European Journal of Mechanics / A Solids 101 (2023) 105062

C]

Contents lists available at ScienceDirect

European Journal of

Mechanics

European Journal of Mechanics / A Solids

journal homepage: www.elsevier.com/locate/ejmsol

Uni-axial stress—strain characterisation of silicone composite specimens
derived from vocal folds replicas

Annemie Van Hirtum *, Mohammad Ahmad, Xavier Pelorson
LEGI, UMR CNRS 5519, Grenoble Alpes University, France

ARTICLE INFO ABSTRACT

Keywords:
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A-priori knowledge of the uni-axial stress—strain behaviour of molded silicone multi-layer composite vocal
folds replicas would benefit their structural design and favour their usage in physical studies of voiced speech
model sound production. Therefore, recently a model approach of the linear and continuous non-linear stress—strain
Effective low-strain Young’s modulus behaviour of silicone composites is validated, for which the generic parameters are shown to depend only
Effective high-strain Young’s modulus . . , . . .
Phenomenological model on the eff.ectlve low-str‘am .You.ng s modulus of the hoTnogemsed com;.)o.sue..Whe:reas previous work focused
silicone composites on extensive model validation in terms of layer’s stacking and composition, in this work the model approach
Mechanical vocal fold replica and uni-axial tension testing are used for the stress—strain characterisation of six molded silicone composite
specimens derived from three vocal fold replicas. For each replica, measured and modelled effective low-strain
Young’s moduli are determined, the non-linear behaviour is assessed and a criterion is proposed to identify
the onset strain and effective Young’s modulus associated with a linear high-strain region and thus to extend
the model approach to the high-strain region. It is concluded that the non-linear stress-strain behaviour of
composite specimens can be predicted, solely based on the knowledge — either measured or modelled - of
the effective low-strain Young’s modulus of the equivalent homogenised composites. Consequently, uni-axial
stress—strain behaviour can be taken into account for the structural design of silicone composites and associated
multi-layer silicone vocal fold replicas.

1. Introduction replicas is likely to vary. So far however, their stress—strain behaviour

is not a-priori known, instead it needs to be measured once replicas are

Human voiced speech sound production results from the vocal folds
(VFs) auto-oscillation following a fluid-structure interaction at the
glottis between airflow coming from the lungs and deformable VFs tis-
sues (Rosen and Simpson, 2008; O’Shaughnessy, 1987). The positioning
of the left and right VF on either side of the glottis is illustrated in
Fig. 1(a). Despite the small VFs dimensions of only a few centimeters
at most (O’Shaughnessy, 1987; Riede and Brown, 2013; Mobashir
et al., 2018), the anatomical structure of a normal human VF is com-
plex (Rosen and Simpson, 2008). It is often represented as consisting of
superimposed layers (Rosen and Simpson, 2008). This VF representa-
tion, schematically depicted in Fig. 1(b), motivates deformable multi-
layer (ML) silicone molded vocal fold replicas aiming to maintain, up
to some degree, the anatomical multi-layer representation of a human
VF, which consists of overlapping muscle (Mu), vocal ligament (Li),
superficial (Su) and cover epithelium (Ep) layers. The elasticity of each
molded silicone layer matches the order of magnitude observed for the
corresponding layer in human passive soft VF tissues (as e.g. detailed
in Table 2 of Section 2.1). Nevertheless, as the layers elasticity varies
between replicas, the overall stress—strain behaviour of molded silicone
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molded. As the molding process is tedious and the resulting overall elas-
ticity unknown, this limits the usage of silicone molded ML replicas in
physical studies of the VFs auto-oscillation. This is particularly regret-
table considering their potential for representing the multi-layer vocal
folds structure. A-priori characterisation of the stress—strain behaviour
of multi-layer silicone replicas would contribute to overcome this limi-
tation and thus favour systematic physical studies of the impact of the
VFs structure, in terms of layer properties, on their auto-oscillation in
order to account for the variation of the VF’s elasticity due to e.g. intra-
and inter-speaker diversity (voice type, morphology, aging, breathing
etc. Riede and Brown, 2013) or structural abnormalities (scar, nodule,
carcinoma, cyst etc. Rosen and Simpson, 2008).

Steady vocal folds auto-oscillation is generally associated with small
deformations and thus linear elasticity. Nevertheless, large deforma-
tions associated with non-linear elasticity can occur during abnormal
auto-oscillation or during vocal folds adduction or abduction prior or
following auto-oscillation. To encourage the structural design of multi-
layer silicone replicas, an analytical elastic model approach of the
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(b) multi-layer VF representation

Fig. 1. Schematic overviews: (a) right and left VFs positioning and overall properties — dimensions L., L,, L, mass my and volume Vy , auto-oscillation along the x-direction

(b) multi-layer representation of the anatomical structure for a left VF.

low-strain linear (strains up to ~0.3 Ahmad et al., 2021, 2022) and con-
tinuous non-linear (strains up to 1.55 Ahmad et al., 2023) stress—strain
behaviour of silicone multi-layer composites was recently proposed.
Models are obtained by considering equivalent homogenised compos-
ites as a function of their layers properties (dimensions, low-strain
Young’s modulus € and stacking orientation). The model approach was
extensively validated from uni-axial tension tests on multi-layer silicone
bone-shaped specimens with up to seven layers in the test section
(Fig. 2(b)). As for single layer specimens, the observed deformation for
composite specimens was elastic and no plastic deformation was ob-
served following unloading. Molded silicone composites in Ahmad et al.
(2021, 2022, 2023) were designed in order to assure model validation
and not to represent the composition of multi-layer silicone replicas.
The aim of this work is thus to study the stress-strain behaviour of
multi-layer silicone composite specimens derived from three commonly
used silicone ML vocal folds replicas using uni-axial tension tests and
the analytical model approach. In case that the model approach allows
an a-priori measurement-free estimation of the stress—strain behaviour,
it can be applied to composites representing other silicone VF replicas
so that their stress-strain behaviour can be compared. The current
study aims thus not just at evidence based modelling and character-
isation of the stress—strain behaviour of replica-based specimens, but
is also a first necessary step towards the a-priori structural design of
multi-layer silicone VF replicas in terms of their stress—strain behaviour.
Eventually, this contributes to the development of systematic physical
studies of the auto-oscillation of deformable multi-layer silicone VFs
replicas with normal or abnormal VFs structure. In the long term the
prospect of systematic studies might contribute to predict the effect of
the VF structure on auto-oscillation features related to voice quality and
on the planning of clinical interventions on the VFs structure.

