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Abstract 

A smooth register transition is a fundamental aspect of the classically trained singing voice.  The 

purpose of this study is to examine the physiological and acoustical bases of the vocal techniques 

used by trained female singers to transition across the primo passaggio in triads.  Triad 

recordings from ten female singers at various levels of training were analyzed physiologically 

with an electroglottograph (EGG) signal and acoustically with spectral analysis. The closing 

quotient (CQ) measurements obtained from the EGG signal revealed three patterns among the 

subjects, a decreasing, an increasing, and a stabilized CQ across the register transition.  The 

number of the dominant harmonic decreased across the register transition for the professional 

singers in contrast to the other subjects who maintained a relatively stable harmonic number.  

The frequency and amplitude of the dominant harmonic remained relatively stable for all the 

subjects.  Data analysis concluded that the method used by the most experienced singers for 

smoothing the passaggio involved resonating a lower harmonic across the primo passaggio 

while maintaining a stable vocal tract and laryngeal adjustment.                      

 Keywords: register transitions, female singers, electroglottograph, spectral analysis 
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Registration in the Female Singing Voice across Triads 

 Historically, the concept of singing registers has generated much debate in voice 

research.  Register terminology, the number of singing registers, and their physiological and 

acoustical properties continue to be topics of debate.  Discussions of singing registers have 

varied across writers due to the individual and qualitative nature of sound perception (Miller, D. 

G., 2000).  Over the past 300 years voice teachers have included a smooth passaggio, or 

transition between registers, as a fundamental aspect of a well trained singing voice.  In an 

untrained voice, register transitions are perceptually apparent to a listener as discontinuities of 

loudness, pitch, or both of these characteristics (Miller, D. G., 2000).  Titze (1994) identified 

these perceptual discontinuities as quantal effects, or sudden changes, in the quality of the voice.  

Titze (1994) plotted these quantal changes against hypothetical physiologic and acoustic 

variables.  He stated that these variables would change gradually, but at the frequencies of the 

register transition, these variables would interact to create a dramatic shift in the variables and 

the voice. 

 Early voice research in registers sought to explore the laryngeal physiology bases of 

registers.  Henrich (2006) described the work of Manuel Garcia II and his physiological 

contributions using the laryngoscope.  Garcia observed the nature of singing registers inherent in 

a ‘mechanical principle’ apart from variations in quality.  Although, Garcia’s work failed to 

account for the full complexity of the characteristics of a register, many subsequent researchers 

have expanded on his physiologically based theory.  Behnke (1880) also described three ‘distinct 

and unmistakable’ physiological mechanisms for the vocal registers.  These basic mechanisms 

include loose vibration of the entire vocal folds in the pulse register, vibration of the thin margins 

of the vocal folds alone in the modal register, and vibration of half the length of the inner 
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margins of the vocal folds in the falsetto register.  Although his specific terminology, thick, thin, 

and small, is no longer used in the singing world, these basic mechanisms prove relevant.  In 

addition, Hollien (1974) embraced this physiological approach; however, he recognized that the 

complexity of vocal registers required a definition with multiple variables.     

 Due to confusion concerning the nature of vocal registration and the varying terminology 

used to describe it, Hollien (1974) sought to concisely define each speaking register.  He defined 

each register with a separate range of sequential frequencies of a distinct vocal quality.  He 

defined three speaking registers, pulse, modal, and loft, in four respects: physiologically, 

aerodynamically, perceptually, and acoustically.  These four variables of categorization describe 

the entire nature of vocal registers for speech.  These variables distinguish singing registers from 

speaking registers in addition to addressing the pedagogical goal of a smooth passaggio.  

Regarding the first variable, physiology, current voice research agrees on two primary registers 

relating to the vibrational patterns of the vocal folds.  D. G. Miller (2000) labeled these 

physiological mechanisms, the ‘natural registers’ of chest and falsetto.  He distinguished these 

two ‘natural registers’ by identifying the ‘chest’ as having a greater closed quotient on the 

electroglottograph (EGG) signal, a vertical phase difference, and a greater ratio between applied 

forces of vocal fold muscles when compared to the ‘falsetto’.  The thick, short vocal folds in the 

‘chest’ register produce the lower frequencies of the fundamental frequency continuum, from the 

lowest frequencies to about 300 Hz.  This physiological basis however, only provides a 

foundation for the complex registration phenomenon.  Henrich (2006) stated that the speech 

community agrees on three speaking registers based on laryngeal adjustments as defined by 

Hollien (1974): pulse or vocal fry, modal or chest, and falsetto or loft.  Although solely laryngeal 

based theories of registration such as those of Garcia, Behnke, and Hollien can adequately 
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describe the speaking voice, they do not account for the great vocal quality variations of the 

singing voice (Henrich, 2006).      

