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Abstract: The mechanical characterization of adipose tissues is important for various medical pur-
poses, including plastic surgery and biomechanical applications, such as computational human body
models for the simulation of surgical procedures or injury prediction, for example, in the evaluation
of vehicle crashworthiness. In this context, the measurement of human subcutaneous adipose tissue
(SAT) and visceral adipose tissue (VAT) mechanical properties in relation to subject characteristics
may be really relevant. The aim of this work was to properly characterize the mechanical response of
adipose tissues in patients with obesity. Then, the data were exploited to develop a reliable finite
element model of the adipose tissues characterized by a constitutive material model that accounted
for nonlinear elasticity and time dependence. Mechanical tests have been performed on both SAT
and VAT specimens, which have been harvested from patients with severe obesity during standard
laparoscopic sleeve gastrectomy intervention. The experimental campaign included indentation tests,
which permitted us to obtain the initial/final indentation stiffnesses for each specimen. Statistical
results revealed a higher statistical stiffness in SAT than in VAT, with an initial/final indentation
stiffness of 1.65 (SD ± 0.29) N/30.30 (SD ± 20) N compared to 1.29 (SD ± 0.30) N/21.00 (SD ± 16) N.
Moreover, the results showed that gender, BMI, and age did not significantly affect the stiffness. The
experimental results were used in the identification of the constitutive parameters to be inserted in
the constitutive material model. Such constitutive characterization of VAT and SAT mechanics can be
the starting point for the future development of more accurate computational models of the human
adipose tissue and, in general, of the human body for the optimization of numerous medical and
biomechanical procedures and applications.

Keywords: abdominal visceral adipose tissue; subcutaneous adipose tissue; biomechanical behavior;
obesity; indentation tests; constitutive modelling; finite element modelling

1. Introduction

The mechanical analysis of adipose tissue (AT) is essential for its role in cosmetics,
wounds, and plastic surgery related to trauma, burn injuries, cancer resections, and congen-
ital deformities [1]. Moreover, the experimental characterization of the mechanical response
of adipose tissue is necessary for a computational model definition, identification, and vali-
dation. The methods of computational biomechanics lead to structural modeling tools that
allow mechano-physical investigations, providing relevant information for the optimiza-
tion of surgical procedures’ design, equipment, prosthetic devices, and for the assessments
related to reliability. Moreover, finite element (FE) models of the abdominal region allow
for the investigation of mechanical functionality, with regard to interaction phenomena
with external systems (e.g., the computational simulation of vehicular crashes) [2–4].
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Abdominal adipose tissue differs in visceral (VAT) and subcutaneous (SAT) adipose
tissue (Figure 1a). There are molecular, cellular, anatomical, physiological, clinical, and
prognostic differences between SAT and VAT [5–7]. VAT is located inside the abdominal
cavity, packed among the organs, and it is composed of several adipose depots, including
mesenteric and perirenal depots, and epididymal white adipose tissue. SAT accounts for
most adipose tissue, approximately 85% of the adipose tissue of the human body, and it is
located under the skin. AT consists of a lobular type of white adipose tissue. Adipocytes
are arranged into lobules with a diameter of approximately 1 mm and separated from
each other by interlobular septa. Interlobular septa are predominantly type I collagen
fiber networks and are several mm in length, with a diameter ranging between 10 nm and
30 µm [8]. The dimension of lobules and the thickness of interlobular septa change among
fat tissues [9–12], with a consequent differentiation of mechanical properties and roles [13].
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Figure 1. (a) Identification of subcutaneous and visceral adipose tissue. (b) Tissue portions of SAT
and VAT were harvested during the laparoscopic sleeve gastrectomy intervention and (c) cylindrical
specimens of 20 mm diameter were cut. (d) Indentation tests involved the use of an indenter spherical
in shape characterized by a 10-mm diameter.

