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> COMPUTER-AIDED FOOD ENGINEERING

Our recent review
but our old views
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Computer-aided food engineering

Structure/
geometry

Future advances, computing

+ Cloud computing

- Integration with material
transformations, geometry

+ Reduced-order models

Ashim Datta , Bart Nicolai, Olivier Vitrac, Pieter Verboven, Ferruh Erdogdu, Francesco Marra, Fabrizio

Sarghini & Chris Koh
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Computer-aided food engineering (CAFE) can reduce resource use in product, process and (oF=1
equipment development, improve time-to-market performance, and drive high-level Future advances, community

innovation in food safety and quality. Yet, CAFE is challenged by the complexity and
variability of food composition and structure, by the transformations food undergoes during
processing and the limited availability of comprehensive mechanistic frameworks describing

+ Multidisciplinary training

- Shared property and
geometry databases

- Reusable computing modules

those transformations. Here we introduce frameworks to model food processes and predict

— Solid Molecular

mechanics

Microbial and
chemical kinetics

Hybrid

Data-driven framework



> COMPUTER-AIDED

Our recent review:
but our old views
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Abstract

Computer-aided food engineering (CAFE) can reduce resource use in product, process and

improve i ket performance, and drive high-level
innovation in food safety and quality. Yet, CAFE is challenged by the complexity and

variability of food composition and structure, by the transformations food undergoes during

processing and the limited availability of comp i hanistic ribing
those transformations. Here we introduce frameworks to model food processes and predict

FOOD ENGINEERING

Transport

Transport parameters
* Permeability

« Capillary diffusivity

- Molecular diffusivity

Equilibrium parameters
« Water activity

Water transport

+ Gas-pressure driven

+ Capillary-pressure driven
+ Swelling-pressure driven

Vapour transport

+ Gas-pressure
driven

+ Diffusion in air

Deformation

Mechanical parameters

- Material model
(modulus, relaxation)

- Changes with
rubbery—glassy transition

Transport-driven deformation
- Swelling from gas or swelling pressure
- Shrinkage from moisture loss

Energy transport
in solid and fluid

+ Conduction

* Bulk flow

+ Evaporation

- Generation, if any

Equilibrium
+ Water-vapour

Air transport
+ Gas-pressure driven
+ Diffusion in vapour

Deformation changes transport
* Permeability change

+ Evaporation change

- Gradient change

Kinetics

Kinetic parameters
- Rate constants
+ Temperature and

composition dependencies

Kinetics of

quality changes

* Local temperature
* Local moisture

Kinetics of microbial
changes

* Local temperature

* Local moisture

* Local pH

I Water vapour

Quality (local

or averaged)
=)y - Porosity

* Texture

+ Colour

§C :’*

Safety (local
or averaged)

=g - Microbial count

« Carcinogen
concentration

Liquid water [_]Air [1Solid

\‘\\L'{\‘ .‘\ *’!{

P.-3



> BEYOND

Can the computer create models? Or at least learn from experiments/on-line measurements?
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> OVERVIEW

TOWARDS THE FUTURE

Joint Research Unit o
between INRAE and ‘50
AgroParisTech - O O O
founding members of

University Paris-Saclay

MULTI-SCALE
MODELING

minima set ofkey parameters o atoms or molecules
escribe a complex process.

Food & Bioproduct Engineering

“multiscale modeling™-was coined in the
early 1980s for modeling the transfer of
energy between flow eddies at many

different length scales in turbulent flows.

> Any related to CAD, CAE, CAM for food?

What about food engineerin:

CAD = computer-aided design
CAE = computer-aided engineering

DIGITAL-TWIN ﬁ
FROM SMALL (SCALES, LAB)
TOBIG :

CAM=computer aided manufacturing

g?

DIGIAL TWINS IN FOODS
February 3, 2023 online meeting

(SCALES, INDUSTRY) T&%
2
Olivier Vitrac, olivier.vitrac@agroparistech.fr t

French National Institute of Agricultural and Environmental Research (INRAE)

of Paris-Saclay - UMR 0782 SayFood - group Modeling and Computational Engineering
22 place de I'Agronomie, 91120 Palaiseau, FRANCE

Food Pechaing

We are sleeping on a volcano... A wind
of revelution blows, the storm is on the
horizon.

Alexis de Tocqueville (1848, just prior
revolutions in Europe).
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> Overview of Unit SayFood
180 persons, ~40 PhD students and post-docs

® Product Engineering (GePro)

®m Modeling and Computational
Engineering (ModIC)

® Human-Food Interactions for Design
(IHAC)

m Food Microbial Communities (CoMiAl)

® Microbiological Processes,
Stabilization, Separation (ProBioSSep)

SayFood

Food & Bioproduct Engineering

O N2
0 ® 2 L

1L ©000

SAFEM

SAFETY
OF PACKAGING

e

COMIAL S BIPROBIOSSEP
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> Multidisciplinary research teams

Sayfo

W e
O

Food & Bioproduct Engineering

CoMiAl

Food microbial
ecosystems

ProBioSSep

Microbial
processes,
stabilization,

separation

[ Biochemistry J L

~

Physico-chemistry ]

Microbiology

Genomics

)

IHAC

Human-food
interactions,
from conception
to consumption

|

[ Sensory
analysis )

Consumer sci.