 Voice researchers vary in opinion as to which variables cause the dramatic shift at a 

register transition.  D. G. Miller (2000) argues for an ‘integrated approach,’ that involves two 

variables or components, one physiological and one acoustical.  According to D. G. Miller 

(2000) a striking example of singing registration is the change at the glottal source between a 

chest and a falsetto source.  So while speaking and singing registers differ from each other, they 

do originate from similar physiological mechanisms.  The acoustical component, on the other 

hand, is more obscure compared to the physiological transition.  D. G. Miller (2000) attributes 

this ambiguity to a large repertoire of vocal behaviors singers use to manipulate their vocal tract.  

A shift in the dominant harmonic on a spectrum indicates an acoustic register transition. 

 An enduring technique of vocal pedagogy to a smooth passaggio targets another Hollien 

(1974) variable, aerodynamics.  Hill (1986) identified airflow as the critical factor in 

coordinating a register transition, the use of increased airflow to smooth a transition.  He defined 

airflow and subglottic pressure as the two components of glottal resistance that facilitate register 

transitions.  Hill (1986) concluded that these two factors increase with pitch until the register 

boundaries are reached at which point airflow and subglottic pressure decrease, an example of 

the quantal changes described by Titze (1994).  Titze (1988) examined another aerodynamic 

factor of registration, the effects of subglottal resonances on involuntary timbre transitions.  

These subglottal resonances either reinforce or impede vocal fold vibration.  The subglottal 

resonances reinforce vibration in the lower frequencies inducing greater vocal fold adduction 

which the listener perceives as the richer timbre of the chest register (Titze, 1988).  Impedance 
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occurs with higher frequencies creating a poorer timbre in the falsetto register.  Aerodynamic 

forces thus provide an argument mechanism for perceptual differences among singing registers.     

 Hollien (1974) also described the perceptual aspects of the speaking registers.  In terms 

of pitch, the pulse register occupies the lowest range of fundamental frequencies, the modal or 

chest register includes the normally used frequencies, and the higher fundamental frequencies 

constitute the loft or falsetto register.  In terms of sound amplitude, Hollien identified the modal 

register as the one perceived to be the loudest.  These perceptions of pitch and loudness in speech 

are similar to those of singing registers.  The exception being that singers use a greater range of 

vocal frequencies than speakers and are required to generate greater levels of sound amplitude.  

According to Sundberg (1977), a speaker typically utilizes one octave of the pitch range in 

contrast to the two octaves of the pitch range employed by singers.  Keidar, Hurtig, and Titze 

(1987) examined the quality factor involved in the perception of two primary singing registers, 

chest and falsetto.  These authors described each register as a ‘distinct perceptual unit’ dependant 

on the perceived voice quality.  Keidar, Hurtig, and Titze (1987) identified voice quality as a 

‘dichotomous parameter,’ and the dominant indicator of a perceptual change between the two 

primary registers.  R. Miller (1996) describes the two primary registers as chest voice and head 

voice, traditional terms of vocal pedagogy, which are based on vibratory sensations. R. Miller 

(1996) identified the middle voice that exists between chest and head as the zona di passaggio 

where smoothing the registers becomes especially important.  This registration perception is 

acoustically characterized by the relative amplitudes of the spectral harmonics, whose pattern 

determines the vocal quality. 

