Vocal fold vibration measurements using laser Doppler
vibrometry
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The objective of this study was to measure the velocity of the superior surface of human vocal folds
during phonation using laser Doppler vibrometry (LDV). A custom-made endoscopic laser beam
deflection unit was designed and fabricated. An in vivo clinical experimental procedure was developed
to simultaneously collect LDV velocity and video from videolaryngoscopy. The velocity along the
direction of the laser beam, i.e., the inferior-superior direction, was captured. The velocity was
synchronous with electroglottograph and sound level meter data. The vibration energy of the vocal
folds was determined to be significant up to a frequency of 3 kHz. Three characteristic vibrational
waveforms were identified which may indicate bifurcations between vibrational modes of the mucosal
wave. No relationship was found between the velocity amplitude and phonation frequency or
sound pressure level. A correlation was found between the peak-to-peak displacement amplitude and
phonation frequency. A sparse map of the velocity amplitudes on the vocal fold surface was obtained.
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. INTRODUCTION

Essential to studying vocal fold mechanics is the devel-
opment of methods to measure their vibratory response
in vivo to obtain highly detailed kinematic information. The
vibratory response of the tissue may be useful to indirectly
evaluate, using dynamic models, the viscoelastic properties
of the tissue.

A general overview of vocal fold movement is given by
Baer." On the superior surface, a wave propagates consisting
of inferior-superior and medial-lateral displacement compo-
nents and is called the mucosal wave. This wave is consid-
ered as a sign of healthy tissue.” Studies by Berry and
Doellinger show that suture points on the vocal fold surface
oscillate in an elliptical pattern and appear to be predomi-
nantly due to the mucosal wave.©

Laser Doppler vibrometry (LDV) is a well-established
tool for single-point displacement, velocity, or acceleration
measurements of a vibrating body.” This method has been
used for non-contact vibration measurements within the
automotive, aerospace, biomedical, and acoustics indus-
tries.5~1°

For vocal fold velocity measurements, LDV can mea-
sure the inferior-superior vibrations and has advantages over
standard and high-speed videoendoscopy. It yields online
quantitative data, in contrast with qualitative video data that
require further image analysis. The high sampling rate that
can be achieved with LDV also yields highly time-resolved
data at one location. Sampling rates are up to 100kHz or
greater, depending on the data acquisition system used. In
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comparison, high-speed videoendoscopy has been mostly
limited to sampling frequencies up to 4000 Hz.''~'*

LDV has not yet been used for in vivo human vocal fold
measurements, but it has been used to obtain data in excised
larynges. Kobayashi used LDV to measure the vibration am-
plitude of excised canine larynges in the framework of a
study of unilaterally atrophied larynges.'” The lateral and
vertical displacements of normal larynges were compared to
those with severed unilateral recurrent laryngeal nerves. The
displacement amplitudes of the atrophied vocal folds were
larger than those of normal vocal folds.

Other laser-based techniques have been used for vocal
fold vibration measurements. Manneberg et al. used laser tri-
angulation to determine the vertical amplitude of human
vocal fold vibrations in vivo.'® Several voice types, utteran-
ces, amplitudes, and pitches were investigated. The vibration
amplitude was found to be ~I1mm along the inferior-
superior direction. Using a method similar to laser triangula-
tion, George et al. utilized laser line triangulation to develop
a method called depth-kymography.'' This method added a
third dimension, the superior-inferior axis of vibration, to the
kymogram imaging technique.'” With this technique, they
reported findings of vertical and horizontal vibration ampli-
tudes, opening and closing velocities, and mucosal wave
propagation. Luegmair et al. used high-speed imaging and a
projected laser grid on the vocal folds to reconstruct the 3D
vocal fold surface by triangulation.'® Using this method on
an excised porcine larynx and a synthetic silicon vocal fold
model, they tracked the time-varying motion of the vocal
folds and determined parameters such as the maximum verti-
cal and horizontal amplitude and mucosal wave velocity.
Using a laser optoreflectometry technique,'® Garrel et al.
investigated the resonance properties of excised porcine
vocal folds.?® Vibrations were induced electromagnetically
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with magnets attached to the vocal folds. Two resonance fre-
quencies were identified when the folds were driven with
one magnet. The addition of a second magnet resulted in the
identification of only one resonance frequency.

