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Abstract: The incidence rate of obstructive sleep apnea hypopnea syndrome (OSAHS) is increasing annually, without
a clear pathogenesis. It is important for interpreting the pathogenesis of OSAHS to research the mechanical proper-
ties of tongue tissues. The goal of this study was to develop a composite constitutive model of the toung to simulate
the tension stress-strain and stress relaxation properties of soft muscle tissues. For this purpose, the Mooney-Rivlin
(MR) constitutive model representing hyperelastic responses and the Generalized Maxwell (GM) constitutive model
were arranged in parallel, representing nonlinear and viscoelastic responses was adopted to create the composite
MR-GM constitutive model. Investigations on 30 fresh tongue specimens were then performed under uniaxial ten-
sion and stress relaxation experiments to validate the MR-GM constitutive model. A comparative study between the
experimental data and the calculated results from the MR-GM constitutive model was conducted on the tension
and relaxation properties. Results show that the developed MR-GM constitutive model can well capture the tension
stress-strain and stress relaxation performances of the porcine tissues with credible and flexible advantages, which
provides an alternative way to represent the mechanical properties of muscle tissues. The porcine specimens show
typical hyperelastic, viscoelastic, and anisotropic characteristics.
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Introduction mechanical properties of various muscles,
including the sternocleidomastoideus muscle
[3, 5], skeletal muscle [6-8], and the pelvic ring

[9], as well as to investigate muscle contraction

According to a relevant survey [1], among
American adults, the incidence rate of OSAHS

is 4% in males, while it is 2% in females. The
incidence rate is on the rise in recent years.
However, the pathogenesis of OSAHS is not
clear for the time being, and most scholars
believe that the obstruction of the pharynx ora-
lis behind the soft palate and the tongue root in
the upper airway results in the disease. To
reveal the pathogenesis of OSAHS and carry
out more in-depth and extensive research, it is
necessary to establish a constitutive model of
tongue soft tissue as numerical simulation has
become an important method in modern medi-
cal research [2]. Mechanical modeling has
been adopted in many fields, such as clinical
medicine, general health, and impact biome-
chanics [3, 4]. A number of high quality studies
in this field have been carried out to capture

[10-12]. Among these studies, simulations with
the finite element method (FEM) are widely
used to predict stress and deformation of mus-
cle tissue. It is well known that the reliability of
such simulations depends on the ability to
model the complex mechanical behavior of soft
tissues and on the identification of associated
constitutive data through experiments, such as
compression [13, 14], tension [15, 16], and
shear experiments [17].

To conduct FEM analysis, the stress-strain rela-
tionship is usually the first consideration. The
stress-strain can be characterized by hystere-
sis, sensitivity of strain rate, non-linear elastic,
viscoelastic, and permanent strains. Hype-
relasticity and viscoelasticity are taken as two
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important properties of muscle tissues [18,
19]. Significant effort has been devoted to
characterizing the mechanical properties of
soft tissues, and various computing models
have been developed to describe their mechan-
ical behaviors [20-24]. The constitutive model
of simulating human tongue tissue has also
been proposed, assuming mostly a hyperelas-
tic material with strain energy approaches [25-
27]. However, few studies have suggested a
constitutive model based on experimental
investigations [28, 29]. Although some consti-
tutive models can capture the gross mechani-
cal behavior of testing specimens, it has been
found that the stress-strain relationship and
the maximum value have certain differences
by comparing these aforementioned experi-
mental studies [30]. For example, the tongue
shear modules are 384 Pa in reference [25],
1400 Pa for tongue tissues at “rest” and 8880
Pa for “active” tongue tissues in reference
[29], and 2670 Pa in reference [27]. Among
these results, the maximum value is more than
20 times the minimum. There might be differ-
ent reasons for these discrepancies, such as
specimen selection, preparation method, real-
ization of the experiments, and evaluation or
interpretation of the results. Therefore, it will be
important and necessary to conduct further
studies to improve the quality of research in
this field.

