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Abstract 

Passaggio is a natural physiological phenomenon during vocal register transitions in singing, with 

its pitch location varying across individuals. Conventional identification methods rely on auditory 

judgment or voice type classification, which are inaccurate due to individual differences. In this 

study, a laser doppler vibrometer (LDV) and an acoustic microphone set were used to synchronously 

measure laryngeal surface vibration and singing voice，in order to systematically investigate singing 

passaggio behavior. The data indicate a stable fundamental frequency correspondence between the 

laryngeal vibration signal and the acoustic signal, which supports the use of amplitude ratios of low-

order harmonic peaks in the laryngeal vibration spectrum as relative indicators of structural changes 

in laryngeal vibration. The result shows that male and female singers exhibit distinct patterns of 

structural change in laryngeal vibration during passaggio, while consistent patterns are observed 

within the same sex. For individuals, clear structural transitions in laryngeal vibration are observed 

at the pitch of passaggio, providing a basis for accurate identification of individual singing passaggio. 

Keywords: singing passaggio; laryngeal vibration; non-contact vibration measurement; sex 

differences in singing 

 

1. Introduction 

critical for singing development. As noted by Reda Elbarougy (2019), the proficiency of singers 

is measured by how smoothly they cross from one register to another, the more smoothly transition 

is the best the singer is[1]. However, identification of the passaggio in vocal register transitions has 

traditionally relied on teachers’ experience, which lacks objectivity and often results in limited 

accuracy. Sometimes, a singer has tenor folds but it within a baritone body, which makes challenge 

of voice teacher to identify the passaggio of this type of singers. To address this challenge, there is a 

clear need for an objective method capable of accurately identifying individual passaggio, providing 

singers and vocal educators with a reliable and explicit basis for individual passaggio determination. 

Previous studies have demonstrated that vocal fold vibration patterns are different across vocal 

registers[2][3][4][5], and it is widely acknowledged that mixed voice mechanisms play a particularly 

important role in vocal register transitions within laryngeal functional control[6][7][8]. Research by 

Matthias Echternach has shown that vocal fold vibration patterns undergo obviously changes during 

register transitions, suggesting two possible explanations. First, the register transition may be driven 

by changes in the biomechanical properties of the larynx at the sound source level, involving 

laryngeal muscular activity. Second, resonation of the vocal tract may play a strong effect on the 

sound source. Echternach emphasized that further investigation is required to determine which of 

these mechanisms predominates during vocal register transitions[9]. 

From the two possibilities above, it can be inferred that changes in vocal fold vibration patterns 

observed during vocal register transitions cannot be attributed to a single mechanism. Both 
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biomechanical adjustments of the larynx at the sound source level and filtering effects arising from 

changes in vocal tract resonation conditions may coexist and interact during singing. This 

mechanistic uncertainty poses a challenge for precisely determining the underlying causes of vocal 

register transitions at the present stage. 

However, from an applied acoustics perspective, vocal register transition can be regarded as an 

event that is observable and locatable across different pitch levels. In other words, even if the 

dominant physiological mechanisms underlying vocal register transition have not yet been 

definitively established, objective identification remains feasibility if sound source related vibratory 

or acoustic signals exhibit stable structural changes during the transition. Thus, finding a method to 

observe the structure of sound source vibratory is first step of this study. 

Based on existing studies, observations of the singing sound source have primarily relied on 

methods such as laryngoscope, Magnetic Resonance Imaging (MRI), electroglottography (EGG), and 

acoustic audio recording. 

Among these approaches, laryngoscopy is considered the most direct method for investigating 

the laryngeal sound source. A variety of techniques are currently available, with the most used 

including video stroboscope , videokymography, and high-speed video (HSV) 

endoscopy[10][11][12][13]. However, these techniques are invasive, and only approximately 90–95% 

of individuals can tolerate such procedures, implying that the measurement process may interfere 

with singing behavior. Although previous studies have shown that advanced stroboscopic 

techniques provide relatively reliable assessments of static vocal fold structures, their reliability in 

evaluating dynamic features, such as vocal fold vibration amplitude, remains limited. 

