journal of the mechanical behavior of biomedical materials 126 (2022) 105043

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of Biomedical Materials

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

ELSEVIER

Check for

Mechanical modeling of lung alveoli: From macroscopic behaviour to cell = [w&s
mechano-sensing at microscopic level

Gabriel Beltran ®”, Daniel Navajas ©“¢, José Manuel Garcia-Aznar "

@ Multiscale in Mechanical and Biological Engineering, Department of Mechanical Engineering, Universidad de Zaragoza, Zaragoza, Spain
Y Aragén Institute of Engineering Research, Zaragoza, Spain

¢ Facultat de Medicina i Ciencies de la Salut, Universitat de Barcelona, Barcelona, Spain

4 Institute for Bioengineering of Catalonia IBEC, The Barcelona Institute of Science and Technology, Barcelona, Spain

€ CIBER de Enfermedades Respiratorias, Madrid, Spain

ABSTRACT

The mechanical signals sensed by the alveolar cells through the changes in the local matrix stiffness of the extracellular matrix (ECM) are determinant for regulating
cellular functions. Therefore, the study of the mechanical response of lung tissue becomes a fundamental aspect in order to further understand the mechanosensing
signals perceived by the cells in the alveoli. This study is focused on the development of a finite element (FE) model of a decellularized rat lung tissue strip, which
reproduces accurately the mechanical behaviour observed in the experiments by means of a tensile test. For simulating the complex structure of the lung parenchyma,
which consists of a heterogeneous and non-uniform network of thin-walled alveoli, a 3D model based on a Voronoi tessellation is developed. This Voronoi-based
model is considered very suitable for recreating the geometry of cellular materials with randomly distributed polygons like in the lung tissue. The material
model used in the mechanical simulations of the lung tissue was characterized experimentally by means of AFM tests in order to evaluate the lung tissue stiffness on
the micro scale. Thus, in this study, the micro (AFM test) and the macro scale (tensile test) mechanical behaviour are linked through the mechanical simulation with
the 3D FE model based on Voronoi tessellation. Finally, a micro-mechanical FE-based model is generated from the Voronoi diagram for studying the stiffness sensed
by the alveolar cells in function of two independent factors: the stretch level of the lung tissue and the geometrical position of the cells on the extracellular matrix
(ECM), distinguishing between pneumocyte type I and type II. We conclude that the position of the cells within the alveolus has a great influence on the local stiffness
perceived by the cells. Alveolar cells located at the corners of the alveolus, mainly type II pneumocytes, perceive a much higher stiffness than those located in the flat
areas of the alveoli, which correspond to type I pneumocytes. However, the high stiffness, due to the macroscopic lung tissue stretch, affects both cells in a very
similar form, thus no significant differences between them have been observed.

1. Introduction

The extracellular matrix (ECM) stiffness of the lung parenchyma
plays a key role in the alveolar cell behaviour and in their critical
functions as migration, contraction, cell division and differentiation
(Engler et al., 2008; Sunyer et al., 2016; Klein et al., 2009; Mathur et al.,
2012; Elosegui-Artola et al., 2017). The lung ECM is subjected to me-
chanical stretching during breathing, which results in changes in its
stiffness due to the strong non-linear mechanical response of this tissue.
These changes in the ECM stiffness are sensed by the alveolar cells,
regulating their specific cellular behaviour. Therefore, the stiffness of
the alveolar cell microenvironment is governed by the macro-scale
mechanical state of the lung tissue. In addition, the study of the alter-
ation of matrix mechanics is of particular interest, because it has been
proved that it is correlated with severe respiratory diseases (Suki and
Bates, 2008; Zhou et al., 2018). ECM stiffening is a hallmark of lung

fibrosis (Melo et al., 2014; Ebihara et al., 2000) and alterations in the
mechanical properties of the cells’ microenvironment have been linked
to lung cancer (Puig et al., 2015; Miyazawa et al., 2018; Tilghman et al.,
2010; Jeong et al., 2018; Navab et al., 2016).