Three molded ML silicone VFs replicas (M5, MRI and EPI) are
detailed in Section 2.1. In Section 2.2, six ML composite silicone bone-
shaped specimens are derived from these three vocal folds replicas.
Experimental stress-strain data, appropriate models and their parame-
ter fitting is outlined in Section 3. The prediction of model parameters
is then outlined in Section 4. Measured and predicted parameter values
and the associated stress—strain curves are discussed in Section 5. The
conclusion is formulated in Section 6.

2. From three ML silicone replicas to six ML silicone specimens
2.1. Three ML silicone replicas: M5, MRI and EPI

Deformable multi-layer (ML) silicone vocal folds replicas aim to
mimic, up to some degree, the anatomical multi-layer representation
(Ep, Su, Li, Mu) of a human VF depicted in Fig. 1(b). In literature,
two-layer (Su and Mu) (Scherer et al., 2001), three-layer (Ep, Su and
Mu) (Tokuda and Shimamura, 2017; Pickup and Thomson, 2010) and
four-layer (Ep, Su, Li and Mu) (Murray and Thomson, 2012) VF replicas
are proposed. Concretely, replicas used in Tokuda and Shimamura
(2017), Bouvet et al. (2020b, 2021) and Van Hirtum et al. (2022)
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Fig. 2. Schematic overviews: (a) multi-layer silicone VF replicas with dimensions (in
mm) L, L.: two-layer M5, three-layer MRI and four-layer EPI. Single layer dimensions
along the x-direction /, are indicated between round brackets (in mm). (b) Bone-shaped
specimen with test section dimensions (in mm) and volume V,,,. The force F direction
(arrows) for uni-axial stress testing is indicated.

Table 1

Overall properties for M5, MRI and EPI replicas and values reported for a male adult
(Hirano et al., 1983; Plant et al.,, 2004; Mobashir et al., 2018; Alexander et al., 2021)
and using soft tissue density 1.03 g/cm® (Riede and Brown, 2013; Titze, 2011): right—
left length L., posterior-anterior length L,, inferior-superior length L., volume Vy
and mass my .

L, [mm] L, [mm] L. [mm] Vyp [mm?] myp [g]
M5 7.9 17.0 10.7 1025 0.96
MRI 13.1 18.0 10.0 1707 1.57
EPI 8.5 17.0 10.2 1079 1.01
Human 7-8 15-25 4-8 610-830 0.61-0.82

— conventionally labelled M5 (two-layer), MRI (three-layer) and EPI
(four-layer) — are schematically depicted in Fig. 2(a). Single layer
dimensions /, (in mm) along the main auto-oscillation direction, i.e. the
x-direction, are given between round brackets. Overall replica proper-
ties shown in Fig. 1(a) are summarised in Table 1 indicating right-left
length L,, posterior-anterior length L,, inferior-superior length L_,
total mass my,  and volume Vy, . As a reference, typical values reported
for the VF of a male adult are given as well (Hirano et al., 1983; Plant
et al., 2004; Mobashir et al., 2018; Alexander et al., 2021; Riede and
Brown, 2013; Titze, 2011).

The low-strain elastic Young’s modulus £ of each layer of these
VF replicas varies in the range up to 65 kPa in order to approximate
elasticity values associated with human VFs layers, i.e. muscle layer
8-29 kPa, ligament layer 10-45 kPa, superficial layer 2-9 kPa and
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Single layer properties for M5, MRI and EPI replicas (Bouvet et al., 2020b; Bouvet, 2019; Ahmad et al., 2021): low-strain
Young’s modulus &, normalised layer length /. /L, and normalised volume V/V) .

£ [kpa] 1./L, [%] YV (%]
Human M5 MRI EPI MS MRI EPI M5 MRI EPI
Muscle (Mu) 8-29 14.4 4.0 23.4 81.0 76.3 75.2 50.0 68.5 38.1
Ligament (Li) 10-45 - - 4.0 - - 11.8 - - 7.6
Superficial (Su) 2-9 4.0 2.2 2.2 19.0 22.9 11.8 50.0 27.5 50.3
Epithelium (Ep) 40-60 - 64.7 64.7 - 0.8 1.2 - 4.0 4.0
14.4 4.0 4.0 2.2 64.7 234 4.0 2.2 64.7
My M b
s, MInvrr,L 18.9 WeprL 8706
é-- £
____6_4_.0_____16_0 —---66.-5-—-- 10.2
s,y Mpry 22.1 Wepry 6.2 3.9
é
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Molded length-based (subscript L) and volume-based (subscript V) bone-shaped silicone composites derived from the multi-layer M5, MRI and EPI silicone replicas

(Fig. 2(a)): (a) two-layer (n = 2) Il,s, and Iy, (b) three-layer (n=3) Il , and Il ,, (c) four-layer (n =4) IVp;, and IV, . Legends specify layer’s low-strain Young’s