GéPro

Product
engineering

[ Chemistry J

[ Biochemistry ]

Physico-chemistry
Food process engineering

MIC

Modeling and
computational
engineering

Applied
mathematics
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> Sayg:ooce group modeling and computational engineering
research axis: Concurrent multiscale modeling

B Zoom in on details down to
molecules within the same
simulation (food, packaging)

Breakthrough approaches:
integration of chemical and
structural information, image-
based modeling, chemical
reactions.

m Public-private partnership

SayFood

two or more scales are described and
coupled in the same simulation

SPH, SMD
sesvé.adeg:éy
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i Uk 7

Work with Cargill

Physics of
fluids 2021.
a@é 33:085105.

¥ im)
volatile scission products

Z (m)

oxygen atom
_ density

vartical nocition |

elementary volume at the extreme surface



> A common

Befween LNE and UMR SayFood

UMT ACTIA 22.07 SAFEMAT « Safe Materials for Food Contact »

SAFEMAT

SAFETY
OF PACKAGING

m accredited by the French ministry of Agriculture and
Food (since 2017)

m Competent organization for EFSA (for both LNE and
INRAE) on food contact materials

m LNE = national reference laboratory for food contact
materials

m Complementarity of means (computation, analytical
chemistry), two groups of SayFood involved

B 24 persons (9.5 full-time eq.)
B Administrative coordinator Jean-Mario Julien (LNE)
W Scientific coordinator Olivier Vitrac (INRAE)

p. 10



> LNE: EXTENSIVE SCIENTIFIC AND TECHNOLOGICAL EXPERTISE

Research

Tests and Torque

calibration

standards
temperature mathematics

mechanics  composition
- chemistry
physics

dimensions e

vibration  @lectronics
management ~ biology

. regulations acoustics
~ields statistics mass

| Py pressure €energy
Certification ¢

Technical
assistance

flow

Training
Information

LABORATOIRE
NATIONAL [
DE METROLOGIE
ET D’ESSAIS ] p. 11



Is it sqfe ®
Canwe make {&
&a’cr, Lighters
recyclable '

SAFE

> OUR STRATEGY

Coupled techniques OF PACKAGING
(NMR, FTIR, Raman, GC/HPLC-MS

|
v

Chemiometry
(PCA,PLS, ICA, etc.)

Deterministic/probabilistic

Ana|ytlca| Occurrences of substances Multimaterials, mu\Flp\e steps
Closed systems, with flows

[ +spectroscopic C()Encen_tratiotnlr;nlfe lsotherms/anisotherme
PP techniques rpermeEnel Simple/mutual diffusion PERFORMANCE PLASTICS

(deconvolution, pursuit
sartorius

Plastcized or not

methods, etc.)

experimental validation

Molecular thermo-
dynamics (Flory theory of
polymers, Buff-Kirkwood

PIasticsEurope

theory of liquids,...) Quantitative D 0 Continuum ) Decision Associationiaf Plastics Manifacturers
e K | 2 Mechanics Models o " e
Molecular modeling Re|ation5hip isotherms + Mass balance
(atomistic,coarse- -
grained...) -‘: 2

*  Food industry

(+cosmetic, pharmaceutical, .
biotechnalogical, medical...) Pernod Ricard
e Converter industry
e Chemical industry
e  Food safety authorities
[ ]

4

Servers, databases, request engines,
(specific Al language: key2key)

Scenarios, specification

Future orientations, developments, priorities
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> Oun(p.uiow'fi%

SAFEM

SAFETY
OF PACKAGING

e

bjectives

i
22,07

Fublic Service
Migsion

K|

Reduce

SN
ANTI-WASTE LAW

oracircular economy

N 4

&é/ea lires af
the 3F% Decree

Support the evolution of
European regulations + anti-
waste decrees

No
contribution

5

Supporting the substitution
of materials

Secure the product and
ensure the performance of
the packaging
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> Saffemaf project built around 3 R&D axes (TRL 1-7)

AXIS T AXIS 2 AXIS 3
FOOD GRADE AGING OF ENGINEERING
RECYCLATES RECYCLED MATERIALS, INTEGRATING THE COUPLE
REUSED, REEMPLOYED, PACKAGING-PRODUCT
COMPOSTABLE

Wa&f’kﬂ’ﬂ‘m:”i'l'k dl:{
’OAK .a m;. ra; ave

7 v .
vse i Tob muc -

Mission of public interest support the evolution of regalutions, reconcite safety and performance p. 14



> Any related to CAD, CAE, CAM for food?

What about food engineering?

CAD = computer-aided design
CAE = computer-aided engineering

CAM=computer;aided manufacturing




> Computer design for food?

/
'0
|

Wy

y/
/7 /
o8

Y/

=7/
LN
oy ‘

INRAZ

Food computer-aided design - new perspectives
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Computer design for food?

INRAZ
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> Computer design for food?

