 subject-arm-condition band-power
summaries across the four frequency bands. Representative spectrograms demonstrated
visible mechanical vibration energy across a broad range below 250 Hz at all three time
points, without an obvious isolated shift to a single narrow frequency band. The absolute
spectrogram band-power analysis reproduced the same temporal pattern observed in the
conventional amplitude- and energy-domain features. The mean absolute band power
decreased immediately after loading in the 10–30 Hz, 30–60 Hz, 60–120 Hz, and 120–250 Hz
bands and increased again at 24 h. In contrast, the relative distribution of the band
power was comparatively stable and did not show consistent corrected time effects. These
findings support the interpretation that the primary load-induced MMG response was a
broad change in the absolute vibration energy rather than the redistribution of power into
a particular frequency band (see Figure 3).
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Figure 3. Representative MMG spectrograms for pre-loading, immediate post-loading, and 24 h
post-loading conditions. Spectrograms were generated using fixed STFT parameters and displayed
up to 250 Hz. These representative examples support the use of time–frequency analysis to visual-
ize broadband post-loading changes in MMG power. Representative spectrograms are shown for
visualization only; the quantitative band-power results are summarized in Table 4.

Table 4. Exploratory spectrogram-derived absolute band-power features.

Band Pre-Load Immediate
Post-Load 24 h Post-Load p FDR q Immediate

vs. Pre
24 h vs.

Immediate

10–30 Hz 3.55 × 10−5 ± 5.11 × 10−5 1.10 × 10−5 ± 1.19 × 10−5 3.65 × 10−5 ± 3.11 × 10−5 0.019 0.047 −69.00% 231.30%
30–60 Hz 1.09 × 10−4 ± 1.45 × 10−4 3.93 × 10−5 ± 4.13 × 10−5 1.36 × 10−4 ± 1.15 × 10−4 0.019 0.047 −64.00% 245.50%
60–120 Hz 2.95 × 10−4 ± 3.36 × 10−4 1.35 × 10−4 ± 1.28 × 10−4 4.83 × 10−4 ± 3.88 × 10−4 0.009 0.042 −54.20% 257.00%
120–250 Hz 8.92 × 10−5 ± 7.49 × 10−5 4.88 × 10−5 ± 3.49 × 10−5 1.81 × 10−4 ± 1.39 × 10−4 0.005 0.042 −45.30% 271.20%

Spectrogram-derived band-power features were exploratory. Because the filtered MMG signal was low-pass-
filtered at 200 Hz, the 120–250 Hz band should be interpreted cautiously as an exploratory upper-frequency band.

4. Discussion
The main finding of this exploratory study was that a repetitive gripping exercise

induced distinct post-loading changes in both multidimensional MMG features and the
USWE-derived tissue elasticity in the superficial forearm flexor–pronator region. After
averaging repeated trials within each forearm and time point, the amplitude- and energy-
related MMG features, including RMS, envelope, peak-to-peak amplitude, signal energy,
and wavelet energy, showed significant temporal changes. These features decreased im-
mediately after loading and increased at 24 h, whereas PSD-based frequency features and
relative spectral-energy features did not show significant time effects. Importantly, these
significant features should not be interpreted as independent biomarkers. Many of the
significant variables, including RMS, envelope amplitude, peak-to-peak amplitude, signal
energy, and wavelet energies, are conceptually and mathematically related measures of
the absolute amplitude or energy of the MMG signal. Therefore, the present findings
are best interpreted as convergent evidence for a single amplitude-/energy-domain post-
loading response, rather than as multiple independent discoveries across unrelated MMG
domains. Given the limited sample size, these null findings for frequency-domain and
relative spectral features should be interpreted cautiously; they may reflect a true absence of
frequency-domain change, but the possibility of a Type II error due to insufficient statistical
power cannot be excluded. These non-significant relative frequency-domain and relative
wavelet-energy measures may not solely reflect a low statistical power. As normalized mea-
sures, they are inherently insensitive to changes that scale the signal amplitude relatively
uniformly across frequency components; only a frequency-selective shift in the underlying
oscillatory sources, such as a shift in the motor unit firing rate or muscle fiber conduc-
tion velocity, would be expected to alter the relative spectral distribution. This suggests
that the post-loading response in this task was primarily a broadband amplitude/energy
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change rather than a shift in frequency composition, although a smaller frequency-selective
effect that fell below the detection threshold of this sample size cannot be excluded. An
exploratory spectrogram-derived band-power analysis showed a similar broadband re-
duction in absolute power immediately after loading, followed by a recovery toward the
baseline or a slight rebound at 24 h. These findings suggest that the most robust MMG
signature in this protocol was not a shift in the dominant frequency but a transient change
in the magnitude of the contraction-related mechanical vibration.