modulus &,

i=l..n

epithelium layer 40-60 kPa (Hirano et al., 1983; Alipour and Titze,
1991; Berke and Gerratt, 1993; Min et al., 1995; Chan et al., 2007; Miri,
2014; Zhang et al., 2017; Chhetri et al., 2011). Concretely, all layers
are molded from elastomer silicone mixtures at different mass mix-
ing ratios, i.e. either Thinner-Ecoflex or Thinner-Dragonskin mixtures
(Smooth-On Inc.). The relative mass portion of silicone Thinner is var-
ied up to 8 whereas the relative mass portion of Ecoflex or Dragonskin
is held constant to 2 in accordance with the molding procedure detailed
in Pickup and Thomson (2010), Murray and Thomson (2012), Tokuda
and Shimamura (2017), Bouvet (2019) and Bouvet et al. (2020b). The
low-strain linear Young’s modulus of each silicone mixture is obtained
from uni-axial tension testing on bone-shaped specimens as the one
schematically depicted in Fig. 2(b). In Ahmad et al. (2021, 2022), the
reproducibility of these elastomer silicone mixtures and repeatability
of uni-axial stress-strain measurements at room temperature (21 +
2 °C) was extensively validated for two different uni-axial tension test
methods, ie. using a mechanical press (Instron 3369 series) and a
developed precision loading setup. Elastic deformation was observed
for all mixtures and no plastic deformation was observed following
unloading. Resulting layer properties for the M5, MRI and EPI replicas
(Fig. 2(a)) are summarised in Table 2 in terms of low-strain Young’s
modulus &, normalised layer length /. /L, along the auto-oscillation
direction and normalised volume V/Vy  (Bouvet et al., 2020b; Bouvet,
2019; Ahmad et al., 2021). From Table 2 is seen that layer properties
vary considerably between replicas. Considering the low-strain Young’s
modulus, it is seen that although the order of magnitude observed for
passive vocal folds tissues is respected for all layers, the muscle and
superficial layers increase and decrease with 60% and 81% respectively
when comparing the M5 and EPI replicas.

2.2. Six replica-based bone-shaped ML silicone specimens

Six bone-shaped ML silicone specimens, depicted in Fig. 3, are
molded based on the M5, MRI and EPI replicas shown in Fig. 2(a). Each
specimen consists of a beam-shaped test section (length / = 80 mm,
width 15 mm, thickness 10 mm and volume V,,,, = 12 cm?) in between
two clamping ends as depicted in Fig. 2(b). Specimens with n layers
(n € {2,3,4}) are designed as two-layer (label II ;5 for M5-based, n = 2),
three-layer (label III,;z; for MRI-based, n = 3) or four-layer (label
IV p; for EPI-based, n = 4) composites so that each layer has the low-
strain Young’s modulus £ as indicated in Table 2. All layers are stacked

(in kPa) matching the corresponding Muscle-Mu, Ligament-Li, Superficial-Su or Epithelium-Ep layer in Table 2. Layer lengths /,_, , (in mm) are indicated.

serially, i.e. perpendicular with respect to the force direction shown
in Fig. 2(b). Consequently, each layer has constant width (15 mm)
and constant height (10 mm). Layer lengths /;, with layer index i =
1...n, are imposed either so that /;// matches normalised lengths
I/ L, along the main auto-oscillation direction (length-based, subscript
L) or so that V,/V,,, matches normalised volumes V/V,  (volume-
based, subscript V) as an overall replica property. Table 2 provides an
overview of the corresponding /. /L, and V/V) values for all replica
layers (Mu, Li, Su or Ep). From Fig. 2(a) is seen that the two molded
composites derived from each replica differ considerably in terms of
layer lengths /; (measured with a laser transceiver, Panasonic HL-G112-
A-C5, wavelength 655 nm, accuracy 8 pm). Compared to length-based
specimens (upper row in Fig. 3), volume-based specimens (lower row
in Fig. 3) result in decreased lengths of the muscle (Mu) and ligament
(Li) layer and increased lengths of the superficial (Su) and epithelium
(Ep) layers. Molded composites are labelled 11,5, and II,,5, for the
MS replica, Il g, ; and IITy, ; ,, for the MRI replica and IV p, ; and
IV p;y for the EPI replica. The overall molding accuracy of the layers
yields +0.72 mm, which is within the range previously reported (Ahmad
et al., 2022).

3. Experimental stress—strain data characterisation
3.1. Stress—strain data from uni-axial tension testing

The stress—strain behaviour of the six molded silicone ML specimens
is measured at room temperature (21+2 °C) from uni-axial tension tests
by means of precision loading (Ahmad et al., 2021, 2022). Briefly, the
force—elongation relationship F(4/) along the force direction, indicated
in Fig. 2(b), is measured on vertically placed specimens by fixing the
upper clamping end and adding a known weight m (calibrated scale,
Vastar 500G X 0.01G, accuracy 0.01 g) to the lower clamping end. The
weight is incremented with 2.3 + 1.9 g. The load force 7 for added
mass m is F = m - g, with gravitational constant g, = 9.81 m/s’.
For each weight increment, the specimens elongation 4/ is obtained as
Al = Y7 Al; with Al; the measured elongation of each layer (ruler,
accuracy 0.05 mm). Depending on the specimen, the assessed total
elongation varies between 44 mm and 198 mm, corresponding to a total
added weight between 14.5 g and 125.8 g. Measured force-elongation
data are illustrated in Fig. 4(a). As for specimens assessed in Ahmad
et al. (2021, 2022) elastic deformation is observed for all specimens.



A. Van Hirtum et al.

European Journal of Mechanics / A Solids 101 (2023) 105062

% 15
1 xII]\H)‘,L XX x EIO XIIJ\[;—,.L
&5 sy Xx’ﬁﬁ#‘r*## 22 +ysy
: aleitny b)
& 0x x)ﬁﬁr++++++ < 0 quadratic fits A9 & (;)
0 50 100 150 0 100 150 0
Al [mm] Al [mm] €1
(a) F(Al) (b) A(AL) (c) ot(er)

Fig. 4. Examples of uni-axial stress tests data for M5-based specimens II);5, (x) and IIs, (+): (a) force-elongation data F(4l), (b) area-elongation data .A(4/) and quadratic
fits A9(4l) with R?> = 99% (lines) and (c) stress-strain curves o,(¢,) with best linear fits (lines) to the linear low-strain range ¢, < 0.32 with R?> > 96% corresponding to measured
low-strain effective Young’s modulus &,,, = 8.0 kPa for II),s, (dashed linear slope) and &,,, = 7.2 kPa for II,,5, (full linear slope).

