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ABSTRACT
This work addresses the study and design of a diagnostic device consisting of a thin-film sensor array based on 8-mm concentered rings,
acting as an autonomous acoustic sensor covering a wide range of resonance frequencies (0.1 KHz–2 MHz). In addition to its advantageous
shape, this device integrates both the active vibratory element and the embedded electronics dedicated to coding, control, and analysis. The
results show that the experimental device could be the basis of a telemedical platform for the objective assessment and monitoring of chronic
laryngeal dysphonia through the spectro-temporal analysis of the vibration of the vocal cords. Furthermore, this non-invasive, non-intrusive
protocol does not require the physical cooperation of the patient.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5090193., s

I. INTRODUCTION

Oral communication is the major tool for human interac-
tions, the vector of our identity, and the witness of our emotions.
Some diseases might affect the vocal apparatus, which is the unit
responsible of generating sounds in humans, thus leading to dis-
abilities in oral communication. The most common encountered
diseases in diagnosis are those related to the larynx and the vocal
cords.1–5

While some of these diseases are considered mild, affecting the
individual for a short period of time, such as acute laryngitis, an
inflammatory condition of the larynx which could cause a dyspho-
nia, others might be more severe and serious, such as the laryngeal
cancers that are mostly of a squamous cell carcinoma form. A large
number of patients are diagnosed annually with laryngeal cancer, the
latter being among the most common cancers of the upper aerodi-
gestive tract. The treatment option for every individual depends
on many factors, among which are the stage of the cancer and the
location and size of the tumor, and the objective of that treatment

thus being either a cure of the disease or an extension of the sur-
vival years of the patient and his palliation. The most commonly
used treatments might be of a single or combined modality of a
radiation therapy, a surgery involving a partial or total laryngec-
tomy, and chemotherapy. Other new types of treatments are still
being developed and tested in clinical trials such as targeted ther-
apy that uses drugs to attack specific cancer cells. However, regard-
less of the treatment care method, the chances of recovery from
laryngeal cancer are still low, especially in the case of patients diag-
nosed in advanced and metastatic stages.6 From here, the impor-
tance of early detection of cancer arises, which might increase the
patient’s chance for a cure. This detection might be useful in the
case of subjects showing early signs and symptoms of the disease
including a sore throat and ear pain, as well as individuals having
high risk factors such as heavy smokers, alcoholics, or those with a
family history.

Nowadays, there exist several clinical methods for the screening
and diagnosis of laryngeal cancer, requiring physical and/or surgical
interventions such as laryngoscopy and endoscopy, both allowing a
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biopsy; Computerized Tomography scan (CT scan); Magnetic Res-
onance Imaging (MRI); Positron Emission Tomography scan (PET
scan), etc. On the other hand, research studies have been carried out
recently to develop speech processing methods that can be used as
a preliminary diagnosis of several voice pathologies. Most of these
studies analyze sound in the audible bandwidth, which gives incom-
plete information on the vibratory state of the vocal cords, while
some others worked on the improvement of existing techniques such
as local imaging or scanning.7–11

In this context, this work aims to evaluate some larynx physical
property variations through a non-intrusive passive smart listen-
ing collar. The latter can provide systematic and in vivo screening
for some laryngeal diseases, including laryngeal cancer, by spectro-
temporal analysis of the voice signal resonance. This would allow
the detection of these diseases at an early stage, even in people who
still present no symptoms, which would permit early treatment and
a higher chance of a cure.

The design of this diagnostic device requires a deep under-
standing of the media, such as multilayered biological tissues, in
which the vocal cord vibrations propagate before reaching the sur-
face of the neck. Therefore, in Sec. II, an analytical model is devel-
oped for this multilayered media, and the best position of the sen-
sor is determined as well as its corresponding resonance frequency,
based on the quality of the collected signal or extracted informa-
tion (frequency). Based on the results, an appropriate sensor design
is presented in Sec. III, and its resonance frequency is verified
numerically and experimentally. In Sec. IV, the collar is used to
carry a detailed examination on a significant number of individu-
als being either healthy or presenting some laryngeal disease. The
collected data is analyzed and classified through a developed algo-
rithm, allowing the building of a reference database which charac-
terizes the frequency components of the voice signal produced by
each case.

