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Introduction: the cells are multi-scale objects

The cellular metabolism

Pyruvate
Oridation

The metabolism is made by the biochemical engines of the cells. Knowing each of the metabolic
cycle does not gives the answer on how the cell behaves in different environments.
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Introduction: the cells are multi-scale objects

CELL DYNAMICS is MULTISCALED in TIME and in SPACE

Level Hallmark phenomena
Atoms H,CN,O, ... Quantized energy spectrum
Precursors €O, Hy0, N, ... Molecular orbitals, vibrational

and rotational spectra

- Building Nucleotides Aminoacids Sugars  Fatty acids; Chirality, isomerism,
s hidrophobicity,
blocks s ‘é.;. glycerol radiationless transitions

| &0 st

Biomolecules DNA, RNA  proteins polysaccharides lipids Collective properties
3 A » (solitons, excitons,
Ny % 52 flexibility , conforma-
f 4 E R tional transitions)

Self-assembly,

Supramolecular Enzymatic complexes, ribosomes,—_
molecular recognition

structures membranes, contractile systems etc.
i
molecular populations
in compartments,
reaction networks

——
Organelles Nucleus, mitochondria, chloroplasts etc.

Sel-organization, autonomy,
self-replication,
metabolism, evolution

Cells

From the atoms to the cells, at least three integration steps can be outlined
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Introduction: the cells are multi-scale objects

CELL DYNAMICS is MULTISCALED in TIME and in SPACE

™ Cells Sel-organization, autonomy,
self-replication,

metabolism, evolution

IV

Multicellularity, cell
differentiation, coherent
collective behavior

Tissues

Physiology,
information
processing, memory,
inteligence

Organs

-
Vi

Sex, language, social
behavior

Organisms

“ -
From cells to organisms, we can delineate three integration steps
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Introduction: the cells are multi-scale objects

Tumour growth is a multi-scale process

Increasing nutrient competition

Top: Simulated patterns generated by the nutrient-limited cancer growth model
Bottom: common morphologies observed in cancer. From left to right, a compact solid basocellular
carcinoma, a papillary pattern of a squamous papyloma, and the characteristic ramified morphology
of trichoblastomas. [M. Ferreira Vilela Cur. Op. Col. Interf. Science 2010]
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Introduction: the cells are multi-scale objects

Physical approaches of biological systems: a question of spatial and temporal scales

Microscopic scale:

-ﬁ

molecular and subcellular
processes (mutations,
alterations in gene
expression, signaling,
metabolic pathways, cell
cycle etc.)

Typical modeling approches:
reaction kinetics ODEs; lattice
reaction-annihilation processes.

Typical modeling approches:
cell level ODEs; cellular automata
evolution rules.

Mesoscopic scale:

cell-cell and cell-matrix
interactions (angiogenesis,
immune response, local
remodeling of the ECM etc.)

Typical modeling approches:
reaction-diffusion and/or
continuous mechanics EDPs.

Macroscopic scale:

Processes at the tissue level (diffusion of
nutrients/GFs, basal membrane breach,
cell migration and invasion etc.)

Hierarchy of scales and the related mechanisms and modeling approaches. The arrows indicate
the mutual interdependence between the levels in multiscale modeling of cancer growth, implying
that models/subsystems at a given scale use information from another scales.

[M. Ferreira Villela Cur. Op. Col. Interf. 2010]
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Introduction: the cells are multi-scale objects

From 2D to 3D environment: cells sense the space around them

Geometry and

force sensing Mechanotransduction Mechanoresponse
Leading
bofce celledge
—_—
Fibre
curvature

3D collagen
matrix

Rigidity and
matrix pattern
affect shape
through complex
multi-step
processes

For‘ce\_m

2D collagen
—————— array

-

Human fibroblasts project a dendritic network of extensions in collagen matrices [top] but not on
collagen-coated coverslips [bottom] (4 hours incubation) [Grinnel, Mol. Biol. of the Cell, 2003]

Geometric pattern
of recognition sites
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Introduction: the cells are multi-scale objects

Cells are stretching and tensing systems

The microtubules are stained in yellow,
there is an organisation of these filaments to preserve and maintain the cell shape.
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Introduction: the cells are multi-scale objects