The area—elongation relationship .A4(4/) for each specimen is ob-
tained from measuring the layers midway cross-sectional area per-
pendicular to the force A; (caliper Vernier, accuracy 0.02 mm). The
cross-sectional area A results from the weighted arithmetic mean as
Z:’zl(l,- + AlHA;

I+ Al

The specimens cross-section area A is measured whenever the elon-
gation increment yields 12.6 + 5.2 mm, corresponding to a weight
increment of 6.0 + 5.0 g. A quadratic fit (coefficient of determina-
tion R> > 98%) is applied to the measured .A(4l) data for each
specimen resulting in a continuous approximation .49(4l). Measured
area-elongation data .A(4/) and fitted curves .49(4l) are illustrated in
Fig. 4(b).

Experimental true stress—strain curves o,(¢,) are then obtained from
the instantaneous force-elongation F(4/) and area-elongation curves
A4(Al) as

A= (€Y

F
o; =ﬁ’ (23)
€, =ln(l+I—Al). (2b)

The total elongations measured correspond to the following strain
ranges: ¢, < 1.08 for specimens Il and II5,, ¢ < 049 for

specimens Iy, g, ; and Iz, and &, < 0.44 for specimens IVpp;
and IVgp; .

3.2. Experimental characterisation: best fit stress—strain model parameters

3.2.1. Linear model fitting: low-strain and high-strain Young’s modulus

The effective low-strain elastic Young’s modulus &,,, of each ML
specimen is obtained experimentally as the slope of the linear best fits
to the measured stress—strain data for strains up to upper low-strain
limit ¢, i.e. the elastic low-strain region ¢, < ¢,;, in which the stress o,
is proportional to the strain ¢,, so that

Ot

Eerr = P 3)

expressing linear elastic stress—strain behaviour. The upper limit of the
low-strain range for each specimen, summarised in Table 3, is obtained
as the range for which linear fit accuracy R?> is maximum (Ahmad
et al., 2021, 2022) (R? > 97% holds). The mean and standard deviation
of the overall upper limit of the linear low-strain region yields ¢, =
0.28 + 0.03 which corresponds to an elongation of 37 + 7 mm. This
value is consistent with £, = 0.30 + 0.10 reported in Ahmad et al. (2021)
and ¢, = 0.26 + 0.02 in Ahmad et al. (2022). Examples of experimental
stress—strain data o,(¢,) and associated linear fits (R? > 99%) to the
linear low-strain region ¢, < ¢, are illustrated in Fig. 4(c).

Linear stress—strain behaviour can occur again at sufficiently large
strains, such as observed for biological tissues (Fung, 1967, 2010;
Tanaka et al., 2011), corresponding to the linear high-strain range
eNL < ¢, with eMT denoting the lower limit of the linear high-strain
range and ¢, < eVL. The same way as outlined for the effective low-
strain elastic Young’s modulus &,,, the effective high-strain Young’s
modulus €y; can be obtained as the slope of the linear best fits to
stress-strain curves in the high strain range.

Table 3

Measured elastic low-strain upper limit &,.
L-based £ V-based £
Mysp 0.31 Mysy 0.32
My pr 0.29 My sy 0.25
Weprp 0.25 Wepry 0.26

3.2.2. Non-linear continuous models: best fit two-parameter sets

In Ahmad et al. (2023), measured stress-strain data o,(¢,) for sili-
cone composites are approximated continuously for ¢, < 1.55, covering
the linear low-strain and subsequent non-linear strain range, using
the either an exponential (E) or cubic (C) continuous two-parameter
relationship, which are shown to nearly match for strains up to 1.55
and are given as:

exponential — E: 6,(g,) = A (28 - 1), (4a)
cubic - C: o,(¢)) = ae? +bg, (4b)

with (A4, B) and (a,b) their respective two-parameter sets. The near
match of both continuous relationships is further confirmed considering
measured stress—strain data for the silicone specimens (Fig. 3) as the
accuracy associated with the best fits obtained by minimising the root
mean square error (rmse in kPa) between fitted and measured stress—
strain data yields R*> > 99.9% and rmse < 0.3 kPa. Best fits are
illustrated in Fig. 5 for specimens 11,5 ; and II,,5 ;, for the exponential
(Fig. 5(a)) and cubic (Fig. 5(b)) relationship. In the following, curves
obtained with the best fit parameter estimates (suffix -fit) are denoted
E-fit and C-fit for the exponential and cubic relationship, respectively.
Estimated best fit parameters are denoted (A, B) for the exponential
and (6,3) for the cubic relationship, respectively.

4. Analytical stress-strain model parameter prediction
4.1. Linear low-strain range: predicted effective low-strain Young’s modulus

In Section 3.2.1 is shown that Hooke’s law of linear elastic de-
formation (Eq. (3)) holds in the low-strain range ¢, < ¢,. The linear
low-strain stress—strain relationship is thus characterised by the elastic
Young’s modulus. As each specimen consists out of n serial stacked
layers, Reuss’s hypothesis (Reuss, 1929) of homogeneous stress can be
applied. This implies that the stress ¢, in an equivalent homogeneous
composite and the stress o,;_, , in each layer is assumed constant
so that 6,;_, , = o,. The effective low-strain Young’s modulus of
the equivalent homogeneous composite with length I = 3 [, is
then modelled as the harmonic mean of the layers Young’s moduli &;
weighted with their lengths /; as

é.‘ _ Zf:l Ii
eff = n l; :
=Li(2)

i

(5)

This low-strain model of the effective Young’s modulus was extensively
validated (accuracy 2.4 kPa) for multi-layer silicone specimens (Ahmad
et al., 2021, 2022).
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Fig. 5. Examples of measured stress-strain data for specimens II,;5, (x) and II,;s, (+) and non-linear continuous best fits (dashed lines) with R?> > 99.9% and rmse < 0.3 kPa
using best fit parameters sets of two-parameter relationships: (a) exponential, (b) cubic. Linear low-strain limit ¢, is indicated.

4.2. Linear and non-linear stress—strain range: predicted two-parameter sets

Two-parameter exponential (E) and cubic (C) relationships ex-
pressed in Eq. (4) both hold (Section 3.2.2) for the assessed strain
range comprising the linear low-strain range (¢, < ¢;) and the non-
linear strain range beyond (¢, > ¢;). In Ahmad et al. (2023) two
generic two-parameter sets were derived using the assumption that
both relationships nearly match for strains in the interval ¢, < 1.55.
The assumption is motivated from the experimental characterisation
and from analytical reasoning in Ahmad et al. (2023) and confirmed
for the measured stress-strain data on the six replica-based specimen in
Section 3.2.2. Generic expressions allow to predict the two-parameter
sets (A, B) for the exponential and (a, b) for the cubic relationships in
the strain range ¢, < 1.55.