This study aims to propose a composed consti-
tutive model, namely the MR-GM constitutive
model, which is expected to represent a full
viscoelastic and hyperelastic characterization
of tongue muscle tissues. This constitutive
model will likely be suitable for the desired
characterization because it can accurately cap-
ture the stress-strain behaviors of both the toe
stage and linear stage of muscle tissues [18,
31], and it enables fitting precision to be closer
to reality. Additionally, the proposed constitu-
tive model can capture the stress relaxation
behavior of muscle tissues in different initial
loading stresses using unified material param-
eters. To achieve these purposes, 30 experi-
mental specimens are subjected to uniaxial
tension and stress relaxation testing. Due to
the unavailability of tongue samples, pig tongue
is proposed to be used in this study as the por-
cine muscles are anatomically and physiologi-
cally similar to human muscles [32]. All experi-
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mental specimens are from five-month-old
male pigs. The experimental results are then
used to validate the proposed constitutive
model via systematic comparison between
experimental and calculated tension and relax-
ation data. Results of this study are helpful to
further investigate the pathogenesis of OSAHS,
especially adopting the method of numerical
simulation.

Material and methods
Specimen preparation

Tongue material of four male pigs with an aver-
age weight of 65 kg was obtained after animal
sacrifice. This experiment was approved by
the China Laboratory Animal-Guideline for
Ethical Review of Animal Welfare. Experimental
specimens with the required dimensions were
cut from selected tongues and then immedi-
ately immersed in a saline solution at 4°C
to keep them fresh and prevent degradation
[38]. Cutting specimens with ideal size and
fixed fiber direction is difficult due to the mo-
bility of freshly harvested muscles tissues
and the limited availability of the tissues in the
correct fiber orientation. In this study, the ra-
tios of the length to width and the width
to thickness of the tissue specimens are
designed to be five and three, respectively,
which are considered to be acceptable and
effective experimental dimensions [39]. In
total, 30 specimens of tongue tip, tongue
center, and tongue root, were prepared: 18
specimens for uniaxial tension experiments
and 12 specimens for stress relaxation experi-
ments. Details of the 30 specimens are given in
Table 1.

Experimental protocol

To minimize the influence of rigor mortis on the
results, experiments were conducted within 2 h
after sacrifice [40]. BOSE Electro Force 3220
was adopted as the testing equipment. Force
transducers, with a bearing capacity of 50 N,
accuracy of + 2.5%, response time of less than
5 ps, and drift of < 3% per logarithmic times-
cale, were installed to record experimental
data. The upper extremity was firstly fixed in the
upper jaw. Then, the specimen was submitted
to gravity to reach a vertical position. Finally,
the lower extremity was fixed in the lower jaw.
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Table 1. Specimen design of tongue muscle tissues

Specimens of uniaxial tension experiment Specimens of stress relaxation experiment

. . . Tongue tip Tongue center  Tongue root o Transverse Longitudinal
Tissue direction Description

LxWxT  No. LxWxT No. LxWxT No. ILD  No. ILD

Transverse TT1 50x9x3 TC1 50x9x3 TR1 50x9x3 Tongue center RT1 5.2 RL1 5.2

TT2 50%x10x4 TC2 50x10x4 TR2 50x10x4 RT2 5.8 RL2 5.8

TT3 50x11x5 TC3 50x11x5 TR3 50x11x5 RT3 6.3 RL3 6.3

Longitudinal TT4 50x9x3 TC4 50x9x3 TR4 50x9x3 LxWxT:50x9x3 RT4 7.0 RL4 7.0

TT5 50x10x4 TC5 50x10x4 TR5 50x10x4 RT5 7.4 RL5 74

TT6 50x11x5 TC6 50x11x5 TR6 50x11x5 RT6 8.5 RL6 8.5

Note: LxWxT means length x width x thickness (mm). ILD means initial loading displacement (mm). TT, TC, TR, RT and RL mean tongue tip,

tongue center, tongue root, transverse and longitudinal specimens.

Tongue root Tongue center

Tongue tip

Figure 1. Test specimen: (A) specimen preparation and (B) specimen setup.

To avoid slippage between the tissue and the
clamps, each specimen was attached to sand-
paper tabs using cyanoacrylate cement before
being placed in the experimental equipment
[5]. Specimen preparation and experimental
setup are described in Figure 1. This study was
approved by the ethics committee of the
author’s university.

In the uniaxial tension test, a testing velocity of
0.2 L/100 mm min?* was ensured (L is the ini-
tial specimen length and 0.2 is the deformation
rate) [41]. In the stress relaxation test, the
duration of each measurement and the pause
between subsequent preconditioning indenta-
tions at the same site are set to be 30 s [42],
which require that all measurements are com-
pleted early enough before rigor mortis occurs.
Before the tests begin, a certain loading is
imposed to obtain the required initial geometri-
cal parameters. Saline spray is used to main-
tain the specimen moistness, and the experi-
ments were conducted in the open air with
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room temperature of 25°C. To reach the
required temperature, the tissue specimens
were arranged in the air for a few minutes to
equilibrate with the temperature before tests.
Summary statistics were calculated using a
one-way ANOVA with significance set at P <
0.05 [17].