 D. G. Miller and Schutte (2005) use spectral analysis to acoustically assess registration 

by displaying the effects of resonance on the distribution of acoustic energy across harmonics.  
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The two vocal fold vibrational patterns, chest and falsetto, create different source spectra.  The 

chest register has greater acoustic energy in the high frequency components compared to the 

head register thus supplying it with a richer sound.  Spectral changes to these registers occur with 

changes in resonance due to adjustments in the shape of the vocal tract.  These adjustments allow 

the singer to modify or tune the formant frequencies of vowels to the acoustic energy of the 

harmonics.  D. G. Miller and Schutte (2005) state that a large closed quotient allows the chest 

register to resonate the second harmonic (H2), and when the first formant (F1) of the vowel 

sound is tuned to it, H2 has the greatest acoustic energy in the spectrum.  This acoustical variable 

becomes more complex during transitions between registers as the acoustic nature of each 

register becomes unclear.  

 D. G. Miller (2000) defined the primary register transition as the transition in glottal 

source between the ‘chest’ and ‘falsetto’ vibratory patterns which are used in chest and head 

voice, respectively.  This primary register transition is the primo passaggio in females and the 

secondo passaggio in males.  The importance of this transition point is due to its occurrence 

across vocal types.  Titze (1994) identified this passaggio at 300 Hz – 350 Hz stating that a 

transition occurs in the D4 - F4 range.  D. G. Miller (2000) uses an ‘integrated approach’ to 

define this register transition in acoustical terms as well as laryngeal.  In terms of smoothing the 

transition this approach takes both laryngeal adjustments and resonance adjustments into 

account.  Register transitions can be smoothed by making the distinct vibrational patterns 

resemble each other as in a messa di voce exercise, which involves perceptual changes on the 

sound amplitude continuum while singing the same note (Miller, D. G., 2000).  Registers, 

however, are primarily regarded in terms of the frequency continuum, especially in the female 
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voice.  Apart from the laryngeal component, registers can be smoothed by adjustments in vocal 

tract resonance (Miller, D. G., 2000).    

 Since the primary transition occurs lower in the fundamental frequency range for the 

female than the male, this transitional point is less noticeable in the female singing voice (Miller, 

D. G., 2000).  D. G. Miller’s (2000) primary focus for register transitions in the female singing 

voice are changes in resonance of the vocal tract.  D. G. Miller and Schutte (2005) also address 

the concept of the mixed register which involves the blending of the two patterns of vocal fold 

vibration as in the messa di voce exercise.  He concludes, however, that in female singers the use 

of vocal tract adjustments is the most effective means of smoothing the primo passaggio as 

opposed to laryngeal adjustments.  D. G. Miller (2000) has used spectral analysis to examine 

these vocal tract adjustments and their relationship to the laryngeal adjustments, consistent with 

his ‘integrated theory’.  The complexity of the register transitions in the female singing voice 

merit further study.  The concept of transitioning between registers is also particularly important 

to females in that the music they sing often requires transitions between more than one register 

(Sundberg & Kullberg, 1999).  Therefore, it is appropriate to focus attention on registration in 

the female singing voice. 

 D. G. Miller (2000) identified four registers of the female singing voice within the ‘chest’ 

and ‘falsetto’ vibratory patterns or the ‘natural registers’.  He stated that the chest register uses 

the ‘chest’ source, and the middle, upper, and flageolet registers use the ‘falsetto’ source.  He 

identified the primary register transition as a transition from the ‘chest’ pattern to the ‘falsetto’ 

vibratory pattern used in the middle register, the ‘default’ register of singing (Miller, D. G., 

2000).  Many studies have examined the physiological nature of this transition, from chest to 

middle, with similar results found; the middle register has a smaller closed quotient, a more 
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dominating fundamental frequency, and a reduction in sound pressure level (Miller, D. G., & 

Schutte, 2005; Sundberg & Kullberg, 1999; Švec, Sundberg, & Hertegård, 2008).   

 In transitioning at the primo passaggio in females, D. G. Miller (2000) stated that the use 

of a low larynx, characteristic of the middle register, with a chest source helps smooth this 

transition.  He stated that the chest voice resonates H2 and when F1 rises to follow this harmonic 

a register violation occurs, so Miller suggested the use of a low larynx.  In the middle register, 

Miller stated that females can tune F2 to H4 thus strongly resonating the fourth harmonic in the 

middle register. Miller specifically argued for resonance changes in the upper and flageolet 

registers of the female voice due to the nature of the falsetto source.  D. G. Miller (2000) 

characterized the upper register as having F1 tuned to the fundamental frequency or the first 

harmonic (H1) which decreases the intelligibility of vowels and the sound pressure levels.  In the 

flageolet register Miller proposed that H1 be resonated in a formant cluster of F1 and F2.  

