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ABSTRACT

The present study is an attempt to relate the multicomponent response of the cytoskeleton
(CSK), evaluated in twisted living adherent cells, to the heterogeneity of the cytoskeletal
structure  evaluated both experimentally by means of 3D reconstructions, and theoretically
considering the predictions given by two tensegrity models composed of (four and six)
compressive elements and (respectively 12 and 24) tensile elements. Using magnetic twisting
cytometry in which beads are attached to integrin receptors linked to the actin CSK of living
adherent epithelial cells, we specifically measured the elastic CSK response at quasi equilibrium
state and partitioned this response in terms of cortical and cytosolic contributions with a two
component model (i.e., a series of two Voigt bodies). These two CSK components were found
to be prestressed and exhibited a stress hardening response which both characterize tensegrity
behaviour with however significant differences: compared to the cytosolic component, the
cortical cytoskeleton appears to be a faster responding component, being a less prestressed and
easily deformable structure. The discrepancies in elastic behaviour between the cortical and
cytosolic CSK components may be understood on the basis of prestress tensegrity model
predictions, given that the length and number of constitutive actin elements are taken into
account.



1. INTRODUCTION

Transmission of mechanical forces throughout the cell induces alterations in cell
shape and structure which play a critical role in the control of many cellular functions,
including growth, motility, migration and mechanotransduction (Huang and Ingber,
2002; Shafrir and Forgacs, 2002). These interactions between mechanical
forces/structure/function are known to be mediated through changes in the internal
cytoskeleton (CSK), a network of interconnected biopolymers, which has previously
been recognized as ensuring the physical linkage between the nucleus and the surface
adhesion receptors (Maniotis ef al., 1997; Janmey, 1998). Thus, understanding the role
of mechanical forces in cell regulation requires consideration of the complex links
between mechanical response, microstructure and molecular biochemistry. Different
mechanical models have been proposed to describe the cell behaviour. Engineering
models initially considered the cell as a continuum containing an elastic cortex that
surrounds an elastic (Evans and Yeung, 1989) or viscoelastic (Schmid-Schonbein et
al., 1995) cytoplasmic fluid, including eventually a viscoelastic nucleus (Dong et al.,
1991; Caille et al., 2002). These models provide mechanical properties based on
accurate fitting of experimental data but they are unable to distinguish the role of
molecular structures notably the CSK, and therefore render the understanding of the
linkage between cellular mechanics, microstructure and function difficult.

In contrast, prestress tensegrity structure has been proposed as a common principle
of mechanical/geometrical interplay for a number of living organisms and particularly
for cells and tissues (Ingber, 1993, 1997, 2000; Wang et al., 1993; Ingber et al., 1994;
Maniotis et al., 1997; Chicurel et al., 1998; Chen and Ingber, 1999;). The idea of
applying the tensegrity model to cell and tissue architecture was initially proposed
about 20 years ago by Ingber ef al. (1981) and Ingber and Jamieson (1985). The
tensegrity model states that cells, tissues and biological structures at smaller and larger
size scales, all gain their shape stability, their ability to adapt their geometry and to
maintain integrated mechanical behaviour through principles of minimizing the energy
consumption. The term “tensegrity”, a contraction of “tensional integrity”, was created
by Fuller (1975) as he explored a new architectural concept for building (geodesic
domes, roofs) in which weight is minimized by separating compression members from
tension members (Fuller and Marks, 1973). Note that, according to the definition
given by Fuller, tensegrity structures fundamentally require a continuous tensional
system associated with a discontinuous compression system, meaning that
materialized bars and cables are not necessary, as far as continuous-tension is
equilibrated by local-compression (Pugh, 1976). Applying this concept to the cell,
Ingber et al. (1994) and Ingber (1997) consider that, in addition to (or in place of)
intracellular elements given to support compression, e.g., the microtubules in
conjunction with intermediate filaments or even a relatively rigid nucleus, some
extracellular elements such as the non flexible extracellular matrix may support
compression. The latter is the result of internal tension (pre-existing tension) generated
actively in the cell’s actomyosin-based contractile apparatus or passively by distension
of actin filament due to external forces applied through extracellular adhesions.

Demonstrating that a given biological system follows the tensegrity principle
remains a difficult task, hence the cellular tensegrity model has remained controversial
(Ingber, 2000). Using traction force microscopy, Wang et al. (2001) have recently
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solved one of the most critical assumptions about tensegrity (Heidemann et al., 1999;
Ingber, 2000), i.e., that microtubules bear compression and are thus responsible for a
significant portion of cellular prestress. Careful subcellular measurements of
cytoskeletal mechanical response show that cellular models with more than one
viscoelastic component are needed secondarily to the heterogeneous nature of the
cellular components (Mathur ef al., 2000; Yamada et al., 2000). Considering the cell
as a hierarchical and multimodular structure with load bearing elements non
infinitesimally small, i.e., as a non continuum model (Ingber, 1993; Chen and Ingber,
1999), it appears that improved cellular models must include an elastic
submembranous cytoskeleton surrounding an internal tensed lattice of polymeric
filaments (Ingber, 2000). Note, however, that the mechanical relevance of these two
subcellular CSK components, whose microstructures are most likely organized at very
different subcellular scales, has never been described.

The present study aims to evaluate the applicability and relevance of the tensegrity
concept for the two individualized CSK networks which are known to play a specific
role in the cellular response: (i) the cortical CSK connected to the inner face of the
membrane which is composed of short actin filaments which forms a thin mantle
investing the whole cell (Hartwig and Shevlin, 1986; Albrecht-Buehler, 1987; Cheng
et al., 2000); and (ii) the inner cytosolic CSK component which links large regions of
the cytoplasm through cross-linked networks of biopolymers (bundles of F-
actin/microtubule/intermediate filaments).

