
 

A possible experimental set-up for vocal cords

Citation for published version (APA):
Scholz, M. E. W. (2003). A possible experimental set-up for vocal cords. (DCT rapporten; Vol. 2003.024).
Technische Universiteit Eindhoven.

Document status and date:
Published: 01/01/2003

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/d3ad5e45-3076-4948-9a7a-6606180e2d9b


k possible experimental 
set-up for vocal cords 

D&C 2003-24 
August 2003 

Group: Dynamics and control 
Advisors: Prof. dr.H.Nijrneij er 

Dr.ir.I.Lopez 
Prof.dr.ir.A.Hirschberg 



Abstract 1 

Introduction 2 

Theory 
Modelling of the vocal cords 
One-mass model 
The Bernoulli equation 
The volume flow 
The acoustic impedance 
The final model 

The experimental set-up 
The physical model 
The optical system 
Characteristic of the diode 

Experiments 
Static experiments 
Distance between the vocal cords as a function of the pressure 
in the lips 
Distance between the vocal cords as a function of the pressure 
behind the vocal cords with constant volume of the lips 
Dynamic experiments 
Preliminary measurements with a microphone 
Determination of the threshold of stability 
Analysis of the stability threshold measurements 

Conclusion 21 

Recommendations 

Glossary of symbols 23 

Literature 

Appendix A 
Appendix B 
Appendix C 



Abstract 

In case of a cancer the larynx, inclusive the vocal cords and the epiglottis, is removed. This 
results in loss of the ability to speak. 
In this research, an experimental set-up is built which represents the lungs, windpipe and lips. 
The goal of this research is to examine whether this set-up can be used to better understand 
the behaviour of the vocal cords. This experimental set-up consists of a wooden box to which 
a physical model of the vocal cords is attached by a pipe. Experiments are performed in order 
to find out whether the experimental set-up can be used for analysing the vocal cords. In order 
+- Lu be &!e to e;ip!ziiiln the results of the measweme~ts, a si=p!e, 2ke2&y existing ~ne-mzss 

model is used to simulate the vocal cords. Now the measurements can be compared with the 
results of the one-mass model. 
In the research, experiments are done in order to obtain some of the model parameters. First 
static experiments are done to determine the stiffness of the vocal cords 
Second, dynamical experiments are done to find the threshold pressure and frequency where 
the vocal chords start to vibrate and noise is produced. These measurements show that the 
acoustics of the pipe dominate, which means that the set-up works more like a trombone than 
like vocal chords. 



1 Introduction 

Speech is the most used way of communication between humans. In many professions 
people have to use their voice, for example in teaclng and sales. Another reason why 
speech is so important is the fact that with speech information about the emotional state a 
person is in is transferred. In case of problems with speech, the functioning of human 
beings can be obstructed. 
Speech is produced in the larynx that forms a connection between the windpipe and the 
throat. In the larynx the vocal cords are situated. These are two folds who can be brought 
+A- L V ~ ~ L I I C I I  +L-- WLLLL T :+L +ha LllCl holm llCILp AC -,, ILIusV!V~, o a which results in clesme of the wkdni- T n  tEic st& yLrw- -' - -" 
they can start trembling when air is breathed out. This trembling produces the sound that 
can be heard. By changing the tension of the vocal cords, the frequency of the produced 
sound is changed. This sound, speech, can be produced with the help of the movement of 
lips, plate and tongue. 
In case of laryngeal cancer, the larynx and thus the vocal cords are removed. This results 
in loss of the ability to speak. Nowadays there are two ways to solve this problem. A first 
way is with a one-way valve between the thrachea and the esophagus. A second way is 
with an electro-larynx. The sound that is produced with these two methods does not 
resemble the human voice. This can be solved with a prosthesis. In order to be able to 
produce this prosthesis, a model of the vocal cords has to be derived. This model can also 
be used for diagnosis i~ scrgery. 
The goal of this traineeship is to test whether an experimental set-up, that is used for 
modelling a trombone, can be used for modelling the vocal cords. 
The first step in this traineeship is to derive a linearised model of the coupled system to 
study their behaviour as the average pressure at the up-stream side of the vocal cords 
changes. In order to find the stiffness of the vocal cords, which is needed for the linearised 
model, some static measurements are made. Next some dynamic measurements are made 
to find the threshold values for the pressure and the frequency at the moment the vocal 
cords start to vibrate. Finally the mass in the model is tuned in order for the behaviour of 
this model to match the behaviour of the vocal cords in the experimental set-up. 