Obesity is a complex disease involving an excessive amount of AT, making it a major
risk factor for diabetes and cardiovascular disease. Subjects with obesity vary in body
fat distribution, metabolic profile, and degree of associated cardiovascular and metabolic
risk [14–16]. Excess in both VAT and SAT contribute to obesity, even if VAT and SAT
differ in structural composition, metabolic activity, functional significance, and mechanical
behavior [17,18].

Various types of mechanical experiments were performed on adipose tissue, using
animal and human models [8,19,20]. Mechanical characterization has been performed
by confined and unconfined compression tests, indentation tests, and shear or tensile
tests [1,8,21–24]. These experiments were adopted to obtain Young’s modulus and shear
modulus in dependence on loading protocol and specimen source. Rheological experiments
were performed to measure the viscoelastic behavior of the tissues [25]. Experimental data
highlight the nonlinear stress-strain response and time-dependent behavior of adipose
tissue. In the literature, constitutive analysis has been performed using hyperelastic or
viscoelastic models [8,26].

Despite the several experimental campaigns proposed in the literature, poor data were
provided regarding the characterization of human VAT and SAT, with a focus on how
obesity affects the mechanical response of the tissues [27]. Here, the reported activities were
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aimed at providing a description of human VAT and SAT properties, with a specific focus
on mechanical behavior. Indentation tests on specimens obtained from subjects with severe
obesity make it possible to discriminate between VAT and SAT mechanics and to evaluate
the influence of subject characteristics, such as gender, BMI, and age, on the mechanical
response. The choice fell on the indentation test because of the structural organization of the
adipose tissue and its laxity does not allow for easy access to samples for tensile tests. More-
over, AT mechanical functions consist of supporting and protecting, hence the mechanical
tests, which mostly preserve the integrity of the tissue and mimic its mechanical action, are
indentation and compression tests [19,24,28]. A visco-hyperelastic constitutive model has
been formulated to describe the mechanical behavior, and constitutive parameters have
been identified by the inverse finite element analysis (FEA) of experimental tests.

The innovations introduced by this work regarding: (i) the mechanical characterization
of human VAT and SAT through experimental tests; (ii) the influence of the subject’s
characteristics on AT mechanics; and (iii) the development of FE models suitable for
interpreting their mechanical responses. These data can be used to improve FE models of
the human abdominal region, providing tools for computational simulations in the medical
and engineering areas.

2. Materials and Methods
2.1. Specimen Preparation

VAT and SAT specimens (Figure 1b) from bariatric patients of Padova University
Hospital were used in the experimental campaign from January 2018 to January 2020.
A total of 19 patients affected by severe obesity and scheduled for laparoscopic sleeve
gastrectomy (LSG) were enrolled (gender 5M vs. 14 F; age 46 ± 11, BMI 46 ± 5 kg/m2). All
patients gave informed consent. The local Ethical Committee approved experimentations
on adipose tissues (Padova Healthcare Ethics Committees, Protocol N◦ 2892P). The criteria
reported in the international bariatric surgery guidelines were respected, and further
restrictions were added, as follows [28,29]: the range of BMI had to be comprehended
between 35 and 60 kg/m2, no contraindications to LSG (i.e., the presence of great hiatal
hernia or severe gastroesophageal reflux disease), and primary bariatric surgery. LSG
respected the standard surgical technique [29–31]. During the operation, approximately
volumes of 2 cm3 of AT in the visceral and subcutaneous regions were harvested. Each
sample was gently cleaned with a cold physiological solution to eliminate tissue debris
and blood remains. Subsequently, samples were stored frozen at −20 ◦C in sealed vials
and thawed before testing [8,20,32]. These storage methods do not alter the mechanical
response of soft biological tissues, as confirmed by previous experiences with human
adipose tissues [20,32]. All the subsequent mechanical tests were performed within three
hours of defrosting at room temperature. During preparation and testing, samples were
continuously moistened with a physiological solution at room temperature.

