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O que é Biofabricacao

Simulacao computacional na Biofabricagao
Vantagens e Desvantagens

A Simulacao como ferramenta de suporte a decisdo
Por que Simular? Quando Simular?

Métodos usados para simular

Aphcagoes na Engenharia Tec1dua1
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? O que é Biofabricacao?

Life expectancy, years

flissue’

Biofabrication
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Dernowsek et al., 2017 https://www.gapminder.org/tools/# _chart-type=bubbles
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g Simulacao Computacional na Biofabricac¢ao

* Métodos que reproduzem o comportamento e reagdes de sistemas
reais, por meio de modelos, que imitam, na totalidade ou em parte,
as propriedades deste sistema em uma escala menor.

FORMULACAO DO
MODELO

OBJETIVOS E
DEFINICAO
DO SISTEMA

ANALISE E
REDEFINICAO

REPRESENTACAO
DO MODELO

RESULTADOS
EXPERIMENTAIS

MODELO
CONCEITUAL

EXPERIMENTACAO
DO MODELO

IMPLEMENTACAO
DO MODELO

MODELO
OPERACIONAL

COMPUTACIONAL

VERIFICACAO
E VALIDACAO
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g Um modelo “atil” “All models are wrong, but some are useful”
(George Box, 1979)

Como simplificar um modelo o suficiente, para resolvé-lo com
um esforco razoavel, mas ao mesmo tempo deixa-lo “rico” o
bastante para que fendmenos de interesse possam ser
simulados com o modelo final.

Um bom modelo é aquele que captura fendmenos, ou
propriedades do problema, que nao sao 6bvias a primeira vistal!

“Um modelo deve ser tdo simples quanto possivel ...... mas nao mais simples.”
(Albert Einstein)
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Por que Simular na Biologia?

« 3.7%0.8x 103 cells - 370.000.000.000.000
« 200 different cell types

bone marrow cells 2.4% hepatocytes 0.8%

adipocytes 0.2%
lymphocytes 1.6%

platelets 4.7%

=%
{

1000 - 10000 Pm3 erythrocytes, 84%

26+3x10'2 of 31+6x10'2

M = 100kg

~An-12 =11
m= 1 O 1 O kg total human cell count biohchial
endothelial
cells 0.5%
A : ‘ vascular
epidermal — A endothelial
cells0.4% [N cells 1.9%
dermal muscle cells other respiratory
M 100 kg fibroblasts 0.6% 0.0003% 2% interstitial cells 0.4%
N~ — = = 1015_1014
~ m - -12 -11 - Figure 2: Estimate of the number of cells in an adult
1 O = 1 O kg human divided by cell type. Each cell type in the human

body is represented as a polygon with an area
proportional to the number of cells. The dominant
component is red blood cells. Based on data from R.
Sender et al., in preparation, 2015.
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‘ Por que Simular? - Analitica vs. Simulacao
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L Formas de Estudar Sistemas Complexos

- Fisiologico
Analises com o | .
Sistema Real Experimentacao -
Testes

Sistema
complexo
Analises com

um Modelo do
Sistema

Solugao
Analitica

Matematico



g Por que Simular na Biofabricacao?

Novos insights Tegggg
Maior conhecimento 57
Uso de Animais

BIOPRINTER
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gQuando Simular?

Complexidade do sistema

Needs
for research

Complexity of the solution

More natural solution

Dernowsek et al. 2017
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€ Métodos usados para a Simulacdo na Biofabrica¢io




t Meétodos usados para a Simulacao na Biofabricacao

SBML:Model "BIOMDOCCOD00CE2"

Systems Biology Markup Language
Mathematical models are key in studying the
behavior of biological systems

s = XML-based

SEML:Compartment “Cell”

SEML:Reactions

SBML:Reaction
GTP binding to DRG

SBML:Parameter

ralzodby representation of

(only)

—w»— biochemical models,
cobg e their components
(compartments,
¢ species, reactions,

events), descriptors
(rules, constraints,
functions, units)

has function

has input

% = ‘ realized by
GTP Binding in world of (only)

BIOMDOD00000082
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€ Métodos usados para a Simulacio na B
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! Métodos usados para a Simulacao na Biofabricacao
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Meshing
2-way CAD interface

Muiltibody Dynamics
Random Vibration
Impllclt & Explicit

]

More...
Orthopedic: Spinal Dlsotders

Fluids

Compressible
Incompressible
Laminar Flow

Technical Breadth

@

b
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Imulation Frocess an anagemen \
Simulation Project Management Engineering Knowledge HPC
Design Xploration Management More... )
Thermal W Electromagnetics w System

Conduction Quasi static (Low Freq) Model-Based System
Convection Full Wave & Architecture Design
Radiation Joule Heating o e e
Phase Change Cokvncnlor: A

Turbllence

Multiphase Flow"

Non-Newtonian

Fluids

More... 4

Mass Transport

Optithalmology: Laser Surgery

More..