2. METHODS

Tensegrity model (see Appendix)

The tensegrity structures tested here, i.e., a 16-element “cubic” model shown in
Figurel A, and a 30-element “octaedric” model shown in Figure 1B, are respectively
composed of four and six rigid bars, respectively compressed by a continuous network
of N=12 and N = 24 elastic pre-stretched cables. These two structures have been used
to evaluate the effect of changing the number of constitutive elastic elements, i.e.,
N =12 and 24. These two models have been separately studied in previous papers, i.e.,
Wendling et al. (2000a) for the 16-element model and Wendling et al. (1999, 2000b)
for the 30-element model. In the Appendix, we present a short summary of
assumptions, boundary conditions and a mathematical derivation of force equilibrium
equations, leading to the determination of the main parameters governing the apparent
elasticity modulus of these two tensegrity structures. For the 16-element model, an
analytical solution may be obtained (Wendling et al., 2000a) while a numerical
solution with a linear incremental method is required for the 30-element model
(Wendling ef al., 1999). We have modified the numerical solution obtained for the 30-
element model to vary the conditions of attachment previously studied and to have the
same number of “dependent” or fixed nodes in the two models, i.e., four nodes. The
reason is that the global elasticity modulus has been shown to depend on both loading
and attachment conditions as previously reported by Wendling et al. (2000b). More
particularly, the elastic modulus was recently found (Cafiadas et al., 2002) to differ by
one order of magnitude when the forces were applied in the direction of bars of a 30-
element tensegrity model and four fixed bottom nodes (#1, #2, #4, #8, see Figure 1B)
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instead of applying forces with a 45°-angle from bar direction and three fixed nodes as
in Wendling ef al. (2000b).
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Figure 1. The two tensegrity models studied: (A) the 16 element model including N = 12 elastic
elements compressing four rigid bars, and (B) the 30 element model including N = 24 elastic
elements compressing six rigid bars. For the 30 element model, axial (z axis) and tangential
(y axis) forces are applied on the upper bar at nodes {#6, #11}, while only extension and
compression forces (z axis) are applied to the four upper and lower nodes of the 16 element
model.

The governing parameters are the following non-dimensional quantities issued
from equilibrium equations (exponent “r” refers to reference state):

T
) v
p
Lr= @)
£
pr=—. 3)

The normalized elastic tension 7%, which actually corresponds to the initial strain
of cables at the reference state &/, quantifies the basal level of internal tension
(prestress) in the tensegrity structure. The normalized length L* defines the
characteristic scale of the overall tensegrity structure: the smaller L*, the smaller the
size of the structure and the smaller the free space volume between the constitutive
elements (7, is the bar radius). The apparent elasticity modulus £* of the 30-element
tensegrity model, normalized using the mechanical properties of cables, depends on
L*, T* N as well as attachment conditions, as explained above. Because boundary
conditions (more specifically attachment and loading) determine degrees of freedom
of each constitutive element, they will affect the absolute value of £* for a given
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structure. For the 16-element tensegrity model, the following analytical relationship
can be obtained between £*, L* and 0, the angular position of the bar equals 6., at

reference state, i.e., before applying external force:
T F¥
£r=—
L* \/E(sin 6 —sin 96‘])

which obviously does not depend on 7*. This is probably because the directions of
tensions in cables always form 7/2 angles, hence a self-equilibrium exists between

“)

tensions in cables at each 6 position and for small deformation of the tensegrity

structure. Numerical solutions of Equation (A1) in the Appendix using incremental
method has revealed the 7*-dependence of the structural stiffness £* in the more
general cases such as in the 30-element model.

Experimental Methods

A549 alveolar epithelial cell culture

A549 human alveolar epithelial cells (American Type Culture Collection,
Rockville, MD) were grown to confluence in Dulbecco Modified Eagle Medium
(DMEM) containing 10% of Fetal Bovin Serum (FBS), 2 mM L-glutamine, 50 1U/ml
penicillin, 50 pg/ml streptomycin, and incubated in a 5% CO,, 95% air atmosphere.
Routine subcultures (passages 89 to 92) were performed at 1/20 split ratios by
incubation with 0.025 g/100 ml trypsin-0.02 g/100 ml EDTA in calcium and
magnesium free Phosphate-Buffered Saline (PBS) for 10 min at 37°C.

For magnetic twisting cytometry experiments, 96-well bacteriological dishes were
coated with either fibronectin or type I collagen at a concentration of 5 pg/cm’ for
three hours at room temperature. Cells were plated at the density of 50 x 10° per well

in complete medium with serum 24 hours before experiments, and incubated in serum-
free medium with 1% of BSA 30 minutes before magnetic twisting cytometry
experiments.

The Magnetic Twisting Cytometry (MTC) Technique

The CSK mechanical response of adherent epithelial cells was assessed by MTC
using a laboratory made device, whose principle is similar to the one originally
described by Wang ef al. (1993). Carboxyl ferromagnetic beads (4.0-4.5 um diameter,
Spherotec Inc., IL USA) were coated with arginine-glycine-aspartic acid (RGD)
peptide according to the company's procedure (Telios Pharmaceuticals Inc., CA USA)
and bound to integrin transmembrane mechanoreceptors during the 20-min incubation
time. Unbound beads were washed away with serum-free medium. Microbeads were
then magnetized using a short uniform magnetic pulse (0.15 T during 150 ps). This
magnetic field is horizontal, i.e., parallel to the monolayer of adherent cells. A
magnetic torque was then created by Helmholtz coils, which generates a vertical
uniform magnetic field at an intensity much lower than magnetization field
(By 6.3 mT). This magnetic torque 7,,,, Which is equal to the product of the

magnetic moment of the bead m and the applied field B,,, induces bead rotation. The
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calibration method used to estimate m (= 2.3 107> Am? in the beads used) is described

in Laurent et al. (2002). By varying the intensity of the current (up to 15 A) in
Helmholtz coils, B,, could be modified, allowing application of a controlled
mechanical torque for about one minute. The magnetic torque given by

7. =u,mH sin(g —9(1)) with u( being the permeability of the free space, slightly

mag.

decreases as 6(f) increases. Using linear elasticity theory, Laurent et al. (2002) have
described the effect of the partial bead immersion in the cytoplasm on Young modulus
measurement E (: 0'/9). The applied stress was given by a formula

ma

o [: 7, / (¥ -sin’ 0()], which depends on the bead volume / and on the half-angle of
bead immersion o= 67°. The latter value has been previously estimated on a sample
of beads in the same type of epithelial cells (Laurent ez al., 2002). The bead deviation
0(7) which reflects the CSK time response to mechanical stresses, was measured by an
on-line magnetometer which continuously detected the component of the remanent
magnetic field B(¢) in the horizontal plane with a magnetometer of sensitivity of
0.14 nT using the formula: 6(f) = cos™ (B(f)/B,), where By is the mean value of the
initial remanent magnetic field of the beads, i.e., before bead twisting. This method
which actually measures the average projection <cos@ (£)>= B(f)/B,y, leads to a
systematic overestimation of the average rotation angle because cos™'(<cos&(f)>) is
always greater than <6(f)>, as shown by Fabry et al. (1999). It was assumed that the

average bead deviation could be approximated by the arc-cosine of the projected
magnetic field averaged over all beads (~ 200,000).