INRAZ

Food computer-aided design - new perspectives
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> How predictive modeling reshaped/reshapes food engineering

S
A r\
MMM mastering Food transforming i c i

%%% ?.(: Foed saf ety 2:23 glsiig traditicnal foods +waste

minimization

naturalness i i
fOOd d . : .t FI?;aotgllIJif food :;ni)na\gon mental convergence fOOd,
industrialization +Energy and typicity modeling minization nutrition, health

optimization

+New operation
units and
processes

MY
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Food computer-aided design - new perspectives
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> Large scale modeling: the next frontier
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Food computer-aided design - new perspectives

March 10, 2022 | UMR 0782 SayFood, group modeling and Computational Engineering | olivier.vitrac@agroparistech.fr

p. 20



> My contribution: modeling for global challenges (linked scales and decisicns)

%P
O BN

FOOD

Q" LEH = é—-kﬂ-}m
1l Food and process engineering

Trends and time scale < 1 year

INIIANNOYIANG

t Trends and time scale from months to many years (chronic)
Trends and time scale

shelf-life, safety ndy ‘ﬁ = lifetime (chronic)

Trends and time scale from days to many years (accidental)

N

- 1 o d

Trends and time scale ~ 2 years
Food computer-aided design - new perspectives

March 10, 2022 | UMR 0782 SayFood, group modeling and Computational Engineering | olivier.vitrac@agroparistech.fr
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Modeling, predictions, foresight

RISK ASSESSMENT
& MANAGEMENT

T IS FAST, FASTER A

: b THAN EXPERIMENTS
(tailored methods)

(coupling scales, i

computational microscope
soft matter approaches)

BREAK-TROUGH L COMBINED WITH

-~

INNOVATION 9’ HIGH-THROUGHPUT

axploring alternatives) EXPERIMENTS
>Xploring alternatives (microcomputed Xray tomography,

spectroscopy, etc.)

0. Vitrac and M. Touffet, in: Encyclopedia of Food Security and Sustainability. 1st
Edition., Elsevier, Amsterdam, NL, 2018, pp. 434-453.

INRAZ
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> Afirst description of the scale problem

UV, VIS, IR, fluo

: L Industrial
processing Pilot trials
L 2s e Cam imu e Stochastic modeling/simulation
Modeling/simulation simulation g
nm pm mm dm

process Supply chain

inversion
validatio

construction
validation

fs,ns HS hours, days, years

R

. Egm™

% 86100 100 65 755 500 0008 30001
ttdays) t(days) 1 days) 1 (days)

mm dm process Supply chain)

hours, days, years

. (kgm?)

o 40 oAO 100 100‘003 101 ‘I;O 200 2‘:»0 300‘008 30(;01
t (days) t (days) t (days) t (days)

INRAZ

Food computer-aided design - new perspectives
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> The scale problem

decadez

years

days

mins

ns, s

fs, ps

natural resources, wastes, pollution, glohal warming: decades

ﬁ

P

consumer diet, exposure: years

| i‘Mé

s R I
2

W
»

lebal scale :
distribution, waste recovery, recycling: days, months, years | ! ‘

o |

food product shelf-life: dags, months, year My

04

processing, preparation: few mins, hours ﬂ ’"PP’y""’“i"E
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> DEEP-FRYING

CONSUMER

(safer and healthier foods)

PROCESS SCALE

2060

ot 5 i
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volatile scission products
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> Example: detailed oil oxidation at molecular scale during deep-frying

Touffet et al. Coupling between oxidation kinetics and anisothermal oil flow during deep-fat frying. Physics of Fluids. 2021, 33, 085105

4

i\

volatile scission products

008 -0.06 -0.04 -002 0 002 004 006 008
Y (m)

| approximately 2:1 heavy atoms

ethyl- group
ethylene- group
estergroup (on glycerol backbone)

ester, aldehyde, ketone afterscission

waopenntegauparamesprencaoneen —— @l@mentary volume at the extreme surface

Fogd ghmputer-aided design - new perspectives
March 10, 2022 | UMR 0782 SayFood, group modeling and Computational Engineering | olivier.vitrac@agroparistech.fr
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vertical position
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> MESOSCOPIC MODELING at process scale (oil oxidation> 2 hours)
relating process design and control with chemistry

balance in hydroperoxide chemical
functions or equivalent0,: @

balance of labile hydrogens
average reactivity

no specific thermal activation

no effect of TAG composition

no ability to predictthe profile of
oxidation products

INRAZ

ey

(? N5y er§>§ctlbe§ o
!\/Iarch10 2022 TUMR 0782 SayFoo group'm ?ﬂgand Computational Eng

level
of details

balance in triacylglycerols(TAG)

oxidized } or not‘}"

balance in fatty esters (FE)

0xidized’7 or notj

* specific reactivity based on FE « realistic description
composition « correlated transport of FE attached
« specific thermal activation to the same glycerol
« effect of TAG composition - profile of oxidized TAG. 0.05 0 0.05
« lineage of oxidation products »  possibility to add mono- and z @

* no correlated transport for FE
attached to the same glycerol
backbone

diacylglycerols. X

volatile scission products
o

oxygen atom
,  density

vertical position

ive design (si
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> How to combine phenomena and scales

» Dimensionless (when possible)
» Coupling (expensive) Vs nesting (inexpensive)

&5l Ot drigping procoss.Cooling)

100

=)
£
w
£=0.0125s @ |
£ S0 e Simulated mass | "
Q@ e Simulated M ) 5
=3 P r
S ; A -~ Measured Mr y 0173 o 0 005 0.1
0 L 1 L 1 I L 3 |"' Il.. L |o"| L L I L L 1 L
INRAS 10° 10
Time (s)

A. Patsioura, et al, Food and Bioproducts Processing 2017, 101, 84-99.
M. Touffet et al., Journal of Food Engineering 2018, 224, 1-16.