Berry and Doellinger and co-workers investigated the
medial-lateral and inferior-superior motion of the vocal folds
using image processing methods.”® They used an excised
canine hemi-larynx attached to an air flow supply system.
Microsutures on the medial surface were tracked using high-
speed imaging. The vocal fold oscillations were investigated
over a range of phonatory conditions and subglottal pres-
sures. From the velocity data obtained at discrete locations,
the mucosal wave motion was synthesized and the mode
shapes were measured. It was found that two eigenfunctions
were sufficient to capture 98% of the vocal fold vibration
energy.’

In a related study, the response of a human larynx was
investigated over a range of phonatory conditions.® Varia-
tions in laryngeal tensions were produced by applying exter-
nal forces to the cartilages. Different glottal airflows were
used and the motion of the medial surface and sections of
the superior surface was tracked. The first and second eigen-
functions captured most of the vibration dynamics. Dynamic
properties such as the fundamental frequency and the mode
shapes were affected by airflow, subglottal pressure,
anterior-posterior elongation forces, and medial adduction
forces.® Displacements, velocities, and accelerations of the
mucosal wave were obtained. These results support earlier
findings that the phonatory airflow changed the vocal fold
frequency of vibration. Non-linear coupling of the aerody-

namic forces can result in eigenmode entrainment, where a
shift in the natural frequencies occurs.*'?*

The objective of this study was to develop an LDV
method to measure the vocal fold inferior-superior vibration
velocity of live human subjects during phonation. This
included the design and construction of a custom endoscopic
laser beam deflection unit to redirect the laser beam toward
the vocal folds. To verify the periodicity, fundamental fre-
quency, and harmonic content of the signal, the velocity sig-
nals were recorded online simultaneously with signals from
an electroglottograph (EGG) and a sound level meter (SLM).

Il. METHODS
A. Experimental setup

The clinical experiments were performed at the Mon-
treal General Hospital Voice Clinic. A schematic diagram of
the experimental setup is shown in Fig. 1. Input devices
included a laser Doppler vibrometer [Polytec OFV-5000
controller and Polytec OFV-534 laser head (Waldbronn,
Baden-Wirttemberg, Germany)], an EGG [Glottal Enter-
prises EG-2 (Syracuse, NY)], and a SLM (RadioShack, Fort
Worth, TX). The signals were simultaneously passed to a
National Instruments (Austin, TX) data acquisition system
(NI cDAQ 9172 chassis with two NI 9215 analog input mod-
ules) and recorded with a computer equipped with Labview
software. To obtain a displacement signal, the LDV velocity
signal was integrated.

Video was recorded with a Welch Allyn (Skaneateles,
NY) RL-150 rhinolaryngoscope at 30 frames per second
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using a KayPentax (Montvale, NJ) Model 9400 light source.
Although the use of stroboscopic light had been investigated,
the videos used in this study were recorded using the halogen
lamp.

The LDV was calibrated to ensure accuracy of velocity
amplitudes. A shaker [Briel & Kjaer (Nerum, Denmark)
Mini-shaker Type 4810] was excited at different frequencies.
The response was measured simultaneously with LDV and
an accelerometer [PCB Model 352C44 (PCB Piezoelec-
tronics, Depew, NY)], showing a difference of ~1% in the
frequency range of this work. Greater differences were
observed at higher frequencies.

B. The endoscopic laser beam deflection unit

Optical access to the human larynx can be achieved
through an endoscope with a mirror at an angle of 45° to 70°
with respect to the main axis of the instrument. Similar in func-
tion to a rigid laryngeal endoscope, a laser beam deflection de-
vice was required to direct the laser at the vocal folds for LDV
measurements. The diameter of commercially available units,
such as the Polytec model VIB-A-530, is too large for comfort-
able and safe endoscopy. A custom-made endoscopic laser
beam deflection unit (ELBDU) was thus designed (Fig. 2).