Analysis of CSK response by the two component model

The time course of this angular deviation during loading was analysed by a
viscoelastic two-component “solid” model which can be seen as an equivalent model
reflecting a variety of bead/cell/matrix attachment conditions. We initially verified
(data not presented) that “fluid” models such as the Maxwell model or even a Kelvin
(or a Voigt) model in series with a dashpot (Bausch ef al., 1998, 2001), did not provide
a satisfactory curve fitting of the “6(¢)-plateau” shown in Figure 3B. The proposed
two-component “solid” model consists of a series of two Voigt bodies representing the
basic viscoelastic properties of the two CSK components (see rheological models in
Figure 3B) instead of one as initially proposed (Wang et al., 1993). The choice of
representing the two CSK components in series was guided by the best possible curve
fitting and the observation that the local actin CSK was both surrounding the bead and
connected to the more polymerised CSK filaments (see Results). Then, the time course
of bead deviation 6(f) obtained during MTC was considered to fit the following

equation (creep function):

9(1):01(1)+92(1):%(1_67,@)*_%(1_67,@) )

2

and the time constants 7, and 7, are given by:
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1
_n 6
T, : (6)
and
2
—_ 1< 7
T,= ]2 (7

where E| and E, are the spring constants and 1; and 7, are the viscosities of the two

components, respectively. To perform a rough evaluation of the prestress in each CSK
component, we measured the mechanical response of living cells treated or not treated
with low concentrations of cytochalasin D (1 pg/ml) and calculated the difference
between CSK stiffness before and during cytochalasin D treatment as an index of the
prestress. This method has already been used in previous studies to estimate the
cellular tone (Pourati et al., 1998; Planus et al., 1999).

Visualization of the two CSK components

F-actin was stained with fluorescent phallotoxin. Small plastic wells were fixed
with silicone on round glass coverslides which were placed in Petri dishes and the
inside surface of the wells (0.5 cm?) was coated with fibronectin at a concentration of
5 pg/cm’. Cell monolayers were rinsed twice with warm CSK-buffer (25 mM HEPES,
2mM MgCl,, 30 mM MES, 10 mM EGTA, 300mM sucrose, pH 6.9) in order to
maintain CSK integrity, as previously described. Cells were then fixed in 1%
glutaraldehyde in CSK buffer for 15 minutes and incubated for two more minutes with
0.5% Triton X100 and 0.25% glutaraldehyde in CSK-buffer at 37°C. The samples
were rinsed twice with CSK-buffer. Rhodamine phalloidin (0.76 pM) was dissolved in
CSK-buffer and added to each sample for 30 minutes in the dark and under humid
chamber at room temperature. Coverslides were rinsed twice for five minutes with
CSK-buffer, then a final rinse was performed with ddH,0. The coverslides were
mounted with 100 pl of mounting medium on top of the cell monolayer to keep the
cell thickness intact. Samples were stored overnight at 4°C before examination by
laser confocal microscope.

Stained cell monolayers were observed using a LSM 410 invert confocal
microscope (Zeiss, Rueil-Malmaison, France). The latter has two internal helium-neon
lasers and one external argon ion laser. Image processing was performed using LSM
410 software. Fields of cells were randomly selected, brought into focus using a
%x63/1.4 numeric aperture Plan Neofluor objective. Epifluorescence was detected for

488nm excitation and 515-520nm emission (green) and 543 nm excitation and 570 nm
emission (red). A cross sectional image was recorded under confocal conditions and
used to establish a plane of focus above the glass surface. Optical sections were
recorded every lum to reveal intracellular fluorescence. Apical localization of
labelling was determined by obtaining vertical section.

To undo the distortion due to the optical system of the confocal microscope, a 3D-
deconvolution process was performed on the stack of grey level images (8 bits) by the
appropriate software’s module AxioVision 3.0.6 (Carl Zeiss, NY USA). The
deconvolution process uses a mathematical algorithm which takes into account the
theoretical function PSF (Point Spread Function) calculated for each of the acquisition
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parameters. The fixed images data are implemented at the right scale in Amira 3.2
software (TGS Inc., CA USA) which uses the threshold segmentation method to
extract cell contours. Contours of external and internal subcellular structures
corresponding to different levels of fluorescent intensity where defined using the curve
of the “logarithmic” decrease in cumulated pixels of the stack images versus the grey
level (0 to 255). The 3D-reconstruction was performed by a GMC module
(Generalized Marching Cube algorithm) of Amira software which generates, using a
triangulation method, an isosurface from segmented optical planes. Visualization of
the 3D-reconstructed cells was performed using 3D-Studio Max v3.1 software
(Kinetix, CA USA), allowing calculation of volume from a surface, permitting by
Boolean operations to generate vertical sections in the 3D-reconstructed cell.

3. RESULTS

3D-reconstruction of the cortical and cytosolic CSK

Figure 2A presents an image of the spatial distribution of actin filaments in a fixed
alveolar epithelial adherent cell obtained by confocal microscopy. Actin filaments,
stained with fluorescent phallotoxin, are colored differently according to their height
in the cell. This non confluent flattened cell seems highly attached to the substrate and
thus highly tensed. Bundles of actin filament (stress fibers) essentially visible in the
basal plane (see Figure 2B) cross the entire cell, linking large portions of the
cytoplasm and even opposite sides of the cell. These F-actin “macro” structures are
organized in various directions throughout the cell, predominantly along the
longitudinal axis and the transversal axis, thus forming almost right angles. Although
non-actinic biopolymers which compose the CSK are not visible in Figure 2, they
could play a role such as counterbalancing tension generated in these cell-size scale
organized stress fibers. Note that curvature of many stress fibers located on the cellular
periphery strongly suggests the role of internal tension radially directed towards the
inner cell. The optical planes shown in Figure 2A as well as the 3D-reconstructions of
the actin filament structure shown in Figures 2 B-D support some of the above
assumptions as well as some of the model assumptions. Figure 2B is a view of the
actin network from the bottom showing that the cell is attached to the substrate
through a peripheral zone of adherence whereas transversal stress fibers or actin
bundles organized in the lower plane, constitute the lower, almost individualized CSK
actin structure, near the basal plane (see the diagonal cross-section in Figure 2D).
These actin bundles which are organized at a scale close to the cell size and over large
distances between adhesion points, mainly represent the tensile elements of the
cytosolic CSK. The actin structure of the cytosolic CSK may also be seen from the
dense and highly polymerized actin CSK shown (in dark blue) in Figure 2C and
Figure 2D while the cortical CSK structure is visible in the same figures (in
transparent light blue). Figures 2C and 2D show that a thin network of low actin
density surrounds the entire cell, except may be near the basal plane, in this studied
cell. It is noteworthy that the bead appears partially embedded in this cortical low
density actin CSK network as shown in Figure 2D. Moreover, the cortical CSK dome
appears tensed probably because load bearing elements are able to support tension,
e.g., the rigid nucleus (presently not marked) or the dense actin filaments which appear
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Figure 2. (A) Views by confocal microscopy of actin filaments stained by fluorescent
phallotoxine in an adherent epithelial cell, (B) Basal face of the 3D reconstruction of the actin
cytoskeleton viewed from below, (C) Apical face of the 3D reconstructions with two levels of
fluorescent intensity given to represent the cortical (transparent blue) and the cytosolic (dark
blue) CSK components, (D) Cross sectional view of the two cellular actin CSK networks and
the bead CSK interaction according to the bead axis shown in (C).