Cells are stretching and tensing systems

The actin stress fibers are staining in green,
these filaments elongate and grow to allow the cell contracting and stretching on adhesive support.
Actin and myosin are two proteins which contribute to cell locomotion. (in red the mitochondrial

network, in blue the nucleus)
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Introduction: the cells are multi-scale objects

Cells are active systems that remodel in real time their shape

1) Protrusion of the Leading Edge

actin network

direction of motion
e

2) Adhesion at the Leading Edge
cortex under tension

new actin
new adhesion

movement of unpolymerized actin

Deadhesion at the Trailing Edge

D

3) Movement of the Cell Body

direction of cell bady movement
T
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A cartoon of mechanosensing

he cells are multi-scale objects

Structural
reorganization
of cytoskeleton

vl

Adhesion site
Mechanochemical
signal conversion;
integrin clustering;
recruitment and
force-requlated g
strengthening @
of integrin—
cytoskeleton
linkages

Signal propagation
from adhesion
sites to the nucleus

Alteration of protein
expression; adjustment
of cell functions

Limited bond and
protein lifetime:
iterative sensing
~aa4) and adjustment

Tension applied
to matrix causes
opening of
cryptic sites

D Intracellular events

D Extracellular events

—

Integrin recruitment

and translocation;
recruitment of matrix
proteins; matrix assembly

Matrix remodelling and
stretching; switching matrix
functionalities by force;

cellular response to altered matrix

When cells sense the mechanical features of their environment, they pulls on their environment and
produce a cascade of events inside and outside of their body. Outside, they modify the extracellular
matrix and create new signals, such as those originating from fibronectin unfolding. Inside,
intracellular signals alter the expression pattern of the cell and, over time, change the cell shape
and its mechanical response [Vogel, Nat. Rev. Mol. Cell Biol, 2006]
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Introduction: the cells are multi-scale objects

Mechanically coupling the extracellular matrix with the nucleus

ECM Plasma membrane Nuclear envelope Nucleus

Lamin A / $ Chromatin

MAR

‘Collagen Nuclear pore,_
Integrins, Stress wave propagation ~1ms , ene
- : Talin ( v activation?
I .
\\ Myosin |l F-actin ‘Nesprm 1 Zp% Force'
Force - PRRRRGARLOTERERES .
< C ...... — Myosin
g _ Nesprin 2 S hctin
( o
A SUN2 __'_
o |Nesprin 31 Titin
O—>000
; Emerin
Translocation 5-10s  |MT Plectin
- LINC e
00O O complex /Nucleolus
b > A (RNA7)

Growth factor —©), Diffusion 5-10 s
Forces channelled into the nuclear scaffold might directly affect gene activation within milliseconds
of surface deformation. By contrast, it takes seconds for growth factors to alter nuclear functions by
eliciting chemical cascades of signalling, which are mediated by motor-based translocation or
chemical diffusion. LINGC, linker of nucleoskeleton and cytoskeleton; rRNA, ribosomal RNA.
[Wang, Nat. Rev. Mol. Cell Biol. 2009]
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Introduction: the cells are multi-scale objects

Models of cell rheology.

o T

Tensegrity force balance

ol

#Unfolding
cross-link domain
0 Fliament
binding domain
Fliament
monomer

Cell rheology models proposed in the litterature: (a) EM of the lamellipodal actin network. (b)

Schematic of the tensegrity model. (c) Schematic of soft glass rheology. (d) Dynamic cross-link
models. [B.D. Hofman, Annu. Rev. Biomed. Eng. 11 (2009) 259-88]
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Introduction: the cells are multi-scale objects

Global quantities collected in cell mechanics

(a) Quantities involved in mechanics measurements

Change in length, AL
after time, AT <

Stress: 6 = F/Area

Force, F
g AL
Strain: y= e

Ly
. Ay -
Strain: y= {/
rate L
Relaxed length, L Area
Elastic . Viscous i :
response - response o=1G"(an) At ]y

The shear modulus and its frequency dependence: a cartoon. [Kasza Curr. Opinion Cell
Biology 19 (2007) 101]
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Introduction: the cells are multi-scale objects

Cell and touch: experimental methods of mechanical probes (1)

Bulk rheology

A material is sheared between two
plates using an oscillatory stress to
probe the shear elastic, G', (in-phase)
and viscous, G”, (out-of-phase) moduli.

