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I'ml Lecture/Date

20.03.2025
6 27.03.2025
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12 15.05.2025
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Role of oxygen
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Reaction kinetics -

Photoinitiator molecule

N kg
lna%{gofdecomposition PhOtO d[[n] — —k I(Z)[ll'l]
adical Chain Ponr?(erization nitiator t d
R- + DB-5R- _
Radicals diR'] = 2kql(z)[In] — Zkt[R-]z—ktp2 [R-][03]

Kp: rate of propagation

R- +R: E*Rdead Monomer d[DB]

Kt: rate of termination Double bond 4 — _kP [R-][DB]
to 3l0 2210
R- + 02 ~ Ryead Oxygen [atZ] = —Kkt0,[R-][03] + Do, 6[222]

Kt,02: rate of termination
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=P+

Simulation without oxygen inhibition Simulation with oxygen inhibition

185 um 185 pm
é Convearsion '% Conversion
5 into § into
Eu i r;;Iymar(%} % s polymer (%)
£ i ; i
+ +

215m ! : ] 215 m¢] : .

20 ty 0 20 wy -20 wy o 20 wy
Radial direction Radial direction

P =250 nW, polymer: PEG-DA
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Existing 3D printers are actually 2D printers.

15t generation 2"d generation
Point-by-point Layer-by-layer
L 1L Build Build UV Curable

= —— platform Platform Resin
Iy p

Resin

Projector

Laser
scanner

10 - 50 mm per hour 300 - 1200 mm per hour
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Existing 3D printers are actually 2D printers. =P~L

Main limitations

(!

by

!

Layer-by-layer
Needs support structure
Still slow

Does not work for soft materials

Can we do fully volumetric printing?
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Can we do fully volumetric printing?

15t generation 2"d generation
Point-by-point Layer-by-layer
L GU Build Build UV Curable

Iy platform Platform Resin

Resin

Projector

Laser
scanner

10 - 50 mm per hour 300 - 1200 mm per hour
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3'd generation

D

Y
S

'

projector ~

50 mm3 per seconds

Volumetric 3D printing
By Tomographic projections



Tomographic 3D printing with light =Pr-L

How to compute the projected light patterns?

ture Video | 31 January 2019

3D printing with “ght https://www.nature.com/articles/d41586-019-00410-8
MICRO-413 week 7 ’



Computed Tomography (CT) imaging =P-L

CT is a non-invasive device that provides information about the inside of an
object by taking measurements from the outside (indirect information)

2D + 6 measurements

MICRO-413 week 7 10



Simple example: a line in an homogeneous medium =Pr~L

X-ray source

_fl = f{] C_'U'S
. LY

Iy

Io: initial intensity of the X-ray
s: length of the path of the X-ray inside the body
p > 0: X-ray attenuation coefficient
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Simple example: two homogeneous blocks =PrL

Il — I(] e_#lsl

LY

Io = I; e H252
LY

X-ray
source

52

April 3142025 MICRO-413 week 7



The Beer-Lambert law

Homogeneous material:

lo I
I]_ = IO 6_#3 ° L !
5
Non-homogeneous material:
1
I = Iy e Jer@d= {-U .
X-ray £ p(z)
so-called line integral:
— [, p(x) dz I .
Iy = Iy e Je¥ = —log )= p(x) dx
0 JYI
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The Beer-Lambert law and Radon transform

The Beer-Lambert law connects the initial and final intensities of an X-ray:

I = Iy e JeS(@)de — — log ( ) /}‘

and it is connected to the Radon transform

_ /Ef(.q:) dz

f(r) = p(z)  and R(f)log(>-

through the identifications:
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The Beer-Lambert law and Radon transform .:P.-L

In general, during a tomographic scan:

@ [y is known from calibration and I; from measurement.

@ [1 is measured along many lines £y -y to get many line integral values
through the object from which to determine f(x).