Food computer-aided design - new perspectives ) :
M. Touffet et al., Physics of fluids 2021, 33, 085105 ) °8

March 10, 2022 | UMR 0782 SayFood, group modeling and Computational Engineering | olivier.vitrac@agroparistech.fr



> Princples of dsprfrging: £ ]

G E—TTTT— .
Immersion stage Cooling stage
§ 42t
— 41}
F
M e 40
(J
2
m  Solid phases = stargh, cell = m  Solid phases = starch, cell walls F’g’ T
walls (cellulose pectins) (cellulose pectins) + reaction products “c
® Liquid phase = WATER % iqui _ | '
quid phase + ® Liquid phases = water + OIL =
(almost no oil) " m  Gas phase = mixture AIR + residual 2 i :
m Gas phase = PURE STEAM = water vapor 2 A o = -U.
- 3 -1
INRAG u=0.001111 m -kqg
Food computer-aided design - new perspectives
P. 29
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> How to combine phenomena and scales

» Chaining e-e-e-m

» Looping c:}

» Ensemble averaging (very important) x = Y w; - x; / Y w;

» Serialization of scenarics {444

» Piping (CFD, chemistry, mass transfer, thermodynamics models) mw |
» Standards and good modeling practices x

INRAZ

Food computer-aided design - new perspectives

March 10, 2022 | UMR 0782 SayFood, group modeling and Computational Engineering | olivier.vitrac@agroparistech.fr

crust detail

tissue detail

- sampled
oil path

average oil front position

oil uptake*®
product
g scale
oil front positions I
oil concentration
temporal profiles
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spatial

homogenization

Kinetic
Monte Carlo

filling times [ filling times [
lag times lag times

| |

¥ microscopic
micromodel .,
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a

P
validation
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> Oil penetrating and dripping process

° 0.3
Z - . . J R Y 1
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I [ ] Dripping only '
® Coupled imbibition/dripping

mdroplet(t)

Droplet mass (mg)

drippable cil

t: log scale

10° 10
INRAC Maroplet (t) Dripping time (s)

Food computer-aided design - new perspectives
March 10, 2022 | UMR 0782 SayFood, group modeling and Computational Engineering | olivier.vitrac@agroparistech.fr

viscosity
Structure rupturelil§
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Food, G’acfmgin?

We are sleeping on a velcane... A wind
of revelution blews, the sterm is on the
herizen.

Alexis de Tocqueville (1848, just prior
revolutions in Europe).
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> Beyond macroscopic description b
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> Food packaging

Statistical-Physics (equilibrium) Deterministic, probablistic Probabilistic (nc equilibrium)
' ¢ 4 [
\
3
F.
m HOUSEHOLD: A ﬁﬁ%HOUSFHOU’) B
Free energy perturbation bESORETION .. :
Fo = 0.0006 @u) EEEE ©F EEEEEE EEE §E 88 ® ®§
exp <— —Fl _ FO) N N
) || [ wEE
kBT o e = 8 -
_ U, — Uy 5 N AN
—\&PLT kgT E S EEESEEEEEs | SO € EE €8S
2 N LIN
8 individual
ith= | Mis=

I N RA@ dimensionless position X/l
Industrial & Engineering Chemistry Research 2010, 49, 7263-7280.
Industrial & Engineering Chemistry Research 2017, 56, 774-787.
Food computer-aided design - new perspectives Food Research International 2017, 88, Part A, 91-104.
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> Food packaging
Probabilistic (equilibrium) Probabilistic (no equmbrlum

DESORPTICN m o o L=
Fo = 0.0005 (ew) §¥EE §F SEwEEN . ﬁ?ﬁﬁi ...
74 N4
o | HEEE L L
i o
‘g 2N 2N
B €% FEEE WEE §WE L EELE I
: .
: N v Population
|seeEEETEEs - SEEEEREEESE exposure
PN '
ity = T T

Free energy e —— Ty
perturbation WEFE e GEWEEs | ese s R W 8§ Food packaging
F. —F : 74 N\ ‘
exp | — 1 0 @ e ) -2 e ) 0 % Molecular
kpT o PN ‘ 2N modeling
U, — U 5 FE EEEEEEEEEE | ©EE ¥ W E €% CR
= (exp| — -1 0 g PN 2
kBT oiee ﬁ ﬁ X o
INRAZ

Food computer-aided design - new perspectives
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> Molecular and supramolecular modeling

INRAZ

Food computer-aided design - new perspectives

Excess mixing
enthalpy:
atomistic scale

nucleus

All-atomic model

MD simulation

Effective potentials
for selected sites

Npde K H g

1.»*’-" 5 g
RE

¥ &5
b 75 S s

Boltzmann inversion

Full information
(but limited scale)

Coarse-graining —
simplified model

v

IR
EHARRRP
Excess mixing «**ULUED

Entropy: coarse

A4

grained repre-
sentations

Effective

U(r) « kgTIn[RDF(r)]

RDFs for selected
degrees of freedom

® % o '\. °e \:
LAY = )
Increase N o2 o edo2 O
| L X T g8 "0::0. < 002
CJ (] =@

I

o =% %° g‘.’."’ 2 ool

~ 0005

0

—— itself
—=— ocladecane
—e— oclacosane

YA

10 15 20
r (A)

potentials
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oo . . Vitrac et al. Front. Chem. Eng., 21 2027
> Identification of molecular mechanisms ity 1401010/ 10,3380 o207 1 786679

Spectral density of%%(lGCM(t) — x¢cm(0)]1%), denoted Sep (f)

T

(f=0)
SC M

S— T
=h
1

N
*J
V3 /
/ /
>

INRAZ

-1
Food computer-aided design - new perspectives f (ps )
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https://doi.org/10.3389/fceng.2021.786879

> Uncertainty v4 lgnerance
»  “seienfia’ (science) vs “opinio” (belief)
>
>

Conventional modeling assumes complete knowledge and our contribution
. . . . . . f
epistemologic transformation of information into knowledge.

