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Mechanical deformable vocal fold replicas are an inherent part of physical studies of the
fluid-structure interaction underlying vocal folds auto-oscillation during voiced speech
sound production. In this context, the current work considers the linear stress-strain
characterization of a pressurized latex tube vocal fold replica. An imaging approach is
developed to measure the effective low-strain linear Young’s moduli along the stream-
wise (49 kPa) and transverse main auto-oscillation (44 kPa) directions. Next, a compos-
ite analogy is proposed to model the replica’s structure as an equivalent de-homogenised
multi-layer material with two, three or four layers. This way equivalent low-strain Young’s
moduli of each equivalent single layer can be estimated. Both measured effective and
modelled equivalent low-strain Young’s moduli are within the range up to 65 kPa as-
sociated with human vocal folds. Resulting equivalent composite representations are of
interest for the future design of pressurized latex tube replicas. This is illustrated consid-
ering the influence of outer layer latex properties on the overall estimate of the effective
Young’s modulus. The proposed analogy is thus efficient in contributing to the direct
comparison, in terms of low-strain elastic behaviour, between replicas.

Keywords: Effective linear Young’s modulus; Equivalent multi-layer composite represen-
tation; Speech sound production

1. Introduction

The human larynx, situated between the trachea and the vocal tract, is a complex
organ with major functions related to airway protection and speech sound produc-
tion [Rosen and Simpson, 2008]. For phonation or voiced speech sound production,
the presence of two apposed vocal folds (VFs) is crucial. The fluid-structure in-
teraction between airflow coming from the lungs and the deformable VFs tissues,
positioned on each side of the glottal constriction as depicted in Fig. 2, can re-
sult in sustained VF's auto-oscillation which is the major sound source for voiced
speech [Rosen and Simpson, 2008; O’Shaughnessy, 1987]. As a consequence, the role
of normal (healthy) and abnormal (pathological) VF structural properties on the
fluid-structure interaction underlying VFs auto-oscillation and sound production is
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an ongoing research subject [Rosen and Simpson, 2008; Hirano et al., 1983; Alipour
and Titze, 1991; Berke and Gerratt, 1993; Min et al., 1995; Chan et al., 2007; Mur-
ray and Thomson, 2012; Riede and Brown, 2013; Mobashir et al., 2018; Alexander
et al., 2021].

Physical studies of the VFs auto-oscillation rely on deformable mechanical VF
replicas. Replicas for which the structural properties can be systematically al-
tered are of interest to reproduce the mechanical action regulating function of
the vocal ligament and vocalis muscle as well as to explore the influence of struc-
tural abnormalities on the fluid-structure interaction and subsequent VFs auto-
oscillation [Cisonni et al., 2011; Luizard and Pelorson, 2017; Tokuda and Shima-
mura, 2017; Bouvet et al., 2020b; Lucero et al., 2020]. One such mechanical VF
replica, depicted in Fig. 2 and further detailed in Section 2, is obtained by repre-
senting each VF as a pressurised latex tube (PLT). Its mechanical action can be
regulated by varying the height of a water column, which imposes the internal pres-
sure Pprr of the replica.

Regardless of the extensive and ongoing use, for more than two decades, of the
PLT type of VF replicas in physical studies of phonation [Cullen et al., 2000; Lopez
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Fig. 1. Schematic overview of the time-varying glottal constriction area A.(t) and main VF
characteristics (dimensions L, Ly, L. and mass my r) during VF auto-oscillation.
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Fig. 2. Overview of a pressurized latex tube (PLT) VF replica (dimensions in mm).
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et al., 2006; Ruty et al., 2007; Cisonni et al., 2011; Bouvet et al., 2020a; Luizard
and Pelorson, 2017; Van Hirtum and Pelorson, 2017], no systematic study of the
stress-strain relationship between its internal pressure and its deformation has yet
been assessed. Therefore, a main objective of this work is to experimentally in-
vestigate the elastic stress-strain relationship. An imaging approach is outlined in
Section 2 in order to measure the effective low-strain Young’s modulus E.rf and
thus to contribute to the mechanical characterisation of the PLT replica. It is noted
that the low-strain range is pertinent for small deformations generally associated
with normal VF auto-oscillation [Ishizaka and Flanagan, 1972; Titze, 1988; Ruty
et al., 2007].