Firstly, generic two-parameter sets are obtained analytically from
an analysis of the exponential and cubic relationships in Eq. (4). The
resulting generic model-based parameter sets (suffix -M) depend on

Ery as

modelled exponential (A, B) — E-M: (&, 771215, 2.15), (6a)
modelled cubic (a, b) — C-M: (2.53 Eorfr Eopf)- (6b)

It is noted that expressions for a and B satisfy the condition a =
éBZS(e 7/~ This condition, obtained from a third order Taylor series
expansion of the exponential relationship (Eq. (4)), follows from the
assumption of nearly matching exponential and cubic relationships (Ah-
mad et al., 2023).

Thus, from generic model-based parameter sets in Eq. (6) is seen
that values are either constant (for B) or vary linearly with &, Ir (for A,
a and b). These dependencies are then exploited in Ahmad et al. (2023)
to propose another pair of generic two-parameter sets by imposing
either the linear (for A, a and b) or the constant (for B) relationship
to the exponential and cubic best fit parameters estimated on the
stress-strain data curves of 40 silicone composite specimens (with a
low-strain Young’s modulus up to 65 kPa). The resulting overall generic
approximated parameter sets (suffix -A) are thus either constant or
linearly proportional to &,,, and are given as:

approximated exponential (A, B) — E-A: (€, rr /3.03, 2.21), (7a)
approximated cubic (a, b) — C-A: (1.78 Eepps 092, ). (7b)

Both the generic model-based parameter sets (Eq. (6), suffix -M) and
the generic approximated parameter set (Eq. (7), suffix -A) depend only
on the effective low-strain Young’s modulus &, ,, which can be either
modelled (Eq. (5)) or obtained experimentally as the slope of stress—
strain data in the low-strain range ¢, < ¢,; (Section 3.2.1). Consequently,
for both generic two-parameter sets, the non-linear model approach
as a function of &,,, reduces to a one-parameter model approach.
Furthermore, for the continuous cubic and exponential relationships
low-strain, it is noted that linear stress-strain behaviour is obtained
from a first order Taylor series expansion (Ahmad et al., 2023). The
low-strain Young’s modulus in terms of the continuous parameters

is then obtained as the parameter product A B and linear parameter
b for the exponential and the cubic relationship respectively. Thus
concretely, for the generic model-based parameter sets (Eq. (6)) this
yields b = &,,, and AB = &,,, and for the generic approximated
parameter sets (Eq. (7)) this becomes b = 0.92 Eery and AB=0.73¢, rr

4.3. Linear high-strain range: predicted effective high-strain Young’s modu-
lus

In Ahmad et al. (2023), the effective high-strain Young’s modulus
Exy associated with a linear high-strain range ¢l < ¢, is predicted
by considering the local slope of the continuous exponential and cubic
stress-strain relationships (Eq. (4)). Local slopes are obtained from a
first order expansion of the exponential and cubic relationships at eV L
as:

exponential high-strain £y ;: Exp /[, = €® et (8a)

cubic high-strain Ey: Eny/E,;7 =3k(EN)? +1, (8b)

with k = a/€,;, in Eq. (8b). It is found for both the exponential and
cubic stress-strain relationships that £y, is linearly proportional to

& sy withratio Eyp /€, (g,) > 1, Le. greater than one and an increasing

function of the linear high-strain range onset ¢¥*. For the generic
model-based parameter sets (suffix -M) introduced in Eq. (6) B = 2.15
and k = 2.53 holds, whereas for the generic approximated parameter
sets (suffix -A) given in Eq. (7) B = 2.21 and k = 1.78. Thus, for the
generic parameter sets Eq. (9) local slopes are analytically expressed as

for B-M: &y, /€5 =05 €N =12 &y, =858E,, )
(92)
(V=1 &y =859E,/),
(9b)
N =12 &y =9.128,4),
(99)
(NF =12 £y =634E,p),
(od)

for CM: &y /&, =759 (N +1
for B-A: Eyy /€y = 2E "
for C-A: Eny/E,;p =534(N)? +1

where reference expressions for e = 1 are indicated between brack-
ets. For this case (¢¥1 = 1), generic model-based exponential (for E-M)
and cubic (for C-M) parameter sets both result in €y /E,,; ~ 8.58.
Ratios obtained for generic approximated parameter sets are either 6%
greater (for E-A) or 35% smaller (for C-A) than this reference ratio.

5. Stress-strain parameters and curves: measured and predicted

Experimentally fitted (Section 3.2) and predicted (Section 4) model
parameters and resulting stress—strain curves for the three length-based
(prs.z> Wyryr, VEgpr) and three volume-based (I1ysy,, My gy y s
IV pr 1) silicone composite specimens depicted in Fig. 3 are quantified,
compared and discussed.
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Table 4
Measured &,,, and modelled é";f + (Eq. (5)) low-strain Young’s moduli (in kPa).
Lbased &, [kPal &,  [kPa]  V-based €&, [kPal &, [kPa]
Mys., 8.0 9.5 Mysy 7.2 6.2
sz 5.4 3.4 My pry 45 3.3
WVipro 5.7 8.5 WVipry 5.0 3.8
11 ‘ —
9l ° X Eeff * Eepy
Il X
AT x
==, = X X
J X >§
3 ® )
Mars . Masy Magrrz Myrry WVEprnn IVEPLY

Fig. 6. Low-strain Young’s moduli of length-based (Il ,, Iy, , and IVyp, ;) and
volume-based (Iy5y, Iy and IVp; ;) silicone specimens: measured &,,, (X) and
modelled éif/ using Eq. (5) (+).

