L&Y

reseoarclhy

SiTEeLUD

siToLub

SIMULATION TOOLS FOrR
THE PESIGN OF SAIFE NP
SUSTAINABRLE LUBRICANTS

GenAl and multi-disciplinary computational platform
to accelerate R&D of lubricants

Lucia Pisarova
AC2T research GmbH

16.09.2026
¥

B UNIVERSITYor BECHEM  N1'e) [o715¢ ‘// RS Clare & Co Ltd
Eﬁ BIRMINGHAM LfBRrication Oil of Switzerland Innavation since 1748

TT%%%&'S&E %@ U OPFOtOQSAR GgreenbpeLTta ‘:?:NovaMechanics QI'TR'BUMM % Fraunhofer @

research Computational toxicolog: THE EUROPEAN TRIBOLOGY CI
fast, economical of Uethlcal ITALIA

Co-funded by Co-Funded by the European Union underthe Grant Agreement Mo. 101138807, Views and opinions expressed are however those of theauthor{slonly and do not necessarily reflact
the European Union those of the European Union or the Health and Digital Executive Agency (HADEAL Neitherthe European Union northe granting authority can be held responsible for them.



SiToLub scope siTeLub

= Computational platform development and validation
= Based on Safe & Sustainable by Design (SSbD) framework
= |ntegrated performance assessment

SSbD (re)design goal SiToLub scope SiToLub models

Performance,
Additives, base oils ) Safety, Sustainability

o Avoid regrettable innovation

Cradle-to-grave: o Regulatory & compliance foresight
Manufacturing to Eol 4 Sustainability

o Cost & time efficient R&D

Formulated lubes, Performance, - eliminate large-scale testing campaigns
in-use performance Sustainability




Use cases

= OPEN CALL for free external validation phase: January 2027 - June 2028
N i-TRIBOMAT ) Single-Entry Point: simulations, testing, analyses, databases

THE EUROPEAN TRIBOLOGY CENTRE

Functionality ranking &
application requirements fit

Objective benchmarking
under application conditions

Molecular level
(additive & base oil)
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Lubricant

EP additives Solid & soluble AW Base oils Corrosion inhibitors

components

Benchmarks Chloroparaffins PTFE & TPPT PFPE Benzotriazole

(r)MD models Base oil stability, Tribofilm performance, CoF, Viscosity as f (T, p, shear) and more

QSPR models Physicochemical properties

Viscosity model Viscosity as function of (T, p, shear) simultaneously

FEM models Frictional losses, Wear volume, Film thickness and more
Contact Point Elliptic Conformal No contact model
situation -sliding - Slide-Roll - sliding relevance
- boundary Ratio (SRR) _EHL _ static
regime - mixed to EHL regime
regime
Test Rig 4-ball 3 Twin Block Salt spray
test %) disc on ring chamber ?
. L/“
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Applications Metal formlng m Journal Bearings
BECHEM C// RS Clare & Co Ltd
Qil of Switzerland LUBRICATION Innovation since 1748
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) Component tests



Multi-disciplinary SSbD workflow SiTEeLUD

= Full SSbD workflow overview
o Starting from GenAl step

Different starting points

N

Lube component Products

Molecular level Formulated lubes

o Database or

_______

o Usercandidates o User candidates

SiToLub digital platform: integrated computational tools & customizable workflows

Safety + Properties a Functionality a Performance + Sustainability ) Cost & time-efficient R&D enabler

Safety & Sustainability by Design (SSbD)
from Cradle to Grave



GenAl approach SiITELUD

‘? NovaMechanics

= Representative for surface-protective additives: EP, AW, Corrosion inhibitors(Cl)

o Saferalternatives or bio-based candidates
o Synthesizability and commercial availability of structurally similar compounds - experimental validation step

REINFORCEMENT LEARNING
OPTIMIZATION

GENERATIVE Al SAFETY TRIBOLOGICAL
COMPOUND DESIGN SCREENING SCORING
TriboDock
Cytotoxicity
assessment