Female singers also use a stiff vocal fold posture as done in speaking for falsetto voice.  The 

resonance changes provide fine tune adjustments in female singing above the register transition 

between the middle and head registers.  Henrich (2006) dismissed vocal tract adjustments as 

unreasonable phenomena for transitions between registers stating that the broad harmonic 

spacing of acoustic signals makes it difficult to measure resonant frequencies.  D. G. Miller 

(2000), however, provided a solution for this issue in his use of a pulse register sound source 

with a fixed vocal tract articulation in order to increase the number of harmonics available to 

determine formant frequencies. 

 A definition of registration in terms of physiology, aerodynamics, perception, and 

acoustics explains the complexity and nature of this phenomenon.  These variables characterize 

singing registers in isolation and across a continuum of pitch or loudness.  A study is needed to 
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examine the critical primo passaggio of the female voice in a greater number of female subjects.  

In addition, a study of the transition across wider intervals in fundamental frequency that include 

the register transition point is needed.  The purpose of the present study is to examine the 

physiological and acoustical bases of the vocal techniques used by trained female singers to 

transition across the primo passaggio in triads.  Using triads can provide data for noncontiguous 

notes as frequently occurs during singing.  Both EGG signals and spectra will be analyzed to 

determine a register transition.  According to D. G. Miller (2002), the large EGG closing 

quotient of the chest register abruptly decreases at the transition point to a falsetto vibratory 

pattern.  In the female voice a change in the form of the EGG curve reflects the register 

transition.  If the female subjects of this study use the falsetto vibratory pattern in the middle 

register, the primo passaggio can be appropriately distinguished by the EGG closing quotient.  

This study will utilize these physiological parameters to quantify perceptual register shifts.  For 

the acoustic component, this study will analyze harmonic dominance in each register shift, 

examining the use of vocal tract tuning to smooth the register transition.  The primo passaggio is 

expected to occur in the transition from the third to the fifth of the triad. 

Method 

Subjects 

 A group of 10 female singers with varying levels of vocal training and expertise 

participated in this study.  The subjects included both college undergraduates and graduates in a 

vocal performance program as well as professional vocal performers and teachers.  According to 

self reports and experimenter observations, the subjects had no voice problems at the time of the 

recording and were of general good health.   
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Recording Procedure 

 Before each recording took place, each singer completed the informed consent form, a 

questionnaire for background information, and sang her routine vocalise to warm up her voice.  

In the questionnaire each singer documented her vocal category, current voice teacher, hours of 

daily/weekly practice, years of vocal training, and recent performance roles.   

 Each singer stood with the corner of her mouth 30 cm from an omnidirectional condenser 

microphone (AudioTechnica 3032) as directed by the experimenter.  An elastic and Velcro strap 

held a pair of electroglottograph (EGG) electrodes (VoceVista 7050A) in position over the 

singer’s thyroid laminae.  These two signals were directed to a PC computer that digitized both 

audio and EGG signals at a rate of 22500 samples per second. The audio output was directed to 

the software’s first channel and the EGG output to the second channel of the VoceVista Pro 

(version 3.2) software. The VoceVista Pro software was used for data storage, display, and 

analysis.   

 The experimenter presented the starting pitch of either A3 (220 Hz), D4, or E4.  One 

exception was subject G03 who began on B3.  The initial tone was selected by the experimenter 

in order to be certain that the 5th of the triad was sung in middle register.  All subjects sang the 

triad twice; once on the [a:] vowel and once on [ε:].  Each triad was sung with a single breath at 

a mezzoforte level and an andante tempo. The [a:] vowel was analyzed in order to control the 

formant frequency variable. However, the file for the [a:] vowel of subject G03 was corrupted, 

so her [ε:] productions were analyzed. 

Measurement Procedure 

 The 10 singers were selected from a larger sample as having well-sung triads.  Two sets 

of measurements were taken using the recordings of the selected singers.  The first set of 
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measurements included the EGG measurements of the closing quotient (CQ) duration of the 

notes. The second set includes the FFT spectral measurements of the harmonic number, the 

frequency, and the amplitude of the dominant harmonic.  Different routines of the VoceVista 

software were used to provide the various signal displays for measurement. 

