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8.1 Introduction

The research achievements in additive manufacturing (AM), especially in the
field of laser 3D printing (L3DP), enable advanced prototyping in terms of
speediness and complexity. The laser is used to melt the powder material to
form an expected shape; the basic process of L3DP involves spreading a layer
of the powder material on a bed with a selected thickness, and the printer
runs the laser beam to follow the input trajectory for each layer to print the
input shape layer by layer. The build platform adjusts its position when every
layer is completed as well to make space for building the part."”* Factors such
as the thickness of layers or types of lasers affect the resulting printed
materials, including overall resolution or accuracy of the result, speed of
manufacturing, or performance of printed parts, since heat is already
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tapplied during the printing process.>® The most typically used and developed
L3DP techniques are selective laser sintering (SLS), selective laser melting
(SLM), and multiphoton lithography (MPL) or two-photon polymerization
(TPP). The SLS and SLM types share the general process of manufacturing and
are both powder bed fusion processes. The main difference between SLS
and SLM is the method of combining the powder, creating the printed material,
and the features of a printed part following each method. The SLS approach
heats the particles of powder material by energy from the laser beam to sinter
and fuse with each other before the particles reach their melting point, and the
layers combine into the printed part after repeating the procedure of laser
drawing input figures of each layer (Figure 8.1a).* After the completion of each
layer, a new layer of the particles is distributed by a roller while the feed bed
moves up and the print bed moves down. The adjustment of bed positions
allows the printer to have uniform thickness. SLS printers have the advantages
of reusing powder materials that are not sintered during the printing process
and reducing steps since they do not use any solvent that evaporates after the
printing process.*”> On the other hand, the SLM type of 3D printing has a
similar manufacturing process of spreading a powder for each layer and se-
lectively fusing or melting it by utilizing a high-power laser. Depicted in
Figure 8.1Db, the laser path directly runs on the surface of powder materials for
each layer, and thermal energy from the laser melts the particles of powder
material in a certain thickness and makes them fuse to create the printed
part.>” The TPP printer utilizes different methods compared with the SLS and
SLM types as it uses photopolymerization of a light-sensitive resin through
laser. Even though it also uses a laser to print the object, it is not in the form of
powder bed fusion.® As shown in Figure 8.1c, TPP-type 3D printers typically
incorporate a galvanometric scanner for raster-scan and XYZ stage for axial
scanning or sample maneuvering that fabricates the part in a layer-by-layer
approach by moving the sample stage axially to polymerize the next layer after
completing each layer. It has a limitation for creating complex hollow structures
due to the scanning process, yet, it takes advantage of having the highest
resolution among the 3DP and the ability to create complex structures for the
photonic and nanoscale fields.” The application of SLS, SLM, and TPP printing
techniques is not limited to creating prototypes or models: recent research has

Figure 8.1 Overview of laser AM technologies (a) selective laser sintering (SLS)
printing schematic illustrating powder coating and scanning strategies
to fabricate 3D metal objects with small features. Reproduced from
ref. 10, https://doi.org/10.3390/polym12081841, under the terms of the
CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/, and from
ref. 15 with permission from Elsevier, Copyright 2017. (b) Laser scan-
ning strategies to obtain desired microstructure of fused nanocompo-
site material. Reproduced from ref. 16 with permission from Elsevier,
Copyright 2020. (c) TPP schematic and fabrication of micro lattices.
Scale bars are 10 pm. Reproduced from ref. 9, https://doi.org/10.1038/
$41467-019-10249-2, under the terms of the CC BY 4.0 license,
http://creativecommons.org/licenses/by/4.0/.



188 Chapter 8

expanded the possibilities of the application to the energy, electronic, photonic,
and biomedical industries. Rollo et al. conducted research on fabricating por-
ous conductive 3D structures by using SLS; this demonstrates the development
of the SLS manufacturing technique actualizing the creation of conductive
polymer composites with complex geometric features including porosity and
void size.'® The research by Naujokat et al. indicates an impact of SLM tech-
nology in the biomedical field—SLM with shape-memory alloys for intraosseous
and subperiosteal implants having sufficient biocompatibility."* Other research
on SLM has established its reliability in nanocomposites, SLM is employed to
tune the crystallographic structure and nanocomposite for electrochemical
energy conversion and storage systems. The method of SLM improves the
resolution and mechanical properties of printed parts.'” TPP printing, based on
the multiphoton polymerization of a transparent photopolymer, has established
its advantages in the photonic field because it has high resolution that allows
the freeforming of micro-optical elements and components including complex
lenses and metalenses/metasurfaces with supporting optimization for nano-
photonic lens design due to not having chemical processes.”'*'* In the process
of TPP, the laser solidifies the resin in nanoscale blocks, such as voxels, since it
is focused on a highly confined region within a photosensitive resin which
induces nonlinear absorption. It enables TPP to process a wide range of ap-
plications of nanostructures including photonic crystals.’