Compared with laryngoscopy, Magnetic Resonance Imaging (MRI) offers the advantage of non-

invasiveness; however, it presents methodological limitations in the dynamic observation of 

phonation. Conventional MRI has difficulty achieving stable imaging of rapid periodic motions 

during voice production, as fast movements introduce pronounced motion artifacts and result in 

image blurring. For high-speed phenomena such as vocal fold vibration, traditional MRI is 

constrained by imaging speed, making direct capture of dynamic vibratory processes challenging. 

Although real-time MRI (rtMRI) has emerged in recent years and has been applied to continuous 

observation of vocal tract configurations during speech and singing tasks, its implementation 

typically involves balancing of temporal resolution, spatial resolution, and signal-to-noise ratio. 

Research-oriented rtMRI often achieve higher frame rates at the expense of spatial detail, making 

them more suitable for capturing macroscopic configurational trends rather than localizing sound 

source–related events that occur on shorter time scales[14]. In addition, while rtMRI has been 

demonstrated to be feasible for investigating vocal tract dynamics and has led to recommended 

parameter frameworks[15][16], its acquisition platforms remain predominantly medical in nature. As 

a result, rtMRI is difficult to translate into a practical tool for routine identification of passaggio under 

natural singing conditions. 

In contrast to imaging-based techniques, electroglottography (EGG) is widely regarded as a non-

invasive measurement method closely related to sound source activity[17][18][19]. By recording 

temporal variations in vocal fold contact area, EGG can reflect differences in glottal contact patterns 

across phonatory conditions[20]. Consequently, EGG has been extensively used in speech and 

singing research to investigate vocal register characteristics, modes of glottal closure, and phonatory 

efficiency. 

However, from the perspective of passaggio identification, the application of EGG also presents 

inherent limitations. During passaggio, the vocal folds and the ventricular folds (false vocal folds) 

operate in a coupled mode[21], with vocal fold vibration and ventricular fold vibration oscillating at 

the same frequency but in opposite phases. This out of phase oscillation behavior is considered 

essential for maintaining periodic laryngeal vibration[22]. Consequently, passaggio affects the overall 

vibratory pattern of the larynx. However, the single-source observation provided by EGG, which 

primarily reflects vocal fold contact behavior, is insufficient to capture the integrated laryngeal 

vibration state involving multiple interacting vibratory structures. 

A large body of research on singing behavior has relied on conventional acoustic audio 

recordings. However, according to Fant’s source–filter theory, vocal tract strongly influences the 
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acoustic output and consequently affects experimental outcomes[23]. As a result, acoustic signals are 

more appropriately treated as reference data rather than as objective criteria for passaggio 

identification. 

Based on the considerations outlined above, this study primarily employs non-contact laser 

Doppler vibrometer (LDV) to acquire laryngeal vibration signals. This technique has been widely 

used in engineering fields involving non-contact vibration and acoustic measurements and has also 

been applied in few biomedical contexts[24][25]. However, applications of laser Doppler vibrometer 

(LDV) in phonation and singing research remain scarce. Few studies have applied LDV to speech-

related measurements[26] and to the assessment of facial vibrations during singing[27]. However, 

LDV has not been explicitly employed to investigate laryngeal sound source–related vibrations in 

singing contexts. Notably, no previous study has systematically compared laryngeal surface 

vibration velocity spectrum obtained by LDV with same time acquired acoustic spectrum during 

singing. As a result, the relationship between sound source–side vibratory responses and radiated 

acoustic output has yet to be examined at the level of vibration structure. 

Accordingly, this study combines laser Doppler vibrometer (LDV) with 1/2-inch pre-polarized 

free-field microphone (B&K Type 4189) to synchronously acquire laryngeal surface vibration signals 

and singing acoustic signals while singers perform at different pitch levels in an anechoic room. This 

approach is motivated by the view that vocal register transition is from changes in laryngeal 

biomechanical properties at the sound source level, including the involvement of laryngeal 

musculature10. From this perspective, the larynx can be regarded as an integrated vibratory system 

composed of the vocal folds, cartilaginous structures, and surrounding soft tissues, whose vibration 

reflects structural characteristics of the sound source. Thus, this study does not aim to distinguish 

specific physiological driving mechanisms underlying passaggio. Instead, passaggio is treated as an 

event reflected as a transition in vibratory patterns along ascending pitch, and identification of the 

passaggio is achieved through analysis of structural characteristics in laryngeal surface vibration. 