In the literature, there are different experimental and computational
works that have aimed to characterize the mechanical behaviour of lung
tissue. So, the macro-mechanical response of the lung tissue has been
studied for both tensile (Navajas et al., 1995; Yuan et al., 2000) and
compression tests (Andrikakou et al., 2016), while the mechanical
response at the micro scale has been mainly studied by means of AFM
tests (Luque et al., 2013; Polio et al., 2018). In addition, there are
different computer-based models focused on the understanding of the
macroscopic behavior of lung mechanics. In these works, different ma-
terial models were developed, which predict the mechanical response of
the lung tissue by defining energy density functions of complex
hyperelastic models (Bel-Brunon et al., 2014; Rausch et al., 2011;
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Eskandari et al., 2019) as well as Finite Element (FE) models of the
whole lung obtained from CT images in order to analyse the strains
during the breathing (Sarabia-Vallejos et al., 2019; Villard et al., 2005;
Li and Porikli, 2014). Other works have been based on the reconstruc-
tion of the geometry of a network of alveoli by means of simplified
models, where the alveoli were modelled by means of regular polyhedra
resulting in a homogeneous geometry (Roth et al., 2017; Karami et al.,
2017) or even models where the response of a set of alveoli is repro-
duced using analytical models (BouJawde et al., 2020).

More recently, a combination of computer simulations and experi-
mental measurements have been integrated in order to characterize the
multiscale mechanical properties of lung tissue of a rat (Jorba et al.,
2019). In this previous work, the micromechanical behaviour of decel-
lularized rat lung tissue was measured experimentally by means of AFM
tests. From these experimental results, a hyperelastic material model
was defined for simulating the non-linear mechanical response of the
ECM lung tissue in the micro scale. The macro mechanical response of
decellularized lung was also measured experimentally through tensile
tests. The stiffness exhibited by the lung tissue at the macro scale was an
order of magnitude lower than that observed at the micro scale. With the
support of FE-based simulations, it was concluded that scale-stiffness
dependency is due to the highly porous structure presented by the
lung tissue. Therefore, the strain supported by the lung tissue during
breathing is directly related to the mechano-sensing signals perceived by
the alveolar cells through the changes in the local matrix stiffness.

Therefore, in this work we propose a microstructural FE-based model
to advance in the understanding of how alveolar cells (type I and type II
pneumocytes) are able to sense local stiffness. For this aim, we create a
3D FE model that reproduces the complex and porous microarchitecture
of a lung tissue strip, assuming that this microarchitecture is following a
3D Voronoi tessellation. In order to validate this microstructural-based
model, we simulate the macroscopic mechanical response correspond-
ing to a tensile test.

2. Materials and methods

In this work, a theoretical multiscale study of the mechanical
response of a decellularized rat lung tissue is developed. Therefore, two
different models are defined: one corresponding to the macro scale and
other to the microstructure. As it will be discussed below, these models
are interconnected because the micro-scale model is derived from the
macro 3D model of the lung tissue strip.

Thus, this description is based on two main subsections. On the one
hand, we create a 3D model that faithfully reproduces the experimental
mechanical response obtained for a strip of lung under a tensile test,
using a microstructural-based model that recreates its micro-
architecture. On the other hand, based on this microstructural model,
we simulate the way that alveolar cells are able to perceive the local
stiffness as a function of its position in a single alveolus.

2.1. Microstructural-based model following 3D Voronoi tessellation for
macroscopic modelling of a uniaxial tensile test

Here we generate a 3D strip lung model that faithfully reproduces
both the microstructure of the lung tissue and its mechanical response
under an uniaxial tensile test.

The mechanical response of a porous material mainly depends on: 1)
the pore microstructure including pore size and pore topology, 2)
properties of the bulk material, and 3) the relative density of the ma-
terial (Markaki and Clyne, 2001). From the previous work (Jorba et al.,
2019), the mechanical properties of the bulk lung material were
measured by means of AFM tests, and this behavior was modelled trough
a hyperelastic Yeoh material model. In this work (Jorba et al., 2019) the
average wall thickness and the average diameter of the alveoli were also
measured, obtaining a value of 6.6 pm and 50 pm respectively. There-
fore, the bulk material, the thickness alveoli wall and the diameter of the
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alveoli were obtained previously and are considered in the generation of
the 3D strip porous lung model.

The lung parenchymal strip structure is an interconnected 3D
structure of thin-walled alveoli, which presents a heterogeneous and
non-uniform geometrical configuration. Therefore, the three-
dimensional model to reproduce the mechanical behaviour of the lung
ECM strips must include these particular geometrical characteristics. In
this case, we have modelled the macro model of the lung strips by means
of a 3D model based on Voronoi tessellation to describe its
microarchitecture.