8.2 Selective Laser Sintering

8.2.1 Overview of Selective Laser Sintering

Selective laser sintering (SLS) is a powder bed fusion AM approach that in-
corporates a scanning laser to selectively sinter fine powders into a solid part
with morphology defined by a computer model.* After each individual layer is
solidified, a powder roller uniformly distributes fresh powder to be subsequently
sintered by the scanning laser until the printed part is completed. In order to
adequately sinter adjacent particles, the sintering kinetics, including necking
radius, are investigated to optimize the printing parameters, resulting in high
resolution and control of the dimensions and microstructure of the printed
part.”” The three mechanisms of particle sintering include partial fusion,
complete fusion, and chemical bond fusion. Printing parameters, including the
laser power and scanning speed, can be modulated to produce porous or dense
microstructures using nanocomposite materials for advanced electronics, bio-
logical sensors, and thermal management devices.” SLS-printed devices can be
fabricated into unique geometries that are otherwise costly or difficult to pro-
duce using conventional methods, such as slip casting or hot isostatic press-
ing.'® In the following subsections, recent developments to address ongoing
challenges for fabricating polymer and ceramic composites through SLS and
current nanomaterials of interest to the scientific community are elaborated.
The section concludes with a brief discussion of recent applications of nano-
composites in the field of biomedicines, aerospace, and electronics.
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8.2.2 Selective Laser Sintering Process and Development

SLS and selective laser melting (SLM) share a fundamental process principle
known as powder bed fusion and thus it is crucial to distinguish between
these two techniques. The primary distinction between SLS and SLM lies in
their approach to the powder to be fused during printing.'® SLS techniques
form the 3D objects using laser energy to heat powder particles, to their
relative sintering temperature, to facilitate fusion between them to create a
solid structure. The SLS system consists of three main parts: a spreading
platform, a powder bed, and a laser system with a laser and scanner. The
powder is evenly spread on the building platform using a slot feeder and a
roller or scraper blade to level the surface and ensure uniformity amongst
the powders within the bed. The system processes the 3D components as
planes, with each plane representing basic laser scanning elements known
as vectors. The scan pattern of these vectors is predetermined based on the
desired morphology and dimensions of the final product. The material is
heated below its melting point, causing fusion between particles through
laser sintering or melting. The scanner directs the laser to move in a two-
dimensional plane while adjusting the powder bed’s height to focus the laser
on the newly formed surface (Figure 8.2a).>° After each layer, the powder bed
is lowered by one layer thickness, and a new layer of powder is deposited and
fused by the laser. This cycle continues until the entire object is built. The
completed product cools down inside the printer once construction is fin-
ished.'” As depicted in Figure 8.2b, different analysis methods, for studying
the sintering of particles during the energy deposition process, have been
investigated to optimize printing parameters.'” In situ X-ray imaging shows
the influence of laser power and sintering time on the necking radius of the
particles, which is critical for controlling the resolution of the printed par-
ticles."” This leads to appealing potential to tailor the microstructures of
emerging nanocomposites to alter the performance through anisotropic
structures. For example, drug delivery devices for biomedicine can be
manufactured using SLS and the drug packing for individual tablets can be
accurately controlled by changing porosity of the microstructure by modu-
lating the laser scanning speed, (Figure 8.2¢).>" Mathematical models can be
constructed for these materials to predict the level of porosity within the
material. Consequently, SLS is a facile approach with increasing applications
in the aerospace, bioelectronics, and defense industries.>*?

8.2.3 SLS Nanomaterials and Composites

Selective laser sintering of nanocomposites involves polymer and ceramic
composites that integrate nanofiller material to enhanced material properties
with the objective of developing printed parts with high mechanical
strength, increased dielectric behavior, and electromagnetic shielding. Dif-
ferent approaches, such as differential scanning calorimetry, are implanted
to study the sintering mechanisms, during heating and cooling, before
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printing which promotes interesting potential nanomaterials to be used with
the SLS process. The nanomaterials include different forms of polyamide (PA),
polyvinylidene fluoride (PVDF), and thermoplastic polyamide elastomer (TPAE)
with nanoparticles such as carbon nanotubes and graphene plates absorbed
onto the surface of the PA particles through dry- or melt-mixing.***® The
addition of carbon in PA nanomaterials has been demonstrated to result in a
significant improvement in mechanical properties and to mitigate fracture of
printed parts under tensile, compressive, and three-point bending loads.**
Furthermore, an extensive exploration of fiber and glass bead reinforcements
for SLS nylon composites has underscored the nuanced effects of reinforcement
geometry, volume fraction, and material properties on mechanical performance
and processing characteristics.”” Ceramic nanofillers, such as BaTiO;, have
been combined with PA and carbon material to generate a percolated network
that exhibits superior piezoelectric behavior with good printability.*® Ceramic
metal composites have also been manufactured using the SLS approach, in-
cluding alumina molybdenum with high fracture toughness for economic re-
fractory materials under flexural loads.*® For high thermal conductivity ceramic
foams where the consideration of thermal diffusion coefficient and specific
heat capacity are required, it has been demonstrated that porous mullite cer-
amics can be fabricated through SLS processes.”® The almost limitless design
geometries facilitated by SLS fabrication, combined with functional nano-
materials, open new pathways to generate more effective biomedical devices,
refractory materials, and electronics with excellent performance (Table 8.1).