How to code "vagueness”, “skeptism”, “error”, “doubt” m \

, Safety limit, acceptable threshold, SML
2
Nuu | 05 1 1.5
SMiiety \ Value by A :

. |
. s \
conservative
analysis, calculations
_ — _ _up_Eerﬂarcent\Ie eﬁ Qi __________
SMI'E‘C!Z i
L]
L] {L).HJAJH('.' rative
) l(days)

Likely predicted value
unknown uncertalnt \-
migration a0 > ¥ (L |
estimate safety margm "

7/

@
o

)
iy
o
=}
®
=
=

SM,.

onservative

Qlikety

Concentration/amount scale

Real value

SM=safety margin Q=overestimation factor

INRAS Y. Zhu, P.-M. Nguyen and O. Vitrac in: G. Robertson (Ed.): Elsevier Food Science Reference Module, Elsevier, Amsterdam, NL, 2019, pp. 64.
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> Probabilistic modeling e-9-, menotenic model

1

09r
» Part of best practices =
» “Mandatory” for risk assessment l .
» Uncertainty # variability, it can be 2 :i%
reduced by additional knowledge L@Zj 3 </
or model details. =L il N
» Monte-Carlo sampling can be | L lFk=0s1152 | b
avoided in several situations to ol AN A
reach almost real time simulation. ol ——
) . » " _ Fo*(sp = 0.2)
for 0= 3 fro G ) | P P ) e P8 =05 @
0 0.5 1 1.5 2
Fo=Fo:Fo*
INRAZ 0. Viac, . Chale .. Lebanc and A, Feigenbaun, Fond Addies and Contaminans 207 2, 7594,

Food computer-aided design - new perspectives
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SOWILL
. PLASTICS |
- RECYCLING
~ MEETITS |
 DEADLINE?

. Consumer product &
' companies have set lofty *

|
! goalsfo
1 have

modest progress

ALEX TULLD, CAEK STAFF

veling but |
sofar made only |

Lo vl comepni pesid ety -chevngeespedtissscollaborations pour innover en agro-alimentaire ? 9 novembre 2021
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EPA 560/5-35-015

\990 Sepiember 1990

METHODS FOR ASSESSING EXPOSURE
TO CHEMICAL SUBSTANCES

Volume 11

Methodology for Estimating the Migration of Additives
and Impurities from Polymeric Materials

by

Arthur D. Schwope
and
Rosemary Goydan
Arthur D. Little, Inc.
Cambridge, MA 02140

and
Robert C. Reid

Massachusetts Institute of Technology
Cambridge, MA 02139

EPA Contract No. 68-D9-0166

Project Officer

Thomas Murray
Exposure Evaluation Division
Office of Toxic Substances
Washington, D.C. 20460

U.S. ENVIRONMENTAL PROTECTION AGENCY
OFFICE OF PESTICIDES AND TOXIC SUBSTANCES
WASHINGTON, D.C. 20460

(’i} httgs://negiiﬁﬁ iiv/Exe/ZvPURL.cqi?Dockev=P1OOBCMB.TXT

Lieo vl comépni ipesid ety -chevngespedtisescollaborations pour innover en agro-alimentaire ? 9 novembre 2021

JRC TECHNICAL REPORTS

Practical guidelines on the application of
migration modelling for the estimation of
specific migration

In support of Regulation (EU)

No 10/2011 on plastic food
contact materials

Eddo J. Hoekstra (Ed.), Rainer Brandsch, Claude
Dequatre, Peter Mercea, Maria-Rosaria Milana,
Angela Stormer, Xenia Trier, Olivier Vitrac
Annette Schifer and Catherine Simoneau

2015

Miggation of Irganox 1076 % 40°C
from o x fod puckags
i

=G =DC,'"+1 -2C+C
At n

L e Concmtn s Mg e

Conclusion: The packaging s complisat with the Regulation (€U) 1012011

EUR 27529 EN

(ri) http://publications.jrc.ec.europa.eu/repository/handle/JRC98028
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http://publications.jrc.ec.europa.eu/repository/handle/JRC98028
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=P100BCMB.TXT

> Parsimony vs. sophistication

During the last decade migration modeling became high throughput,

multiscale and connected to chemometric approaches

What is the goal?

The art of migration modeling consists in building a
sequence of scenarios so that the last scenario provides
a value lower than the threshold of concern while
being large than the real concentration (unknown).