2.2. Mechanical Testing

Cylindrical samples were obtained by a cutting punch of 20 mm in diameter and
a digital caliper was used to measure sample thickness (mean thickness 9.1 ± 2.3 mm).
Each sample was placed in a cylindrical container (Figure 1c) and indentation tests with a
spherical indenter (10 mm diameter) were conducted. To compare the results of the different
samples, indentation strain was computed as the ratio between the indenter displacement
and the initial thickness of each sample. A Galdabini material testing machine (Galdabini
Cesare SpA, Varese, Italy) (Figure 1d) was used to apply the loading action [33]. Based
on a preliminary evaluation of tissue stiffness, a load cell with a capacity of 100 N and an
accuracy of ±0.1% was adopted.

Before testing, each sample was preconditioned by applying 10 loading-unloading
cycles with indentation strain ranging between 0 and 20% at a 10%/s strain rate. Indentation
tests were developed using a ramp-hold stress relaxation test [33,34]: five consecutive ramps
of 15% indentation strain at 3000%/s strain rate followed by 300 s holds [35] (Figure 2). The
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duration of the resting period was assumed to allow the almost complete development of
relaxation phenomena, taking into consideration the typical values of relaxation times of
soft biological tissues [35–37].
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2.3. Data Elaboration

The analysis of each indentation test allowed for the achievement of the mechanical
response of the tissues at equilibrium and the viscoelastic behavior, which are necessary for
the definition of the constitutive models. The equilibrium behavior occurs at the end of the
relaxation stages or during a continuous straining test if the strain rate is sufficiently low,
when all the time-dependent micro-structural rearrangement phenomena can completely
develop [38,39]. Consequently, force and indentation strain data at the end of the holding
stages led to almost-equilibrium force-indentation strain curves. On the other hand, the
analysis of force-time results during the constant strain stages led to force relaxation
curves [33]. Force-relaxation data were processed to identify the drop of normalized force
with time. The normalized force is defined as the ratio of the force at the current time and
the peak force at the beginning of each relaxation stage.

Concerning each test, the force-indentation strain curve at equilibrium required post-
processing operations aiming to exclude straining data bias due to surface irregularity of the
samples and indenter adjustment along the loading direction. A 0.1 N cutting force value,
as a threshold, was assumed, by considering the load-cell sensitivity. Force-indentation
strain at equilibrium and normalized force-time curves were fitted in Matlab (MATLAB
R2019b, The MathWorks Inc., Natick, MA, USA) by the following exponential formulations:

F(ε) =
c
α
[exp(αε)− 1] (1)

F(t) = 1 − γ1

[
1 − exp

(
− t

τ1

)]
− γ2

[
1 − exp

(
− t

τ2

)]
(2)

where F is the equilibrium force and F is the normalized force, ε is the indentation strain, t
is the time, while c, α, and γ1, γ2, τ1, and τ2 are parameters sets that interpret the nonlinear
elastic behavior and the viscoelastic response of the tissue [33].

For each force-indentation strain curve at equilibrium, the initial and the final indenta-
tion stiffnesses were calculated. In detail, the initial indentation stiffness was defined as the
slope of the curve in the initial phase (0 ÷ 10% indentation strain range), while the final
indentation stiffness was defined as the slope in the quasi-linear region (40% ÷ 50% inden-
tation strain range). Finally, the statistical analysis of force-strain and normalized force-time
curves from all the samples led to an average data about SAT and VAT tissues mechanics.

2.4. Constitutive Analysis

Aiming to provide an effective characterization of VAT and SAT mechanical behavior,
tissue mechanics has to be characterized in the framework of a constitutive formulation.
The constitutive model is a mathematical tool that defines the general stress-strain behavior
of the material. The mathematical formulation involves constitutive parameters, which
characterize the mechanical properties of the tissue. Inverse analysis techniques of experi-
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mental activities allow the identification of such parameters and require the development
of computational models mimicking the testing procedures.

