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Introduction

Ever since the beginning of human history entire eras were defined according
to the main technological advancement: bronze age, iron age, the industrial
revolution, etc. In the wake of the XXI century, the 4th industrial revolution
is in its full swing, blurring the lines between classical science and engineer-
ing fields [1]. As a result, an entirely new generation of functional device
concepts emerged, combining the newest advances in cybernetics, biology,
nanotechnologies, and other similar fields. However, in order to transfer
such concepts from the idea to reality requires completely new manufactur-
ing techniques that have to be precise down to nanometer-scale, offer easy
on-demand tunability between various needed designs, and, finally, have
throughput and cost ratio suitable for the mass production. For this rea-
son, new ways to produce functional devices are being investigated, ranging
from self-organization [2, 3] to ultra-advanced 3D printing (3DP) [4, 5].

Laser-based solutions stand out among other material processing tech-
niques as being incredibly versatile and easy to adopt for most given appli-
cations. Indeed, it took just one year from the creation of the first opera-
tional laser [6] to full-on investigations of advanced nonlinear light-matter
interactions [7]. Heavy industry was fast to grasp the potential of lasers
as simple, relatively cheap, rapid, and contactless tools for manufacturing,
adopting them into macro-manufacturing where they are unmatched up un-
til today. However, most of these lasers are either continuous wave (CW) or
operating at long pulse duration (millisecond (ms) or nanosecond (ns)) with
sub-mm processing quality. While this is completely acceptable in heavy
industry, modern nanotechnology-based devices cannot be produced using
them.

High-beam quality (M2 < 1.5) short (sub-ns) pulse lasers opened entirely
new possibilities in processing due to the possibility to exploit highly non-
linear and thermal aspects of light-matter interaction [8]. Usage of optical
nonlinearities enabled to use of any wavelength for arbitrary material be-
cause there was no more necessity to optimize the process around the energy
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introduction to the process via direct absorption [9]. Therefore, a lot sim-
pler solid-state Nd:YAG laser could be used instead of highly complicated
gas (CO2 or excimer) lasers, as long as the intensity is high enough for non-
linear processes to take place. Additionally, such processes have intensity
thresholds, thus are naturally confined only to the high-intensity regions of
the laser irradiation, making them highly selective. Combined with pulse
length τ and spacing (i.e. repetition rate f) induced control of thermal ef-
fects, it allowed achieving processing precision down to micrometer scale
with throughput suitable for the industrial use.

Diode-pumped solid-state (DPSS) femtosecond (fs) lasers are the pinnacle
of short pulse generation in visible and near-infrared wavelengths [10]. Due
to the ultra-high intensities (GW/cm2 <) achievable with such radiation,
nonlinear interactions are the primary channel of energy introduction to the
material [8, 11]. At the same time, due to ultra-fast interaction timescale,
heat dissipation from the light affected region can be made nominal, result-
ing in nearly material-independent ultra-high precision (down to nanometer
scale) processing [8, 11]. Thus, this dissertation is dedicated to exploring
and expanding the capabilities of using fs lasers for 3D laser lithography
(3DLL).

Multi-photon polymerization (MPP) based femtosecond (fs) laser 3DLL
has come a long way since its introduction in 1997 [12], becoming irre-
placeable tool in diverse fields of science, including micromechanics [13, 14],
biomedicine [15, 16], microfluidics [17, 18], microoptics [19, 20] and photon-
ics [21, 22]. This is due to some inherent strengths of this technique, includ-
ing the possibility to produce nearly unlimited 3D geometry [5, 23], a huge
array of materials available [24, 25] and the capability to produce structures
directly on functional substrates [26, 27]. Therefore, wide adoption of this
technology in the industry is only a matter of improving throughput [28],
mesoscale structure quality [29] and ease of use via advanced amortization
of various functions of the system [30]. Here, we define mesoscale structures
as ones having an overall size in the range from mm to cm yet retaining
nano-micro features [5].

When it comes to throughput, one of the key parameters in direct laser
writing (DLW) is the translation velocity at which the focal spot of a laser
is positioned in relation to the sample or vice versa. The first consider-
ation is that such a system has to support nm-level positioning accuracy.
This severely limits possible candidates for usage in 3DLL. Sample position-
ing in relation to the laser beam can be realized using either piezo stages
or linear positioning. While the high-precision low working field (up to
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300 x 300 x 300 µm3) piezo stages are inherently the most precise with
controllable movement down to sub-nm level, they are also the slowest and
have very limited (down to sub-mm) travel range in any direction. Linear
stages are faster and grant nearly unlimited working field (up to tens of
cm), yet can have inertia-related distortions if complex 3D shape at high
translation velocities (vt) is produced. Alternatively, scanners can be used
to move a focal point in relation to the sample. They have minimal inertia-
related distortions but limit the size of the structure to the working field
of an objective, which can be as small as ∼100 µm for an objective with
a numerical aperture (NA) above 1. For some applications, this is com-
pletely acceptable, as the average size of an object needed does not exceed
the working field of an objective. However, if bigger structures are needed,
they have to be produced in segments, bringing in so-called "stitching" be-
tween them [29, 30, 31, 32, 33]. This induces mechanical [29, 31] and opti-
cal [32, 33] defects rendering produced structures sub-par in comparison to
what could be achieved without stitching.