8.2.4 Application

This section provides a comprehensive explanation of the SLS process, elu-
cidating its utilization of high-energy lasers to sinter sequential layers of
powder, enabling the creation of intricate 3D structures for a myriad of
engineering applications. It emphasizes the precision, complexity, and po-
tential of SLS in synthesizing composite materials into functional devices. As
shown in Figure 8.3a, the influence of laser scanning power and speed can

Figure 8.3 Recent applications in SLS-based printing approaches: (a) comparison
of microstructure in SS316L printed specimens at different scanning
speeds. Reproduced from ref. 36 with permission from Elsevier, Copy-
right 2016. (b) SLS-printed lattice structures with inset SEM images.
Scale bars are 1 cm, 1 mm, 100 pm inset, and 3 mm from left to right.
Reproduced from ref. 37, https://doi.org/10.1371/journal.pone.0147399,
under the terms of the CC BY 4.0 license, https://creativecommons.org/
licenses/by/4.0/. (c) TTCP bone scaffold with immunofluorescence
imaging after 6 hours and 12 hours. Reproduced from ref. 38, https://
doi.org/10.3390/ma13102268, under the terms of the CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/. (d) Array of circles of
sintered silver nanoparticles (AgNP) and bull logo with microscale
resolution. Reproduced from ref. 39, https://doi.org/10.1038/s41378-
019-0116-8, under the terms of the CC BY 4.0 License, https://
creativecommons.org/licenses/by/4.0/.
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produce high porosity in stainless steel 316 specimens.*® Consequently, the
conductivity of each sample can be adjusted since the number of mean
pathways for ions to conduct through decreases significantly for the porous
sample when compared with the dense microstructure. SLS printing has
prevailed in the field of biomedicine because it can reproduce intricate
morphologies, such as diamond or diagrid lattices, for bone tissue re-
generation studies with polycaprolactone and subsequent vapor smoothing
(Figure 8.3b).>” This approach is especially useful due to the high demand for
customized parts with increased compression strength and biocompatibility
for regenerative medicine.*”** As mentioned previously, different nanofillers
can be incorporated into the matrix to reinforce the material, however the
cytocompatibility would need to be investigated in order for them to be im-
plemented into medicinal applications. As shown in Figure 8.3c, bone scaf-
folds comprised of tetracalcium phosphate (TTCP) show good cell viability
after 12 hours and compressive strengths up to 11.87 MPa making this ad-
vantageous for medicine since TTCP is biodegradable.*® Ceramic nanofillers
have also been utilized by infusing silicon nanowires (SINWs), with a matrix of
biomass from cedar trees, to fabricate metastructures with improved elec-
tromagnetic shielding capabilities at —49.01 dB at a frequency of 5.1 GHz.**
Recent development into the micro resolution capabilities of SLS printing
technologies has led to the integration of a digital micromirror device, a
complex array of tiny mirrors to reflect an image, and a SLS-scanning laser to
selectively sinter a projection area in contrast to a tool path approach for
microelectronics.>® An array of silver nanoparticles are sintered with great
dimension control and can be printed in an instant and microelectronics are
producible with a minimum feature size of less than 7 pm, see Figure 8.3d.*°
Therefore, the potential applications of SLS-printed ceramic and polymer
composites show promising alternative manufacturing methods for next-
generation electronics and advanced ceramics.

8.3 Selective Laser Melting

8.3.1 Overview of Selective Laser Melting

Selective laser melting (SLM) is a laser additive manufacturing approach,
similar to selective laser sintering, that utilizes a high-power scanning laser
and optics system to selectively heat predetermined regions of powders,
converting the powders into a molten state that subsequently solidifies to
form a portion of the final printed part.’”*! In contrast to selective laser
sintering, where the particles are fused together by heating the particles to
their relative sintering temperatures, powders are melted and cooled by heat
transfer mechanisms to form dense metal structures from a digital model.*?
This facile approach is advantageous since the scanning laser power can be
attenuated to alter the microstructure of different metal and nanofiller
powder-based materials for physical property enhancement.**** Addition-
ally, it is imperative to consider the influence of printing parameters, such as
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melt pool dynamics and printing speed, on the overall resolution, dimen-
sional accuracy, and thermally induced defects of each individual layer in
the printed part to meet tolerance requirements.*>*>*® Because SLM tech-
nologies have exhibited the ability to print different metal alloys and
nanocomposite materials, there has been an increased interest in extending
this manufacturing tool towards the design of functional devices with
applications in the automotive, chemical, and aerospace industries.*****” In
the following subsections, the working principle of SLM printing and recent
developments in material selection and physical property enhancement
utilizing SLM nanocomposite 3D printing are elucidated. Furthermore,
present-day applications of SLM printed nanocomposite devices are
highlighted.