II. MECHANICAL MODEL OF THE MULTILAYERED
TISSUES
A. Analytical approach

The study of the mechanical behavior of the tissues subject
to the propagation of the wave generated by the vocal cord vibra-
tion is necessary in order to adapt the parameters of the receiving
transducer for an optimum reception. In this context, the tissues sur-
rounding the vocal folds are approximated to a fat layer in which the
wave generated by vocal cord vibrations propagates before reach-
ing the skin and then getting detected by the transducer. A coupling
gel is placed on the individual’s neck to allow a maximum transfer of
the vibrations from the skin to the transducer. Figure 1 illustrates the
corresponding layered model and the propagation of a plane wave in
the structure. The fat layer modeled as a fluid is referred to as layer
0. The skin, labeled layer 1, is modeled as an elastic solid. The gel,
referred to as layer 2, is modeled as a fluid with the same proper-
ties as the fat layer. The generated (incident) wave in layer 0, having
amplitude I, propagates through layer 0 until it strikes the interface
with the skin at z = z0 with an incidence angle θ0. A percentage of this
wave is reflected back in layer 0 with amplitude R, while the remain-
ing part is transmitted into layer 1. This wave propagates through
the skin layer until it strikes the interface between the skin and the

FIG. 1. A representation of the media through which the vocal cord vibrations
propagate.

gel at z = z1. Similarly, a percentage of that incident wave is reflected
back in layer 1, while the remaining component is transmitted into
the gel with amplitude Tr. The skin is a solid layer where two types
of waves propagate: the longitudinal wave (denoted by the subscript
L) and the shear or transverse wave (denoted by the subscript T). In
this work, the stiffness matrix method12 is implemented for an elastic
solid layer bounded by two fluid semi-spaces, in order to model the
wave propagation and compute the reflection and the transmission
coefficients.

The displacement vector um at any layer can be written as the
summation of partial waves, where the number of partial waves (n)
propagating in a medium depends on the nature or the type of the
medium,11

um =
n

∑
j=1
(a+

j p
+
j e

ik+
z,j(z−zm−1) + a−j p

−

j e
ik−z,j(z−zm))m × ei(kxx+kyy−ωt), (1)

where um = [umx ,umy ,umz ]T, T refers to the transpose, j refers to the
partial jth wave, and a±j refers to the jth displacement amplitude. The
positive and negative superscripts refer to the wave propagated in
the (+z) and (−z) directions, respectively. p±j (= [p

±

x , p±y , p±z ]
T
j
) repre-

sents the jth unit displacement polarization vector that corresponds
to the jth partial wave with the wave vector k±j (= [k

±

x , k±y , k±z ]
T
j
).

According to Snell’s law, the x projection of the wave vector is equal
for all propagating partial waves in all layers,

(kx,j)m = k
0
x = k0 sin θ0 = kx ∀j,m. (2)

The coordinates system, as shown in Fig. 1, is chosen so that
the (x, z) plane coincides with the incident plane and consequently,
ky = 0.

1. Fluid layer
The waves which are propagating in the fluid are only of the

longitudinal type.12 Therefore, two longitudinal waves propagate
in the (+z) and (−z) directions. The wave number in the fluid is
expressed as

k+
= k− = k =

ω
cf

, (3)
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where cf is the speed of sound in the fluid. Then, k+
z = −k−z = k cos θ

=

√
ω2

(Cf )
2 − k2

x.

The boundary conditions at the interface of a fluid layer express
the continuity of the vertical displacement and the continuity of the
fluid pressure.12 Then, the displacement-stress column vector of the
fluid layers (layer 0 and layer 2) is as follows:

Um
(x, z) = [ uzσzz

]

m

, m = 0, 2. (4)

The z component of the displacement vector is given by

umz = (a
+p+

z e
ik+

z (z−zm−1) + a−p−z e
ik−z (z−zm))mei(kxx−ωt). (5)

The unit displacement polarization vectors in the fluid are p+
m

= [sinθm, 0, cosθm]T and p−m = [sinθm, 0,−cosθm]T.
Moreover, the dilatation or pressure in the fluid can be defined

as5

P = −σzz = −Kf∇ ⋅ u, (6)

where Kf = (cf )2
× ρf represents the bulk modulus of the fluid and

ρf refers its density.
Taking the origin at z = z0 for the upper half-space and at z = z1

for the lower half-space and factorizing the displacement amplitudes
a±m in the components of Um, the latter vector can be expressed as