Tier index

f

1 2 3 4 5 6

estimated
concentration
in food 1

tier 1 tier 2 tier 3 tier 4 tier 5 tier 6
Cr > Cr > Cr F > Cr > Cr

CFL:T'LI e
Compliance cannot be Threshold 2 9
demeonstrated: use a of concern: Compliance can z %
higher tier or test Cinesh be demonstrqted =
experimentally (e.g., SML) Cinresh > clgler g
compliance /‘gﬂ ©

el /0
More knowledge, more sophistication {\_//

Yan Zhu, Phuong-Mai Nguyen, Olivier Vitrac, Risk Assessment of Migration From Packaging Materials o Food,

Reference Module inFPodd Saipnites-&idedidesion 9 rreppeiefmictinggs 0.1016/8978-0-08-100596-5.22501-8.

modeling

Multiscale modeling

Fo=0

IFo
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HOT FILLING

S LONG-TERM STORAGE  JSySSuRi . MICROWAVE OVEN HEATING 44
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Nguyen, P-M., Goujon, A, Sauvegrain, P, et Vitrac, 0. (2013). A Computer-Aided Methodology to
Design Safe Food Pdckagmgand Related Systems.AlChEJoumal/59( ), 11831217,

> CHAINED STEPS

1: Setoff » 2: HotFilling —» 3: Storage — 4: OvenHeating, 1o+ ) Co
——s UV-curing printing ink

L] ink L] L] L] L] ink L L] L] L] ink L] L] L L] L inkl
1.2 f_food | PP base; food PP base+ food PP base—; food PP bage-

Cellyal (kgm”)

02 46 02 46
- X (M) x10™ x (m) x10™

80100 100.003 101 150 200 250 300.008 300.01

Food computera| de5|gn new perspective

March 10, 2022 ¥ yFood, groupmofel(ﬁlﬁy@)putationa\ Enginetri(9§M§)trac@agroparistegw.t(days) P. 45



AIChE Journal, 59(4), 1183-1217

> ASSESSING THE SEVERITY OF A SINGLE STEP
CASE OF "SETOFF" STEP

Setoff (max. 100
days@25°C)

HotFilling
(max. 10

HotFilling (max. mi@80°C)
10 mi@80°C)
Long-term
storage (max.
Long-term days@25°C)
storage (max. N icrowave
200 . oven heating
days@25°C) (max. 5
Microwave min@100°C)
oven heating
(max. 5
min@100°C)
comparison with step i alone
INRAS Severity (CF(Stepi)) =f (max(CFM|1_>2_,..._,M — Cpyyl1525->M/is CFl.|l-))
Food computer-aided design - new perspectives comparison with step i removed
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> CONCURRENT ENGINEERING: COMPARING THE SEVERITY OF SEVERAL STEPS,
PACKAGING DESIGNS, SUBSTANCES... AIChE Journal, 59(4), 11831212

Crifical sfep CAwufy scale) davor
fat
150 T | T | \ I ! X < S products
3 "
° e
2 (better)
— 2 ,
100 o S Severity=100
)
. > 5
Severlty = = o tie layer = EVA
C o 3
F = © s L
100 % 2 1 criticality =
SML Zall components Zall substances Zall modalities pr(modality) X severity
50}~
()
0 | | | O O (almost acceptable)
o 9
INRAZ & CE%“” =124
S
Food compu

nacceptapie wnen severity > 100 , o - '
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MAXIMIZE THE AMOUNT OF RECYLED i £

OR OF BIOSOURCED MATERIAL

MAXIMIZE SHELF-LIFE

MINIMIZE RISK

5 + Consumer practices(including misuse)
Closed-loop supply chain 7" il
~Tndusiral practices(process
Open-locp supply chain intermediatestorage etc.)
Real foed and packaging m
Components mm
~Compesition
Materials * Formulation
: - Diffusi
Melecular preperties . swm:"

Tested Migration Modeling

Market demand, new feed preducts
Life cycle analysis consideraticns

New substance Diagneostic frem rect cause analysis, seek of preventive acticns
New material . .

New recycling precess | Computer-aided drafting

New feed packaging

A4

<\

[E]

Experimental
EVALUATION

[E] testing

EVALUATION

Lpdated polymer, material, composition, geometry, conditions of use

N

Rapid proetetyping and compliance
Goed manufacturing and design practices

Cempliant feod contact material

(FDA, U, Chinese rules) _ Safer food products i
Improved shelf-life
INRAZ s Ece-designed packaging

Food computer-aided design - new perspectives
March 10, 2022 | UMR 0782 SayFood, group modeling and Computational Engineering | olivier.vitrac@agroparistech.fr
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W =) |
‘ variation of W and D undera capacity constraint ‘

Market demand, new food products

New regulations (e.g., ban of materials or substances)
Life cycle analysis considerations
First solution from known problem-solving tools (TRIZ, Six Sigma approach, etc.)
Diagnostic from root cause analysis, seek of preventive actions

premises

Our research

PHENOMENA-ORIENTE
Multiscale modeling

FOOD-ORIENTED, MEDIUM IN CONTACT PACKAGING-ORIENTED, APPLICATION-ORIENTED

Example: redesign of PET > &W FM ECﬂengine 3D

bottle for alcoholic beverages
(optimized shape, recycled
content, reduced weight,
improved shell-life)

iso-mass (preform), in g

110

>
%~ %’p\

T
@7
30 % 30 bottles
fully optimized )
5 | i

3D prototype printed the same day 1(0Q

90

80

£ 70
a

60

[EIVALUTION
MASS TRANSFER

[DJECISION

COMPARISONWITH ACCEPTABLE THRESHOLDS

S FuTe | FUTE | . m _ Deterministic
52 o] g e
_g FHa | FH3 O7 s REE
é FHb % s |:>

