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ABSTRACT

A model of the effective low-strain elastic Young’s modulus of multi-layer stacked composites is proposed, which is capable to account for
an arbitrary stacked inclusion. Geometrical and discretization-based model results are validated against measured effective Young’s moduli
(from 10 up to 40 kPa) on 14 molded silicone specimens embedding a stiff (298 kPa) inclusion with variable size, position, and stacking.
Specimens without inclusion represent the muscle, superficial, and epithelium layers in a human vocal fold with Young’s moduli between
4 and 65 kPa. The proposed model allows to predict the influence of a stiff inclusion, mimicking a structural abnormality or pathology
somewhere within the vocal fold, on the low-strain effective Young’s modulus. Quantifying the influence of an inclusion or local stiffening
on the vocal fold bio-mechanics is a necessary step toward the understanding and mitigation of structural vocal fold pathologies and
associated voice disorders.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0080468

I. INTRODUCTION

Phonation or voiced speech sound production is due to the
fluid–structure interaction (FSI) between the airflow coming from
the lungs along the inferior–superior direction and the vocal fold
tissues enveloping the airflow within the glottis.1 Although the
physical mechanisms driving phonation are known,2–4 systematic
studies of the influence of the vocal folds’ structure, either normal
or abnormal, on the FSI and subsequent vocal fold auto-oscillation
are few5,6 as most physical studies focus on the glottal flow.7–9

This is partly due to the lack of a low-cost computational model
predicting the elasticity of deformable silicone vocal fold replicas
mimicking, up to some extent, the multi-layer (ML) anatomical
representation1 of a human vocal fold without (Fig. 1) or with
structural abnormality or pathology.

In the linear low-strain region, the stress–strain relationship is
described by Hooke’s law so that the elasticity of a soft material is
characterized by its low-strain or elastic Young’s modulus. In Ref. 10,
a quasi-analytical model of the low-strain effective elastic Young’s

modulus Eeff was proposed for homogenized ML silicone composites
with serial (?), parallel (k), or combined (?k) stacked layers with
respect to the force direction, as depicted in Fig. 2. This means that
composites are treated as n layers that are stacked either serial or
parallel to each other. The model was validated (overall accuracy of
+2:4 kPa) against measured Eeff from uni-axial tensile tests at room
temperature 21+ 2 �C using precision loading (PL) and a mechani-
cal press. The validation was done on 13 bone-shaped molded sili-
cone specimens containing two (? or k) or three (?, k, or ?k)
layers and Eeff � 40 kPa. Young’s modulus E of the molded layers
was varied considering two different silicone mixtures
[Thinner-Ecoflex (TE) or Thinner-Dragonskin (TD)] at different
mass mixing ratios M ¼ rT : rE(D) with constant rE(D) ¼ 2. Silicone
mixtures, mixing ratios M, and measured E commonly used to rep-
resent the muscle (Mu), superficial (Su), and epithelium (Ep) layers
in ML silicone vocal fold replicas are given in Table I.10–18 The mea-
sured Young’s modulus E of molded layers varies between 4 and
65 kPa, which corresponds to the range associated with anatomical
layers in a normal adult male human vocal fold.19–25
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The current work aims to propose a model approach predict-
ing Eeff for a multi-layered specimen containing a stiff inclusion.
The model outcome is validated against uni-axial tensile test mea-
surements (using precision loading10) on molded bone-shaped
composite specimens. All experiments are done at room tempera-
ture, 21+ 2 �C. Specimens are obtained from a three-layer refer-
ence specimen (labeled A0:0) to which a stiffer silicone inclusion
(In) is inserted with constant elasticity EIn as given in Table I. The
reference specimen without inclusion is depicted in Fig. 3. It con-
sists of three serial (?) stacked layers with a composition similar to
the muscle, superficial, and epithelium layers as indicated in
Table I. The length li of each layer i ¼ 1 . . . n in the force (F )
direction, with n ¼ 3 serial stacked layers, is set so that the volume

ratios for the muscle, superficial, and epithelium layers with respect
to the test section’s volume match the volume ratios of a three-layer
silicone vocal fold replica (MRI-replica14,16–18), i.e., 69% (Mu,
i ¼ 1), 27% (Su, i ¼ 2), and 4% (Ep, i ¼ 3), respectively. The size,
the position, or the orientation of the inclusions is varied resulting
in complex ML composites. From the ratio EIn=E in Table I, it is
seen that EIn is about 4.5 up to 75 times greater than E associated
with the layers in A0:0. The presence of a stiffer portion somewhere
within the vocal fold structure is commonly reported in the case of
a vocal fold abnormality or pathology.1,26–28 Consequently, a vali-
dated model is sought for ML composite specimens embedding a
stiffer inclusion, for which besides Young’s modulus also the size,
position, and stacking orientation are varied. This will contribute

FIG. 1. Multi-layer representation of the anatomical structure of a human vocal fold in the medio-frontal plane, i.e., a coronal section.

FIG. 2. Layer stacking with respect to the force direction (black arrows) for three-layer (n ¼ 3) composites with height h and length l: (a) serial (?), (b) parallel (k), (c)
combined (?k), and (d) sought homogenized composite with effective Young’s modulus Eeff . Layers Young’s moduli Ei and dimensions (height hi , length li ) are indicated
with i ¼ 1 . . . n. Positions of midway cross section area measurements Axs are indicated (dashed-dotted line) for each serial stacked equivalent layer s ¼ 1 . . . k so that
in (a) k ¼ 3, (b) k ¼ 1, and (c) k ¼ 2. (a) Serial ?, (b) parallel k, (c) combined ?k, and (d) homogenized.
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to the systematic prediction and understanding of the effect of an
inclusion on the low-strain elasticity of silicone ML vocal fold repli-
cas mimicking a local vocal fold structural abnormality or
pathology.

Concretely, six specimen types (resulting in 15 molded speci-
mens) are experimentally assessed in order to complete the model
validation with respect to the main inclusion characteristics: posi-
tion, size (length and height), and shape. This validation is perti-
nent to the representation with silicone-based vocal fold replicas of
vocal fold pathologies characterized by an arbitrary-shaped inclu-
sion of any size embedded somewhere within a single or multiple
vocal fold layers. The specimen types with inclusions are presented
in Sec. II. Molded specimens are motivated. Next, the measurement
of low-strain effective Young’s moduli for the molded specimens is
detailed in Sec. III. The analytical model approach for the effective
Young’s modulus of ML composite specimens with an inclusion
and serial, parallel, or combined stacking is outlined in Sec. IV. A
discretization and geometrical based model approach for arbitrary
stacked layers is proposed. Measured and modeled effective
Young’s moduli for different inclusions are discussed in Sec. V.
The conclusion is formulated in Sec. VI.