from place to place on the apical face in the “cortical” CSK while it constitutes most
of the “cytosolic” CSK on the basal face. By contrast, most of the high density actin
CSK network, which appears as an underlying scaffold organized essentially near the
basement substrate and clearly below the bead, does not seem to be directly attached
to the bead surface in this cell. As a matter of fact, the high density actin structure is
always embedded in a surrounding low density actin structure whose thickness varies,
depending on the cellular position. Although the bead surface was not specifically
marked in these experiments, it was possible to spatially reconstruct the bead position
in the cell (see Figures 2B and 2D) using spheres whose sizes and location in the
cortical CSK were precisely determined, either under direct confocal microscopy or
during post-acquisition from cell images stored in Interferential Contrast Nomarski.
Figure 2D confirms that the degree of bead immersion in the cellular medium could
also be determined by generating vertical sections with the reconstruction program
(see also Laurent e al., 2002). This allows improvement of the calibration of the
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experimental method. On the whole, from the reconstructed images of the studied
epithelial cells, we consider that the thin mantle of actin CSK which determines the
external structure and the shape of the cell mainly represents the “cortical” CSK
component with however a few embedded fibres of dense actin (Figure 2D). The
characteristic length of the meshwork which composes the cortical CSK structure is
probably too small to be visible on the confocal images of Figure 2. By contrast, the
cytosolic CSK is essentially composed of dense actin fibres or bundles of actin
filament. It will be assumed that the cortex of low density actin filaments which
coaxially surrounds dense actin fibres (see bottom fibres in Figure 2D), does not
predominate in the mechanical response of the stress fibre.

Mechanical response of the partitioned CSK

A typical CSK response obtained with MTC is shown in Figure 3A as a function of
bead rotation angle 6(¢) versus time. There are two phases: period I which precedes

bead rotation and which corresponds to the bead position before stress, i.e., 6(¢) = 0°

obtained for B(f) = By, and period II during which the application of the magnetic
torque 7, results in a rapid increase in bead deviation to reach a plateau within a
minute of torque application. A transient stress (up to 23 Pa in the case of Figure 3) is
applied and the solution resembles a creep function except that amplitude of the stress
(ratio of torque to bead volume) is decreased by a factor cos6(z). Because a plateau is

reached (within a minute), the response is typical of a viscoelastic solid and resembles
responses previously measured (Wang et al., 1993). In Figure 3B, the experimental
curve response is fitted by a viscoelastic “solid” model: the simple Voigt model
(t=1.4 s, E=65Pa, R*=0.70), classically used in previous MTC studies (Wang et
al., 1993; Pourati et al., 1998; Planus ef al., 1999). This classical model is compared
with the proposed double Voigt model which partitions the CSK into two components
(1,=0.9 s, E,=68 Pa andt,=28 s, E, =229 Pa, R*=0.88). Clearly, during the
minute of stress applied, the proposed two-component model provides a much more
satisfactory curve fitting than the classical single Voigt model (Figure 3B). Since the
time constant 7,and 7, differed by more than one order of magnitude for the four levels

of stress applied (see Figure 4A), we have attributed the mechanical properties of the
fastest components to the cortical CSK component since it is immediately sensed by
the bead (Figure 2D) and the properties of the slowest component to the deep CSK
component (Figures 2C-2D). Stiffness of the cortical and cytosolic CSK networks are
plotted in Figure 4B for four predetermined values of applied stress, i.e., 0,
(= torque/0.78 x bead volume) = 13, 23, 31 and 38 Pa, which resulted in values of
bead deviation angle (0,,,) from 21° (at o= 13Pa) to 32° (at o =38 Pa). Mean values
of CSK stiffness were significantly higher for the cytosolic CSK (£, = 95-204 Pa) than
for the cortical CSK (E; =63-109 Pa) at each level of stress applied (Figure 4B).
Moreover, the studied cells express a stress-hardening response more marked for the
cytosolic CSK than for the cortical CSK (Figure 4B). Prestress of the cortical and the
cytosolic CSK was estimated from the contribution of the F-actin network to the
rigidity. Previous studies have shown that actin filaments provided the highest
contribution to cellular rigidity and that depolymerization of F-actin by cytochalasin D
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tended to remove (Wang, 1998) or at least reduce (Wendling et al., 2000b) the internal
tension in the cell. We have defined the prestress-related rigidity AE (basically AE; for

the cortical and AE, for the cytosolic) as the difference in rigidity values measured

before and during cytochalasin D treatment, e.g., AE = Egimout cyto D — Ewitheyto D- The

two CSK components exhibit significant differences in AE with values of prestress-
related rigidity higher for the cytosolic than for the cortical CSK, i.e., AE| < AE, (see

Figure 4C).
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Figure 4. Experimental
results obtained in living
adherent epithelial cells
with Magnetic Twisting
Cytometry for four
different values of
applied stress, i.e., 13,
23, 31 and 38 Pa. (A):
Plot of the viscoelastic
time constant (in s) of the
cortical and cystosolic
CSK components; (B)
Plot of the stiffness
(Young elasticity
modulus in Pa) of the
cortical and cysto solic
CSK compo nents; (C)
Plot of the prestress
related stiff ness (AE in

Pa) for the cortical and
cystosolic CSK com
ponents, estimated from
the F actin contribution
to stiff ness, i.e., the
difference between
stiffness values before
and during F actin
depolymeriz ation by
adding cytochalasin D.
Values are mean = SD
and n =8 wells for each
point. *p <0.05, means
a significant difference.



