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Abstract

Prolonged driving is associated with musculoskeletal loading, muscle fatigue, and dis-
comfort, which may adversely affect driver performance and well-being. This study in-
vestigated the effects of seat-integrated low-frequency acoustic vibration on muscle me-
chanical properties and electromyographic responses during real-world driving. Twenty
healthy adults participated in a randomized crossover study and completed two driving
sessions under vibration and control conditions. Each driving session lasted approxi-
mately 50-60 min on a mixed urban-highway route, and in the vibration condition, low-
frequency acoustic vibration was delivered to the lumbar region for 20 min, beginning 20
min after driving onset. Trunk flexibility, lumbar muscle mechanical properties (natural
frequency and dynamic stiffness), upper trapezius median frequency, and integrated elec-
tromyography (i(EMG) were assessed before and after driving. Compared with the control
condition, the vibration condition yielded significantly greater improvements in trunk
flexibility (p = 0.025), lower lumbar muscle natural frequency (p =0.004), reduced dynamic
stiffness (p = 0.032), increased median frequency (p = 0.001), and decreased iEMG activity
(p = 0.008), with moderate-to-large between-condition effect sizes (Cohen’s d = 0.70-1.73).
These findings indicate that low-frequency acoustic vibration may attenuate driving-re-
lated increases in muscle tone and stiffness. The observed increase in median frequency
and decrease in iEMG are consistent with reduced neuromuscular fatigue and muscular
activation demands during prolonged driving. Within the constraints of a small, predom-
inantly male sample of healthy adults and a single seat-vehicle configuration, these pre-
liminary findings suggest that seat-integrated low-frequency acoustic vibration may be a
potentially useful, non-invasive strategy for supporting musculoskeletal function and
neuromuscular efficiency during prolonged driving. Larger and more diverse studies are
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within the vehicle [2,3]. Prolonged driving is associated with physical fatigue, musculo-
skeletal loading, and reduced concentration, all of which are recognized as important con-
tributors to impaired driving performance and increased traffic accidents [4]. Sustained
sitting posture, limited movement, and continuous exposure to driving demands can in-
duce changes in muscle mechanical properties and neuromuscular function, potentially
leading to discomfort, fatigue, and reduced postural stability during prolonged sitting
and driving [5,6]. Concurrently, advances in automotive interior technology have ex-
panded the role of seating systems from passive comfort provision toward active driver-
state monitoring and fatigue intervention. This paradigm shift has prompted growing in-
terest in in-cabin wellness technologies —including embedded biosensors, adaptive lum-
bar support, and vibrotactile stimulation —that can operate unobtrusively during driving
[7].

Various interventions have been proposed to mitigate the adverse physiological ef-
fects associated with prolonged driving. Stretching and massage are among the most
widely investigated approaches for reducing musculoskeletal loading and promoting re-
covery [8]. Although stretching has demonstrated beneficial effects on pain reduction and
flexibility, its practical application during driving is limited [9]. Consequently, seat-inte-
grated interventions that can be delivered without interrupting driving have attracted in-
creasing attention.

Among these approaches, vibration-based stimulation has emerged as a promising
method for influencing muscle function and fatigue-related responses. In the present
study, the term low-frequency acoustic vibration refers to audio-frequency mechanical
oscillations (nominally 20-60 Hz, within the lower end of the human audible range) gen-
erated by an audio-signal-driven actuator embedded in the seat and transmitted to the
body as a tactile mechanical stimulus rather than as an airborne sound. This distinguishes
it from (i) whole-body vibration (WBV), which typically involves broadband, uncon-
trolled low-frequency oscillations (<20 Hz) transmitted through the vehicle chassis or a
vibrating platform to the entire body, and from (ii) conventional focal mechanical vibra-
tion, which is generally delivered by rotational or eccentric-mass motors producing a sin-
gle dominant frequency. In contrast, the present system uses a leaf-spring actuator driven
by predefined low-frequency audio-frequency signals to deliver spectrally defined, local-
ized vibration to the lumbar region through direct contact with the seat surface, without
altering the overall driving environment or generating audible sound at the driver’s ear.
Although seat-integrated acoustic vibration and WBV may share partially overlapping
frequency ranges, their exposure characteristics differ in terms of transmission pathway,
spatial distribution, and duration of exposure [10]. Consequently, findings from occupa-
tional WBV studies, which primarily address prolonged exposure to chassis- or platform-
transmitted vibration, cannot be directly extrapolated to seat-integrated acoustic vibration
systems employing localized stimulation. Nevertheless, the WBV safety literature pro-
vides important context for interpreting vibration exposure and informed the selection of
the stimulation parameters used in the present study. Previous studies have reported that
mechanical stimulation, including vibration and massage, may promote muscle relaxa-
tion, improve circulation, and facilitate recovery processes [11,12]. Furthermore, vibra-
tion-induced stimulation has been shown to influence neuromuscular activity and muscle
mechanical behavior, potentially contributing to improved muscle performance and re-
duced fatigue [13,14]. Despite these findings, the physiological effects of low-frequency
acoustic vibration integrated into automotive seating systems remain insufficiently un-
derstood.

In addition, much of the existing evidence has been obtained under laboratory or
simulated conditions, which may not adequately reflect the complex physiological de-
mands of real-world driving [7,15]. Actual driving involves continuous interactions
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among traffic conditions, vehicle dynamics, road characteristics, and driver behavior, all
of which may influence musculoskeletal and neuromuscular responses. Therefore, evalu-
ating the effects of seat-integrated vibration systems under real-world driving conditions
is essential to establish their practical relevance.