From Fig. 2 is seen that the PLT vocal fold replica can be thought of as a com-
posite consisting of water and latex. This idea is exploited in Section 5 to formulate
a composite analogy. The analogy relies on an analytical model of the effective
low-strain elastic Young’s modulus of a multi-layer composite as a function of its
layer compositions, i.e. Young’s modulus, dimensions and stacking orientation with
respect to adjacent layers [Ahmad et al., 2021, 2022]. The composite analogy in com-
bination with the measured effective Young’s modulus &.¢¢ allows then to consider
the PLT replica as a de-homogenised equivalent multi-layer material. An equivalent
low-strain Young’s modulus can then be associated with each equivalent layer.

Next, the influence of design changes to the obtained equivalent multi-layer rep-
resentations can then be used to assess the influence on its overall effective Young’s
modulus, i.e. associated with the homogenised replica. This is illustrated in Sec-
tion 6 considering the influence of the outer latex layer design properties on the
modelled effective Young’s modulus of the PLT replica.

Y

Fig. 3. Spatial positioning of right PLT VF replica and camera views (side and top).
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Table 1. Overall characteristics of the PLT replica for Ppr = 0 Pa
and values reported for a male adult [Hirano et al., 1983; Plant et al.,
2004; Mobashir et al., 2018; Alexander et al., 2021] using soft tissue
density 1.03 g/cm?® [Riede and Brown, 2013; Titze, 2011]: right-left
length Lz, posterior-anterior length L., inferior-superior length L.,
volume Vy r and mass my g.

Ly (mm] Ly [mm] L. [mm] Vyr [mm? myr (g
PLT 11.0 42.0 12.0 3531 3.71
human 7-8 15-25 4-8 610-830 0.61-0.82

2. PLT VF replica and imaging

As depicted in Fig. 2, each PLT VF consists of a natural rubber latex tube (Piercan
Ltd., diameter 11 mm (£0.1 mm), thickness 0.2 mm (£10%), low-strain Young’s
modulus &, = 1.1 MPa and density 1635 kg-m~?) enveloping a hollow rigid metal
support (diameter 12 mm, posterior-anterior y-length 42 mm, right-left z-length
4.6 mm, inferior-superior z-length 6 mm). The latex tube is pressurized by fill-
ing it with distilled water (density pz = 998 kg-m~2, dynamic viscosity coefficient
pr = 1.0 x 1072 Pa-s). The water inlet (internal diameter 4 mm) is connected to a
water column whose height determines the internal pressure Pprr within the latex
tube. The PLT VF replica dimensions L, L, and L., volume Vyr and mass myp
(see Fig. 1) for Pprr = 0 Pa are summarised in Table 1. Reference values reported
for the VF of a male adult are indicated as well [Hirano et al., 1983; Plant et al.,
2004; Mobashir et al., 2018; Alexander et al., 2021]. The internal pressure of the
PLT VF replica varies with the imposed Ppyr and thus with the height of the water
column [Cisonni et al., 2011]. Concretely, in this work internal pressure Ppp is sys-
tematically increased (1) and decreased (J) between 450 Pa and 6500 Pa with steps
of about 100 Pa. This corresponds to a water column range of about 60 cmH>O.
All experiments are performed at room temperature (21 +1 °C).

The right PLT VF is positioned in a rigid frame, as depicted in Fig. 3, in the
same way as during fluid-structure interaction experiments [Bouvet et al., 2020a;
Van Hirtum and Pelorson, 2017]. The metal support part is immobilised whereas
the unconstrained deformable portion faces the medio-sagittal y—z plane. The frame
allows simultaneous camera observation of the VF along the sagittal y—z plane (side
view in Fig. 3, Nikon AF-S Nikkor 18-70 mm, shutter time 2 ms, aperture 4.3 mm,
0.037 mm/px) and along the transverse x—y plane (top view in Fig. 3, Motion Blitz
Eosens Cube 7, shutter time 726 us, aperture 11 mm, 0.049 mm/px). It is noted
that the main oscillation occurs within the transverse plane as indicated in Fig. 1.