plates

network

Nucleus

e .
Magnetic bead cytometry Cell 5 Magnetic bead
An external magnetic field applies a 7 "

stress to a magnetic bead. The bead is | |
position tracked to determine the

response. .
5k $ et ow, AL
Traction force microscopy H-.‘\ TSNS Trser
Cell contractions deform a flexible Z, e
o N 77" ¥ beads

substrate. Forces are estimated from X W e
bead displacements. E A \‘rxﬂ,

Experimental methods that have been designed to measure the rheological response of cells
[Kasza Curr. Opinion Cell Biology 19 (2007) 101]
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Introduction: the cells are multi-scale objects

Cell and touch: experimental methods of mechanical probes (2)

Atomic force microscopy Cantilever

A cantilever applies stress to the cell.
The cantilever deflection is measured by :
laser reflection. [ ]

Microrheology

The motion of probe particles is =z Tracer
measured using either video or laser marticles
tracking techniques. Particle motion is — —
either driven externally or thermally

induced and is interpreted to yield the
viscoelastic modulus.

Whole cell stretching | T

A cell is attached to two surfaces. A Rt £ J
force is applied to one surface and the )WN
plate separation is measured. ! ot

Experimental methods that have been designed to measure the rheological response of cells
[Kasza Curr. Opinion Cell Biology 19 (2007) 101]
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Introduction: the cells are multi-scale objects

Understanding linear versus nonlinear rheology and stress stiffening.

Small deformation Large deformation

Non-linear /

p Linear

/

Stress

/
f
'

'
i

:

i

‘

‘

i

‘

i

i 4

i < U
:

i

o

—1

Strain

Under small deformations, the stress is proportional to the strain and the material is said to be
in the linear regime. Under large deformations, the stress increases more rapidly with applied
strain. Here the material is dais to be in the nonlinear regime. [Kasza Curr. Opinion Cell Biology
19 (2007) 101]
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Introduction: the cells are multi-scale objects

Young's Moduli of Cells and Polymers

exocytotic granules collagen _lks—layer
si
- rubber . bone steel
living cells protein
crystals

|—.| gelatin
I

I T T T T T T T T
1kPa 10kPa 100kPa 1MPa,_ 10MPa 100MPa 1GPa 10GPa 100GPa

kP2 giotvostelium 10kPa 100kPa
t { fibroblasts

cardiocytes stress fibres

activated platelets
inadivated platelets |

Marfred Radmacher
Universitat Miinchen
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Introduction: the cells are multi-scale objects

Mechanical response of a single walled cell from Arabidopsis thaliana root call

The root tissue from which the single cells are extracted (3D reconstruction of a fluorescence

image from confocal sections. The cellulose fibers are stained in white.
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Introduction: the cells are multi-scale objects

AFM: a mechanical sensor of cell viscoelasticity

soft

I

hard

The AFM cantilever deflection is proportional to the force applied on its branches (V-shaped
here). It can therefore differentiate a stiff (the glass for instance) and a soft (a cell) sample.

Force maps (see d) can be reconstructed from force curves captured point by point. [T. Ludwig,
Pflugers Arch. Eur. J. Physiol. 2008]
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Introduction: the cells are multi-scale objects

What forces does the AFM measure?

——— Approach Cantilever
—— Retract Tip "
. AN Sample

surface

Repulsive

e A

F

T .
I faa
N © “?frii';’ " E
-

Force (nN)
o

Adhesive

Tip-surface distance (nm)

LOADING - UNLOADING FORCE CURVES
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Introduction: the cells are multi-scale objects

AFM force curves captured on one A. thaliana single cell

0 200 400 600 800
Zy (nm)

(a) Transmission microscopy of a single cell from A. thaliana root callus; the scale bar is 25 pum.
(b) Untreated force curves recorded in liquid on the bottom of a petri dish (black line) and on a
single cell, the blue (resp. red) line corresponds to the loading (resp. unloading) force curve.
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Introduction: the cells are multi-scale objects

Principle of AFM measurements

The principle of and AFM system: the deflection of the cantilever gives the force of interaction
of the tip with the cell.
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Introduction: the cells are multi-scale objects

Deciphering the shapes of the approach force curves on A. thaliana single cells

S 0 N
0 500 1000 -400-200 0 200
Z (nm) Zy, — Zyo (nm)
—~ olc J————
) ;
=]
~
Z
£.0.05]
&
=
&5—041 v
-400-200 O 200 —400 -200 0 200
Zy, — Zio (nm) Zy, — Zyo (nm)