[Um
(x, z)] = [Gm

][Em
(z)]Amei(kxx−ωt), (7)

where Am
= [a+

m, a−m]T is the amplitudes vector, [Em
(z)] is a diago-

nal 2 × 2 matrix such that diag{[E0
(z)]} = [ei(k

+
z )0

z , ei(k
−

z )0
z
] and

diag{[E2
(z)]} = [ei(k

+
z )2
(z−z1), e(k

−

z )2
(z−z1)], and [Gm] is a 2 × 2

matrix including the physical characteristics of the layer and hence
called the layer characteristic matrix,

[Gm
] = [

cos θm − cos θm
iωKf /cf iωKf /cf

]. (8)

2. Solid layer
Two types of waves can propagate in an isotropic elastic solid

layer: the longitudinal wave (L wave) and the transverse or shear
wave (T wave).13 The longitudinal and the transverse wave numbers
are expressed as

(k+
L)1 = (k−L )1 = (kL)1 =

ω
cL

, cL =
√

λ + 2μ
ρs

,

(k+
T)1 = (k−T)1 = (kT)1 =

ω
cT

, cT =
√

μ
ρs

,
(9)

where cL and cT are the speeds of the longitudinal and the trans-
verse waves in the elastic solid, respectively. λ and μ are the Lamé
coefficients of the solid, and ρs refers to its density. Then,

(k+
z,L)1 = −(k−z,L)1 =

√

(kL)1
2
− k2

x (1)

and

(k+
z,T)1 = −(k−z,T)1 =

√

(kT)1
2
− k2

x. (2)

The boundary conditions at the interface of a solid layer express
the continuity of the x and z components of the displacement and the
continuity of each of the tangential and the normal stresses. Then,
the displacement-stress column vector of the solid layer (layer 1) is
given by

U1
(x, z) = [u1

x,u1
z , σ1

xz , σ
1
zz]

T
. (10)

The x and z components of the displacement vector can be
expressed as follows:

u1
x = ∑

j=L,T
(a+

j p
+
x,je

ik+
z,j(z−z0) + a−j p

+
x,je

ik−z,j(z−z1))1 × ei(kxx−ωt) (11)

and

u1
z = ∑

j=L,T
(a+

j p
+
z,je

ik+
z,j(z−z0) + a−j p

−

z,je
ik−z,j(z−z1))1 × ei(kxx−ωt), (12)

where

(p+
L)1
= [sin(θL)1, 0, cos(θL)1]

T,

(p−L )1
= [sin(θL)1, 0,−cos(θL)1]

T,

(p+
T)1
= [−cos(θT)1, 0, sin(θT)1]

T,

and
(p−T)1

= [cos (θT)1, 0, sin (θT)1]
T. (3)

The two angles (θL)1 and (θT)1 are the angles relative to the longitu-
dinal and shear waves, respectively.

The stress-strain tensor for an elastic solid is defined as

σrs = 2μεrs + δrsλ∇ ⋅ u, r, s = x, y, z, (13)

where δrs is the Kronecker delta, δrs = {
1, r = s
0, r ≠ s , and εrs is the strain

tensor defined as εrs = 1
2(

∂ur
∂s + ∂us

∂r ).
Factorizing the displacement’s amplitudes (a±L,T)1

in the com-
ponents of U1, the latter vector can be expressed as

[U1
(x, z)] = [G1

][E1
(z)]A1ei(kxx−ωt), (14)

where A1
= [(a+

L)1, (a−L )1
, (a+

T)1, (a−T)1
]

T is the amplitudes vec-
tor, [E1(z)] is a diagonal 4 × 4 matrix such that diag{[E1

(z)]}

= [ei(k
+
z,L)1
(z−z0), ei(k

+
z,T)1
(z−z0), ei(k

−

z,L)1
(z−z1), ei(k

−

z,T)1
(z−z1)], and the

4 × 4 characteristic matrix for the solid is reduced to
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[G1
] =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

sin (θL)1 − cos (θT)1 sin (θL)1 cos (θT)1

cos (θL)1 sin (θT)1 − cos (θL)1 sin (θT)1
jμω
cL

sin 2(θL)1 −
jμω
cT

cos 2(θT)1 −
jμω
cL

sin 2(θL)1 −
jμω
cT

cos 2(θT)1

j2μω
cL
(cos (θL)1)