Meanwhile, from an experimental perspective, LDV-based measurement of laryngeal surface 

vibration offers clear advantages in terms of being non-invasive and non-contact, without relying on 

complex medical imaging platforms or constraints on phonatory posture. Participants are only 

required to perform brief singing tasks in a natural standing position to obtain continuous and stable 

vibratory and acoustic data. This high level of operational feasibility indicates strong potential for 

broader application, particularly in passaggio research oriented toward practical singing and vocal 

pedagogy area. 

At the methodological level, this study addresses several existing research gaps. First, laryngeal 

surface vibration signals and singing acoustic signals are first time synchronously acquired under 

singing conditions. Second, focusing on laryngeal surface vibration, this study proposes a research 

framework based on vibration structural characteristics. Third, by comparing laryngeal surface 

vibration features across sex and voice type groups, this study provides new experimental evidence 

for understanding passaggio-related vibratory patterns in different sex phonatory systems. Overall, 

these methodological designs establish a passaggio identification approach that is operationally 

feasible under natural singing conditions and supports cross-individual comparison. 

2. Materials and Methods 

2.1. Experimental Setup 
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Figure 1. Schematic of the experimental setup. 

A schematic of the experimental setup is shown in Fig. 1. The input devices included a laser 

Doppler vibrometer (Polytec PSV-500 scanning head), a vibrometer front-end (Polytec PSV-500 

FRONT-END), a vibrometer data management system (Polytec DMS), and a 1/2-inch pre-polarized 

free-field microphone (B&K Type 4189). The voice signal and the laryngeal vibration signal were 

transmitted to an input module (B&K Type 3050-A-060), which provided sound pressure and velocity 

data that were subsequently recorded and analyzed using a computer equipped with B&K Connect 

software. 

The voice signal was recorded using a 1/2-inch pre-polarized free-field microphone at a sampling 

rate of 47 kHz. Prior to the experiment, the microphone was calibrated using a standard sound source 

at 1 kHz and 94 dB to ensure the accuracy and consistency of sound pressure measurements. The 

microphone was positioned at 1.5 m from the participant and at a height of 1.7 m to maintain free-

field conditions and to minimize the influence of near-field effects and turbulence noise on voice 

signal. 

Laryngeal vibration signal was recorded using a laser Doppler vibrometer (LDV). The LDV is an 

optical sensor that directs a laser beam onto a vibrating surface and measures the frequency shift of 

the laser light reflected from the surface. Based on the Doppler effect, the LDV determines the 

vibration velocity and displacement at arbitrary points on the surface without physically contacting 

or disturbing the vibrating object. 

LDV scanning head was positioned at 2 m from the participant, with the velocity measurement 

range set to 100 mm/s. Preliminary pilot experiments confirmed that, within this range, the measured 

velocity amplitudes were consistent with the actual vibration velocities of the skin surface. A single-

point measurement mode was employed, with the laser beam directed onto the external skin surface 

over the thyroid cartilage of the larynx. To satisfy the surface reflectivity requirements of the LDV, a 

soft reflective marker with a diameter of approximately 2 cm was attached to the skin over the thyroid 

cartilage and designated as the laser measurement area. Moreover, the soft reflective marker deforms 

with the skin, thereby reducing resonance noise that could arise from normal marker vibration and 

improving the signal-to-noise ratio of the laryngeal vibration measurements. 

2.2. Participants 

Table 1. Participant Age and Classification Data. 

Catalogue Participants Age 
Years of 

Training 

Soprano 

S1 20 4 

S2 36 19 

S3 24 8 

S4 24 9 

S5                           19 3 
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Mezzo-Soprano 

M1 32 16 

M2 23 6 

M3 20 3 

M4 25 8 

M5 25 8 

Tenor 

T1 24 8 

T2 19 3 

T3 24 9 

T4 30 13 

T5 24 7 

Baritone 

B1 30 14 

B2 19 3 

B3 29 11 

B4 25 7 

B5 20 3 

Mean (SD)  24.55 (4.74) 8.05 (4.79) 

Table 1 summarizes the characteristics of the 20 participants recruited in this study. Participants 

were evenly distributed across four voice types, with five participants in each group: baritone, tenor, 

mezzo-soprano, and soprano. Although the overall age of the cohort was relatively young (mean ± 

SD: 24.55 ± 4.74 years), each voice-type group included singers in their late twenties to mid-thirties, 

ensuring that all four voice categories were represented by physiologically mature singers. All 

participants were professionally trained singers with a minimum of three years of formal vocal 

training (mean ± SD: 8.05 ± 4.79 years). This training years background ensures that all participants 

could sing at stable pitch targets and accomplish experimental tasks, thereby enhancing the reliability 

of the measured laryngeal vibration and acoustic signals. 