Normalized laws of structural stiffness for tensegrity structures

The force-displacement relationship of tensegrity structures, although composed of
linear elastic elements, was previously found to be non-linear, due to the contribution
of the spatial organisation of constitutive elements. Hence, the proposed concept of
structural stiffness that we presently attempt to quantify. Accordingly, the stress-strain
relationships is also markedly non-linear for both models tested, the smaller L*, the
stronger the o—¢ non-linearity (results presented in Wendling ez al. (1999, 2000b). In

addition, the 30-element model (with the four lower nodes fixed) reveals a T*-
dependency such that, the higher the value of internal tension 7%, the more marked the
non-linearity. This non-linear stress-strain behaviour corresponded to a linear strain-
hardening response in traction and compression, while, in shear, the structural
response was a transition between these two behaviours, depending on specific strain
value (€= 0.2 with four attached nodes (Cafiadas ef al., 2002), and €= 0.5 with three

attached nodes (Wendling et al., 1999)). The elasticity modulus at zero strain E*
(structural stiffness) differed from zero and exhibited a marked dependence on L* and
a less marked dependence on the value of cable prestress 7%*. It is noteworthy that the
slopes of the relationships between E* and L* are similar for the 30-clement and the
16-element models, i.e., E* is proportional to 1/(L*) (as shown in Figure 5 and, for

the 16-element model, in the explicit form of Equation 7), as already reported by
Wendling et al. (1999), Wendling et al. (2000ab) and Cafiadas et al. (2002).
Attachment through four nodes instead of three resulted in no change in L*-
dependence of £* even though E*-values were one order of magnitude higher when
the number of fixed nodes was increased. By contrast, the 7*-dependence of E* was
much less marked and seemed affected by a number of factors such as the number of
bars and the attachment conditions. The E*-T* relationships obtained for the different
models are presented in Figure 6. The structural stiffness of the 16-element model
does not depend on 7*. The structural stiffness of the 30-element model was slightly
dependent on T*, depending on the type of loading and the range of T*, i.e., (T*)"" in
extension and (7*)"7 in shear and 7* = {0.25-1} (four lower nodes attached) and
(T*)*” in extension and compression and 7* = {107-10""} (three lower nodes attached

(Wendling et al., 2000b)). The N-dependence of the structural stiffness £* (N: number
of elastic elements) was extrapolated in Figure 7 from the results obtained in the two
studied tensegrity models and at the same L*. The slope of the E*-N relationship
appears close to “—3.5” on the double logarithmic scale in Figure 7, i.e., the E*-N was
largely non-linear, even more than the £*-L* relationship. Although extrapolated from
two relatively close tensegrity models in terms of element number, these results are
consistent with the theoretical background synthesized by Pugh (1976). Indeed, this
author has stated earlier that cylindrical tensegrity structures, which are basically
composed of multiple layers of repetitive bar-cable assemblies, become weaker and
even lose their stability when increasing the number of bars per layer. Altogether,
these results mean that, at given values of L* and T%*, the structural stiffness E*
decreases as the number of constitutive elements of the tensegrity structure increases.
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Figure 5. Theoretical results obtained by numerical simulation in the 16 element model
(continuous line) and the 30 element model (dotted line for four lower attached nodes; dash
dotted line for three lower attached nodes). £* (normalized elasticity modulus) is plotted versus

L* (normalized length). Shaded areas give the presumed ranges of L* for cortical and cystosolic
CSK components.
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Figure 6. Theoretical results obtained by numerical simulation in the 16 element model
(continuous horizontal dark line) and the 30 element model (dotted line for extension and four
lower attached nodes; dash dotted line for compression and extension for the three lower
attached nodes; grey continuous line for shear and four lower attached nodes). £* (normalized
elasticity modulus) is plotted versus 7* (internal tension or initial strain in elastic elements).
Shaded areas give the presumed ranges of 7* for cortical and cystosolic CSK components.
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Figure 7. Extrapolated relationship between E* (normalized elasticity modulus) and N (number
of elastic elements) obtained from the two tensegrity models studied (N = 12 for the 16 element
model, and N = 24 for the 30 element model). Shaded areas give the presumed ranges of N and
E* for the cortical and cystosolic CSK components.

4. DISCUSSION

From the bead twisting measurements in living adherent cells we demonstrate that
the cytoskeleton response may be advantageously partitioned into a slightly tensed,
easily deformable cortical CSK component and a highly tensed and largely rigid 3D-
internal cytosolic CSK network. In addition to the significant level prestress presently
attested by the non zero values of prestress-related rigidity (shown in Figure 4C) or by
the non zero value of stiffness extrapolated at zero stress (in Figure 4B), the two CSK
components, and more particularly the cytosolic one, exhibit very different time
constants for their viscoelastic response (shown in Figure 4A) and a specific stress-
hardening response (shown in Figure 4B). In early experimental studies in living cells
(Wang et al., 1993; Wang and Ingber, 1994), confirmed by theoretical studies on
tensegrity models (Stamenovic et al., 1996; Stamenovic and Coughlin, 1999, 2000;
Wendling ef al., 1999, 2000b), prestress and stress-hardening responses were given to
characterize tensegrity behaviour. These two mechanical features will be found in the
two CSK components constitute similar arguments to conclude that the two CSK
components have a tensegrity behaviour as far as we are able to relate above results to
specific geometrical and mechanical properties of elements constituting each
microstructure (see Tensegrity Model). This point is considered in detail below.