P

Diagnosts Equipment:
MRI Compatibility

Eddy currents
Current flow
Circuit Coupling

System Modeling

More..)

Human Body Model
Reduced Order Model

Cardiovascular,
Skeleton, PKPD

MoreAJ

Steady-State, Transient, Parameterized, Harmonic & Modal

Linear & Nonlinear

f
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§ Métodos usados para a Simulacdo na Biofabrica¢io

Dinamica dos Fluidos




L Método dos Elementos Finitos - MEF
Dinamica dos Fluidos - CFD

Discretizacéao
Dividir ou particionar um todo em
partes menores, com a finalidade de
facilitar os calculos.

Boundary

Tissue 1

(a)

Boundary
Nodes

TENITE ELEMENT ANALYSIS

(b)
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‘ Método dos Elementos Finitos - MEF
Dinamica dos Fluidos - CFD

Solver || Analysis

VALUE) O\
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Multiscale Simulation of Hierarchical Laye—rs of the |

Articular Cartilage for Biofabrication

Articular
cartilage
of the Knee

~ 2=-4mm

<

(Articular surface area - =
Intermediate layer -

Deep layer — ,

|8
Tidemark _‘ b

L Calcified laycr-{ 3 0

| o

Spongy bone —

Janaina
Henrique

Calaified zone

i Monize
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g Multiscale Simulation of Hierarchical Layers of the

Articular Cartilage for Biofabrication

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: mam

Time: 1

0,024558 Max
0,02183

. 0,019101
0,016372
0,013644

== 0,010915

= 0,0081861
0,0054574
0,0027287

0 Min

0,000

0,010

0,020

0,030

0,040 (mm)

o

Janaina
Henrique
Monize
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{SD Microscaffolds For Tissue Spheroid Encagement

-0.000973 -0.000489 ==

-0.00195 )\ -0.000978

-0.00292 -0.00147

-0.00389 -0.00196

ol Mr

\‘ ' / -0.00681

-0.00487 -0.00245

-0.00584 -0.00293

-0.00342

Output Set: INCR 50, LOAD=1.0 Output Set: INCR 50, LOAD=1.0

Deformed(0.00779): TOTAL TRANSLATION K Deformed(0.00391): TOTAL TRANSLATION H H
Coro TITRANSLATION P oo TITRANSLATION DanitéVicius et al., 2016
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iHemodynamics in artery bypass grafts models based
on computational fluid dynamics simulations

Images from Computed Tomography Bypass Models

Vascular branches selected
in the Rhinoceros®

INNESALIUS

SOFTWARE PUBLICO DE IMAGENS MEDICAS

3D reconstrution in the InVesalius

graft-artery graft-artery
anastomosis - angle 66° anastomosis - angle 25°
(Model 4) (Model 6)

Normal vascular branches
(Model 1)

% N graft-artery 5
[d anastomosis - angle 25(1)

. (Model 6)
| Stenosis models

Artery stenosis - Artery stenosis - §
concentric model irregular model
(Model 2) (Model 3)
=== graft-artery graft-artery
/ 5 anastomosis - angle 66 anastomosis - angle 66
& | y (Model 7) (Model 8)
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dComputer simulation - Stenosis and Bypass graft models

Concentric
stenosis

Normal

Velocity il ',“,.‘1 | Velocity
— 1393 111 11 = 1393

Irregular
stenosis




t Computer simulation - Stenosis and Bypass graft models

Velocidade Tensido de cisalhamento Pressao
na parede
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‘ Método dos Elementos Finitos na Biofabricacao

durante a maturacao de um microtecido

Fabio Vilalba
Julia Nogueira
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t Método dos Elementos Finitos na Biofabricacao

durante a maturacao de um microtecido -
Fabio Vilalba
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Plane 2
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‘Aphcagoes utilizando o Metodo dos Elementos Finitos

Skulle

Maxilo facial

~

Cerebral aneurysm,
stent, coiling, etc.

Artificial heart

o

Left Ventricular
assist device

Modeling a complex system of interacting components with non- (LVAD)
linear behavior. NL

Peripheral stent

Complex system of multiple physics (fluid, structure,
electromagnetic) continuously interacting.
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§ Meétodos usados para a Simulacao na Biofabricacao

Estudos in silico de fendbmenos multicelulares na escala

molecular, celular e de tecidos, baseados em observacoes
bioldgicas de comportamentos e interacoes de células, tais
como adesao, crescimento, morte, mitose, secrecoes de
quimicos...