II. MOLDED SPECIMENS WITH INCLUSION

Figure 4 schematically illustrates the different positions of
beam-shaped inclusions with varying height hin and length lin

inserted (striped region) in the test section of the reference speci-
men A0:0 with serial layer stacking (?) as depicted in Fig. 3. All
inclusions have constant width win ¼ 15 mm, which matches the
width of the test section (win ¼ w with w ¼ 15 mm) as illustrated
for two specimens with inclusions in Fig. 5. Thus, the inclusion
size is fully characterized by its height hin and its length lin, and its
position is fully defined by the side views provided in Fig. 4. Six

TABLE I. Molded layer properties: mixture (Mix) TE (Thinner-Ecoflex) or TD
(Thinner-Dragonskin), mass mixing ratio M, measured Young’s modulus E, and
ratio between E and the value of the inclusion EIn.

Molded layer Mix M [-] E [kPa] EIn=E [-]

Muscle (Mu) TE 1:2 23 13.0
Superficial (Su) TE 4:2 4 74.5
Epithelium (Ep) TD 1:2 65 4.6
Inclusion (In) TD 0:2 298a 1.0

aE of the inclusion material is denoted EIn.

FIG. 3. Molded bone-shaped three-layer reference specimen A0:0 with serial
stacking (?) without inclusion (dimensions in mm). The force F direction during
uni-axial tension testing is shown (black arrows).

FIG. 4. Side view of molded ML composite types with inclusions (striped region)
of size hin, lin, and constant width win ¼ 15 mm (dimensions in mm). In (a), (b),
(c), and (f ), lin ¼ l2. In (d) and (e), lin , l2. The clamping ends are dashed. (a)
Type A, (b) type B, (c) type C, (d) type D, (e) type E, and (f ) type F.
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different ML composite specimen types—A, B, C, D, E, and F—are
considered based on the position and size of the inclusion.
Concretely, the size, in terms of height hin and length lin, of experi-
mentally assessed inclusions is summarized in Table II:

(A) Specimens Ahin=h [Fig. 4(a)] are obtained for five inclusions
with constant length lin ¼ l2 and varying height 0:1 � hin=h � 1
placed at the side of the superficial layer (Su, i ¼ 2) of A0:0.
In general, these specimens have four layers (n ¼ 4) with com-
bined stacking (?k) as the inclusion in the superficial layer
results in two adjacent layers with parallel stacking. This is
illustrated for A0:3 (hin=h ¼ 0:3) in Fig. 5(a). In the extreme
case, that the inclusion replaces the superficial layer
(hin=h ¼ 1:0), a three-layer (n ¼ 3) specimen A1:0 with serial
stacking (?) is obtained as illustrated in Fig. 5(b).

(B) Specimens Bhin=h [Fig. 4(b)] are obtained for three of the five
inclusions with constant length lin ¼ l2 and varying height
0:1 � hin=h � 0:6 considered in type A, but now translated
(in the transverse direction) to the center of the superficial
layer (Su, i ¼ 2) in A0:0. Comparing the elasticity of Ahin=h and
Bhin=h allows to assess the influence of the transverse inclusion
position (side vs center) within the superficial layer of A0:0.
These specimens are composed of five layers (n ¼ 5) with
combined stacking (?k) as the inclusion in the superficial
layer results in three adjacent parallel stacked layers.

(C) Specimen Chin=h [Fig. 4(c)] is obtained using the inclusion
with constant length lin ¼ l2 and height hin=h ¼ 0:8 posi-
tioned in both the superficial and the muscle layers of A0:0.
This specimen can be considered as a seven-layer (n ¼ 7)
specimen with combined stacking (?k) as the inclusion has
parallel stacking with respect to the adjacent portions of the
superficial layer and the muscle layer.

(D) Specimens Dlin=l2
hin=h

[Fig. 4(d)] are obtained for five inclusions
with varying length 0:2 � lin=l2 � 0:6 and varying height
0:3 � hin=h � 0:8 placed at the side of the superficial layer
and at the interface with the muscle layer. These specimens
are considered to have five layers (n ¼ 5) with combined
stacking (?k) as the inclusion has a parallel stacking with
respect to the adjacent portion of the superficial layer with the
same height. Thus, the inclusion length is reduced so that
comparing type A and type D allows one to assess the influ-
ence of the inclusion length.

(E) Specimen Elin=l2
hin=h

[Fig. 4(e)] is obtained by inclining the inclusion
with angle α (α ¼ 46� is experimentally assessed). The inclined
inclusion is placed in the superficial layer at the interface with
the epithelium layer. Due to inclination, the stacking in the
superficial layer is arbitrary (Arb) and it is neither serial (?) nor
parallel (k) with respect to the adjacent superficial layer portion.
The equivalent length leq of the inclusion corresponds to its
length in the force direction and leq , lin due to the inclination.

(F) Specimen Fhin=h [Fig. 4(f)] is obtained by bending the inclusion
with length lin ¼ l2 and placing it in the muscle layer. As for
type E, the stacking orientation within the muscle layer is arbi-
trary (Arb) since the bent portion of the inclusion is stacked
neither serial (?) nor parallel (k) with respect to the adjacent
muscle layer portion. Again, the equivalent length leq of the
inclusion corresponds to its length in the force direction and
leq , lin due to bending.

A total of 15 silicone specimens are molded following the
mixture procedure outlined in Refs. 29 and 10. The size and posi-
tion of the inclusion and the resulting ML specimen type (Fig. 4)

FIG. 5. Molded ML bone-shaped specimens (dimensions in mm) with inclusion
(In) inserted in the superficial (Su) layer of the reference specimen A0:0 depicted
in Fig. 3: (a) Four-layer specimen A0:3 with combined stacking (?k) and (b)
three-layer specimen A1:0 with serial stacking (?). The force F direction during
uni-axial tension testing is shown (black arrows). (a) A0:3 and (b) A1:0.

TABLE II. Inclusions geometry (constant width win = 15 mm): hin , lin, and ratios hin/
h and lin/l2 with h≈ 10 mm and l2≈ 22 mm. ML molded specimens with these inclu-
sions and their layer stacking: serial (⊥), combined (?k), and arbitrary (Arb).
Reference specimen A0.0 corresponds to hin/h = 0.