All participants reported good general health prior to the experiment, with no known laryngeal 

diseases or voice disorders, and no episodes of acute upper respiratory tract infection within the 

preceding three months, in order to exclude potential pathological influences on the data. In addition, 

participants were instructed to avoid strenuous voice use on the day prior to the experiment to ensure 

that phonation during testing was conducted under natural and physiologically stable conditions. 

2.3. Experiment Design 

To minimize the influence of vowel-related differences on the acoustic signal, all participants 

were instructed to phonate using the vowel /a/ throughout the experiment. Pitch targets were 

provided by an electronic pitch reference, and pitch settings followed twelve-tone equal 

temperament (a1 = 440 Hz). Singing tasks began near the lowest controllable pitch a (a = 220 Hz) and 

proceeded upward in semitone steps until each voice type reached its naturally producible upper 

limit. 

To ensure data comparability across participants and voice types, pitch levels at High C and 

above were excluded from subsequent analyses, as instability was observed in this register for some 

participants. During actual singing, the fundamental frequency exhibited natural fluctuations around 

the target pitch and did not strictly match the theoretical frequency value at every moment. Therefore, 

in the analysis, data were grouped according to pitch-class labels (e.g., a–b²) rather than compared 

on the basis of instantaneous frequency values. Each phonation lasted approximately 2–3 s to ensure 

the availability of sufficiently long and stable vibration segments for subsequent analysis. 

Throughout the experiment, participants maintained a natural standing posture with the minimized 

head movement to ensure stability of the laser measurement point. 

Prior to formal data collection, all participants performed brief trial phonations to verify stable 

laser reflection at the measurement point and proper acoustic signal acquisition, and to familiarize 

themselves with the experimental pacing and phonation requirements. The entire experiment was 

conducted using standardized instructions and a fixed experimental procedure to reduce inter-

individual variability and enhance data consistency. 
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2.4. Data Processing 

The laryngeal vibration velocity signals obtained from the laser Doppler vibrometer, and the 

sound pressure signals recorded by the microphone were first imported into analysis software (B&K 

Connect). For each pitch level, stable phonation segments were selected and preprocessed. A 

Hanning window was applied to each segment prior to performing a fast Fourier transform (FFT)to 

get the vibration velocity spectrum and the sound pressure spectrum. 

To improve comparability across different pitch levels and across participants, 1/24-octave 

analysis using standard-compliant digital filters (ISO 266; ANSI S1.11) was applied to the amplitude 

spectra of both signals. These smoothing preserves harmonic structural details while effectively 

suppressing minor frequency jitter, inter-individual phonatory variability, and narrowband noise. As 

a result, the smoothed spectra exhibit clearer trends, providing a stable spectral basis for subsequent 

analyses of fundamental frequency and harmonic components. 

3. Results 

3.1. Laryngeal Vibratory Spectrum 

 

Figure 2. Laryngeal vibratory spectrum measured by LDV for Male and Female singers. 

Figure 2 shows laryngeal vibration spectrum of Fourier transform (examples shown for male 

and female participants). A series of relatively regular vibration velocity peaks can be observed, 

forming a comb-like distribution along the frequency axis. This pattern consists of a prominent 

dominant peak accompanied by several weaker peaks exhibiting harmonic-like relationships. The 

resulting laryngeal vibratory frequencies display a spectral appearance that resembles the harmonic 

structure of a periodic signal. However, they differ from typical acoustic harmonics in terms of 

amplitude distribution, the number of observable peaks, and the rate of high-frequency energy decay, 

with spectral energy primarily concentrated in the fundamental component and its second-order 

multiple. 

For descriptive purposes, the prominent peaks in the laryngeal surface vibration velocity 

spectrum are labeled sequentially as L0, L1, and higher orders, where L0 corresponds to the first major 

spectral peak and L1 to the second. The frequency spacing between L0 and L1 shows an integer-

multiple relationship, whereas the energy associated with L2 and higher-frequency components is 

sharply reduced.  This peak pattern demonstrates stability across participants, with similar comb-

like arrangements observed in all spectrums.  