MR-GM constitutive method

Tongue muscle shows complex nonlinear, time
dependent, viscoelastic, and anisotropic char-
acteristics. The passive response of the mu-
scle tissues is generally hyperelastic and visco-
elastic. The choice of an appropriate constitu-
tive law is usually a key point of modeling
the hyperelastic materials. Phenomenological
models involving strain-energy density func-
tions, which are represented by the neo-
Hookean model, Mooney-Rivlin model, and
Ogden model normally, are frequently adopted
as their good performance of fitting various
phenomena including the onset of instabilities
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[33]. To represent the stress relaxation behav-
ior of viscoelastic materials more rigorously,
the Generalized Maxwell model, namely one
more springs added in parallel with the other
Maxwell elements, is usually used [34]. Thus, in
this study, a composed MR-GM constitutive
model was proposed, with the MR model repre-
senting the hyperelastic responses and the GM
model arranged in parallel representing the
nonlinear and viscoelastic responses. The
stress o0 and strain € of the MR-GM model can
then be expressed:

o=ontovw (1)
ETEHT Cw

where o, and €, are the stress and strain of the
MR model, and o, and ¢, are the stress and
strain of the GM model.

For a conservative system, the elastic Cauchy
stresses are derived from the strain-energy
density function per unit of undeformed vo-
lume W, which can be written in terms of
the principle invariants Ii, 12, and 13 of the ri-
ght Cauchy-Green tensor. Soft materials ex-
hibit small volume changes, so incompressibil-
ity is usually assumed for simplicity [35].
Therefore, I, = 1 is adopted in this study as-
suming tongue tissues are incompressible.
The Mooney-Rivlin strain-energy density func-
tion can be expressed as the following equa-
tion:

W=_c,(,-3)+C,(,-3) 2)

where C, and C, are the material constants
and can be determined by experimental da-
ta. Based on the relationship between the
Kirchhoff stress tensor t; and the Green stra-
in tensor 12 the following equation can be
obtained [36]:

_OW _ Wl AWl WDl g

ti = Vi B Wayy %8}/:7 %a%j
Considering equation of A = 1+y, relation-
ship between the principal stress t and the

principal stretch A is as the following consider-
ing [361]:

w
A,

co (2 OW 1w,
P 2(’1' o )P @

where P is an unknown hydrostatic pressure,
representing incompressible performance and

ti=/1i
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stress insensitivity of hyperelastic materials.
The differences between the three principal
stresses can be expressed as:

-t = 2028 22)( 2+ 2321 (52)
bt = 2(23-B)( S+ A5 ) (5b)
-t =2(23-23)( 9 + 222 (50)

If considering only the uniaxial tension state,
namely t, = t, = 0, then we have A3 = A3 = 1/A,
= 1/A. In this state, the principle invariants can
be expressed:

L=A1+23+A3=2"+2/A (6a)
= AIA5+ 303+ 2345 =20+ 1/A° (6a)
=A835=1 (6a)

Combining Equations (4)-(6), The principal
stress t, can be deduced:

b=2(2-3)c+ ) ™)

where t, is the true stress and can be tra-
nsferred to be engineering stress o (0 =
t/A). Finally, the stress-strain equation of the
MR constitutive model can be expressed
as:

ou=2(2 -%)(c1 + %Cz) 8)

Equation (8) can also be expressed as a func-
tion of the strain €:

9)

ou = 2C1[1+8'ﬁ]+2&[1'ﬁ

For the GM constitutive model, the stress Oy is
given by:

Ove = Epe T =Zl Eicki (10)

where E is the modulus of the spring in the i"
Maxwell element. In the i Maxwell element,
the stress of the spring is equal to the stress of
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Figure 2. Stress-strain curves: (A) Transverse direction and (B) longitudinal direction.

the dashpot, namely o, = 0. Equation (10) can
also be written as:

n devi
ove = Eoe + 2 Ev (11)
i=1 dt

Therefore, the total stress of the MR-GM con-
stitutive model is:

1
o=onwtow= 2C1[1+5'(—2]+
1+e) (12)

dey
at

2C,

1 n
1_m]+t_08+1§1m

In the process of stress relaxation, the tissues
are firstly loaded to a predesigned tension
state, and then loading is stopped to observe
the stress relaxation. It is well known that the
hyperelastic characteristics of soft tissues can-
not reflect relaxation, which can be explained
by its relaxation modulus E, (t):

(13)

doy = 2Cy0+4Cyo
de

EH(t) = 3 + 6Co1

1 1
(1+e) (1+e)*
The relaxation modulus E,(t) is a constant dur-
ing the relaxation process, and the stress will
remain unchangeable over time for the hyper-
elastic model. Consequently, relaxation for the
MR-GM model is mainly dominated by the GM
model. The relaxation modulus E _(t) of the GM
model is represented as:

Eve ( t ) =Eot El EeV™ (14)

where E_ represents the stiffness at initial
time [37]. The stress response with time dur-
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ing relaxation for the GM model can be
obtained:

Ove = fE( t )dS = Eoe t (g Eiet b)e“/”) (15)

Then, the total stress of the MR-GM constitu-
tive model is as follows:

_ 1 1
G_2C1[1+8 (1+s)2]+2C2[1 (1+e)3]+ (16)

Eoe + (;1 Eie+ b>e(—r/m)

In Equations (12) and (16), C,, C,, E, n, and b are
all material constants and can be determined
by experimental data.

Results
Results of tension experiment

The stress-strain relationships of the 18 speci-
mens are shown in Figure 2. It can be observed
that all stresses appear to increase with in-
creasing strain. At the same strain, the stress
of the tongue root is the largest, followed by the
tongue center, and finally the tongue tip, espe-
cially at higher strains. As for the same part of
the tongue tissues, the stresses of transverse
directions are larger than those of longitudinal
directions, indicating that there is a certain
anisotropic characteristic for the muscle tis-
sues, and this characteristic becomes mo-
re significant with growing strains. Generally
speaking, the smaller the stress, the stronger
the viscoelastic characteristics of muscle tis-
sues under the same strain. Therefore, it can
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Figure 3. Stress relaxation behavior: (A) transverse and (B) longitudinal specimens.

be concluded that the viscoelastic characteris-
tics of the tongue tip tissues are the strongest,
followed by the tongue center tissues, and final-
ly the tongue root tissues under the condition
of the same tissue direction. The viscoelastic
characteristics of the longitudinal tissues are
stronger than those of the transverse tissues
under the condition of the same muscle part.

Furthermore, two different change stages,
namely index rising (IR) stage and linear rising
(LR) stage, can be determined. In the IR stage,
stress increases rapidly with power exponent
greater than one, whereas in the LR stage,
stress increases linearly with strain. This phe-
nomenon can also be found by Fung [18].
Based on the experimental data shown in
Figure 3, the separation between the IR and LR
stages can be defined as the strain point of € =
0.2, meaning that the stress-strain relation-
ship is in the IR stage if the strain satisfies
€€[0, 0.2] and in the LR stage if e€[0.2, 0.45].

Results of relaxation experiment

Figure 3 shows the relationship between stress
and loading time of the 12 specimens. All spec-
imens exhibit relaxation effect once they are
loaded into the defined initial status and then
offloaded. The relaxation effect is significant at
the beginning, with the phenomenon of great
stress reduction. After that, the reduction
degree starts to decrease gradually, and finally
no reduction is detected, indicating the comple-
tion of stress relaxation. It is worth mentioning
that the relaxation effect shows a nearly linear
decreasing with increasing initial stress for tis-
sues of the same part with the same dimen-
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sion. The final stress relaxation ratio, equaling
to (0,-0,)/0,%x100%, where o, and g, are the ini-
tial and the final stresses, for the specimens of
RL1, RL2, RL3, RL4, RL5, and RL6 are 30.8%,
28.5%, 24.3%, 22.4%, 20.6%, and 14.6%,
where the corresponding initial stresses are
0.143 MPa, 0.156 MPa, 0.176 MPa, 0.197
MPa, 0.21 MPa, and 0.276 MPa, respectively.
The initial stress is a decisive factor influencing
the final stress for muscle tissues, indicating
that the initial strain should be determined
accurately to obtain a reliable stress relaxation
effect of the tongue specimens.