Inclusion geometry Dimension ratios
Specimens and

stacking

hin (mm) lin (mm) hin/h (-) lin/l2 (-) (⊥) (?k) Arb

0.0 … 0.0 0.0 A0.0

1.3 22.0 0.1 1.0 A0.1 B0.1
2.6 22.0 0.3 1.0 A0.3 B0.3 F0.3
5.8 22.0 0.6 1.0 A0.6 B0.6
7.8 22.0 0.8 1.0 A0.8 C0.8

10.0 22.0 1.0 1.0 A1.0

2.6 5.0 0.3 0.2 D0:2
0:3

7.8 5.0 0.8 0.2 D0:2
0:8

4.6 13.4 0.5 0.6 D0:6
0:5 E0:6

0:5
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and associated layer stacking—serial (?), combined (?k), or arbi-
trary (Arb)—are summarized in Table II. First, inclusions are
molded using horizontal 3D-printed specimen molds (Stratasys
ABS-P430, accuracy 0.33 mm), which are filled with the inclusion
silicone mixture indicated in Table I up to each inclusion’s height
hin, whereas their width is determined by the width of the mold so
that win ¼ 15 mm. The molded inclusion sheets are then cut to
match the desired inclusion length lin. Next, vertical 3D-printed
specimen molds are used to build the ML specimens layer-by-layer
with the appropriate silicone mixture detailed in Table I. Inclusions
are inserted during the molding process so that they are fully
embedded. The length of each molded layer is measured with a
laser transceiver (Panasonic HL-G112-A-C5, wavelength 655 nm,
accuracy 8 μm), whereas the inclination angle is derived from the
spatial position of the inclined mold (accuracy 0.1 mm) using trig-
onometry. The overall molding accuracy for all 45 molded layers
with lengths l1 � 55 mm (muscle), l2 � 22 mm (superficial), and
l3 � 3 mm (epithelium) results in a mean and a standard deviation
of 0:1+ 0:8 mm, which is within the molding accuracy of
+1:5 mm previously reported.10

III. UNI-AXIAL TENSION TESTS AND Eeff ESTIMATION

A. Uni-axial tension test data on molded specimen

In order to experimentally estimate the linear or low-strain
effective Young’s moduli Eeff of the 15 molded composite speci-
mens, uni-axial tension tests using precision loading (PL) are per-
formed.10 First, the tested specimen is placed vertically and fixed
from one clamping end. Then, a weight of mass m (Vastar 500G X
0.01G, accuracy 0.01 g) is added to the other clamping end in order
to control the force increment. The weight is increased at a single
rate for each specimen. Overall, i.e., considering all specimens, the
weight is incremented with 10:9e(6:9) g [mean (and standard devi-
ation)]. Total added weight ranges from 46.8 to 425.9 g, resulting in
a total applied loading force F ranging from 0.5 to 4.2 N. The
applied force F causes an elongation Δls of each equivalent serial
stacked layer with initial length ls. The total elongation Δl ¼Pk

s¼1 Δls is then measured at every added weight increment with
an accuracy of 0.05 mm, where k indicates the number of equivalent
serial stacked layers. Total elongation measured for all specimens

ranges from 23.0 up to 131.0mm. From these measurements, force-
elongation relationship F (Δl) can be obtained. Examples of two
force-elongation diagrams for two different specimens A0:0 and A0:8

are plotted in Fig. 6(a). Additionally, the midway cross-sectional area
of each equivalent serial stacked layer Axs perpendicular to the
forcing direction is measured with an accuracy of 0.02mm as illus-
trated in Fig. 2. For each specimen, cross-sectional areas Axs are mea-
sured at a constant weight increment amounting to 26:7+ 15:9 g for
all specimens, which corresponds to an elongation increment of
10:6+ 4:5 mm. The specimen cross-sectional area A is then calcu-
lated from the arithmetic mean of its measured cross-sectional areas
weighted by their respective lengths as

A ¼
Pk

s¼1 (ls þ Δls)Axs

l þ Δl
: (1)

A quadratic fit (coefficient of determination R2 � 99%) to the area-
elongation data A(Δl) is then used in order to have a continuous
approximation of the area-elongation relationship Aq(Δl) for each
specimen. An example of resulting data points A(Δl) and their con-
tinuous fit Aq(Δl) for two different specimens A0:0 and A1:0 is
plotted in Fig. 6(b).

B. Experimental Eeff estimation from tensile test data

In order to estimate the linear low-strain effective Young’s
modulus Eeff for each specimen, stress–strain curves σ t(εt) are first
calculated from the measured instantaneous elongation Δl and
associated force F (Δl) and area Aq(Δl). The true stress σ t and true
strain εt are then given as

σ t ¼ F
Aq , (2)

εt ¼ ln
l þ Δl

l

� �
: (3)

The sought Eeff is obtained by fitting the low-strain region of the
stress–strain curves to a linear model whose slope equals Eeff , as
the relationship between stress and low-strain is governed by
Hooke’s law,

Eeff ¼ σ t

εt
: (4)

For each specimen, the low-strain region is determined as the range
for which R2 is maximum, where R2 � 98% expresses the goodness
of fitting a linear model to the stress–strain curve with a lower bound
at εt ¼ 0. For all specimens tested, the mean (and standard deviation)
of the upper bound of the low-strain region is εt ¼ 0:26 (0:02),
which corresponds to a total elongation of 24:5 (1:7) mm. Examples
of fitting a linear model to a low-strain region are plotted in Fig. 7 for
three different specimens. Figure 7(a) shows the different fits and,
hence, slopes Eeff , obtained for two specimens A0:0 and A0:6, without
and with an inclusion, respectively. Figure 7(b) shows similar fits and,
hence, slopes Eeff , obtained for two specimens A0:6 and B0:6 with the
same inclusion (hin=h ¼ 0:6 and lin=l2 ¼ 1) but positioned at either
the side (A0:6) or the center (B0:6) of the superficial layer in A0:0.

FIG. 6. Examples of uni-axial tension testing data: (a) Force-elongation data
F (Δl) for specimens A0:0 and A0:8 with m � 102 g and m � 231 g, respec-
tively; (b) area-elongation data A(Δl) and quadratic fits Aq(Δl) with R2 ¼ 99%
(lines) for specimens A0:0 and A1:0. (a) F (Δl) and (b) A(Δl).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 131, 054701 (2022); doi: 10.1063/5.0080468 131, 054701-5

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


IV. EFFECTIVE YOUNG’S MODULUS bEeff MODEL

A. Serial, parallel, and combined layer stacking

For the composite specimens in Table II and in Fig. 4 with
serial (?) or combined (?k) stacked layers—i.e., of type A [Fig. 4(a)],
type B [Fig. 4(b)], type C [Fig. 4(c)], or type D [Fig. 4(d)]—the effec-
tive Young’s modulus bEeff is modeled considering an equivalent
homogeneous composite [e.g., in Fig. 2(d)] as outlined in Ref. 10 for
serial, parallel, or combined stacked layers.

