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Context
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Pressure ulcers:
a preventable tissue injury? |
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Pressure Ulcers (PUs)

Pressure ulcers: localised injuries to the skin and
underlying soft tissue that form during prolonged
exposure to mechanical loads eiap).

Stage lll Stage IV
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Pressure Ulcers (PUs)
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Pressure Ulcers (PUs)

Pressure ulcers: localised injuries to the skin and
underlying soft tissue that form during prolonged

exposure to mechanical loads eiap). -

Stage Il Stage lll Stage IV
: >

-

>

Stage 1 and stage 2 account
for 70% of PUs

[Kim et al., 2020, Moore et al., 2019],

20% of hospitalised patients
[Vanderwee et al., 2007],

34% of amputees experienced
a skin lesion [Lyon et al., 2000].
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Challenges for the prevention of PUs

Clinical Challenges:

= Early detection of skin damage to enforce preventive measures: Reliability of PU risk assessment scales
[Anthony et al., 2008],
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Challenges for the prevention of PUs

Clinical Challenges:

= Early detection of skin damage to enforce preventive measures: Reliability of PU risk assessment scales
[Anthony et al., 2008],
= |dentification of at risk PErsons: Overall there is no single factor which can explain PU risk, rather a complex interplay of

factors [Coleman et al., 2013],
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Context

[e]e] lele]ele)

Challenges for the prevention of PUs

Clinical Challenges:

= Early detection of skin damage to enforce preventive measures: Reliability of PU risk assessment scales
[Anthony et al., 2008],

= |dentification of at risk PErsons: Overall there is no single factor which can explain PU risk, rather a complex interplay of

factors [Coleman et al., 2013],

= Healing processes are COStlyZ prevention measures are five times less expensive than treating pressure ulcers

[Demarré et al., 2015].
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PUs prevention: clinical reality

@) dermolex

Inspect the skin regularly
Braden scale

)

Control comorbidities L ) Mobility
Ability to change
v body position.
‘ Provide adapted nutrition
and hydration
Moisture
. How often and to what
Avoid complete ‘ . I
immobilisation extent is the patient’s body

exposed to moisture?

Friction and shear
How often does
the patient's skin rub?

“ Manage skin moisture
Ease pressure and
prevent friction

Norton and Braden scores.
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PUs prevention: clinical research

Other Potential Indirect Causaf| Key Indirect Causal Factors Direct Causal Factors

Factors

I
Olderage |~ ~~°°7 " Poor Sensory

perception &
[edein

response
x
- 1
Pitting oedema QOutcome
Pressure Ulcer
\

\
Infection

m————————

s e e g

v

Acute illness

Raised body
TEMPQI'SIU re

[Coleman et al., 2014]
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Poromechanics 1-compartment 2-compartments Conclusion
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PUs prevention: clinical research

Individual Susceptibility
& Tolerance
Physiology & repair
Transport & thermal properties
s Mechanical properties of the
Individual dam:
eehold e“ee?; tissue e.g. stiffness, strength
5 Geometry (morphology: size
“e“hé“"::!ra““"d”y & shape of different tissue
bl layers) of the tissue & bones
Magnitude and duration
of mechanical load
Type of load: pressure, Risk Factors
shear & friction Skin / PU status
Poor perfusion
Risk Factors PU Conceptual Poor nutrition
o Framework to show i
Immobility
i = the balance for PU DiEbEteS
Poor sensory perception development Moisture
& response =
Low albumin
[Coleman et al., 2014]

PhD Defence - 24 June 2025

Thomas Lavigne




Context 4 e ve rtment

0000080

PUs prevention: pre-clinical studies
Mechanical loading

fo)
o
©
£
©
o
k]
[
o
o exposure
8 time
Damage vs.
Mechanical State
role of deformation d, —» deformation

[Coleman et al., 2014, Ceelen et al., 2008, Traa et al., 2019, Loerakker et al., 2011, Stekelenburg et al., 2006, Bouten et al., 2003]
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PUs prevention: pre-clinical studies
Skin Status Losid

O . o T 0

No Damage Reversible Irreversible

[Coleman et al., 2014, Swisher et al., 2015]
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PUs prevention: pre-clinical studies

Perfusion

—> degree of damage

role of ischemia / reperfusion

reperfusion .-===>
ift>t,

., reperfusion
N, ift<t

t —» time

[Coleman et al., 2014, Kosiak, 1959, Landis, 1930, Loerakker et al., 2011]
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PUs prevention: Interplay often overlooked

Ischemia/Reperfusion

Sustained or Excessive load

Tissue History
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Literature review

Clinical, experimental
and mathematical description of
the human skin.




Literature review
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Clinical description of the skin

The human skin is the largest organ of the body (~ 7.00 % of the weight [Burns et al., 2010]). It is a
stratified tissue acting as a barrier with the environment, ensuring load bearing, healing, and

thermoregulation.
The main layers are:

> Epidermis (005—015mm) avascularised tissue
[Burns et al., 2010, Wong et al., 2015, Joodaki and Panzer, 2018,

Yazdi and Bagqersad, 2022],
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Clinical description of the skin

The human skin is the largest organ of the body (~ 7.00 % of the weight [Burns et al., 2010]). It is a
stratified tissue acting as a barrier with the environment, ensuring load bearing, healing, and
thermoregulation.

The main layers are:

> Epidermis (005-015mm) avascularised tissue
[Burns et al., 2010, Wong et al., 2015, Joodaki and Panzer, 2018,
Yazdi and Bagqersad, 2022],

> Dermis (05—5mm) vascularised and fibrous system. 60%
of Dermis weight is Bounded+Free water

[Burns et al., 2010, Yazdi and Bagersad, 2022],
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Clinical description of the skin

The human skin is the largest organ of the body (~ 7.00 % of the weight [Burns et al., 2010]). It is a
stratified tissue acting as a barrier with the environment, ensuring load bearing, healing, and
thermoregulation.

The main layers are:

> Epidermis (005-015mm) avascularised tissue
[Burns et al., 2010, Wong et al., 2015, Joodaki and Panzer, 2018,
Yazdi and Bagqersad, 2022],

> Dermis (05—5mm) vascularised and fibrous system. 60%
of Dermis weight is Bounded+Free water

[Burns et al., 2010, Yazdi and Bagersad, 2022],

> Subcutaneous fat (subcutis): organised layer

ensuring load bearing, and thermoregulation [Burns et al., 2010].
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Clinical description of the skin

The human skin is the largest organ of the body (~ 7.00 % of the weight [Burns et al., 2010]). It is a
stratified tissue acting as a barrier with the environment, ensuring load bearing, healing, and
thermoregulation.