2 Theory 

2.1 Modeling of the vocal cords 

In this chapter a one-mass model, with two degrees of freedom, will be derived for the vocal 
cords. The first degree of freedom comes from the mechanical model of the vocal cords and 
the second degree of freedom comes from the acoustical model of the pipe and the box that 
represent the lungs and windpipe, as will be discussed in the next chapter. This model will be 
used to find the theoretical threshold of stability of the vocal cords. 

2.1.1 One-mass model 

In this section the differential equation is derived that describes the mechanical part of a 
simple one-mass model that describes the behavior, in a limited domain, of the vocal cords. 
The vocal cords are flexible, continuous structures, which are submitted to aerodynamic 
forces, which depend on the pressure field around them. 
It is assumed that the flow control depends only on the vertical component of the motion of 
the vocal cords. By making this assumption, the longitudinal component of the motion is 
neglected. 
Another assumption is that the vocal cords are identical and positioned symmetrical to each 
other by a symmetry axis. Next the dynamics of the vocal cords can be modeled by a simple 
second order model, as can be seen in figure 2.1. 

Figure 2. 1: One- 
mass model 

This model can be described by: 

Figure 2.2: effective area of 
the vocal cords 

After substituting: F, = A& . p' and F, = A& . p' one obtains: 

In this equation, c is the damping constant, k is the spring constant, m is the mass, f is 
force that is acting on the mass and p ' is the pressure difference between the pressure and 

the 
the 



mean of the pressures acting on the mass. In figure 2.2 the effective areas, A& and A;, of 

the vocal cords are explained. After defining A = A; - A& (2.lb) can be rewritten: 

Here 2j is the dimensionless damping coefficient and UL is the frequency. 
By assuming that x is equal to half the distance, h (mm), between the vocal cords, (2.2) can be 
rewritten by: 

2.1.2 The Bernoulli relation 

The pipe in front of the vocal cords and the opening between the vocal cords can be described 
as channels with a constant width w (mm). The flow through these channels is assumed to be 
quasi-stationary, frictionless and incompressible. 
The velocity field in the channels is uniform and can be described by the Bernoulli relation: 

In (2.4) PI and UI are respectively the pressure and the velocity in the pipe and P2 and U2 are 
respectively the pressure and the velocity in the cavity between the vocal cords. p is the 
density of the air. Since the velocity between the vocal cords (U2) is much higher than the 
velocity in the mouth (U1), (2.4) can be reduced to: 

Both the velocity and the pressure can be written as the sum of the mean (time averaged) 
- - 

value ( P ,  U ) and the alternating value of PI, P2 and U2 (p', u'). The mean value will be 
referred to as the static component. Since the fluctuation of the pressure in the mouth is very 
small and the mean pressure between the vocal cords is equal to the pressure of the 
surrounding air, they can be neglected. This results in: 

Now (2.5) can be rewritten: 



The alternating part is: 

- 
p '= -p . u u' 

2 

2.1.3 The volume flow 

The volume flow through the channel of the vocal cords is depending on the velocity in this 
channel (UZ) and the dimensions of the cross-section of this channel (w and h). The 
relationship between U2, w and h is given by: 

As was done in (2.6) for the velocity and the pressure, this volume flow can be rewritten as 
well: 

Combining (2.6), (2.9) and (2.10) the next result is obtained: 

The fourth term between the brackets is much smaller then the other three terms and can be 
neglected. The alternating part of (2.1 1) is: 

2.2 The acoustic impedance 

In section 2.1.1 the differential equation that describes the mechanical part of the one-mass 
model was derived. This section is about the differential equation that describes the acoustical 
part of the system. 

The differential equation [4] that describes the acoustical part is: 



with 9 = p' 

In (2.13) ZA is the peak impedance, QA is the quality factor, the inverse of two times the 
damping ratio, and w~ is the resonance frequency. These values can be determined from a plot 
of the impedance (pa  s 1 m) versus the fiequency (Hz) as can be seen in figure 2.3 for a pipe 
with length 0.6 m. 

Figure 2.3: Impedance versus frequency for a 
pipe with length 0.6 m. 

In the present research, it is assumed that only a single mode participates significantly. This 
means that the acoustical parameters will be determined by using a curve fitting routine on the 
first peak only. 
(2.13) is written in a time domain representation. It can be rewritten in the frequency domain: 

Z is the acoustical impedance and co is the frequency (rad/s). The impedance of the acoustical 
system can be determined from measurements. In case of modelling the vocal cords, the 
system is represented by a pipe with one open and one closed end. In order to determine the 
impedance of this system, another definition of the impedance is formulated: 

P(m, L) is the total acoustical pressure, P(', L) = p f  ( co, L) +P-( co, L) , and U(co,L) is the velocity 
of the flow at the open end of the pipe. P+ ( c o , ~ )  and P-(co,L) can be seen in figure 2.4. 