Increasing (or decreasing) the internal water pressure Pppr expands (or shrinks)
the radius of the PLT replica with respect to the posterior-anterior y-axis depicted
in Fig. 1 and Fig. 3. For each imposed pressure Pprr, a top view image within the
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Fig. 4. TIllustration of edge detection from right PLT VF imaging and extracted L.(y) (a: top
view) and L. (y) (b: side view) for different Pprr (Pa).

transverse x—y plane and a side view image within the sagittal y—z plane is acquired.
The characteristic dimensions, lengths L, (y) (top view image) and L, (y) (side view
image), correspond than to the distances between the replica’s edges perpendicular
to y as illustrated on observed top and side view images in Fig. 4.

3. Stress-strain data

Extracted replica edges as a function of y/L, (with L, = 42 mm indicated in Fig. 2)
are illustrated in Fig. 5(a) for top view images and in Fig. 5(b) for side view images
for increasing Ppyr. For each image, and hence imposed Pprr, mean L, (top view)
and L, (side view) are quantified on four different Ay/L, intervals. The overall mean
(0 <y/L, <1 or interval length Ay/L, = 1, standard deviation less than 2.5%)
and three local mean values on 4 mm ranges (interval length Ay/L, = 0.1, standard
deviation less than 0.2%) with center values set 2.4 mm apart at y/L, = 0.5 (center,
0.45 <y/L, <0.55), y/L, = 0.4 (towards the water inlet, 0.35 < y/L, < 0.45) or
y/L, = 0.6 (away from the water inlet, 0.55 < y/L, < 0.65) are assessed. Quantified
L.(Pprr) (top view) and L. (Pprr) (side view) and standard deviations (bars) are
plotted in Fig. 5(c) and Fig. 5(d). Increasing (or decreasing) Pprr also increases (or
decreases) the mean characteristic lengths L. (side view) and L, (top view) associ-
ated with expansion (or shrinking) of the PLT replica. For each imposed Pprr, L,
and L, of different Ay/L,-intervals agree to within 0.25 mm and to within 0.1 mm
considering only the local intervals (Ay/L, = 0.1 or Ay =4 mm).

The strain €7 (or ;) along the transverse x (or streamwise z) direction from
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top (or side) view imaging is then obtained for each imposed Ppr as

L, L.
e =1In ( ) and g = ln( > (1a)
Lw,min Lz,min

with fz,mm (or fz,mm) denoting values associated with the lowest assessed Pprr =~
450 Pa. The stress o; along both radial directions is set by the imposed internal
pressure so that oy = Pppr holds. Resulting measured stress-strain data o;(e¥) (top
view) and oy(e}) (side view) are plotted in Fig. 6. Different datasets of ef and &7
are obtained for each of the four Ay/L,-intervals used to determine mean values L,
and L,. Overall, strain ranges ¢f < 0.15 and €7 < 0.12 are associated with stresses
o up to 6.5 kPa.

4. Measured effective low-strain Young’s moduli

Linear fits (lines) to the measured stress-strain curves o:(e¥) and o¢(¢f) and their
accuracies (coefficient of determination R? in %) are illustrated in Fig. 6. For each

8 8
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Fig. 5. Characteristic lengths characterisation of PLT replica from imaging: a,b) L (y/Ly) (top
view) and L.(y/Ly) (side view) for increasing Pprr (lighter in color) and c,d) mean (symbols)
and standard deviation (vertical bars) of Ly (Ppr7) (top view) and L.(Pprr) (side view) for 4
Ay/Ly-ranges. Dashed line indicates reference values for Ppyp = 0 Pa associated with either the
latex tube outer radius of 11.2 mm (in a,c) or the metal support diameter of 12.0 mm (in b,d).
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Fig. 6. Image-based stress-strain curves o¢(e;) (symbols) and their linear fits (lines) for the PLT
replica (increasing Pprr, subscript 1): a) o¢(ef )1 (top view), b) o¢(e7)4 (side view). Different
Ay/L, intervals (symbols) used to quantify Ly or L, are indicated in the legend as well as
accuracy R2 (in %) of a linear data fit.