Although prior work has separately examined whole-body vibration transmitted
through the vehicle chassis [16,17], seat-integrated mechanical massage systems based on
rolling or pneumatic actuators [7,11,12], and focal muscle vibration applied in laboratory
or clinical settings [18-20], these studies differed considerably in vibration modality, stim-
ulation characteristics, exposure protocol, and experimental environment, making direct
comparisons difficult. Three gaps therefore remain that motivate the present study. First,
whole-body vibration research has predominantly characterized the adverse effects of un-
controlled road- and engine-induced oscillations, rather than the potential of a controlla-
ble, spectrally defined stimulus delivered for therapeutic purposes. Second, seat-inte-
grated massage studies have relied mainly on static or simulator-based protocols and
have not concurrently quantified changes in muscle mechanical properties and electro-
myographic fatigue indices. Third, focal muscle vibration has yielded promising neuro-
muscular effects but has been evaluated almost exclusively outside driving contexts, leav-
ing its translational relevance to in-cabin applications unresolved. To address these gaps,
the present study evaluates a seat-integrated, low-frequency acoustic vibration system—
delivered through embedded leaf-spring actuators rather than rolling or pneumatic mech-
anisms—during actual on-road driving, while simultaneously assessing trunk flexibility,
lumbar muscle mechanical properties (tone and stiffness), and surface EMG-derived fa-
tigue indices (median frequency and iEMG). This combination of a seat-integrated low-
frequency acoustic vibration system, an ecologically valid real-world driving environ-
ment, and a multimodal biomechanical-electrophysiological assessment distinguishes the
present study from previous investigations and provides new evidence regarding the
physiological responses to vibration during actual driving.

Accordingly, the purpose of this study was to investigate whether seat-integrated
low-frequency acoustic vibration could modulate muscle mechanical properties and elec-
tromyographic responses during real-world driving. Electromyographic responses of the
upper trapezius were evaluated because prolonged driving has consistently been associ-
ated with fatigue-related neuromuscular changes in this muscle. By examining changes in
trunk flexibility, lumbar muscle elasticity, fatigue-related electromyographic indicators,
and muscle activation patterns, this study aimed to provide evidence regarding the po-
tential role of low-frequency acoustic vibration in supporting musculoskeletal function
during prolonged driving and to contribute to the development of evidence-based auto-
motive seating technologies. We hypothesized that seat-integrated low-frequency acous-
tic vibration would improve muscle mechanical properties and attenuate fatigue-related
electromyographic responses compared with a non-vibration control condition.

2. Materials and Methods

2.1. Participants

Twenty healthy adults voluntarily participated in this study. Participants were re-
cruited through public advertisements and were enrolled after receiving a detailed expla-
nation of the study objectives and procedures and providing written informed consent.
The inclusion criteria were as follows: (1) age > 20 years; (2) possession of a valid driver’s
license with at least one year of driving experience; (3) body mass index (BMI) between
18 and 30 kg/m?, representing normal-weight to overweight adults, to reduce potential
variability in vibration transmission and muscle mechanical measurements associated
with extreme body composition; and (4) absence of musculoskeletal symptoms affecting
driving performance. Exclusion criteria included: (1) current treatment for
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musculoskeletal disorders; (2) history of neurological disease; (3) cardiovascular disease;
(4) pregnancy; and (5) consumption of substances that could influence physiological re-
sponses or driving performance, including alcohol, tobacco, caffeine, or medication,
within 24 h before testing. Participants were informed that they could withdraw from the
study at any time without penalty. Throughout the experimental sessions, participants
were continuously monitored for discomfort or adverse reactions. This study was ap-
proved by the Institutional Review Board of Konyang University (KYU-2023-04-0222-002)
and was conducted in accordance with the Declaration of Helsinki. The demographic
characteristics of the participants are presented in Table 1.

An a priori sample size calculation was performed using G*Power software (version
3.1.9.7) during the study planning stage. Based on the selected statistical model, the cal-
culation indicated that a total sample size of 20 participants was required. Accordingly,
20 healthy adults were recruited and completed both experimental conditions [15].

Participants were recruited without restrictions based on sex. Consequently, the final
sample reflected the characteristics of the volunteer population and consisted of 19 men
and 1 woman. Because only one female participant was enrolled, sex-specific analyses
were not statistically feasible. Therefore, all participants were analyzed as a single group,
and the findings should be interpreted primarily as representative of a predominantly
male sample. This limitation is further discussed in Section 4.

Table 1. Participant characteristics (1 = 20).

Value !
Sex (male/female) 19/1
Age (years) 36.15 +10.87
Height (cm) 174.99 £ 7.16
Weight (kg) 73.82 £11.35

! Values are presented as mean + standard deviation (SD), except for sex.

2.2. Experimental Procedure

A randomized crossover design, with the order of experimental conditions deter-
mined by a computer-generated random sequence, was employed to investigate the ef-
fects of seat-integrated low-frequency acoustic vibration during real-world driving. The
complete experimental workflow is illustrated in Figure 1.

Each participant completed two experimental sessions under different conditions:

e  Vibration condition (seat-integrated acoustic vibration activated);
e  Control condition (identical seat without vibration activation).
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(1) Current treatment for musculoskeletal disorders

(2) Histary of neurological disease

(3) Cardiovascular disease

(4) Pregnancy

(5) Cansumptian of substances that could influence physiological
responses or driving performance

Enroliment & Randomized

(n=20)

!
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Trunk Flexibility - Muscle Mechanical Properties

(1) Pre-Boarding

Randomization

(Computer-Generated Sequence)

(2) Post-Warm-up
SEMG

/\

Condition A
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« Vibration ON (2060 Hz, 0.96 g)
+ Real-World Driving (50-60 min)
+ Post-Driving Assessment

—————

« Vibration OFF (ldentical Seat)
+* Real-World Driving (50-60 min)
+ Post-Driving Assessment

~ Completed (n = 20) —
‘_._-—'—'—.—.-

Washout Period (Minimum 2 Days)
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¥

Crossover—Conditions Swapped

(n=20)
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Condition B
Period 2 : Vibration

Condition A
Period 2 : Control

« Vibration ON (20-60 Hz, 0.96 g)
+ Real-World Driving (50-60 min)
+ Post-Driving Assessment

* Vibration OFF (Identical Seat)
+ Real-World Driving (50-60 min)
+ Post-Driving Assessment

Completed (n = 20)

Outcome Measures (Pre—Post Comparison)
Trunk Flexibility - Muscle Mechanical Properties -sEMG (MF,iIEMG)

!

