Vocal Fold Biomechanical Analysis for the Singing Voice
Pedro Gómez Vilda1, Elisa Belmonte-Useros2, Víctor Nieto Lluis1, Victoria RodellarBiarge1, Agustín Álvarez Marquina1, Luis M. Mazaira Fernández1
1

NeuVox Laboratory, Center for Biomedical Technology, Universidad Politécnica de Madrid,
Campus de Montegancedo, s/n, 28223 Pozuelo de Alarcón, Madrid
2
Escuela Superior de Canto, C/ San Bernardo 44, 28015, Madrid
e-mail: pedro@pino.datsi.fi.upm.es

Abstract. Teaching the adequate use of the singing voice conveys a lot of
knowledge in musical performance as well as in objective estimation techniques
involving the use of air, muscles, room and body acoustics, and the tuning of a
fine instrument as the human voice. Although subjective evaluation and training
is a very delicate task to be carried out only by expert singers, biomedical
engineering may help contributing with well-funded methodologies developed
for the study of voice pathology. The present work is a preliminary study of
exploratory character describing the performance of a student singer in a regular
classroom under the point of view of vocal fold biomechanics. Estimates of
biomechanical parameters obtained from singing voice are given and their use
in the classroom is discussed.
Keywords: vocal fold modeling, singing performance, voice production, vocal
effort.

1 Introduction
The singing voice is one of the most beautiful and natural musical instruments in
nature. It must be seen also as a very ancient and emotional way of expression of
human nature and culture. Although much has been studied about the singing voice
since the pioneering work of Sundberg [1], much more is still pending of
introspective analysis using the traditional acoustic theories hybridized with the
modern signal processing tools based on powerful and ubiquitous computing. The
work presented here is an exploratory study motivated by the need of objectively
estimating what has been always the spirit of singing expressed subjectively. The
ultimate goal being the study of the 'stage fright' of singers, a fruitful collaboration
between the NeuVox Lab and the Superior School of Singing in Madrid allowed
recording real performances from students and professors of the school both at the
study room and at the stage. The use of BioMet®Phon [2] in the estimation of aspects
as tone, loudness, vocal fold biomechanics and glottal closure during different scales,
has allowed depicting a colourful yet highly semantic picture of what is the singing
voice. The needs derived from the study have deeply reformed the tool, initially
conceived to analyze voice quality in the clinics to transform it to a new device:
BioMet®Sing. Estimations of real recordings and their preliminary statistical results
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are being presented and discussed. This study must be seen as a due sequel of early
works conducted in the NeuVox Lab some years ago [3, 4]. The ultimate goal of the
study is to provide a methodology for the objective analysis of the singing voice with
different intentions: graduate the vocal effort of the singer, produce estimates of the
performance of the interpreter in real time to be used in learning singing techniques,
and evaluate the emotional overload (stage fright), among others. The paper is
organized as follows: A brief description of vocal fold biomechanics is given in
section 2 to help understanding the parameters being used. A summary of the
methodology used in the recordings is given in section 3. In section 4 results obtained
from the analysis of a single performance by a singing student are presented, and their
potential use discussed. Conclusions are presented in section 5.

2 Fundamentals
The key technique used for the analysis of voice quality in BioMet®Sing is adaptive
vocal tract inversion to produce an estimate of the glottal source. Accurate spectral
domain techniques [5] allow the estimation of a set of biomechanical parameters
associated to a 2-mass model of the vocal folds [6] as the one depicted in Fig. 1.

Fig. 1 Vocal fold 2-mass biomechanical model assumed in the study. a) Structural description
of vocal folds. b) Model equivalent in masses and viscoelasticities.

