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=P7L Introduction

* Additive Manufacturing

o A variety of technologies are developed to make complex
structures

= Powder bed fusion
= Vat photopolymerization
= Material jetting/extrusion...

* Polymer

o A great range of different polymers are synthesized, with

=  Biocompatibility
= Great mechanical property
= Temperature resistivity...

Motivation: Combine functional polymer with advanced

fabricating technology to make useful devices in multiple
domains of industry!
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=P7LStereolithography Apparatus

1. Focus a laser with specific wavelength
and intensity on the surface of the
material to cure one layer according to
the cross-sectional pattern design

X-Y SCANNING
MIRROR

.LASERSOURCE ’: \‘

.RESINTANK ’

2. Lifting platform moves vertically by
s — one layer height to position for the
e
.MO\’ABI.E BUILD PLATFORM n eXt I aye r

3. Repeat the process layer by layer to
form a three-dimensional object
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Material requirements

Functional groups

Functional group | Mechanical strength | Toughness | Curing velocity
Acrylate High Low Fast
Urethane Acrylates Medium-high High Fast
Epoxy Acrylates High Medium Medium
Polyester Acrylates Medium to High Medium Fast
Thiol-ene Systems Medium-high High Very fast
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Material requirements

Active diluents
* Reduce viscosity
* Adjust properties
* Participate In curing reaction

Photoinitiator/Photosensitizer
* [Initiator/catalyst
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Material requirements

Curing velocity:

Iy
t;_{; = K(T,I,)-a™ - (1 — )" I(Dp) = Ip - exp(—1) = -
t: reaction time D,p — L
o: degree of curing €-C
m & n: fitting parameters
K: rate constant E.=FE(d)=1Iy -exp(—€-c-d)-t
= T EEEEEEY
- i
Beer-Lambert’s law: ' d—D m(Z):
! P\ E )
c/
I(a) = Iy -exp(—e-c- 2) S l

10: incident light intensity

€. molar absorption coefficient
c: solution concentration

z: light penetration distance
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Material requirements

Viscosity
 Add reactive diluents

* |ncrease tem perature

High temperatures will accelerate the curing rate
of the material
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Polymer in SLA

Photosensitive
resins

* Flexible photosensitive
resins

* Tough photosensitive
resins

* Rigid photosensitive resins

Achieve the desired performance by
balancing elongation and tensile
strength
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Polymer in SLA

New polymer material
* Biocompatible materials

&in O

- Conductive photosensitive resin
* High-temperature resistant photosensitive resin
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Analysis of defects &
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Analysis of defects & performance

performance

* Low accuracy
* Curing depth
High temperature and light intensity, low Ec and high Dp
* Light bleed

* Material shrinkage
* Content of the photoinitiator
* Light intensity
* Layer thickness
Solution. use cationic polymerization

* Cavity, porosity, cuts "**
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Analysis of defects & performance

Post-processing
* (Cleaning

* Post-curing
* UV light post-curing
* Thermal post-curing
Promote further cross-linking of molecular chains
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Analysis of defects & performance

Load vs Elongation

performance

* Prepolymers

* Ratio of material
* Layer thickness

* Curing process
* Temperature
* Time
* Light intensity
* Curing method
* Print direction

Untreated Ultraviolet Heating
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Analysis of defects & performance

The faillure mechanism of the material 1s usually
chain slippage, but after curing, the parts
become isotropic, the layered structure of the
material disappears, and chain slippage i1s no
longer the main cause of fracture
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Technique improvement

Top-down DL P

SLA top-down (new) SLA down-top (basic) SLA DLP
uncured resin L Stank )
1 ]
” platform -
part
L.-: ~ 50 um ot o I
- platform
1_ uncured resin -
Viesin = Vparl Viesin = Stank % Hpaﬂ ‘
wavy surface wavy surface treated surface
ﬁ platform
e N

U platform
treated surface

- Wi
wavy surface # ltreated surface wavy surface = treated surface ‘ g
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Applications

Elastic photosensitive resin

Tough photosensitive resin Biocompatible photosensitive resin




Selective Laser Sintering



=P7L  Selective Laser Sintering

1. Laser scans the layer
point to point, melting
the exposed area to
transfer the pattern onto
the layer.
Mechanical 2. The platform moves
roller
down and another layer
of powder is fed.
3. Iterate 1 and 2 until the
whole 3D structure is
Reservoir platform pl’l nted.