In addition to these MMG findings, USWE demonstrated a significant increase in tissue
elasticity after loading. The shear modulus increased from 25.79 ± 4.57 kPa before loading
to 47.74 ± 13.56 kPa immediately after loading and remained elevated at 43.04 ± 11.51 kPa
24 h after loading. This result indicates that repetitive gripping induced a clear increase in
passive mechanical stiffness in the forearm flexor–pronator muscles, and that this stiffness
did not fully return to baseline within 24 h. Notably, this temporal pattern was similar
to that reported by Mukohara et al., who demonstrated that the tissue elasticity of the
flexor–pronator muscles increased immediately after pitching and remained elevated
24 h after pitching in baseball players [14]. Repetitive gripping does not reproduce the
kinetic chain or valgus/eversion stress of pitching, so this similarity should be regarded
as descriptive rather than mechanistic. Grip-based loading may nonetheless serve as a
simplified, controlled local-loading model for the forearm flexor–pronator muscles.

These USWE results provide important context for interpreting the MMG findings.
MMG primarily reflects active contraction-related mechanical vibration, whereas USWE
quantifies passive tissue stiffness. Therefore, the immediate decrease in MMG amplitude-
and energy-related features and the simultaneous increase in the USWE-derived shear
modulus may represent different aspects of the same post-loading muscle response. The
reduction in RMS, envelope, peak-to-peak amplitude, signal energy, wavelet energy, and
spectrogram-derived absolute band power may reflect the transient suppression of the
contraction-related mechanical vibration after repetitive loading. At the same time, the
increased shear modulus suggests that the loaded muscle became mechanically stiffer.
Increased tissue stiffness may dampen muscle fiber oscillation or alter the transmission
of mechanical vibration from the muscle to the skin surface, thereby contributing to the
observed reduction in MMG amplitude and energy.

The persistence of the increased tissue elasticity at 24 h also provides additional insight
into the temporal pattern of MMG recovery. In the present MMG analysis, amplitude-
and energy-related features generally increased at 24 h compared with the immediate
post-loading condition, suggesting a recovery toward the baseline or a slight rebound of
contraction-related mechanical vibration. However, the USWE values remained elevated
compared with pre-loading values. This discrepancy suggests that the recovery of active
mechanical vibration and the normalization of passive tissue stiffness do not necessarily
occur in parallel. In other words, MMG may return toward baseline while USWE still
indicates increased passive stiffness. This may reflect residual post-loading changes in
the muscle-tendon unit, such as altered viscoelastic properties, fluid-shift or edema-like
responses, or the delayed recovery of passive mechanical characteristics. Changes in the
neuromuscular activation strategy, such as altered motor unit recruitment or firing rate
following repetitive loading, may also have contributed to the recovery pattern observed
in MMG amplitude and energy features.

This finding substantially refines the interpretation of the earlier frequency-focused
analysis. In the previous manuscript structure, MMG assessment was centered on the mean
frequency, central frequency, spectral flatness, and zero-crossing rate. The present multi-
dimensional and time–frequency analysis indicates that amplitude- and energy-related
features are more sensitive to the load-induced response observed in this dataset. This is
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physiologically plausible because MMG reflects the mechanical oscillation of active muscle
fibers, lateral muscle deformation, resonance properties, and the mechanical filtering effect
of overlying tissues. Absolute amplitude and energy measures may therefore be more
directly affected by transient changes in contraction mechanics, tissue stiffness, sensor
coupling, and the magnitude of muscle fiber oscillation than normalized frequency-domain
indices. This dissociation between absolute and relative MMG measures is consistent with
the established mechanomyographic theory, in which the signal amplitude/energy predom-
inantly reflects the number and mechanical output of active motor units together with local
mechanical/tissue properties, such as the transient edema or fluid shift following loading,
whereas the frequency content of the signal is more closely governed by the motor unit
firing rate and muscle fiber conduction velocity. An increase in the number or mechanical
output of recruited motor units, without a corresponding uniform shift in firing rate or con-
duction velocity, would be expected to increase the absolute MMG amplitude/energy while
leaving its relative frequency-domain distribution largely unchanged. This recruitment-
and mechanically driven interpretation represents a plausible physiological explanation for
the present pattern of findings, although it remains to be directly confirmed, for example,
using concurrent electromyographic recordings of the motor unit firing behavior.