2 +
jλω
cL

jμω
cT

sin 2(θT)1
j2μω
cL
(cos (θL)1)

2 +
jλω
cL

−
jμω
cT

sin 2(θT)1

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (15)

The total displacement in layer 1 at the upper interface (z = z0)
and the lower interface (z = z1) can be expressed as

u1
(x, z0) = ei(kxx−ωt)

⎛

⎝
∑
j=L,T
(a+

j p
+
j )1

+ ∑
j=L,T
(a−j p

−

j e
−ik−z,jh1)

1

⎞

⎠
,

u1
(x, z1) = ei(kxx−ωt)

⎛

⎝
∑
j=L,T
(a+

j p
+
j e

ik+
z,jh1)

1
+ ∑

j=L,T
(a−j p

−

j )1

⎞

⎠
,

(16)

where h1 = z1 − z0 is the thickness of the layer 1. Since (k+
z,j)1

= −(k−z,j)1
, then e−i(k

−

z,j)1
h1
= ei(k

+
z,j)1

h1 .
The vector u1 is of size two including its x and z components

(u1
= [u1

x,u1
z]

T
). If the characteristic matrix [G1] in Eq. (15) is sub-

divided into four equal 2 × 2 submatrices, [G1] =
⎡
⎢
⎢
⎢
⎣

[G1
11] [G

1
12]

[G1
21] [G

1
22]

⎤
⎥
⎥
⎥
⎦

,

the elements in Eq. (16) can be written in the matrix form as follows:

⎡
⎢
⎢
⎢
⎢
⎣

u1
(x, z0)

u1
(x, z1)

⎤
⎥
⎥
⎥
⎥
⎦

=

⎡
⎢
⎢
⎢
⎢
⎣

[G1
11] [G1

12][H
1
]

[G1
11][H

1
] [G1

12]

⎤
⎥
⎥
⎥
⎥
⎦

A1ei(kxx−ωt)

= [E1
u]A

1ei(kxx−ωt), (17)

where [H1] is a square diagonal matrix whose elements are

diag{[H1
]} = ei(k

+
z,j)1

h1 .
Similarly, the stresses in layer 1 at the upper interface (z = z0)

and the lower interface (z = z1) can be expressed as

⎡
⎢
⎢
⎢
⎢
⎣

σ1
(x, z0)

σ1
(x, z1)

⎤
⎥
⎥
⎥
⎥
⎦

=

⎡
⎢
⎢
⎢
⎢
⎣

[G1
21] [G1

22][H
1
]

[G1
21][H

1
] [G1

22]

⎤
⎥
⎥
⎥
⎥
⎦

A1ei(kxx−ωt)

= [E1
σ]A

1ei(kxx−ωt), (18)

where σ1
= [σ1

xz , σ1
zz]

T
. By substituting the amplitudes vector from

Eq. (17) into Eq. (18), the stresses and the displacements will be
related through the layer’s stiffness matrix [K1] or the compliance
matrix [S1] as follows:

[
σ1
(x, z0)

σ1
(x, z1)

] = [E1
σ][E

1
u]
−1
[
u1
(x, z0)

u1
(x, z1)

] = [K1
][

u1
(x, z0)

u1
(x, z1)

],

[
u1
(x, z0)

u1
(x, z1)

] = [E1
u][E

1
σ]
−1
[
σ1
(x, z0)

σ1
(x, z1)

] = [S1
][

σ1
(x, z0)

σ1
(x, z1)

],

[S1
] = [K1

]
−1

.

(19)

3. Fluid-Solid interface
The boundary conditions at a fluid-solid interface are expressed

at the first interface (z = z0) as

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎩

u0
z(z0) = u1

z(z0),

σ0
zz(z0) = σ1

zz(z0),

σ1
xz(z0) = 0.

(20)

The same conditions apply to the second interface (z = z1),

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎩

u1
z(z1) = u2

z(z1),

σ1
zz(z1) = σ2

zz(z1),

σ1
xz(z2) = 0.