Discussion

Fitting of the experimental data is performed
with an implementation of the Levenberg-
Marquardt minimization algorithm using two
evaluation indexes: the determination coeffi-
cient R? and the normalized mean square root
error k [43].

Discussion on tension property

MR constitutive model: The material constants
of C, and C, should be determined to perform
MR evaluation, which is finished by linear-
regression analysis of the experimental data-
gram between 1/A and 0,/[2(A-1/A)]. As dis-
cussed in Section 3, there are two change
stages for the tension stress-strain curves, the
IR stage and the LR stage, indicating that the
two constants can be determined by different
linear-regression equations with different
experimental data. Thus, three fitting linear
equations, namely LE_, LE ., and LE, , are
adopted. The linear equation LE_  is from the

Int J Clin Exp Med 2021;14(11):2483-2495
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Figure 4. Fitting based on the MR model. (A) Definition of the material constants of the transverse tongue tip mus-
cle. (B) Experimental versus analytical stress-strain relationships based on the material constants obtained in (A).
(C) Definition of the material constants of the transverse tongue center muscle. (D) Experimental versus analytical
stress-strain relationships based on the material constants obtained in (C). (E) Definition of the material constants
of the transverse tongue root muscle. (F) Experimental versus analytical stress-strain relationships based on the

material constants obtained in (E).

fitting with experimental data of the IR stage
with €€[0, 0.2]. The linear equation LE .. is
from the fitting of the LR stage with €¢€[0.2,
0.45]. The linear equation LE,  is from the fit-
ting with all experimental data. The material
constants of C, and C, are determined and

shown in Figure 4A, 4C and 4E.
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Although the material constants of the MR
model can be determined with two-stage fitting
of IR and LR, these material constants can only
ensure good agreement for the corresponding
IR stage or LR stage. For instance, in Figure 4B,
good fitting between the fitting and experimen-
tal data can be found in the IR stage if using

Int J Clin Exp Med 2021;14(11):2483-2495
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Table 2. Material constants of the MR-GM model determined

by fitting with experiment

mean stress-strain of the speci-
mens are fitted. Table 2 shows the

fitted material constants of the

Case C, C, E, n, n, R? K .
MR-GM model as well as the fitt-
TT1-3 0.5624 -0.5837 0.045 0.037 0.026 0.9710 0.1274 ing errors (R?, k). It can be found
TC1-3 0.5624 -0.5807 0.045 0.035 0.026 0.9952 0.0567 that the MR-GM model can well
TR1-3 0.6724 -0.6737 0.4 0.03 0.026 0.9853 0.0968 describe the tension stress-strain
TT4-6 0.5408 -0.5582 0.048 0.035 0.026 0.9695 0.1251 relationship with acceptable fitting
TC4-6 0.5664 -0.5892 0.043 0.035 0.025 0.9912 0.0743 errors, especially for the tongue cen-
TR4-6 0.5329 -0.5125 0.047 0.028 0.02 0.9834 0.0975 ter and tongue root specimens. For

material constants from '—Ew but in the LR
stage, the fitting is poor with significant discreti-
zation to the experiment data. This pheno-
menon can also be found in Figure 4F.
Consequently, if the material constants from
LEALL are adopted, the fitting curves seem to
exhibit a certain improvement without signifi-
cant discretization with the experiment data,
that is, the fitting curves can reflect the stress-
strain relationships of both the IR and LR stag-
es to some extent. However, the fitting results
are still undesirable. Although the coefficients
of determination R? are obtained to be close to
one, the normalized mean square root errors kK
are somewhat far from the ideal value of zero.
As shown in Figure 4B, the fitting errors of (R?,
K) based on determined material constants of
LE,  are (0.953, 0.163).

Furthermore, it can be detected that the best
fitting can be achieved only when the relation-
ship between 1/A and o/[2(A-1/A?)] is linear. As
shown in Figure 4D, the fitting errors (R?, k)
based on the determined material constants of
LE . LE ;s @nd LE,  are (0.994, 0.063), (0.997,
0.048), and (0.995, 0.058), respectively. In
other words, the MR constitutive model can
credibly reflect the stress-strain relationship of
soft tissues in the above condition with perfect
fitting errors of R? close to one and k close to
zero. Otherwise, there are some difficulties or
imperfections in fitting the experimental data
with the MR model regardless of the methods
used to determine the material constants.
Therefore, it can be concluded that the MR con-
stitutive model has certain limitations in fitting
the hyperelastic stress-strain of soft tissues
since it can guarantee a perfect fitting only in
the condition of a linear relationship between
1/A and g/[2(A-1/A?)].