For k serial (?) stacked layers [e.g., in Fig. 2(a)], the Reuss
hypothesis of homogeneous stress30 between the stress in the
equivalent homogeneous composite σ and the stress σ i¼1...k in
each layer is applied so that σ ¼ σ i¼1...k. The effective Young’s
modulus of the equivalent homogeneous composite is then
obtained as the harmonic mean of the layers’ Young’s moduli Ei

weighted with their lengths li so that

bE?
eff ¼

Pk
i¼1

li

Pk
i¼1

li
Ei

� � , (5)

with l ¼ Pk
i¼1 li being the length of the equivalent homogeneous

composite. Equation (5) is independent of the layer order in the
serial stack.

For k parallel (k) stacked layers [e.g., in Fig. 2(b)], the Voigt
hypothesis of homogeneous strain31 between the strain in the
equivalent homogeneous composite ε and the strain εi¼1...k in each
layer is applied so that ε ¼ εi¼1...k. The effective Young’s modulus
of the equivalent homogeneous composite is then obtained as the
arithmetic mean of the layers Young’s moduli Ei weighted with
their heights hi, so that

bEk
eff ¼

Pk
i¼1

hiEi

Pk
i¼1

hi

, (6)

with h ¼ Pk
i¼1 hi being the height of the equivalent homogeneous

composite. Equation (6) is independent of the layer order in the
parallel stack.

Specimens with combined (?k) stacking [e.g., in Fig. 2(c)]
contain both serial and parallel stacked layers. The effective
Young’s modulus of the equivalent homogeneous composite E?k

eff of
specimens with combined stacking is then modeled using first
Eq. (6) to homogenize parallel stacked layers followed by applying
Eq. (5) to the remaining equivalent stack of serial layers. As layers
with high Ei contribute more to the arithmetic mean [Eq. (5) inbEk
eff ] than to the harmonic mean [Eq. (6) in bE?

eff ], the subsequent
steps in the homogenization procedure of the layer stack (from
combined stacking to equivalent serial stack to homogeneous
equivalent) cannot be permuted.

Inclusions associated with type A, type B, type C, and type D
in Fig. 4 result in serial (?) or combined (?k) stacked layers as
summarized in Table II. The effective Young’s modulus bEeff of
the molded specimens from these types are, thus, modeled as bEeff

¼ bE?
eff or bEeff ¼ bE?k

eff . Following this model approach, shifting the
same inclusion from the side to the center of the superficial layer
does not affect the model outcome. Thus, bEeff for type A and type
B specimens containing an inclusion with the same height ratio
hin=h have equal value. Indeed, as Ei are similar, modeled bEeff

depends solely on the height ratio 0 � hin=h � 1 and length ratio
0 � lin=l2 � 1 of the inclusion and not on its position. The influ-
ence of hin=h and lin=l2 on bEeff is illustrated in Fig. 8. Model values
for molded specimens are indicated (symbols). Extending the size
of the inclusion in the superficial layer increases modeled bEeff frombEeff ¼ 10 kPa for the reference specimen A0:0 without inclusion up
to about bEeff ¼ 33 kPa for specimen A1:0, for which the inclusion
occupies the entire superficial layer. Nevertheless, Fig. 8(a) shows
that bEeff increases more rapidly with lin=l2 than with hin=h. In par-
ticular, this is the case for hin=h � 0:2. This is due to the arithmetic
mean associated with parallel stacked layers in Eq. (6), which tends
to mask low Ei in favor of the large Ei of the inclusion (Table I),
which is not the case for the harmonic mean associated with serial
stacking in Eq. (5). Therefore, it is mainly the length ratio lin=l2 of
the inclusion in the superficial layer what affects the mean value

FIG. 7. Experimental stress–strain curves σ t (εt ) for three specimens and linear
fits (lines) to the low-strain region (R2 � 98%) with slope Eeff : (a) Specimens
A0:0 and A0:6 (low-strain region εt � 0:25 and εt � 0:27) and (b) specimens
A0:6 and B0:6 (low-strain region εt � 0:27). (a) Size and (b) position.

FIG. 8. Influence of the height ratio 0 � hin=h � 1 and length ratio 0 � lin=l2 � 1
of an inclusion in the superficial layer on modeled bEeff . Values for molded speci-
mens (�, A) are shown: (a) specimens type A (or B) (�) and type D (A),
constant length ratio lin=l2 ¼ 1:0 (horizontal dashed line), and constant height
ratio hin=h ¼ 0:3 (dashed vertical line); (b) detail for these constant length and
height ratios. (a) varied lin=l2 and hin=h; (b) constant lin=l2 or hin=h.
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bEk
eff of the equivalent homogenized superficial layer and, hence, bEeff

of the homogenized specimen. This is further illustrated for
lin=l2 ¼ 1 in Fig. 8(b) as an increase in hin=h from 0.1 to 1 only
increases bEeff 27%, from 26 up to 33 kPa, whereas for constant
hin=h . 0:2 (hin=h ¼ 0:3 is plotted) an increase in lin=l2 from 0.1
to 1 increases bEeff with about 270% from 11 up to 30 kPa. Thus,
the most notable variation of bEeff for the molded specimens plotted
in Fig. 8(a) is predicted to occur for specimens with different inclu-
sion lengths lin=l2 [ {0:0, 0:2, 0:6, 1} associated withbEeff [ {10, 12, 17, 30} kPa.

B. Arbitrary layer stacking

Specimens of type E with an inclined inclusion (α . 0�) in the
superficial layer [Fig. 4(e)] or of type F with a bent inclusion in the
muscle layer [Fig. 4(f)] are not serial or parallel stacked with respect
to adjacent layers. Instead, their stacking is arbitrary (Arb). However,
using the model outlined in Sec. IV A for serial, parallel, and com-
bined stacking, two approaches are proposed to model the effective
Young’s modulus bEeff for arbitrary stacked layers based either on
spatial discretization along the force direction (Sec. IV B 1) or on
geometrical approximation (Sec. IV B 2). A comparison of modeled
values with both approaches for molded specimens with arbitrary
stacking E0:6

0:5 and F0:3 is provided in Sec. IV B 3.