Figure 2.4: Pipe with one open and one closed end 

The definition of pi (co,~) respectively P-(UJ) is [2]: 

In (2.16) A' and A- are constants and k is the wave number: 

In this equation /Z is the wave length (m), w is the frequency (rad/s) and c is the speed of the 
sound in a certain medium (m/s). 
The velocity in the pipe is equal to: 

is the density of the air and c~ is the speed of sound in the medium. After defining the 
relationship for the velocity and the acoustical pressures in the pipe, the following relationship 
for the impedance is obtained: 

In (2.19) R is the reflection coefficient. This coefficient is dependent of the fi-equency of the 
wave in the system. In previous research [2], this coefficient in case of our system was 

w 11-w2 
determined to be R(w) = -0.91 + ----- + --- . The definition of the reflection coefficient 

10.0,  w,2 
is: 



The frequency of the wave in a pipe is depending on the length of the pipe. In experiments 
that are done in this research, an experimental set-up will be used that has a pipe that connects 
a physical model of the vocal cords to a wooden box that represents the lungs. This set-up will 
be discussed more in detail in the next chapter. 
When the situation would be ideal, the pipe could be approached as a pipe with one open and 
one closed end. For this ideal situation there is a physical relationship between the speed of 
the pressure wme,  (c (,m/ss)j, the waveiength (A jmj j and the frequency %(h%j>: 

In figure 2.5 three pipes, each with an open and with a closed end, can be seen. The pipes 
have a length L (m). In the first pipe, the one most to the left, a wave occurs with the basic 
frequency. The wavelength of this wave is four times the length of the pipe. This means that 
the frequency of this wave is c/A = d4L. 

Figure 2.5: Waves in a pipe with one 
open and one closed end 

In the other two pipes of figure 2.5 the second and third resonance can be seen. For the second 
J ' L  

resonance the fi-equency of the wave is -and for the third resonance the frequency is 
4 .  L 

5.c  
--- . This relationship will be used in section 4.2.2. 
4 .L  

2.3 The final model 

By using (2.8), for u', the alternating speed of the air flow, can be found: 



In (2.12), u' can be replaced by (2.22). This results in: 

The next step in deriving a model for the vocal cords and pipe, is placing all terms of (2.2) on 
the left side and replacing 4'  in (2.13) by the definition of (2.23) and rearranging the result. 
The following two equations are obtained: 

The two formulas in (2.24) are written in matrix notation. In order to do so, a vector q - is 

defined. 

The matrix notation of the two formulas in (2.24) now become: 

with [c] = 
w A + ~ , . w A  haw 0 - .- 
QA QA P." 

This matrix notation can be rewritten in the form: - q = A .  q - , which results in: 



In case of verification whether the system is stable or not, the eigenvalues of matrix have to 
be determined. This is of interest since the vocal cords do not vibrate when the system is 
stable. Determination of the stability is done by calculating the determinant of the matrix: 

( - A ) + (4 - L . I I  = Q . In order for a system to be stable, the real part of the 

eigenvalues, b, must satisfy: R ~ ( R )  c 0 .  When an eigenvalue is equal to zero, the system is at 
the threshold of stability. In that case the vocal cords start to vibrate. 



3 The experimental set-up 

3.1 The physical model 

In figure 3.1 a schematical representation of the physical model for the vocal cords can be 
seen. This model consists of two metal tubes, both with a hole in the side, which are 
surrounded by latex tubes. The two metal tubes, together with the latex ones, are clamped into 
a metal holder to prevent rotation about their axes. This secures the symmetry of the 
experime~tai set-up. The metal tubes are ciirfiectecl to the water co!lxm, which r e d s  in a 
pressure in the metal and latex tubes. This co1 .m is attached to a slider and can be placed at 
an arbitrary height. By changing the height of the column, the pressure in the vocal cords is 
changed. After fixing the position of the column, a valve ((D) in figure 3.1), which is placed 
between the column and the vocal cords, can be closed. By doing this the volume in the vocal 
cords can be fixed. When the valve is left open the pressure in the vocal cords is constant. 

Figure 3.1: Physical model of the vocal 
cords[3]. 

The model of the vocal cords is attached to a physical model of the lungs and the windpipe. 
This model consists of a wooden box with dimensions: height 120 cm, length 75 cm and 
width 74 cm. In the box a pipe of length 34.5 cm and internal diameter of 3.5 cm, is mounted. 
The rest of the box is filled with foam. The box is a model of the lungs and the pipe represents 
everything between the lungs and the vocal cords. The pressure inside of the box can be 
regulated. This is done with an air supply. When this pressure is higher than the pressure of 
the environment, air starts flowing through the foam, the pipe and the model of the vocal 
cords. When this flow is large enough, the vocal cords can start vibrating. 