The design was intended to minimize the mirror-end
distance and maximize the maneuverability of the ELBDU
in the subject’s mouth. A 5-mm square 1/10 / first-surface
mirror with a thickness of 2mm was used. The mirror was
held in place by a support that caps the end of a 9.5-mm tube
and redirects the laser beam at a 45° angle. The design incor-
porated a 5 mm B270 optical glass window to seal the end of
the ELBDU, protecting the mirror surface from damage such
as scratches incurred during the removal of fog or liquid.

To investigate the effect of the ELBDU on the LDV
measurements, the transfer function of the ELBDU was
determined.? It was found that the ELBDU did not signifi-
cantly distort the LDV signal amplitude or phase.

C. Test subjects

Six volunteer test subjects, five males and one female
between 21-28 years of age, were included in the experimen-
tal sessions. All subjects were healthy with no known history
of voice disorders. High-quality data was obtained for three
subjects, all male, each with two clinical measurement ses-
sions. A subject’s session yielded between 3—5 phonation data
records each. These results are presented in this paper.

D. Experimental procedure
1. Clinical procedure

The clinical procedures were similar to those of a nor-
mal laryngeal endoscopic examination, in which the subject

FIG. 2. Image of the ELBDU design. The left panel shows a closer view of
the 45° mirror and protective window end. The right panel shows the entire
laser beam deflection unit, including the connection end that attaches to the
LDV laser head.
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is examined using either a flexible or rigid endoscope. In the
LDV measurements, both types of endoscopes were simulta-
neously used for video and velocity data acquisition, respec-
tively. A topical anesthetic, lidocaine, was applied to the
subject’s nasal cavity and throat to reduce discomfort associ-
ated with the endoscopes. After the anesthetic had taken
effect, the flexible endoscope was introduced into the nose to
provide optical access to the vocal folds. The rigid endo-
scope was then introduced into the mouth to direct the laser
beam toward the vocal folds.

The anatomy of each subject was different. The length
and location of the larynx differed as well as the vocal fold
location within each subject’s larynx. In addition, the larynx
moved up or down depending on the phonation pitch. Since
the vocal folds have minimal light reflectivity, the signal
quality was sensitive to the laser focal distance. To maxi-
mize the signal quality, the laser focus was adjusted for each
subject at the beginning of each clinical session. This was
done by adjusting the OFV-534 camera’s focus until the
vocal folds were clearly seen in the video image. Data acqui-
sition was initiated after the laser beam was in focus and
directed at the vocal folds.

2. Voicing procedure

Several phonation tasks were tested. A baseline was first
established by the subject phonating at a comfortable pitch
and volume with the voice type /i/. From this baseline, the
subject varied the pitch and volume independently. In addi-
tion, pitch glides and volume glides were measured.

Subjects had difficulty controlling pitch and volume
with the simultaneous introduction of the flexible and rigid
endoscopes. Therefore, an audible change in pitch and vol-
ume was deemed sufficient. In future experiments, such
voicing conditions will be better controlled. Set intervals and
ranges of pitch and volume will be established by gender
and performed by each subject. The voicing will be moni-
tored with feedback given to ensure the subject is on target.

E. Analytical methods
1. Data selection criteria

It was difficult to obtain sufficient backscattered light
levels because of the low light reflectivity of the vocal folds.
This caused a large portion of the data to be highly corrupted
with noise. To avoid using noisy data, a threshold signal-to-
noise ratio (SNR) for the data sets was determined. The SNR
was evaluated by decomposing the velocity signals into
“signal” and “noise” components using a 5 kHz sixth-order
Butterworth low-pass filter. The signal and the noise were
the root mean square (RMS) values of the data below and
above the cut-off frequency, respectively. The 5 kHz cut-off
was chosen because the LDV frequency spectra included no
significant energy above this frequency. The change of the
SNR was determined over time by averaging data windows,
creating a sub-sampled data set. By comparing the SNR
to the corresponding time domain velocity record, it was
established that a SNR value of 5 was appropriate for a good
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data set. Data records with portions that met the minimum
SNR were selected and used for further analysis.

2. Velocity map

The laser head and target were not fixed in place, caus-
ing the laser beam position on the vocal folds to alter. Unde-
sired clinician and subject movement occurred because the
laser head was hand-held by the clinician and the subject sat
unrestrained. The laser beam position change could affect
the measured velocity amplitude. As such, a method to track
the laser location and relate it to the velocity was developed
to map the velocity profile of the vocal folds.