MR-GM constitutive model: The material con-
stants of the MR-GM model describing the

2490

example, the fitting errors (R?, k)
are (0.9952, 0.0567) for transverse
tongue center specimens and (0.9853, 0.0968)
for transverse tongue root specimens. For the
tongue tip specimens, the normalized mean
square roots are somewhat higher, at 0.1274
and 0.1251 for transverse and longitudinal
specimens, but the corresponding coefficients
of determination are close to one, at 0.971 and
0.9834, respectively. The reason for this phe-
nomenon may be caused by stronger viscoelas-
tic characteristics of the tongue tip specimens
relative to the tongue center and root speci-
mens, indicating that more Maxwell elements
will be needed to capture the tension stress-
strain relationship of muscle tissues with stron-
ger viscoelasticity.

Figure 5 shows a comparison of the stress-
strain among experimental data and theoreti-
cal methods of MR-GM and MR constitutive
models. The material constants of the MR con-
stitutive model are from the fitting equation of
LE, .- It can be found that the fittings of the
MR-GM model to the experimental data are
better than those of the MR model for all the
specimens of tongue tip, center, and root,
meaning good agreement for the MR-GM
model. Values of R? and k calculated by the
MR-GM model are much closer to the ideal val-
ues of one and zero, respectively, than those of
the MR model. For example, the fitting errors
(R?, k) for the MR-GM and MR constitutive mod-
els are (0.971, 0.1274) and (0.953, 0.163),
respectively, in Figure 5A, and (0.9834,
0.0975) and (0.967, 0.141), respectively, in
Figure 5F. So, it can be obtained that MR-GM
model appears to be more reliable of reflecting
the mechanical behaviors of the muscle tis-
sues compared to the MR model.

It can be achieved that the hyperelastic behav-
ior of the tongue tissues can be captured by the
MR-GM model, especially in the IR stage. As
shown in Figure 5, the stress-strain relation-
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Figure 5. Fitting comparisons among experiment data and theoretical methods: (A) Tongue tip-Transverse, (B)
Tongue center-Transverse, (C) Tongue root-Transverse, (D) Tongue tip-Longitudinal, (E) Tongue center-Longitudinal,

and (F) Tongue root-Longitudinal.

ships of the IR stage appear coincidence
between the MR-GM model and the experiment
data, no matter in different parts (tongue tip,
center and root) or in different directions
(Transverse and longitudinal). As for the LR
stage, it can be found that the coincidence of
the transverse and longitudinal tongue center
specimens appears the best (Figure 5B, 5E),
followed by the transverse and longitudinal
tongue root specimens (Figure 5C, 5F), and the
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last the transverse and longitudinal tongue tip
specimens (Figure 5A, 5D). Although there are
some errors between the MR-GM model and
the experiment data because of human opera-
tion in experiment and simplified treatment in
constitutive model, the fitting of the MR-GM
model to the experiment data appear accept-
able and represent the hyperelastic character-
istics well. Thus, it can be determined that the
MR-GM model has excellent capacity for cap-
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Table 3. Material constants determined by MR-GM constitutive

model with relaxation experimental data

mens. Then, based on the
unified material constants,
the stress relaxation of the

Specimen  C, C, E, E, E, T, R? K i

RT1 05753 -0.6328 0.02 0.055 0.015 4.2 0.9947 0.0094 g;)%zfe dspbeym?oen:;s;ut?:g tﬁg
RT2 05753 -0.6328 0.02 0.055 0.015 4.2 0.9850 0.0142 ol (oading strain & and
RT3 0.5753 -0.6328 0.02 0.055 0.015 2.5 0.9946 0.0064  tne material relaxation time
RT4 05753 -0.6328 0.02 0085 0015 3.3 0.9986 00031  constant 7,. Therefore, the
RT5 0.5753 -0.6328 0.02 0.055 0.015 4.2 0.9978 0.0036  MR-GM constitutive model is
RT6 0.5753 -0.6328 0.02 0.055 0.015 4.2 0.9992 0.0010  more flexible and simple for
RL1 0.5753 -0.6328 0.02 0.055 0.015 4.0 0.9974 0.0058 fitting the stress relaxation
RL2 0.5753 -0.6328 0.02 0.055 0.015 4.5 0.9959 0.0074  properties of tongue tissu-
RL3 0.5753 -0.6328 0.02 0.055 0.015 4.0 0.9975 0.0041  €s, and the corresponding
RL4 0.5753 -0.6328 0.02 0.055 0.015 3.5 0.9973 0.0043 results appear to be more
RL5 0.5753 -0.6328 0.02 0.055 0.015 4.0 0.9992 00018 'eliable. The stress relaxation
RL6 05753 -0.6328 0.02 0.055 0.015 4.0 0.9998 0.0006  CUrves shown in Figures 6