Statistical Analysis
(n=20)
Paired t-tests - SPSS v29.0 - Significance level : p< 0.05

Figure 1. Experimental flowchart of the randomized crossover design.

2.3. Study Design

Prior to testing, participants were instructed to avoid strenuous exercise, alcohol, caf-
feine, smoking, and medications that could influence physiological responses for at least
24 h.

All experiments were conducted using the same vehicle. The cabin temperature was
maintained at approximately 21.5 °C, and participants were instructed not to use mobile
devices during driving.

At the beginning of each session, baseline assessments of trunk flexibility and lumbar
muscle mechanical properties were performed. Following a standardized five-minute
warm-up period, surface electromyography (sSEMG) electrodes were attached bilaterally
to the upper trapezius muscles. Anatomical landmarks were marked with a surgical skin
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marker prior to electrode placement to facilitate consistent repositioning between ses-
sions, and all electrode placements were performed by the same experienced examiner.

Participants subsequently completed the driving task under either the vibration or
control condition. Upon completion of the driving session, all outcome measures were
reassessed using the same procedures and examiner. Outcome assessments were per-
formed by the same examiner, who was blinded to the experimental condition. The two
experimental sessions were separated by a minimum washout period of 2 days to mini-
mize potential carryover effects, and the order of conditions was counterbalanced across
participants.

2.4. Driving Route and Real-World Driving Conditions

To evaluate physiological responses under real-world driving conditions, an 18 km
driving route consisting of both urban and highway environments was established (Fig-
ure 2).

The urban section covered approximately 4 km between the DSC Research Institute
and Buk-Osan Tollgate and included traffic signals and frequent acceleration—deceleration
events. The highway section covered approximately 14 km between Buk-Osan Inter-
change and West Yongin Tollgate and represented relatively steady-speed driving condi-
tions.

The average driving speed was approximately 60 km/h in urban sections and 100
km/h on highways. Total driving duration ranged from 50 to 60 min depending on traffic
conditions.

All participants drove the same vehicle while wearing seatbelts and maintaining both
hands on the steering wheel. Physiological data acquisition was supervised by a trained
investigator seated in the rear passenger seat.

The vibration intervention was initiated 20 min after the start of driving and was
applied for 20 min during the vibration condition only.

To improve experimental consistency, all participants completed the same prede-
fined driving route during daytime. Whenever possible, the driving trials were scheduled
outside peak traffic hours to minimize excessive traffic congestion. Although minor vari-
ations in traffic conditions were unavoidable due to the real-world driving environment,
the driving route and experimental procedures were standardized across all participants
to reduce environmental variability.
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Figure 2. Driving route.
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2.5. Low-Frequency Acoustic Vibration Intervention

A seat-integrated low-frequency acoustic vibration system was used to provide me-
chanical stimulation during driving. The intervention was designed to deliver acoustic
vibration to the lumbar region through internally mounted leaf-spring actuators embed-
ded within the seat structure. Unlike conventional massage systems that rely on rolling
mechanisms or pneumatic inflation, the present system generated low-frequency mechan-
ical oscillations transmitted directly through the seating surface. The structural compo-
nents of the intervention system are illustrated in Figure 3.

To ensure consistency across participants, all stimulation parameters were standardized
prior to data collection. The vibration stimulus consisted of five discrete frequencies (20, 30,
40, 50, and 60 Hz) presented sequentially throughout the intervention. The system did not
employ a continuous frequency sweep or broadband vibration signal; instead, predefined dis-
crete frequencies were applied sequentially according to the programmed operating protocol.
The reported peak acceleration (0.96 g) and displacement amplitude (0.60 mm) were meas-
ured under a 20 Hz operating condition. These values represent manufacturer-reported sys-
tem output parameters and were not directly measured at the participant-seat interface. Iden-
tical stimulation parameters were maintained for all participants throughout the experiment
in accordance with the predefined operating program of the seat-integrated low-frequency
acoustic vibration system. The vibration exposure was characterized by frequency, peak ac-
celeration, and displacement amplitude, in accordance with current recommendations for re-
porting vibration interventions [21]. Stimulation was delivered bilaterally to the mid-lumbar
region, approximately corresponding to the L3-L5 vertebral levels, through two embedded
leaf-spring actuators integrated within the seat.

The intervention was applied for 20 min using an intermittent duty cycle consisting
of 60 s of vibration followed by 30 s of rest. Following the initial 20 min of uninterrupted
driving, the first EMG recording (PRE) was obtained, after which the vibration system
was activated. This timing allowed participants to first undergo an initial period of unin-
terrupted driving, during which early neuromuscular responses associated with pro-
longed driving could develop. This timing was informed by previous prolonged-driving
studies, which have shown that neuromuscular fatigue and discomfort develop progres-
sively during continuous driving and are commonly evaluated after an initial uninter-
rupted driving period [22]. Accordingly, the intervention was designed to evaluate the
effectiveness of seat-integrated vibration after the onset of physiological loading rather
than as a preventive stimulus applied at the beginning of the driving task. Once activated,
the vibration system remained active for the subsequent 20 min. Participants were not
permitted to modify the stimulation settings during the experiment.

In the control condition, participants completed the identical driving protocol using
the same seat with the vibration function deactivated.

The vibration parameters and experimental conditions are summarized in Table 2.