Another way to control the throughput of 3D laser 3DLL is to manipulate
the volume polymerized during the laser exposure. Indeed, when talking
about 3DLL most of the time sub-diffraction limited resolution achieved via

liquid immersion objectives with NA < 1 is brought up, as it is the main
enabler in fields such as photonics or micro-optics. On the other hand,
lowering NA increases voxel size, especially in longitudinal direction [5, 23].
This effect is further accentuated by tunning the average laser power as
this enables voxel size tuning with a single objective [34]. Both of these
effects were exploited when relatively bigger structures with no need for
sub-diffractive resolution, yet intricate internal geometries were manufac-
tured [35, 36]. Therefore, tuning objective’s NA and laser power is a simple
and straightforward way to acquire the best combination between needed
structure fidelity and fabrication throughput.

One of the possibilities to avoid stitching and acquire high throughput in
3DLL is to use synchronized movements of various positioning devices. In-
deed, the idea of synchronizing different types of positioning (linear stages,
galvo-scanners, polygon scanners, etc.) is not new and was exploited in the
past [37]. Galvo-scanner and linear stage synchronization is especially in-
teresting in the 3DLL case, as both of these positioning systems are already
successfully used for nanopolymerization and are prevalent in most fabrica-
tion setups. After synchronization, it should yield scanner-level translation
velocity (up to cm/s) and linear stage enabled movement distances (up to
tens of cm) with relevant NAs (up to 1.4). Such a method was used to
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some extent over the years in 3DLL [15]. However, there is very little un-
derstanding on how much translation velocity can be pushed with high NA
objectives, and does it in any way interfere with structuring quality and/or
resolution.

The next consideration associated with the spread of 3DLL, especially
when it comes to micro-optics and nanophotonics, is extremely limited em-
pirical knowledge about the optical resilience of laser made structures. In-
deed, despite the huge diversity of 3D micro-optical structures that were
made using this technique, most of them were applied to imaging or light
shaping techniques. There are no successful attempts to implement them
in areas such as communications or laser engineering. While there were
some investigations associated with the laser structurable materials [38],
they were done in accordance to standard ISO testing protocols, meaning
that the tested materials were not cross-linked in multiphoton fashion and
structures themselves were not truly 3D. Thus, there is a distinct lack of
laser-induced damage threshold (LIDT) in laser-made true 3D structures.
This is a huge hindrance as high-resolution complex 3D structures were
shown to be a powerful tool for photonics.
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Goal of the dissertation

The goal of the dissertation was to investigate to what extent galvo-scanner
and linear stage synchronization can improve the throughput of 3DLL to-
wards mesoscale structure fabrication and are there any additional consid-
erations when using such a method for nanopolymerization. The second
goal was tied with a better understanding of photoinitiator (PI) influence
on 3DLL structuring as elimination of PI should potentially benefit the
final structure’s biocompatibility and optical resiliency. This ties to the
third goal of this work - create a methodology for experimental LIDT in-
vestigation of 3DLL made structures and after performing qualitative and
quantitative investigation determine what are the tendencies of LIDT in
different material and which material is the most resilient.

Tasks of the work

To reach the goals of the dissertation the following tasks were set:

1. Evaluate the possibility to use the linear stage and galvo-scanner syn-
chronization and variable NA for 3DLL combining both high resolution
and maximal throughput.

2. Deduce capabilities and limitations of PI-free structuring of hybrid
organic-inorganic photopolymers using 3DLL.

3. Perform qualitative and quantitative LIDT investigation of 3DLL
made objects.

Novelty and importance of the work

The novelty of this work lies in the capabilities to manufacture 3D mesoscale
objects via 3DLL with increased throughput, pushing the technology closer
to industrial use. While synchronizations and/or combinations of various
positioning systems were employed in the past, there is a distinct lack of
understanding to what extent this can be used for high-resolution 3D poly-
merization. Furthermore, while PI-free structuring was demonstrated in
previous works, the structuring peculiarities and material properties had a
minimal comparison to standard photosensitized materials. Finally, in this
work novel, LIDT measurement strategies for 3DLL made structures were
developed laying the foundation for future works in this area.
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Practical impact

Presented work has immense practical implications. First off, developed
meso-printing strategies become the basis for novel commercial fs laser-
based polymerization workstation. Pure material structuring is extremely
important for the development of high-resiliency micro-optics. Finally, cre-
ated LIDT evaluation/measurement methods go above and beyond stan-
dard ISO characterization, potentially inspiring new standards in this area
in the future.