Results showed the nonlinearity and the time-dependence in the mechanical responses
of VAT and SAT, leading to a constitutive model that accounted for visco-hyperelasticity [39].
The Helmholtz free energy function ψ was reported in terms of the right Cauchy-Green
strain tensor C and viscous variables qi. C specifies the instantaneous strain condition,
while qi defines viscous relaxation and dissipation phenomena [40]:

ψ
(

C, qi
)
= W0(C)−

n

∑
i=1

∫ t

0

1
2

qi(s) :
.
Cds (3)

where W∞ is the hyperelastic potential which delineates mechanical response at the equi-
librium, while the integral defines the viscous contribution by means of n viscous branches.
An Ogden formulation was assumed to define the equilibrium response of VAT and
SAT tissues:

W∞
(

λ̃1, λ̃2, λ̃3

)
=

2µ

α2

[
λ̃α

1 + λ̃α
2 + λ̃α

3 − 3
]
+

1
D
(J − 1)2 (4)

where λ̃i, are the iso-volumetric principal stretches and µ, α, D are hyperelastic parameters.
The parameter µ defines the initial shear stiffness, such as G0 = µ. The parameter α de-
scribes the nonlinearity of tissue elasticity, as the increase in elastic stiffness with stretching
phenomena. J is the deformation Jacobian, while the parameter D is the initial volumetric
compliance. To describe the evolution of viscous variables over time, integral formulations
were adopted. They depend on stress-strain history and viscous parameters, as relative
stiffnesses γ∞, γi and relaxation times τi [40,41]:

qi(t) =
γi

γ∞τi

∫ t

0
exp

(
− t − s

τi

) (
2∂W∞(C)

∂C

)
ds (5)

The FE models were developed in order to simulate the experimental lab test. Hence,
the spherical indenter (10-mm diameter) and the cylindrical shaped sample (20 mm di-
ameter, 9.1 mm height) were designed in FE preprocessing software Abaqus CAE 2019
(Dassault Systèmes Simulia Corp., Providence, RI, USA). The indenter was assumed to be a
rigid body (the deformation induced in the indenter by contact with the tissue sample is
meaningless), while a frictionless contact was imposed to describe the interface between
the indenter and the tissues. The discretization of finite elements consisted of 8-node
hexahedral elements. A sensitivity analysis of the mesh discretization was performed by
varying the element size and comparing the results. The best compromise between results
accuracy and computational burden was found by imposing an average mesh seed of 0.8
mm, which led to a 28,000-node model. The simulations consisted of an indentation that
reached 50% deformation, with a strain rate of 3000%/s. The relaxation response was
considered after 300 s of resting. The general-purpose FE software Abaqus Standard 2019
was the FE solver.

The numerical simulations evaluated both the equilibrium force-indentation strain and
force relaxation conditions. The adipose tissues were described with the visco-hyperelastic
constitutive model reported in the previous sections.

The identification of the constitutive parameters was performed by the inverse FEA of
experimental activities. In detail, the minimization of a cost function consisting of the differ-
ence between the experimental data and the computational results was achieved in order
to obtain the optimal constitutive parameters. In the first place, the hyperelastic parameters
were set by only considering the data related to the force-indentation strain response at
equilibrium. Subsequently, the parameters related to the viscosity were extracted from
the analysis of the force relaxation. The viscous branches assumed where to have the best
compromise between the number of parameters and the correct interpretation of the trend
of the experimental data.
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2.5. Statistical Analysis

Experimental data were reported as mean (± standard deviation) according to the data
distribution. Statistical analyses were performed on the initial and the final indentation
stiffnesses. These values were grouped by tissues and by subject characteristics. The
distribution of the variables was evaluated with the Shapiro–Wilk test, and then differences
among groups were evaluated using a 2-sample t-test. A p-value lower than 0.05 was
considered significant. All analyses were performed with the statistical software Minitab
20 (Minitab, 2020).