The Voronoi diagram is a mathematical model that consists on the
decomposition of a metric space in regions, associated to a cloud of
points, in such way that each point is assigned a region of the metric
space, formed by the space that is closer to it than to any of the other
points (Okabe et al., 2000). This mathematical model is considered very
suitable for reproducing the geometry of porous materials with
randomly distributed regions (Burtseva et al., 2015; Fantini et al., 2016).
In this case, the points on which regions are defined are the geometric
centres of the lung alveoli. The methodology used in order to obtain a 3D
model based on Voronoi diagram, which reproduces accurately the
mechanical response of the lung strip under an axial test, is described
below.

The dimensions of the lung strip used in the experimental tensile test
were approximately 7x2x2 mm (Jorba et al., 2019). The model corre-
sponding to these dimensions would have implied a very high compu-
tational cost, due to the large number of Voronoi regions generated.
Therefore, a model with shorter dimensions, but with the same aspect
ratio as the original strip, was defined. Thus, the 3D model of the lung
tissue specimen consists of a hollow rectangular parallelepiped with 2.8
mm of length, 0.7 mm of width and 0.7 mm of height, which is divided
using the Voronoi tessellation (Fig. 1), defining the number of regions
(alveoli in this case) in which the model is defined.

In order to estimate the micro-architecture associated to the alveoli
of the 3D strip lung model that better predicts the macroscopic behavior
of lung tissue, we use an iterative process of trial and error that fits the
numerical results to the experimental ones until a minimum criterion
error is met. This iterative process consists of the following phases: 1)
Generation of the 3D model based on Voronoi regions, 2) Mechanical
simulation of the tensile test of the lung tissue, and 3) comparison of the
experimental and numerical stress-stretch curve obtained. To evaluate if
the numerical results correlates with the experimental data, we compare
the R? coefficient of determination. If this value is higher than a
threshold level (0.95), it means a good fitness of the model. If the co-
efficient is lower than the threshold, a new analysis is developed and
then a new number of Voronoi regions is set and the process is repeated.
A scheme of this procedure is shown in Fig. 2.

0.7 mm

Fig. 1. A hollow rectangular parallelepiped of 2.8x0.7 x 0.7 mm is divided in
Voronoi regions in order to generate the 3D model of the lung strip.
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Fig. 2. Scheme of the methodology applied for obtaining a 3D lung strip model based on Voronoi regions. The iterative process of trial and error in order to obtain
the 3D lung strip model is based on three phases; 1) Generation of the Voronoi 3D model for a given number of alveoli, 2) Mechanical simulation of the tensile test of
the lung strip 3) Evaluation and comparison of the numerical and experimental results. If an accurate fitting is not achieved, a new number of alveoli is defined and a

new 3D Voronoi model is generated again.

The first phase of the methodology consists of designing a 3D model
of the lung strip based on the Voronoi diagram. The input parameter for
the model generation is the number of Voronoi regions, which corre-
sponds to the number of alveoli. In this case, an initial value (starting
point) of the number of Voronoi Regions was estimated from an
equivalent diameter of 50 pm, which was experimentally measured
(Jorba et al., 2019). This initial model showed a higher stiffness under
the tensile test than experimentally observed. From the number of
alveoli, the 3D model is created using the software Rhino 6, which in-
cludes a tool that allows to distribute randomly the points, which in this
case are the geometrical centres of the alveoli, within a closed volume,
and to divide this volume applying the Voronoi tessellation.

In the second phase of the iterative process, a mechanical simulation
of the tensile test of the lung tissue strip is performed. The 3D model of
the lung string is imported to the commercial software Abaqus and the
corresponding finite element (FE) model is defined, including the mesh,
boundary conditions and the material model.

Regarding to the FE discretization, the model is meshed with trian-
gular shell elements with a thickness of 6.6 pm, which corresponds to the
rat alveolar wall thickness (Jorba et al., 2019) (Perlman and Wu, 2014).