>
. Electronic Control Unit (ECU)

Figure 3. Configuration of the seat-integrated acoustic vibration intervention system.
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Table 2. Stimulation parameters of the low-frequency acoustic vibration intervention.

Category Parameter Value?
Stimulation Frequency 20-60 Hz
Displacement 0.60 mm
Peak acceleration 09%¢g
Duration 20 min
Cycle pattern 60 s on/30 s off
Application Region Lumbar (L3-L5)
Range #2 cm from center
Symmetry Bilateral
Transmission Method Leaf-spring vibration
Contact Direct seat surface
Pneumatic system Not used
Lumbar support Mode Fixed

Experimental condition Activation timing

User control

20 min after driving start
Not allowed

! All parameters were standardized prior to data collection.

2.6. Outcome Measures
2.6.1. Trunk Flexibility

Trunk flexibility was assessed using a standardized sit-and-reach test. Participants
sat on the floor with their knees fully extended and reached forward along a measurement
scale using both hands. Two trials were performed, and the average value was used for
analysis.

The test was selected as a practical indicator of posterior chain flexibility and poten-
tial changes in muscle extensibility associated with prolonged sitting and driving.

The sit-and-reach test was included to assess changes in posterior chain flexibility
following prolonged driving. Prolonged sitting has been associated with changes in ham-
string flexibility, lumbar mobility, and perceived discomfort, and the sit-and-reach test
has previously been used to evaluate these responses following sustained sitting exposure.
Furthermore, the sit-and-reach test is a valid field-based measure of hamstring extensibil-
ity, making it suitable for assessing flexibility-related changes associated with prolonged
driving.

2.6.2. Lumbar Muscle Mechanical Properties

Muscle mechanical properties were evaluated using a MyotonPRO device (Myoton
AS, Tallinn, Estonia) [23]. Measurements were obtained from the lumbar erector spinae
muscles at the L4-L5 level. The L4-L5 level was selected as the standardized anatomical
site for MyotonPRO assessment and was used consistently for all participants to ensure
measurement reproducibility.

Participants were positioned in a prone lying position and instructed to breathe nor-
mally while remaining relaxed throughout the measurement. The measurement site was
identified using anatomical landmarks and palpation, marked on the skin to ensure con-
sistent probe placement, and all assessments were performed by the same examiner. The
MyotonPRO automatically delivered five consecutive mechanical impulses, and the aver-
age value was used for analysis.

The MyotonPRO quantifies tissue mechanical characteristics by applying a brief me-
chanical impulse to the skin surface and recording the resulting damped oscillations. The
primary outcomes included oscillation frequency (Hz), reflecting intrinsic muscle tone,
and dynamic stiffness (N/m), reflecting resistance to deformation.

https://doi.org/10.3390/app16157714
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To ensure measurement consistency, anatomical landmarks were identified and
marked prior to testing. Five consecutive measurements were obtained at each site, and
mean values were used for statistical analysis. All measurements were performed by the
same experienced examiner.

2.6.3. Electromyographic Responses

Surface electromyography (sEMG) was used to evaluate muscle activation and fa-
tigue responses during driving. Bipolar Ag/AgCl electrodes were placed bilaterally over
the upper trapezius muscles following SENIAM recommendations after appropriate skin
preparation. EMG signals were recorded bilaterally, and the average values of the left and
right upper trapezius muscles were used for statistical analysis.

The upper trapezius was selected because it contributes to steering-wheel stabiliza-
tion and upper-body postural control during driving and has been frequently examined
in studies investigating driving-related muscular workload and fatigue [24,25]. Surface
EMG of the lumbar muscles was not recorded because continuous contact between the
lumbar electrodes and the seat back during driving could introduce motion artifacts and
compromise signal quality. Previous research has demonstrated that prolonged low-level
activation of the upper trapezius during driving is associated with the development of
muscular fatigue and discomfort, making this muscle a suitable indicator of driving-re-
lated neuromuscular responses [26].

Median frequency (MF) and integrated EMG (iIEMG) were calculated as indices of
muscle fatigue and muscle activation, respectively [27].

EMG recordings were obtained during driving at two time points. The first recording
(PRE) was obtained immediately after the initial 20 min of uninterrupted driving and im-
mediately before activation of the seat-integrated low-frequency acoustic vibration sys-
tem. The second recording (POST) was obtained during the final 5 min of the 40 min driv-
ing task while the vibration system remained active. In the control condition, EMG re-
cordings were obtained at the corresponding time points following the identical driving
protocol without vibration. For iEMG analysis, a 5 min recording window was used for
both PRE and POST conditions. The rectified EMG signals obtained during each 5 min
recording period were integrated to calculate the iIEMG values.

To evaluate muscle fatigue, participants performed a 5 s maximal voluntary isomet-
ric shoulder abduction before and immediately after driving. Median frequency (MF) was
calculated from the middle 3 s segment of each contraction and was used as an indicator
of fatigue-related changes in motor unit recruitment and muscle fiber conduction velocity.
A standardized MVC task was used to provide a consistent contraction condition for MF
analysis, thereby minimizing variability associated with changes in steering behavior, up-
per-limb posture, and vehicle movement during on-road driving.

Raw EMG signals were processed using a 20-450 Hz band-pass filter and a 60 Hz
notch filter. Low-frequency motion artifacts associated with vehicle vibration and body
movement were minimized by removing signal components below 20 Hz. Artifact-con-
taminated segments exceeding +3 standard deviations from the root mean square (RMS)
mean were excluded from analysis.