1. Discretization

The model approach outlined in Sec. IV A is applied to arbi-
trary stacking by discretizing the specimen portion containing the
inclusion with equivalent length leq into multiple shorter layers

with discretization step length lj. The inclusion within each discre-
tized layer is then approximated by a rectangle with height hj set
either to height hUj of the largest rectangle enveloped within the
inclusion or to height hOj of the smallest rectangle enveloping the
inclusion in that discretized layer as schematically depicted in
Fig. 9 for specimens of type E and type F. Consequently, each dis-
cretized layer with rectangular inclusion approximation is repre-
sented as parallel stacked layers so that bEeff ,j of each homogenized
discretized layer is modeled using Eq. (6). The sought bEeff ,j of each
discretized layer with length lj is, thus, underestimated (U) asbE j,U ¼ bEk

eff using height hUj or overestimated (O) as bE j,O ¼ bEk
eff

using height hOj . Following this discretization, the equivalent
homogenized specimen portion with inclusion and, therefore, the
equivalent homogenized specimen consist of a stack of serial layers,
so that bEeff is modeled using Eq. (5) resulting in overestimationbEO ¼ bE?

eff for bE j,O or in underestimation bEU ¼ bE?
eff for bE j,U . The

overall difference bEO � bEU � 0 for the equivalent homogenized
specimen portion with inclusion of length leq [Figs. 10(c)
and 10(d)] and for the equivalent homogenized specimen
[Figs. 10(e) and 10(f )] decreases with discretization step length lj.
Consequently, the sought model value bEeff of the homogenized
specimen is found for small enough discretization step length lj.
The influence of the discretization step length lj is illustrated in
Fig. 10 for molded specimen E0:6

0:5 containing an inclined inclusion
with leq ¼ 15:7 mm [type E in Fig. 4(f )] and for molded specimen
F0:3 containing a bent inclusion with leq ¼ 10:2 mm [type F in
Fig. 4(e)]. For these specimens, bEeff of both the equivalent homoge-
neous inclusion layer (with length leq) and of the specimen is
approximated when the discretization step length lj � 0:2 mm as

FIG. 9. Illustration of discretization along the force direction (step length lj ) for inclusions (striped region) with arbitrary stacking: (a) type E (specimen E0:6
0:5 ); (b) type F

(specimen F0:3). Rectangular inclusion portion approximations with height hOj (light gray shade) and hUj (dark gray shade) overestimating (O) and underestimating (U) the
inclusion, respectively. (a) Type E, specimen E0:6

0:5 ; (b) type F, specimen F0:3.
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bEO � bEU � 0:5 kPa for both homogenized specimens. For
lj ¼ 0:2 mm, the discretization of leq corresponds to splitting leq
into 78 (E0:6

0:5) and 51 (F0:3) equi-length layers. It is seen from
Figs. 10(a) and 10(b) that also the mean of rectangle heights for all
discretized layers hOj and hUj converges as lj decreases.

2. Geometrical approximation

Besides the discretization approach outlined in Sec. IV B 1,
the quasi-analytical model approach outlined in Sec. IV A can be
applied when the inclusion of height hin and length lin with arbi-
trary stacking can be treated as an equivalent beam-shaped inclu-
sion of length leq and height heq with serial, parallel, or combined
layer stacking. The length leq corresponds to the equivalent length
of the inclusion in the force direction as illustrated for type E and
type F specimens in Figs. 4 and 9. The height heq of the equivalent
inclusion is obtained when imposing area conservation and

exploiting the model property that neither serial [Eq. (5)] or paral-
lel [Eq. (6)] layer stacks depend on the stack order so that layers in
both stacks can be split or permuted. The area conservation condi-
tion is defined as hinlin ¼ heqleq, so that

heq ¼ hinlin
leq

: (7)

The dimensions of the equivalent inclusions heq and leq can then be
expressed in terms of geometrical parameters such as inclusion
dimensions hin and lin.

For specimens of type E, such as E0:6
0:5 containing an inclined

inclusion as depicted in Fig. 4(e), leq and heq are expressed as

leq ¼ hin þ hcos(α)
sin(α)

,

heq ¼ linhinsin(α)
hin þ hcos(α)

:

(8)

For specimens of type F, such as F0:3 containing a bent inclusion as
depicted in Fig. 4(f), leq and heq are given as

leq ¼ lin þ h
2

� π(h� hin)
4

,

heq ¼ 4hinlin
2lin þ πhin � (π � 2)h

:

(9)

Analytical expressions of the geometry of equivalent inclu-
sions, such as Eqs. (8) and (9), are of interest when considering the
influence of geometrical inclusion parameters on bEeff . As an addi-
tional example (not molded), expressions of the equivalent length
leq and height heq of an inclusion with inclination angle α fully
embedded in the superficial layer, i.e., with a diagonal shorter than

FIG. 10. Effect of discretization step length l j for molded ML specimens E0:6
0:5

and F0:3 on (a) and (b) mean rectangle heights hOj (lj ) and hUj (lj ), (c) and (d)
modeled effective Young’s modulus bEO(lj , hOj ) and

bEU (lj , hUj ) and the differencebEO � bEU for the homogenized specimen portion with an inclusion of length leq,
and (e) and (f ) modeled effective Young’s modulus bEO(lj , hOj ) and bEU (lj , hUj )
and the difference bEO � bEU for the homogenized specimen. Values of bEO,U for
lj ¼ 0:2 mm are indicated (†). (a) Specimen E0:6

0:5 , (b) specimen F0:3, (c) Eq.
layer leq ¼ 16:6 mm of E0:6

0:5 , (d) Eq. layer leq ¼ 10:2 mm of F0:3, (e) specimen
E0:6
0:5 , and (f ) specimen F0:3.

FIG. 11. Modeled bEeff as a function of inclination angle α (0� � α � 90�) for

specimens with an embedded inclusion of diagonal
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2in þ h2in

q
� h as sche-

matically depicted (left). Curves bEeff (α) are plotted for lin=l2 ¼ 0:2 and either
hin=h ¼ 0:3 (dashed line) or hin=h ¼ 0:8 (full line).
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the total specimen height h so that
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2in þ h2in

p � h as schematically
depicted in Fig. 11, are

leq ¼ lincos(α)þ hinsin(α),

heq ¼ linhin
lincos(α)þ hinsin(α)

:
(10)

Modeled bEeff for two fully embedded inclined inclusions from
Table II, with length lin ¼ 5:0 mm (or lin=l2 ¼ 0:2) and height
hin [ {2:6mm, 7:8mm} (or hin=h [ {0:3, 0:8}), as a function of
inclination angle 0� � α � 90� is plotted in Fig. 11. Although the

overall tendency of bEeff (α) is similar, plotted curves show, e.g., that
angles associated with the minimum and maximum of the curves
depend on the height ratio hin=h.