Due to the non-linear mechanical behaviour presented by the lung
tissue, an hyperelastic material model is assumed for characterizing its
mechanical response. In this case the hyperelastic material model
selected is the Yeoh model (Jorba et al., 2019), which strain energy
density function is written as:

3
_ P
W= Zl: Co(l; —3) + D—I(Je, -1y (¢

The first term in Equation (1) corresponds to the or distortional
elastic response and the second term to the volumetric (or dilational)
elastic response. I; is the first deviatoric strain invariant and J the elastic
volume ratio. Cjp and D; are material constants that characterize the
isochoric and volumetric elastic response, respectively. The material
parameters for the Yeoh model used in the simulations for the lung tissue
are summarized in Table 1 (Jorba et al., 2019).

This material model was obtained in a previous work (Jorba et al.,
2019), in which the response of lung tissue was characterised at the

Table 1
Parameters of the Yeoh hyperelastic material model for the lung tissue (Jorba
et al., 2019).

Cyo [kPa] Cyo [kPa] Cao [kPa] D; [kPa ']

1.3 8.9 26.2 0.009

micro-scale using AFM tests. This characterisation was performed on
tissue samples in the order of microns (pm), thus the mechanical
behaviour measured corresponds to the local tissue response.

The boundary conditions for numerically simulating the macroscopic
tensile test of the lung strip are displayed in Fig. 3.

On the right of Fig. 3, it could be observed that a reference point is
defined at one end of the model. The nodes placed at this end of the
model are connected to this reference point by means of MPC (Multi-
point constrains), thus all the degrees of freedom of the nodes are con-
strained to this reference point. The axial displacement, uy, is defined on
this reference point while the rest of the displacements and rotations are
fixed. The maximum uniaxial displacement uy applied on the model is
0.6 mm, which corresponds to a deformation of &, = 21.4%. The nodes at
the other end (on the left of Fig. 3) remains fixed on X-axis during the
simulation.

In order to compare the numerical results with the experimental
ones, the axial reaction force (RF,) and the axial displacement (uy) are
recorded during the simulation. From these parameters the stress (¢) and
the stretch (1) are calculated by means of the following expressions
(Equation (2) and Equation (3)):

RF,
=—1 2
° A() ( )
gt 3)

lo

where Ay is the initial cross-sectional area and [y is the initial length of
the model. In this case the initial length () is 2.8 mm and the initial
cross-sectional area (Ap) is 0.7x0.7 = 0.49 mm?.

In the third phase of the iterative process, the numerical and
experimental curves of stress (¢) vs. stretch (1) are compared. At this
point, it should be noticed that experimental results used in this com-
parison were obtained from tensile tests on rat lung tissue strips in a
previous work (Jorba et al., 2019). If the numerical curve does not fit
properly with the experimental one, a new number of alveoli is recon-
sidered and the iterative process starts again in phase 1, generating a 3D
model with the new number of Voronoi regions.

Once this process has been carried out for a set of alveoli number, an
accurate numerical-experimental correlation was obtained for a number
of 1000 Voronoi regions (with a RZ= 0.979), i.e. number of alveoli into
which the prism is divided for the model generation. A scheme of the
fitting methodology applied in this work is included on the supple-
mentary material section.

From this point, this model based on 1000 Voronoi regions is
considered the lung strip 3D model on the macro scale. The 3D lung strip
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Reference
Point (RP)

Fig. 3. Boundary conditions applied for reproducing the tensile test of the lung strip. One end of the lung tissue model (left) is fixed on X-axis. On other end, an axial

displacement (X-axis) is applied in order to reproduce the tensile test (right).

model was meshed with three-node triangular shell elements. This mesh
consists of 819354 elements and 388429 nodes. The simulation of the
tensile test was performed in a static single step. A sensitivity analysis of
the mesh of this macroscopic model has been developed and the results
obtained have been included in the supplementary material section.

2.2. Micromechanical environment of alveoli lung cells simulation

2.2.1. Micromechanical model description

The global strain supported by the lung tissue on the macroscale
induces stiffness variations on the ECM due to its non-linear behaviour.
These changes in ECM stiffness act as mechanosensing signals “sensed”
by the lung cells. This process is based on lung cells sensing the me-
chanical properties of ECM by means of contractile forces through focal
adhesions (Kim and Wirtz, 2013), which generate microscale de-
formations in the surrounding microenvironment. This cell-matrix
interplay is what we aim to reproduce by means of the micro model
described below.