3. Results

Mechanical tests were performed on VAT and SAT tissues from patients with severe
obesity (Figure 3a). The equilibrium response was obtained for each indentation test
considering the force and indentation strain data at the end of the holding stages (Figure 3b),
while the normalized force-time curves were obtained considering the holding stage of
each ramp (Figure 3c).
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Figure 3. (a) Representative force-time output of a VAT specimen with highlighted equilibrium force
(red circles). Elaboration of experimental data: comparison of experimental data (red circle) and fitted
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The processing of experimental data led to statistical distributions of the force-indentation
strain at equilibrium and the normalized force-time curves, by the mean and standard
error of the mean (SD) (Figure 4), aiming to highlight the nonlinear stiffening with strain
and the viscoelastic behavior of both SAT and VAT. The force relaxation curves showed
the micro-structural rearrangement phenomena, due to liquid component flux and fiber
alignment. The equilibrium force-strain curves were reported in relation to BMI, age, and
gender (Figure 5). The corresponding force relaxation curves were not reported, because
no significant differences were observed among groups.
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Figure 5. Force vs. indentation strain at equilibrium: tests performed on (a,c,e) VAT and (b,d,f)
SAT specimens, and divided into (a,b) male/female subjects, (c,d) subjects with different BMI,
and (e,f) subjects with different ages (mean ± SD).

For each test, the initial and the final indentation stiffnesses of force-indentation strain
curves at equilibrium were determined. A comparison between VAT and SAT showed a
statistical difference for the initial indentation stiffness (Table 1). No statistical differences
were found when the VAT/SAT mechanical response was considered in patients grouped
by gender, age (<50 vs. >50 years), and obesity severity (BMI < 45 vs. >45 Kg/m2) (Table 2).
The normalized force completely relaxed in ∼300 s and followed a two-exponential course.
There were no significant differences between the viscoelastic constants of VAT and SAT.

Table 1. Initial indentation stiffness and final indentation stiffness for VAT and SAT specimens.

VAT SAT p-Value

initial indentation stiffness [N] 1.29 (±0.30) 1.65 (±0.29) 0.003
final indentation stiffness [N] 21.00 (±16) 30.30 (±20) 0.194

p-values less than 0.05 were considered statistically significant and bolded.
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Table 2. Initial indentation stiffness and final indentation stiffness for VAT and SAT in relation to
gender, BMI, and age.

VAT SAT p-Value

initial indentation stiffness [N]

Male vs. Female 1.32 (±0.31) vs.
1.18 (±0.27) a

1.63 (±0.15) vs.
1.65 (±0.32) b

a 0.436
b 0.909

Age
<50 vs. >50 years

1.31 (±0.30) vs.
1.25 (±0.30) a

1.54 (±0.24) vs.
1.69 (±0.30) b

a 0.690
b 0.384

BMI
<45 vs. >45 Kg/m2

1.42 (±0.30) vs.
1.14 (±0.24) a

1.56 (±0.34) vs.
1.75 (±0.17) b

a 0.067
b 0.252

final indentation stiffness [N]

Male vs. Female 21.60 (±16.60) vs.
19.10 (±16.10) a

28.60 (±20) vs.
35.90 (±25) b

a 0.801
b 0.617

Age
<50 vs. >50 years

26.10 (±19.10) vs.
13.21 (±4.50) a

19.10 (±10.30) vs.
35.32 (±22.91) b

a 0.132
b 0.211

BMI
<45 vs. >45 Kg/m2

25.40 (±17.11) vs.
15.90 (±14.30) a

28.51 (±24.32) vs.
32.31 (±18.20) b

a 0.268
b 0.759

p-values less than 0.05 were considered statistically significant and bolded; (a,b) male/female subjects.