(21)

4. Reflection and transmission coefficients
The reflection coefficient (R) in the incidence medium and

the transmission coefficient (Tr) in the transmission medium are
obtained for a unity incident plane wave (I = 1), in function of the
incidence angle θ0 and the frequency of the incident wave. It is to be
noted here that the refracted angles are related, according to Snell’s
law,14 as follows:

sin θ0

cf
=

sin (θT)1

cT
=

sin (θL)1

cL
=

sin θ2

cf
. (22)

Since layer 0 and layer 2 are identical, θ0 = θ2 and they have the
same characteristic matrix ([G0] = [G2]).

It is to be noted that the term ei(kxx−ωt) is omitted in the
following expressions since it will be canceled in the calculations.

In the incidence medium, expressing Eq. (7) at z = z0 with
A0
= [1,R]T yields

⎧⎪⎪
⎨
⎪⎪⎩

u0
z(z0) = G0

11 + RG0
12,

σ0
zz(z0) = G0

21 + RG0
22.

(23)

G0
ab is the component of the ath row and bth column of the fluid

medium’s characteristic matrix.
Since layer 2 is the last layer, there is no reflection (i.e.,a−2 = 0).

Then, by expressing similarly Eq. (7) in the transmission medium at
z = z1 and with A2 = [Tr, 0]T, the following is obtained:

⎧⎪⎪
⎨
⎪⎪⎩

u2
z(z1) = TrG2

11,

σ2
zz(z1) = TrG2

21.
(24)

Now, by relating the displacements and the stresses in layer 1 at
its top and bottom surfaces by the compliance matrix as defined in
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Eq. (19) and by using the boundary conditions defined in Eqs. (20)
and (21), the following system of equations can be obtained:

⎧⎪⎪
⎨
⎪⎪⎩

u0
z(z0) = S1

22σ0
zz(z0) + S1

24σ2
zz(z1),

u2
z(z1) = S1

42σ0
zz(z0) + S1

44σ2
zz(z1).

(25)

By substituting Eqs. (23) and (24) in Eq. (25) and solving for R and
Tr, the following is obtained:

[
R
Tr
] =
⎡
⎢
⎢
⎢
⎣

G0
12 − S

1
22G

0
22 − S

1
24G

2
21

−S1
42G

0
22G

2
11 − S

1
44G

2
21

⎤
⎥
⎥
⎥
⎦

−1

[
S1

22G
0
21 −G

0
11

S1
42G

0
21

]. (26)

B. Results and analysis
The transmitted wave in the transmission medium (gel) is

acquired by the transducer attached to the individual’s neck using
a collar. The position of the transducer may greatly affect the col-
lected signal and consequently the results for identification and clas-
sification purposes in the medical application. The position of the
transducer can be defined in terms of the angle (θ2), the angle made
with the normal to the longitudinal axis (z-axis). In order to examine
the best location, the transmission coefficient is obtained, as outlined
earlier, as a function of the incident plane wave incidence angle θ0
and frequency. The best incident angle θ0 is the angle that yields
the highest transmission coefficient for all frequencies. The physi-
cal parameters of the media simulating the model are outlined in
Table I.15,16 The incident angle θ0 varies from 0○ to 90○ with an incre-
ment of 1○. Similarly, the frequency of the generated signal varies
from 0 KHz to 2 KHz with an increment of 1 Hz since it can be seen
clearly in the literature that there are no frequency contents above
2 KHz detected by a contact microphone.17

In Fig. 2, the magnitude of the reflection coefficient is repre-
sented as a function of the variations of the frequency f and inci-
dence angle θ0 in a two-dimensional mapping diagram, with a gray
level scaled from zero to one corresponding, respectively, to a max-
imum transmission (R = 0) and a total reflection (Tr = 0). The dia-
gram shows that there is practically a good transmission for almost
all the incidence angles. However, if the incidence angle is between
70○ and 90○, the transmission is low for high frequencies. In other
words, the frequencies that are above 300 Hz might be altered or
even not received. Moreover, there is no transmission of the incident
signal if the incident angle is between 87○ and 90○ for the range of
frequencies. Therefore, it is not recommended to attach a transducer
inside the region that corresponds to the interval [70○–90○]. The
highest transmission coefficients which are observed correspond to
an incident angle in the range of [0○–70○]. This can be referred to as
the safe region to attach the transducer.