3.2 The optical system 

One of the points of interest in this research is the distance between the vocal cords when the 
height of the water column and pressure behind the vocal cords is varied. This distance can be 
measured by using a laser and a diode. The optical system can be seen in figure 3.2. The laser 
is placed between the box and the vocal cords and its beam is focussed on the diode by a lens. 



When the pressure in the vocal cords is increased, the vocal cords approach each other and a 
smaller part of the laser beam passes through the vocal cords and reaches the diode. This 
results in a smaller voltage of the diode. When this voltage is measured, the distance between 
the vocal cords can be calculated. In order to do this the relationship between the voltage of 
the diode and the width of the beam has to be determined. This is done in the next section. 

Water column 

Pressure Reservoir 

PC w ~ t h  acquisiBon Card 

Acquisition System 

Figure 3.2: The optical system [3] 

3.3 Characteristic of the diode 

In order to determine the relationship between the voltage of the diode and the width of the 
beam, the laser is focussed at the diode without placing the vocal cords between them. It is 
noticed that when the beam is directly focussed on the diode, the diode saturates which results 
in a constant output voltage. To solve this problem, a grey-filter is placed between the lens 
and the diode. The fimction of this filter is to reflect 95% of the laser beam. Next a razorblade 
is placed between the laser and the lens. The position of this razorblade can be varied in the 
direction tangent to the laser beam. In this way part of the laser beam can be blocked. In order 
to obtain the voltage of the diode adequate to a certain width of the laser beam, the beam is 
first focussed on the diode without any kind of obstacle between them. After measuring the 
voltage belonging to this quantity the razorblade is moved a small amount in the laser beam. 
Again the voltage belonging to the width of the beam is measured. This is repeated until the 
complete laser beam is blocked. 



- measured voltage 
- - -  calculated voltage 

2 - 1 , ,// 

Figure 3.3: Relation between width of the Figure 3.4: Measured and calculated 
laser beam and the voltage of the diode voltage of the diode 

In figure 3.3, measurements are represented by the black line. In order to determine the 
relationship between the width of the laser beam and the voltage of the diode, a curve is fitted 
through the measurements. This is done in figure 3.3 (the dashed line). The curve used in this 
case is a fourth order polynomial. The equation is: 

In (3.1), V is the voltage of the diode (V) and h is the width of the laser beam (mm). As can 
easily be seen, the diode has an offset of 0.9234 V. Measurements that are done in the future 
must be corrected for this offset. 
The way the laser beam is blocked during the calibration by the razor blade differs from the 
way the laser beam is blocked by the vocal cords. In case of the razor blade, the beam is 
blocked from one side, while in case of the vocal cords, the beam is blocked from two sides. 
In order to be able to calculate the distance between the two vocal cords, using the calibration 
measurements, the equation that relates the voltage of the diode to the distance between the 
vocal cords has to be derived. How this is done, can be seen in appendix A. The obtained 
relationship between the distance between the vocal cords and the voltage is: 

Hvocal cords = 0.89.V,,, - O . ~ ~ . V * ~ Z O &  f0.14'V3drodc -0.02'~~diode 

In figure 3.4 the voltages that were measured during the calibration and the calculated 
voltages belonging to a certain opening of the vocal cords are plotted. 



4 Experiments 

4.1 Static experiments 

The static measurements are made in order to try to obtain some information about the 
maximum distance between the vocal cords, the pressure in the vocal cords at the moment the 
distance between them is equal to zero and the stiffness of the vocal cords. 

4 . .  Distance between the vocal cords as function sf the pressure in the vocal cords 

The first experiment that is done with the experimental set-up, as discussed in the previous 
chapter, is measuring the distance between the vocal cords as the pressure in the vocal cords is 
varied. This is done without increasing the pressure in the lungs and windpipe. In figure 4.1 
the results of this experiment can be seen. 

1 4  

- - - lowenng the pressure 
1 2 -  

0 I I , I I I I .  I 

loon 2000 3000 4000 sona moo 7oao sooa moo ioooo 
Pressure In the vocal cords (Pa) 

Figure 4.1: Distance between the vocal cords 
versus the pressure in the vocal cords 

In order to check whether the measurements are repeatable, the distance between the vocal 
cords is measured twice for every pressure. This is done by increasing the pressure in the 
vocal cords till the vocal cords are completely closed and then lowering this pressure again. 
As can be seen in figure 4.1 the courses of the two graphs match each other. In figure 4.1 it 
can also be seen that the distance between the vocal cords is equal to zero for a pressure 
around 8000 Pa. 