8.3.2 Selective Laser Melting Process and Development

Selective laser melting AM technologies are energy-deposition-based AM
technologies that employ galvanometer mirrors and a high-power laser
system to selectively melt a metal matrix composite into a geometric design
defined by a computer model. The main distinguishing feature of SLM
printing from SLS is that the uniformly distributed powders are heated to
their melting temperature of the nanomaterial and the particles are cooled
through convection, radiation, and conduction heat transfer mechanisms
(Figure 8.4a).***® The powders are mixed with nanofiller material and milled
to achieve a uniform particle size distribution to aid in both the fusion and
recoating process.”” The nanomaterial is distributed into the powder bed,
under specific atmospheric conditions, and the laser travels along the
powder surface, spaced out by the hatch distance, to solidify each individual
layer of the digital model. The powder bed is then incrementally moved by
the defined layer thickness and recoated evenly by a high precision roller for
all of the individual layers to fabricate the desired nanocomposite structure.
Furthermore, it is imperative that the scanning power and linear speed
parameters are adjusted in order to dictate the melt pool thermodynamics to
enhance the fusion of adjacent powders within the powder bed.”® High
power lasers spontaneously deposit a large amount of energy onto the sur-
face of the powder and the subsequent fusion process, coupled with the
linear motion of the laser, can result in particle ejection and defects within
the microstructure.”® Consequently, the influence of printing parameters on
microstructure development during SLM must be closely evaluated to meet
the demands of emerging metastructures with increased mechanical
strength and thermal conductivity. Numerous scanning strategies have been
explored in order to achieve different microstructures with anisotropic
physical properties. For example, melting with recoating mechanisms gen-
erate porous microstructures while remelting scanning results in a dense
microstructure with high relative density (Figure 8.4b).>" Remelting scan-
ning approaches can reorient themselves, passing the small area multiple
times at different scanning angles, to influence the grain structure of the
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final printed part. The unique ability to adjust the microstructures by simply
adjusting the laser power and scanning strategy opens up new perspectives
in the design of high entropy alloys (HEAs) and metal and ceramic matrix
composites for components designed to withstand harsh environmental
conditions. Developments in real time dynamic analysis of the melt pool
dynamics have increased the single crystalline parts of Ni-based super alloys
printed by SLM through X-ray Laue diffraction experiments (Figure 8.4c).”*
The real time evaluation of the microstructure development of new super-
alloys and high entropy alloys provides intriguing perspectives on tunable
hierarchical microstructures for emerging high strength and lightweight
SLM printed components.

8.3.3 SLM Nanomaterials and Metal Matrix Composites

In order to meet desired mechanical and thermal performance require-
ments, the material selection and powder processing approach is a decisive
step when fabricating robust metal matrix composites via the SLM process.
Metal matrix composites and metal alloys powders are ball milled at high
speeds to achieve a homogenous mixture of spherical particles tailored to a
specific overall size distribution.”®>* Furthermore, cost effective, light-
weight metal nanocomposites can be fabricated through the SLM process
into complex geometries, unseen in traditional manufacturing methods, to
develop next-generation functional nanocomposite devices with excellent
material properties.””>® Selective laser melting nanocomposites largely
incorporate advanced nanocomposite powders which include alumina as
nanofiller matrix within an aluminum matrix for mechanical reinforce-
ment in extreme environments seen in the automotive and aerospace in-
dustries.”®*® Furthermore, the development of novel high entropy alloys
has grown significantly because of their attractive strength and ductility,
which can be improved through the addition of dual phase face-centered
and body-centered cubic structures, resulting in higher yield strengths.*>”
Laser scanning parameters can be adjusted to produce hierarchical

Figure 8.4 Working principle of current SLM printing technologies. (a) Selective
laser melting (SLM) printing schematic illustrating powder coating,
scanning strategies, and melt pool thermodynamics. Reproduced from
ref. 48, https://doi.org/10.3390/ma15207049, under the terms of the
CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/, from
ref. 49 with permission from Elsevier, Copyright 2019, and from ref. 50,
https://doi.org/10.3390/ma12050720, under the terms of the CC BY 4.0
license, https://creativecommons.org/licenses/by/4.0/. (b) Laser scan-
ning strategies to obtain desired microstructure of fused nanocompo-
site material. Reproduced from ref. 51 with permission from Elsevier,
Copyright 2021. (c¢) Evaluation of melt pool dynamics and micro-
structure development of Ni-based superalloy via X-ray synchrotron
projection. Reproduced from ref. 52, https://doi.org/10.1038/s41467-
023-38727-8, under the terms of the CC BY 4.0 License, https://
creativecommons.org/licenses/by/4.0/.
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microstructures, demonstrating that the density and porosity can be tuned
to acquire materials with different tensile and deformation properties.’®
A recent study investigated the printability and electrical properties of
AlSi10Mg nanoparticles with dispersed CNT nanomaterial as functional
filler material to facilitate improved mechanical properties, such as tensile
strength and ductility.’ In general the nanofiller’s properties can be util-
ized to augment the physical properties and microstructure of the metal
matrix. For example, electrochemical and corrosion resistant materials
have gained increased attention since the addition of MoS,, into a pure Mo
matrix, can inhibit crack formation from residual stresses while also
achieving high electrochemical performance required for modern sodium-
ion energy applications.®® Moreover, biocompatibility and biodegradation
is a critical factor for exploring materials with biomedical applications and
recent evaluation of a Fe-Mn alloy demonstrated excellent cytocompat-
ibility with high mechanical strength for tissue repair applications.®*
Consequently, the vast library of available metal and ceramic nano-
composite materials printed via SLM is continuously expanding horizons,
offering unparalleled mechanical strength, thermal conductivity, and
corrosion resistance for physically demanding applications in the most
extreme environments (Table 8.2).