The template (a) shows the physiological structure of the vocal folds as a body
composed by the musculis vocalis, and a cover or lamina propria and the visco-elastic
tissues in Reinke’s space and the ligaments. The biomechanical model in (b) shows
that the masses of the cover and Reinke’s space have been included in the cover
masses Mcl and Mcr for the left (l) and right (r) vocal folds. Masses Mbl and Mbr
account for the body and ligaments. It must be kept in mind that these masses are not
distributed, but dynamic point-like ones. Visco-elastic parameters Kcl and Kcr explain
the relations between tissue compression and acting forces on the cover and Reinke’s
space. Parameters Kbl and Kbr are the same regarding the body and ligaments.
Although the tool in itself produces a wide range of parameters (jitter, shimmer, NHR,
mucosal/aaw, glottal source cepstral, spectral profile, biomechanical, OQ, CQ, RQ,
glottal gap defects, tremor) the biomechanical parameters are by far the most
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interesting set to assess the dysphonic conditions both in modal voice as well as in
singing voice. Having this description in mind, the subset of biomechanical
parameters is composed of the following correlates:
•
•
•
•
•
•
•
•

Parameter 35: Dynamic mass associated to the body, given as an average of Mbl
and Mbr.
Parameter 37: Stiffness parameter associated to the body averaged on the left and
right folds (Kbl and Kbr).
Parameter 38: Unbalance of dynamic body mass per each two neighbor cycles.
Parameter 40: Unbalance of body stiffness per each two neighbor cycles.
Parameter 41: Dynamic mass associated to the cover averaged on the left and
right folds (Mcl and Mcr).
Parameter 43: Stiffness parameter associated to the cover averaged on the left and
right folds (Kcl and Kcr).
Parameter 44: Unbalance of dynamic cover masses per each two neighbor cycles.
Parameter 46: Unbalance of cover stiffness per each two neighbor cycles.

The estimation of the above parameters is carried out by inverting the 2-mass model
in Fig. 1 in the spectral domain as described in [5]. Examples of estimates from each
parameter on a balanced database of 50 male and 50 female normative speakers
collected and evaluated by endoscopy at Hospital Universitario Gregorio Marañón de
Madrid (Spain) are given in Fig. 2 and Fig. 3.

Fig. 2 Histograms of the biomechanical parameters (dynamic masses and stiffness) for
normative male and female datasets. In abscisae masses are given in g, stiffness given in g.s-2
(mili-N/m). Ordinates give number of subjects.
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Fig. 3 Histograms of the biomechanical parameter unbalance for normative male and female
datasets (given in rel. values). Abscisae give unbalance relative to unity (0.01 is 1%). Ordinates
give number of subjects per bin.

It may be seen that parameter 35 (body mass) is differentially distributed for males
and for females, being larger for males, as expected. Parameter 37 (body stiffness) is
distributed differentially but reciprocally (larger for females than for males), as well
as parameter 43 (cover stiffness). On the other hand, cover masses (parameter 41) do
not show gender differences. Regarding unbalance parameters (38, 40, 44 and 46) all
the distributions concentrate towards low values with a few exceptions (outliers). This
means that large unbalance may be an indication of dysphonic or pathological
behavior. The irregularities found in these parameters bear a clear semantics on the
presence of dysphonia in modal as well as in singing voice.