5.1. Low-strain linear elasticity: effective Young’s modulus £, ,, and é\'e rr

Effective low-strain Young’s moduli characterising the linear elastic
low-strain behaviour are measured as outlined in Section 3.2.1 and
modelled using Eq. (5). Measured &,/ , and modelled :SA‘e s for the three
length-based and three volume-based specimens are plotted in Fig. 6.
and summarised in Table 4. All effective low-strain Young’s moduli,
either measured or modelled vary between 3 kPa and 10 kPa. The
absolute difference |, — g, 7| between measured &, , and modelled
fef s low-strain Young’s moduli ranges between 1.0 kPa and 2.8 kPa.
Thus, overall values and tendencies observed for modelled f‘eff agree
with those observed for measured &,;, and are within the model
accuracy of 3.5 kPa reported previously in Ahmad et al. (2021, 2022).

For modelled £, sr> the impact (ys , IVgp, ) or lack thereof
(Illy;g;) of the imposed ratio (length-based or volume-based as de-
tailed in Section 2.2) is understood considering the harmonic mean in
Eq. (5). The mean depends on individual layer lengths /,_; , and layer
Young’s moduli €,_, , indicated in Fig. 3. For all specimens, Y; is larger
in the muscle layer than in the superficial layer so that shortening the
muscle layer, corresponding to imposing the volume ratio instead of
the length ratio, results in reducing 8: 77+ The decrease is significant
for M5-based (3.4 kPa) and EPI-based (4.7 kPa) replicas. For MRI-based
specimens the decrease is not significant (0.1 kPa) as the muscle layer
is shortened with less than <15% (or <5.6 mm) and in addition &; of the
muscle (4.0 kPa) and superficial (2.2 kPa) layer are of the same order
of magnitude.

5.2. Non-linear continuous models: fitted and predicted two-parameter sets

5.2.1. Continuous model accuracy

The exponential (E) and cubic (C) continuous two-parameter rela-
tionships (Eq. (4)) with predicted parameter sets, i.e. either generic
model-based parameter sets (suffix -M, Eq. (6)) or generic approxi-
mated parameter sets (suffix -A, Eq. (7)), allow to model the stress—
strain behaviour in the range ¢, < 1.55. It is reminded that generic
two-parameter sets reduce to a one-parameter continuous model as
their values depend only on the effective low-strain Young’s modulus.
Measured &, and modelled fe 7 effective low-strain Young’s moduli
were given in Table 4.

At first, measured values &,,, are used to determine the generic
parameter sets for each specimen in order to consider the accuracy
of the generic parameter approach without accounting for errors as-
sociated with the modelled effective low-strain Young’s modulus &.
Modelled continuous stress-strain curves are illustrated for the cubic
relationship in Fig. 7 for specimens Il s 1, /5.y, Iy ppy and IV p; .
For comparison, the model outcome with the cubic best fit parameters
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(C-fit) estimated on the measured stress—strain data is plotted as well.
The accuracy of each curve with respect to the measured data is
indicated (R? in percentage, rmse in kPa) as is low-strain upper limit ;.
For specimens III,z; , and IVgp;,, the measured strain range yields
up to about twice ¢, since ¢, < 0.49. Within this range, both C-M
and C-A curves provide accurate estimates of the measured data as
rmse < 0.39 kPa and R* > 95.6%. This is in particular the case for
the C-M curves for which the associated accuracies approximate the
best fit accuracies (R?> > 99.9% and rmse < 0.03 kPa). For specimens
Il,s ;. and 1T, the measured strain-range is extended, up to about
thrice ¢, since ¢, < 1.08. The C-A curve (R> = 99.6% and rmse =
0.71 kPa) agrees best with measured data for specimen II,,s ; whereas
the C-M curve (R? > 99.6% and rmse < 0.89 kPa) provides the best
estimate for specimen II 5 ;. In general, both the exponential and cubic
curves obtained with &, and either of the generic parameter sets, ie.
model-based (C-M and E-M) or approximated (C-A and E-A), provide a
reasonable accuracy as R? > 93% and rmse < 3.6 kPa for all specimens.
This shows that when the effective low-strain Young’s modulus &,,,
is measured, e.g from uni-axial tension tests in the range ¢, < 0.25,
the non-linear behaviour for larger strains can be modelled without the
need for additional measurements. Thus, the proposed one-parameter
model for the continuous stress—strain behaviour is validated for all six
replica-based specimens within the measured strain ranges.

In the case that the generic parameter sets for each specimen are
determined not from measured &,,,, but from modelled g rrs the
continuous stress—strain behaviour is estimated solely from the compo-
sition of each composite specimen (Eq. (5)) without any measurement
on the composite specimen. As modelled é\'e r brovide a close, but not
exact match to &, (Table 4) the accuracy found for the exponential
and cubic curves for generic parameter sets based on :SA‘E 17 s expected to
reduce. Nevertheless, as for all specimens R? > 79% and rmse < 5.0 kPa
hold, generic parameter sets based on fc 7 still provide an acceptable
accuracy. This is of particular interest aiming for the structural design
of specimens as the approach allows to reasonably predict the overall
stress—strain behaviour without any measurement.

5.2.2. Curves with generic two-parameters sets: strain-range up to 1.55

Generic two-parameters sets are derived for strains up to 1.55 at
most. Beyond this strain limit, the assumption of the nearly matching
exponential and cubic relationships fails (Ahmad et al., 2023). This
full strain range (¢, < 1.55) is used to compare the stress—strain be-
haviour of all six specimens for the cubic relationship. Curves obtained
using generic model-based parameter set (C-M) with measured &,,,
(Table 4) for the length-based and volume-based specimens are plotted
in Fig. 8. As expected, curves for specimens with similar low-strain
Young’s modulus &,,, are in close agreement. This is the case for
specimens IVgp; ; and Il gy ;. (€, -difference of 0.3 kPa or 5%) and
for specimens IV p, ,y and Il g, (€, ,-difference of 0.5 kPa or 10%).
The stress-strain curves increase more rapidly with &, ,, as values of
the generic two-parameter sets increase, so that curves for M5-based
specimens (II,;s; and II,s,) are increased compared to curves for
MRI-based (11l ;, and 11l z; 1) and EPI-based (IVp; 1 and IVgp; 1)
specimens. For the same reason, stresses associated with length-based
specimens are increased compared to volume-based specimens. Thus,
this illustrates that the continuous relationships with generic two-
parameter sets become de-facto a one-parameter model approach, so
that the modelled non-linear stress—strain behaviour can be explained
in terms of their low-strain elastic Young’s modulus.