3. bEeff of molded specimens with arbitrary stacking

For the molded specimens with arbitrary stacking, both the
discretization approach (in Sec. IV B 1 with step length
lj ¼ 0:2 mm) and the geometrical approximation approach (in

Sec. IV B 2) result in the sought bEeff as their difference is less than
0.9 kPa (or �4:8%) for specimen E0:6

0:5 and less than 0.1 kPa (or

�1:0%) for specimen F0:3. Hereafter, bEeff obtained with the geo-
metrical approximation is reported for specimens with arbitrary

stacked inclusions (E0:6
0:5 and F0:3) since in this case bEeff does not

depend on the applied discretization step length lj.

V. MODELLED bEeff vs MEASURED Eeff

The model approach outlined in Sec. IV is next used to
predict the low-strain bEeff of each of the 15 molded specimens.
Modeled bEeff and measured Eeff values are plotted in Fig. 12(a).
The difference Eeff � bEeff between measured and modelled values is
plotted in Fig. 12(b). The absolute value jEeff � bEeff j for specimens
with inclusions corresponds to a model error ranging from 1.0 up
to 7.1 kPa, which amounts to 7.4% up to 18.3% of the measured
Eeff . Overall Eeff � bEeff of molded specimens is characterized by a
mean (and standard deviation) of 2:7 (2:7) kPa. Compared to the
overall model accuracy of 0:0 (2:4) kPa obtained for two- and
three-layer specimens reported in Ref. 10, the overall model accu-
racy for specimens with inclusions is, thus, shifted due to the
non-zero mean to the range from 0.0 up to 5.2 kPa. The positive
non-zero mean of 2.7 kPa indicates that the model tends to under-
estimate measured values. From Fig. 12, it is seen that the underes-
timation (with 2.7 up to 7.1 kPa) is associated with specimens of
type A and type B for which the influence of the inclusion on
Young’s modulus is most prominent as their measured effective
Young’s modulus (Eeff � 30:6 kPa) is at least tripled compared to
Eeff ¼ 10:2 kPa, measured for the reference specimen without
inclusion A0:0. Despite this underestimation, the measured Eeff and
modeled bEeff values exhibit the same tendencies so that the experi-
mental data validate the model approach for all specimen types
(including the ones with arbitrary stacking) and also the model
properties discussed in Sec. IV such as:

• Comparing measured Eeff for specimens of type A (inclusion at
the side) and type B (inclusion at the center) confirms that the

FIG. 12. Low-strain Young’s moduli for molded ML specimens: (a) Measured Eeff (�) and modeled bEeff (�). (b) Difference Eeff � bEeff (	) with the overall mean (dashed
line) and standard deviation (shaded area).
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transverse position of the inclusion within the superficial layer
does not affect the effective Young’s modulus of the specimen as
the difference between Eeff measured for Ahin=h and Bhin=h is less
than 1:6 kPa for all three assessed hin=h ratios (0.1, 0.3, 0.6).

• Comparing measured Eeff for specimens of type A (inclusion
with lin=l2 ¼ 1) and type D (inclusion with lin=l2 ¼ 0:2) con-
firms the influence of the inclusion size (length lin=l2 and height
hin=h ratios) on the modeled bEeff shown in Fig. 8 so that in par-
ticular the length of the inclusion in the force direction (lin=l2)
affects the effective Young’s modulus Eeff for these specimens.

• Comparing measured Eeff for specimens A0:8 (type A, inclusion
in the superficial layer) and C0:8 (type C, inclusion in both the
superficial and the muscle layers) confirms that the influence of
the inclusion on measured Eeff increases with Young’s modulus
ratio Ein=E, which for the molded specimens (Table I) reduces
from 74.5 in the superficial layer to 4.6 in the muscle layer.

The influence of the ratio EIn=E is further explored using the
model. Young’s modulus of the inclusion EIn and Young’s modulus
ratio EIn=E of the superficial and muscle layers given in Table I are
scaled as γEIn. The scalar γ is varied between 0.2 (EIn divided by 5)
and 5 (EIn multiplied by 5) so that unscaled model values bEeff for
EIn are obtained for γ ¼ 1. In particular, the scaled Young’s
modulus of the inclusion γEIn ranges from 60 kPa up to 1.49MPa
so that the associated Young’s modulus ratios EIn=E for the superfi-
cial layer (ratio from 14.9 up to 372) and for the muscle layer (ratio
from 2.6 up to 65) containing the inclusion remain greater than 1
(so an inclusion is embedded in a softer layer). Modeled bEeff (γ) for
all 14 composite types with inclusion is plotted in Fig. 13(a).
Values bEeff (circles) for γ ¼ 1 obtained for the molded specimens
are indicated as a reference. For each composite type, bEeff (γ)
increases with γ. Values of bEeff (γ) for γ [ {0:2, 1:0, 5:0} and the
relative maximum difference (in %) of bEeff (γ) with respect to bEeff

FIG. 13. Effect of scaling Young’s modulus of the inclusion EIn with a scalar 0:2 � γ � 5 on modeled bEeff for all 14 ML composite types with inclusion: (a) bEeff (γ) for
increasing 0:2 � γ � 5 (gray scale) and bEeff for γ ¼ 1 (�) and (b) overall mean (full line) and standard deviation (std, shaded region) of bEeff � bEeff (γ). As a reference,
dotted lines indicate zero difference (horizontal) and γ ¼ 1 (vertical). (a) bEeff (γ) (gray scale), bEeff for γ ¼ 1 (�); (b) mean and standard deviation of bEeff � bEeff (γ).

TABLE III. Influence of scaling inclusions Young’s modulus EIn with scalar γ∈ {0.2, 1, 5} on modelled bEeff (in kPa) for all 14 composite types with inclusion and the relative
maximum difference D (in %) with respect to bEeff for γ = 1.