turing the hyperelastic behavior of the tongue
tissues.

Discussion on relaxation property

The MR-GM constitutive model is adopted in
this section to fit the stress relaxation proper-
ties of the tongue muscle specimens and the
corresponding material constants. The fitting
constants are shown in Table 3. It is observed
that the stress relaxation characteristics of the
12 specimens can be captured with a high
degree of consistency with the proposed
MR-GM constitutive model. The fitting errors
(R?, k) of both the transverse and longitudinal
specimen tissues are basically equal to the tar-
get optimal values (1, 0). For example, as shown
in Table 3, the R? values of specimens RT1,
RT2, RT3, RT4, RT5, and RT6 are 0.9947,
0.985, 0.9946, 0.9986, 0.9978, and 0.9992,
respectively, and the corresponding k values
are 0.0094, 0.0142, 0.0064, 0.0031, 0.0036,
and 0.0010, respectively. Therefore, it can be
further determined that the MR-GM model has
excellent capacity of capturing the stress relax-
ation properties of the tongue muscles with
reasonable fitting errors.

As shown in Figures 6 and 7, the MR-GM consti-
tutive model can fit all the relaxation properties
of relaxation stress and relaxation function of
the 12 tongue specimens with different initial
loading stresses using a group of unified mate-
rial constants C,, C,, E, E,, and E, (Table 3),
which can be determined from the experimen-
tal data of any one of the experimental speci-
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and 7 reveal good agreement
between the measured data
and the theoretical calculations of the MR-GM
model with the unified material constants, indi-
cating the proposed MR-GM model has an
excellent capacity for capturing both the hyper-
elastic tension behavior and the viscoelastic
stress relaxation behavior of tongue tissues.

Conclusions

A composed MR-GM constitutive model based
on MR and GM constitutive models is devel-
oped and validated by experiment data of
mechanical performance of 30 porcine tongue
muscle tissues. The validated MR-GM model
and corresponding results illuminate new ways
of investing the pathogenesis of OSAHS by
using numerical methods, such as 3D patient-
specific numerical modeling and parameter
influence analysis. The main conclusions are as
follows:

1. The stress-strain and relaxation behaviors of
the porcine specimens can be well fitted by the
developed MR-GM constitutive model. MR-GM
constitutive model is not only better for captur-
ing the tension hyperelastic property than that
of MR constitutive model, but also more flexible
and reliable for capturing the relaxation visco-
elastic performance with unified material con-
stants, which provides an alternative way of
representing the tension and relaxation proper-
ties of muscle tissues.

2. The tension stress of the specimens all
appears increasing with increasing loading
strain. The stress-strain relationship can be
divided into two stages with the separation

Int J Clin Exp Med 2021;14(11):2483-2495
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Figure 6. Comparison curves of the transverse specimens: (A) Stress relaxation and (B) Relaxation function.
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Figure 7. Comparison curves of the longitudinal specimens: (A) Stress relaxation and (B) Relaxation function.

point at € = 0.2, namely IR stage and LR stage. Foundation of China (51878191), the Guang-
In the same strain, mean stresses of the tongue dong Natural Science Foundation (2020A15-
root specimens are the largest, then the tongue 15010994), and the Guangzhou Science and
center specimen and finally the tongue tip technology project of Guangzhou City (2020-
specimen, especially for the larger strains. 32866, 202102010459).

3. Significant stress relaxation effects can be Disclosure of conflict of interest

obtained for all specimens, which show swift

stress reduction at the beginning and then gen- None.

tle reduction after that. The initial loading str-
ess play a key role of affecting the relaxation
effect, and the greater the loading stress, the
smaller the final stress relaxation ratio. A linear
relationship between the initial loading stress
and the final stress relaxation ratio can be
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