Muscle activation was quantified using integrated electromyography (iEMG) ob-
tained from stable signal segments recorded during driving. Because the primary objec-
tive of this study was to compare within-subject physiological responses between vibra-
tion and control conditions under identical driving conditions, iEMG values were ana-
lyzed as relative within-participant changes rather than normalized to maximal voluntary
contraction values. This approach has been adopted in previous studies examining
changes in muscle activity during prolonged driving tasks [25,26].
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2.7. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics version 29.0 (IBM
Corp., Armonk, NY, USA). Descriptive statistics are presented as mean + standard devia-
tion (SD). The normality of all continuous variables was assessed using the Shapiro-Wilk
test. A randomized crossover design was employed; therefore, differences between the
vibration and control conditions were evaluated using paired comparisons. Paired t-tests
were used to compare pre- and post-driving measurements within each condition and to
compare change scores (post minus pre) between the vibration and control conditions.
The outcome measures included trunk flexibility, lumbar muscle oscillation frequency,
lumbar muscle stiffness, EMG median frequency, and integrated EMG. As this was an
exploratory physiological study designed to comprehensively evaluate the effects of seat-
integrated low-frequency acoustic vibration, no single primary outcome measure was pre-
specified. Therefore, each outcome was analyzed independently according to its prede-
fined physiological objective. The level of statistical significance was set at p < 0.05 for all
analyses.

3. Results

Unlike the other outcome measures, the PRE and POST EMG recordings were ob-
tained during the driving task. PRE corresponded to the recording obtained 20 min after
driving onset, whereas POST corresponded to the recording obtained during the final 5
min of the 40 min driving task. For the outcome measures presented as changes, delta
values were calculated as the difference between the post-driving and pre-driving meas-
urements (A = post-driving — pre-driving). For EMG variables, the change values were
calculated based on the corresponding PRE and POST recording periods during the driv-
ing task. No significant differences in baseline (pre-driving) values were observed be-
tween the vibration and control conditions for any outcome measure (all p > 0.05), con-
firming the adequacy of the crossover design. Table 3 presents the pre- and post-driving
values for all outcome measures under both experimental conditions. The magnitude of
change observed during the driving session is summarized in Table 4. Significant be-
tween-condition differences were identified for trunk flexibility, lumbar muscle mechan-
ical properties, trapezius median frequency, and trapezius muscle activation.

Table 3. Pre- and post-driving values under each condition.

Variable M=SD!
Vibration Pre Vibration Post Control Pre Control Post
Trunk flexibility (cm) 1.48+11.14 4.27 £ 11.80 241+12.01 343+11.71
Natural frequency (Hz) 17.56 £2.21 17.23 +2.05 17.38 £2.11 18.40 +2.36
Dynamic stiffness (N/m) 320.85 + 62.28 312.15 + 55.36 325.65 + 60.93 347.25+72.79
Median frequency (Hz) 55.67 +7.66 59.90 + 6.65 56.47 + 4.41 52.52+7.29
iIEMG 22 (uV) 46.29 +44.41 37.84 + 35.98 35.69 +20.90 43.35 +24.58
! Mean + standard deviation (SD), 2 Integrated electromyography, * iEMG values were calculated by
integrating the rectified EMG signal over the entire 5 min EMG recording window for each condi-
tion. PRE represents the recording obtained 20 min after driving onset, and POST represents the
final 5 min of the 40 min driving task.
Table 4. Changes in outcome measures between conditions.
. Mz+SD? ,
Variable Vibration Change  Control Change p-Value Cohen’s d
Trunk flexibility (cm) 2.79+2.72 1.04 +1.96 0.025 0.74
Natural frequency (Hz) -0.33 £1.22 0.96 +1.45 0.004 0.96
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Dynamic stiffness (N/m) -8.70 +41.89 21.60 +44.05 0.032 0.70
Median frequency (Hz) 423 +4.54 -3.96 +4.94 0.001 1.73
iEMG2 (uV) -8.45 +13.28 7.66 +21.82 0.008 0.89

! Mean + standard deviation. 2 Integrated electromyography. Change scores were calculated as post-
driving minus pre-driving values, p-values represent between-condition comparisons of change
scores using paired t-tests, Effect sizes are reported as Cohen’s d.

3.1. Changes in Trunk Flexibility

Changes in trunk flexibility are presented in Figure 4 and Table 4. The vibration con-
dition demonstrated a significantly greater increase in trunk flexibility than the control
condition (2.79 £ 2.72 cm vs. 1.04 £ 1.96 cm, p = 0.025). The corresponding effect size was
moderate-to-large (Cohen’s d = 0.74).

20 I 1
*
* |
51 M
g 4
2 104
E 4
3
= 54
0
Pre Post Pre Post

B\ Vibration @ Control

Figure 4. Changes in trunk flexibility between vibration and control conditions. Bars represent the
mean change values calculated as post-driving minus pre-driving measurements (A = post-driving

- pre-driving), * indicates a statistically significant difference between conditions (p < 0.05).

3.2. Changes in Lumbar Muscle Mechanical Properties

Changes in lumbar muscle mechanical properties are shown in Figure 5 and summa-
rized in Tables 3 and 4.
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Figure 5. Changes in lumbar muscle mechanical properties between vibration and control condi-
tions: (a) natural frequency; (b) dynamic stiffness. Bars represent the mean change values calcu-
lated as post-driving minus pre-driving measurements (A = post-driving — pre-driving), * indicates
a statistically significant difference between conditions (p <0.05).

3.2.1. Natural Frequency

A significant between-condition difference was observed for lumbar muscle natural
frequency (p = 0.004). Natural frequency decreased following vibration exposure (-0.33 +
1.22 Hz), whereas an increase was observed under the control condition (0.96 + 1.45 Hz).
The effect size was large (Cohen’s d = 0.96) (Figure 5a).
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3.2.2. Dynamic Stiffness

A significant between-condition difference was also observed for lumbar muscle dy-
namic stiffness (p = 0.032). Dynamic stiffness decreased in the vibration condition (-8.70 +
41.89 N/m), whereas an increase was observed in the control condition (21.60 + 44.05 N/m).
The corresponding effect size was moderate-to-large (Cohen’s d = 0.70) (Figure 5b).