This micro-model is focused on a few number of alveoli in order to
study the micromechanical environment sensed by the alveolar cells at
different locations. At this point, it should be noticed that alveolar sur-
face area is mainly covered by two different epithelial cells: type I and
type II pneumocytes. Type I pneumocytes are extremely flat and occupy
95% of the surface area of the alveolus, while type II pneumocytes are
small cuboidal cells, which usually reside in the corners of the alveolus,
covering roughly 2% of the alveolar surface area (Ciechanowicz, 2019).

In this work, two independent factors influencing the stiffness sensed
by the alveolar cells are analysed by means of mechanical simulations
with the FE micro-model: i) the global strain to which the lung tissue is
subjected and ii) the geometrical position of the lung cell within the
alveolus, distinguishing between type I and type II pneumocytes.

The FE micro-model is created from the final 3D model based on
Voronoi regions according to subsection 2.1. This simplified model is
composed by a few alveoli, which allow to obtain a greater precision in
the area of interest and to reduce the computational time (Fig. 4). Due to
this simplified model is derived from the 3D Voronoi model, the material
properties and the elements in this analysis are the same described in the
previous section except in the areas of interest of the adhesion of the cell
on the ECM, where a finer mesh has been redefined. The FE micro-model
which corresponds to the pneumoctye type I is based on 3245 three-
node triangular shell elements, 18358 four-node shell elements and
16733 nodes. For the case of the pneumocyte type II, the FE model is

A)

Fig. 4. A simplified model is derived from the fitted Voronoi 3D model.

defined by 2772 three-node triangular shell elements, 18344 four-node
shell elements and 17050 nodes.

2.2.2. Mechanical loading

The FE simulations for the micromechanics model are composed by
two load steps: Step 1) A biaxial deformation is imposed on the micro
model in order to reproduce the expansion of the lung tissue during
breathing. Step 2) Cell contraction is reproduced once the studied
deformation level is reached. These two steps are detailed below.

In step 1, the lung expansion is reproduced imposing a perpendicular
displacement for each one of the four flat surfaces of the simplified
model, resulting in a biaxial deformation on the YZ plane. (Fig. 5). These
four flat surfaces have been added in order to close the alveoli which
were open to the outside in the Voronoi macro model. These flat surfaces
allow a better distribution of the reaction forces after imposing the
perpendicular displacements and improve the convergence of the anal-
ysis. The value of the four displacements is the same within the same
case study, u, = uy, and the level of expansion of the lung tissue is
defined as 2*u,. In this study are considered four expansion levels: O pm,
40 pm, 100 pm and 140 pm, which correspond to the following nominal
strains (eg): 0%, 5.7%,14.3% and 20%. The displacements are uy = 0 and
uy = 0 for the two faces parallel to the XY plane and uy = 0 and u, = 0 for
the two faces parallel to the XZ plane. These boundary conditions are
summarized on Fig. 5.

Once the lung expansion is simulated in step 1, the cell contraction is
simulated on the second step. For this simulation, two study regions
have been defined for analyzing the ECM stiffness sensed by the pneu-
mocytes: 1) flat region, which corresponds to the type I pneumocyte (see
Fig. 6A) and 2) corner region, which corresponds to the type II pneu-
mocyte (see Fig. 6B). These two regions are defined by projecting a
circumference of 4.5 pm radius on the surface of the alveolus in the
corresponding position. It is assumed that a diameter of 9 pm is repre-
sentative for both cell types (Young et al., 1991), thus allowing a direct
comparison of the results obtained in both regions. It should be
remarked that both regions are placed in the same alveoli.

In the step 2 a radial displacement (Uy,q) is imposed on the
circumference projected on the surface of the alveolus in order to
reproduce the cell contraction on the ECM. The boundary conditions
defined on the step 1 remain fixed in this step, in order to keep the
biaxial deformation state reached. The radial displacement of the ECM is
defined in the direction of the centre of the projected circumference and
its value has been fixed in 0.1 pm, which represents approximately a 1%
of the total diameter of the circumference. This aspect is part of hy-
pothesis assumed in this work due to: 1) the difficulty of obtaining
experimental data on cell contractions and 2) the main objective is to
compare, for the same radial displacement value, the stiffness felt by
type I and type II pneumocyte.