8.3.4 Applications

Recent advancements in SLM laser optics and powder processing have led to
an increased capacity to fabricate intricately designed devices, with macro-
scale to microscale features, from nanocomposite materials with increased
corrosion resistance, mechanical reinforcement, and enhanced heat dissi-
pation.’>* Since the printed structures can withstand the most extreme
environments, this opens up new potential metal composite designs for
aerospace and defense applications that operate at high temperatures and
pressures. Murray et al. presented a CoNi super alloy, fabricated either
through SLM or electron beam melting (EBM) techniques, exhibiting dense
grains and tensile strength of approximately 1.1 GPa and superior ductility
when compared with current Ni-based superalloys printed via SLM
(Figure 8.5a.)°* The addition of Co into the Ni matrix allows for the fabri-
cation of complex CoNi super alloy including turbine blades with intricately
designed cooling channels that increase the overall engine efficiency and
robustness.®* Similarly, a novel CuCrZr powder was fabricated via SLM into
microlattice structures by Ma et al. and the plasticity and energy absorption
properties were enhanced while maintaining high thermal and electrical
conductivity (Figure 8.5b).”® The lattice structure size and volume fraction
can be altered in the computer design model to acquire CuCrZr alloy materials
with different compression strengths ranging from 1.84 to 12.83 MPa.””
These lightweight lattice structures are advantageous for biomedical
implants and bone scaffolds for tissue repair that require high strength
materials that have good biocompatibility, depicted in Figure 8.5¢.”" A high
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level of control over laser scanning strategies was demonstrated by Xiong et al.
which led to the incorporation of multiscale columnar grains, forming
mesoscale gradient AgCu alloy materials, with large angle boundaries with
the purpose of improving the ductility (upwards of +28%), while main-
taining good conductivity properties, shown in Figure 8.5d.”> The aniso-
tropic properties of highly conductive metal composites have widespread
implications for future electronics and thermal management devices with-
out increased fabrication complexity.”> High entropy alloys, alloys that
contain multiple metals in packed crystal structures, exhibit superior cor-
rosive and mechanical properties at extreme temperatures for applications
that require lightweight and durable metals that are creep resistant.”® As
shown in Figure 8.5e, Smith et al. fabricated a specimen of CoNiCr that
offered a 35% increase to tensile strength, creep resistance, and oxide re-
sistance at temperatures around 1093 °C through the SLM approach.”
Furthermore, Zhang et al. demonstrated that bioinspired designs from a
Douglas fir tree could be reproduced using SLM technologies to design
highly efficient water filtration metamaterials that exhibits increased
mechanical performance and higher flow rates from SS 316 L and Co with
microlattice features, (Figure 8.5f).”* The potential application of SLM-
printed metal nanocomposites has ushered in new perspectives within the
engineering community to address emerging design challenges in extreme
environments.

Figure 8.5 Recent applications in SLM-based printing approaches showing
(a) crack inhibiting CoNi superalloy turbine blade, with displayed
grain orientation, and columnar mechanical specimen. Scale
bars are 2 cm. Reproduced from ref. 64, https://doi.org/10.1038/
s41467-020-18775-0, under the terms of the CC BY 4.0 License,
http://creativecommons.org/licenses/by/4.0/. (b) SEM and mechan-
ical testing of SLM-printed CuCrZr microlattice with different
volume fraction. Reproduced from ref. 70 with permission from
Elsevier, Copyright 2020. (¢) SEM and X-ray imaging of microlattice
implanted metal hip bone. Reproduced from ref. 71, https://doi.org/
10.1038/s41598-022-22292-z, under the terms of the CC BY 4.0 License,
http://creativecommons.org/licenses/by/4.0/. (d) Gradient laser scan-
ning strategies depicting mesoscale large angle boundaries and X-ray
diffraction (XRD) analysis of Cu and Ag atoms within the structure.
Reproduced from ref. 72, https://doi.org/10.1038/s41598-022-08182-4,
under the terms of the CC BY 4.0 License, http://creativecommons.org/
licenses/by/4.0/. (e) Oxidation resistance results of high entropy alloy
(HEA) along with tensile strength and creep resistance mechanical test
at 1093 °C. Reproduced from ref. 73, https://doi.org/10.1038/s41586-
023-05893-0, under the terms of the CC BY 4.0 license, http://
creativecommons.org/licenses/by/4.0/. (f) Douglas fir inspired meta-
materials with aperiodic microlattice structures printed through SLM
for efficient water filtration devices. Reproduced from ref. 74, https://
doi.org/10.1038/s41467-024-46337-1, under the terms of the CC BY 4.0
license, http://creativecommons.org/licenses/by/4.0/.
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8.4 Multiphoton Lithography