γ A0.1 B0.1 A0.3 B0.3 A0.6 B0.6 A0.8 A1.0 D0:2
0:3 D0:2

0:8 C0.8 D0:6
0:5 E0:6

0:5 F0.3

0.2 18.4 18.0 22.3 22.6 26.4 26.3 27.8 29.2 11.6 11.7 16.8 16.6 17.3 10.4
1.0 27.3 27.2 30.0 29.8 31.3 31.0 31.7 32.8 11.9 11.8 18.1 18.0 19.3 10.7
5.0 31.7 31.8 32.6 32.2 32.6 32.2 32.7 33.6 12.0 11.8 18.4 18.4 19.8 10.7
D 49 51 34 32 20 19 15 13 3 1 9 10 13 3
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for γ ¼ 1

D ¼
bEeff (5)� bEeff (0:2)bEeff

(11)

are summarized in Table III. The relative maximum difference D
ranges from 1% up to 51%. As observed in Fig. 13(a), the influence
of scaling Young’s modulus of the inclusion on bEeff depends on the
composite type. The overall (for all composite types) mean and
standard deviation (std) of the difference bEeff � bEeff (γ) as a func-
tion of γ are plotted in Fig. 13(b). Both the mean and std become
zero at γ ¼ 1 for which the difference is zero by definition (sincebEeff ¼ bEeff (γ ¼ 1)). As bEeff (γ) increases with γ, the overall mean ofbEeff � bEeff (γ) decreases monotonically as γ increases. Thus, the
overall mean difference is positive for γ , 1 and negative for γ . 1
since bEeff . bEeff (γ , 1) and bEeff , bEeff (γ . 1). The rate at which
the overall mean difference decreases slows down with γ. The
model suggests that for the assessed composite types, bEeff becomes
less sensitive to the exact value of EIn for large EIn=E ratios. The
overall standard deviation of bEeff � bEeff (γ) increases with jγ � 1j,
which expresses that the influence of scaling EIn on bEeff differs
between composite types.

VI. CONCLUSION

The effective low-strain elastic Young’s modulus of silicone
ML composites is measured on 15 molded bone-shaped specimens
using uni-axial stress testing. A reference specimen is obtained
from a three-layer vocal fold anatomical representation of the
muscle, superficial, and epithelium layers with Young’s modulus
between 4 and 65 kPa. More complex ML composite types with at
least four layers are obtained by embedding a stiffer (298 kPa)
inclusion with variable size, position, and stacking in the superficial
or/and muscle layer of the reference specimen. Measured effective
Young’s moduli of all 15 molded ML composite specimens are
compared to modeled values describing equivalent homogenized
specimens based on the geometry of their layers, Young’s moduli,
and stacking. For ML specimens consisting solely of serial and/or
parallel stacked layers, an analytical model approach is applied,
which exploits the hypothesis of homogeneous strain for parallel
stacked layers and the hypothesis of homogeneous stress for serial
stacked layers. A model approach is proposed for specimens for
which the inclusion results in arbitrary stacking, first using spatial
discretization along the force direction and then using area conser-
vation to propose a geometrical approximation for inclined or bent
inclusions. Modeled effective Young’s moduli are validated against
measured values (from 10 up to 40 kPa), resulting in an overall
model accuracy between 0.0 and 5.2 kPa.

The validated quasi-analytical model allows one to explore the
influence of its parameters on the predicted effective Young’s
modulus. Concretely, the influence of the dimensions of an inclu-
sion in the superficial layer and the influence of scaling the
Young’s modulus of the inclusion for different ML composite types
are discussed. In the first case, the length of the inclusion in the
force direction is shown to determine the modeled effective
Young’s modulus, whereas in the latter case it was found that the
rate at which the effective Young’s modulus increases with the

inclusions slows down, so that eventually for stiff inclusions the
exact value of its Young’s modulus becomes less important. It is
expected that the proposed model and subsequent model parameter
studies are of interest for the a priori characterization and design of
silicone ML composite vocal fold replicas mimicking the complex
ML anatomical vocal fold structure without or with inclusion, as in
the case of a structural pathology or abnormality. Therefore, the
current results are important considering the understanding and
the mitigation of structural pathologies entraining local vocal fold
stiffening and their potential impact on human voice production.

ACKNOWLEDGMENTS

This work was partly supported by the Full3DTalkingHead
project (No. ANR-20-CE23-0008-03) and a Ph.D. grant from the
French Ministry of Education and Research. The authors acknowl-
edge Cristina Pérez Oms for experimental support. O.G. would like
to acknowledge the support from the project FEMVoQ (Ref. No.
PID2020-120441GB-I00) from the Spanish Ministerio de Ciencia e
Innovación.

AUTHOR DECLARATIONS

Conflict of Interest

There are no conflicts of interest to disclose.

DATA AVAILABILITY

The data the support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1C. Rosen and C. Simpson, Operative Techniques in Laryngology
(Springer-Verlag, 2008).
2N. Ruty, X. Pelorson, A. Van Hirtum, I. Lopez, and A. Hirschberg, “An in-vitro
setup to test the relevance and the accuracy of low-order models of the vocal
folds,” J. Acoust. Soc. Am. 121, 479–490 (2007).
3J. Lucero, A. Van Hirtum, N. Ruty, J. Cisonni, and X. Pelorson, “Validation of
theoretical models of phonation threshold pressure with data from a vocal fold
mechanical replica,” J. Acoust. Soc. Am. 125, 632–635 (2009).
4J. Cisonni, A. Van Hirtum, X. Pelorson, and J. Lucero, “The influence of geo-
metrical and mechanical input parameters on theoretical models of phonation,”
Acta Acustica 97, 291–302 (2011).
5P. Luizard and X. Pelorson, “Threshold of oscillation of a vocal folds
replica with unilateral surface growths,” J. Acoust. Soc. Am. 141, 3050–3058
(2017).
6J. Lucero, X. Pelorson, and A. Van Hirtum, “Phonation threshold pressure at
large asymmetries of the vocal folds,” Biomed. Sig. Proc. Control 62, 102105
(2020).
7J. Cisonni, A. Van Hirtum, X. Pelorson, and J. Willems, “Theoretical simulation
and experimental validation of inverse quasi one-dimensional steady and
unsteady glottal flow models,” J. Acoust. Soc. Am. 124, 535–545 (2008).
8B. Fabre, J. Gilbert, A. Hirschberg, and X. Pelorson, “Aerocoustics of musical
instruments,” Ann. Rev. Fluid Mech. 44, 1–25 (2012).
9R. Mittal, B. Erath, and M. Plesniak, “Fluid dynamics of human phonation and
speech,” Ann. Rev. Fluid Mech. 45, 437–467 (2013).
10M. Ahmad, A. Bouvet, X. Pelorson, and A. Van Hirtum, “Modeling and vali-
dation of the elasticity parameters of multi-layer specimens pertinent to silicone
vocal fold replicas,” Int. J. Mech. Sci. 208, 106685 (2021).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 131, 054701 (2022); doi: 10.1063/5.0080468 131, 054701-11