Mechanical and structural relevance of CSK partitioning

Because the two CSK components have quite a different time response and
significantly differ in terms of stiffness and prestress, the pertinent parameters
characterizing the microstructures of each component should differ greatly. From
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reconstructions of 3D-actin structures obtained at the lowest density F-actin structure
and at a rather high density F-actin structure, it appears that the structures
corresponding to these two levels of F-actin density have quite a different shape and
organization. Consistently with its functional role which is to be involved in rapidly
changing interactions at the cell-ECM interface, we assumed that the cortical CSK is
the faster and softer CSK component and would predominantly contain a high number
of slightly-dense and short actin filaments. In contrast, the cytosolic CSK which
ensures cellular stability and anchorage of the cell to the substratum through focal
adhesion is the slower and stiffer CSK component would predominantly contain a
smaller number of highly-dense and long F-actin fibers (Choquet et al., 1997).
Theoretical results on tensegrity structure suggest that the cortical and the cytosolic
CSK could be seen as two different forms of tensegrity structures, assembled from the
constant amount of available actin (F or G) in a given cell. Pugh (1976) has shown that
different families of polygonal forms can be obtained by changing the number of
constitutive elements and their length. More specifically, open space may develop at
the center of a polyhedric structure leading to geodesic domes when the number of
elements increases (Pugh, 1976). Such an evolution is observable in the two simplified
tensegrity models tested as the number of elastic elements is only doubled. Thus the
cytosolic and cortical CSK microstructures might indeed obey the same tensegrity
concept, except that their form and thus mechanical properties, correspond to quite a
different number of filaments, probably in relation to their difference in functionality.
The cortical cytoskeleton determines membrane topology and is intimately
involved in “plasma membrane”-associated cellular functions (Bretscher, 1991;
Hamill and Martinac, 2001). 3D-reconstructions of the low density actin filament
network performed in this study revealed that cortical actin constitutes a thin mantle
everywhere in the cell, almost continuously on the apical face. The other CSK
component is the internal cytosolic CSK which acts globally and thus ensures
stabilization and coordination between the parts and the whole cell (Ingber, 1993,
1997; Ingber et al., 1994). 3D-reconstructions of the high density actin filament
network in a highly spread cell (Figure 2) revealed that the cytosolic actin network is
predominantly organized near the basal face, with bundles of actin filaments
approaching the cell size. Mechanical behaviours determined by the proposed analysis
demonstrate that the cortical and the cytosolic CSK components have quite a different
time response while they both exhibit an almost linear stiffening response to stress,
which is consistent with the tensegrity model behaviour shown in previous papers
(Wang et al., 1993; Wang and Ingber, 1994; Wendling e al., 1999; Wendling et al.,
2000b). In addition, the less marked stress-dependency observed for the cortical CSK
component (Figure 4B) suggests that values of governing parameters, i.e.,
characteristic length, internal tension, number of elements, may all greatly differ
between the cortical and the cytosolic CSK which is extensively discussed below. At
last, the experimental estimate of the prestress in each component performed on the
basis of the contribution of actin filaments to rigidity (see Figure 4C and Pourati et al.,
1998; Planus et al., 1999) shows that the cortical CSK is much less tensed than the
cytosolic CSK. Note that the tensegrity model predicts that the less prestressed
structure, the smaller the stress hardening response. Such a property is observed when
comparing the cortical to the cytosolic CSK behaviours, but it was previously
observed when comparing cells depolymerised for actin after cytoD treatment to
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untreated cells (Wendling et al., 2000b). Early studies by Wang et al. (1993) have
emphasized that the linear stress hardening response observed both in the cytoskeleton
of living adherent cells and in a weight-loaded geodesic array of wood dowels and
elastic threads, was explained by their common tensegrity nature. Since this time,
several theoretical studies including the present one, have been performed on the 30-
element model (octahedron) (Stamenovic et al., 1996; Stamenovic and Coughlin,
1999, 2000; Wendling et al., 1999, 2000b) and have brought new knowledge on
tensegrity structure and its possible biological relevance. Above all, the tensegrity
concept allows understanding of how CSK substructures organized at various scales
and/or at different locations in the cytoplasm, can have a specific contribution to
cellular function.

Physical properties of cortical CSK structure

Characteristic length and number of elements

It is noteworthy that the cortical CSK can be evaluated because the bead acts as a
local extracellular matrix for the cell, hence the possible recruitment of cortical actin
filaments in the bead neighbourhood (as shown in Figure 2D). Unfortunately, the
present definition of microscopic images does not allow the revelation of the details of
the ultrastructure of the cortical actin in studied epithelial cells. We thus purposely
used data published in the literature. For instance, the cortical actin network has been
previously described for macrophages as a dense network of 10 nm-diameter filaments
that invests the whole cell as a thin 200-500 nm-thick mantle similar to the one
observable in Figure 2D (Hartwig and Shevlin, 1986). In that study, the spacing
between filament ramifications was found to be of the order of 100 nm and at a density
presently estimated from the reported image to a few hundred filaments per pm’.
Reconstruction of the cortical actin structure from stereo images has led to thickness
values of 90 nm and an estimated average filament length of about 100 nm in
endothelial cells (Cheng et al., 2000). It can be concluded that most of the eukariotic
cells, including the epithelial cells tested, are encompassed within a cortical CSK
structure made of actin filaments 100 per pm*-dense, 100 nm long and around 10 nm
width. Thus, the cortical CSK can be seen as a discrete geodesic structure whose

actin filament length

characteristic length Z*| =—— -
actin filament radius

] might approach L* = 5-50, number

of actin filaments in the range: N = 10°-10°, estimated from the density of cortical
actin filaments given in Cheng et al. (2000) and a cortical volume approximated from
3D reconstruction shown in Figure 2.

Note that actin filament organization and thus function and mechanical properties
of the cortical CSK can be modulated by a number of factors such as acting binding
proteins, angles between filaments (Hartwig and Shevlin, 1986; Wachsstock ef al.,
1994). Note also that in addition to actin binding proteins, myosin II is a molecular
component of the cortical cytoskeleton which is presumed to act as small tension rods
that “tighten up” the cortical actin cytoskeleton. Thus, even in non muscle cells,
myosin II molecules are known to contribute to cortical CSK prestress, stabilization
and stiffening of the plasma membrane, complementarily to actin filaments of the
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cytosolic CSK (Lodish et al., 1999). Note however that a flexible, yet strong,
submenbranous lining or membrane CSK appears to be better suited to regulating the
properties of plasma membrane than do actin filaments (Fox and Boyles, 1988).

Characteristic tension

Obtaining accurate values of cortical prestress, i.e., before any area expansion,
remains a difficult task. Red cells have been evaluated by micropipette aspirations and
cortical tension (at rest) has been estimated at the presumed equilibrium state
(corresponding to the equivalence between the deformed cell length and the initial cell
radius). These data have shown that the underlying cytoskeleton of the red cell
membrane possesses a shear elasticity modulus in the range 6-9 pN/um (Hochmuth
and Waugh, 1987) which remained two to four times smaller than the value of the area
expansion modulus (Discher er al., 1994; Discher and Mohandas, 1996). In
neutrophils, a typical value of cortical tension was 7. = 24 pN/um when extrapolated
before any area expansion (Needham and Hochmuth, 1992) or 7, =35 pN/um at the
critical point of transition between elastic solid and fluid behaviour. Values of area
expansion modulus for neutrophils were found to be similar to the values for red cells,
e.g., 39 pN/um, suggesting that a similar cytoskeletal network may exist at the inner
surface of these highly deformable cells.