@ The intensity I; is called the transmission, while the corresponding
—log(I1/1p) is called absorption or projection. A collection of projections
Is called sinogram.
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In practice: from transmission to absorption

1000

1000

April 3r42025

photon
count

I
1000

Unknown object 500

250

/

Photon Transmission
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—log(11/1o)
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In practice: from transmission to absorption =PrL

hot li
What is the hidden object? S ne
count integral
. Iy —log(l1/1o)
1000
¢ 4 1000 0.0

—— ? 1 500 0.7
- - — 250 1.4

/ N

Photon Transmission Absorption

1000
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In practice: from transmission to absorption =PrL

hot li
What is the hidden object? S ne
count integral
. Iy —log(11/1o)
1000
¢ 4 1000 0.0

The only way to know is to perform a second measurement at a different angle

ERVIVIY)

° ‘ , \ 500 0.7
1000
Photon Transmission Absorption
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The Beer-Lambert law and Radon transform

photon line
count integral
Iy I4 —log(l1/1o)
1000
1000 0.0
1000
500 0.7
1000
250 1.4

250 500
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The Beer-Lambert law and Radon transform

photon line
count integral
IO 11 _log(ll/IO)
1000
. = 1000 0.0
1000
® 500 0.7
1000
. 250 1.4
4 4
250 500
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=PiL

object Sinogram

angle
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Reverse tomography for 3D printing =P

Light Patterns Cumulated Dose —_— Max Dose

800 -
S 600 -
~i
v
8 400 fmmmmmm e
©

200 -

0

_ _ 0 100 200 300 400 500 600
Target Resulting Print

10
0.8 -
S 06
0.4 -
0.2 -
0.0

0 100 200 300 400 500 600

correlation
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Resolution

Divergence Algorithm
LT Target shape
|deal beam /" n \\ |
assumptlor}f 5 ‘\“(1+p)Lvox
i ; -
( ‘|‘ Lvox ,"
Realistic beam %, '
with divergence * \
_____________ - Dose halo
April 312025
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Chemical
diffusion

[lluminated
x {

4—01‘4
0N

Radical
diffusion

26
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Dose|

Intensity
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Materials
6
5| Material A : acrylate
E =356 MPa
a4l e=17%
d"j
>3
S
Z
22
Material U : urethane acrylate
E=2.41 MPa
1 e=31%

20 40 60
Elongation (%)

80

April 3r42025
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Polymers
Silicones
Hydrogels
Ceramics
Glass

=Pr-L
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Striation effect

Traditional VAM

AL =S

= P
S||l—s| Oi—
‘6 ' /\' e °'TI"
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Projection

\\\\\
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LED flood
illumination
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=Pi-L

Delrot P, Loterie D., Moser C. . High resolution volumetric additive

Laser input manufacturing, Nat. Comm.,11,852 , 2020
DLP modulator /
Rotation
platform
Lens ~L___,
Lens :
Beam

profile

0° 30° 60°

)
l M l

Projections container liquid bath

Resin / N Index-matching
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Rotation
platform

Camera

Time: 0.00s Exposuxe: 0.00s Rotation: 0.0

\

\

/ system
nination Resin N Index-matching

maging container liquid bath




April 34202 0.75x 32



Camera at 22s

No feedback

With feedback
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Micro-CT Cross-sections

Photograph
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LLaineTa gL Les Micro-CT
QF <0 s i

No feedback

With feedback &
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Surface quality

Volumetric Printing

April 3r42025
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VAM Printed Lens () Glass Lens (d) VAM Printed Lens

Height (nm)

Daniel Webber, Yujie Zhang, Kathleen L. Sampson, Michel Picard, Thomas Lacelle,

¥ froenih Chantal Paquet, Jonathan Boisvert, and Antony Orth, "Micro-optics fabrication using
April 3742025 blurreMbGR@+4d3, Weptke7 11, 665-672 (2024)