Published under an exclusive license by AIP Publishing

https://doi.org/10.1121/1.2384846
https://doi.org/10.1121/1.3056468
https://doi.org/10.3813/AAA.918409
https://doi.org/10.1121/1.4979935
https://doi.org/10.1016/j.bspc.2020.102105
https://doi.org/10.1121/1.2931959
https://doi.org/10.1146/annurev-fluid-120710-101031
https://doi.org/10.1146/annurev-fluid-011212-140636
https://doi.org/10.1016/j.ijmecsci.2021.106685
https://aip.scitation.org/journal/jap


11B. Pickup and S. Thomson, “Flow-induced vibratory response of idealized
versus magnetic resonance imaging-based synthetic vocal fold models,”
J. Acoust. Soc. Am. 128, EL124–EL129 (2010).
12P. Murray and S. Thomson, “Synthetic, multi-layer, self-oscillating vocal fold
model fabrication,” J. Vis. Exp. 58, e3498 (2011).
13P. Murray and S. Thomson, “Vibratory responses of synthetic, self-oscillating
vocal fold models,” J. Acoust. Soc. Am. 132, 3428–3438 (2012).
14I. Tokuda and R. Shimamura, “Effect of level difference between left and right
vocal folds on phonation: Physical experiment and theoretical study,” J. Acoust.
Soc. Am. 142, 482–492 (2017).
15R. Shimamura and I. T. Tokuda, “Experimental study on level difference
between left and right vocal folds,” Acoust. Sci. Technol. 38, 264–267 (2017).
16A. Bouvet, I. Tokuda, X. Pelorson, and A. Van Hirtum, “Influence of level dif-
ference due to vocal folds angular asymmetry on auto-oscillating replicas,”
J. Acoust. Soc. Am. 147, 1136–1145 (2020).
17A. Bouvet, I. Tokuda, X. Pelorson, and A. Van Hirtum, “Imaging of
auto-oscillating vocal folds replicas with left-right level difference due to angular
asymmetry,” Biomed. Sig. Proc. Control 63, 102154 (2021).
18A. Van Hirtum, A. Bouvet, I. Tokuda, and X. Pelorson, “Dynamic vibration
mode decomposition of auto-oscillating vocal fold replicas without and with ver-
tical tilting,” J. Sound Vibr. 516, 1–11 (2021).
19M. Hirano, S. Kurita, and T. Nakashima, Vocal Fold Physiology (College Hill
Press, 1983), pp. 22–43.
20F. Alipour and I. Titze, “Elastic models of vocal fold tissues,” J. Acoust. Soc.
Am. 90, 1326–1331 (1991).
21Y. Min, I. Titze, and F. Alipour, “Stress-strain response of the human vocal
ligament,” Ann. Otol. Rhinol. Laryngol 104, 563–569 (1995).

22R. Chan, M. Fu, L. Young, and N. Tirunagari, “Relative contributions of colla-
gen and elastin to elasticity of the vocal fold under tension,” Ann. Biomed. Eng.
35, 1471–1483 (2007).
23A. Miri, “Mechanical characterization of vocal fold tissue: A review study,”
J. Voice 28, 657–667 (2014).
24D. Chhetri, Z. Zhang, and J. Neubauer, “Measurement of Young’s modulus of
vocal folds by indentation,” J. Voice 25, 1–7 (2011).
25Z. Zhang, H. Samajder, and J. Long, “Biaxial mechanical properties of
human vocal fold cover under fold elongation,” J. Acoust. Soc. Am. 29,
EL356 (2017).
26J. K. Hansen and S. L. Thibeault, “Current understanding and review of the lit-
erature: Vocal fold scarring,” J. Voice 20, 110–120 (2006).
27G. Friedrich, F. G. Dikkers, C. Arens, M. Remacle, M. Hess, A. Giovanni,
S. Duflo, A. Hantzakos, V. Bachy, and M. Gugatschka, “Vocal fold scars: Current
concepts and future directions. consensus report of the phonosurgery committee
of the european laryngological society,” Eur. Arch. Otorhinolaryngol. 270,
2491–2507 (2013).
28A. Mattei, J. Magalon, B. Bertrand, C. Philandrianos, J. Véran, and
A. Giovanni, “Cell therapy and scarred vocal folds,” Eur. Ann. Otorhinolaryngol.
134, 339–345 (2017).
29A. Bouvet, “Experimental and theoretical contribution to the analysis and the
modelling of the vocal folds vibration,” Ph.D. thesis (Grenoble Alpes University,
2019).
30A. Reuss, “Berechnung der fließgrenze von mischkristallen auf grund der
plastizitätsbedingung für einkristalle,” ZAMM 9, 49–58 (1929).
31W. Voigt, “Ueber die beziehung zwischen den beiden elasticitätsconstanten
isotroper körper,” Ann. Phys. 274, 573–587 (1889).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 131, 054701 (2022); doi: 10.1063/5.0080468 131, 054701-12

Published under an exclusive license by AIP Publishing

https://doi.org/10.1121/1.3455876
https://doi.org/10.1121/1.4754551
https://doi.org/10.1121/1.4996105
https://doi.org/10.1121/1.4996105
https://doi.org/10.1250/ast.38.264
https://doi.org/10.1121/10.0000742
https://doi.org/10.1016/j.bspc.2020.102154
https://doi.org/10.1121/1.401924
https://doi.org/10.1121/1.401924
https://doi.org/10.1177/000348949510400711
https://doi.org/10.1007/s10439-007-9314-x
https://doi.org/10.1016/j.jvoice.2014.03.001
https://doi.org/10.1016/j.jvoice.2009.09.005
https://doi.org/10.1121/1.5006205
https://doi.org/10.1016/j.jvoice.2004.12.005
https://doi.org/10.1007/s00405-013-2498-9
https://doi.org/10.1016/j.anorl.2017.06.006
https://doi.org/10.1002/zamm.19290090104
https://doi.org/10.1002/andp.18892741206
https://aip.scitation.org/journal/jap

	Low-strain effective Young’s modulus model and validation for multi-layer vocal fold-based silicone specimens with inclusions
	I. INTRODUCTION
	II. MOLDED SPECIMENS WITH INCLUSION
	III. UNI-AXIAL TENSION TESTS AND  ESTIMATION
	A. Uni-axial tension test data on molded specimen
	B. Experimental  estimation from tensile test data

	IV. EFFECTIVE YOUNG’S MODULUS  MODEL
	A. Serial, parallel, and combined layer stacking
	B. Arbitrary layer stacking
	1. Discretization
	2. Geometrical approximation
	3.  of molded specimens with arbitrary stacking


	V. MODELLED  vs MEASURED 
	VI. CONCLUSION
	AUTHOR DECLARATIONS
	Conflict of Interest

	DATA AVAILABILITY
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