Extending to “solid” cells, the formula issued from continuum “fluid” models (i.e.,
Laplace’s law), Hochmuth (2000) found values of cortical tension in chondrocytes and
endothelial cells approximately 100 times greater, e.g., 7.=2200 pN/um. In the
present bead twisting study, an estimate of the cortical tension, calculated from the
formula given for “solid” cells (Equation 6 in (Hochmuth, 2000)), and using the
prestress-related rigidity value given in Figure 4C (e.g., 25 Pa at o = 31 Pa), as well as

the bead radius, leads to 7, = 125 pN/um, i.e., an equivalent cortical tension value
which appears in between “soft” cells and “stiff” cells. Many factors could explain the
discrepancies between values of cortical tension estimated in epithelial cells and those
in endothelial cells or chondrocytes. One may mention: (i) different types of efforts
between MTC and micropipette aspiration, (ii) different cellular remodeling process
eventually in relation with different binding affinity (Sato ez al., 1987), (iii) the
tendency of MTC technique to underestimate cellular stiffness and by extension the
cortical and cytosolic stiffness. Concerning point (i), shear modulus instead of area
modulus could contribute to the torsion imposed to the local cortical CSK during bead
twisting, leading to values of 7. a few times smaller. Concerning point (ii), it is
possible that receptors of epithelial A549 cells have lower affinity with fibronectin
than endothelial cells, leading to smaller values of stiffness. Concerning point (iii), we
provide an exhaustive discussion of the physical reasons behind the systematic
underestimation with MTC in Laurent et al. (2002).

A straightforward but rough estimate of 7* for the cortical CSK structure can be
estimated from Equation (4) using the prestress-related stiffness (shown in Figure 4C)
assuming a ratio of cortical CSK deformation to actin filament strain in the range
{1-10}:

T* = ( AE.S.)cortical csk/(E.S-€)f-actin ~ 2.107-2.107,
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where AE} =25 Pa (at 0 =31 Pa) is the actin contribution to the stiffness of cortical

CSK (Figure 4C), Ef_ain = 2.6 GPa, is the Young’s modulus of isolated actin filament
element given by Gittes ef al. (1993) and Sg_qin (= 107 umz) is an estimate of the

cross-sectional area of the filaments given above. Note that these values are consistent
with those used in previous studies (Coughlin and Stamenovic, 1997; Wendling et al.,
2000b).

Physical properties of cytosolic CSK structure

In addition to the cortical CSK, most eukariotic cells and especially adherent cells
have a three dimensional inner cytoskeleton in which assemblies of actin filaments
such as stress fibers or bundles of actin filaments play a predominant role. Stress fibers
are actomyosin-based CSK structures observed everywhere in the cytoplasm, which
may link opposite faces of the cell membrane (Katoh et al., 1995) and thereby pertain
and interconnect the two CSK components. The 3D-reconstruction of the actin
network shown in Figure 2 is particularly demonstrative of this point. It has been
shown that stress fibers behave as truly contractile structures, even when separated
from the contractile cell cortex, the cortical CSK, to which they are attached (Katoh ez
al., 1998). The characteristic length of stress fibers has been given by Katoh et al.
(1998) to be about 90440 um for a diameter of 0.1 um, but values as low as 10pm

tin fibre length
actin fibre leng jin the

could be observed as in Figure 2, leading to values of Z*| = - :
actin fibre radius

range: L* = {100-1000}, i.e., one or two orders of magnitude above the L*-values
given for the cortical CSK structure. The number of actin filament assemblies in the
cytosolic component can be estimated to be in the range N = 50-500 from Figure 2.
Estimation of the contribution of actin to the rigidity (or prestress) of the cytosolic
CSK component (from data in Figure 4C) leads to values about two or three times
higher than the values obtained for the cortical CSK. These differences between the
cortical to the cytosolic values should correspond to higher values of internal tension
in the cytosolic CSK. However a straightforward application of formula used for the
cortical CSK is suspicious because the basal state of the internal CSK is not known
especially in these adherent cells. Indeed, in the spread cell shown in Figure 2, it is
hard to estimate the internal tension because, due to attachment conditions, the cell is
far from the basal state cell as it has to generate stabilization forces and tension using
the contractile apparatus to equilibrate the compression through the quasi inflexible
support. Otherwise, non adherent eukariotic cells chose a spherical configuration with
almost no cytosolic CSK containing long stress fibers. Hence, estimation of 7* for the
cytosolic CSK component requires assuming a value of initial strain for the stress
fiber. The basic macromolecular assembly of the stress fiber seen as the prototype of
striated muscle sarcomere is known to be able to elongate up to 80% (Fung, 1981).
Although the exact prestress value of the cytosolic CSK is difficult to determine, it
seems realistic to consider a relative high range of 7* values, i.e., 7% = {0.01-0.5}
considering that actual attachment conditions largely contribute to raise the 7* value,
by comparison to the resting conditions of a cytosolic CSK structure in a non attached
cell which could not exist.

19



Comparison cortical vs cytosolic properties based on tensegrity model

Based on the above considerations, the range of L*, 7% and N attributed to each
CSK component is presented in Figures 5-7. Compared to the cytosolic range of
L* (=10%-10%) and N (= 50-500), it appears that the smaller range of L*-values (i.e.,
L*=5-50) estimated for the cortical CSK could not compensate the much higher
number of elastic elements (i.e., N=10%-10%), meaning that structural stiffness of
cortical CSK would indeed be smaller than cytosolic CSK (see Figures 5 and 7) which
is consistent with experimental results. Resulting effects on prestress predicted by E*-
T* relationships given in Figure 6 indicates that the cortical stiffness would be smaller
than the cytosolic stiffness which is also consistent with present experimental results.
Note that differences in stiffness (or prestress-related stiffness) of less than one order
of magnitude could correspond to prestress discrepancies of several orders of
magnitude as predicted by the tensegrity models (Wendling e al., 1999, 2000b).

One of the major criticisms against the cellular tensegrity model is that a highly
local response did not result in distributed, generalized changes in cell shape nor in
filament array while the tensegrity model predicts an integrated and distributed
response (Heidemann ef al., 1999). These observations were given to contradict the
tensegrity concept of global structural rearrangement of the cytoskeleton (Ingber,
2000). However, based on the present results, we believe that they may not precisely
contradict tensegrity because the CSK does not have a unique response corresponding
to a unique structural size scale, as presently demonstrated.

