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Analysis of published depth-kymography data [George, de Mul, Qiu, Rakhorst, and Schutte (2008).
Phys. Med. Biol. 53, 2667–2675] shows that, for the subject studied, the flow due to the longitudinal sweeping motion of the vocal folds contributes several percent of a typical acoustic flow at the
larynx. This sweeping flow is a maximum when the glottis is closed. This observation suggests
that assumption of zero laryngeal flow during the closed phase as a criterion when determining
parameters in inverse filtering should be used with caution. Further, these data suggest that the
swinging motion contributes work to overcome mechanical losses and thus to assist auto-oscillation.
C 2015 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4922470]
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I. INTRODUCTION

The acoustic flow entering the vocal tract at the larynx
(hereafter the laryngeal flow) plays a fundamental role in the
production of speech. However, it cannot usually be measured directly. The waveform of this laryngeal flow (often
called the glottal flow) is often estimated using inverse filtering of the radiated sound (e.g., Alku 1992, 2011; Alku et al.,
2006a; Alku et al., 2006b; Alku et al., 2009; Airas, 2008).
This approach involves separating two unknowns with complex behavior (the laryngeal flow and the transfer function of
the tract) using only one measured signal (the radiated
sound). This procedure cannot be unequivocal (Drugman,
2012; Chu et al., 2013), and consequently assumptions about
the waveform of the laryngeal flow are often made in order
to adjust the anti-resonances of a set of inverse filters to
remove the filtering effects of the vocal tract and the radiation from the lips. To this end, it is sometimes assumed that
the laryngeal flow is very close to zero while the glottis is
closed. This assumption is not necessarily true: if the vocal
folds, while closed, are moving in the vertical direction, then
they displace air in that direction, as observed by Granqvist
et al. (2003) in the case of “flow phonation,” using inverse
filtering. We refer to this hereafter as sweeping flow: the
component of laryngeal flow due to the sweeping motion of
the folds. [If one used the term glottal flow to describe only
the mass injection associated with the flow through the glottis, i.e., through the (vibrating) aperture between the vocal
folds, one could therefore write: Laryngeal flow equals glottal flow plus sweeping flow.] The sweeping flow is quite distinct from the flows caused by displacement of the folds in
the horizontal plane (Rothenberg, 1973) and by the deformation of the folds during collision (Pelorson et al., 1994). It is
therefore of interest to compare the flow rates of total laryngeal flow and sweeping flow, which is one purpose of this
short communication. Another purpose is to discuss how the
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work done on the folds during their swinging motion can
contribute to the auto-oscillation of the vocal folds.
II. SWEEPING FLOW DUE TO THE VOCAL FOLDS’
MOTION

For an upright speaker, define the lateral direction (i.e.,
the horizontal left-right axis) as x, the forwards direction as
y, and the (nearly vertical, longitudinal) direction parallel to
the supraglottal tract, as z. The z motion of the vocal folds
has been quantified by George et al. (2008), who used triangulation of laser beams in combination with nasendoscopy.
(The cited study measured only one subject, and the motions
of this subject’s vocal folds were not symmetrical—in the
following analysis the data for both vocal folds are combined.) George et al. plot z(x, t) at a constant y position
roughly midway across the glottis. Its amplitude, about
2 mm, has the same order of magnitude as the estimate given
by Granqvist et al. (2003), between 1 and 2 mm, and the
measurements of Larsson (2009), between 0.3 and 1.5 mm.
To calculate the sweeping flow from these data, z(x, t) is
integrated along the x-direction for both vocal folds, differentiated with respect to time and multiplied by an effective length
L of the moving vocal folds in the y-direction. L is obviously
less than the total length (9.1 mm) measured on Fig. 2 from
George et al. (2008). If the shape along this length were a sine
function from 0 to p, the effective length would be 9.1 mm
 2/p ¼ 5.8 mm. If it varied as sin2 from 0 to p, the effective
length would be 9.1 mm/2 ¼ 4.6 mm. The effective length is
set at 5 mm for this order-of-magnitude calculation. The differentiation is performed by taking the Fourier transform, multiplying each component at angular frequency x by jx and then
taking the inverse transform. Figure 1(top) displays this sweeping flow averaged over four complete cycles before (pale
curve) and after (dark curve) the harmonics above the third
have been removed. Figure 1(bottom) shows the open area of
the glottis (i.e., the glottal aperture) A(t) calculated from the
same data set. (Two complete cycles are shown.)
Considering the filtered curve in Fig. 1(top), the peak of
the sweeping flow corresponds closely with the beginning of
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FIG. 1. Sweeping flow and glottal
aperture calculated using the data of
George et al. (2008), during a sustained phonation by a trained
professional.