The main layers are:

> Epidermis (005-015mm) avascularised tissue
[Burns et al., 2010, Wong et al., 2015, Joodaki and Panzer, 2018,
Yazdi and Bagersad, 2022],

Epidermis < i

Vascular Network
Nerves

Mobile cells > Dermis (05-5mm) vascularised and fibrous system. 60%
Glands (Sweat, Sebaceous) of Dermis weight is Bounded+Free water

Hair Follicle
[Burns et al., 2010, Yazdi and Bagqersad, 2022],

Dermis

Lymphatic system
Irregular dense connective tissue

Hypodermis {

> Subcutaneous fat (SUbCUtiS)Z organised layer

ensuring load bearing, and thermoregulation [Burns et al., 2010].
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Mechanics of human skin

[oodaki and Panzer 2018]

Tensile test fn vivo
Ex vivo
[Khatyr et al., 2004] In vivo .y .
[Annaidh et a1 2012] B The human skin’s mechanical response
[Gallagher et al., 2012] Ex vivo . . . .
[Ottenio et al, 2015] Exvivo exhibits an non-linear, anisotropic, and
acquet et al., 2017] B time-dependent behaviour.
Torsion test In-vivo
Ex vivo
[Sanders, 1973] In vivo
[Agache et al., 1980] In vivo
[Escoffier et al., 1989] In vivo o o Onp
T e > Various experimental conditions,
Suction test
Ex vivo
[Diridollou et al., 2000] In vivo
[Hendriks et al., 2003] In vivo
[Lakhani et al., 2021] In vivo
[Connesson et al., 2023] In vivo ;
[Elouneg et al., 2023] In vivo A
. In vivo
Indentation test N b
Ex vivo u
[Raveh Tilleman et al., 2004] [IIEXWIVO. i,
[Elleuch et al., 2006] In vivo 1]
[Boyer et al., 2007] In vivo )
[Pailler-Mattei et al., 2008] I vivo
[Khaothong, 2010] In vivo

Thomas Lavigne PhD Defence - 24 June 2025




Context Literature review Objectives ompartment mpartments Conclusion

0O0e00000000

Mechanics of human skin

Tnvivo  Elastic Poisson
Exvivo_ Modulus [Pa] Ratio [-]
(657 = 2.19) x 10° (] arm)

Tensile test

[Khatyr et al., 2004] Imvive e a0e (1 ) NS
[Annaidh et al., 2012] Bl (833 +34.9) x 10° NS
[Gallagher et al., 2012] Exvivo | (98.97 +97)x10° 0.1-1.1 « .
v w1 2015 Bl (07103 <1000 ) S The human skin’s mechanical response
T e ) exhibits an non-linear, anisotropic, and
[Jacquet et al., 2017] Imvive e )  10° (Fimal) NS
(183278) < 10° (nis) time-dependent behaviour.
(0.74 = 0.59) x 10° (Final)
35.6 x 10° (Initial)
4.59 x 10° (Final)
In vivo Elastic Poisson
Torsion test Ex vivo_ Modulus [Pa] Ratio [
[Sanders, 1073] Tnvivo 2% 10° to 1 % 10° 05
% 10° (Youn,
[Agache et al., 1980] In vivo ;; N :g EEHEV% NS
[Escoffier et al., 1989] Invivo  1.12 x 10° N-S
Suction . . ..
ution test Exvivo_Modls [P Ratio ] > Various experimental conditions,
[Diridoliou et al., 2000] Tnvivo (129 % 88) x 10° 05
(56.3 £ 20.4)x10°
[Hendriks et al., 2003] In vivo e NS a g -
O == o Mlrs > Different modelling strategies,
(3.09 £ 0.47) x 10 (qu
(535+1 ns) g .
[Connesson et al., 2023] In vivo (46.00.1) % 10° ) 0.45-0.5 > W|de range Of VaIUeS (E c [183, 1e6]Pa).
[Elouneg et al., 2023] In vivo fé §§ - 8 E§§ . ig’ EH Ty 0432009
N In vivo Elastic Poisson
Indentation test Exvivo  Modulus [Pa] Ratio [
[Raveh Tilleman et al., 2004] |MERWABY 52 = 45 x 10 0435012
[Elleuch et al., 2 In vivo 14 x 10* 0.3
[Boyer et al., 2007] Invive 13.2 x 10° to 33.4 x 10° NS
N-S N-S
[Pailler-Mattei et al., 2008]  In vivo 35 x 10° N-S
x 10% N-S
[Khaothong, 2010] In vivo (017 £0.07) x 10° N-S
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Time-dependent mechanical response

I Viscoelasticity u,

| Hold
Compressionﬂ u, ®/ 2 6: %% e ~— Compression
 —
Solid rearrangement
Hold

© Glia cells

Neurons

ECM
° Fluid

[Su et al., 2023] (Brain tissue)
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Time-dependent mechanical response

ﬁViscoelasticity u,

|Hold
|
$.0-°.0-8 ‘-—Compression
ARPECx Solid rearrangement t
Féies  Hold
= — Poroelasticity Flera?
& Viscoelasticity
© Glia cells R TReECAN
ol 2eg" Poroelasticit
Neurons o8- vew) y
|09 6.0 8-
ECM S R IT a decreases
* Fluid Fluid migration t

[Su et al., 2023] (Brain tissue)
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Porous media description for human skin

Poromechanical models allow the coupling of the solid phase with the fluid
compartments where biochemistry exchanges occur.

Tissue Study

Brain Budday et al., 2019, Hosseini-Farid et al., 2020, Greiner et al., 2021, Urcun et al., 2021, Urcun et al., 2022, Urcun et al., 2023],
Hervas-Raluy et al., 2023, Carrasco-Mantis et al., 2023]

Liver Jordan et al., 2009, Marchesseau et al., 2010, Raghunathan et al., 2010, Moran et al., 2012]

Ricken and Lambers, 2019, Islam et al., 2020]

Meniscus Kazemi et al., 2013, Uzuner et al., 2020, Bulle, 2022, Uzuner et al., 2022, Gunda et al., 2023, Schwer et al., 2024]
Muscle Yang and Taber, 1991, Morrow et al., 2012, Wheatley et al., 2015, Wheatley et al., 2016, Lavigne et al., 2022]