Previous MMG literature has shown that the direction of amplitude and frequency
changes during fatigue is not uniform and depends on the contraction type, intensity,
joint motion, muscle, and task protocol. Beck et al. summarized that the MMG ampli-
tude and frequency responses during dynamic muscle actions vary across protocols and
should be interpreted in relation to the mechanical task being performed. Ibitoye et al.
also emphasized that MMG is a mechanical counterpart to electromyography and may
preserve information related to muscle contraction and neuromuscular function, but that
the parameter selection should be protocol-specific. The present results are consistent with
this framework. Rather than identifying one universal MMG marker of fatigue, the findings
indicate that broad amplitude and energy features captured the post-loading state in the
forearm flexor–pronator muscle group under this repetitive gripping protocol.

The recent work by Wang et al. provides important context for the present findings.
They evaluated MMG signals from the flexor digitorum superficialis during moderate-
intensity dynamic grasping at 30% MVC and 1 Hz and confirmed fatigue using both
the MVC decline and Borg ratings. Their study demonstrated that FDS MMG features
can change during repetitive dynamic grasping and may reflect fatigue progression. The
present study differs in that the loading intensity was defined using an absolute 30 kg grip
trainer and post-loading recordings were obtained before, immediately after, and 24 h after
loading. Nevertheless, both studies support the concept that MMG can detect load-related
changes in the FDS or superficial forearm flexor region during repetitive hand tasks. The
lack of objective fatigue validation in the present study is important, but the observed
time-dependent changes in amplitude, energy, spectrogram-derived band-power features,
and USWE-derived tissue elasticity are consistent with the broader idea that MMG and
USWE are sensitive to functional and mechanical changes in the loaded muscle.

Taken together, the present findings suggest that MMG and USWE may capture
distinct, and potentially complementary, aspects of post-loading changes in the forearm
flexor–pronator muscles; however, this study did not directly test the statistical relationship
between MMG and USWE parameters, and this complementarity should be regarded as a
hypothesis rather than a confirmed finding. MMG captures the active contraction-related
mechanical vibration, while USWE reflects the passive stiffness of the muscle tissue. The
combination of the immediate MMG amplitude and energy suppression with the sustained
USWE stiffness elevation indicates that repetitive gripping induces both functional and
mechanical changes in the loaded forearm muscles. Therefore, combining MMG with
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USWE may offer a more comprehensive approach for evaluating the post-loading forearm
muscle responses, residual stiffness, and recovery status after repetitive hand tasks. This
potential application should nonetheless be regarded as speculative, given that the present
cohort consisted of healthy, non-throwing adults rather than pitchers.