' / | 1n Probabilistic 1¥o =

Coupling: = fl!;?l::: THodeﬁnt; Shelf - llf e_1
empe flow °
temperatue! year with
e [ | | o o
‘L updated pelymer, material, composition, geometry, cenditions of use J mlnlmal

Food computer-a
March 10, 2022 |

Minimized waste, migration risk, optimized shelf-life, optimized process and supply chain
Computer-aided engineering (mechanical resistance) and manufacturing (extrusion-blowing)
Additional validation (e.g., consumer acceptance)

Global environmental footprint

Safe-by-design and eco-design approaches

dedihgsagavemeatedprlitpectives

UMR 0782 SayFood, group modeling and Computational Engineering | olivier.vitrac@agroparistech.fr P. 49
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Feasible solutions
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ITNESS ecodesign|

® Search by keywords in slides

> Train yourself to become green

Three months online curriculum on packaging design
https://fitness.agroparistech.fr/

7 lectures found | page 1 of 1

specialized > S5 > U5.3 > part1

roatia, France, Germany, Portugal, Spain (nJ Mainmenu 2 AboutUs @) job offers

V 4 1 Computer-aided FMECA applied to mass transfer

Computer-aided approaches facilitate the deployment of FMECA approaches. The lecture illustrates various

§ i t Flh
‘ we come 0 SS situations calculated with the open-source software FMECAengine identification of critical steps, components,

substances - level advanced
Fitness stands/ Tor Food packagmg open gourseware for
hlgher educatlon and s‘yf Of c anies Topics: | design || prevention || safe-by-design || migration || risk || safety || modeling

Author: Olivier Vitrac | Institution: INRAE

Read Lecture

2 slides found

N UNIoN'S ERASMUS [EseleleieliNERgelcl ACTIA-LNE
KA202-037441

,.rwnuess
b

COMPUTER-EVOLUTIVE ECO-DESIGN & SAFE-BY-DESIGN

Case of plastic bottles for alcoholic beverages

TS T
- i oy O e T
BONNE PRATIQUE o e ? i Life 117 '
ks L(.nii_ L % k @ cvcle@ 1 [
Co-funded by the Beverage  Consumption Storage . qﬁ % e
Erasmus+ Programme rate Supply chain
of the European Union

ACCELERATING THE INNOVATION PROCESS +
FULL DIGITAL PROTOTYPING

INR

Food co -y -
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https://fitness.agroparistech.fr/

MULTI-SCALE

MODELING

the physical problem is
divided into two or more

contiguous regions, with
a different model scale Qv/MM
used in each.
Partitioned adaptive
domain resolution
scheme
Quasi-
continuum

The coarse Seamless
and fine scales heterogeneous
are considered multiscale
atonce method

Multiscale modeling

Hierarchical
Eq. free

Empirical Cloud resolving
potentials
Classical
mechanics
Mesoscopic
minimal set of key parameters to atoms or molecules

describe a complex process

‘coarse-graining”

Fix)

the coarse-scale
model calls regularly
the finescale

model to determine a
constitutive law and,
conversely, the fine-
scale model looking
to the coarse-scale
model for its
boundary conditions

“particles/blobs” represent a collection of

‘multiscale modeling™ was coined in the
early 1980s for modeling the transfer of
energy between flow eddies at many

different length scales in turbulent flows.



> Overview : free surfaces

Initial height: 1.8m

Velocity Magnitude
J S E

INRAZ

Food computer-aided design - new perspectives
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> Solid interactions

Food computer-aided design - new perspectives
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> Solid-fluid interactions

INRAZ

Food computer-aided design - new perspectives
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° DIGITAL TWINS IN FOODS
un |VerS|té AgrOPariSTeCh February 3, 2023 - online meeting
PARIS-SACLAY Talents for a sustainable planet Credits: DALL-E

e e ey o . X Soi
( \ 70\ G " ﬁ b \( .
l

DIGITAL-TWIN
FROM SMALL (SCALES,
1O BIG (SCALES, INDUS

atomistic

jEE— .
)/=<] . . . - . i3
g —— Olivier Vitrac, olivier.vitrac@agroparistech.fr =%i
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/""A'
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~ French National Institute of Agricultural and Environmental Research (INRAE)
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pair interacticns and emerging macroscopic stresses

> EQUIVALENCE PRINCIPLES.
OUR EXAMPLE: THE cONCEPT OF FOOD-ATOMS

HdS-TL HdS-TNn

Credits: https://openai.com/dall-e-2/

R

“A digital twin is a virtual
representation of a physical
object or system that aims to
simulate its real-world
characteristics and behavior

While it is meant to be as close
to reality as possible, it is still
a digital model and does not
perfectly reflect the reality-

e
 Fluid with shear and bulk viscosity

The digital twin is a dynamic

e _ Tm— simulation that can be updated .
" information with real-time data from the wft L SPH
' physical object, but it is not o
\, Information the reality itself” e
, . ©
I& actions Credits:https://chat.openai.com/chat I .‘de’f‘;fg:,;i':zid,, o

) hard TL-SPH
J ° ° : “defermable selid”
. Innovations et

, group modeling and Computational Engineering | olivier.vitrac@agroparistech.fr Credits: PhD William Jenkinson, Han Chen p.56



> FOOD MADE WITH

: COMPLEX PHYSICS, DIFFERENT BEHAVIORS

Credits: PhD William Jenkinson

P.57



> EQUIVALENCE PRINCIPLES

Deformation: 80% of

stacked gels height
v=10mm/s
< b

< P

-<—Sta:ked gel:

‘Artificial tongue model

Ultrasound transducer

TA.XT plus

signal acquisition on
LabVIEW interface

INKAY i
|

Food computer-aided Besign - new perspectives
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> MORE THAN A SHADOW
ATWIN CAPABLE TO MOVE BY ITSELF

Shadows do not have any physical properties and cannot be manipulated directly.