At the end of this simulation, the radial reaction forces (RFaq) are
evaluated for each study case. A scheme of this step is displayed on
Fig. 5.
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Step 2: Cell contraction

Pneumocyte type | Pneumocyte type Il

Fig. 5. Step 1: Boundary conditions applied on the micro-model in order to reproduce the lung expansion. Step 2: Boundary conditions applied on the projected
circumferences for type I and II pneumocytes. A radial displacement (arrows) on the circumference in the direction of its centre is defined in order to reproduce the

radial contraction.

A)

B)

Fig. 6. A) Circumference projected on a flat region of the alveolus for model-
ling the pneumocyte type 1. B) Circumference projected on a corner region of
the alveolus for modelling the pneumocyte type II.

3. Results
3.1. Macroscopic model results

The comparison between the numerical and the experimental results
for the rat lung tissue strips tensile test is shown in Fig. 7A.

As it can be observed, an accurate numerical-experimental correla-
tion is obtained for the axial mechanical response of the lung strip
model. The corresponding alveolus diameter for the case of 1000 Vor-
onoi regions, calculating the volume of an alveolus as the volume of a

A) B)

sphere, is 68 pm.

Measurements of rat lung alveolus diameter have also been evalu-
ated in previous works. In the work of Faffe et al. (2012), the alveolar
diameter estimation was 55.8 pm while in the work of Wu et al. (Wu and
Perlman, 2012), the value of alveolar diameter obtained was 69 pm.
Therefore, the alveolus diameter value of the macroscopic model is very
similar to the values experimentally measured.

In Fig. 7B is shown the maximum principal stress distribution [MPa]
obtained in the final Voronoi 3D model for an imposed displacement of
0.6 mm.

The porosity of the final model is 84.75%. and the corresponding
methodology applied to obtain this porosity value is detailed in Sup-
plementary material section. Experimentally, a tissue fraction ratio of
0.17 has been measured in non-decellularized samples of human lung
obtained from autopsy using 3D micro-CT imaging (Kampschulte et al.,
2013), i.e. a porosity of 83%. Despite the differences that could exist
between the geometry presented by a rat lung and a human lung, the
result obtained in the Voronoi model is very consistent with this porosity
value. This fact reinforces the idea that the scale dependence of stiffness
(between the micro and macro scale) is mainly due to the porous ar-
chitecture of the lung parenchyma (Jorba et al., 2019).

3.2. Micromechanical model results

The results obtained after the two loads steps obtained for a biaxial
strain of eg = 14.3% (expansion level of 100 pm) are displayed on Fig. 8.
The radial displacement (Urq) and the radial reaction force (RF;aq)
distribution obtained are shown in Fig. 8A and B for pneumocyte type I
and in Fig. 8C and D for pneumocyte type IL. It should be remarked that
these distributions are projected according to a cylindrical coordinate
system, whose origin is located at the geometrical centre of the projected
circumference in both pneumocyte types.

As it can be observed, the distribution of maximum principal stress
for the type I pneumocyte (Fig. 8B) is significantly more homogeneous
than for the type II pneumocyte (Fig. 8D).

Tensile Test

0,3
0,25
0,2
0,15
01
0,05

—Experimental

o [kPa]

-<-Numerical

1 11 1,2

S, Max. Principal

SNEG, (fraction = -1.0)

(Avg: 75%)
+5.398e-02
+1.000e-02
+9.167e-03
+8.333e-03
+7.500e-03
+6.667e-03
+5.833e-03
+5.000e-03

+8.333e-04
+0.000e+00

Al]

Fig. 7. A) Comparison of stress (6) vs. stretch (A) curve for experimental and numerical results. B) Maximum principal stress distribution [MPa] obtained on the

Voronoi model.
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Fig. 8. A) Radial displacement distribution obtained for biaxial strain of eg = 14.3% in pneumoctyte type I case. B) Maximum principal stress distribution [MPa]
obtained for biaxial strain of eg = 14.3% in pneumoctyte type I case. C) Radial displacement distribution obtained for biaxial strain of eg = 14.3% in pneumoctyte
type II case D) Maximum principal stress distribution [MPa] obtained for biaxial strain of eg = 14.3% in pneumoctyte type II case.