5.2.3. Linear low-strain elasticity

The low-strain Young’s modulus is related to the parameters of
the exponential and cubic relationships as A B and b, respectively
(Section 4.2). For generic parameter sets, obtained from the low-strain
Young’s modulus, ratios A B/E,,, and b/E,,, are constant:

B_, _b
eff Eery

generic model-based - constant ratio: =1, (10a)
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100
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€t
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Fig. 7. Illustration of measured (x) stress—strain data o,(¢,) and their cubic best fit (C-fit): (@) Iys5,, (b) Iy, (¢) MMy p,, and d) Vg, ). Modelled cubic curves (e, < 1.55)
with generic model-based parameter sets (C-M) and generic approximated parameter sets (C-A) obtained using measured &,,,. Cubic curve accuracies (R? in %, rmse in kPa) and

low-strain upper limit ¢, are indicated.

g 05 0.7 09 1.1 1.3 1.55
&t

(a) L-based

g 0.5 07 09 1.1 1.3 1.55
Et

(b) V-based

Fig. 8. Cubic stress-strain curves o,(¢,) for generic model-based parameter sets (C-M) with measured &,/ ,: (a) length-based specimens (IVyp; ;, Iy g; 1, Mys ), (b) volume-based

specimens (IVyp;y, My gy, 15, ). Mean low-strain upper limit £, = 0.28 is indicated.

AB _ 73,
z

eff

generic approximated - constant ratio: =0.92.

eff
(10b)

Ratios associated with best fit parameter estimates obtained by fitting
the exponential (E-fit, (X,B\)) and cubic (C-fit, (ﬁ,?; )) relationships to
the measured stress—strain data are plotted in Fig. 9. Plotted values vary
between 0.6 and 0.92 and thus less than unity, i.e. the constant for the
generic model-based parameters (Eq. (10a)). Mean values (lines) are
indicated and yield:

best fit - mean ratio: Xﬁ/é‘eN =0.67, E/é‘eff =0.77. (11a)

Standard qeviations are small, 9% (+0.06 for AB /Err) and 12%
(0.09 for b/&,f ), and mean values are of the same magnitude as the
constants of the generic approximated parameter sets (Eq. (10b). Thus
ratios estimated on the data approximate the constant values associated
with the generic parameter sets. Thus, overall fitted ratios confirm that
continuous relationships for generic parameters allow to capture the
low-strain stress behaviour for the replica-based specimens.

1 o ~
0.9 x BE-fit: AB/E.;; o C-fit: b/E.ss
0.77 X
T | — R gits s 5 o e o s
0.6 : x
a5 sy ygro Mlyrry IVeprr IVepry

Fig. 9. Ratios A E/é‘l,/, (x) and /E/é‘l,/, (<) between best fit parameters, obtained
from fitting the exponential (E-fit) and cubic (C-fit) relationships to the measured
stress-strain data, and the measured low-strain Young’s modulus &,,, for length-based
(51, My py, and Vg, ;) and volume-based (15, Iy g,y and IVgp, ) silicone
specimens. Mean values for A E/é‘ef + (dashed line) and /b\/é‘e 7, (full line) are indicated
as well.

5.2.4. Linear high-strain elasticity: effective Young’s modulus and onset
The linear high-strain range is fully characterised by its effective
high-strain Young’s modulus £y, and onset strain ¢é¥L. Concretely,
Eyy is obtained as the slope of a linear fit to interval [¢¥© 1.55]
on the curves obtained from the continuous exponential and cubic
relationships with generic parameter sets (E-M, E-A, C-M and C-A). The
influence of onset strain eM” on the estimated slope and the linear fit
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Fig. 10. Influence of high strain onset ¢~ € {1.00, 1.20, 1.27, 1.35} (subplots) on slope &y, (in kPa) and accuracy (min(R?) in %) of linear fits (grey lines) to intervals [eNE 1.55]
for exponential stress-strain curves o,(¢,) obtained with generic model-based (E-M) and with generic approximated (E-A) parameter sets for specimen IVpp;; (&,,, = 5.7 kPa).
Measured (x) stress-strain data and their exponential best fit (E-fit) are plotted as well. Model and fit accuracies (R? in %, rmse in kPa) and low-strain limit ¢, are given.

30

o C-A C-M + E-A x E-M
25 Eq. (9d) - - Eq. (9b) ~--Eq. (9¢c) —Eq. (9a)
20

EnL/Eesy

T 1.1 1.2 1.27 1.35 144 1.5

(98.39)  (98.96) (99.37) (99.68)

&M (min(R?) [%)])

(99.97)(99.98)

Fig. 11. Ratio (symbols) of the high-strain to low-strain effective Young’s modulus
Eni/E.sp(eN) with €y, obtained as the slope of linear fits (min(R?) in %) to intervals
[eNE 1.55] for €M e (1, 1.1, 1.2, 1.27, 1.35, 1.44, 1.5} on exponential and cubic curves
with generic model-based or generic approximated parameter sets: C-A (), C-M (v),
E-A (+) and E-M (x). Ratios obtained analytically from local slope expressions (Eq. (9))
are plotted (lines) as well. Values (¢N*, €y, /€,;,) (rectangular frames) at which local
and linear slopes match (up to the first decimal place leading to first decimal criterion
FDC) are indicated. Plotted ratios are specimen independent.

accuracy (R?) is illustrated in Fig. 10 for specimen IVpp; ;. Linear fits
to the interval [stN L 1.55] of exponential curves with generic model-
based (E-M) and generic approximated (E-A) parameter sets are plotted
for four different onset strains, e¥1 € {1.00, 1.20, 1.27, 1.35}. The high-
strain linear slope & is indicated for each generic parameter set and
the minimum linear fit accuracy R? for both parameter sets is indicated.
It is seen that regardless of eM*, slopes £y, obtained using generic
model-based (E-M) parameter sets are 26% greater than those found
for generic approximated (E-A) parameter sets. Fig. 10 illustrates that
Eny (with 30%) and R? (from 97.62% to 99.68%) increase with NI,
i.e. when the fit interval is shortened.