8.4.1 Overview

Multiphoton lithography, a sophisticated technique in the realm of additive
manufacturing or 3D printing, operates by precisely focusing a femtosecond
laser pulse onto a minuscule spot within a vat containing a specially for-
mulated resin.”>””” This process leverages the nonlinear optical phenom-
enon of two-photon absorption, wherein the focused laser induces a
photochemical reaction in the resin, leading to solidification and the sub-
sequent creation of a three-dimensional structure. Multiphoton lithography
is pivotal in inducing polymerization in a photosensitive resin. When the
resin absorbs two photons, it triggers a photochemical reaction leading to
the polymerization of the resin at the focal point. This allows for the creation
of highly detailed and complex three-dimensional microstructures with a
high degree of precision and spatial resolution. The ability to control poly-
merization at such a fine scale makes multiphoton lithography an invaluable
tool in fields requiring intricate patterns and structures. Notably, two-pho-
ton polymerization (TPP),”” a subset of this technique, offers unparalleled
resolution in the field of 3D printing, achieving feature sizes as small as
approximately 50 nm.® This high resolution is instrumental in fabricating
intricate and precise microstructures, pivotal for applications in micro-
optics,”®”® biomedical devices,**** and microfluidics.****

8.4.2 The Principle and Development of the Multiphoton
Lithography Process

In contrast to traditional single-photon printing methods, like stereo-
lithography (SLA),*>®° digital light processing (DLP),*”°° and liquid crystal
display (LCD),”" which use higher energy ultraviolet light, multiphoton
lithography (MPL) relies on multiphoton absorption, typically two-photon
absorption, where two lower-energy photons (often infrared) are simul-
taneously absorbed to trigger polymerization. While single-photon lith-
ography can achieve micron-level precision, it is limited by diffraction,
usually to the scale of the used light's wavelength. Due to photo-
polymerization occurring only at the focal point of two photons and not
being limited by diffraction, MLP achieves higher precision, down to about
50 nm. However, serial scanning MPL is limited by the speed of fabrication,
as voxels are cured one at a time, and only one voxel is cured at any given
moment, usually taking tens of hours to print a sub-millimeter 3D structure.
Currently, projection MPL and parallel scanning MPL or multi-foci paralle-
lization significantly increase manufacturing speed while maintaining pre-
cision. In projection MPL,® as shown in Figure 8.6a, near-infrared
femtosecond (fs) pulses are generated using a laser with a broad wavelength
spectrum. This light is patterned through a digital micromirror device
(DMD), where the intensity of each micromirror is modulated to create high
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and low states. The post-collimated light is temporally focused into the
photopolymer material via an objective lens to form distinct cured voxels
that replicate the mask’s pixelated image. Three-dimensional structures are
fabricated by dynamically adjusting the focal plane of sliced images within
the resist, achieving a printing speed of 10> mm®s™' for millimeter-scale
3D structures. However, projection MPL requires highly sensitive photo-
resins and requires lasers with high instantaneous power due to large-area
two-dimensional projection. Additionally, given the non-single voxel focus,
energy distribution on the two-dimensional plane becomes challenging to
uniformize, hence it is often used for printing periodic and regular 3D
structures. Scanning MPL effectively addresses these challenges, with single
voxel scanning further improving forming precision and minimizing feature
size. Highly focused energy reduces material requirements and allows more
materials to be used without shape complexity limits. Its drawback is the
slow fabrication speed, which limits practical utility. The recently developed
multi-foci parallelization upgrades from single to multiple parallel focuses,
improving printing speed to some extent. For instance, as shown in
Figure 8.6b, Ouyang et al. developed a digital holography for parallel writing
with up to 2000 foci using a 1 kHz frequency laser amplifier.”> This ultrafast
3D nanofabrication achieves 2 x 10° voxel s~* or 54 mm®h ™', with XY plane
precision of 90 nm and Z-direction precision of 141 nm. Further, Jiao et al.
combined the advantages of scanning and projection MPL to develop an
eight-foci parallelization based on acoustic-optic scanning, effectively
avoiding the low rate of traditional mechanical scanning, achieving a print
rate of 7.6 x 107 voxel s '(Figure 8.6¢).”> In summary, multiphoton lith-
ography has evolved from serial scanning to multi-foci parallelization and
projection multiphoton lithography. These upgraded technologies have
improved printing rates, precision, and manufacturing freedom to varying
degrees, thereby finding broad applications in fields like optics, flexible
electronics, metamaterials, and micro/nanorobots.”*%°