One of the future problems is to determine, for each cell type and undergoing
function, the partition between (i) the cortical CSK whose geodesic organization at a
subcellular level permits rapid adaptation and sensitivity to local mechanical changes,
and (ii) the highly tensed cytosolic CSK whose spatial organization at large cellular
size permits shape stability, resistance to deformation and maintenance of attachment
to the base. However, we are aware that tensegrity models, even more complex than
those studied, remain largely oversimplified compared to the biological reality. A
number of factors such as the role of interdependency between internal tension and
attachment of the cell to the base, the strength of molecular links and particularly
between the two CSK components considered, the type of loading, the compressive
role of nucleus due to higher stiffness (Mathur et al., 2000; Caille et al., 2002), the
role of other polymeric networks and notably the compressive role of microtubules,
the actomyosin and polymerization processes, are only partly or not at all taken into
account by the present approach. Some of these factors have already been evoked in
previous reviews (Thoumine, 1996; Ingber, 2000; Wang et al., 2001) but many of
them require further studies. Despite the obvious oversimplification of biological
reality brought by the present model, the present experiments performed in living
adherent epithelial alveolar cells, provide a body of structural/mechanical/functional
arguments to support the concept of partitioning the cytoskeleton into a 2D-cortical
and a 3D-cytosolic CSK components. The present study brings arguments suggesting
that the specific mechanical behaviour of each CSK component seems to be supported
by the tensegrity concept. Indeed, mechanical property measurements could be
correlated to the tensegral properties of the cortical and the cytosolic micro-structures
i.e., normalized length (L*), normalized tension (7%*), and number of constitutive
elements (N). The entire cytoskeleton would then behave as a synergetic system of
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spatially distributed polymeric elements working at different characteristic lengths and
time scales.
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APPENDIX

The various constitutive elements of the structure (referred to by the subscript “p
below) are defined by their geometrical dimensions (length L,, radius #,, cross-
sectional area S (= n'/;f)), and by their specific elastic properties, i.e., the Young

modulus E, constant for all bars, and E. constant for all cables which are such that E,
is at least two orders of magnitude greater than £, (subscript “5»” will be used for bars
and “c” for cables). T} is the compressing force applied to rigid bars and 7. is the
stretching force applied to cables. The stability of the tensegrity structure shape at
reference state (i.e., in absence of external forces) results from the equilibrium
between compressive and stretching internal forces. This leads to geometrical
symmetries in tensegrity models at reference state (which however depend on both
number of elements, attachment conditions and uniformity of initial tension in all
cables), as previously demonstrated by Motro et al. (1990). Thus, at reference state,
bar length, L,, and cable length, L., are proportional whereas cables are equally pre-
stretched and bars are equally pre-compressed, e.g., for the 30-element model at
reference state, the bars are aligned in pairs in three perpendicular spatial planes,
L s . .
whereas LL” =7 At the reference state, the tension (resp. the resulting

b
compression), T, (resp. Tj), is similar in every cable (resp. bar) in the structure and

ZT,‘ 6 €C_9
? = s (exponent “r” refers to reference state).
b
The internal tension of each structure (prestress) is characterised by a tension in
each elastic cable which is assumed to be linearly related to initial strain (&.) (constant

Young modulus in cables), i.e.,7 =£ S €. At reference state, this expression
becomes 7" = £ .S €, where £ is the initial extension in the cables.

When tensegrity models are submitted to different types of loading (traction,
compression, shear), the resulting overall displacement may be calculated at small
deformations (Wendling et al., 2000b) and large deformations (Wendling et al., 1999).
Choosing for referential system the rectangular base {j’ ,17,2}, the Z-axis is the

direction used to apply traction and compression forces, while the shear force was
applied in the Y-axis direction. For instance, in the 30-element model, first order
displacement of the upper bar through nodes {#6, #11} was calculated along the Z-
axis, as a result of traction axial forces applied to nodes #6 and #11 in the Z-axis
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Au

direction. The global strain of the overall structure: €= 7 (Au: relative nodal
b
displacement), was deduced from the resolution of the following equation system:
{71 =[1{«} (A1)

which describes the equilibrium between the internal and external forces applied at
each node.

For the 30-element model, the components of the column vector {F}, whose
dimension is {1x36}, are the external forces applied at the 12 nodes of the structure in

the three spatial directions. The components of the column vector {u} represent the
resulting small nodal displacements in the three spatial directions. The overall rigidity

matrix [/( ] of the 30-element tensegrity structure (dimension {36x36}) is assembled

from the rigidity matrices [/( ],, of the p = 30 individual elements (six rigid bars and 24

extensible cables). Each rigidity matrix [/( ],, may be written as the sum of (i) an
elastic rigidity matrix [K [L function of physical characteristics of the element and the

coordinates of the nodes, and (ii) a geometric rigidity matrix [K G] , function of the
ya

actual stretching forces of the element and the nodal coordinates (Argyris and Scharpf,
1972). Thus, the matrix [/( ] depends exclusively on the geometrical and mechanical
properties of bars and cables.

For the 16-elements tensegrity model, it has been previously shown that the overall
deformation is affine to a part of the structure reduced to a unique half long bar which
is able to rotate while the other end is attached to three half long cables (Wendling et
al., 2000a). In this particular case, an analytical solution can be used because the force
F applied to the junction between the halved bar and the three halved cables reduces to
a linear function of the angular bar position 0 relative to the referential horizontal axis,

ie.,
F=F Q,(«E tan 6 — 1). (A2)

The applied force F appears independent of the initial extension of the cables &, as

far as stress-strain relationship characterizing cables remains linear (Wendling ef al.,
2000a).

For the two structures, the stress (traction, compression, shear) was obtained from
the ratio of applied force to the mean cross-sectional area S, of the overall structure at

. 2 . .

reference state defined by: (i) §, = n([n / 2) corresponding to the cross-section area of
a cylinder (diameter = height = L, = L;) embedding the whole 30-element model, and
(i) S, =(z

-

2 . . .
) corresponding to the cross-sectional area of the cube (side

length =Ly = /) embedding the 16-element model. The apparent elasticity modulus
(or structural stiffness) was defined by the stress/strain ratio at small deformation, i.e.,
E=o0/e with e=AL,/Ly and o=F/Sy in traction/compression and E = o/y with
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y=AL,/Ly in shear. The stress-strain relationship corresponding to Equation A2 may
be written as follows:

£ S £ S
o= —— £ + S 1- 0 A3
L’ cos@ L?cosB ( o8 ) (A3)

(4 (4

which is typically non-linear due to the 6-dependency of &, and also inversely related
to L%,
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