O y/L,€[01]
* y/Ly € [0.35 0.45] % x
- y/L, € [0.45 0.55]
50 4 y/L, € [0.55 0.65] - ---_-- 4-49 kPa

Efff, (fff [kPal

40 x X
oi(ef)r ouled)y oulei)r oulef)y

Fig. 7. Effective elastic Young’s modulus g:ff (and 8esz) estimated as the linear slope to curves
ot(e¥ )+ and ot(ef), (and ot(ef)y and ot(ef),). Different Ay/L, intervals (symbols) used to
determine €f and €} are indicated. Mean values for o¢(¢¥) and o¢(ef) for the local intervals, thus
excluding values for y/Ly € [0 1], are indicated (dashed lines).

data curve, the linear fit accuracy yields R% > 98%. Therefore, it is reasonable to
assume that measured strains, up to €/ < 0.15 and up to €f < 0.12, are within the
linear elastic range for both the transverse z and streamwise z direction. Effec-
tive elastic low-strain transverse Young’s modulus £7;; and low-strain streamwise
Young’s modulus £, are then estimated as the slope of the linear fit following
Hooke’s law of linear elastic deformation [Strobl, 2007]

Ot Ot

erp =g ad &=

(2)

Measured effective Young’s moduli £, and €7, are plotted in Fig. 7. Values
obtained for increasing (o;(e7)+, o4(e7)+) and decreasing (o4(e7)y, ov(e7), ) internal
pressure for each of the assessed Ay/L, intervals are indicated. For each Ay/L,
interval, it is seen that the influence of increasing (1) or decreasing (]) the water
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pressure Pppr is negligible as estimated £, and £, are affected with less than
1.5%. This confirms the hypothesis of linear elastic deformation expressed in Eq. 2
for the assessed strain range.

The influence of the exact position of the local (4 mm) intervals centered around
y/Ly, € {0.4,0.5,0.6} is negligible as it is less than 2% with respect to the value
at y/L, = 0.5. The means and standard deviations for these local intervals yield
&gy =44+ 1kPaand &, = 4941 kPa. Consequently, £, is increased with 11%
compared to E7p .

The boundary conditions at the extremities affect £y determined on the whole
y-range (0 < y/Ly < 1) as £, decreases with 7% (to 41 kPa) and the overall mean
&z increases with 12% (to 55 kPa) compared to mean values obtained on the local
intervals. Therefore, values obtained on the whole interval are further disregarded.

5. Composite analogy: equivalent multi-layer representation

Three equivalent multi-layer (ML) representations of the deformable portion of the
PLT replica are obtained by considering an equivalent composite with two (2L),
three (3L) or four (4L) perfectly bounded adjacent layers within the rectangle en-
veloping the coronal (medio-frontal) section along the x—z plane of the PLT replica.
Equivalent representations are illustrated in Fig. 8. The rigid non-deformable part
of the PLT replica, corresponding to the metal support in Fig. 2, is excluded so
that equivalent representations are rectangular with transverse length [ = 6.6 mm
along the x-direction and streamwise length A = 11.4 mm along the z-direction. The
deformable portion of the PLT replica (water and latex envelop) is thus represented
as a multi-layer material composed of an inner layer adjacent to one (for the 2L
representation), two (for the 3L representation) or three (for the 4L representation)
thin latex (natural rubber [Bouvet, 2019]) outer layers. The latex outer layers have
thickness 0.2 mm (l2, by and hg in Fig. 8) and Young’s modulus &, = 1.1 MPa (see
Section 2). Dimensions of the inner layer for each representation are indicated in
Fig. 8 and its equivalent Young’s moduli along the transverse z-direction (€5, €5},
and &£f;) and streamwise z-direction (£, £5; and £f;) are unknown and need thus
to be modelled.

Each equivalent representation depicted in Fig. 8 consists of serial (L) or parallel
(I]) stacked layers with respect to the force (F) direction, which is either transverse
(Fz) or streamwise (F,). When the layers stacking orientation is known, the rela-
tionship between the effective Young’s modulus £ of the homogenised composite
can be expressed analytically as a function of the equivalent Young’s moduli and
dimensions of its individual layers [Ahmad et al., 2021, 2022].