Dermal toxicity
assessment

Al generates a diverse set Remove compounds with Rank compounds by
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TriboDock for GenAl SiTE@LUD

= Thorough assessment of tribofilm forming potential o rotecranes

o Chemisorption energy and tribofilm density assessment

From QSAR models
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Safety: 15t step

SiITELUD

= OSAR models for lubricant compositions
o High-quality (QMRF validation reports)
(Eco)toxicity & biodegradability

o In-line with REACH/CLP(SDS, SVHC)and
Ecolabel (VGP)

o Replaces experimental data
o Exclude SVHC substances

Deep safety assessment in minutes

genAl candidates
Safety: SVHC exclusion

Ecolabel

Molecular level
(single chemicals)

SVHC

Assess safety and exclude
prior sample acquisitions

QS AR = QANTITATIVE STRUCTURE-ACTIVITY RELATIONSHIP

Numerical, measurable data

; O ProtoQSAR
Computational toxicology:
fast, economical and ethical

Molecular features, descriptors  Biological effect, property, toxicity ~ Mathematical correlation, model

. Guidelines /

Ready biodegradability OECD 301
Environmental Persistence water OECD 309
Persistence soil OECD 307

Fate

Persistence sediment OECD 308

Developmental toxicity

Carcinogenicity Animal/epidemiologic

(Eco)toxicity Genotoxicity (Ames Test) OECD 471
Genotoxicity (Hprt assay) OECD 476
Genotoxicity (Comet Assay) OECD 489
Genotoxicity (Chromosomal Aberration) OECD 473

Genotoxicity (Micronucleus) OECD 474




Properties: 2" step sSiTeLUb

= QSPR models for lubricant compositions Assess application-fit OthSLR
o High-quality: QMRF validation reports prior sample acquisitions

= Application requirements fit QSPR= QUANTITATIVE:_STRUCTURE,-,PROPEERTY:BELATIONSHIP\

. o, . Numerical, measurable data Molecular features, descriptors _ Physical-chemical effect, state Mathematical correlation, model
o Under real operating conditions

. e I -
= Relevant for safety requirements — Standards
, Melting point (*C) oDz
o REACH: SDS, CLP hazard labeling Boiling point (°C) ~ OECD103
Vapour pressure
o Water solubility (log S)
Partition coefficient(log Kow/ log P)

Dynamic viscosity (mPa.s) at 40°C
Rheology Dynamic viscosity (mPa.s)at 100°C
Density (g/mL)at 25°C

Insights for application fit in minutes

genAl candidates

) Safety: SVHC exclusion ‘

i Properties: fit only

\ /:-' Molecular level

/
(single chemicals)



Molecular functionality: 3 step siTeLub

= MD models for Application-relevant E%@"ﬁ’
o Densityand Dynamic viscosity data at T, p, shear Assess and rank for actua;ﬁeamﬁ
o Capabilities beyond conditions of rheometer measurements (inter)molecular & surface interactions

= rMD models .

o Base oil stability: thermo-oxidative & hydrolytic

o Onset of degradation, main degradation products

o Surface-protective additives performance: EP, AW, CI

o Tribofilm formation, stability, CoF, Cl film protection: water & salt

°®
H,0 + CI

additive
molecules

Actual molecular-based functionality
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Rheology: essential for 4t step SiITELUD

= Lubricant-specific viscosity mapping under real operating conditions é@ﬁ’
o Determine viscosity at any temperature, pressure and shear rate combination simultaneously D
o Combined carefully selected and validated empirical models
o Properdatafitting using MD or Experimental data inputs
o Predict and benchmark base oils and formulations: fresh or aged

o Essential to evaluate load carrying capacity & frictional losses Determine & rank for
base oils and formulations