4.1.2 Distance between the vocal cords as function of the pressure behind the vocal 
cords with constant volume of the vocal cords 

In this experiment, the pressure at the upstream side of the vocal cords is not kept at zero Pa. 
Now this pressure is increased until the vocal cords start to tremble. The valve in the tube that 



connects the water column with the vocal cords is closed. Now the volume of the vocal cords 
is constant. Every time the height of the water column is changed, the valve that regulates the 
pressure in the vocal cords is opened. After the pressure in the vocal cords is stabilised, the 
valve is closed again to gain a constant volume of water in the vocal cords during the increase 
of the pressure at the upstream side of the vocal cords. The results of these experiments can be 
seen in figure 4.2. 
In this experiment, every measurement is done twice as well. In figure 4.2 a difference 
between the two values is seen. This difference was present in the previous experiment as 
well, but here it is more obvious. This difference is firstly the result of the difference between 
the two distances that are measured. The second cause is the fact that the accuracy of the 
measurement is only 0.1 V. By using (3.2) it is found that the accuracy of the distance 
between the vocal cords equals 0.09 rnm. 
Because the values of the measurements differ so much, figure 4.2 is not very reliable and can 
not be used to draw any conclusions. The graphs of this research are compared to graphs from 
a previous research [I], where the same experiment was done and it is seen that the courses of 
the graphs from the two experiments correspond to each other. Because of this, some remarks 
about the graphs can be made. 
It was expected that the stiffness of the vocal cords in longitudinal direction would increase 
with increasing height of the water column. In figure 4.2 it seems as if the opposite is true. For 
increasing water pressure, it takes a smaller force, which equals the pressure upstream 
multiplied with the effective area of the vocal cords, to increase the opening of the vocal 
cords. This could mean that the vocal cords do not deform in vertical direction, but in 
horizontal direction as well. 
Another remark that has to be made about the measured distance between the vocal cords is 

Figure 4.2: Distance between the vocal cords versus the 
pressure in the mouth 

that the vocal cords have a certain length as well. The opening of the vocal cords is not the 
same for an arbitrary position on the vocal cords. The opening is measured in the middle, so 
only conclusions can be drawn for the behaviour at that location. 



4.2 Dynamic experiments 

These measurements are made in order to obtain some information about the behaviour of the 
vocal cords at the moment they start to vibrate. The threshold values of the presswe and the 
frequency are determined. The results are also compared to previous research [4]. 

4.2.1 Preliminary measurements with a microphone 

In this experiment, multiple pipes of different size wiii be piaced between the box and the 
vocal cords. By using a microphone the sound that is produced by the vocal cords is recorded 
and the basic frequency is determined. The goal of this experiment is to get a first insight in 
the frequency of the sound, produced by the vocal cords. During the measurements the 
microphone is positioned outside the airflow, coming from the experimental set-up, to avoid 
that disturbances, pressure variations caused by the airflow, are measured as well. The 
distance between the wooden box and the microphone is held constant and is about 110 cm. 
The signal of the microphone is transferred to a data acquisition device. This device sends the 
signal, without amplifying it, to a computer. It is now possible to analyse the signal and to 
determine the basic frequency. 

During the experiment, four different lengths of pipes are placed between the pipe at the 
inside of the box and the vocal cords. The lengths, of the external pipes that are used, are 
respectively 12, 30,70.5 and 46.5 cm. 
After the measurements with the different pipes, the laser was placed between the pipe inside 
of the box and the vocal cords. This laser has a length of 26 cm. One time the laser was 
attached without a pipe and the vocal cords and one time with a pipe of length 46.5. 
The total length of the pipes between the box and the vocal cords is the length of the internal 
and external pipe. 
During the experiment, a certain pipe is placed between the box and the vocal cords. Next the 
water column is placed at a height of respectively 60,80 en 110 cm. Per height of the water 
column, the pressure in the cavity behind the vocal cords is increased until the vocal cords 
start to vibrate. The sound, that is produced, is measured and next the height of the water 
column is changed. The results of this experiment are placed in appendix B. The fi-equencies 
that are measured in this experiment can be used to verify the frequencies as they are 
measured in section 4.2.2 