For k serial (L) stacked layers with respect to the force direction, the effective
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Fig. 8. Equivalent multi-layer composite PLT replica representations with effective Young’s
modulus £7; ; = 44 kPa and £Z,; = 49 kPa: a) two-layer (2L), b) three-layer (3L) and c) four-layer
(4L). Top: coronal replica section at Pprr = 0 kPa. Bottom: equivalent composite (dimensions in
mm) excluding the rigid metal support portion. Layer orientations (serial L, parallel ||, combined
||L) with respect to a transverse F, or streamwise F, force are indicated. The Young’s moduli
of the equivalent thin (0.2 mm) outer latex layers yields & = 1.1 MPa. The sought transverse

E? and streamwise £7 equivalent Young’s modulus of each inner layer is modelled exploiting the
composite analogy.

Young’s modulus € EJ} 7 is expressed as the harmonic mean of the layers Young’s mod-
uli &; weighted with their lengths in the force direction following the Reuss hypoth-
esis of homogeneous stress [Reuss, 1929; Ahmad et al., 2021, 2022]. For transverse



May 2, 2023 15:57  ws-ijam

x Van Hirtum, Ahmad, Chottin, Pelorson

F, and streamwise JF, forces this becomes respectively
k
Zi:1 h;

k
1,z Zi:l l" 1,z
Seff 7,@ D and Eeff = 7,@ = (3)
o (1 o (2

with I =% 1, h =% b

For k parallel (||) stacked layers with respect to the force direction, the effective
Young’s modulus 5! if of the homogenised composite is obtained as the arithmetic
mean of the layers Young’s moduli & weighted with their heights perpendicular
to the force direction following the Voigt hypothesis of homogeneous strain [Voigt,
1889; Ahmad et al., 2021, 2022]. For transverse F, and streamwise F, forces this
becomes respectively

k k
i—1 i & . L&
e szl and gH, _ szl ) (4)

fr— k ff— 2
‘ Zi:l hi ‘ Zi:l li

When layers are stacked both parallel and serial, i.e. combined stacking (||-L),
with respect to the force direction, firstly adjacent parallel stacked layers are ho-

&

mogenised using Eq. (4) and then the remaining serial stack is homogenised using
Eq. (3) [Ahmad et al., 2021, 2022].

Analytical expressions of effective Young’s moduli of each homogenised equiva-
lent multi-layer representation are then set to match measured values £ orp =44 kPa
(for 7) and &Z;; = 49 kPa (for F.) (Section 4). This way, analytical expressions
of the effective Young’s modulus of each homogenised equivalent composite (2L,
3L or 4L) subjected to a transverse force F, (or streamwise force F,) reduce to
first-order linear equations whose unknown is the equivalent Young’s modulus £*
(or £7) of the inner layer (Fig. 8). Analytical expressions for £3; and &5, for the

Table 2. Equivalent Young’s moduli £ and £7 of the inner
layer of the equivalent 2L (£3; and £5;), 3L (3, and £5;) and
4L (€7, and &) composite representation. Measured effective
Young’s moduli £7;; and £Z;; for the PLT replica (Section 4)
and &, for the outer latex layer(s) (natural rubber [Bouvet, 2019])

are given.

E® [kPa] £7 [kPa]
inner layer, 2L &5, = 42.71 &, =151
inner layer, 3L Ex, =41 &z = 4741
inner layer, 4L* Ef, =43 i =145
outer latex layer &, = 1100 Er = 1100
homogenised? ELpp =44 EZ ;=49

T set to match g:ff and Ejff measured on the PLT replica.

T robust representation (£.-variation), serial (L) stack.
* design representation (known &), combined (]|_L) stack.
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2L representation, £5; and £F; for the 3L representation and £§; and £F; for the
4L, representation are given in A. Resulting values are presented in Table 2. As
a reference, imposed effective Young’s moduli £7;; and &7, for the homogenised
equivalent representations are indicated as well.