3.3. Changes in Electromyographic Fatigque Responses

Changes in trapezius median frequency are presented in Figure 6 and summarized
in Tables 3 and 4. A significant between-condition difference was identified (p = 0.001).
Median frequency increased following vibration exposure (4.23 + 4.54 Hz), whereas a de-
crease was observed in the control condition (-3.96 + 4.94 Hz). The observed effect size
was very large (Cohen’s d =1.73).

30-. * =
h ﬁ

Median Frequency (Hz)
»
=)
1

Pre Post Pre Post
Bl Vibration [E@ Control

Figure 6. Changes in electromyographic median frequency of the upper trapezius muscle between
vibration and control conditions. Bars represent the mean change values calculated between PRE
and POST EMG recordings during the driving task, * indicates a statistically significant difference
between conditions (p < 0.05).

3.4. Changes in Electromyographic Activity

Changes in trapezius muscle activation measured using integrated electromyogra-
phy G(EMG) are shown in Figure 7 and summarized in Tables 3 and 4. A significant be-
tween-condition difference was observed (p = 0.008). iEMG decreased in the vibration con-
dition (-8.45 + 13.28 uV), whereas an increase was observed in the control condition (7.66
+21.82 uV). The corresponding effect size was large (Cohen’s d = 0.89).

Integrated
Electromyography (uV)

Pre Post Pre Post
Bl Vibration [E@ Control

Figure 7. Changes in integrated electromyographic activity of the upper trapezius muscle between
vibration and control conditions. Bars represent the mean change values calculated between PRE
and POST EMG recordings during the driving task, * indicates a statistically significant difference
between conditions (p < 0.05).
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4. Discussion
4.1. Principal Findings

The present study investigated the effects of seat-integrated low-frequency acoustic
vibration on muscle mechanical properties and electromyographic responses during real-
world driving. The principal findings were that vibration exposure significantly increased
trunk flexibility, reduced lumbar muscle tone and stiffness, increased median frequency,
and reduced integrated electromyographic activity compared with the control condition.

These findings suggest that low-frequency acoustic vibration may influence both
musculoskeletal and neuromuscular responses during prolonged driving [11,12,28]. Spe-
cifically, participants exposed to vibration exhibited reduced muscle stiffness and lower
muscular demand without interrupting the driving task under real-world conditions. Col-
lectively, these results provide preliminary evidence that seat-integrated low-frequency
acoustic vibration may contribute to mitigating physiological responses associated with
prolonged driving. However, because multiple related physiological outcomes were eval-
uated without formal adjustment for multiple comparisons, the present findings should
be interpreted as exploratory and require confirmation in larger confirmatory studies.

4.2. Effects on Muscle Mechanical Properties

The vibration condition elicited significant improvements in trunk flexibility and
lumbar muscle mechanical properties. Compared with the control condition, vibration
exposure resulted in lower lumbar muscle natural frequency and reduced dynamic stiff-
ness. These findings suggest that low-frequency acoustic vibration may help maintain
muscle compliance and reduce stiffness associated with prolonged sitting.

Previous studies have demonstrated that mechanical stimulation can promote mus-
cle relaxation, increase local circulation, and reduce passive muscle tension. Consistent
with these findings, vibration-based interventions have also been reported to alter the vis-
coelastic characteristics of skeletal muscle through repeated mechanical oscillation [11,12].
The present findings extend these observations by demonstrating similar physiological
responses under real-world driving conditions. The observed improvement in trunk flex-
ibility may be explained, at least in part, by reduced lumbar muscle tone and stiffness,
which could facilitate lumbar mobility following prolonged driving.

Because prolonged driving typically requires sustained postural stabilization with
limited movement, gradual increases in lumbar muscle stiffness may occur over time
[29,30]. The observed reduction in stiffness following vibration exposure suggests that
acoustic vibration may partially counteract these effects and contribute to the maintenance
of favorable muscle mechanical properties during driving.

However, because the sit-and-reach test reflects flexibility of the posterior chain, in-
cluding both the lumbar region and the hamstring muscles, the observed improvement
should not be interpreted as evidence of a direct effect on hamstring extensibility. Rather,
the findings may reflect improved lumbar mobility together with non-specific changes in
movement performance associated with localized vibration.

4.3. Effects on Electromyographic Responses

The present study demonstrated significant changes in electromyographic responses
following vibration exposure. Median frequency increased whereas integrated electromy-
ographic activity decreased under the vibration condition compared with the control con-
dition.

Median frequency is commonly used as an indicator of muscle fatigue and reflects
physiological changes in motor unit firing behavior and muscle fiber conduction velocity
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[24,25]. The increase in median frequency observed in the present study suggests a re-
duced fatigue response following vibration exposure.

In contrast, integrated EMG represents the overall magnitude of muscle activation.
The reduction in iEMG observed under the vibration condition may indicate that less
muscular effort was required to maintain postural control during driving [16]. Although
the EMG signals were not normalized to maximal voluntary contractions and should
therefore be interpreted cautiously, the within-subject crossover design allowed relative
comparisons between experimental conditions. As described in Section 2.3, electrode re-
positioning variability was minimized through standardized anatomical landmarking
and consistent examiner placement.

The upper trapezius muscle was selected because it plays an important role in steer-
ing-wheel stabilization and upper-body postural control during driving and has fre-
quently been used in previous electromyographic investigations of driving-related mus-
cular workload and fatigue [25,27]. Although the vibration intervention was applied lo-
cally to the lumbar region, neuromuscular adaptations may not be restricted to the stim-
ulated tissues. Changes in sitting posture and trunk stabilization demands may influence
muscle activation patterns throughout the upper body. Consequently, the observed
changes in upper trapezius activity may reflect secondary adaptations to altered postural
and biomechanical demands during prolonged driving [31,32]. However, because pos-
tural kinematics (e.g., trunk alignment and head position) were not evaluated in the pre-
sent study, this proposed mechanism cannot be directly verified. Therefore, the relation-
ship between lumbar vibration and upper trapezius electromyographic responses should
be interpreted cautiously until confirmed by future studies incorporating simultaneous
kinematic and electromyographic measurements.

