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#
#
#

1 Electrospinning and Electrospun Fibres
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Fig. Standard electrospinning setup Fig. Device used to generate the EPs_Explore_1d8k dataset: TL-PRO

electrospinning machine from Shenzhen Tongli Micro-Nano Technology Co., Ltd.
Device size: 1100 mm x 730 mm x 950 mm.
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Side view

Fig. Example of research conducted at the UTC-BMBI laboratory on electrospun scaffolds for cell culture. Left:
SEM images of honeycomb-structured scaffolds with and without bead-on-string fibres. Right: Epifluorescence
images showing Live/Dead staining after 6 days of cell culture on different scaffolds.

[Formhals, U.S. Patent US1975504A, 1934
[Rivoallan et al., International Journal of Artificial Organs, 2024]
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Fig. Representative fibre morphologies observed in electrospinning
experiments. Data from the UTC-BMBI laboratory.



https://patents.google.com/patent/US1975504A/en
https://www.mdpi.com/1996-1944/10/12/1387
https://journals.sagepub.com/doi/10.1177/03913988241268033
https://patents.google.com/patent/US1975504A/en
https://hal.science/hal-04742155/document
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2. Why is electrospinning difficult to simulate
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2.1 Coupled Multiphysics Mechanisms in Electrospinning

[ Multiscale in space & time ]— Tab. Examples of Key Dimensionless Groups in
Electrostatics Surface tension | | Fluid mechanics Viscoelasticity Electrospinning Jet Stability Analysis
\a
}}w //‘ \‘ ‘/ Parameter Dimensionless number Definition
Re Reynolds No. PUoRo
Collector Z
\ We Weber No. %RO
q A 2E&vo
Pe Electric Péclet No. KRo
v2
ez Fr Froude No. gT?o
: ZE3
a Field strength pvé’
= (Groonded E Imposed potential diff. AVl
Capillary instability / | | Heat / mass transfer Whipping instability ) EEO
@ e o Rayleigh instability ) } S $ $° R A (’\\ B Relative permittivity -1
O, ~«-0 Q-0 M _JA\_y\)('\) X Jet aspect ratio RLO
Ty Polymer viscosity ratio ﬂs?‘lfﬂp
Fig. Coupled multiphysics mechanisms in electrospinning. De Deborah No. RLS

Schematic generated with the assistance of DALL-E (OpenAI).

>  Key challenge: Coupling physical mechanisms across multiple spatial and temporal scales while accounting for realistic material
properties and experimental conditions.

[Yousefi et al., Journal of Applied Physics, 2018 6

[Deshawar & Chokshi, Polymer, 2017]



https://pubs.aip.org/aip/jap/article/124/23/235307/155956/Effects-of-electrospinning-conditions-on
https://pubs.aip.org/aip/jap/article/124/23/235307/155956/Effects-of-electrospinning-conditions-on
https://pubs.aip.org/aip/jap/article/124/23/235307/155956/Effects-of-electrospinning-conditions-on
https://pubs.aip.org/aip/jap/article/124/23/235307/155956/Effects-of-electrospinning-conditions-on
https://www.sciencedirect.com/science/article/pii/S0032386117309758?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0032386117309758?via%3Dihub
https://pubs.aip.org/aip/jap/article/124/23/235307/155956/Effects-of-electrospinning-conditions-on
https://www.sciencedirect.com/science/article/pii/S0032386117309758?via%3Dihub

2.2 Coupled Mechanisms in Electrospinning: A Representative Example

|
PIB Boger fluid - Oldroyd-B Model : PEO solution - XPP Model
e Low conductivity I e High conductivity
e Capillary-dominated instability - e Electrically driven conducting mode
e Relatively simple viscoelastic response l e  Nonlinear extensional response under strong
i stretching
u m, |
% = 0,, (POlymer) .
o= |
|
L— n, 7 (solvent) |
n‘ ‘ Dangling ends
Fig. Qualitative representation of the Oldroyd-B fluid. | Fig. Three-armed pom—pom molecule
|