Resulting &7, and £7;; in Table 2, either measured on the PLT replica (Sec-
tion 4) or modelled £¥ and &7 for each of the equivalent mutli-layer composite
representations, are within the range (up to 65 kPa) reported for the normal VF
layer structure of a male adult [Hirano et al., 1983; Alipour and Titze, 1991; Min
et al., 1995; Chan et al., 2007; Chhetri et al., 2011; Miri, 2014; Zhang et al., 2017],
i.e. muscle, vocalis ligament, superficial layer and epithelium. Therefore, Young’s
moduli associated with the homogenised (£7;, and £Z;;) and the inner layer (€F
and &7) of the equivalent composite representations are also within the range char-
acterising molded multi-layer silicone VF replicas designed to mimick up to some
extent the anatomical multi-layer structure of a normal VF [Pickup and Thomson,
2010; Murray and Thomson, 2011, 2012; Tokuda and Shimamura, 2017; Bouvet
et al., 2020b; Ahmad et al., 2022]. Note, that Young’s modulus &, = 1.1 MPa of the
outer latex layer is out of this range as its value is much greater (factor 17) than
65 kPa corresponding to the upper limit of the range commonly associated with
anatomical VF layers.

6. Influence of outer latex layer characteristics

From Table 2 is seen that for all equivalent composite representations (2L, 3L or
4L), outer latex layer(s) Young’s modulus &, is much larger (by a factor 20 up to
270) than inner layer Young’s moduli £* and £Z. Since the arithmetic mean for
parallel layer stacking (Eq. (4)) is more affected by layers with high Young’s mod-
ulus than the harmonic mean for serial layer stacking (Eq. (3)), serial layer stacks
are expected to be somewhat robust with respect to variations of outer latex layer
characteristics, i.e. dimensions (l2, hi, h3) and Young’s modulus &,. From Fig. 8 is
seen that purely serial layer stacking occurs only for the 2L representation in the
case of a transverse force F, (€5, Fig. 8(a)) and for the 3L representation in the
case of a streamwise force F, (€%, Fig. 8(a)). Consequently, these representations,
and thus resulting £5; and £5;, are most robust with respect to outer latex layer
characteristics. This is further illustrated in Fig. 9 where £* and £7 (using Eq. (A.1),
Eq. (A.2) and Eq. (A.3)) are plotted for varying &, (Fig. 9(a)) and varying outer
latex layer dimensions Iz, h1, hg (Fig. 9(b)) while still imposing measured effective
Young’s moduli £ ; = 44 kPa and €7, = 49 kPa for the effective homogenised rep-
resentation moduli. As a reference values £, = 1.1 MPa and I = h; = h3 = 0.2 mm
used in the equivalent representations shown in Fig. 8 are indicated (dotted vertical
lines). The outer layer Young’s modulus &, is varied between 0.4 MPa and 2.0 MPa,
which spans the range reported for natural rubber [Department, 2003; Strobl, 2007]
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Fig. 9. Influence of outer latex layer characteristics on inner layer £* (black symbols) and £7
(gray symbols) of the equivalent 2L (<), 3L (o) and 4L (+) composite representations of the PLT VF
replica while imposing homogenised effective Young’s moduli ngf = 44 kPa and gész =49 kPa

(dashed horizontal lines): a) latex Young’s modulus &, b) outer latex layer dimension l2, h1, h3.
Replica values £ = 1100 kPa and l2 = h1 = hz = 0.2 mm (dotted vertical lines) are shown.

(Piercan Ltd.) and outer latex layer dimensions (I, h1, hg) are varied from 0.01 mm
up to 1 mm. It is seen that £5; and &5, are indeed least affected (with less than
10 kPa) when outer layer characteristics (£, and la, h1, hs) are varied as their value
remains near Sff 5 and gezf  characterising the homogenised composite representa-
tions. It follows that £5; and &5, are most robust to changes of the latex outer
layer(s) characteristics. All other representations contain a parallel stacked outer
latex layer, so that inner layer Young’s moduli £* and £7 decrease rapidly when &,
or outer layers dimension (I3, hi, h3) are increased.

In Fig. 9 (and in Table 2) is further seen that £5; ~ £ and &, ~ &, . This is
due to the similar transverse 3L and 4L parallel layer stacks and the similar stream-
wise 2L and 4L parallel layer stacks (as depicted in Fig. 8) whereas the remaining
serial stacking part for the 4L representation is, again due to the harmonic mean,
only marginally affected by the thin latex outer layer with high &,.