Skin Oomens et al., 1987, Ehlers and Markert, 2001, Nakagawa et al., 2010, Oftadeh et al., 2018, Wabhlsten et al., 2019],
Wang et al., 2020, Leng et al., 2021, Sachs et al., 2021, de Lucio et al., 2023, Oftadeh et al., 2023, Han et al., 2023],
Sachs et al., 2024, de Lucio et al., 2024]
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Porous media description for human skin

There's a chemo-mechanical coupling at play: Water movement—driven by osmotic
pressure and chemical potential—regulates how the tissue adapts to deformation by
compacting or expanding the collagen fiber network. [Enret et al, 2017]

Expelled
interstitial .
Unloaded tissue i
fluid Standard saline —
Uniaxial tension Force F 14 Change to dist. water —
%
o Equibiaxial tension N
H’ & % N
i 2 v Porous disc, %M

cross-sect. &

area A,

0 100 200 300 400 500 600
Time (s)

— Tensile in-plane loads
| = Expelled intersiital fluid Membrane

layers B

Uniaxial tension relaxation experiments on human amnion.
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Porous media description for human skin

Biphasic homogenized model and experiments (waisten et al., 2019]

Ex vivo characterisation

ezl 93]
€%, €%,
'

2, =1.00 ‘ [
; =
2,=1.20 _-’F ——>F

In vivo predictions

Free/Fixed/

&
Constrained ei\]/'
i
N 0
.
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Porous media description for human skin

Expansion to layer-specific biphasic model for skin [sachs et al., 2021 stiffer dermis and key
role of fluid flow and permeability in the tissue's mechanical response.

Layered biphasic model

Oipiacamont ()
e

5
HOEf

A=

i
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Porous media description for human skin

Expansion to quadriphasic model for dermis [sachs et al,, 2024].

Quadriphasic model

. . = — Simulation T
Epidermis —______ £ 020 Experiment H
) & = @ 2]
Dermis —___ g 0.1 8
= ot0 ¥
Hypodermis — | e 51 prrrreess e
§ .05 _ H sz control
z i TEERE ST hyperton
o 500 1000 1500 2000 1000 1500 2000
Time [s]

Time [s]

Thomas Lavigne
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Porous media description for human skin

> Few in vivo studies have been published and
evaluated for skin Ischemia/Reperfusion
[Oomens et al., 1987, Weir Weiss et al., 2023, Sachs et al., 2021],

> Limited loading or boundary condition is
controlled [Wahlsten et al., 2019, Wahlsten et al., 2023], Sustained or

> Few studies have examined the interplay between Excessive load

identified factors and included the vascular

system [Sree et al., 2019, Loerakker et al., 2011]

q q Tissue Histor:
> Multi-compartment poromechanical models v

including the vascular system have not been
evaluated yet.

Thomas Lavigne PhD Defence - 24 June 2 17




Current approaches for vascular coupling

Explicit and FE?modelling

Imagery and Biopsies

1‘2 % ﬁ\*i'ig(f;@

05 mm

Numerical tree Inclusion to domain

Po, [mmH
o, [mmHg) PlkPal
e _- £
2F
g%
—— i
&2
e i

ol b o X 0 2 3 4
Skin depth [mm] Applied Pressure [kPal

[Sree et al., 2019] (= 1, 210, 000 elements)
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Porous media description for living tissues
This PhD work is built upon the Theory of Thermodynamically Constrained Averaging Theory (TCAT,
[Gray and Miller, 2014]) and Sciumé et al., Urcun et al. adaptations to ulceration and oncophysics.

Foot scale REV ¢ o

2 51

S Extracellular mairx

Intersutal fluig

Sample

[Sciume et al., 2014, Sciume, 2021, Urcun et al., 2022, Urcun et al., 2023].
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Objectives

Develop and evaluate a poromechanical
model that couples mechanical
behaviour and micro-circulation.



Objectives partment

oeo

Modular poromechanical model

Challenges

== How can we introduce the vascular system to a
poromechanical model for the skin?

== How can we evaluate the poromechanical model with
the vascular system?

Generated with Al
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Objectives

oeo

Modular poromechanical model

Challenges

== How can we introduce the vascular system to a
poromechanical model for the skin?

== How can we evaluate the poromechanical model with
the vascular system?

PUs are associated with damage (tissue necrosis). In this
project, we focus on the interplay between mechanics and bi-
ological response. Therefore, we first consider physiological
mechanical ranges. )

Generated with Al
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Porous Modelling
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Porous Modelling Model Evaluation

Tensile Test FEniCSx Integration Evaluation of the model

MICROSCALE

REV

v ook i)
* f< hy-fa)

MACROSCALE
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Porous Modelling Model Evaluation

w Tensile Test FEniCSx Integration Evaluation of the model
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Model developments

== How can we introduce the vascular
system to a poromechanical model for
the skin?
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Poromechanical systems

A system is a quantity of mass. The complement of a system, i.e. the mass or
region outside the System, is the Surrounding. (Nonlinear Solid Mechanics, Holzapfel 2000)

A porous medium:  special
Open System in which the con-
trol volume, s , is that occu-
pied by the solid scaffold. Be-
ing the solid deformable Q, and
0f2s depends on time t.

Thomas Lavigne PhD Defence - 24 June 2025 24
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Poromechanical systems

A system is a quantity of mass. The complement of a system, i.e. the mass or
region outside the System, is the Surrounding. (Nonlinear Solid Mechanics, Holzapfel 2000)

A porous medium:  special
Open System in which the con-
trol volume, s , is that occu-
pied by the solid scaffold. Be-
ing the solid deformable Q, and
0f2s depends on time t.

Thomas Lavigne

Dt of

Dt Ot

The description of phases’ motion is:

+ VFT v

> material for the solid phase,

> spatial for the fluid phases.

In other words, the deforming solid scaffold is the reference space

where the fluid phases’ motion is described in a spatial way.

PhD Defence - 24 June 2025 24
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Porous medium analogy

Volume fraction constraint:

> %=1 (100%)

Representative Elementary Volume (REV)

Thomas Lavigne PhD Defence - 24 June 2025 25
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Porous medium analogy

Volume fraction constraint:
> %=1 (100%)
«

The behaviour is governed by:

> Conservation equations of mass,

> Conservation equations of

momentum, Representative Elementary Volume (REV)

+ Chemical reaction equations.

> Unknowns of the problem: pf, v

Thomas Lavigne PhD Defence - 24 June 2025 25




Poromechanics
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Porous medium analogy

Volume fraction constraint: MACROSCALE REV MICROSCALE

Representative Configuration of phases
/ Elementary
Volume

EsolidJr sliquid + Ecell +5blood -1 I;t:br::t:"ﬁsuld
————
€: extra-vascular porosity

Structural cells and other structures
Connective Tissue
Micro-vascular system

The behaviour is governed by:
> Conservation equations of mass,
> Two coupled and deformable compartments (extended

> Conservation equations of Biot's theory)

momentum,
> Large strain regime.