Because the amplitudes of L2 and higher-order components were extremely low and close to the 

noise floor in most samples, particularly during high-pitch phonation, subsequent analyses focused 

primarily on the two stable and structurally salient components, L0 and L1. In addition, 1/24 octave 

L0 

L1 

L2 

L0 

L1 

L2 
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smoothing was applied to suppress narrowband noise and local spectral spikes arising from spectral 

discretization, thereby enhancing the clarity of trends in band-energy distribution. 

3.2. Relationship between the Laryngeal Vibratory Spectrum and the Sound Pressure Spectrum 

 

Figure 3. (a)Laryngeal vibratory spectrum and (b)sound pressure spectrum of a soprano singer. 

 

Figure 4. (a)Laryngeal vibratory spectrum and (b)sound pressure spectrum of a tenor singer. 

Figure 3 and 4 presents 2 examples from tow voice types: soprano and tenor (participants S2 and 

T2). The figure shows a spectral comparison between the laryngeal vibratory spectrum and the sound 

pressure spectrum obtained while the two participants phonated at pitch a1. The two dominant peaks 

observed in the laryngeal vibratory spectrum (L0, L1) consistently correspond to the principal 

harmonic components in the acoustic spectrum (f0, 2f0), indicating a stable synchronous relationship 

between laryngeal surface vibration and acoustic output. 

Moreover, the integer-multiple peak structure observed in the laryngeal vibratory spectrum 

suggests that the vibration signal primarily reflects the quasi-periodic vibratory behavior of the vocal 

folds. In contrast to acoustic spectrum shaped by vocal tract resonance, the laryngeal vibratory 

spectrum does not exhibit resonance-related energy enhancement bands or a resonant spectral 

envelope. Therefore, the laryngeal surface vibration signal can be regarded as a representation of 

vocal fold vibration and associated laryngeal phonatory function during singing, obtained under 

conditions that are less affected by vocal tract resonance filtering. 

3.3. Variation of the L0/L1 Ratio with Pitch: Sex and Voice Type Related Patterns 

Based on the above analyses, laryngeal vibration signals can be regarded as relevant indicators 

of laryngeal function during singing. A systematic examination of the spectrum data across voice 

types and pitch revealed that the relative relationships of different spectral components in the 

laryngeal vibratory spectrum do not remain constant as pitch increases. In particular, the velocity 

ratio between the fundamental vibratory component L0 and its adjacent component L1 exhibited 

consistent pitch-dependent trends within each sex and within each voice type. Motivated by this 
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observation, the present study further investigated differences in the pitch-related variation of the 

L0/L1 ratio across sexes and voice types. 

To characterize the overall trajectory of L0/L1 ratio changes as a function of pitch, individual ratio 

curves were summarized at the group level using group means. This approach was intended to 

extract common trends shared across participants rather than to emphasize absolute values from 

individual singers. Accordingly, group means were used as descriptive references to illustrate the 

general pattern of variation. 

Inter-individual dispersion was quantified using the standard deviation (SD), reflecting the 

range of variability across participants rather than uncertainty in population parameter estimation. 

To avoid instability of mean estimates or potentially misleading visual representations due to limited 

sample size, group means and standard deviations were calculated only for pitch levels that included 

valid data from at least three participants (n ≥ 3). Pitch levels with fewer than three valid observations 

were excluded from group-level statistics, and no interpolation or compensation was applied. 

3.3.1. Sex-Specific Criteria for Passaggio Identification 

 

Figure 5. Mean ± SD of the L0/L1 ratio for female and male singers (n ≥ 3). 

An initial inspection of L0/L1 ratio variation with pitch revealed two distinct patterns across 

participants. These differences were primarily reflected in the direction and timing of ratio changes 

rather than in absolute ratio values. Accordingly, participants were analyzed by sex to assess whether 

passaggio identification criteria differ systematically between females and males. 