Overall, the equivalent 41, composite representation seems most rigorous on the
condition that £f; > 0 and &f; > 0. Indeed, the 4L representation applies to both
force directions, either transverse or streamwise, and resulting inner layer Young’s
moduli (£f; < &f;) reflect the anisotropy between both force directions observed
for the measured effective Young’s moduli (€7, < ;). Moreover, the inner layer
of the 4L representation only concerns the water portion of the PLT replica so that
&Y, and £ might be exploited in order to vary the latex outer layers characteristics
(&, or/and its length) in order to approximate a prescribed effective Young’s moduli
for the homogenised equivalent 4L composite. This way, the 4L representation might
potentially contribute to PLT replica design. On the other hand, representations as-
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sociated with £3; and &5 are of interest when latex outer layer characteristics are
either not accurately known or out of the working range of the 4L representation,
which requires £7; > 0 and £7;, > 0.

7. Discussion and conclusion

The effective linear elastic Young’s modulus of the PLT vocal fold replica is mea-
sured along the transverse right-left (x) and the streamwise inferior-superior (z)
direction. Measured £7; ; = 44 kPa and £Z;, = 49 kPa exhibit an anisotropy of 11%
with respect to Eff # characterising the main auto-oscillation direction. These values
are within the range, up to 65 kPa, reported for anatomical layers of a male adult hu-
man VF. Equivalent 2L, 3L and 4L composite representations of the PLT replica are
introduced consisting of an equivalent inner layer with unknown Young’s modulus
to which one, two or three outer latex layers are added. The effective linear Young’s
modulus of each homogenised equivalent representation is set to match measured
effective Young’s moduli £7;, = 44 kPa and £Z;, = 49 kPa observed on the PLT
replica. Unknown Young’s moduli of the equivalent inner layer are then obtained
analytically using a composite analogy. The assessed 4L representation is most rig-
orous as it applies to both force directions and its inner layer does not involve outer
latex layer characteristics. Associated £f; = 4.3 kPa and £}, = 14.5 kPa reflect
the anisotropy between both force directions observed for the measured effective
Young’s moduli & ¢¢ on the PLT replica. It is argued that this representation might
be exploited for PLT replica design where the outer latex layer characteristics can
be adapted in order to attain a prescribed effective Young’s modulus. On the other
hand, the transverse 2L (£5;, = 42.7 kPa) and streamwise 3L (€5, = 47.4 kPa)
representations with serial stacking are most robust with respect to outer latex
layer characteristics. These representations remain valid in case that outer layer
characteristics are not accurately known. Regardless of the applied representation,
found linear Young’s moduli for the inner layer are within the range associated with
human VF layers. Thus the equivalent multi-layer representations present itself as
a tool for PLT replica design in terms of its linear stress-strain behaviour. Besides
design purposes, equivalent multi-layer representations favour the comparison with
the stress-strain behaviour of other types of deformable multi-layer VF replicas such
as molded multi-layer silicone replicas, which are designed to mimic the multi-layer
anatomical structure of a human VF.
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Appendix

A. Analytical expressions of Young’s moduli of inner layer of ML
representations

The layers of the 2L representation (Fig. 8(a)) are stacked serial for a force along
the z-dimension and parallel for a force along the z-dimension so that unknowns
&5, and &5 are expressed as
Ep = 7l1 Mo and & = e _ 2 &r
ly Iy Iy
1-— EOQJ
with o 5 = Efff/h ar, =& pland =1 + o
The layers of the 3L representation (Fig. 8(b)) are stacked parallel for a force
along the x-dimension and serial for a force along the z-dimension so that unknowns
&5 and &5 are expressed as

(A1)

o oy 2h1 & 4 & ho a . (A2)
= — al = - .
3L ho ha 3L 1 2hias
-

with ag , = S:ff h, as, = esz/h and h = 2 hy1 + ho since hi = hs.

The layers of the 4L representation (Fig. 8(c)) are stacked parallel and serial
for both force directions so that unknowns &f; and &, are obtained combining
expressions in Eq. (A.1) and in Eq. (A.2) as

e h llal’m 2 hlgr d &
= T — an = — —
4L h2 lg h 4L ll 2 hl Qg l

1— —ar, 1—
g g
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