TABLE I. Physical parameters of the fluid and solid layers.

Fluid Density (ρf ) 920 Kg m−3

Speed of sound in fluid (cf ) 1450 m s−1

Solid

Thickness (h) 2 mm
Density (ρs) 1050 Kg m−3

μ 2.1 Mpa
λ 50.4 Mpa

FIG. 2. Magnitude of the reflection coefficient as a function of [f, θ] for the simulated
model (fluid-solid-fluid).

III. LOW FREQUENCY MICRO-RESONATOR DESIGN
The numerical results of Sec. III give the suitable position where

the sensor should be attached on the collar with respect to the human
neck and the corresponding frequency for an optimum reception
of the information. Since the operation of the sensor is expected
at a low-frequency (below 2 kHz band) and knowing that the res-
onance frequency of a resonant piezoelectric transducer vibrating
in a thickness mode is inversely proportional to its size, the main
challenge here is to design and build an acoustic receiver being able
to operate at a low-frequency but at the same time of a miniature
size.

In this context, a transducer is designed based on the con-
cept of resonant concentric thin rings of reduced size rather than
the classic sensor design. The physical parameters of the recep-
tors are chosen in accordance with the results (Fig. 3) obtained
from a simulation study by the ANSYS® software (ANSYS Aca-
demic Research Mechanical, Release 10, Coupled Field Analysis,
ANSYS, Inc.), consolidated by the mechanical analytical model
(Fig. 4) while taking into account the physical and electromechanical
properties of the piezo-elements used. The transducer is built then
according to the design parameters, and the results are validated
experimentally.

A. Mechanical approach
In order to validate the approach, the mechanical behavior is

assessed and the study is completed by a numerical simulation based
on the application of the finite element method to characterize the
resonator vibration modes and visualize the corresponding distor-
tions when the structure is excited. This concordance gives access to
set in practice the experimental element to receive waves coupled by
tissues and validates the findings.

From a mechanical point of view, the dynamics of the system
are expressed by the following differential equations:
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FIG. 3. Geometrical dimensions and modular resonance (f = 1.632 kHz) of the
concentric ring sensor.

● Mass m1:

m1ẍ1 + k1x1 + k2(x1 − x2) + c1ẋ1 + c2(ẋ1 − ẋ2) = 0

⇒ ẍ1 + Ω2
1x1 + Δ1ẋ1 −

k2

m1
x2 −

c2

m1
ẋ2 = 0, (27)

where Ω2
1 = k1+k2

m1
and Δ1 = c1+c2

m1
.

● Mass m2:

m2ẍ2 + k2(x2 − x1)+ k3(x2 − x3)+ c2(̇x2 − ẋ1)+ c3(̇x2 − ẋ3)= 0

⇒ ẍ2 +Ω2
2x2 +Δ2ẋ2 −

k2

m2
x1 −

c2

m2
ẋ1 −

k3

m2
x3 −

c3

m2
ẋ3 = 0,

(28)

FIG. 4. Mechanical equivalent model of the sensor, where k and c reflect the spring
and dashpot characteristics.

where Ω2
2 = k2+k3

m2
and Δ1 = c2+c3

m2
.

● Mass m3:

m3ẍ3 + k4x3 + k3(x3 − x2) + c4ẋ3 + c3(ẋ3 − ẋ2) = 0

⇒ ẍ3 + Ω2
3x3 + Δ3ẋ3 −

k3

m3
x2 −

c3

m3
ẋ2 = 0, (29)

where Ω2
3 = k3+k4

m3
and Δ3 = c3+c4

m3
.

Grouping the three differential equations in Eqs. (27)–(29) for
the three masses leads to the following system of equations:

⎧⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎩

ẍ1 + Ω2
1x1 + Δ1ẋ1 −

k2
m1

x2 −
c2
m1

ẋ2 = 0,

ẍ2 + Ω2
2x2 + Δ2ẋ2 −

k2
m2

x1 −
c2
m2

ẋ1 −
k3
m2

x3 −
c3
m2

ẋ3 = 0,

ẍ3 + Ω2
3x3 + Δ3ẋ3 −

k3
m3

x2 −
c3
m3

ẋ2 = 0.

(30)

A sinusoidal motion with ω as pulsation leads to express the follow-
ing displacement system:

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎩

x1 = Aeiωt ,
x2 = Beiωt ,
x3 = Deiωt .