+ Chemical reaction equations.

> Unknowns of the problem: pf, v°

Thomas Lavigne PhD Defence - 24 June 2025 25
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Phases description

MACROSCALE REV MICROSCALE

Representative Configuration of phases
Elementary
Volume

Interstitial fluid / (non-wetting phase)
Mobile cells ¢ (wetting phase)

Structural cells and other structures s

} " / Connective tissue s

4 Micro-vascular system b
Phase Species Connective Tissue (;Z:ersﬂ:ﬁtttis) I\/(I:oetrllsle Water | Oxygen | Other Species
Solid (s) v v 4 4
Liquid (1) v v v/
Cell (c) v v v 4
Vascular (blood) (b) v v v

Thomas Lavigne PhD Defence - 24 June 2025 26
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Mechanical parameters

Parameter (symbol) Physics
Young's modulus (E) Stiffness of the solid
Poisson'’s ratio () Influence the compressibility

Thomas Lavigne PhD Defence - 24 June 2025 27




O000@0000000

Mechanical parameters

Parameter (symbol)

Physics

Young's modulus (E)

Poisson'’s ratio ()

Intrinsic permeability (k/, k¢, k?)
Fluid viscosity (u!, 1€, )

Fluid conductivity (L, L€, L)
Extra-vascular porosity (¢)

Stiffness of the solid

Influence the compressibility

The ability of the medium to conduct fluids

Force needed to overcome internal friction in a fluid
Ratio L* = ;l%

Volume fraction corresponding to the interstitium

Thomas Lavigne
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Mechanical parameters

Parameter (symbol)

Physics

Young's modulus (E)

Poisson'’s ratio ()

Intrinsic permeability (k/, k¢, k?)
Fluid viscosity (u!, 1€, )

Fluid conductivity (L, L€, L)
Extra-vascular porosity (¢)
Vascular porosity (£?)

Vessel Compressibility (K)

Stiffness of the solid

Influence the compressibility

The ability of the medium to conduct fluids

Force needed to overcome internal friction in a fluid
Ratio L% = ;l%
Volume fraction corresponding to the interstitium
Volume fraction occupied by the blood

Relative change in the volume of a body produced by a unit load.

Thomas Lavigne
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Conservation Laws

Poromechanical model

: Conservation Laws N

-

MICROSCALE

Continuity Equation (Mass) \

>
&
[ IF ] [Bloodj [Oxygen]
\_ /
/ Momentum Conservation \
z N /
= /

Unknowns: u®, p/
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Constitutive Laws

= Poromechanical model
o
§ / Conservation Laws Y4 Constitutive Laws N
o
= 4 Continuity Equation (Mass) ) Solid
(obtecels )
.
nterstitium
) () [ || e
L / )

4 Momentum Conservation N Vascular Phase

w [ Porosity] [ Permeability ]
y
3}
] Oxygen
§ - - [ Diffusion 02 ] [ Absorption Oz ]
= \ /

= AN )

Unknowns: u®, p/
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Poromechanics
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Hypotheses

Hypothesis 1: Blood vessels interact primarily with fluid constituents, and so they have no significant
effect on the "structural" connective tissue fibres.
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Hypotheses

Hypothesis 1: Blood vessels interact primarily with fluid constituents, and so they have no significant
effect on the "structural" connective tissue fibres.

Hypothesis 2: The solid pressure (averaged effect of the fluid on the solid), p°, is assumed to be
related to the pressure of the fluids in the extravascular space only.
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Vascular porosity state equation

Hypothesis 3: Consistently with hypothesis 1, we suppose that
e’ depends on (p° — p®).
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Vascular porosity state equation

Hypothesis 3: Consistently with hypothesis 1, we suppose that
01 % —_ e’ depends on (p° — p®).
K =100
2 | — K =300
- = = linear, [Sciume, 2021] b
K =200 2 S _
B eb=eb. [1—- Zarctan L (1)
= T K

I I I I
—400 —300 —200 —100 100 200 300 400 500
s b
p°—p
Unkowns / Material Parameters
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Poromechanics

0O0000000e000

Vascular porosity state equation

Hypothesis 3: Consistently with hypothesis 1, we suppose that
01 e’ depends on (p° — p®).

- — = linear, [Sciume, 2021]

K = 200 2 ps _pb
b b
s =cb [1- Zarctan | V2 1
e’ =¢gp ( arctan < K (1)

Similarly, we can introduce:

b
£
- - } } + + } kb:k(l)) (7[))047 O[>2 (2)
—400 —300 —200 —100 100 200 300 400 500 60
p*—p°
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Vascular porosity state equation

“How does it work?”

The solid scaffold interacts with the blood vessels
via the extravascular fluids.

NN
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“How does it work?”

The solid scaffold interacts with the blood vessels
via the extravascular fluids.
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Vascular porosity state equation

“How does it work?”

The solid scaffold interacts with the blood vessels
via the extravascular fluids.

NN
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1D Consolidation Column

A first test case of a 1D consolidation was tested on a column using FEniCSx.

=

p*=0
P’ =0

=2
T A

O O O O O O T

~
S

s
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1D Consolidation Column

A first test case of a 1D consolidation was tested on a column using FEniCSx.
Po

200

150

04850
0 20 40 60 8 100 120
time (s)

p* at the bottom points
100

Pressure (Pa)

50
p® at the bottom points

ints
°
°
2
;g

°
°
g
g
]

g
£
2
B
2

[ 20 40 60 80 100 120
time (s)

100 120
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1D Consolidation Column

A first test case of a 1D consolidation was tested on a column using FEniCSx.

Po

200 Load

150

04850
0 20 40 60 8 100 120

time (s)

Pressure (Pa)
=
o
o

ints
°
°
2
;g

J p® at the bottom points

°
°
g
g
b

t bottom poi

[ 20 40 60 80 100 120
time (s)

e=¢;

a//a =85%; /e =15%: - - - pu° = 1Pas; uc = 5Pas;
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1D Consolidation Column

A first test case of a 1D consolidation was tested on a column using FEniCSx.