Sex-averaged L0/L1 ratio values show clear and consistent differences between female and male 

singers (Fig. 5). In the female group (soprano and mezzo-soprano), the ratio generally increases at 

middle pitch range(downward crossing at mean value 8.666 before pitch g1), reaches a peak in high 

pitch range, and then the ratio decreases as pitch continues rising, especially at the passaggio pitch 

part. In contrast, the male group (tenor and baritone) shows less relatively change in the middle pitch 

range, followed by a clear increase around male passaggio pitches(upward crossing at mean value 

3.940 after pitch e2). Thus, the passaggio pitch pattern in males is relatively opposite to females. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 February 2026 doi:10.20944/preprints202602.1049.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1049.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 14 

 

Based on these contrasting passaggio patterns, a sex-averaged L0/L1 ratio was used as a mean 

value to define an operational passaggio criterion, rather than applying a fixed absolute threshold. 

This approach focuses on relative changes within each sex and reduces the influence of baseline 

differences between female and male singers. 

For female singers, the passaggio is identified at the pitch where the L0/L1 ratio begins to decrease 

after reaching its peak and crosses downward relative to the sex mean value. For male singers, the 

passaggio is identified at the pitch where the ratio shifts from a relatively stable state to a clear 

increase and crosses upward relative to the mean value. Accordingly, passaggio identification is 

associated with a downward crossing in females and an upward crossing in males. 

Overall, although passaggio location in both sexes can be determined using the crossing 

behavior of the L0/L1 ratio, the direction and timing of this crossing differ systematically between 

females and males. This sex-specific difference provides a basis for further refinement of passaggio 

regions in different voice types. 

3.3.2. Voice-Type Passaggio Identification Based on Ratio Curves 

 

Figure 6. Mean ± SD of the L0/L1 ratio for soprano(S), mezzo-soprano(M), tenor(T), and baritone(B) voice types 

(n ≥ 3). 

After establishing the sex-based criterion for passaggio identification, its applicability was 

further examined across different voice types. 

In the female group, both soprano and mezzo-soprano singers showed a similar overall pattern 

in the L0/L1 ratio, characterized by an initial increase followed by a decrease. In both voice types, 

passaggio-related events occurred in the pitch range where the ratio curve crossed below the mean 

line during the descending phase (Fig. 6). Although the absolute ratio values and peak magnitudes 

differed between sopranos and mezzo-sopranos, the general curve shape and the timing of the 

crossing were consistent. Notably, the crossing region for sopranos was shifted to higher pitches 

compared with mezzo-sopranos. 

In the male group, tenor and baritone singers also exhibited similar patterns. The L0/L1 ratio 

remained relatively stable in the middle pitch range (normally under mean value line) and increased 

in the higher pitch range. In both voice types, passaggio-related events were associated with pitch 

regions where the ratio curve crossed above the mean line (Fig. 6). Compared with baritones, this 

crossing occurred at higher pitches in tenors. 

Overall, voice type did not introduce a different passaggio identification criterion. Instead, 

within the same sex-specific criterion, differences between voice types were reflected mainly as shifts 

in the pitch range at which the passaggio-related crossing occurred. In other words, sex determined 

the direction of the crossing relative to the mean line, while voice type influenced where this crossing 

appeared along the pitch axis. 
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3.3.3. Individual Passaggio Identification 

 

Figure 7. L0/L1 ratio curves and individual mean lines for four singers (soprano, mezzo-soprano, tenor, and 

baritone). 

The previous analyses demonstrated stable patterns in the L0/L1 ratio as a function of pitch at the 

group level and across sexes. However, passaggio is not only a statistical feature observed in group 

averages, but a functional event occurring during individual phonatory control. Therefore, it is 

necessary to further examine the L0/L1 ratio at the individual level to clarify how passaggio can be 

identified. 

Figure 9 presents the L0/L1 ratio curves of one representative singer from each voice type to 

illustrate how the proposed criterion is applied at the individual level. Final passaggio identification 

was consistently based on the crossing relationship between the ratio curve and the individual mean 

line, together with the stability of the ratio behavior following the crossing. By introducing an 

individual-relative reference and clearly defining the analysis range, this study proposes a non-

invasive, repeatable, and robust method for passaggio identification that does not rely on vocal tract 

resonance characteristics and does not require redefining traditional passaggio pitch ranges. 

For individuals, the L0/L1 ratio curves differed substantially across singers in terms of values, 

peak magnitudes, and local fluctuations. These differences likely reflect individual variability in 

laryngeal anatomy, neuromuscular control strategies, and habitual singing techniques, indicating 

that individual passaggio pitch range cannot be defined using a fixed absolute threshold or a single 

pitch location. To reduce the influence of inter-individual amplitude differences, an individual mean 

L0/L1 value was introduced as a relative reference baseline for each singer (indicated by dashed lines 

in Fig. 7), representing the overall ratio level across the tested pitch range. 