A systematic overview of effective high-strain Young’s modulus
&y, normalised with effective low-strain Young’s modulus &,,, as
a function N is provided in Fig. 11. Slopes estimated from linear
fits (symbols) to intervals [etN L 1.55] on exponential and cubic curves
with generic model-based and with generic approximated parameter

sets (C-A, C-M, E-A and E-M), as illustrated in Fig. 10, are obtained
for seven eNT-values between 1 and 1.5. For each ¢V, the overall
minimum linear fit accuracy, which corresponds to values obtained
for exponential curves, is indicated between brackets. The minimum
fit accuracy R*> > 97.62% (or R*> > 98.97% for cubic curves) is
sufficiently large to argue that linear fits provide a good approximation
of modelled non-linear stress—strain curves in the intervals [¢¥© 1.55]
with e > 1. Nevertheless, in order to potentially extend the linear
range continuously beyond the range ¢, = 1.55, a fit accuracy of R? <
99% seems necessary, e.g. when comparing the overlap of modelled
continuous curves and high-strain linear fits for eN* = 1 (R? > 97.62%)
and VL = 1.27 (R? > 99.37%) in Fig. 10. It is noted that plotted ratios
EnL/E, sy obtained on curves with generic parameter sets are specimen
independent due to the normalisation by &, ,

Ratios of linear slopes £y, /€, are further compared to values
resulting from the analytical local slope expressions summarised in
Eq. (9). Normalised local slopes are plotted (lines) as function of gtN L
in Fig. 11 for C-A using Eq. (9d), for C-M using Eq. (9b), for E-A
using Eq. (9¢) and for E-M using Eq. (9a). Values (stNL,fNL/fL,ff) at
which linear and local slopes match up to the first decimal place (first
decimal criterion, FDC) are indicated in Fig. 11 and summarised in
Table 5. It is noted that this criterion indeed ensures that linear fits
are a continuous extension of the non-linear curves, either exponential
or cubic. From Table 5 follows that the exponential relationship with
generic approximated parameter set (E-A) is associated with the largest,
and hence most meaningful, high-strain interval [eN 1.55] with eVL =
1.27. In addition, associated ratios £y /&,, are in between values
found for the cubic relationship with generic model parameters (C-M
and C-A). Moreover, the E-A model results in the best overall model
accuracy (R? = 98 + 3%) (Ahmad et al., 2023). Therefore, the E-
A model approach (€5, ~ 16.7&,/,) is used to estimate high-strain
Young’s moduli £y, for all specimens. Resulting £y, are summarised
in Table 6.

Thus, the potential of a high-strain extension leads to favour the
non-linear exponential relationship (E-A) with generic exponential ap-
proximated parameters A = &,,,/3.03 and B = 2.21. When accounting



A. Van Hirtum et al.

Table 5
Overview of high strain onset £'“ and normalised high-strain Young’s modulus
Eni/E.ss indicated in Fig. 11 obtained with the first decimal criterion (FDC).

FDC applied to eNL EntlEeyy
C-A and Eq. (9d) 1.5 13.2
C-M and Eq. (9b) 1.5 18.5
E-A and Eq. (9¢) 1.27 16.7

E-M and Eq. (9a) - -

Table 6

High-strain Young’s moduli €y, = 16.7&,,,.
L-based Eyr [kPa] V-based &y [kPal
s, 134 Mysy 120
Mypr s 90 My pry 75
WeprL 95 Wepry 84

for a linear high-strain range for ¢, > eMZ, the stress—strain relationship
for the replica-based specimens becomes:

o,(e) = A8 - 1)

=Enp e +AEBSE 1)

NL
fore, <¢'",

for g, > eNL, 12)

with strain onset V1 = 1.27 and effective high-strain Young’s modulus
Enr = 167&,;,. It is noted, that Eq. (12) remains a one-parameter
approach as the stress—strain behaviour can be determined from the
effective low-strain Young’s modulus &, rr-Eq. (12) allows to extent the
one-parameter approach for the replica-based specimens to the linear
high-strain range and thus to remove the strain limit (up to 1.55).

6. Conclusion

Uni-axial tension test data on six composite specimens derived from
three multi-layer silicone vocal folds replicas allowed to validate a
one-parameter continuous non-linear model approach for silicone com-
posites, which allows to explain the stress—strain behaviour from the
effective low-strain Young’s modulus of each homogenised specimen.
The effective low-strain Young’s modulus (between 3 and 10 kPa) is
either measured as the slope of linear low-strain range (up to ~0.28)
or modelled (accuracy between 1 and 2.8 kPa) from the specimens
layer composition. Although that the stress—strain model accuracy is
greater for measured (R? > 93%, rmse < 3.6 kPa) than for modelled
(R*> > 79%, rmse < 5 kPa) values of the low-strain Young’s mod-
ulus, it is shown that in both cases the stress—strain behaviour can
be explained as a function of the composite structure by means of
the effective low-strain Young’s modulus. This implies that the one-
parameter model approach is validated in the low-strain and non-linear
strain region. To potentially extend the model approach beyond the
strain limit of 1.55, a criterion is proposed to identify a linear high-
strain region with onset 1.27 and with effective high-strain Young’s
modulus equal to 16.7 times the effective low-strain Young’s modulus.
This linear high-strain range provides a continuous extension to the
exponential relationship with generic approximated parameter set for
strains smaller than the high-stain onset 1.27. Overall, it is shown that
a one-parameter model approach allows to model and explain the non-
linear stress—strain relationship from its effective low-strain Young’s
modulus and thus to provide a quantitative stress—strain behaviour
comparison of composites used to mold vocal fold replicas. In addition,
the influence of the structural design of silicone composites for vocal
fold replicas with structural changes, either normal or abnormal, on
the stress—strain behaviour can be systematically assessed without any
measurement or with uni-axial testing solely within the low-strain limit
(between 0.25 and 0.32). As so far, no measure-free analytical model
approach was available, the assessed approach is expected to encourage
further research.
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