Balvano
mirrors

Laser

Material
vat

Building platform
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Material requirements
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Material requirements

a Powder

€ : Humidity

§' Manufacturing Shapeg,, face

L‘ - - - - - -

3 Precipitation Uneven Plane Distribution
w -

S Cryo-milling \Spherical Hackly

k> n Flowability
It Particle

SLS material

-4 Heat capacity Latent heat
£ _ Surface Reflection
& Expansion tension
o coefficient Adsorption
o Conductivity n, (melt (10.6 um)
2 of heat viscosity) Transmission
S
£ Thermal Rheological Optical

properties properties properties

Polymer property

o High absorption of laser power

o Low viscosity

o Large process window between
melting point and crystallization
temperature

Powder property

o Spherical shape (ideally)

o Proper size distribution (50 um
~80 um normally)
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Polymer in SLS




cPr

" Polymer in SLS

Polymer Melting point | Crystallization | Tensile strength | Coefficient of thermal
(°C) temperature (°C) (MPa) expansion (x107°/°C)
Polyamide 12 180 159 48-53 120-140
Polyamide 11 189 155 45-50 85-120
Polycarbonate 295-315 N /A (amorphous) 55-75 60-70
Polystyrene 240 220-240 30-50 60-80
Polyether-
ethorketone 343 240 80-120 25-50

* PA11/12: large process window, high mechanical strength and biocompatibility

* PC: great mechanical strength and high-temperature resistivity

* PS: low-cost and low thermal expansion (thus good accuracy)

* PEEK: excellent mechanical strength and high-temperature resistivity, low
thermal expansion and biocompatibility
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Analysis of defects

Unmelted particles
(second layer)

Intra-layer
porosity

laser beam

X Unmelted particles
(first layer)

» Low laser power

* Intra-layer porosity
S e Mainly caused by

temperature

- insufficient melting and low
flowability

ictirerporody * Inter-layer porosity

T Affected by both melting

* Low laser power

» High laser scan speed and Iayer thiCkneSS

* High layer thickness

Lack of fusion
porosity

Causes:
Low laser power
High laser scan speed

» Low powder bed
temperature
High hatching distance

* Particles size
distribution

* Low powder bed
temperature
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]
Analysis of defects
AP A
(/ Molten
[ » polymer
i
©

= i >

8 : £

O | _g >
| @)
! Temperature
| . Solid Tq Te T

polymer/part

Temperature
T Tlll

* Shrinkage
o Temperature change induced
o Crystallization induced
o Process parameter determined
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Technique improvement

MJF(MuIti-jet fusion) S/S (Selective inhibition sintering)

Inhibitor Printer nozzel art
Ceramic IR heater\ / Roller
 applied s / A7
000
X
Fused Layer
B

Fusion agent: jet onto laser-exposed region
to promote laser absorption

uild bed
rerflow chamber

Inhibitor: jet onto the border to elevate the
melting point of the margin thus separating

Detailing agent: jet onto border to prevent the part from its surrounding resin

adjacent powder from melting to have high
accuracy
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Applications

Scaffold for bone Hydrogenation porous
tissue engineering catalysts

ta

O 1 70 ==
Biocompatible and Chemically stable and
degradable polymer heat resistive polymer
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=PFL Direct Ink Writing
Introduction

‘ Applied Polymer
pressuré | Thermoplastic, Thermoset, Elastomer,
Biopolymer, Polymer matrix composite
Ceramics
Oxides, Nonoxides, Bioceramics,
Ceramic matrix composites
Glass
Bioglass, Silica glass
Cement
Graphene
Metal
Single metal, Alloy, Liquid metal

Nozzle

/ Extruded filament

* create complex three-
dimensional structures

* extruding material
through a nozzle in a
controlled way

* can be applied to many
materials



=PFL Direct Ink Writing

Introduction
How does it apply pressure

|

Ay passaidwo)