 The specific points for measuring the data were selected using the VoceVista’s narrow-

band spectrogram display (see Figure 1). The variations in the harmonics shown in Figure 1 

represent the singer’s vibrato. Over three successive glottal cycles for each note, measurements 

were taken at the top, middle, and bottom of the vibrato range for a total of seven points per note.  

These selections were used for both sets of measurement.  

       Figure 1.  Narrow-band spectrogram with cursor indicating the point in the signal to be used for data  
      collection. 
 

 In order to prepare the data for the first set of measurements, the EGG and audio signals 

were aligned to adjust for the delay of the acoustic signal in relation to the EGG. This alignment 

results in the vertical cursor marking the rapid rise in both the EGG and audio signals as shown 

by the arrows in Figure 2.  Small variations in the delay of the audio signal occurred because of 

slight differences between singers in the mouth-to-microphone distance.  The height of the EGG 
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horizontal cursor, which determines CL or criteria level, was adjusted to intersect with the first 

vertical cursor at the estimated point of glottal opening, usually occurring after a notch in the 

waveform.  The second vertical cursor frequently was aligned with a landmark on the audio 

signal, i.e. a notch or peak in the signal.  The CQ value indicated the ratio of the area between the 

first two vertical cursors on the EGG in Figure 2 to the area between the two outermost vertical 

cursors, or the proportion of time that the vocal folds were closed during a complete glottal 

cycle.  The VoceVista software displays of the CQ, CL, and time in the EGG signal window 

were recorded as well as the fundamental frequency from the display in the audio signal window.     

 Figure 2.  Audio (above) and EGG (below) signals with arrows showing the vertical cursor at                
the rapid rise of the two signals. The horizontal cursor for determining the CQ is also shown in the 
EGG signal. These signal displays occurred at the location shown in Figure 1. 

 

 The second set of measurements, the spectral data, was measured from an FFT display of 

the data (see Figure 3). The FFT was characterized by a Hanning window size of 2048 and an 

analysis frame of 10.8 Hz. The harmonic amplitude in the FFT window was displayed as a value 

down from 100 dB. The vertical cursor marks the harmonic(s) with the greatest amplitude. The 
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frequency and amplitude of the selected harmonic were displayed by the VoceVista software and 

those values recorded as well as the number of the dominant harmonic. 

 Figure 3.  FFT spectrum of the data with a vertical cursor through the strongest harmonic. The data in this 
 display represent the same data point as Figure 1. 
 

 Two of the subjects required altered measurement due to either irregularity or absence of 

the EGG signal.  For subject G05, hand placements of the vertical cursors as well as the 

horizontal cursor were used to determine the CQ values based on the same principles used for the 

other subjects to indicate the start of glottal opening.  The top, middle, and bottom measurements 

from each note sung by each subject produced figures depicting the patterns for the CQ and the 

number, frequency and amplitude of the dominant harmonic. The figures were used to determine 

if any patterns exist among the singers to indicate the glottal and vocal tract adjustments made to 

transition between the chest and middle registers.  

Analyses 

 The data were analyzed via visual inspection of the patterns for each of the variables 

across subjects. In addition the data were analyzed using a repeated measure ANOVA with the 
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position of the measurement on the waveform (three levels) and the note in the triad (five levels) 

as within subject variables.  

 Measurement intra-rater reliability was assessed by repeating the measurement for five of 

the subjects. These measurements were then compared to the original measurements using a 

Pearson product-moment correlation. Intra-rater reliability ranged from 0.850 to 0.990.  Separate 

correlations were calculated for each dependent variable, with values of r=0.967 and r2=0.935 for 

CQ, r=0.902 and r2=0.813 for spectral peak harmonic number, r=0.850 and r2=0.722 for spectral 

peak frequency, and r=0.990 and r2=0.980 for spectral peak amplitude. 