The large effect size observed for median frequency (Cohen’s d = 1.73) should be in-
terpreted with caution. Although vibration-based interventions have been reported to in-
fluence neuromuscular responses, direct comparisons with previous studies are difficult
because of differences in vibration modality, stimulation site, exposure protocol, outcome
measures, and experimental conditions. Furthermore, because the present study involved
a relatively small sample and evaluated only a single-session intervention, the possibility
that sampling variability or other uncontrolled factors contributed to the observed effect
size cannot be completely excluded. Therefore, the present findings should be interpreted
cautiously until confirmed by larger studies employing larger sample sizes and independ-
ent validation.

The reduction in muscle activation observed under the vibration condition may
therefore indicate improved neuromuscular efficiency and reduced muscular demand
during driving.

The present findings should also be interpreted within the context of the intervention
timeline. Both experimental conditions involved an identical initial 20 min period of un-
interrupted driving before the vibration intervention was introduced. Therefore, the ob-
served between-condition differences represent the additional physiological effects of
seat-integrated low-frequency acoustic vibration applied during the second half of the
driving session rather than the effects of vibration throughout the entire driving period.
Future studies should investigate different intervention timings and exposure durations
to determine the optimal application strategy for prolonged driving.

4.4. Potential Physiological Mechanisms

Several physiological mechanisms may explain the beneficial effects of low-fre-
quency acoustic vibration observed in the present study. Previous studies have suggested
that mechanical vibration may influence muscle spindle sensitivity, modify afferent sen-
sory input, and alter neuromuscular regulation through repeated stimulation of
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mechanoreceptors [18-20]. Such sensory stimulation may facilitate muscle relaxation and
reduce excessive muscle tension by modulating reflex activity within the neuromuscular
system [18-20].

In addition, repetitive low-frequency oscillatory stimulation may improve local cir-
culation and tissue perfusion [33]. Improved local circulation has been proposed to facili-
tate oxygen delivery, metabolic waste removal, and recovery of the stimulated muscula-
ture through circulatory and neuromuscular mechanisms [33-35].

The changes in lumbar muscle mechanical properties observed in the present study
appear to support this interpretation. Compared with the control condition, participants
exposed to acoustic vibration exhibited lower natural frequency and reduced dynamic
stiffness after driving. Because increased muscle tone and stiffness are commonly associ-
ated with prolonged static postures and sustained muscular loading [36], these findings
suggest that acoustic vibration may attenuate the gradual development of passive muscle
tension during driving.

The electromyographic findings may further support this explanation. Median fre-
quency increased under the vibration condition, whereas integrated EMG activity de-
creased. An increase in median frequency is generally interpreted as reflecting a lower
degree of fatigue-related alteration in motor unit behavior, whereas reduced integrated
EMG may indicate decreased muscular effort required to maintain postural stability [16].
Together, these findings suggest that vibration exposure may have reduced neuromuscu-
lar demands during driving while preserving muscular function.

Importantly, the concurrent changes observed in flexibility, lumbar muscle mechan-
ical properties, and electromyographic variables suggest that seat-integrated low-fre-
quency acoustic vibration may influence both local muscle mechanical properties and
broader neuromuscular responses during prolonged driving. These findings indicate that
the effects of acoustic vibration may extend beyond the directly stimulated lumbar region.
However, the mechanisms responsible for the observed changes in the upper trapezius
muscle require further consideration. One possible explanation is that low-frequency vi-
bration applied to the lumbar region may have influenced neuromuscular regulation be-
yond the stimulated area through mechanical transmission, proprioceptive input, or re-
flex-mediated pathways [18-20]. Alternatively, the observed reduction in upper trapezius
muscle activation may reflect secondary postural adaptations resulting from altered trunk
mechanical properties during prolonged sitting. Because trunk stabilization and shoulder
girdle control are functionally interconnected during driving, reduced lumbar stiffness or
improved trunk mobility may have modified the postural demands placed on the upper
trapezius muscle [29,30]. A generalized relaxation response affecting systemic muscle
tone may also have contributed to the observed changes. These interpretations are con-
sistent with previous findings showing that low-frequency vibration can influence muscle
activation and fatigue-related responses [17,37]. Although the present study cannot dis-
tinguish among these mechanisms, the findings provide evidence that lumbar-targeted
acoustic vibration may induce regionally distributed neuromuscular responses during
prolonged driving. Future studies incorporating direct measures of spinal reflex activity,
posture control, and autonomic responses are needed to clarify the underlying mecha-
nisms.

4.5. Implications for Real-World Driving

The present study extends existing evidence on vibration-based interventions by
demonstrating their effects under real-world driving conditions. Whereas many previous
studies have relied on laboratory or simulator-based protocols [15-17], the current find-
ings were obtained during actual road driving, thereby enhancing their practical rele-
vance.
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From an application perspective, the results suggest that low-frequency acoustic vi-
bration can be incorporated into vehicle seating systems without requiring interruption
of the driving task or active participation from the driver. This characteristic may distin-
guish seat-integrated vibration from conventional interventions such as stretching or ex-
ercise, which are difficult to implement during driving [9].