Po

200

150

04850
0 20 40 60 8 100 120

p* at the bottom points
time (s)

Pressure (Pa)
=
o
o

h x=0
50 0.044
£ 00a2
gooao 3
°
0 20 40 60 80 100 120 s
y[ time (s)
X y =0
g = EI;
a//a =85%; /e =15%: - - - pu° = 1Pas; u€ =5Pas; —-— p° = 20Pas.
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Computational Framework using FEniCSx

v/ A modular mathematical model,
v/ Inclusion of a vascular compartment,
v Open-Source Framework with tutorials, GitHub repos and symposiums,

v’ At short time scales, cells behave as a solid,

Tutorial article; Tutorial repository; Symposium repository; Package repository.
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Computational Framework using FEniCSx

A modular mathematical model,
Inclusion of a vascular compartment,

Open-Source Framework with tutorials, GitHub repos and symposiums,

LN N A N

At short time scales, cells behave as a solid,
~ Need of clinically relevant data for in vivo model evaluation,
~ Difficulties to identify boundary conditions for in vivo description. [Wahlsten et al., 2019]

~ Increased model complexity leads to experimental limits —> motivates new collaborations.
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Computational Framework using FEniCSx

A modular mathematical model,
Inclusion of a vascular compartment,

Open-Source Framework with tutorials, GitHub repos and symposiums,

LN N A N

At short time scales, cells behave as a solid,

~ Need of clinically relevant data for in vivo model evaluation,

~ Difficulties to identify boundary conditions for in vivo description. [wahlsten et al., 2019]

Increased model complexity leads to experimental limits = motivates new collaborations.

The mathematical framework has been established. The next step is to evaluate the model from a simple
system to a more complex description.
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Can we model the biological and mechanical response
interplay using a poromechanical approach?

== Can a poromechanical model reproduce the time-dependent response of the skin? J
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Can we model the biological and mechanical response
interplay using a poromechanical approach?

Application to an in vivo extension test: a single-compartment poromechanical model.

This work is under 2nd review in the International Journal of Numerical Method in Biomedical Engineering and has been presented during EPUAP

Femtost %

HMEEMNSCIENCES & e
TECHNOLOGIES Eliiu'!‘

2024, F2M 2024, Interpore 2024.
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Biphasic model of the skin in traction

Challenge our implementation with a simple model (no chemo-mechanical coupling) with in vivo
experiments.

Free/Fixed/ e

Constrained 22-\3]/,2
1

Vs - /
Upp,

iy
Yrp

N
Yy
Region for ™

strain analysis 'y
Hypo

Pressure evaluation

in point P

[Wahlsten et al., 2019, Sachs et al., 2021]

Thomas Lavi PhD Defence - 24 June 2




1-compartment

F
00e000000

Experimental data

1078

T
Eni i , .
24 > In vivo upper arm skin of a 22 y-o
z female,
g 2 f .
x| > 4 load-sustain-unload cycles,
z
Q0 : ! : > Imposed displacement, controlled

0 100 200 300 reaction force (RF),
Time [s
i > 1.00mms~! controlled speed,
Experimental device [Chambert et al., 2019] and imposed disp. > 9.50mm maximum displacement'
Thomas Lavigne PhD Defence - 24 June 2 37
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000@00000

Model Geometry

Pinic = 700 Pa

Uy = Uiy

u-n=0
No flux

u-n=0
No flux

> Cutis &~ 2 mm (echography),

> Subcutis ~ 8 mm
[Birkebaek et al., 1998,
Mellor et al., 2004],

z > Radius = 48 mm
y$r [Elouneg, 2023].

Species Other structures

Phase ECM (glands, hair, etc.) Cells | Water | Oxygen | Other Species
Solid (s) v v v v v
Liquid (1) v v v
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Objectives 2¢ 1-compartment

[o]e]e]e] Jelele]e]

Variance-based sensitivity

The model has been implemented in FEniCSx. To limit the effect of local minima,
only Young moduli and permeabilities were calibrated. To support this choice,
variance-based sensitivity indices have been computed:

> Parameter variation § = +10%,
> Error metric: mean(RFrer — RFs)|,c(1, 501

fnf e Ao lF 02

> Sensitivity' indices: S; = <—<—,
6?

> The parameters accounting for 95% of the variance are
considered for the calibration.

Thomas Lavigne PhD Defence - 24 June 2025 39
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[o]e]e]e]e] lele]e]

Calibration procedure

T T T T T
Data used for —_ Raw data
. barameter
identification

=== Mean filtered data | |
. RMSE area

A RMSE functional has been introduced: 04

> (RF—RRneo)®+ 3y, (RF — RFipeo)? _ 03
te[20, 75] t€[98, 140] &

RMSE = : - ®3) £ 02
Number of steps 2

. R
Controlled Random Search algorithm [Kaelo and Ali, 2006] from g
NLOPT with: =

[10 kPa, 10 kPa, 1 x 10 m?, 1 x 1071 m?] <
[EC) ESY kC7 ks]
[500 MPa, 500 MPa, 1 x 1072% m?, 1 x 1070 m?] > —0.25 0100

-0.1

L L L L
150 200 250 300
Time [s]

Initial population size: 3 x (VN +1)

Reaction force / time experimental and filtered curves.
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https://nlopt.readthedocs.io/en/latest/NLopt_Algorithms/

[o]e]e]e]e] lele]e]

Calibration procedure

Cutis Parameters Initial Value  Unit 05 " Data ued for | —
— Young's modulus (Ec) 1.5 x 10° Pa 04 deRiication | [===e Mean fltered data ||
Poisson’s ratio (vc) 0.48 - RIS area
— Intrinsic permeability (k.) 4 x 107 m? g

Initial Porosity (c.) 0.2 - £ 02

Subcutis Parameters Value Unit E

— Young's modulus E 1x10° Pa g "

Poisson’s ratio (vs) 0.3 - = o

— Intrinsic permeability (ks) 3 x 107" m? o

Initial Porosity (') 0.4 - '

Fluid phase Value Unit 02 B0 10 150 20 250 300
IF viscosity (1) 5x 1073 Pas Time [

Fixed parameters .
Reaction force / time experimental and filtered curves.
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Results

0.5 T T T T
04f - |
Yoo
[T
03 N\ 2l ¢ | R
z ! ) %; ' IJ.
© ' ! Y
£ o2l . Ml 1
<} | B v ' | [
= ! I | .
B | ! i !
= 01 t-1 I 1 -
Q v '
S N '
& 0 / : I
| :
i

1 1 1 1
0 50 100 150 200 250 300
Time [s]
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Conclusion

Results

> Good agreement between the experiment and the
model: RMSE= 8.8 x 107> N & 2%RFpeak,

Reaction Force [N]

al
Model i

—0.2 .
0

Thomas Lavigne

PhD Defence - 24 June 2025
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Time [s]
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F
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Results

> Good agreement between the experiment and the
model: RMSE= 8.8 x 107> N & 2%RFpeak,

> The final reflux is captured,

al
Model i

Reaction Force [N]

02 I I | | |
0 0 50 100 150 200 250 300

Time [s]
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1-compartment

000000e00

Results

> Good agreement between the experiment and the
model: RMSE= 8.8 x 10> N ~ 2%RFpeax,

> The final reflux is captured,

> Material parameters consistent with the literature.