* Pneumatic Pressure
o compressed air

l * Mechanical Pressure
g — o mechanical piston

— .
* Screw Extrusion
o rotating screw

Extrusion
nozzle



=PFL Direct Ink Writing

Introduction
Some products from DIW

* Particularly valuable for printing functional materials
* Polymer materials have excellent versatility, mechanical tunability,

and biocomiatibiliti
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Material requirements

* Rheopectic Behavior
O INncreasing viscosity under shear
o stabilize printed structures
o preventing deformation and collapse

* Thixotropy

o shear-thinning
o reducing viscosity under shear
o allow easy extrusion and then recovering Vviscosity
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Material requirements

Rheopectic
7))
("2
& .
A Newtonian
| -
©
Q
=
wn
Thixotropic
Constant shear velocity

Time

Rheopectic behavior and thixotropy are balanced.
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Material requirements

* Self-healing
o enhance long-term integrity

o autonomously repair minor damage
o Soft robotics or tissue engineering
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Polymer in DIW

* Natural Polymers and
Hydrogels
o Hydrogels
" biocompatibility and
support for cell
growth
o Cellulose and its
derivatives
" pbiodegradability
and high-resolution
print fidelity
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Polymer in DIW
: * Synthetic Polymers
wtteieh o LL oPCLA
i o = copolymer formed
HOTLEOTM% N H;E-O];@O JTOLH from PLA and PCL

Synthesis and structure of PCLA multiblock copolymers.
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Polymer in DIW

* Synthetic Polymers
o Polyethylene Glycol (PEG)
= Hydrophilic,
biocompatible and
soluble

" drug delivery and soft
tiIssue engineering

Photovoltaic Cutting Plastic Modified
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L
Polymer in DIW

* Polymer Composites
o Fiber-reintorced polymer composites
" anisotropic mechanical properties
= providing higher stiffness along specific directions
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Technique improvement

(a) ‘wibDrala B8~ oLp (b) A DLP projector
' ~ projector 31"
Ink syringe | ) '
: Linear
/— Linear stage ‘ '/- stage

Motion stage '

Ink syringe

Motion stage

Substrate Substrate

Resin tank
/— Resin tank

Lift table

* Hybrid Printing Systems
o combining DIW with Digital Light Processing (DLP)
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Technique improvement

* Resolution Enhancement and Real-Time Process Control
o micron-scale features using nozzles as small as 0.5 um

o dynamically adjusting settings to improve precision and avoid
defects
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Technique improvement

* Multi-Scale and Multi-Material Printing

o combining nozzles of different sizes

= create structures that combine macro- and micro-level
detalls

o use multiple print heads simultaneously

" facllitates the production of gradient or heterogeneous
materials
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Applications

* Biomedical Applications

(a) Inkjet-based Bioprinter (b) Extrusion-based Biopﬁnter
Thermal Piezoelectric Pntunuﬁc Pialun
lnlﬂ
anr._.! P‘i.e:::.ln‘rli.:_
(c) Laser-assisted Bioprinter Stereolithography Bioprinter
Laser pulse _ ) Donor Slide ' = Light source

' - Bio-inks &
‘—.—/ ™ Bio-ink

(e) Acoustic Bioprinter (f) Microvalve Bioprinter (g) Scaffold-free Bioprinter

- Bio-inks and

Pressurized air //'
\ f Acoustic - -
““ waves — | 8| Cell spheroid
“ planger '

13/

.tii
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Applications

* Environmental Applications

o fabricate membranes and filters for water purification
and wastewater treatment

o create catalytic filters with embedded catalytic
nanoparticles
* Flexible Electronics and Wearable Devices

o printing conductive polymer inks with additives like
carbon nanotubes or metallic nanoparticles

o maintain functionality under bending and stretching



=PFL  Conclusion

* Existing problems
o For polymer materials, they may be not as good as inorganic
substance when high temperature and wear resistance are crucial
o For AM process, reproducibility and precision still need improvement
for mass production
* Future perspective
o With the development of material science, polymers with better
performance will be synthesized and applied in AM process, which
oroadens the potential of AM fabrication
o New manufacturing technology like Multi-material printing 1s
oromising to produce multifunctional parts with better precision
o The Al-supported manufacturing enables the optimization of
process parameters, thus improving efficiency and precision




THANKYOU
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