The map was created by tracking the beam over time and
aligning it with the corresponding velocity output. The built-
in tools of Adobe (San Jose, CA) After Effects was used to
stabilize extraneous movement from the endoscopic video.
Specific features in frames were identified and located in sub-
sequent frames. If the feature locations changed, the frame
would be translated and/or rotated to match the previous
frame. A MATLAB program was developed to determine the
coordinates of the laser beam by calculating the centroid of a
mass detected by a threshold value of red light. The coordi-
nates of the laser beam were determined for each frame of the
video, aligned with the velocity amplitude data in time, and
plotted as a color map for visualization. The LDV sampling
rate was much greater than the video frame rate. For the pur-
poses of mapping, the velocity reported for each frame was
the average velocity amplitude between the current and previ-
ous frame.

The resulting velocity map plots average inferior-
superior velocities at different locations in space. These ve-
locity amplitudes include the effects of the inferior-superior
velocity due to the medial-lateral motion of the folds and the
mucosal wave. To visualize and/or quantify the correspond-
ing effect of this motion, high-speed videoendoscopy will be
necessary.

lll. RESULTS
A. LDV, EGG, and SLM measurements

Figure 3 shows the time history of the LDV velocity and
EGG signal. A positive velocity indicates that the vocal folds
are moving in the superior direction. The time record shown
is from Subject 3, Session 1 with a pitch of 115 Hz, a sound
pressure level of 61dB, and an /i/ voice type. The sharp
change in the EGG signal slope, indicated with circles, rep-
resents when the vocal folds begin to touch in the phonatory
cycle. This event occurs at the same location in successive
periodic cycles, indicating LDV velocity periodicity and
synchrony with the EGG signal.

A typical unfiltered frequency spectrum of the velocity
signal is shown in Fig. 4(a). The spectrum is from Subject 3,
Session 1 with a pitch of 110Hz, a sound pressure level of
66 dB, and an /i/ voice type. Most of the spectral energy is
concentrated at frequencies below 3 kHz. This result was
consistent for all subjects in all phonation tasks.

The spectrum of the velocity was compared with that of
the EGG and are seen in Fig. 4(b). The fundamental fre-
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FIG. 3. LDV signal (solid line) overlaid with (a) EGG signal and (b) SLM
signal (dotted lines). The circles indicate a sharp change in the EGG signal
slope, which represents when the vocal folds begin to touch in the phonatory
cycle.

quency and harmonics peaks were at the same frequencies.
The LDV spectrum had greater high-frequency energy than
the EGG.

Figure 5 shows one example of a spectrogram obtained
during a downward glissando, or pitch glide. The
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FIG. 4. Frequency spectrum of a typical unfiltered signal for the (a) LDV

velocity and (b) EGG. It can be seen that the majority of the frequency
power is concentrated below 3 kHz.
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FIG. 5. A pitch glide as measured by (a) the LDV and (b) the SLM. Fre-
quencies above 5 kHz are not shown.

spectrogram is of a velocity signal from Subject 3, Session 1
with a downward pitch glide and an /i/ voice type. The
change in fundamental frequency and harmonics are well
matched between the LDV and SLM. The LDV had a lower
amplitude difference between frequency peaks and valleys
because of a lower signal-to-noise ratio.

Figure 6 shows velocity data during phonation onset and
offset. The phonation onset was from Subject 1, Session 2
with a pitch of 185 Hz, a sound pressure level of 68 dB, and
an /i/ voice type. The phonation offset was from the same
subject and session with a pitch of 195 Hz, a sound pressure
level of 71dB, and an /i/ voice type. The phonation onset
and offset times, defined as the time between 10% and 90%
of the steady velocity amplitude, were determined to be
~40 ms.

B. Velocity waveforms

The velocity profile consistently showed three recurring
waveforms. These waveforms are shown in Fig. 7 with their
corresponding displacement and EGG signals. They
appeared in all subjects with no relation to any phonatory
conditions. While the phonatory condition was held constant,
the velocity profiles randomly shifted between one of these
three waveforms.