Z
Cutis Parameter Value Unit c%
Young modulus (E.) 684 x 10° Pa 2
Intrinsic permeability (kc) 9.43 x 107 m? g
Subcutis Parameter Value Unit
Young modulus (E;) 47.8 x 10° Pa
Intrinsic permeability (ks) 5.03 x 107 m? oo

0 50 100 150 200 250 300
4 Time [s]

Thomas Lavigne
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Physical insights

u [m] p' [Pa) IF Velocity [ms™1]

4.7e-03 1.8e+04 5.2e-04
I 0,004 " I
10000 d 0.0004
0008 - 5000 NE - 0.0003
- 002 » - 0.0002
I 0.001 l.]oooo I 0.0001
0.0e+00 -1.8e+04 0.0e+00

When stretching the skin, the fluid underneath the patch slowly follows the patch movements and the neighbouring fluid is drawn in the pores.
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Physical insights

IF Velocity [ms™1]

u [m] p' [Pa)

4.7e-03 5.2e-04
I 0004 I

0,003 00004
- - 0.0003
§- 0002 000 - 0.0002
I 0,001 l-mooo I 0.0001

0.0e+00 -1.8e+04 0.0e+00

During a sustained phase, an equilibrium phase is reached and the fluid moves from the subcutis to the cutis.

42
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Physical insights

p' [Pa IF Velocity [ms™!]

u [m]

47603 186404 526-04
0004 [ l
0008 10000 00004
" | 3000 T - - 0.0003
- 0.002 I 5000 - 00002
I 0.001 [-wooo 00001
0.0e+00 -1.8e+04 0.0e+00

During a release phase, the fluid is expelled from the deformed region to be replaced by the one underneath the patch.

42

Thomas Lavigne PhD Defence - 24 June 2025



000000080

Physical insights

p' [Pa) IF Velocity [ms™!]

u [m]

5.2e-04
I 0.0004
--0.0003
- 0.0002
0.0001

l -10000
-1.8e+04 0.0e+00

I 0.0e+00

During the last stage, the initial state is reached again and a movement of fluid from the cutis to the subcutis is expected.

PhD Defence - 24 June 2025
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Discussion

v/ Good agreement between the in vivo experimental and the model reaction forces,

v/ The calibrated parameters align with previously reported values, confirming that the subcutis is
softer than the cutis [Sachs et al., 2021],

v Valuable insights are identified in the understanding of the time dependent response,

v Alternative to empirical visco-elastic models,
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Discussion

v/ Good agreement between the in vivo experimental and the model reaction forces,

v/ The calibrated parameters align with previously reported values, confirming that the subcutis is
softer than the cutis [Sachs et al., 2021],

v Valuable insights are identified in the understanding of the time dependent response,

v Alternative to empirical visco-elastic models,

~ Noisy data (sensors initially developed for keloids),

~ A single experiment on a single subject was accessible —- further experiments with different
loading conditions and regions are required,

~ Difficult to distinguish between viscoelastic and poroelastic dissipation when only limited
boundary condition information is known.
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Discussion

v/ Good agreement between the in vivo experimental and the model reaction forces,

v/ The calibrated parameters align with previously reported values, confirming that the subcutis is
softer than the cutis [Sachs et al., 2021],

v Valuable insights are identified in the understanding of the time dependent response,

v/ Alternative to empirical visco-elastic models,

~ Noisy data (sensors initially developed for keloids),

~ A single experiment on a single subject was accessible —- further experiments with different
loading conditions and regions are required,

~ Difficult to distinguish between viscoelastic and poroelastic dissipation when only limited
boundary condition information is known.

We evaluated the simplest model implementation with regard to experimental data. The next step is to
assess the feasibility of using our modular approach for perfused tissue.
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Can we model the biological and mechanical response
interplay using a poromechanical approach?

== How can we evaluate the poromechanical model with the vascular system? J
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Can we model the biological and mechanical response

interplay using a poromechanical approach?
Application to an in vivo indentation test: a two-compartment poromechanical model.

This work is accepted in International Journal of Numerical Method in Biomedical Engineering

Thomas Lavigne PhD Defence - 24 June 2025 44
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0O@00000000

Tank
LDF be — B
e > N=11: 6 M & 5 F (25+2 y-0),
Pivotmetes .
Syringe > 4 X (4 load-sustain-unload cycles),
2 consecutive days
> Imposed load, controlled flow,
1 monitored temperature,
] > 1.00mL s~ controlled speed,
T
%"“”"' > 40.00 mL maximum load.
S 10000
Ethical approval N°2023-A00418-37

a0 EQ ED o
Time [s]
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Raw experimental results

140 P ,,:
120 ii
g
100 .
S N e
=< 80 Time [s]
L
a
-
60
> LDF = Blood cells
40 | 3
concentration X blood
- velocity
> Load = ischaemia;
0 0 100 200 300 400 500 600 700 release — reactive
Time [s]

hyperemia.
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Literature n n n 2-compartments

000@000000

&

\

LOF (AU]
2-position ]

Temperature [°C)

(

L 05 5 & 05

s 0 05 0 05 1
-posiion [min] -posiion ]

o 0 200 30

2 [Fredriksson et al., 2009]

Temperature [°C]

LDF = lleb(vP — v¥)|| dQ

QiprF

o W0 200 300
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Literature re Objectives 20 = rtment 2-compartments

0000@00000

Variation with respect to the basal blood flow

400
Time [s]

Men (left) Women (right)

fQLDF \/sb(vb —vs)-eb(vb —vs)dQ

LDF [%)] = LDF, (3)
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Model description

Species Other structures .
Phae ECM (glands, hair, etc ) Cells | Water | Oxygen | Other Species
Solid (5) 7 7 v 7 7
Tiquid (1) v v v
Vascular (blood) (b) v v v
Parameter Initial Minimal Maximal
Young Modulus (E) 2.00 x 10°Pa 5.00 x 10°Pa 1.00 x 10°Pa

Hydraulic permeability IF (L) 1x107"*m?Pats? 1x10"®m?Pa's™? 1x10 ®m?Pals?
Hydraulic permeability Blood (L?) 1 x107°m?Pa~!'s™! 1x107®m?Pa's™' 1x10®m?Pa!s!
e 3 2 6
Vessel Compressibility (K) 1000 500 5000
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Model response using FEniCSx

[

(]

it

— 0.0e+00 l 1.9e-06 l 2.2e-02

Initially, the BCs allow for a basal blood flow.
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Model response using FEniCSx

i

0.0e+00 I 1.9e-06 .