Experimental force curves collected on two different cells (approach). (a) Force-indentation
curves. (b) Plot of Tg(o) [F] versus Zx — Zko. Zko corresponds to Teontact = —10~3% nN/nm. (c)

Plot of 7—9(1) [F] versus Zx — Zyo. (d) Plot of Tg(Z) [F] versus Zx — Zyo.
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Introduction: the cells are multi-scale objects

A cartoon of the cell deformation

Sketch of the indentation of the cell wall by a pyramidal shape tip. (a) The tip penetrates the
wall without changing noticeably its curvature (Regime A). (b) For a deeper indentation, the wall
curvature is modified by the pyramidal tip (Regime B).
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Introduction: the cells are multi-scale objects

Physical model for describing the indentation of a walled cell (elastic shell) by a

pyramidal shape indenter

For a given deflection of the cantilever (the contact force) the total displace-
ment of the AFM piezo transducer is the sum of the cantilever deflection
dk, the depth of penetration of the tip inside the wall 6, and the deformation
(change of curvature) of the wall §p.

6 =Zk — Zko = Ok + 8¢ = Ok + 0p + Op (1)

Correcting the force curves with the cantilever deflection dx, we get es-
sentially the total indentation of the cell:

Zk — Zko = 0¢c = 6p + b . (2)

These two terms describe the shallow penetration of the wall by the tip
(regime A) and the deformation of the wall (regime B) by a global bending
and stretching.
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Introduction: the cells are multi-scale objects

Physical model for describing the indentation of a walled cell (elastic shell) by a

pyramidal shape indenter

Regime A : two power laws can be observed:

o If 6, < r:
o E 4E\/ri | 32
(6p) = {m} p 3)

o In the limit §; > r;, and assuming that §; < Hy:

2

F(op) = { an(O)F | 52 4

E is the Young modulus of the wall, v is the Poisson ratio, 6 is half the
tip angle, r; is the radius of the tip of the cantilever. These two formula
predict that if the wall is soft enough for being penetrated by the cantilever
tip, we should first observe a power-law §%2 followed by a power-law 62,
assuming that the wall is thick enough (Hy > r:).
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Introduction: the cells are multi-scale objects

Physical model for describing the indentation of a walled cell (elastic shell) by a

pyramidal shape indenter

Regime B : bending and stretching the wall

Here we put a general form for F(d,) with a nonlinearity exponent h that
will generalize these linear response models to strain-hardening (h > 1)
or strain-softening (h < 1) systems:

F(0) = Ke 05 - (5)
Ke can be considered as an effective tension of the wall.
A simplified mathematical model:
F(Z) =Ke(Zi—Z*)" for Z« < Z : Regime B

F(Z) =AZ—2)%? for Zy < Z < Z : Regime A (6)
F(Zk) =J() for Zk > Zo 5

FA Cells and touch



Introduction: the cells are multi-scale objects

The mathematical model mimic the experimental force curves

60
1500 & . b
ZAN
—~ 2 40
Z. 100 -
£ &
= 2
& 50 = 0
0! 0l ]
0 1000 2000 -400-200 0 200
Zy, (nm) Zy — Zio (nm)
— ¢ .
g G d
~
Z-0.05, =
£ = 4
= &
~-0.1 =
= e =
S0 18 0
T 7°_400-200 0 200 -400-200 0 200
Zy, — Zio (nm) Zy, — Zyo (nm)

Computation of the first and second derivatives of the nonlinear force-curve model (Eq. 6) using
the WT method with a Gaussian function (swy = 10 nm). The green - red - brown curves
correspond respectively to Holder exponents h = 1.2, 1 and 0.8. ((a) The original force curves.
(b) 7;(0)[F](Zk — Zko, 8 = 1), Zko corresponds 10 Teontact = —107% nN/nm. (c) Tgm[F](Zk -
Zyo, 8 = 1) innN/nm. (d) 7 _(2)[F1(Zk — Zko, s = 1) in MPa.
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Introduction: the cells are multi-scale objects

The multi-scale wavelet analysis to extract the holder exponent h

Within the norm £, the one-dimensional WT of a signal F(x) reads:

X—b

1 [ .
WlFI(b.s) =5 [ Foow (52 ™)
where b is a position and s (> 0) a scale parameter. A typical analyzing
wavelet ¢ (x), that is admissible (of null integral) is the second derivative

of a Gaussian g@(x) = e~**/2, also called the Mexican hat wavelet:

@y 8 0 k22 2
g7 =-1m9 ()= (1 -x7). (8)

Via two integrations by part, we get the relation of the wavelet transform of
F with the second derivative of a Gaussian wavelet W [F](b, s) with the
second derivative of F, smoothed by a Gaussian function W« [F](b, s):

2

Wy [FI(b,5) = & S Wy [FI(b,9) ©)
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Introduction: the cells are multi-scale objects

The multi-scale wavelet analysis to extract the holder exponent h

If the wavelet has a compact support, it has been demonstrated that the
wavelet transform of F: W, [F](xo, S) depends upon the values of F(x) in
a neighborhood of xg of size proportional to the scale s. If F(x) behaves
as (x — x)" in the neighborhood of xo, then a straightforward calculation
yields that the WT of F behaves as a power-law of the scale with the
exponent h:

|Wy[F](x0, 8)| oc As” . (10)
This relation defines how |W,,[F](x, s)| decays when the scale s goes to
zero. From the WT, we can therefore recover the local Holder exponent of
the function F.
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Introduction: the cells are multi-scale objects

The multi-scale wavelet analysis to extract the holder exponent h

We use here modified versions of the definition (Eq. (7)) of the WT that
gives directly a measure of F in nN, dF/dZ in nN/nm and d?F/dZ? in
Pascal smoothed by a Gaussian window of width s:

Tao [F1(b,s) = W0 [F](b, s) (11)
Tao[FI(b;8) = TWyo)[F](b, s) (12)
Ty [F1(b,s) = & W [FI(b;s) . (13)

Then the local power-law extracted from the WT (Eq. 10) for the first order
and second order derivatives is shifted by -1 or -2 depending of the formula
that we choose to compute the transformation 7, [F](b, s), with i = 1,2:

Ty [Fl(X0, 8) oc As"™ . (14)
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Introduction: the cells are multi-scale objects

Wavelet multi scale analysis of the h = 1 piece wise linear model with H, = 0 (Regime

B alone)

2 )

= & N

g — Ef
=1 2

z 400 E:z 0 -

E 2 >

* 200 g -1 “3

- &

400 -200 0 200 400 9 2 3

b (nm) log0[Zko — Zk] log,, swo

Computation of the first and second derivatives of a piece wise linear function using the WT
method with a Gaussian function (swy = 10 nm). (a) The original force curve. (b) 7’9(0) [F1(Z —

Zio, 8 = 1), Zko corresponds to Teontact = —10~* nN/nm (see text). (c) 7’9(1) [FI(Zk — Zko, s =
1) in nN/nm. (d) Tg<2> [FI(Zk — Zko, s = 1) in MPa.
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Introduction: the cells are multi-scale objects

Wavelet multi scale analysis of the complete mathematical model

600 B
£ 400 =
S 200 E
-4
-400 -200 O 200 400 0 1 2 3
b (nm) = log19[Zro — Zi]
c / =
| N
£ 400 =
% 200 > N
=0 0 -0.8\,
o
-400 -200 0 200 400 ~— 0 1 2 3
b (nm) logy swo

Wavelet based analysis of two theoretical forces curves. (a) and (c) Color coded representation
(from 0: dark blue to 2MPa: red) of Tg(z) [F1(Zk — Zko, s) computed from two of the force curves,

corresponding to the Holder exponents h =1 (a)and h = 1.2
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Introduction: the cells are multi-scale objects

Wavelet multi scale analysis of experimental force curves

a
600

400
200

swy (nm)
logg Tg<0) [F]

-400 -200 O 200 400
b (nm)

swy (nm)

400 -200 0 200 400

logyo Ty [F(Zkt, 8)

b (nm) log;, swy
Wavelet based analysis of two experimental forces curves. (a) and (c) Color coded represen-
tation (from 0: dark blue to red: 500 kPa (a) and 150 kPa (b)) of 7;(2> [F1(b, s) computed from

two force curves with the same color and line coding.
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Introduction: the cells are multi-scale objects

Statistics of mechanical parameters and scaling exponents: the turgescent cells

b
o g
AW
s AT ]
| 2 3 -1.2 -1 -0.8 -0.6
log g swo 38
/:c\ c 15
i 4
=1 — 10|
g 3
g 5 =
(=1
s o ! k“hﬂ
S i I
A8 01 2 3 00
logip min(sw) kE (nN/nm