8.4.3 Materials for Multiphoton Lithography

In the field of multiphoton lithography, the selection of materials plays a
crucial role in determining the efficacy and scope of the fabrication process.
Central to MPL are photosensitive resins, which are carefully designed to
respond to two-photon absorption induced by femtosecond laser pulses.
These materials predominantly include: (1) the photopolymer resins em-
bedded with photoinitiators, which are foundational in MPL, undergoing
polymerization upon exposure to femtosecond laser pulses.”” (2) The in-
organic-organic hybrid polymers that can enhance mechanical robustness
and flexibility, which are especially advantageous in the situation of de-
manding structural resilience.”® (3) Biocompatible polymers, which are in-
strumental in the fabrication of microstructures for diverse medical
purposes, including tissue engineering and drug delivery systems.*® (4) The
nanocomposites that incorporate nanoparticles within the resin matrix to
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augment the functional properties of the resultant structures.’® For instance,
the integration of metallic nanoparticles can impart improved electrical or
magnetic characteristics, widening MPL’s utility in electronics and pho-
tonics. (5) The photochromic and electrochromic materials have the cap-
ability of altering their coloration in response to light or electrical stimuli,
offer intriguing prospects for the development of responsive microstructures
for advanced sensing and display technologies.’®'°® The ongoing research
and development in these material categories are continuously expanding
the boundaries of MPL, paving the way for its application across a spectrum
of cutting-edge technological fields (Table 8.3).

8.4.4 Applications

MPL is a versatile technology widely used across various fields. Brown et al.
utilized MPL to create flexible electrode arrays for chronic recordings in a
zebra finch from structures with high surface area upwards of 0.391 mm?, as
shown in Figure 8.7a.'® This printed electrode can record physiological
signals with high temporal resolutions, crucial for biosensing applications
that can easily deform and be implanted into complex anatomical structures
like the human brain. In biomedical engineering, MPL is instrumental in
fabricating complex tissue scaffolds and microfluidic devices for drug de-
livery and lab-on-a-chip systems. Maibohm et al. studied 3D microstructures
incubating HeLa cells, finding that cell proliferation rates were faster in 3D
environments compared with 2D (Figure 8.7b).'°> Similarly, Dobos et al.
explored the migration, controlled arrangement, and degradation of 1929
fibroblast cells in Gel-NB hydrogel 3D scaffolds printed using MPL
(Figure 8.7¢).%° Ouyang et al., as depicted in Figure 8.7d, created cubic me-
tastructures using digital holography-based MPL, demonstrating their abil-
ity to fully recover after being compressed by 30%.°> This method offers
faster production rates, massive repeated united cells, and macroscopic
mechanical properties in the final print, like effectively withstanding cyclic
compression load. MPL’s precision is also critical in photonics, particularly
for creating micro-optical components such as waveguides and photonic
crystals. Kotz et al. used multiphoton lithography to create a transparent
sub-millimeter fused silica glass structure with a precision of several 10 um.

Figure 8.6 Current development of multiphoton lithography. (a) Projection multi-
photon lithography by spatiotemporal focusing of femtosecond pulses.
Reproduced from ref. 8, https://doi.org/10.1038/s41377-021-00645-z,
under the terms of the CC BY 4.0 License, https://creativecommons.org/
licenses/by/4.0/. (b) Multi-foci parallelization via digital holography.
Reproduced from ref. 92, https://doi.org/10.1038/s41467-023-37163-y,
under the terms of the CC BY 4.0 License, https://creativecommons.org/
licenses/by/4.0/. (c) Parallel scanning multiphoton lithography based
on acousto-optic scanning with spatial-switching spots. Reproduced
from ref. 93, https://doi.org/10.1088/2631-7990/ace0a7, under the terms
of the CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.
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The surface roughness of the sintered silica microlens array can be as low as
about 6 nm, proving that the printing and sintering process has significant
applications in the field of optics (Figure 8.7e).”® Jiao et al. developed
acousto-optic scanning with spatial-switching multispots MPL for manu-
facturing complex 3D microstructures, ensuring structural complexity with
parallel material curing and high precision (Figure 8.7f).”> MPL is also es-
sential in developing microelectromechanical systems (MEMS) and con-
tributes to material science, aerospace, and automotive industries, besides
unique applications in the arts.”>’°

8.5 Outlook and Perspectives

8.5.1 Selective Laser Sintering

Selective laser sintering has paved the way for using advanced ceramic and
polymer composites to produce complex geometries with enhanced per-
formance from the fusion of nanocomposite powders. SLS technologies have
made use of scanning lasers to fabricate hierarchical components with
macroscale to microscale resolution with promising applications in bio-
medicine, electronics, and flexible sensors. The main limitation of the SLS
process is that the equipment cost and required processing steps are ex-
pensive and require specialized equipment to maintain the atmospheric
conditions. Furthermore, the surface roughness of sintered samples is ex-
tremely poor since the energy deposition induced by the laser causes sig-
nificant thermal gradients and particle ejection that result in surface defects.
Post-processing steps, such as milling and polishing, have been explored to
mitigate the surface roughness issue. However, more work needs to be done
in order to address control of morphologies on the microscale. Moreover,
the laser scanning process to construct the 3D object is often time con-
suming since the tool must trace and fill in the entire layer before moving
forward, in comparison to powder binding in which a whole layer is cured
instantaneously. The perspectives of SLS-printed components are auspicious
and future research directives aim to address current challenges and limi-
tations. The primary objective of recent work is to investigate the particle
sintering kinetics to control thermal effects from laser deposition on the
surface and powder processing to expand the library of nanocomposite
materials capable of being printed using SLS. Certain nanofillers must be
carefully processed in order to ensure that the merging during powder sin-
tering is efficient and mitigates crack formation from anisotropic shrinkage.
Overall, the potential application for SLS in prominent engineering design
challenges is expected to increase.