2.2e-02

When indenting the skin, the flow is locally reduced and the vascular porosity decreases.

Thomas Lavigne
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Model response using FEniCSx

u [m]

0.0e+00

Vasodilation is observed with an increase blood flow during and directly after the release of the load

Thomas Lavigne
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Model response using FEniCSx

u [m] et (v® —v®) [ms™1] eb [1]

1.4e-01
N

Bk

u 2.2e-02

0.0e+00

A larger area of reduced flow is observed for higher load magnitude.
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Model response using FEniCSx

u [m] et (v —v*) [ms™!]

9.0e-04

l' 0.0006
- 0.0004

— 0.0e+00 - 1.9e-06 LB 2.2e-02

PORH is more intense when a more intensive load is released.
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Evaluation of the model

600

0 100 300 ” 500 700

Time [s]
Set E[Pa] L'[m?Pals 1] L(P[m?Pals 1] a[] K [P
Set; 2 x10° 10°1% 107° 3 10°
Set, 2 x10° 1013 107° 5 10°
Set; 8 x 10* 1013 107° 6 10°
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Discussion

Experimental campaign carried out,

Ischaemia and Post Occlusive Hyperaemia (PORH) were observed,
Relative Ischaemia and PORH are comparable between genders,
Mechanics play a role in PORH,

Model capacity to reproduce ischaemia and PORH,

Suitable for parallel computation,

A A N U N A NN

Allows for a future introduction of biological exchanges,
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Discussion

Experimental campaign carried out,

Ischaemia and Post Occlusive Hyperaemia (PORH) were observed,
Relative Ischaemia and PORH are comparable between genders,
Mechanics play a role in PORH,

Model capacity to reproduce ischaemia and PORH,

Suitable for parallel computation,

A A N U N A NN

Allows for a future introduction of biological exchanges,

!

More accurate control of the BCs is required for a more complete evaluation,
~ There is not a clear consensus on material parameters and BCs in the literature yet,

~ Future work should complete the experimental campaign and assess subject-specific calibration.
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Develop and evaluate a poromechanical model that couples
mechanical behaviour and micro-circulation.

Challenges
== How can we introduce the vascular system to a poromechanical model for the skin?

= How can we evaluate the poromechanical model with the vascular system?
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Conclusion

Hierarchical and Modular mathematical framework (underlying physics),
Vascular compartment introduction = towards biological processes,
Ischaemia and PORH were obtained with mechanics only,

Open-source implementation, with a special care on reproductibility,

SR X X

The complexity of the model motivated new collaboration for experimental evaluation based
on:

— existing experimental data,
— newly acquired data as part of this PhD work

v/ Transferable: plantar foot, brain, tissue engineering, drug delivery,
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Conclusion

> Future work will focus in enhancing the boundary condition identification for subject specific
analysis,

> The in silico evaluation of some mechanical properties could tighten the uncertainty sources,

> Biological integration should be compared to experimental campaigns (M Lacour & C Cornillon
PhDs),

> For pressure ulcers prevention, damage and remodelling should be introduced,

&

One could think in Machine Learning integration to reduce computational times, especially in
the realm of subject specific analysis and clinical integration.
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Appendix: Papillary plexus

Unpublished data, courtesy of Fromy et al.



Appendix: Langer lines

Carmichael SW.The tangled web of Langer's lines.Clin Anat. 2013



Appendix: Boundary conditions

Force (uN)

600
500 A
)
400 -
300 -
200 4
100 A
0 vun o Testl
—— Neumann
~100 | ~—— Convective
= Dirichlet
—200 T T T T T T
100 150 200 250 300 350 400

Displacement (um)

[Urcun et al., 2022]



Appendix: drug delivery

Porous media mechanics allows the introduction of drugs too.
[de Lucio et al., 2023, de Lucio et al., 2024]

Ex vivo animal
Scenarios Simulations evaluation




Appendix: Continuity equations

We apply the continuity equation to each of the phases:

Dspsgs s _s s _
T%—pa V-ve=00nQ, (5)
Dsp()és()é
T preV vt + V. (pPet (v —v®?))=00on Q, a€|l, c, b], (6)
— ECM deformation Infiltration

Accumulation rate

Implemented and benchmarked in FEniCSx [Lavigne et al., 2023]; Unkowns / Material Parameters;

The developments to get the coupled continuity equation are provided in [Lavigne et al., 2023].



Appendix: Remark: Introducing the oxygen biochemistry.

Consider the exchange of oxygen between the blood compartment and cells in the
extravascular space through the interstitial fluid.

DS
7(€Iplw02,l) +V. (5’plw02’I(vl - VS))

Dt
Accumulation rate Convection
[N} 2,1 2,1 [N 2.1
+ V- (e plw9uO?y 4 £/ pl 02! - ys (7)
Diffusion ECM deformation
02,b— 02,/ 02,/—02,c
= M —

Blood to IF transport ~ O2 consumption from the cells

(Extension of the model proposed by [Sciumé, 2021]).



Appendix: Momentum Conservation

We apply the momentum conservation to the total stress tensor:

V-t +b=0onQ, (8)
Stress tensor solid phase: Stress for fluid phases:
tSITS—PSI tf:_pfl
|
~ Effective solid ‘S lid oh - - |
phase olid phase Pressure in the fluid phase
ctress tensor pressure (positive if the fluid is in compression)
tiot = Z Y =21 —°p°1 — ZEfPfl (9)
a=s,b,c,| f




Appendix: Momentum conservation

For the fluid phases, the momentum conservation reads:

o vpl =¢&f (vf — vs) , (F=1,¢,b) (10)



Appendix: Variance-based Sensitivity Tables

The model has been implemented in FEniCSx. To limit the effect of local minima, only
the Young moduli and permeabilities were calibrated. To support this choice, the
Sobol" indices have been computed:

>

>

Parameter variation § = £10%,

Error metric: mean(RF,er — RF5)|:e[1s,so]v
2

02
Sensitivity’ indices: S; = —<—
S

The parameters accounting for 90% of the variance are
considered for the calibration.