3 Materials and Methods
Recordings of singing voice were taken in two different scenarios: at the classroom
during the singing lessons, where the performer had to produce different scales
accordingly with his/her vocal characteristics, and in the performing stage before an
audience composed by the grading jury and general public attending the performance.
To ensure proper quality of voice and reduce interference from piano guidance,
ambient noise or reverberation effects highly directional wireless chest microphones
were used (Sennheiser ME4 clip-on condenser cardioid). Recording was carried out at
a sampling frequency of 96,000 Hz in 32 bits. Posterior signal processing did not alter
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these standards. Special care had to be taken with signal levels to avoid saturation
clipping, fixing gains low in the recording card (MOTU Traveller Firewire Audio
Interface Recording System). Later analysis showed irrelevant levels of ambient noise
or reverberation in the classroom, and minor interference from piano guidance, with
levels of the singing voice at least 60 dB over piano notes. The situation in the theatre
stage was a bit worse, with piano guidance below 50 dB, ensuring a safe margin to
grant enough accuracy to parameter estimation methods. Classrooms were around
120-150 m3, carpeted floor and paper walls, no special isolation. The neoclassic
theatre room had a capacity for 300 persons, high ceilings and long backstage. Of
course, the recording conditions differed from those in a sound-proof chamber, but it
was decided to have the performers acting in their own media, either in the classroom
or in the stage to reproduce better the environs where the singer is supposed to
perform, avoiding an artificial situation for the exploratory study which does not show
a correspondence with real life activity. Satisfactorily, the recordings show that signal
quality is more than enough to produce valid and reliable results. The performers
were students of the Superior School of Singing, with ages ranging from 20-32 years,
7 men and 4 women, showing different voice characteristics (2 bass, 3 baritones 2
tenors, mezzo, 4 sopranos). In the classroom they were asked to produce different
natural scales following the pattern of a fifth followed by an octave, articulating the
five cardinal vowels in a vowel shift phrase as /ye-e-e-e-e-e-e-e-e-a-a-a-a-a-a-a-a-a-aa-a-a-a-a/, or similar, combining the different target vowels. In stage auditions they
choose a classical masterwork fragment at their will. The materials used in the present
exploratory longitudinal study [7] are from a soprano student to show how
biomechanical parameters grade singing effort and performance.

4 Results and Discussion
An estimation of four perturbation parameters (jitter, shimmer, NHR, mucosal/aaw),
the four biomechanical ones, their unbalances and pitch (totaling 13 estimates)
evaluated over the fifth/octave span is given in Fig. 4. The parameters have been
normalized to their respective means from the general normative database of 50
female subjects already mentioned. It may be noticed that some parameters show
almost no influence with the tone change, as the Body Mass (35), whereas others as
the Body Mass Unbalance (38) show important changes. As it may be seen in the first
column to the left Absolute Pitch (1) follows closely the expected evolution, first
raising, then sloping down during the fifth, and repeating the same pattern on a larger
span for the octave (a ninth, indeed). But the question is how precise the estimation of
pitch can be. In the case of the pitch frequency estimation provided by BioMet®Phon,
based on cycle-synchronous detection, this accuracy can be estimated approximately
as (f0)2/fs, where f0 is the pitch and fs the sampling frequency. This means that for the
larger tone displayed in the test (D5, f0=1174.66 Hz) the accuracy would be around
14.37 Hz, whereas for the lowest tone (C4, f0=523.25 Hz) the accuracy would be
around 2.85 Hz. In the worst case the accuracy of the estimate would be equivalent of
one eight of tone. With these figures in mind the question would be how accurate the
tuning of the singing voice has been. The answer to this question is plotted in Fig. 5.
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Fig. 4 Estimates of pitch and 12 perturbation and biomechanical parameters on the tonal span.
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Fig. 5 Theoretical and actual pitch frequency for each tone in the scale (fine tuning).
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The expected pitch frequency according to the theoretical tonal scale (mathematically
fk+1=fk.2-12) is given in blue, and the actual frequency estimated by BioMet®Sing is
plotted in red. Average estimations are in circles, whereas diamonds mark the limit of
one standard deviation around the average. In general it may be seen that tuning is
better for the larger scale than for the smaller, this fact which is observed in other
voice quality factors to be presented in brief. Another important quality factor is vocal
effort, defined as the loudness vs. pitch for each tone in the scale. This factor is
presented in Fig. 6, using the amplitude of the first harmonic as a reference of tone
loudness. The quality factor is plotted vs. the actual pitch estimated by BioMet®Sing
(in red) and the theoretically expected one (in blue). This merit factor may be of
strong importance to teach the production of high pitch at lower or higher loudness.
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Fig. 6 Loudness as a function of pitch (vocal effort).