Considering the expressions of xi (i = 1, 2, 3) and their derivations,
the system of equations yields

⎧⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎩

(Ω2
1 − ω2 + jωΔ1)A − ( K

m1
+ jωc

m1
)B = 0,

−( K
m2

+ jωc
m2
)A + (Ω2

2 − ω2 + jωΔ2)B − ( K
m2

+ jωc
m2
)D = 0,

−( K
m3

+ jωc
m3
)B + (Ω2

3 − ω2 + jωΔ3)D = 0,

(31)

with k1 = k2 = k3 = k4 and c1 = c2 = c3 = c4.
For there to be a non-zero solution, the determinant must be

zero,

RRRRRRRRRRRRRRRRRRR

Ω2
1 − ω2 + jωΔ1 −( K

m1
+ jωc

m1
) 0

−( K
m2

+ jωc
m2
) (Ω2

2 − ω2 + jωΔ2) −( K
m2

+ jωc
m2
)

0 −( K
m3

+ jωc
m3
) (Ω2

3 − ω2 + jωΔ3)

RRRRRRRRRRRRRRRRRRR

= 0.

(32)
Applying the following numerical values,

k = 2.102 N/m,
c = 0.2,
m1 = 4835 × 10−6 Kg,
m2 = 1088 × 10−8 Kg, and
m3 = 1813 × 10−8 Kg,

the solutions of the following differential equation:

−ω6 + 5, 9.107 jω5 + 6, 2.1014ω4
− 3, 15.1019 jω3

− 1.1023ω2

+1.1026jω + 3, 4.1028 = 0, (33)

gives resonance frequency values at f0 = 1.6 kHz, f1 = 85.3 kHz, and
f2 = 2.1 MHz.
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FIG. 5. Physical concept of the micro-resonator acoustic
system.

TABLE II. Comparison of the resonance frequencies obtained from the numerical simulation, the mechanical model, and the
experimental results.

Frequencies (kHz) ANSYS 10 Mechanical model Experimental results

f0 1.63 1.6 1.53
f1 85 85.3 84.6
f2 2310 2100 1980

FIG. 6. (a) Spectrograms showing the
different frequency components weights
for two extreme physiological states: a
healthy case and a cancerous state.
(b) Sensor position and algorithm steps
used for the classification of the different
pathological states of the larynx.
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FIG. 7. (a) Classification resulting from
the coupling of data from frequency com-
ponents with those from the Jitter thus
shows four distinct physiological states:
(A) healthy patients, (B) cancer state, (C)
inflammatory polypus, and (D) chronic
laryngitis. (b) Graphical interface of the
connected system showing the morpho-
logical diagram of the signal issued from
each category.
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B. Experimental realization of the sensor
The experimental realization of the receiver is elaborated on the

basis of a piezoelectric disk of diameter at the base of 10 mm and
a thickness of 0.25 mm (PZ26 Ferroperm). The central concentric
rings are made through an assisted laser engraving system. Other
than the physical maintenance of the rings, the central rod allows
both electrical polarization and electrical continuity with the central
control unit (Fig. 5).

Table II shows a good agreement between the main resonance
frequency values obtained from the numerical simulation, the ana-
lytical model, and the experimental response by a network analyzer.
These results ensure that the designed transducer has a fundamental
resonance frequency (around 1.6 Hz) which makes it convenient to
be used in this medical application.

IV. IN VIVO DISEASES DETECTION
Having succeeded to design a miniature sensor with a low res-

onance frequency and having found the suitable position where
it should be attached on the collar to be wrapped around the
human neck for an optimum information reception, the collar is
implemented and is used to carry a detailed examination on four
different categories of people: healthy cases, subjects with laryn-
geal cancer, those suffering from inflammatory polypus, and the
ones having chronic laryngitis. Figure 6(a) shows the spectrograms
of the two extreme physiological cases: a healthy state vs a can-
cerous one. In our application, 100 patients with an average age
of 53 years of whom 20% were women were diagnosed in the
same context but separately. The vibratory signal was acquired
after each person pronounced the vowel /a/ [Fig. 6(b)], which
reflects the greatest number of vocal cord vibration modes.18,19 For
each person, an average of three signals was recorded in order
to avoid the natural dispersion resulting from the experimental
application.