Table I shows the percentage waveform distribution for
each subject. Shape A was the most common waveform,
with each subject showing it over 55% of the time. It was
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FIG. 6. Velocity time record showing (a) phonation onset and (b) phonation
offset.

seen most in Subject 1 with 78% of the phonations exhibit-
ing this waveform. Shape B was the next most common with
a moderate showing in each of the subjects ranging between
17%—-35%. Shape C was the least common. Subjects 1 and 3
showed this waveform infrequently at 7% or less. It was
more common in Subject 2 at 25% of the phonations.

C. Velocity and displacement amplitudes

The velocity amplitude taken as the velocity RMS was
plotted against phonation frequency and the sound pressure
level, and is shown in Fig. 8. No relationship was found
between velocity amplitude and fundamental frequency, or
velocity amplitude and sound pressure level. The velocity
amplitude was measured to be between 40 and 50 mm/s with
an average value of 45mm/s. A relationship was found
between the displacement and frequency with an R? of
0.774, and is shown in Fig. 9 as the peak-to-peak displace-
ment. No relationship was found between displacement
amplitude and sound pressure level. The determined velocity
and displacement correlation coefficients and degrees of
freedom (DOF) for the error can be found in Table II.

D. Velocity map

Figure 10 shows an example of a velocity map. The
measured velocities were all approximately in the same
range. To distinguish the velocities, the velocity profile was
normalized, and is seen in Fig. 10(c). The range mapped was
limited to the medial-lateral and anterior-posterior deviation
of the laser beam on the vocal folds. In the example shown,
the motion was limited to a small section in the middle of
the left vocal fold.

IV. DISCUSSION

The results obtained by LDV show that the periodicity
of the LDV, EGG, and SLM data match. In the time domain,
periodicity was shown with the overlaid LDV and EGG sig-
nals. The cycle-to-cycle location of LDV and EGG features
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FIG. 7. Time record representations of three distinct velocity waveforms that were consistently found in the data records. The solid line depicts the velocity
profile and the dotted line depicts (a) the displacement profile and (b) the EGG signal. The waveforms, identified as (i) Shape A, (ii) Shape B, and (iii) Shape
C, are progressively more complex. The progression of the three shapes is illustrated in Fig. 11.

remained the same. In the frequency domain, the LDV,
EGG, and SLM fundamental frequency and harmonic con-
tent were synchronous and accurate.

The frequency spectrum results show that the velocity
data did not have any significant frequency power above 3
kHz. This suggests that a minimum of 6 kHz is required for
high-speed video to resolve the kinematics of the vocal
folds. Knowledge of this expected frequency response allows
for more in-depth study of the vocal folds at proper sampling
rates.

Interestingly, the velocity spectrum had greater high-
frequency energy than the EGG. This could be because the
frequency response of the EGG is limited to around 3 kHz.
The higher frequency damping could also be due to damping
of the measured EGG impedance signal transmitted from the
glottis to the neck tissue surrounding the laryngeal promi-
nence or the frequency dependence of impedance.

TABLE I. Statistical distribution of the three velocity waveforms, expressed
as the percentage of each subject’s recorded phonations.

Shape A Shape B Shape C
Subject 1 78.3 17.1 4.6
Subject 2 55.0 19.5 25.5
Subject 3 58.3 34.6 7.1
Overall 63.9 23.7 124
1672  J. Acoust. Soc. Am., Vol. 133, No. 3, March 2013

The phonation onset and offset times are other quantities
with which the LDV measurements can be compared. The
measured times were in the expected range of times as indi-
cated in the literature.*

This study reports direct velocity measurements of the
in vivo human vocal fold superior surface. Previous studies
have required the use of image processing and analysis to
indirectly measure the velocity and displacement.

Recurring waveforms were observed in the velocity sig-
nal showing kinematic features of the vocal folds. The wave-
forms seemed to occur randomly even as the phonatory
condition was held constant. The waveform distributions
from Table I show that subjects’ vocal folds tend to vibrate
with certain waveforms. The waveform changes were only
detected in the LDV signal with no detectable change in the
endoscopic video, sound level meter, or EGG data.