Key statements for defense

1. 3DLL employing linear stages synchronized with galvo-scanners allows
manufacturing of 3D structures with the sub-diffraction limited reso-
lution at galvo-scanner level rates (up to cm/s) over mesoscopic spatial
dimensions (0.1 - 10 mm).

2. Non-photosensitized hybrid organic-inorganic photopolymer SZ2080
can be 3D structured with parameters similar to those needed for
photosensitized counterpart (difference in P at same v is within ∼tens
of %); the achieved mechanical properties and surface roughness of
resulting microstructures are comparable (RMS < 10 nm) with and
without the use of photosensitizer.

3. LIDT of 3DLL made microstructures varies for different geometries
(bulk, woodpile, microlens) made from the same polymer; for all ge-
ometries and tested materials, hybrid organic-inorganic photopolymers
are more optically resilient compared to photosensitized organic pho-
topolymers with similar absorption properties.

Approbation of the research results

This section presents the lists of papers and conferences related to the dis-
sertation.
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1. Literature Review

Due to immense technological progress, novel manufacturing techniques
emerged in the last few decades. One of the most prominent ones is addi-
tive manufacturing and processing using fs lasers. While this dissertation
is directed towards expanding the capabilities of 3DLL and investigating
properties of printed structures, it is important to understand in what con-
text the technology is developed. Thus, during the literature review, we will
discuss other additive manufacturing techniques as well as fs-laser material
processing peculiarities. This will allow establishing proper context where
the motivation for this work comes from.

1.1. Additive vs Subtractive Manufacturing

In essence, all manufacturing techniques can be labeled as subtractive, addi-
tive, joining, dividing, and transformative [39]. Due to their popularity, for
the sake of this dissertation, let’s consider subtractive and additive cases.
In subtractive manufacturing, the material is removed from the initial slab
revealing the structure [Fig. 1.1 (a)]. The advantage of such a manufac-
turing strategy is that it can be relatively simple and well-suited for the
mass production of virtually any material (or workpiece). While it can pro-
duce simple 3D structures, it is limited in terms of objects with an intricate
internal geometry. Also, the material removed during fabrication is a tech-
nological waste that has to be somehow removed from the manufacturing
setup and either thrown away or recycled adding to the overall cost of the
product [40]. Currently, the most advanced kinds of subtractive fabrication
are mechanical machining [41], laser cutting [42, 43, 44] and selective laser
etching [45, 46, 47].

In the additive case, the object is created by adding the material to the
structure until it is finished [Fig. 1.1 (b)]. The main advantage of additive
manufacturing is that there is a lot more freedom in the internal geometry
of the structure/pattern enabling true 3D fabrication. The amount of waste
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is also greatly reduced [40]. What is more, the general handling of it is a lot
easier, as it is either dissolved as unused resin in lithographic methods or can
be extracted for further use in melting/sintering based methods. For a long
time, one of the most prominent additive manufacturing approaches was
casting, providing a capability for the fast creation of intricate shapes, with
the main difficulties being a fabrication of initial mold and finding the right
substances that could be turned from a liquid to solid under controlled
parameters. However, some limitations for complex 3D geometries still
remain.

Figure 1.1: Schematics of subtractive (a) and additive (b) manufacturing of
a 3D structure. In the subtractive case, the material is removed
from the initial slab until the final structure is revealed. Tech-
nological waste is unavoidable in this process. Furthermore,
complex internal 3D structures are only possible via multiple
technological steps. It is not the case in additive manufactur-
ing as the structure is created by adding the material until the
object is finished.

3DP represents an approach in manufacturing based on the idea of an
object being produced by adding the material to the structure until it is
finished, hence additive manufacturing. In most cases, it is done in a layer-
by-layer fashion with some works exploiting other strategies as well [48, 49].
Complex shapes can be achieved in this manner, including various arches
or woodpiles [50, 51]. Depending on how 3DP is realized, this can be a very
simple process from the point of view of the user as it provides structure
in one or two fabrication steps, with the minimal workload to the 3DP
operator. It is possible due to the high degree of automation inherent in
most 3DP techniques. Model for the structure itself can be provided as a
separate 3D file (mostly in STL format) [52]. For this reason, one of the first
applications of 3DP was in rapid prototyping, as the time needed to turn
the digital model into a physical object is minimal. Furthermore, to date,
almost any material was structured via 3DP, including paper [53], food [54],
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plastics [55], glasses [56], metals [57], wood [58], ceramics [59] or even living
cells [60]. One of the main disadvantages of 3DP involves the necessity to
compromise between the fabrication resolution and throughput. Indeed, as
the fabrication is based on the consecutive creation of different parts of the
object, the higher the writing resolution the smaller volume is added to the
structure in each step and vice versa [61, 62]. Although there are attempts
to amend this problem and increase the efficiency of 3DP [63, 64, 65], so
far it is considered that 3DP is a technology best suited for prototyping or
small scale production. Nevertheless, 3DP is a fast-growing industry since
it can cope with otherwise unachievable structural complexity [66].