4.2.2 Determination of the threshold of stability 

In this experiment the frequency of the pressure fluctuations in the mouth is measured at the 
moment the vocal cords start to vibrate. During these measurements a pressure sensor is 
placed behind the vocal cords. 
This is done for four pipes with different lengths. Per pipe length the measurements are 
repeated for three different pressures in the vocal cords. The values for the lengths of the 
pipes and the heights of the water column are placed in a table in appendix C. 
The measured pressures and frequencies, belonging to certain values of the length of the pipe 
and the height of the water column, are placed in the table as well. In figure 4.3 the frequency 
is plotted versus the pressure in the vocal cords. 



pressure in the vocal cords [Pa) 

Figure 4.3: Frequency versus pressure in the vocal cords 

The goal of the experiment is to determine whether the frequency of the sound produced by 
the vocal cords, is determined by the natural frequency of the vocal cords or by a harmonic 
that belongs to the length of the pipe. If the latter is the case, it may suggest that the acoustics 
of the pipe dominates the dynamics of the vocal cords. 
In order to be able to determine whether the frequency is a resonance frequency of the pipe, 
the theoretical acoustic value is calculated. This is done for a pipe with one open and one 
closed end, which is not exactly true in the experimental set-up since the 'closed' side of the 
pipe has a reflection coefficient of [2]: 

In this equation f is the fi-equency of the wave in the pipe and f, is the cut-off frequency that 
has a value of 6707 Hz. 
This frequency of a harmonic of the pipe can be calculated with the help of the theory of 
chapter 2. 
The theoretical values for the frequencies are placed in the table in appendix C as well. It was 
found that the measured frequencies correspond almost completely with the calculated values. 
This could mean that the acoustics of the pipe is dominant. 
In the table it can be seen that when the laser is placed between the wooden box and the vocal 
cords, a second harmonic is found when the water column is placed at 60 cm. It was expected 
to find harmonics with a fiequencyf, = (n.c)/(4. L) with an odd value for n, as was 

described in chapter two. This phenomenon could not be explained. 

4.2.3 Analysis of the stability threshold measurements 

The model represented in section 2 has been found in the literature [4]. In this paper two types 
of behaviour are described: inward striking behaviour and outward striking behaviour. In case 
of inward striking behaviour, the force at the vocal cord is pointing in the direction of the 



windpipe and A in (2.2) has a positive value. In case of outward the opposite is truth and A 
has a negative value. 
In this paragraph the results of the measurements of the previous paragraph, which are listed 
in appendix C, are discussed and compared to the results of a stability analysis. The 
measurements can be used for two purposes. Changing the length of the pipe results in change 
of the acoustical system. Changing the pressure in the vocal cords changes the mechanical 
parameters of the mechanical system. In order to be able to do a stability analysis, two 
frequencies are chosen in the frequency range of the vocal cords. The first frequency is 80 Hz 
and the second is 170 Hz. 
For each frequency the stability analysis is performed for four different pipe lengths that equal 
the pipe lengths from the measurements in appendix C. In the stability analysis, the pressure 
in the mouth is increased until the system becomes unstable. The frequency at which this 
happens is calculated. In figure 4.4 the frequency is plotted versus the length of the pipe. 
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Figure 4.4: Frequency versus length of the pipe 

In this figure, the dashed horizontal line represents a lip resonance frequency of 170 Hz and 
the dotted horizontal line represents a lip resonance frequency of 80 Hz. The black line 
represents the theoretical acoustical frequency belonging to a certain length of the pipe. The 
dotted, diagonal line is the stability threshold for the vocal cords belonging to a resonance 
frequency of the vocal cords of 80 Hz. This course of the graph is typical for the model of 
outward striking behaviour. That means that when the length of the pipe tends to zero, the 
threshold frequency of the vocal cords tends to the value for the theoretical acoustic 
frequency, determined by the length of the pipe. This value is much higher then the resonance 
frequency of the lips. For increasing length of the pipe the difference between the threshold 
frequency of the vocal cords and the acoustical frequency increases, but the difference 
between the resonance frequency of the vocal cords and the threshold frequency of the vocal 
cords decreases. 

The dashed diagonal line is the stability threshold for the vocal cords belonging to a resonance 
frequency of the vocal cords of 170 Hz. This is the course of the graph in case of the inward- 
striking model. This means that when the length of the pipe tends to zero the threshold 
frequency of the vocal cords is much lower then the acoustical frequency, but almost equal to 
the resonance frequency of the lips. For increasing length of the pipe the difference between 
the threshold frequency of the vocal cords and the resonance frequency increases, but the 



difference between the acoustical frequency and the threshold frequency of the vocal cords 
decreases. 

The inward- and outward-striking behaviour can also be represented in a different way. This 
is done by plotting the threshold frequency as a function of the resonance frequency of the 
lips. In figure 4.5a the outward-striking model is represented for the two longest pipes and in 
figure 4.5b the inward-striking model is represented for the shortest pipe. 