0; S;
E. 287 5.27 x 1071
E. 25.4 412 x 107!
Ec —2.44 x107° 3.80 x 10713
€s —2.06 x107% 271 x 107
ke ~1.6x 107! 1.64 x 107°
ks —9.71 6.02 x 1072
pinit  —1.09x 107*  7.63 x 10712




Appendix:

Variance-based Sensitivity Tables

Parameter i or 0 [IU] Sior S [%]
Young Modulus (E) 2.00 x 107 ° 52.78
a -1.74 x 107" 39.87
Vessel Compressibility (K) 5.83 x 1072 4.46
Hydraulic permeability ISF (L) 4.68 x 1072 2.88

Hydraulic permeability Blood (L§) —2.07 x 107* 5.64 x 10~*




Appendix: Variance-based Sensitivity Tables

Parameter 0;ord; [IU SiorS; [%
Iy y
(E,a) —7.90 x 107* 50.9
(a, K) —6.90 x 107* 38.9
Young Modulus (E) 2.00 x 107! 3.28
(E,K) 1.86 x 107" 2.81
a —1.74 x 1071 2.48
(E, L' 1.08 x 107* 0.94
Vessel Compressibility (K) 5.83 x 1072 0.27
(L§, ) —4.76 x 1072 0.19
Hydraulic permeability ISF (L") 4.68 x 1072 0.17
(L5, K) —8.94 %107 6.53x10°°
(L', L5 ~5.80x 107 275x10°°
(L', K) 3.83x107° 1.19x10°°
L'« 222x107°  4.03x10°*
(L,

Hydraulic permeability Blood (L§) —2.07 x 10~°  3.50 x 10~*
(E, L) ~119x107% 116 x107*




Appendix: Porous parameters table

Porosity Viscosity  Intrinsic Permeability Hydraulic permeability
Reference ) (cPas) (m?) (m?Pa~ls1)
[Wiig and Swartz, 2012] 0.2-0.5 1 1x1079%; 1x10°7 Ix1077; 1x10°°
[Humphrey and O'Rourke, 2015] N-S 1.2;35 N-S N-S
[Hoskins et al., 2017] N-S 0.28:1.5 N-S N-S
[Oftadeh et al., 2018] N-S 1 (1.47+0.23)x 10715 (1.47 £0.23) x 10713
[Samant and Prausnitz, 2018] 0.244+0.06 N-S N-S N-S
[Wahlsten et al., 2019] 0.7 1 5x 1071 5x 10713
[Sowinski et al., 2021] N-S 0.07-6.77 N-S N-S
[Leng et al., 2021] 0.1 1 0.8x10714:0.8x10712  9.8x1071%; 9.8x10°1°
[Han et al., 2023] 0.01 1 1x10715%; 1x10713 I1x10713; 1x 10711
[Torres-Teran et al., 2023] N-S 0.1; 0.15 N-S N-S
[Oftadeh et al., 2023] N-S 1 0.5-2x 10716 0.5-2x10" 1




Appendix: LDF Statistics and values (M)

Normality tests were conducted to assess the distribution of the data. As the variables were not
normally distributed, nonparametric tests were used. A Wilcoxon rank-sum test was performed
(6 x 4 = 24 samples).

Median  IQR  T-statistic  p-value

Temperature [°C] 29.5 2.8

Basal flow [AU] 24.7 19.9

LDF Isch. 20mL [AU] 8 55 36.3 1.30E-08
LDF lIsch. 20mL [%] 38.5 25.8 25.9 2.30E-06
LDF Isch. 40mL [AU] 5.6 3.2 51 0.06
LDF Isch. 40mL [%] 22.8 9.4 57.3 3.50E-13
LDF Hyp. 20mL [AU]  66.7  76.1 26 2.20E-06
LDF Hyp. 20mL [%] 251.8 129.5 235 7.90E-06
LDF Hyp. 40mL [AU] 94.1 89.3 5.8 6.00E-02

LDF Hyp. 40mL [%] 353 270.5 14.9 5.70E-04




Appendix: LDF Statistics and values (F)

Normality tests were conducted to assess the distribution of the data. As the variables were not
normally distributed, nonparametric tests were used. A Wilcoxon rank-sum test was performed
(5 x 4 =20 samples).

Median  IQR T-statistic  p-value

Temperature [°C] 27.8 2.6

Basal flow [AU] 16.6 17.3

LDF Isch. 20mL [AU] 4.9 3.8 10.9 4.00E-03
LDF lIsch. 20mL [%] 32.8 242 17.6 1.50E-04
LDF Isch. 40mL [AU] 4.3 1.9 0.9 0.6

LDF Isch. 40mL [%] 243 17.9 15.8 3.70E-04
LDF Hyp. 20mL [AU] 45.9 261 5.3 7.00E-02
LDF Hyp. 20mL [%] 255.6 113.2 24 3.00E-01
LDF Hyp. 40mL [AU] 60.3 58.5 7.3 3.00E-02

LDF Hyp. 40mL [%] 3364 1446 26 3.00E-01




Appendix: LDF Statistics and values (M-F)

Independent Wilcoxon rank tests null hypothesis: two sets of measurements are drawn from the same
distribution. The results showed significant differences in terms of raw AU signals but did not show
significant differences when looking to the relative evolution to the basal blood flow (p-values >>
(a =0.05) ). These results further suggest that temperature primarily affects basal skin blood flow
rather than the microvascular response to load-induced ischaemia and subsequent hyperaemia.

T-statistic  p-value

LDF Isch. 20mL [AU] 4.13 3.60E-05
LDF Isch. 20mL [%]  0.96 0.34
LDF Isch. 40mL [AU] 3.76 1.70E-04
LDF Isch. 40mL [%]  0.41 0.69
LDF Hyp. 20mL [AU] 3.41 6.50E-04
LDF Hyp. 20mL [%]  0.69 0.49
LDF Hyp. 40mL [AU] 3.05 2.30E-03

LDF Hyp. 40mL [%]  0.46 0.64




Appendix: What about the future

Imaging in biomechanics
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Appendix: Towards in silico evaluation of the permeability

The generation of synthetic geometries is based on the Open Source Crystallographic Software Neper
and the Open Source Mesh Python Libraries Pymesh. The mesh is then transformed to the particle
space using stl2voxel.

Define the topology lGenerate cylinders along edgesl

|Specify the number of seeds (N)l IGenerate spheres around verticesl

|

|Specify the tesselation strategy

Compute the vertices and edges Save the stl

Compute CSG tree




Appendix: Particle Method for fluid dynamics
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Particle Method for fluid dynamics
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