From the radial reaction forces obtained on each node of the pro-
jected circumference at the end of the step 2, the total sum of radial
reaction force (3 RF,q), is calculated for each case. In addition, the
stiffness sensed by the cell adhered on the ECM, kgcy [N/mm] is defined
as follows (Equation (4)):

kECM [N/mm] Zm (4)
Umd

As it has been mentioned above, the radial displacement imposed
(Urag) is 0.1 pm for all the cases studied. The cases analysed and the
results obtained in terms of the stiffness kgcy are summarized in Table 2
and Table 3 for pneumocyte type I and II correspondingly. For evalu-
ating the evolution of the stiffness kgcy with the biaxial strain (eg) for
both pneumocyte types, a parameter denoted as Stiffening Ratio is
defined as follows (Equation (5)):

Stiffening Ratio; = Kgcui (5)
kECMO

By means of this parameter is possible to quantify how the stiffness of
the extracellular matrix evolves respect to the reference case kgcuyo,
which corresponds to an unloading biaxial strain of eg = 0%.

Pneumocyte type I Results

Pneumocyte type II Results

The relation between the stiffness of the ECM, kgcy [N/mm] and the
biaxial strain [%] is displayed on Fig. 9A for pneumocyte type I and type
I while the stiffening ratio [-] vs. biaxial strain [%] for both pneumocyte
types are compared on Fig. 9B.

This graph on Fig. 9A reveals that stiffness ECM (kgcy) increases
exponentially with the biaxial strain for both pneumocyte types. In
addition, we can conclude that the stiffness perceived by the type II
pneumocyte during the cellular contraction is 1.5-2 times higher than
the one sensed by the pneumocyte type I, for the biaxial strain (eg) range

Table 2
Evolution of the radial force, stiffness of the ECM and stiffening ratio for each
level of biaxial strain studied for pneumocyte type L.

Biaxial Strain, eg [%] Fradial [EN] Kgem [N/mm] Stiffening Ratio [-]
0 2.49E-02 0.25 1.00
5.7 2.92E-02 0.29 1.19
14.3 7.57E-02 0.76 3.09
20 1.45E-01 1.45 5.44

Table 3
Evolution of the radial force, stiffness of the ECM and stiffening ratio for each
level of biaxial strain studied for pneumocyte type II.

Biaxial Strain, e [%] Fragial [PN] Kgem [N/m] Stiffening Ratio [-]
0 4.57E-02 0.46 1.00
5.7 5.77E-02 0.58 1.26
14.3 1.17E-01 1.17 2.56
20 2.09E-01 2.09 4.57

studied. The results in Fig. 9B reveal that the evolution of the increase in
stiffness sensed by the alveolar cells in relation with the biaxial strain is
very similar for both types.

A sensitivity analysis of the mesh refinement has been developed,
confirming robustness on the achieved results (see Supplementary ma-
terial section).

4. Conclusions

As a result of this work, a theoretical multiscale model of lung tissue
is presented that allows analysing, on the one hand, its macroscopic
elastic deformation, and on the other hand, the micromechanical
behaviour perceived by the alveolar cells. Therefore, this multi-scale
model allows advance in the understanding of how mechanical signals
are transmitted from the lung organ to the lung cells through the
macroscopic strain and the local stiffness cells sense.

Related to the macro-scale, a 3D model which aims to recreate the
alveolar microarchitecture, and the mechanical response under a tensile
test of a rat lung strip are obtained. The particular microarchitecture of
the lung extracellular matrix, which is based on a network of inter-
connected alveoli, is modelled using Voronoi regions to reproduce its
heterogeneity. The tensile tests are simulated by FE analyses of the 3D
Voronoi model obtaining a high numerical-experimental correlation.
Therefore, we have obtained a FE model, which reproduces accurately
the results of the macro-scale using a material model by characterizing
the mechanical response at the micro-scale. Therefore, we can conclude
that lung tissue porosity is the property that links both computational
analyses. Reinforcing this idea, the porosity of the Voronoi microscopic-
based model is very similar to the porosity measured macroscopically in
human lungs, with a value around 85% porosity (Kampschulte et al.,
2013).