Statistical analysis of the mechanical properties of turgescent A-thaliana cell walls. (a) 8 expo-
nents plotted versus the interval of scales swy (in log scale). (b) Histogram of g3 values. Three
intervals of 8 have been distinguished with different color codings. (c) Stacked histograms of
the minimum scale swy in log,, where the scaling exponent 3 was detected with a 1% accuracy.
(d) Stacked histograms of effective stiffness kg coefficient.
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Introduction: the cells are multi-scale objects

Fluorescence imaging of turgescent cells

Confocal images of turgescent single A. thaliana cells. (a) Middle section of a cell expressing
GFP-MBD (green) that marks microtubules and stained with Pontamine Fast Scarlet 4B (red)
that marks cellulose. (b) 3D reconstruction of a half cell stained with Pontamine Fast Scarlet
4B (grey). The white arrow indicates a region with less cellulose and the yellow arrows indicate
irregularities of the cell wall.
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Introduction: the cells are multi-scale objects

Statistics of mechanical parameters and scaling exponents: the plasmolyzed cells

b
S 25
A
12 0 40
" 2 3 -1.2 -1 -0.8 -0.6
log 1y swo 6]
—~ o5
25
= C d
I
3 4 20
g = 15
g <
o 2 =~ 10
3 A
S 5 H
e N__m
& 01 2 ° 0.1 0.2 0.3
log1o min(swy) kg (nN/nm)

Statistical analysis of the mechanical properties of plasmolyzed A-thaliana cell walls (adding
mannitol). (a) B exponents plotted versus the interval of scales swy (in log scale). (b) His-
togram of 3 values. Three intervals of 5 have been distinguished with different color codings.
(c) Stacked histograms of the minimum scale sw; in log,, where the scaling exponent 5 was
detected with a 1% accuracy. (d) Stacked histograms of effective stiffness kg coefficient.
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Introduction: the cells are multi-scale objects

Statistics of mechanical parameters and scaling exponents: the cytolyses cells

8
P(B)
[$)]

1 3 -1 -0.8 -0.6
log 1 sw

T e *d

\i/ 4 15

= —

E £ 10

= 2 g

Sl N - ln L
1 2 3 0 0.1 0.2 0.3 0.4

log1o min(swy) kg (nN/nm)

Statistical analysis of the mechanical properties of cytolyses A-thaliana cell walls (dilution with
water of the culture medium). (a) 3 exponents plotted versus the interval of scales sw; (in log
scale). (b) Histogram of 3 values. Three intervals of 3 have been distinguished with different
color codings. (c) Stacked histograms of the minimum scale sw in log,, where the scaling
exponent 3 was detected with a 1% accuracy. (d) Stacked histograms of effective stiffness kg
coefficient.
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Introduction: the cells are multi-scale objects

Fluorescence imaging of plasmolyzed and cytolyses cells

Confocal images of plasmolyzed and cytolysed single A. thaliana cells. (a) and (b): two exam-
ples of plasmolyzed cells. (c) and (d): two examples of cytolyses cells. 3D reconstruction of a
half cell stained with Pontamine Fast Scarlet 4B (grey).
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Introduction: the cells are multi-scale objects

Reconstructing a map of mechanical exponents on a single turgescent cells

Lr ﬂ12
AR
- 1

2.4

5o B Bo14
> -0.16
1.8 -ﬁ -0.18
1.6 -0.2
1.4 O m -0.22
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Introduction: the cells are multi-scale objects

The corresponding statistical study from the single turgescent cell

| 2 3 -16-13 -1 -0.7-04
i log 1 swo I5;
= 12 C 30 d
‘% 1(8) 20
= —
g 6 £ \
E 10 Fi |
‘ fn
:0/ 0 uﬂﬂ 0 .HﬁLﬂH |
= 2 3 0 01 02
loain min(swn) kr (nN/nm)

Statistical analysis of the mechanical properties of a single turgescent A-thaliana cell wall. (a)
3 exponents plotted versus the interval of scales swy (in log scale). (b) Histogram of 3 val-
ues. Three intervals of 3 have been distinguished with different color codings. (c) Stacked
histograms of the minimum scale sw; in log,, where the scaling exponent 3 was detected with
a 1% accuracy. (d) Stacked histograms of effective stiffness kg coefficient.
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