[Deshawar & Chokshi, Polymer, 2017]
[Snoeijer et al., Proceedings of the Royal Society A, 2020] 7
[Bishko et al., Journal of Non-Newtonian Fluid Mechanics, 1999]


https://www.sciencedirect.com/science/article/pii/S0032386117309758?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0032386117309758?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0032386117309758?via%3Dihub
https://pmc.ncbi.nlm.nih.gov/articles/PMC7735292
https://www.sciencedirect.com/science/article/pii/S0377025798001657
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3.1 Towards Generative Inverse-Design - Graphical Overview of the Project

Fig. Schematic overview of the electrospinning process and the proposed generative inverse-design framework.
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3.2 Problem Formulation

> Objective: model the process—structure relationship across the full range of electrospinning regimes

Target Property ¢*

- O O E W OE O m O Recipe x* O EXiSting chling ICIW
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|
|}
|
|

P —— ,,,IOQKO.2L2 1/2

AV?

Concentration C*

dfoc

Flow Rate Q*

d,: Diameter Related to solute(s),
) . Needle Gauge G* iSCosit solvent(s), and solution
Environmental Condition — No - Y concentration
5 8 R Not routinely measured or
cond.,, K: Conductivity actively controlled

L : Needle-to-collector distance
AV : Applied voltage

Needle-to-Collector

Temperature T*
Distance L*

O O S E OE OE W N O OEEEmmm N
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A

Humidity H*
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- M € {droplets, droplets-fused fibres, fused fibres, fibres}

[cadkari, SpringerPlus, 2014] 10


https://link.springer.com/article/10.1186/2193-1801-3-705

3.3 ldealised lllustration of the Output of a Conditional Generative Al Model
>

lllustration of P(C,Q,G,V,L| M,d,,T,H) after projecting the 5D recipe space onto 2D using PCA
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4. Multimodal Representation
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4.1 Two Target Fibre Properties

Fibre Diameter Fibre Morphology

Visual [ structural information from sem images
Often represented by discrete labels

Quantitative information from sem images
e Manual measurements — diameter

distribution e Evolves continuously across regimes:
e Common descriptors: ©  Droplets;
o Mean O  Fused fibres;
o Standard Deviation o  Fibres
o  Coefficient of Variation (Uniformity) o

e Widely used in existing studies Often not explicitly included in modelling

13



4.2 Quantify Diameter Uniformity using Diameter Statistics - Coefficient of Variation (CV)

STD

CV = MEAN

CV € (0,40)

CV captures only diameter variability,
not the full structural characteristics.

PCL 10%w/v - Sample 253

Average = 15135 um
Stdev = 0.1667 um
CV =0.1101

r—_—_—_—_—

— Need: A complementary metric for‘ % %
I overall fibre morphology | . -
ﬁ I I I L] —_— —_— L} I L} 2 — -
L | 7 o

0 25 17
Diameter (um)

1. 1
Diameter (um)

Fig. SEM images and fibre diameter distributions of samples 10%-250
(left) and 10%-253 (right).
[Sukowati et al.. Materials Today: Proceedings, 2024]
[Latiffah et al.. Journal of Physics: Conference Series, 2022 '] 4
[Rajak et al., Waste Management, 2020


https://www.sciencedirect.com/science/article/pii/S2214785324001329?via%3Dihub
https://iopscience.iop.org/article/10.1088/1742-6596/2243/1/012101
https://www.sciencedirect.com/science/article/pii/S0956053X19307585?via%3Dihub

4.3 SEM images and MSV (Morphology Score Vector)

>  From discrete morphology classes to continuous scores — MSV:

Sorted by: stage_score

15


https://docs.google.com/file/d/1plxI7s5XFzcAfFb7AjlhwOW-mzscq7uK/preview

4.4 UMAP Visualisation of Tabular Data + SEM Image Information (MSV)

EPs + MSV (coloured by diameter)
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n_neighbors=200, min_dist=0.5
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[Mcinnes et al., arXiv, 2020] 1 6


https://arxiv.org/abs/1802.03426
https://arxiv.org/abs/1911.04623
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5. Generative inverse design: model choice, evaluation and expected delivery
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5.1 Choice of Generative Models

> Diffusion and Flow Model (stable Diffusion, DALLE, Sora..)

e Mathematical perspective:
Optimal Transport - principled paths between distributions

e Continuous-time dynamics

Flow models —ODE (J X; = ut(Xt)dt

Vector field

1 (red)

Learned (blue) vs GT t:

.

.

e  Numerical Sampling

ODE: Euler method

Villani, Springer, 2009]

Song & Ermon, NeurIPS, 2019] [Ho et al.. NeurIPS, 2020] [Song et al., ICLR, 2021]
Lipman et al., ICLR, 2023] [Holderrieth & Erives, arXiv, 2025] [Lai et al., arXiv, 2025]
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Xirn = Xt + hu(Xy)

Fig. Left: Progressive generation of a cat image from noise.
Right: Conditional generation on a toy dataset with eight
Gaussian modes arranged in an octagonal pattern.

Diffusion models —SDE  d X; = uy(X;) dt + oy AWy

* dW,; : Brownian noise increment
t=0.0000

=]
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Learned (blue) vs GT t=1 (red)

SDE: Euler—-Maruyama method

Xt—l—h = Xt + h’U,t(Xt) + \/EO'tEt,
GtNN(O,.U
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https://link.springer.com/book/10.1007/978-3-540-71050-9
https://arxiv.org/abs/1907.05600
https://arxiv.org/abs/2006.11239
https://iclr.cc/virtual/2021/oral/3402
https://arxiv.org/abs/2210.02747
https://arxiv.org/abs/2506.02070
https://arxiv.org/abs/2510.21890
https://keras.io/examples/generative/ddpm/

5.2 Evaluation of Generated Solutions

A. Target (Condition) Consistency C. Target-Neighbourhood Evaluation
forward surrogate
x; > i p(z | c)
L7, ceN (c*)
Y~y

- Explore solutions over an acceptable target range
— Expand the feasible solution space

a a q Assess local conditional smoothness
B. Solution Diversity -

— * ~J *
c=c¢, T1,---,IN~D 9(37’0 ) D. Experimental Validation and Model Refinement

- Generate multiple candidates for a fixed target
— Quantify solution diversity (e.g. Vendi Score) [ Generation ] l Validation ]
A

VS = 3.00 VS =3.78 VS = 4.66
IntDiv = 0.67 IntDiv = 0.67 IntDiv = 0.67

Model
Refinement

PEEEIIDD
R T =

Dataset Update

LYY YT Y AMbARRLS LLTXY YRR X

[Friedman & Dieng, Transactions on Machine Learning Research, 2023] 1 9



https://arxiv.org/pdf/2210.02410

5.3 Expected delivery: (Calibrated) Estimate of Solution Reliability

> Given a recommended candidate:
*
¥ =[C,Q,V,L,G]

e How reliable is this candidate?
o  Candidate-specific calibrated prediction intervals
m  Using for example Conformalized Quantile Regression (CQR)

o Example:

fcdndidate A \

Recommended recipe: x,*
Expected diameter: 0.85-1.05 pm
Expected CV: < 0.20

Gonfidence level: 95% y

[Romano et al., NeurIPS, 2019] 20


https://arxiv.org/abs/1905.03222
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Thank you
for your attention!

The doctoral position supporting this work is funded through the SCAI Doctoral Programme
2025. This work was conducted within the framework of PostGenAI@Paris and benefited from
support from the French State, managed by the Agence Nationale de la Recherche (ANR)
under the France 2030 programme, reference ANR-23-IACL-0007.
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https://bit.ly/3A1uf1Q
http://bit.ly/2TyoMsr
http://bit.ly/2TtBDfr