Table 1. Original and modified images corresponding to steps 1-3.

Step 2 Step 3 X
Step1 K X i RESULT with
O Image with image with "movable"
Initial image i i i "food-atoms"
extended objects piston and container

Add section [Atoms] - file="default raster(raster)”
> Add "id" (10208 values) to [Atoms]
> Add "type" (10208 values) to [Atoms]
> Add "mol” (1 values) to [Atoms)
> Add "c_vol” (1 values) to [Atoms]
> Add “"mass” (1 values) to [Atoms]
> Add “radius® (1 values) to [Atoms]
> Add “"c_contact radius” (1 values) to [Atoms]
> Add "x" (10208 values) to [Atoms]
> Add "y" (18208 values) to [Atoms]
> Add “z" (1 values) to [Atoms]
= Add "x8" (10208 values) to [Atoms]
> Add "y0" (18208 values) to [Atoms]
> Add "z8" (1 values) to [Atoms]
Add section [Velocities] - file="default raster(raster)"
Add "id" (10208 values) to [Velocities]
> Add "vx" (1 values) to [Velocities]
= Add "vy" (1 values) to [Velocities]
> Add "vz* (1 values) to [Velocities]

INRAZ

Food computer-aided design - new perspectives
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Velocity Magnitude
0 o1

slow
compression:
5 =

Velocity Magnitude
9 E 3 0.1

Velocity Magnitude
C -

fast
compression:
t—

Figure 7. Step 7: Simulated evolution of the emulsion during slow and fast compression (the color represents

the velocity of | food-atoms ). In the simulations, pixels (low resolution) represents food-atoms.
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> TIMELINE IN MUTITPLE SHADOWS

MANY WORLD INTERPRETATION: DIVERGING TIMELINES WHEN CRITICAL BEHAVIORS ARE OBSERVED

ALTERNATIVE
EVOLUTION

FOLLOWED
EVOLUTION

INRAZ

Food computer-aided design - new perspectives
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> HOWTO TRAIN A MECHANICAL TWIN?

AS A GENERATIVE PRETRAINED TRANSFORMER (LANGUAGE PROCESSING
Al), OUR MECHANICALTWIN CAN PROCESS A LARGE CORPUS OF PHYSICS

mmmmmmmmm

EALITY
» r %25 B
some b Sl
‘ configurations L X i
- — E > 10+
ee—
SRR L

FOOD-ATOM
PROPERTIES SHOULD
BE INDEPENDENT OF
TIME, SPACE, AND
CONFIGURATION

Innovative Food Science and Emerging Technologies 70 (2021) 102695

INRAZ A MECHANICAL TWIN PROVIDES MORE DETAILS THAN PUNCTUAL MEASUREMENTS:

Food omputerided desin-neegeppet EXPANSION, COUPLING WITH WATER TRANSPORT, EXSUDATION, SLIPPING

March 10, 2022 | UMR 0782 SayFood, group modeling and Computational Engmeermg | olivier vitrac@agroparistech.fr p. 61



> DIGITALTWIN: complications at microscopic scale . o 2  me

B Image with image with "movable"
Initial image
extended objects piston and container

&\ .
. /g ' -
a. REAL-CASE (from an observation/experiment) b. Real-case back-mapped onto beads (digital-shadow) j’

000
§ 000 Typical issues:
@ ho » Location of the observer
re

* No continuous observation
e 2Dvs3D

«  Microscopic defect not visible

"food-atoms"

“likely” alternative
scenario

-]

d. How an apparent adhesion property could help to recover the
proper behavior without using a representation at a lower scale

o0 Thermodynamical analogy:
c. Comparison between the “real” and “shadowed” conditions OO0 TWO systems are equivalent If they
- 000 @ —— [ ] are equwalent.ln Size, In m'ass and at
- 0o - s conolled b e cohesio, thermodynamical /mechanical
W & escoce equivalence
- @
j ée
too cohesive 6 2
2023:02-05 INRAZ

Food computer-aided design - new perspectives
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> EXPERIMENTAL STRATEGY FOR THE PARAMETERIZATION
OF DIAGONAL AND OFF-DIAGONAL TERMS

HdS-TL HdS-TNn

INRAZ

Food computer-aided design - new perspectives

2(um)
R EN]

H
G

force

53 =

A e b
‘‘‘‘‘‘

SRR

compressible low-compressible

a. Parameterization of
solid objects (diagonal terms): @@

force

5 » 8
Radius of Curvature (um)

¥ (um)

Object 2
i’a —»F
r adjustment [ d
- ~ N
g 3EI
8 3 =(FJ 4

b. Parameterization of interactions
between objects (off-diagonal terms): @ @

adjustment
~

~

>

c. Parameterization of many interactions

TRt J

March 10, 2022 | UMR 0782 SayFood, group modeling and Computational Engineering | olivier.vitrac@agroparistech.fr
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> DIGITAL-TWIN FOR THE FOOD PACKAGING SUPPLY CHAIN >
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