Based on this reference, the passaggio was operationally defined as a range with two adjacent 

pitches at which the L0/L1 ratio curve crossed the individual mean line. This definition focuses on a 

change in the regulation state of the ratio rather than on instantaneous extrema or local peaks. It is 

suitable for the discrete pitch sampling used in the present experiment. 

In some individuals, fluctuations or crossings were also observed in the middle pitch range. 

However, these events varied considerably across singers in both location and shape, often appearing 

as multiple brief crossings or irregular oscillations with no consistent direction. From the curve 

morphology, such mid-range variations are more likely associated with gradual adjustments around 

the first register transition, rather than a single, well-defined functional shift. Because the present 

passaggio criterion requires a clear change in trend direction and a stable crossing relative to the 

individual mean line, these irregular mid-range fluctuations did not meet the stability requirements 
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of the operational definition. Accordingly, although the mid-range may contain information related 

to vocal adjustment, it was not treated as the primary focus of the present analysis. Instead, the 

analysis was restricted to the higher pitch range (Higher than b1 493.88 Hz), where L0/L1 ratio changes 

were more concentrated, crossings typically occurred only once, and sex-specific patterns were stable 

and reproducible across individuals. 

4. Discussion 

4.1. Considerations on LDV-Based Observation of Laryngeal Vibration 

Past studies of passaggio, acoustic signals have been widely used because they are easy to 

acquire. However, acoustic output is inherently the result of both vocal fold vibration and vocal tract 

resonance filtering. In the pitch range where passaggio occurs, vocal tract often undergoes noticeable 

adjustments, which partially changes sound source. In contrast, laryngeal vibration signals recorded 

by LDV primarily reflect the vibratory response of the larynx driven by quasi-periodic vocal folds 

and are less directly influenced by vocal tract resonance effects. 

In this study, synchronous measurements using a laser Doppler vibrometer and a high-precision 

microphone confirmed a stable correspondence between laryngeal vibration signals and acoustic 

signals at the fundamental frequency. This sound source measurement strategy provides 

complementary evidence for changes in vocal fold vibration patterns during passaggio. 

4.2. The Robustness of the L0/L1 Ratio 

In the analysis of laryngeal vibration spectrum, this study did not attempt to assign individual 

spectral peaks to specific anatomical structures or single physiological mechanisms. Instead, from the 

perspective of signal stability and repeatability, the analysis focused on the most consistently 

observed low-order harmonic peaks in the spectrum, which were labeled as L0 and L1. These two 

peaks could be reliably identified across different individuals and pitch conditions, making them 

suitable reference points for describing laryngeal vibration characteristics. 

Rather than examining the absolute amplitude of a single spectral peak, the use of the L0/L1 

amplitude ratio helps reduce the influence of measurement conditions and individual physiological 

differences. This ratio-based approach emphasizes how vibratory energy is distributed across 

frequency components, rather than relying on absolute signal magnitude, which can vary 

substantially between singers. 

A key advantage of using ratio-based changes lies in its robustness to individual variability. 

Because singers differ markedly in anatomy, neuromuscular control strategies, and habitual vocal 

behaviors, a single group-level threshold or absolute numerical criterion is often insufficient for 

consistent passaggio identification across individuals. By introducing the individual mean L0/L1 value 

as a relative reference baseline, the passaggio was operationally defined as a L0/L1 value structural 

crossing event in which the ratio curve shifted relative to its own mean value. This definition shifts 

the focus of identification from absolute values to changes in regulatory trends, thereby reducing the 

impact of inter-individual amplitude differences and improving the repeatability of passaggio 

identification across subjects. 

4.3. Considerations on Sex Differences in the L0/L1 Ratio 

The sex-related differences observed in the L0/L1 ratio indicate that passaggio behavior is not 

expressed solely as a pitch-related phenomenon. The opposite directions of L0/L11 ratio change in 

male and female singers suggest that, although passaggio may appear as a similar register transition, 

the underlying organization of vibratory energy does not follow the same pattern in sexes. Because 

the L0/L1 ratio is a relative measure and does not depend on absolute amplitude, these differences 

cannot be attributed simply to pitch elevation or changes in singing intensity. Instead, they are more 

likely associated with a reorganization of energy distribution at the sound source. 