Results 

 The data from the measurements were analyzed by observations of patterns and by 

statistical tests. For the effect of the singers’ vibrato on the selected measures, separate figures 

were created to analyze the patterns across subjects for three locations on the waveform, i.e. 

peak, middle, and bottom of the vibrato range.  For all measurements, however, the place on the 

waveform did not affect the overall visual pattern; therefore, these measurements were combined 

for all subsequent figure analyses.  Figures 4, 5, 7, and 8 depict the averages of the 

measurements for each note and display each subject’s pattern across the triad.  Placement on the 

waveform did however present a statistically significant within-subject effect. The laryngeal and 

vocal tract measures revealed different patterns across the sung triads. 

Laryngeal Measures 

 Closing quotient.  The CQ measurements revealed three patterns among the subjects.  

As seen in Figure 4, four singers, G04, G01, P02, and U01, lowered CQ as they raised 

fundamental frequency (f0).  These two graduate students began the triad with an average CQ of 

53 and gradually decreased CQ reaching an average of 36.5 at note 3. P02 and U01 began with 
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an average of 51 but had a more dramatic drop in CQ to 28 at note 2 and maintained this lower 

CQ until note 5.  Two singers, U04 and G03, portrayed a second pattern, raising CQ while 

raising f0.  Both of these subjects had a gradual increase in CQ.  U04 began with an average CQ 

of 39 and gradually increased to 57 in note 3, and G03 began with an average of 51 and 

increased to 64 in note 3.  The remaining singers, G05, G06, P05, and P06, maintained CQ at a 

relatively constant level across the notes of the triad.  Of the subjects that maintained at a 

constant CQ, P06 had the highest average CQ of 58.  

           Figure 4.  Average CQ of subject by note. 

Analysis of variance confirmed statistical significance in the effect of position on CQ  

(F(2,18)=8.502, p=.003, η2
p =.486).  Because some of the singers increased their CQ with each 

note in the triad and some singers lowered theirs, there was no statistical effect of note on CQ.                       

Vocal Tract Measures 

 Harmonic number.  The averages of the acoustical measurements across each note of 

the triad are depicted in Figures 5, 7, and 8.  Figure 5 depicts a decrease in the harmonic number 

at note 3 for the three professional singers, P02, P05, and P06.  For P05 and P06 the third 

harmonic (H3) remained dominate in notes 1 and 2 with a decrease to the second harmonic (H2) 
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in note 3.  P05 shifted back to H3 in note 4 and P06 waited to shift until note 5.  P02 fluctuated 

between the third and fourth harmonics in notes 1, 2, 4, and 5, and used the first harmonic (H1) 

in note 3.  The remaining subjects maintained a relatively constant harmonic number across the 

triad with the exception of a sudden decrease in harmonic number in note 1 of U01 and in note 5 

of G01.  They predominantly used H2, the exception being G01 who used H3.  As seen in Figure 

6, the average number of the dominant harmonic, averaged across waveform position and note, 

increased with amount of vocal training.  Statistical analysis confirmed a strong effect of vocal 

training on the difference in the harmonic resonated by the singer (F(2,7)=16.003, p=.002, η2
p 

=.821).  This analysis indicates that the singers’ training had a strong effect on the harmonic with 

peak energy in the sung notes.  Analysis of variance did not present statistical significance in 

either the effect of position or note on the harmonic number. 

          Figure 5.  Average number of the dominant harmonic of subject by note. 
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             Figure 6.  Average number of the dominant harmonic by training level. 

 Frequency of the peak harmonic. As seen in Figure 7, the frequencies of the dominant 

harmonics remained fairly stable across the triad for each subject, with the exception of subjects 

G04, G01, and P02.  G04 and G01 increased the frequency of the dominant harmonic with 

increasing f0.  G01 had the highest average frequency of the subjects with a value of 1229.43 Hz 

at note 3.  G04 increased to an average frequency of 939.29 Hz at note 3.  P02 decreased in 

frequency to an average of 433.57 Hz at note 3.  Analysis of variance confirmed statistical 

significance in the effect of position on the frequency of the dominant harmonic (F(2,18)=5.890, 

p=.011, η2
p =.396).  This analysis indicated a moderate effect of the position in the vibrato on the 

frequency of the sung note. Because not all of the singers began on the same note there was great 

variance in the frequency for each of the notes sung; therefore, there was no statistical effect for 

the note in the triad on the frequency of the peak harmonic.    