The waveforms were progressively more complex. Figure
11 shows drawings of the three waveforms shown in Fig. 7.
Shape A, the most basic waveform, resembles a square wave.
This waveform appears to be the base from which the other
two waveforms are derived. Shape B appears to be derived
from Shape A with the addition of a peak in the middle of the
Shape A valley. Shape C appears to be derived from Shape B
with the addition of a valley in the middle of the Shape A peak.

A simulation by Thomson and Murray has helped iden-
tify that the waveforms could represent the inferior-superior
kinematic features of the vocal fold mucosal wave.” A

Chan et al.: Laser Doppler vibrometry for vocal folds
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change in waveforms could signify a change in the vocal fold
mode of vibration. The velocity of the model was traced at a
single spatial location to mimic LDV velocity data. The result-
ing profile shows peaks at similar locations as Shape B, and is
seen in Fig. 12. This suggests that these profiles could repre-
sent measurement of the vocal folds’ different mode shapes.
The waveforms’ velocity profile and random occurrence
could be due to the highly non-linear kinetics of the human
vocal fold and the vibrational irregularities and instabilities of
voice. It was found that parameters such as tension, stiffness,
and phonatory airflow can cause bifurcations and eigenmode
synchronization.”° Higher modes could also be stimulated
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FIG. 9. Displacement peak-to-peak amplitude plotted versus (a) fundamen-
tal frequency, and (b) sound pressure level. A correlation was found between
displacement and frequency and is indicated by the fitted trend line with an
R? of 0.774. No relationship was found between displacement and sound
pressure level. The symbols denote: + Subject 1, Session 1; O Subject 1,
Session 2; x Subject 2, Session 1; A Subject 2, Session 2; x Subject 3, Ses-
sion 1; and [] Subject 3, Session 2.

by the dynamics of vocal fold collision and interference of
cycle-to-cycle waves due to the change in timing and ampli-
tude from jitter and shimmer. These phenomena may explain
the measured mode-switching because of subtle changes in
the subject’s phonatory conditions.

Further investigation is required to understand the
mechanism that causes the waveforms. Simultaneous record-
ing of LDV and high-speed imaging may provide insight on
any physical changes that correspond to the waveforms. Cur-
rent work with this measurement method on excised porcine
larynges has shown similar velocity and displacement pro-
files as those found in the present study.

TABLE II. Linear regression correlation coefficients for velocity and displacement data. The coefficients define a line of the form y = Ax + B.

X y A B R? DOF for error

Fundamental frequency Velocity 4.19mm/s/Hz 43.99 mm/s 0.009 21
Displacement —0.687 um/Hz 0.236 mm 0.774 21

Sound pressure level Velocity —86.17 mm/s/dB 50.85 mm/s 0.046 21
Displacement —3.87 um/dB 0.382mm 0.290 21
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FIG. 10. An example case of a vocal fold velocity map. (a) The highlighted
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tude. The velocities shown were averaged if a pixel location was measured
more than once in the given phonation time record.

No relationship was found between the superior surface
velocity RMS amplitude and the phonation frequency or
sound pressure level. This suggests that the vocal fold veloc-
ity amplitude along the inferior-superior direction does not
change with either pitch or volume. A relationship was found
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(a) (b) ©

FIG. 11. A representation of the three distinct waveforms shown in Fig. 7.
The waveforms become progressively more complex, starting with (a)
Shape A, the basic wave shape that is similar to a square wave, (b) Shape B,
with an additional peak in Shape A’s valley, and (c) Shape C, with an addi-
tional valley in Shape B’s peak.

between the phonation frequency and displacement. As
expected, the vertical displacement amplitudes decreased
with increasing pitch.

The velocity amplitude results show with high consis-
tency that the superior surface of the vocal folds vibrated on
average with a velocity of 45mm/s. Previously reported
velocities of suture points on the vocal folds of an excised
human larynx measured the superior surface maximum
velocities between 210 and 1340 mm/s.>° The superior sur-
face velocity RMS of synthetic vocal folds reported by
Spencer et al. measured at 146.9 mm/s and 132.6 mm/s for
LDV and digital image correlation, respectively.”'