In figure 4.5a it can be seen that in case of the outward striking model, for low frequencies of 
the vocal cords, the threshold frequency of the system is almost equal to the frequency 
beionging to the first mode of the pipe. For iiicrezsiiig frequency of the vwa! c d s ,  the 
threshold frequency approaches the frequency of the vocal cords. In figure 4% the opposite 
can be seen. For low frequencies of the vocal cords, the threshold frequency of the system is 
almost equal to the frequency of the vocal cords and for increasing frequency of the vocal 
cords, the threshold frequency approaches the frequency of versus the length of the pipe. In 
the same graph, the measured threshold frequencies for two different pressures in the vocal 
cords are plotted. 
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Figure 4.5a: Outward striking model 
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Figure 4.5b: Inward striking model 

In figure 4.3 the measured frequency was plotted versus the pressure in the lips, for four 
different length of pipes. In figure 4.6 this graph is repeated, but now the calculated acoustical 
fiequency, for each of the four pipes, is plotted in the figure as well. 

It can be seen that the value of the lines belonging to the two longest pipes, for low pressure 
in the vocal cords, equal the theoretical value of the acoustical frequency. For increasing 
pressure this is no longer the case since the lines diverge from the theoretical value of the 
acoustic frequency. This could be an indication, after comparing the graph to figure 4Sa, that 
in case of the two longest pipes, the behaviour is the same as in the outward-striking model. 
For the shortest pipe the opposite is truth. For increasing pressure in the vocal cords, the 
acoustical frequency is approached, which equals the model for inward-striking behaviour.. 
The behaviour of the second shortest pipe could be a transition between the inward and the 
outward-striking model. 



pressure in the vocal cord (Pa) 

Figure 4.6: Measured and calculated frequencies 

In figure 4.7 the theoretical acoustical frequency for a certain length of the pipe is plotted In 
After comparing the lines that represent the measurements with that of the theoretical 
situation, one can conclude that there is a large resemblance. This is another indication that 
the acoustical system dominates. 
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Figure 4.7: measured frequency versus length of the pipe 

In the research done by J.S.Cullen, J.Gilbert and D.M.Campbel1 [4] the same phenomena 
were examined. Their research is qualitatively similar since the measured threshold 
frequencies were also very similar to the acoustical resonance. This could mean that the 
experimental set-up is not a model for the vocal cords, but is a model that describes the 
behaviour of a trombone. 



Conclusion 

Some static experiments were done in order to determine the stiffness of the vocal cords. It 
was seen that the results of the static experiments were not precise enough to draw any 
conclusions. After comparing the results of this research to results from previous research [I] 
it was seen that they correspond with each other. It was expected that for a higher pressure in 
the vocal cords of the experimental set-up, the graph would be flatter then for a lower pressure 
in the vocal cords. This is because in case of a higher pressure in the vocal cords, the stiffness 
of the vocal cords is higher. A higher stiffness results in a larger force that is needed to 
increase the opening beiw-een the vocal cords. hi the results the oppsite ca;l be seen This 
could mean that the vocal cords do not vibrate in one direction, but in two directions. This 
means that the results can not be used to determine the stiffness. Another explanation of the 
course of the graphs is the fact that the vocal cords have a third dimension as well. Along the 
length of the vocal cords, the opening of the vocal cords can differ. This is not taken into 
account. 
After doing some dynamic measurements, it was found that the frequency of the sound of the 
experimental set-up, is very close to the theoretical, acoustical frequency belonging to the 
pipe that is placed between the wooden box and the physical model of the vocal cords. This 
indicates that the acoustical system is dominant. 
It could be concluded from these experiments that the experimental set-up can not be used to 
examine the behaviow of the vocal cords. 



6 Recommendations 

From the results of the experiments that were done during this traineeship, some 
recommendations can be made. A first recommendation is to improve the test set-up. The 
accuracy of the optical system and the data acquisition tool should be improved. 
In case of the experimental set-up that was used in this research, the acoustical system 
dominated the mechanical system. Because of this nothing could be said about the frequency 
range of the vocal cords. It would be better to remove the pipe that is inside the wooden box. 
By doing this some further research can be done about the frequency range of the vocal cords. 
TTT. ,l wlrn the new set-up, more static and dynmi~ic meaui-anenis sho-dd be done iii o rda  to fiiid 
the model parameters. 
A last recommendation is to determine the transfer function of the system, between the 
pressure on the vocal cords and the frequency they produce. 