Plugins: Modulos que calculam varia¢des de energia ou
monitoram eventos na rede celular - Python

Steppables: m6édulos que executam operagdes em células, ndo em
pixels. Como por exemplo, ajustam parametros em resposta a
eventos da simulacao, carregam condigOes iniciais de simulagao
e salvam resultados. Sdo chamados a cada MCS.
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! Métodos usados para a Simulacao na Biofabricacao

( &wm fa/w/'a/(a ,7 > GGH Modeling & Monte Carlo Steps (MCS)

 Modelo matematico preditivo de fendmenos da
natureza.

1 passo MC = N tentativas de troca de pixels

* (N = numero de pixels na rede celular)

* Baseado em Calculo de variacao de Energia (AH):

Copia um pixel escolhido aleatoriamente, e o coloca Tl
sobre um de seus vizinhos (também aleatdrio) alalalala]a
sobrepondo a copia ao antigo. Se esta nova 414lal4]afa
configuracao diminuir a energia total do sistema, Detilofcllattice, 4 {41 ¢ Tyl sl ¢
entdo a troca € aceita. Caso contrério, ela pode ser 7|alal7|7]|7
aceita com uma probabilidade calculada : : : : : :

utilizando constantes matematicas.
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€ Métodos usados para a Simulacdo na Biofabrica¢io

Arquivo . XML  Arquivo .py

& esfercide3.xml [ & esferoide3.py & esfervide3steppables.py B esferoidez.ml & esferoide3.py B esfervidesteppables.py

simthread, steppablel
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iComputational approaches for biofabrication of

Tissues > Angiogenesis
Endothelial cell spheroids as a versatile tool to study angiogenesis in vitro and in silico

VEGEF dissolvido
no meio - estimulo

Células endoteliais
(in silico) - 500 células

Py N 1

a : h“ » .’: N :

| ,\ > e s

~ Células endoteliais de
corddio umbilical - 500

Fibroblastos - 500
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: Angiogenesis
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Computational approaches for biofabrication of
tissues = Angiogenesis + Proliferating cells




g 3D Multi-Cell Simulation of Tumor Growth and
Angiogenesis

Glucose




iSD simulation during the self-formation
of thyroid follicles + angiogenesis

THYROID ONTOGENY AND DIFFERENTIATION OF THYROID FOLLICULAR CELLS FROM
EMBRYONIC STEM CELLS

Undifferentiated Expansion and Proliferation Folliculogenesis Thyroid
endoderm of thyroid precursor cells

o | C cell
Calcitonin
Blood cappilaries

Nkx2.1 Foxe1 Pax8 Hhex
Thyroid Transcription Factors _\nand N

MULTI-SCALE MODELING OF THYROID FOLLICLES AND ANGIOGENESIS
CompuCeli3D @

2 types cells
MCS
= 4 types cells
Plugins ?
Aggregate of cells )
ESC /iPSCs + EC Steppables * Calcitonin
Blood cappilaries (EC)
Dernowsek et al., 2015 oS R a%\_




? 3D Bioprinted Thyroid Gland
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§3D simulation during the self-formation
of thyroid follicles + angiogenesis

Thyroid follicles

EC — Endothelial cell
B N
‘.&b

Vascularization

1. Simplified 3D multicell simulation of
angiogenesis during the self-formation of
thyroid follicles
2. It can be easily extended and adapted
to describe other biological phenomena
3. This simulation allowed us to study
how the cells interact each other and
modulate the growth and morphology of
the multicellular spheroids.




t Challenges

RS NN

Integration Engineering x Life Sciences;

Development of new file function representation

Development of scalable technology
Development of integrated operational system integration of robotic
bioprinters (special software);

Development of new biomaterials and materials for tissue engineering;

Laws and regulations - * Safety + Security

A New Integrated Platform for Biofabrication of Tissue and Organs
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Olhar multidisciplinar

von Mises (MPa)

§,6710+001
§,1980+001
4,7260+001

- 4,2530+001
£ 3,7010+001
3,308¢+001
2,8350+001
2,3630+001
1,8900+001
1,418e+001
9,4520+000
4,7260+000
1,0400-006
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Energy
Aeronautical %4 . \9
space ©
A @
Biofabrication Assistive
technology

Electronics

Conclusions Visualization

Buildings

Nanotechnology

_ _ _ _ — Healthcare
Everything will be possible with 3D printing

Even Biofabrication
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ghttp://www.biofabricacao.com

7Tl Biofabricagio Bioimpressio Biologia Computacional Trabalhos Amigos da Pesquisa Blog Anuncie aqui Contato Members

Biofabricacéao #. "l

Biofabricagdo representa um I I

conjunto de técnicas e
métodos da engenharia,
biologia, medicina, quimica,
fisica, computagdo, ciéncia
dos materiais, entre outras
disciplinas, visando a
construgdo e reconstrugao de
estruturas tridimensionais
biologicas que atuardo no
tratamento, na restauragao e
estruturagao de tecidos e

orgaos.
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