The biomechanical parameters of the vocal fold body are of strong interest for the
study. The dynamic body mass vs. tone is plotted in Fig. 7. The average estimate is
plotted in blue circles, the statistical dispersion (one standard deviation, average±std.
dev.) is given by red diamonds. Some tones are produced neatly whereas some others
show large dispersion, marking voicing instabilities.
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Fig. 7 Vocal fold body mass (dynamic) for each tone in the scale.
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In general, the higher the pitch the larger the loudness, as to raise the pitch the
performer has to increase vocal fold tension mainly, as it may be seen in Fig. 8. It can
be appreciated that the dispersion of stiffness is stronger in certain tones (more
weakly produced, as F4 in the fifth ascending scale).
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Fig. 8 Vocal fold body stiffness (lateralized tenseness) for each tone in the scale.

Other important quality factors are biomechanical unbalances, as expressed by the
difference between neighbor cycles relative to their average. The instability may be
associated to an asymmetric vibration pattern of each vocal fold, and in grading
organic pathology is a clear mark of dysphonic behavior. Its relevance in the singing
voice may be as high or even higher, giving a hint of poor performance, signaling
weaknesses in voicing to be corrected by voice education techniques. The unbalances
of body mass and stiffness are given in Fig. 9. Again F4 in the fifth ascending scale
and C4 in the ligature between both scales are the most unstable tones.
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Fig. 9 Body mass and stiffness unbalances for each tone in the scale.

Finally another merit factor is that of glottal gap defects, defined as the improper
opening found where the larynx is supposed closed (contact gap defect), the lack of
complete closure all over the phonation cycle (permanent gap defect), and the
improper fluctuations during the closing phase, showing a marked tendency to
retrocede to opening where the folds are supposed to progress to contact and closure
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(adduction gap defect). These three gap defects were evaluated using advanced signal
processing techniques [8] and are plotted for each tone in Fig. 10.
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Fig. 10 Glottal gap defects for each tone in the scale.

Glottal gap defects are to be interpreted differently. Contact gap is associated to
inadequate closure, and maybe more relevant in male than in female voice. In fact it
remains very low for each tone. Adduction gaps are associated to the asymmetry in
vocal fold dynamics, and the difficulty in approaching to closure. Permanent gap
maybe the more relevant one for singing voice, as it measures the amount of constant
opening found in the larynx, thus giving an estimation of air use efficiency. The larger
the permanent gap the larger the permanent air escape and the lower the air use
efficiency. It may be seen that permanent gap is especially large for certain tones as
C5 and E4 in the descending ninth.

5 Conclusions
The results of the study avail some of the preliminary goals formulated in section 1,
consisting in producing objective measurements of singing voice performance based
on the biomechanical description of the vocal folds. Due to the limitations of the
present study based in the description of a single performer, statistical significance
cannot be claimed. Nevertheless some interesting important findings may be
remarked:
•
•
•
•

A close following of the performance tuning can be estimated and presented
to the student and professor during the classroom session in real time
granting tonality accuracy.
Measures of vocal effort can be provided under the same basis.
Estimates of vocal fold mass and especially stiffness may provide a clear
hint to voicing performance, particularly as statistical dispersion is
concerned.
Biomechanical unbalances, especially those affecting stiffness could be
eventually used to marks to voicing deficiencies to be corrected using
classical voicing techniques in singing.
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•

Specific relevance should be attributed to glottal gap defects, with special
emphasis in the permanent defect, as a mark of improper air usage.

Many other estimates can be obtained and included in a biomechanical study of
singing voice, such as the distribution of the harmonic/noise factors, the open, close
and return quotients, or the parameters of tremor and vibrato [9]. These would be
especially relevant to investigate and characterize the stage fright, one of the
ambitious objectives of a study being already conducted. The next steps to be covered
are to extend the methodology to the group of singers already been recruited in the
database to evaluate the statistical significance of this approach.
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