Several limitations of this study should be acknowledged. First, the participants were
healthy adults and not baseball players or pitchers. Therefore, it remains unclear whether
the MMG and USWE changes observed in this study would occur similarly after actual
pitching. In addition, the loading task used in this study was a repeated gripping exercise
and did not reproduce the complex biomechanical demands of pitching. Pitching involves a
coordinated motion of the shoulder, elbow, forearm, wrist, trunk, and lower extremities, as
well as valgus stress on the medial elbow. Therefore, although the present loading task may
be useful as a local loading model for the forearm flexor muscles, future studies should eval-
uate MMG and USWE changes after actual pitching. Second, because MMG records surface
mechanical vibrations, the recorded signal may include vibrations from the surrounding
muscles as well as the target muscle. This issue may be particularly relevant in the forearm,
where several superficial flexor–pronator muscles are anatomically close to each other.
Previous research has shown that cross-talk in forearm MMG signals can increase with the
grip force during isometric gripping. Therefore, although the sensor in the present study
was placed over the region corresponding to the FDS, the obtained MMG signal should be
interpreted as a composite signal from the superficial forearm flexor–pronator muscle group
rather than as an isolated FDS signal [22]. Third, objective measures of muscle fatigue,
such as maximal grip strength, perceived exertion, or muscle soreness, were not assessed.
In addition, the loading intensity was defined using an absolute 30 kg grip trainer rather
than being normalized to each participant’s maximal voluntary contraction. Therefore, the
relative loading intensity may have differed among participants. Future studies should use
MVC-normalized loading protocols and include objective fatigue validation measures, such
as the MVC decline and Borg ratings. Accordingly, the observed MMG changes should be
interpreted as load-induced changes rather than direct evidence of muscle fatigue. This
inter-individual variability in relative loading intensity may partly explain the considerable
subject-arm variability observed in the MMG responses (Figure 2). Fourth, this study
primarily evaluated changes in each parameter across time points and did not examine
the direct correlations between USWE and MMG parameters. In addition, the predictive
ability of MMG for changes in muscle stiffness was not assessed. Future studies should
clarify which MMG features most strongly reflect USWE changes, load-induced functional
alterations, or the degree of muscle fatigue. Consequently, the interpretation that MMG and
USWE provide complementary information is based on parallel but statistically untested
temporal patterns. Future studies should directly test this hypothesis using correlation
or association analyses between the MMG features and USWE-derived shear modulus.
Fifth, MMG measurements may be affected by several technical factors, including sensor
contact, fixation method, skin-sensor friction, environmental noise, and slight differences
in the measurement location. Although measurements were performed at the same site
in the present study, the standardization of the measurement procedure, evaluation of
reproducibility, and optimization of filtering conditions and feature extraction methods are
essential before MMG can be implemented in clinical or sports-field settings. In addition,
although multiple trials were recorded and averaged within each subject-arm unit and
time point, the intra-session (trial-to-trial) reliability of MMG features was not formally
quantified, and the repositioning error of the sensor across the three measurement time
points was not directly assessed. Although the same anatomical landmark was used to
guide the sensor placement at each time point, small differences in the sensor position or
contact pressure across sessions cannot be excluded as a contributing factor to the observed
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temporal changes. Future studies should formally quantify the intra-session reliability, for
example using intraclass correlation coefficients, and control for the inter-session reposi-
tioning error. Sixth, the sample size (8 participants, 16 forearms) was small relative to the
number of extracted features and statistical comparisons performed. Although Benjamini–
Hochberg FDR correction and effect-size reporting (Kendall’s W) were used to mitigate
the multiple-comparison problem, the limited sample size reduces the statistical power
and may affect the reliability of both significant and non-significant findings. Adequately
powered confirmatory studies, ideally with a priori sample-size estimation and the in-
clusion of target athletic populations, are required. In addition, the two forearms of the
same participant were treated as separate repeated-measures units; because both arms
originate from the same individual, they are not fully statistically independent, and the
nominal sample size of 16 may overstate the true amount of independent information.
This within-subject correlation does not invalidate the within-arm time-point comparisons
but may affect the generalizability of the effect-size estimates. Furthermore, many of the
significant amplitude- and energy-related features (e.g., RMS, envelope, peak-to-peak am-
plitude, signal energy, and wavelet energy) are conceptually and mathematically related,
and are therefore expected to be highly correlated. The consistent pattern observed across
these related features should be interpreted as convergent evidence for a single underlying
amplitude-/energy-domain response rather than as independent replication. The present
multidimensional feature analysis should be regarded as an exploratory feature screening
rather than a confirmatory testing of 23 independent endpoints. Although FDR correction
was applied to the conventional MMG features, the sample size was small relative to the
number of extracted features, and many of the significant amplitude- and energy-related
variables were highly related by definition. Thus, the consistent direction of change across
these features supports the presence of an amplitude-/energy-domain post-loading MMG
response, but the specific feature set should be refined and validated in larger confirma-
tory studies. Future studies should consider prespecified primary MMG features, feature
clustering, dimensionality reduction, or mixed-effects modeling to account for feature
redundancy and within-participant correlation.

5. Conclusions
A repetitive gripping exercise induced significant post-loading changes in both MMG

features and USWE-derived tissue elasticity in the superficial forearm flexor–pronator
region. MMG showed a transient decrease in amplitude- and energy-related features im-
mediately after loading, followed by a recovery toward the baseline or a slight rebound at
24 h, whereas USWE demonstrated the sustained elevation of tissue elasticity. These find-
ings suggest that MMG and USWE may provide distinct and potentially complementary
information regarding active contraction-related mechanical vibration and passive tissue
stiffness after local forearm loading; this complementarity remains to be directly tested
in future studies. Although the USWE time course resembled previous pitching-related
findings, this study was not performed in pitchers. Digital-stethoscope–based MMG should
therefore be regarded as an exploratory tool for monitoring local forearm post-loading
responses, pending validation under actual throwing conditions.
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