Select lubricant . Select lubricant . ’ —e— PAO4
PAO4 Squalane - —e— Squalane
Select model Select model = 1000
Doolittle-Murnaghan  ~ Doolittle-Murnaghan ~ g s
h:
Fitting error (%) Fitting error (%) é 109
6,54 7,95
Complete rheological behaviour o
Same MW, different molecular structure 0 200 400 600 500 1000
/4 Pressure (MPa)
\ Properties: fit only 4 i P P P PPN o o o T
‘ W\mﬁ\o SN, | | I 0025 30 ¥ 4 0H4 49 M4 0 o o8 MO K BB OW
\ unctionality: (op ones
PAO 4 (Cutte Sqalane (Cof) -
Products or Molecular level Test for free @ i-tribomat.eu

/ (Unknown or known composition)



Performance in application: 4" step siTeLub

= FEM models of actual applications for SiToLub use-cases DA:@V
o Actual material, geometry, surface, operating conditions and rheology

o From boundary to EHL lubrication regimes _ o
- o Benchmarking & optimization under
FEM models Frictional losses, Wear volume, Film thickness and more . . iy
application-relevant conditions
Contact Point Elliptic Conformal
situation -sliding - Slide-Roll - sliding
- boundary Ratio (SRR) -EHL
regime - mixed to EHL regime Homatlaad F (M) Block-on-Ring model
regime
Test Rig 4-ball { Twin b Block o[l Disc speed N (Umin)
test %3 disc - onring . L )
g‘ Lubricant >
— [ Temperature T (°C) ] Power loss (W)
Applications Metal forming m Journal Bearings ( Output w
[ Density model } Lubrication gap
Lubricant components, - . .
formulations /products EP additives Solid & soluble AW [ Viscosity model ] Pressure distrubution
L vy \ /

Efficiency & Durability insights

. Fonctonaiy oy o 4
\ orrormance oo 4§
N

Products and pplication
(Performance in application)

Test for free @ i-tribomat.eu 11



Sustainability: 5t step siTeLub

= Comprehensive LCSA throughout Cradle-to-Grave lifecycle
o ecoinvent and CarbonMinds databases or user data
o Explicit performance consideration
o PCF, hot-spots, trade-offs, CRM insights
o Impactful optimizations

areenbDeLTa

Assumptions

based on scientific
data and legislation

Performance
and scenarios

Assumptions
based on
partner input

Own elaboration

(retrosynthesis
based on scientific
literature or prod.)

environmental

Production
of lubricant
components

LCA databases
(ecoinvent)

social End-of-Life

of lubricants

NV

Formulation Use Phase

Full SSbD ranking

LCls from
scientific
literature

genAl candidates
N Safety: SVHC exclusion /

N Properties: fit only /

Identification of
relevant chemicals
*  Filling data gaps

= Combination of base
oil and additives
= Distribution

* Prediction of
performance
= Effect onlifetime

* |Incineration, total loss
* Recycling(aging)
= Littering

\\ Performance: best
LCSA: msg

\\ Functionality: top ”

Product and Processes
(Entire lifecycle)

ISO14067 (PCF), ISO-14040/44 (LCA), soca v3.12 (S-LCA), UEIL/ATEIL & API methods

12



Complementary aims to full SSbD assessment siTEeLuUb

J1 — Substance replacement
Replace PFAS or CRM, avoid SVHC, comply with EU Ecolabel — or swap any ingredient

J2 — Virtual candidate evaluation

Evaluate any base oil or additive — before you buy or synthesise it

J3 — Lubricant comparison & selection

Compare candidates across performance, safety, and sustainability

@ i'TRIBOMAT ) Catalogue

THE EUROPEAN TRIBOLOGY CENTRE

J4 — Application performance

Predict lubricant performance in your specific machine contact

J5 — Stability & service life

Predict how long your lubricant will last under real conditions

J6 — Sustainability & compliance
SSbD assessment, LCA, product carbon footprint (PCF), and ESPR / Digital Product Passport

) Workflows for actual needs

13



Take away message SiITELUD

From thousands of candidates rapidly to
high performing, safe and sustainable lubricant

Visit Stand 990

SiToLub

[=]::j (=]
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i-TRIBOMAT

LU B R | CANT Contact for Open Call
EXPO europE

Catalogue of models
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