The mechanical responses of VAT and SAT showed nonlinear elasticity and time-
dependent behaviors. The visco-hyperelastic constitutive model with two viscous branches
was considered for interpreting the mechanical response of the adipose tissues, with the
final aim of developing computational models. The discrepancies between the average
experimental data and the results from the computational model, with the associated
constitutive parameters, were evaluated using the mean absolute percentage error in terms
of forces. For SAT and VAT, the values of discrepancy at equilibrium were 3.9% and 4.2%,
while for the force relaxation responses were 8.1% and 8.9%, respectively. Constitutive
parameters and computational results were reported in Table 3 and Figure 6, respectively.

Table 3. Visco-hyperelastic constitutive parameters for VAT and SAT.

µ (kPa) α D (kPa−1) γ1 γ2 τ1 (s) τ2 (s)

VAT 12.55 7.23 64.66 0.63 0.27 1.21 47.48
SAT 17.50 10.11 65.66 0.60 0.26 1.41 52.63

The contour of minimum principal stress was reported for the force relaxation analysis
of VAT samples, showing the capability of the tissue to relax stresses during time through
microstructural rearrangement phenomena.
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4. Discussion

Visceral and abdominal subcutaneous adipose tissues contribute to obesity but may
have different metabolic risk profiles. VAT is also associated with prevalent diabetes,
metabolic syndrome, hepatic steatosis, and aortic plaque [18,42,43]. Previous experiments
did not characterize SAT and VAT mechanics, with particular regard to overweight and
obesity conditions. Here, the reported experiments highlight that there are mechanical
differences in stiffness between SAT and VAT tissues belonging to patients with severe obe-
sity. Computational investigations and the identified parameters confirm this observation,
showing major stiffness for SAT compared to VAT. With regard to the micro-structural con-
figuration, human SAT adipocytes demonstrate increased adipocyte hypertrophy relative
to VAT adipocytes, with a consequent cellular stiffening [23]. Moreover, in the extracellular
matrix, collagen IV and laminin are higher in VAT than in SAT, while collagen I and matrix
stiffness of SAT are higher in comparison to VAT [44]. These microstructural characteristics
may explain our mechanical results, with a SAT stiffness larger than the VAT one.

A similar mechanical response is reported for both abdominal adipose tissues in
male and female subjects, while the influence of ageing determines different mechanical
responses for both SAT and VAT. On the contrary, the increase in BMI causes a decrease in
stiffness in both visceral and subcutaneous adipose tissues, probably due to uncontrolled
extracellular matrix (ECM) production [45]. Patients’ BMI ranged from the condition
of severe obesity to the beginning of super obesity [46]. Patients were not affected by
pathologies, other than obesity, which significantly contributes to altering AT mechanics.
The micro-structural rearrangement processes produce stress drop effects and determine the
amplitude and duration of relaxation phenomena. The same typologies of micro-structural
rearrangement processes characterize adipose tissues from different regions, regardless of
the specific loading direction.

In the literature, few studies report the comparison between VAT and SAT mechanics.
Alkouli et al., 2013, evaluated SAT and VAT mechanical responses using tensile tests,
observing major stiffness in tensile loading for VAT compared to SAT [21]. However, some
differences can be found with respect to our study: the mean BMI (30.2 ± 6.4 kg/m2 and
28.9 ± 6 kg/m2) was lower than in our study, and the specimens were mainly obtained from
human cadavers. Rheological methods were used to determine the viscoelastic properties
of diabetic and nondiabetic human VAT and SAT by Juliar et al. 2020. They observed VAT
stiffness being lower than SAT stiffness, as reported in our study. Similar to our results, no
statistical differences were found considering gender, BMI, age, and diabetic conditions
with regard to both VAT and SAT [23].