The detected signals are treated using an algorithm based on
the short time/frequency transform coupled with the Jitter index
for each frequency band on the time signal, the steps of the algo-
rithm being detailed in Fig. 6(b). A feature vector for each indi-
vidual is stored in the database (training set), and the remaining
acquired feature vectors (or signals) are used to study the perfor-
mance of the system. A very high recognition rate has been achieved
(above 90%).

In order to validate the concept experimentally, the hundreds
of cases concerned were classified under 4 categories (20 subjects by
category):

Category A for healthy subjects
Category B for subjects with laryngitis cancer
Category C relates to inflammatory polyp disease
Category D reflects chronic inflammation.

To reduce intra-category dispersion, 4 subgroups (5 subjects
by group) were identified by setting a cross-correlation coefficient
threshold between the time signals that are derived from subjects
belonging to each category.

Figure 7(a) shows that the fundamental frequency of the waves
produced by the vibration of the vocal cords in healthy subjects (A) is
around 600 Hz with a standard deviation (STD) of 13 Hz. The Jitter,

which represents the characteristic temporal index of the sound, is
located at around 0.7.

For subjects with larynx cancer (B), this frequency index is
around 150 Hz (STD = 5 Hz) and the Jitter value is considerably
higher at around 2.5.

In addition, for patients with benign lesions (C) of the larynx
(vocal cord polyps), the fundamental frequency is around 400 Hz
(STD = 8 Hz) and the Jitter is around 1.1, whereas for patients with
chronic laryngitis (D), the fundamental frequency is around 110 Hz
(STD = 4 Hz) and the Jitter is around 1.5.

In what follows, Fig. 7(b) gives an idea about the display of data
and the classification of categories in a real environment. It shows
an example of the graphical interface implemented providing the
time signature of the signals for each of the above-mentioned patient
categories.

The ENT examination shows that in a healthy subject, the
laryngeal pathway is normal with good mobility of the vocal cords
(A). The envelope of the autocorrelation function (of the time sig-
nal) is a sinc function; it is maximal at the intercept and contains
several secondary periodic lobes resulting from the periodicity of the
vibration of the vocal cords.

For a person with cancer (B), the temporal plot is irregular
(random) and the spectrum is limited to low frequencies due to a sig-
nificant decrease in and even total absence of vibration of the vocal
cords.

As for subjects with inflammatory polyps or chronic laryngitis
(C and D), the temporal plot contains some irregularities but also
shows some similarities with the temporal plot of healthy patients.
Additionally, the spectrum contains high frequencies but with lower
values than healthy subjects.

V. CONCLUSIONS
In this paper, a non-invasive method is proposed for screening

pathological states of human larynx. It consists of attaching a smart
collar on the human neck where a transducer is attached to detect
the wave generated by the vocal cord vibrations when the individuals
pronounce the vowel /a/. A study has been done first to model that
wave propagation and decide about the best location of the trans-
ducer with respect to the human neck, as well as the corresponding
resonance frequency of the transducer for an optimum information
reception. Based on that, a micro-transducer based on the concept
of resonant concentric thin rings has been designed and built.

The collar has then been used for medical diagnosis of a given
sample of individuals presenting different laryngeal pathological
states. The acquired signals have been treated according to a devel-
oped algorithm, and a corresponding database has been built to
classify the frequency components of every pathological case. An
experimental result has shown the validity of the proposed idea with
a rate of classification accuracy of about 90%. The 10% dispersal in
overall diagnosis is related in part to the acute frequency component
of the female sex. Work is underway to develop a characteristic chart
for each sex to minimize this dispersion and make the system more
reliable.

As a result, this work presents a “soft” and reliable diagnos-
tic system based on the vibratory mechanical behavior of the vocal
apparatus. A double interest results in the prospects of such an
application:
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1. Clinically, this system has been studied and designed to imple-
ment an alternative screening method for laryngeal pathologies
to save patients from frequent exposure to harmful radiation as
RX, MRI, etc.

2. In terms of prevention, the connected feature of this system
offers a means of continuous information on the evolution of
a state of health, continuously viewable by a “smart phone”
interface, which could lead to possible early detection of severe
laryngeal diseases, especially cancer, giving the subject a higher
chance of cure.
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