the closed glottis phase and has a magnitude of 34 mL s1.
Ideally, this sweeping flow would be compared with total
laryngeal flow measured simultaneously. However, the laryngeal flow was not measured by George et al. (2008),
whose subject was “a trained professional able to produce a
sustained phonation over a long period of time.” A lower
limit on the ratio of sweeping flow to glottal flow can be estimated by considering the extreme case of a phonation in
which 5 liters of air is expended in 5 s—a very loud phonation. Approximating the laryngeal flow as a square wave, the
peak value would be 2 liters s1. In this case, the sweeping
flow in Fig. 1 would be only 1.7% of the total laryngeal
flow. On the other hand, if the laryngeal flow corresponding
to the data of Fig. 1 had a more typical amplitude of 0.3 liters s1 (see examples given by S€odersten et al., 1995), then
the sweeping flow would be about 11% of the laryngeal
flow. Further, its maximum occurs near the beginning of the
period of glottal closure. Using a numerical model of vocal
fold motion that allows both longitudinal and lateral motion,
Flanagan and Ishizaka (1978) calculate the sweeping and laryngeal flows. With the parameters used, they find that the
peak-to-peak sweeping flow is five percent of the total peakto-peak laryngeal flow. Their lower value presumably
reflects differences between their model and the vocal folds
measured by George et al.
A sweeping flow with a relative magnitude of several
percent or more might have implications for inverse filtering
if the filtering algorithms used (whether automated or manual) assume a zero laryngeal flow during the closed glottis
phase, or indeed a ripple-free flow over that phase (e.g.,
B€ackstr€
om et al., 2005; Lehto et al., 2007; Airas, 2008).
It is also interesting that other researchers often find a
small flow during the “closed” phase, which is usually attributed to glottal leakage (e.g., Holmberg et al., 1988; Cranen and
Schroeter, 1995; Iwarsson et al., 1998). This could be at least
partially a consequence of the presence of a sweeping flow.
III. AUTO-OSCILLATION OF THE VOCAL FOLDS

Apart from its possible implications for inverse filtering,
the presence of a non-negligible longitudinal motion has
another potentially important implication for speech science.
J. Acoust. Soc. Am. 138 (1), July 2015

In the following discussion, several phenomena are not mentioned. These include not only the modulation of the flow
between the vocal folds, but also the deformation of the folds
on collision. This omission from discussion does not, of
course, imply that these are negligible.
Consider the highly simplified, one-mass, two-spring
model for the vocal folds shown in Fig. 2, which is similar to
that of Awrejcewicz (1990), Adachi and Yu (2005), and
others. Consider the case where the frequency of vibration is
well below those of the resonances of the supraglottal and
subglottal tracts. (This is the case of the data analysed here,
and is usually the case for both men’s and women’s speech.)
At such a frequency, the supraglottal and subglottal impedances are small, so the supraglottal and subglottal pressures are
approximately constant. Flow separation at such a constriction is complicated (see, e.g., Hirschberg, 1992). For the very
simple model presented here, flow separation is assumed to
occur at the narrowest aperture with the consequence that the
pressure between the folds and everywhere downstream from
them is approximately uniform at P2, and that the pressure
upstream is uniform at P1 > P2. What is the work done on the
folds by (P1  P2) over one complete cycle?
Assume that (as shown in Fig. 2) the phase of the
motion in the z direction is ahead of that of the separation of
the vocal folds in the x direction, in agreement with the
observations of vocal fold vibration of Baer (1981) and the
model of Adachi and Yu (2005). In consequence, the length
of the folds in the x direction is greater when the folds are
moving upwards [phase (a)–(b) in Fig. 2] than when they are
moving downwards [phase (c)–(d) in Fig. 2]. Consequently,
the positive component of longitudinal laryngeal flow due to
the upwards swinging motion of the longer folds is greater
than the negative component due to downwards swinging
motion of the shorter folds, see Fig. 2. Subject to the conditions listed above, positive work is then performed by the
pressure difference (P1  P2) over one complete cycle
(Boutin et al., 2015) solely due to the swinging motion of
the vocal folds. This work done can overcome losses, and
might provide a significant contribution towards autooscillation, particularly in cases where the phases of the load
impedances may not be favorable.
Boutin et al.
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FIG. 2. A simple rotating and stretching model of vocal folds composed of
two compressible beams, which
undergo both shear and compressiondilation due to the pressure upstream
P1 and downstream P2 of the glottis.
The dark and light gray areas represent
respectively positive and negative volumes swept by the vocal folds during
the intervals (a)-(b) and (c)-(d). In the
lower part, the black and gray sine
waves are approximations to the oscillations in the z and x directions, and
illustrate their phase relation. (This
sine approximation requires deformation of the vocal folds during their
collision.)

An order-of-magnitude estimate of the rate of positive
work done on the vocal folds by (P1 – P2) can be calculated
using the data of George et al. (2008). Assuming a transglottal pressure difference of 1 kPa, the average power produced
by this swinging motion of the vocal folds is 0.5 mW. The
radiated acoustic power of the voice is in the range 103 to
10 mW (Titze, 1992), but much of this power comes from
the modulation by the vibrating vocal folds of the flow
between them. The energy stored in the vibratory motion of
the folds themselves and the fraction of this that is lost each
cycle are not known. If, as seems likely, the rate of loss of
vibratory energy is on the order of a milliwatt, the power calculated above may be a significant contribution to autooscillation.