The time-dependent and nonlinear elastic behavior of AT is confirmed by other stud-
ies. SAT mechanical properties have been evaluated using compression and shear tests
by [19,24]. They confirmed the time-dependent response of the tissue and proposed a
quasilinear viscoelastic model to describe the mechanical response. In their studies, the
mechanical response of porcine AT was found to be stiffer than human ones, pointing out
the relevance of analyzing the mechanical response of AT from the human model. The
viscoelastic mechanical properties of the human SAT have been studied by [47], using a
different experimental test. The abdominal adipose tissue samples belonged to an old
female patient who was subjected to deep inferior epigastric perforator (DIEP) flap surgery.
The experimental tests performed on these specimens consisted of unconfined uniaxial
compression, considering a resting period that permits analyzing the relaxation phenomena.
The mechanical response was described with different constitutive models, which were
able to interpret the nonlinearity of the stress-strain curve and the time-dependent behav-
ior. Similarly, Sommer et al. (2013) analyzed human SAT with biaxial tensile and triaxial
shear tests [1]. Adipose samples were obtained from nine patients subjected to DIEP flap
surgery. The results suggest that human abdominal adipose tissues can be characterized as
a nonlinear, anisotropic, and viscoelastic material. Although the mechanical behavior is
similar, it is difficult to compare these results with those of the reported activities because
the experimental test and the loading conditions, such as the strain rate, are different.
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Furthermore, the tests report the results of patients who underwent DIEP flap surgery
and not a collection of data from patients with obesity. An interesting study has been
proposed by Unanumo et al. (2022), which analyzes the influence of bariatric surgery on
the biomechanical properties of AT in human and animal models. This study reports only
tensile tests, which cannot be compared to our results, however, they confirm the influence
of both obesity and bariatric surgery on the AT mechanical response.

In the literature, the biomechanical properties of abdominal adipose tissues have been
investigated for plastic and reconstructive surgery to support the surgeon’s planning and to
improve surgical outcomes [1]. The current methods for surgery involve artificial material
filling or autologous tissue transplantation. Mechanical data here reported may be relevant
in fat graft injection for surgical reconstruction of soft-tissue deficits, also considering
the intra- and inter-subjects’ variability. More recently, FE models and simulations have
been adopted for the investigation of the risk of abdominal and lower extremity injuries
during vehicular crashes. Adipose tissues have an important role in the transfer of impact
loads and in protecting organs from related injuries [3,48]. These models can be used to
explore the large-scale responses of tissues and organs in clinical and pathophysiological
research. Data on the mechanical response of abdominal adipose tissues can improve the
development of such FE models.

In conclusion, this work permits the analyzation of the differences in VAT and SAT
belonging to patients with severe obesity by performing experimental indentation tests.
Furthermore, the experimental results were exploited for identifying the constitutive pa-
rameters of a nonlinear visco-hyperelastic material model. This mechanical characterization
could be very useful for the development of reliable computation models of the abdomen
able to properly predict the outcomes of medical and biomechanical applications, such
as in the simulation of surgical procedures or injury prediction, e.g., in the evaluation of
vehicle crashworthiness. Nevertheless, the study has some limitations. First, the analysis
has been conducted in a small sample size and it would be interesting to confirm our
observations in a larger population. Second, the specimens obtained from the surgery were
really soft, and the irregularity of the surfaces did not allow us to obtain a geometric shape
for the development of uniaxial compression or tensile tests. Consequently, the developed
experiments assumed indentation conditions only. Future research directions could include
the analysis of AT considering further loading conditions, such as uni- and bi-axial tests or
shear/torsional tests.

5. Conclusions

Here, the reported activities aimed at characterizing human VAT and SAT mechanics,
with particular attention to the population with severe obesity. Constitutive analysis has
been proposed to implement computational models of the abdominal region. Computa-
tional tools can be adopted in the medical areas, e.g., plastic surgery, or the engineering
areas, e.g., for the identification of human body responses during crashes. Experimental
data allows us to obtain information about the influence of subject characteristics, pointing
out intra- and inter-subject variability, for the development of subject-specific FE models.
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