In this micro model, the influence of two independent factors on
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Fig. 9. A) Stiffness ECM (KECM) sensed by both pneumocyte types in relation with the biaxial strain (eB) of the lung tissue. B) Stiffness ratio for both pneumocyte

types in relation with biaxial strain (eB) of the lung tissue.

local the stiffness perceived by two main cell types, which cover the
surface of the alveolus, have been studied by means of FE-based simu-
lations. These two factors are i) the level of global deformation to which
the lung tissue is subjected during breathing and ii) the position the cells
occupy within the alveolus, distinguishing between flat position for type
I pneumocytes and corner position for type II pneumocytes. The results
of this study reveal that the local stiffness sensed by the cells highly
depends on its position in the alveolus. The pneumocytes type II perceive
a high local stiffness, from 1.5 to 2 times stiffer than in the case of
pneumocytes type I, through the adhesion forces applied on the ECM. In
addition, the ECM stiffness perceived by type I pneumocytes has a more
homogeneous distribution than the one perceived by type II pneumo-
cytes, because corners act as stress concentrators, resulting in a much
more heterogeneous microenvironment in terms of stiffness. The
expansion level of lung tissue during breathing also plays an important
role in the evolution of ECM stiffness due to its highly non-linear me-
chanical response. However, the evolution of ECM stiffness is very
similar for both types of pneumocytes, taking as a reference the corre-
sponding initial stiffness perceived for each type of pneumocyte, when
the tissue is relaxed. Therefore, it can be concluded that the mechano-
sensory signals regulating cell behaviour are very different for type I and
type II pneumocytes due to the geometrical location in the alveoli.

Nevertheless, we have to take into account that our model is based on
some assumptions and simplifications, which have to be analysed ac-
cording to their impact on the results and conclusions obtained. As a first
approach, this work is mainly focused on characterizing the elastic
response of the lung tissue and its relation with the porosity. However,
the characterization of other effects that play an important role in lung
tissue mechanics under physiological conditions such as viscoelasticity,
plasticity and anisotropy or fluid-structure interaction (Mariano et al.,
2020; Chaudhuri et al., 2020) are out of the scope of this work. Hence,
these mechanical behaviours will be analysed in future works. We would
also like to remark as a simplification of the model that the 3D lung
tissue model has been obtained fitting the response under a tensile load
until a strain level of ~20%, but other mechanical loads of the lung
parenchyma will be studied in future works. In fact, for example Marino
et al. (Mariano et al., 2020) have measured strains beyond 30% in some
regions of the murine lung.

For the micro-model, the analysis is focused on a single alveolus
because the main purpose of this study was to establish a comparison
between the perceived stiffness by two types of pneumocytes as a
function of their position and the global deformation of the tissue.
Therefore, these results are not extensive for all alveoli, since the pur-
pose was to make a first approximation to analyse trends in the stiffness
perceived by the alveolar cells. It should be also remarked that the cell
contraction has been modelled as a radial displacement, and its value
has been estimated in order to establish a comparison between the two
pneumocytes types. More complex models that consider a cell model and

its interaction with the ECM through simulations modelling contacts and
viscoelastic response could be planned for further studies, which would
allow a better understanding of mechanosensing signals. A recent work
(Panzetta et al., 2019) suggests that cell mechano-sensitivity is regulated
by the strain energy of the substrate rather than its stiffness. In this
previous study, cells were seeded on linear elastic substrates, and their
state was compared as a function of the strain energy of the substrate.
This study concluded that the mechanical integrity of the cytoskeleton of
cells seeded on stretched substrates was found to be higher compared to
those cells seeded on unstretched substrate.

However, in our work the substrate ECM is modelled by means of a
hyperelastic material model, thus the stiffness is increasing with the
strain energy. Therefore, the increase in terms of stiffness and strain
energy of the lung matrix are coupled phenomena, being difficult to
distinguish them. Therefore, further investigation is required to unravel
how lung cells are able to sense local microarchitecture. Nevertheless, in
this work, we successfully show that local stiffness or equivalently strain
energy may be the mechanical stimulus that cells use to regulate their
location inside the lung ECM. The viscoelasticity of the ECM also plays a
key role in the cell-matrix mechano-transduction (Chaudhuri et al.,
2020), thus this mechanical response could be characterized in future
works with the aim further understanding of this phenomenon.

Consequently, this theoretical multiscale work represents an
advance in the understanding of how macroscopic elastic response of the
lung tissue is dependent on the porous microarchitecture. Finally, this
microstructural model allows to obtain a comparative estimation of how
pneumocytes sense their matrix surroundings. For future studies
focusing on viscoelasticity and other lung tissue mechanical properties,
the multiscale is highly required to further unravel how cells and matrix
work together in lung mechanobiology.
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