April 3742025

v Ap 1% /u

=PiL

700
© Experimental measurement
600 F —— Linearfit: sedimentation speed
= (o]
500 Terminal velocity of the
E streamlined object: 21.54 um/s
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Silicone =PrL

Soft hearing aid shell Arterial junction model

Main cavity

n)

DI UUJMS} ,

r. Med. Martin
qur surgioal modlel

~ r
- ¢ 3 _[_.
Stitching

Q2
Side vent :
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Ceramic =P-L

3D model
*
HaC
R
JTo
Photoinitator : yrarviue
O Crosslinker
g Madrid Wollf J, [...], Moser C. “Tomographic volumetric additive manufacturing
April 392025 of silicon oxycarbide ceramics, Advanced Engineering Materials, 2101345 (2022).



Toombsl, [...], Rapp. B. ,Taylor H. “Volumetric additive manufacturing of silica glass E P F I
with microscale computed axial lithography, Science , 376 (2022).

Fully dense silica

Green part Brown part part

SN S
———— ————
L e a N e ad
Debind Sinter

600 °C 1300 °C

A

Print and develop

PRINTED

Microscale components K
made using axial s

s
lithography 7 308 ek |
%
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Bio Printing technologies

a [ Inkjet bioprinter ] b [ Microextrusion bioprinter I cl Laser-assisted bioprinter ]

Thermal Piezoeletric Pneumatic Piston Screw

R l vlv <Valve
Heater
Vapor Piezoelectric
bubble actuater

VOLUME 32 NUMBER 8 AUGUST 2014

3D bioprinting of tissues and organs

Sean V Murphy & Anthony Atala
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Energy- Laser
absorbing pulse
layer

Donor
slide

Nature Publishing Group

Katie Vicari/
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Now =PrL

(

Cell Expansion

Drug screening

e )
==
In vitro disease model

New Active Molecules

Rapid
Translafion

3D Human

\M_o—d—e-—lf/
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April 314 28,5

= - — '_‘”_: e
Pour the cell-seeded ink into a sterile vi

Rl

IVIIVIWN V™ 1LJ VWCCTN /
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[...] Moser C. Levato R.
Living-Tissue Constructs within Seconds”, Adv. Mat., 2019
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Comparative printing speed E PFL

6000+ 5665.0 Il Scaled 1x
1 Scaled 2x
— B Scaled 3x (4 cm?)

N

o

o

o
1

1763.0 1694.0

4001
300
200-
100-

Printing time [s]

Volumetric Extrusion-Based Digital Light
Printing Printing Processing
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2

B) Single Cells Organoids
0 1) ii)

Non-optically tuned
bioresin
~
- h )

VBP
EBB

Volumetric Bioprinting of Organoids and Optically Tunea
Hydrogels to Build Liver-Like Metabolic Biofactories”, Adv. Mat, 2022.

Aprit 3= zuz> IVIILRU-4 15 week /



Printing in organoid-laden bioresins =PrL

Optimized bioresin
(5% gelMA + 0.1% LAP + 10% iodixanol) Sterile perfusion system for bioprinted constructs
5 x 108 cells mL-"
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Printing In scattering resins =PrL:

DLP Projector

L, |

Scattering Resin

Side-view
Camera

Acrylate +
100 nm TiO2 nanoparticles

JORI IMadrid -Wolf J, Boniface A., Loterie D., Delrot PJT'
MICRO-

Controlling light in scattering materials for volu

~ 4 0 A 1 o~ -~ P Y ot e
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Printing in hydrogels with High cell densities =PrL

==
=

April 3742025 MICRO-413 week 7 >7




Printing in hydrogels with High cell densities =P-L

Conventional Tomographic AMI_

X
Obtained Print

Hydrogel ~ void

+ HEK cells )

« / +HEK cells

April 32075 VITCRU-413 WeekK /7 >8



Principle of Reverse Tomographic Projection

Ultra fast printing speed (30 seconds)

* No support structures

80 um resolution

MICRO-413 week 7 ' 59
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