From another perspective, however, these sex-related differences do not necessarily imply that 

male and female singers adopt fundamentally different regulatory strategies during passaggio. 

Under comparable singing tasks, both sexes may follow similar functional control principles. 

Nevertheless, because female singers typically operate at higher fundamental frequency ranges, the 
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laryngeal tissues, acting as a mechanical transmission medium, may exhibit different transmission 

and response characteristics for higher-frequency vibratory components. Under such conditions, 

even if the regulatory strategy is similar at the functional level, the relative distribution of vibratory 

energy across low-order frequency components at the sound source may be shaped by biomechanical 

transmission properties, resulting in the observed structural differences in the L0/L1 ratio. 

4.4. Considerations on Mid-Range Fluctuations in the L0/L1 Ratio 

Inspection of individual L0/L1 ratio curves shows that, in some singers, local fluctuations or brief 

crossings may also occur in the mid-range. However, these variations typically appear as repeated 

oscillations rather than as a single, clearly defined regulatory transition. Their structural patterns lack 

the concentration and directional clarity observed in the higher pitch range. 

From the perspective of vocal practice and phonatory control, the mid-range is more likely 

associated with gradual adjustments occurring near the traditional first register transition, rather than 

with a single, functionally focused shift in vocal control. Such adjustments tend to unfold 

progressively and may involve multiple small changes rather than a distinct transition event. 

Because the passaggio criterion adopted in the present study emphasizes a clear change in trend 

direction and a stable crossing relative to the individual mean ratio, these irregular mid-range 

fluctuations do not meet the requirements of the operational definition of a passaggio event. 

Accordingly, although the mid-range may contain information relevant to vocal adjustment, it was 

not treated as the primary focus of the present analysis. Instead, the analysis was restricted to the 

higher pitch range, where ratio changes were more concentrated, structurally clearer, and more 

consistent with the proposed passaggio identification criterion. 

4.5. Methodological Significance, Scope, and Limitations 

It should be emphasized that this study is not aiming to redefine the specific pitch ranges of 

passaggio as described in traditional vocal pedagogy, and it is not attempting to assign direct 

anatomical interpretations to individual laryngeal vibration peaks. The primary contribution of this 

work is proposing an operational, ratio-based approach to identity passaggio for individual singers. 

This approach provides an objective method for passaggio identification that does not rely on vocal 

tract resonance characteristics and remains stable under conditions of substantial inter-individual 

variability. 

Within this framework, the study focuses on identifying passaggio as a structured transition in 

vibratory regulation rather than as a fixed pitch location or an absolute numerical threshold. By 

emphasizing relative changes within individual vibration patterns, the proposed method offers a 

repeatable and non-invasive approach of passaggio identification that complements existing acoustic 

and physiological approaches. 

Future studies may build on this work by further investigating the origins of mid-range L0/L1 

fluctuations, or by integrating additional physiological measurement techniques to examine the 

relationship between changes in laryngeal vibration patterns and specific muscular adjustments. 

Such extensions may help clarify how the observed vibratory transitions relate to underlying 

phonatory control mechanisms while maintaining the advantages of non-invasive measurement. 

5. Conclusions 

In this study, laryngeal surface vibration signals and acoustic signals during singing were 

synchronously measured using a laser Doppler vibrometer (LDV) and a high-precision acoustic 

system（ B&K）. After establishing a stable correspondence between the two signals at the fundamental 

frequency level, the amplitude ratio of low-order harmonic peaks in the laryngeal vibration spectrum 

(L0/L1) was introduced as a relative descriptor of vibratory behavior. 

The results demonstrate that the L0/L1 ratio exhibits a stable and directionally consistent 

structural transition in the higher pitch range. The crossing of the L0/L1 ratio relative to an individual 

mean value can be used as an operational criterion for identifying passaggio-related events. Because 

this ratio-based approach relies on relative changes rather than absolute amplitude values, it shows 

good robustness to inter-individual variability. 
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Overall, the proposed method provides a non-invasive and repeatable approach for passaggio 

identification from a sound source perspective. By focusing on laryngeal vibration patterns rather 

than vocal tract resonance characteristics, this framework offers a complementary tool for objective 

analysis of register transitions in singing and may support future applications in vocal research and 

pedagogy. 
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