As vehicle interiors increasingly incorporate user-centered technologies aimed at en-
hancing occupant comfort and well-being [38], seat-integrated acoustic vibration may rep-
resent a feasible approach for supporting physiological responses associated with pro-
longed driving. Practical considerations for technology integration warrant further inves-
tigation. These include power consumption, potential interference with existing vehicle
noise-vibration-harshness (NVH) characteristics, actuator durability, and cost-effective-
ness relative to alternative in-cabin wellness systems. Future research should also examine
whether the physiological responses observed in the present study translate into measur-
able benefits in perceived comfort, fatigue-related outcomes, and long-term musculoskel-
etal health.

4.6. Strengths and Limitations

This study has several strengths. First, physiological responses were evaluated dur-
ing actual road driving rather than in a laboratory or simulator environment, thereby en-
hancing ecological validity. Second, the randomized crossover design minimized inter-
individual variability and enabled direct within-subject comparisons between experi-
mental conditions. Third, both muscle mechanical properties and electromyographic re-
sponses were assessed, providing a comprehensive evaluation of musculoskeletal and
neuromuscular adaptations to low-frequency acoustic vibration during driving.

Several limitations of this study should be acknowledged. First, the sample size was
relatively small, and the participant cohort consisted predominantly of males (19 males
and 1 female). Therefore, the statistical power and generalizability of the findings are lim-
ited, and the results should be interpreted primarily as representative of healthy young
adult males. Future studies should recruit larger, sex-balanced cohorts to improve the
generalizability of the findings.

Second, the present study focused primarily on objective physiological outcomes.
Subjective measures, such as perceived comfort, perceived fatigue, vibration acceptability,
and overall driving experience, as well as objective driving performance measures (e.g.,
steering behavior, lane-keeping ability, and braking performance), were not evaluated.
Future studies should integrate physiological, subjective, and driving performance out-
comes to provide a more comprehensive assessment of the effectiveness and practical ap-
plicability of seat-integrated low-frequency acoustic vibration.

Third, electromyographic assessment was limited to the upper trapezius muscles and
utilized non-normalized integrated EMG values. Although the randomized crossover de-
sign minimized between-subject variability and anatomical landmarks were carefully
marked to standardize electrode placement across sessions, direct neuromuscular re-
sponses of the lumbar paraspinal muscles could not be evaluated. In addition, relatively
large inter-individual variability was observed in baseline iEMG values. Although no sta-
tistically significant baseline difference was identified between the two experimental con-
ditions, future studies should incorporate normalized EMG procedures, formal outlier di-
agnostics, sensitivity analyses, and lumbar electromyography to provide a more compre-
hensive understanding of the local and systemic neuromuscular effects of seat-integrated
vibration. Additionally, incorporating objective trunk kinematic assessments, such as
IMU-based posture monitoring during driving, would help determine whether changes
in upper trapezius activity are accompanied by alterations in sitting posture or trunk
alignment.
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Fourth, although participants were randomly assigned to balanced treatment se-
quences and a two-day washout period was implemented between crossover sessions to
minimize potential carryover effects, formal statistical evaluation of period, sequence, and
carryover effects was not performed. In addition, the adequacy of the two-day washout
interval for complete recovery of muscle mechanical properties following prolonged driv-
ing has not been fully established. Therefore, potential crossover-related bias and residual
physiological effects between sessions cannot be completely excluded. If present, such re-
sidual effects could have reduced the physiological contrast between experimental condi-
tions, potentially leading to an underestimation of the true intervention effect. Future
crossover studies should incorporate crossover-specific statistical approaches, such as lin-
ear mixed-effects models or repeated-measures ANOVA with period and sequence effects
explicitly modeled, together with appropriate washout periods to further strengthen the
internal validity of crossover comparisons.

Fifth, only short-term responses during a single driving session were investigated.
Therefore, the long-term physiological and functional effects of repeated exposure to seat-
integrated low-frequency acoustic vibration remain unknown and should be examined in
future longitudinal studies.

Finally, only a single vibration protocol (20-60 Hz, 60 s on/30 s off, 20 min) was eval-
uated. Because vibration frequency, amplitude, exposure duration, and stimulation pat-
tern may influence physiological responses, future studies should investigate dose—re-
sponse relationships using different vibration parameters to identify the optimal stimula-
tion protocol for prolonged driving.

5. Conclusions

This study investigated the effects of seat-integrated low-frequency acoustic vibra-
tion on muscle mechanical properties and electromyographic responses during real-
world driving. The results demonstrated that exposure to low-frequency acoustic vibra-
tion significantly increased trunk flexibility, modified lumbar muscle mechanical proper-
ties toward reduced muscle tone and stiffness, increased median frequency, and reduced
integrated electromyographic activity compared with the control condition.

These findings provide preliminary evidence that seat-integrated low-frequency
acoustic vibration applied after an initial period of uninterrupted driving may contribute
to maintaining musculoskeletal function and modulating neuromuscular responses dur-
ing prolonged driving. Because multiple related physiological outcomes were evaluated
without formal adjustment for multiple comparisons, these findings should be interpreted
cautiously until confirmed by larger confirmatory studies using prespecified statistical
analysis plans. The observed reductions in muscle stiffness and muscular activation, to-
gether with the improvement in fatigue-related electromyographic indicators, suggest
that seat-integrated low-frequency acoustic vibration may represent a promising ap-
proach for mitigating physiological responses associated with prolonged driving, alt-
hough these findings require confirmation in larger studies employing more comprehen-
sive statistical analyses and fully characterized intervention parameters; however, these
findings should be interpreted cautiously given the small, predominantly male sample
and the evaluation of a single seat-integrated vibration system. Furthermore, the use of
real-world driving conditions provides preliminary evidence supporting further investi-
gation of vibration-based technologies for future vehicle seating systems. Future studies
should investigate the long-term effects of repeated exposure, optimize vibration param-
eters, and determine whether similar responses are observed across different driver pop-
ulations and vehicle environments. Particular attention should be given to sex-balanced
cohorts.
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