IV. CONCLUSION

The measurements of George et al. (2008) were made
on just one subject. Consequently much could be learned
from similar measurements made on a larger sample, especially if simultaneous measurements could be made of flow
at the lips, of the acoustical properties of the tract and/or of
glottal behavior using electroglottography. One of the purposes of this paper is to encourage that. However, one immediate conclusion from this analysis is that caution should be
exercised in assuming zero laryngeal flow in the closed glottal phase as a criterion for inverse filtering. Another is that
the effect of pressure on the swinging motion can contribute
a power term of a magnitude that might make a significant
contribution to auto-oscillation, particularly in situations
where the phases of the acoustic loads were unfavorable.
148

J. Acoust. Soc. Am. 138 (1), July 2015

ACKNOWLEDGMENTS

We thank Harm K. Schutte and Frits F.M. de Mul for
sending us the original versions of the plots in George et al.
(2008) and Associate Editor A. Hirschberg for helpful
comments. The support of the Australian Research Council
is gratefully acknowledged.
Adachi, S., and Yu, J. (2005). “Two-dimensional model of vocal fold vibration for sound synthesis of voice and soprano singing,” J. Acoust. Soc.
Am. 117(5), 3213–3224.
Airas, M. (2008). “TKK Aparat: An environment for voice inverse filtering
and parameterization,” Logop. Phonatr. Voco. 33(1), 49–64.
Alku, P. (1992). “Glottal wave analysis with pitch synchronous iterative
adaptive inverse filtering,” Speech Commun. 11, 109–118.
Alku, P. (2011). “Glottal inverse filtering analysis of human voice production—A review of estimation and parameterization methods of the glottal
excitation and their applications,” Sadhana 36, 623–650.
Alku, P., Horacek, J., Airas, M., Griffond-Boitier, F., and Laukkanen, A.-M.
(2006a). “Performance of glottal filtering as tested by aeroelastic modelling of phonation and FE modelling of vocal tract,” Acta Acust. Acust. 92,
717–724.
Alku, P., Magi, C., Yrttiaho, S., B€ackstr€
om, T., and Story, B. (2009).
“Closed phase covariance analysis based on constrained linear prediction
for glottal inverse filtering,” J. Acoust. Soc. Am. 125(5), 3289–3305.
Alku, P., Story, B., and Airas, M. (2006b). “Estimation of the voice source
from speech pressure signals: Evaluation of an inverse filtering technique
using physical modelling of voice production,” Folia Phoniatr. Logo. 58,
102–113.
Awrejcewicz, J. (1990). “Bifurcation portrait of the human vocal cord oscillations,” J. Sound Vib. 136(1), 151–156.
B€ackstr€
om, T., Airas, M., Lehto, L., and Alku, P. (2005). “Objective quality
measures for glottal inverse filtering of speech pressure signals,” in
Proceedings of IEEE International Conference on Acoustics, Speech, and
Signal Processing, Philadelphia, pp. 897–900.
Baer, T. (1981). “Observation of vocal fold vibration: Measurement of
excised larynges,” in Vocal Fold Physiology, edited by K. N. Stevens and
M. Hirano (University of Tokyo Press, Tokyo, 1981), pp. 119–133.
Boutin et al.

Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP: 129.94.162.96 On: Thu, 20 Aug 2015 00:05:33

Boutin, H., Fletcher, N., Smith, J., and Wolfe, J. (2015). “Relationships
between pressure, flow, lip motion, and upstream and downstream impedances for the trombone,” J. Acoust. Soc. Am. 137, 1195–1209.
Chu, D. T. W., Li, K., Epps, J., Smith, J., and Wolfe, J. (2013).
“Experimental evaluation of inverse filtering using physical systems with
known glottal flow and tract characteristics,” J. Acoust. Soc. Am. 133,
EL358–EL362.
Cranen, B., and Schroeter, J. (1995). “Modeling a leaky glottis,”
J. Phonetics 23(1), 165–177.
Drugman, T., Bozkurt, B., and Dutoit, T. (2012). “A comparative study of
glottal source estimation techniques,” Comput. Speech Lang. 26, 20–34.
Flanagan, J. L., and Ishizaka, K. (1978). “Computer model to characterize
the air volume displaced by the vibrating vocal cords,” J. Acoust. Soc.
Am. 63, 1559–1565.
George, N. A., de Mul, F. F. M., Qiu, Q., Rakhorst, G., and Schutte, H. K.
(2008). “Depth-kymography: high-speed calibrated 3D imaging of human
vocal fold vibration dynamics,” Phys. Med. Biol. 53, 2667–2675.
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