8.5.2 Selective Laser Melting

Selective laser melting technology has expanded upon the field of metals and
metal matrix composite fabrication leading to innovative solutions in the
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chemical and aerospace industries. The scanning strategies and utilization
of a high-power laser to selectively melt metal composites opens up new
methods for designing highly efficient turbine blades and automotive
components capable of withstanding the most extreme environments. The
major limitation of SLM printing is complexity and cost associated with the
necessary powder processing, environmental control, and laser optical sys-
tem, in addition to post-processing, involved in the manufacturing process.
Furthermore, laser optical systems and composite powders are inherently
dangerous and require specialized equipment that may not be easily pro-
cured. Furthermore, the resolution of the printed parts is constrained by the
laser scanning distance and spot diameter and results in poor surface
roughness through the energy deposition process via large thermal induced
stresses and particle ejection, resulting in surface defects in the final printed
part. The laser tool path is also limited by the scanning speed and area
fabrication which increases the build time for macroscale components.
Since recent work on the SLM approach has demonstrated the ability to
fabricate high entropy alloys and metal-ceramic structures with unique
morphology, numerous studies focused on mitigating these issues and risks
have been performed. Advances in laser technologies have enabled the use of
unique laser scanning strategies to develop grain boundaries that deflect
shearing forces, leading to improved mechanical strength and ductility.
Furthermore, new super alloys and nanocomposites can be fabricated
through this facile AM approach to enhance corrosion resistance for oxi-
dation- and fatigue-resistant materials with high strength. Therefore, the
SLM process is set to contribute greatly to manufacturing advances in the
nuclear, turbomachinery, and aerospace sectors over the next decade.

Figure 8.7 Application of multiphoton lithography. (a) Multiphoton lithography of
a 16-electrode array with high surface area for electrophysiological
sensing in small animals. Reproduced from ref. 103, https://doi.org/
10.1038/s41467-023-39152-7, under the terms of the CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/. (b) 2D and 3D micro-
structures for cell culture. Reproduced from ref. 102, https://doi.org/
10.1038/s41598-020-64955-9, under the terms of the CC BY 4.0 license,
http://creativecommons.org/licenses/by/4.0/. (c) Multiphoton lith-
ography of 3D scaffold with degradable hydrogel. Reproduced from
ref. 80, https://doi.org/10.1002/adhm.201900752, under the terms of
the CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.
(d) Scalable manufacturing of metastructures with bulky mechanical
properties. Reproduced from ref. 92, https://doi.org/10.1038/s41467-
023-37163-y, under the terms of the CC BY 4.0 license, https://
creativecommons.org/licenses/by/4.0/. (e) Multiphoton lithography of
fused transparent silica glass. Reproduced from ref. 78, https://doi.org/
10.1002/adma.202006341, under the terms of the CC BY 4.0 license,
https://creativecommons.org/licenses/by/4.0/. (f) Cross-scale manu-
facturing of metastructures with complex unit cells. Reproduced from
ref. 93, https://doi.org/10.1088/2631-7990/ace0a7, under the terms of
the CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/.
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8.5.3 Multiphoton Lithography

Multiphoton lithography represents a cutting-edge approach in the realm of
microfabrication, characterized by its use of nonlinear two-photon ab-
sorption techniques. MPL leverages the precision of femtosecond laser
pulses and facilitates the creation of complex three-dimensional micro-
structures with nanoscale resolution. MPL is renowned for its ability to
fabricate intricate geometries, making it invaluable in fields such as micro-
optics, biomedicine, and microfluidics. One of the primary challenges of
MPL is the substantial cost and complexity associated with its necessary
equipment, particularly femtosecond laser systems. The technique also faces
limitations in terms of the variety of materials that can be effectively utilized,
which currently restricts its broader application. Furthermore, the inherent
nature of the point-by-point writing process integral to MPL results in rela-
tively slow fabrication speeds, posing a significant hindrance to its efficiency
and scalability. Looking forward, the outlook for MPL is promising, with
numerous research initiatives aimed at addressing its current limitations.
The first is to break through the diffraction limit to create features of several
nanometers, and the second is to manufacture three-dimensional structures
with complex shapes across scales and in mass production while ensuring
fine feature sizes. Efforts are being made to enhance the speed of the fab-
rication process, potentially through the integration of more advanced laser
systems or the development of novel scanning techniques. The expansion of
the range of compatible materials is also a critical area of focus, which could
substantially widen the applicability of MPL. Technological advancements in
laser engineering and photoresist development are anticipated to play a
pivotal role in overcoming existing challenges, thereby broadening the
scope of MPL’s applications in various sectors demanding high-precision
and intricate manufacturing capabilities.
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