Peak-to-peak displacement amplitudes were found
between 0.064 and 0.188 mm. For the maximum vertical dis-
placement amplitude, reported ranges from several studies
are summarized in Table III. There is a discrepancy of up to
an order of magnitude between the results of this study and
those reported previously. A probable explanation is the cor-
responding location of measurement. With LDV, measure-
ment was along the direction of the beam and at a single
location in space, lateral from the vocal fold edge. However,
previous studies reported maximum displacements, which
were found at the vocal fold edge. Graphical displacement
results lateral to the vocal fold edge were reported in some
of these studies. They showed that the displacement of the
edge is very large compared to those found a few millimeters
laterally. In fact, their non-edge vertical displacements were
similar to those measured in the present study.

Preliminary velocity mapping results are shown for a
very small range of locations lateral from the vocal fold
edge. Within the range evaluated, no relationship was found
between the location of the laser beam on the vocal folds
and velocity amplitude. Further experimentation is needed to
resolve the velocity profile of the vocal fold surface,
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FIG. 12. Velocity profile of a mucosal wave model (Ref. 25). This velocity
profile shows strong resemblance to the Shape B waveform seen in Figs. 7
and 11. The resemblance of the velocity profiles suggests that the wave-
forms could be different modes of the mucosal wave.
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TABLE III. Maximum vertical displacement values of previous studies.

Vocal fold Maximum vertical
Study experiment type displacement (mm)
Present study In vivo human 0.064-0.188
Manneberg et al. (Ref. 16) In vivo human 0.5-1.35

Boessenecker et al. (Ref. 6)  Excised human larynx 0.21+0.05-1.15%+0.2

Doellinger and Berry (Ref. 5) Excised human larynx 1.29%0.08
Doellinger et al. (Ref. 4) Excised human larynx ~1.75
Luegmair et al. (Ref. 18) Excised porcine larynx 1.76-2.75
George et al. (Ref. 11) Excised porcine larynx 0.7-2
Kobayashi et al. (Ref. 15) Excised canine larynx 0.15-0.35
Spencer et al. (Ref. 31) Synthetic 0.95-2.2
Luegmair et al. (Ref. 18) Synthetic 0.61-0.81

especially in the area near the vocal fold edge. Larger dis-
placement amplitudes are expected in this area.

In this study, only a few cases were ideally suited for
the analysis, which required the flexible video endoscope to
be very close to the vocal folds for sufficient spatial resolu-
tion. In the majority of the videos, this was not the case,
causing no visible distinction of laser movement on the vocal
folds.

The limitations of this study include the difficulty of
measuring a single point in space or on the vocal folds, and
low backscattered light intensity.

LDV can only measure a single location in space, and is
not capable of tracking any single location on the vocal folds
because of their complex vibrational patterns. Velocity
measurements of a single point in space were challenging
because of extraneous movement during LDV measure-
ments. This limitation inspired the velocity mapping tech-
nique. However, without high-speed imaging, the velocity of
various locations were averaged together.

The low levels of backscattered light from the vocal
folds compromised the data quality, corrupting it with noise.
Movement of any kind often reduced the signal strength.
Optical enhancements are needed to remedy this problem in
the future.

V. SUMMARY/CONCLUSION

A method of measuring in vivo vocal fold superior sur-
face velocities with LDV was demonstrated, where velocity
is directly obtained without the use of image processing.
Accurate velocity data for three subjects was obtained, de-
spite noise caused by limited backscattered light. Phonation
onset and offset times were measured to be ~40ms. The
spectral density of the vibrometry signals featured harmonics
of the fundamental frequency up to a bandwidth of around
3 kHz. Three distinct velocity waveforms were observed and
may indicate bifurcations between vibrational modes of the
mucosal wave. No relationship was found between the
occurrence of a waveform and the phonatory conditions. The
velocity amplitude was found to be between 40 and 50 mm/s
for normal phonation between frequencies of 100-260 Hz,
sound pressure levels of 60-80dB, and for an /i/ voicing.
The displacement peak-to-peak amplitudes were between 0.064
and 0.188 mm. A trend was found where the displacement
decreased with increasing phonation frequency. Within a
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limited spatial range away from the vocal fold edge, no rela-
tionship was found between the laser beam location on the
vocal folds and velocity amplitude.
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