  

  

  

  

  

  

  

  

  

  Figure 7.  Average frequency of dominant harmonic by note. 
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 Amplitude of the peak harmonic. Figure 8 portrays the patterns across subjects for the 

amplitude of the dominant harmonic.  Every subject kept a relatively constant amplitude value, 

but the values differed among the singers.  The singers, U04, U01, P02, P05, and P06, who 

began the triad on A3, had the strongest amplitude values for the dominant harmonic.  Analysis 

of variance confirmed statistical significance in the effect of position on the amplitude of the 

dominant harmonic (F(2,18)=35.506, p=.000, η2
p =.798).  Statistical analysis also confirmed the 

effect of note on harmonic amplitude (F(1.958,17.618)=9.854, p=.001, η2
p =.523).  The effect 

sizes of these two analyses indicate that the position of the note in the vibrato and the note sung 

had a strong effect on the amplitude of sung note (Cohen, 1988). 

       Figure 8.  Average amplitude of dominant harmonic by note. 
 

Discussion 

Laryngeal Measures 

 The three patterns observed in the closing quotient (CQ) measurements may correspond 

to possible laryngeal adjustments: the vocal fold thickening that may occur with CQ increase can 
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decrease is often associated with laryngeal elevation, and the consistent CQ levels would be 

accompanied by laryngeal stability.  Honda, Hirai, Masaki, and Shimada (1999) examined the 

effect of vertical laryngeal movement on the vocal fold mechanism.  This study illustrated that 

the vocal folds shorten as a result of laryngeal lowering and an accompanying rotation of the 

cricoid cartilage particularly in the lower fundamental frequency range.  The most surprising 

pattern in this present study was the probable stiffening of the vocal folds and elevation of the 

larynx seen in one undergraduate student, two graduate students and a professional singer, 

because this adjustment is characteristic of speaking but can be detrimental to the quality of the 

classical singing voice.  Some studies suggest that vertical laryngeal movement can substantially 

influence the vowel formant frequencies as well as the fundamental frequency; these changes 

interfere with the concept of smoothing the passaggio and limits the high degree of laryngeal 

control the classical singer needs (Sapir, 1989; Sundberg & Nordstrom, 1976).  As opposed to 

the classically trained voice, an elevated larynx is associated with a harsher singing quality, like 

in belting, which can cause strain to the voice (Sundberg, 1991).   

 Two subjects, one undergraduate and one graduate student, probably thickened their 

vocal folds and lowered their larynx with the shift from the chest to middle register.  This 

pedagogical technique has been suggested as a method of smoothing the passaggio (Hertegård, 

Gauffin, & Sundberg, 1990; Miller, D. G., 2000).  Hertegård et al. (1990) attributed a lowering 

and a forward tilt of the larynx to the lowering of the first formant (F1) that is characteristic of 

covering or smoothing the register transition.  This laryngeal positioning elongates the vocal tract 

and widens the pharynx.   

 R. Miller (1996), on the other hand, described the use of a stabilized vocal fold stiffness 

and laryngeal position in accordance with the copertura or covering method for register 
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equalization.  He stated that this stable laryngeal position characterizes good singing and allows 

for gradual vowel modification through adjustment at the mouth opening.  This physiological 

technique was evident in the sung triads of the two opera singing professionals and two graduate 

students. The statistical tests confirmed a relatively strong effect of the position of the note in the 

vibrato cycle on closing quotient.  This could possibly be attributed to the activity of the intrinsic 

laryngeal muscles, specifically the criocothyroid and thyroarytenoid muscles, in the production 

of the frequency and amplitude modulation of vibrato (Martin, Thumfart, Jolk, & Klingholz, 

1990; Shipp, Doherty, & Haglund, 1990).  Further discussion of the interaction among CQ, 

fundamental frequency, and laryngeal position requires further evaluation that might involve 

having singers produce a wider range of notes in all three singing registers.  Further research can 

also be done to examine if the use of these voicing patterns correspond with vocal training or 

with differences in laryngeal anatomy or physiology. 