Glossary of symbols 

x 
c 
k 
m 
f 
F1 
F7 

Distance between vocal cord and symmetry axis 
Damping of the vocal cords 
Stiffness of the vocal cords 
Mass of the vocal cords 
Total force on the vocal cords 

~ , f f '  

~ , f f ~  

m 
N - s/m 
Nlm 
kg 
N 

Force on vocal cords in longitudinal direction 
Force on vocal cords in transversal direction 

5 
or 

N 
N 

Effective area of the vocal cords in longitudinai direction 
Effective area of the vocal cords in transversal direction 

b 
r 

m2 
m2 

Dimensionless damping coefficient 
Freauencv of the vocal cords 

h 
w 

-- 

- 
radls 

Length of the vocal cord 
Radius of the vocal cord 

PI 
P7 

m 
m 

Distance between the vocal cords 
Width of the vocal cord 

- 

p 
UI 

m 
m 

Pressure in the mouth 
Pressure between the vocal cords 

U2 

u 
p 

Pa 
Pa 

De~sity of the air 
Speed of the air in the mouth 

u' 
w ' 

kg/m3 
m/s 

Speed of the air between the vocal cords 
Mean value for the speed of the air 

Mean value for the pressure 

- 

rn/s 
m/s 

Pa 
Alternating value for the speed of the air 
Alternating value for the pressure 

' 

v 

m/s 
Pa 

Volume flow 
Mean value for the volume flow 

COA 

QA 

m3/s 
m3/s 

Alternating value for the volume flow 
Velocitv potential 

ZA 
o 

m3/s 
P a - s  

Resonance frequency 
Quality factor 

P(L) 
U(L) 

c I Speed of sound I m/s 

radls 
- 

Impedance 
Freauencv 

k 
h 

Pa . s/m 
radls 

Position dependent pressure 
Position dependent speed 

Pa 
m/s 

Wave number 
Wave length 

R 
L 

- 
m 

f 
f, 

Reflection coefficient 
Length of the pipe 

-- - 
m 

Frequency of the sound 
Cut-off ffeauencv 

Hz 
Hz 
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Appendix A 

Figure A. 1: Two methods of blocking the laser beam 

In figure A.l the two ways the laser beam can be blocked are plotted. The left picture is the 
situation where the vocal cords are blocking the laser and the right situation is the case of the 
calibration. In order to be able to determine the distance between the vocal cords during the 
measurements the relationship between voltage of the diode z ~ d  width of the beam fomd by 
calibrating has to be rewritten. This is done by calculating the voltage, which would have 
been found when the laser beam would have been blocked fiom two sides during calibration, 
by using the results of the calibration, as it is done. 
For the difference between the voltage that is submitted by the diode when the laser beam is 
not blocked and the voltage when the beam is partly blocked is: 

'blocked = 'beam - 'passed 

For the voltage that would have been measured during the calibration when the beam is 
blocked from two sides, can be said: 

'colibvation = 'beam - ' 'blocked 

After rewriting equation A.2 with the help of A.l the relationship between the voltage 
measured in case of the vocal cords blocking the laser beam and the width of the beam can be 
found. 

'calibvation = . 'passed - 'beam 

In figure A.2 the results of the calibration are plotted together with the values of Vcalibration. 
Because the beam is blocked from two sides instead of from one side, only the second half of 
the graph can be used. 



Figure A. 2: rewritten caiiibration data 
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Figure 8.3: Relationship between distance 
between the vocal cords and the voltage 

The last part of the graph, where the voltage has a positive value, is extended over the whole 
range of the plot with calibration values. This can be seen in figure A.3. Here the black line is 
the result of the calibration and the dotted curve is the calculated curve. 
Next the relationship between the width of the beam and the voltage of the dotted curve is 
determined. This is: 

This relationship will be used at the experiments that are done with the experimental set-up. 



Appendix B 

Frequency 
(Hz) 

Length of 
the 

pipe (em) I column (cm) 

* In this case the pressure did not build up in a proper way. That is why this result is not 
very reliable . 

** In this case it was hard to get the vocal cords to vibrate. 
*** In t h s  case there was just a weak vibration which imediately stopped when the 

pressure behind the vocal cords was changed. The sound that was measured was noise. 

month (Pa) 1 

I I 110 1 600 1 192.5 I 

Height of the 
water 

Pressure in 
the 

280 Laser 60 170" 



Appendix C 

In this appendix, Pipe indicates which pipe is placed between the box and the vocal cords 
and Height indicates the height of the water column (cm). 

of the 

Laser 

Height of 
the water 
column 

fn=nc/4L Basic 
(Hz) frequency 

(Hz) 