Vocal Tract Measures 

 Harmonic number.  The clearest effect of vocal training occurred for the number of the 

peak harmonic.  There was an increase in the average peak harmonic number with an increase in 

vocal training level.  All three professional singers shaped their vocal tract to resonate the third 

harmonic (H3) when singing in their chest register.  Professional subjects P05 and P06 shifted to 

the second harmonic (H2) in the middle register and subject P02 to the first harmonic (H1) or the 

fundamental frequency.  Using H1 as the dominant harmonic is typical of choral singing in order 

for the singers to blend with the other voices (Rossing, Sundberg, & Ternström, 1987).  In 

contrast, solo singers tend to shape the vocal tract to resonate higher harmonics (Rossing et al., 

1987).   The professional singers maintained their vocal tract adjustment in order to allow the 

first formant (F1) to resonate the second harmonic (H2) when they transitioned to the middle 
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register.  The use of the higher harmonic number, H3, by the professional singers, compared to 

the other subjects, reflects the desire for an improved sound quality that involved matching the 

harmonic with the resonant peak for the first formant of the vowel.  This sound quality is 

accomplished by creating a gap between the fundamental frequency and strongest harmonic and 

by balancing acoustic energy across the spectrum.  R. Miller (1996) stated that the desired 

chiaroscuro or light/dark timbre is evident when acoustic energy is present at both the upper and 

lower regions of the spectrum.  Large (1968) studied productions of the [a:] vowel by female 

singers in the chest and middle registers and characterizes H3 as the primary contributor to the 

vowel color in both registers.    

 The shift to a strategy of aligning F1 with H2, when singing in the middle register, was 

apparent in the triads of the professionals as a result of maintaining a stable vocal tract 

adjustment.  The other subjects generally maintained a constant H2 resonance across the triad 

thus making vocal tract adjustment to tune F1 to H2.  D. G. Miller (2000) stated that this F1 to 

H2 tuning creates a register violation.  Therefore, it can be concluded that the method used by 

the most experienced singers for smoothing the passaggio involved resonating a lower harmonic 

across the primo passaggio while maintaining a stable vocal tract and vocal fold adjustment.  

This combination was observed in the singing of subjects P05 and P06.  This finding is not 

consistent with D. G. Miller and Schutte (2005) who identified vocal tract adjustments as the 

most effective means for smoothing the primo passaggio in females.   

 Frequency and amplitude of the dominant harmonic.  The majority of the singers 

maintained a relatively constant dominant resonant frequency in the 600-800 Hz range which is 

consistent with the first formant of the [a:] vowel thus enhancing the roundness or depth of the 

sound (Miller, R., 1996).  The exceptions to this general trend were subjects G04, G01, and P02 
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who either raised (G04, G05) or lowered (P02) the frequency of the dominant harmonic.  

Interestingly, these three subjects all elevated their larynx with the rise in fundamental 

frequency.  Thus, the variation in the frequency of the peak harmonic may be attributed to glottis 

and vocal tract interaction that may not be the most effective for making the passaggio transition 

smooth.   

 Lastly, each singer maintained a relatively constant dominant harmonic amplitude value, 

but the values differed among the subjects.  The highest amplitudes were apparent in the 

productions of the professional singers, who began the triad on A3 (220 Hz) a note that was 

clearly in their chest register.  The remaining subjects began the triad closer to or within the 

primo passaggio frequency range.  The undergraduate students had similar amplitude values to 

the professional singers.  These strong amplitude values in both the professional and 

undergraduate subjects could be attributed to a number of factors.  These factors may include the 

note on which the subject began the triad, the vocal tract adjustments made by the professionals 

for formant tuning, or that the undergraduate singers had good technique for the activity and may 

develop into excellent singers.  

 The statistical tests indicated a moderate effect of the position of the note in the vibrato 

on the frequency of the dominant harmonic and a strong effect of the position of the note in the 

vibrato and the note sung on the amplitude of the dominant harmonic.  Schutte and Miller (1991) 

examined the concept of intensity modulation in vibrato or ‘amplitude vibrato’ and discovered 

that sound pressure level modulations were created by the interaction between the formant 

frequencies of the vocal tract and the harmonics created at the voice source.  Further study can be 

done to determine the effect of these vibrato modulations on the frequency and amplitude of the 
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dominant harmonic.  A greater number of subjects would also help to generalize the findings of 

this study.    
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