1.2. General Overview of Optical 3D Print-

ing

O3DP can be defined as a kind of 3DP that uses a light source (both co-
herent and incoherent) as the main channel for introducing energy needed
for the fabrication. The attractiveness of the light as an energy source is
dictated by the possibility to precisely control it spatiotemporally. This as-
sures maximal selectivity and quality during the structuring. Light delivery
is contactless, allowing to induce changes in the material without physical
contact, assuring that there will be minimal contamination in the final
product from the machining tools. Light can be generated by many differ-
ent sources, both incoherent and coherent. Paired with the high flexibility
of optical system design, this enables a plethora of different configurations
in O3DP to explore. With such a definition, stereolithographic printing
(SLA), selective laser sintering/melting (SLS/SLM), and laser-induced for-
ward transfer (LIFT) structuring can be considered as different kinds of
O3DP with some distinct features, advantages, limitations, and subsequent
perspectives.

In O3DP, the light is directed to the substance that, in most cases, is
sensitive to the wavelength generated by the light source. During the irra-
diation/exposure introduced energy induces either chemical changes in the
material or phase transitions, i.e., melt, evaporate or turn into plasma. As
these regimes differ heavily, a lot of substances can be structured with at
least one of these methods, making O3DP very versatile when it comes to
the choice of the material. Overall, different kinds of O3DP in most cases
are separated from each other by the type of interaction [Fig. 1.2].
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Figure 1.2: Basic principles of different approaches of O3DP. The light
source is used to introduce energy to specified regions of the
sample resulting in photochemical reactions, melting, or evapo-
ration. It is then exploited for additive 3D manufacturing.

1.2.1. Various Optical 3D Printing Techniques

In the simplest case, lithographic O3DP or SLA operates by the princi-
ple that photosensitive monomer mixture (resin) is exposed to the light
source that has sufficient one photon energy to induce the polymerization
reaction in the material. Acrylate and epoxy-based resins dominate this
technology [67, 68]. Although a visible-light-induced polymerization is pos-
sible [69], in most cases, near-UV radiation is utilized. By selectively ex-
posing the material to the light, a 2D shape (layer) is created. The 3D
structure is produced by stacking 2D layers on top of each other. After
this, the operation sample is submerged into a solvent that washes away
the unexposed material. In the standard case, the achievable feature sizes
can be between tens to hundreds of micrometers [70].

The required 2D pattern of the material can be achieved by raster scan-
ning of the focused light. Exposure can be performed from the top of the
reservoir of a resin and by lowering the structure into it after each layer
is produced. After each exposure, a blade can be used to make sure that
the new resin layer is of the correct thickness[Fig. 1.3 (a)] [71]. This limits
the maximum achievable height of an object to that of the reservoir’s depth
and also requires an excessive amount of material in it. Therefore, a consid-
erably more popular approach is to expose resin from the bottom through
the transparent window [Fig. 1.3 (b)]. The window is made out of oxygen
permeable material (for instance polydimethylsiloxane PDMS or silicone),
thus there is no adhesion between it and the formed structure as the oxygen
quenches polymerization of common lithographic resins and forms a "dead
zone" over the area of the window. The correct polymerized layer height is
guaranteed by moving the resin tank from side to side after each exposure.
Overall, this greatly reduces the height restrictions and allows to have a
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relatively small amount of photo-active resin in the reservoir [72].

By using modern galvo-scanners, the translation velocity of raster scan-
ning can reach several m/s [72], yet it is still a relatively slow fabrication
method in terms of volume per time. It is the result of the point-by-point
fabrication nature of SLA. One of the newest developments in the field is to
expose the material to the projected image of an entire layer, therefore mov-
ing from point-by-point fabrication to plane-by-plane structuring/stacking
[Fig. 1.3 (c)] [73]. It significantly enhances the fabrication throughput.
The increase in the complexity of the optical components and higher re-
quirements for the beam quality are the disadvantages of this approach.

Figure 1.3: Realizations of lithographic 3D printing: (a) - platform and
structure are moving down inside a resin tank (black arrow),
exposure is carried out from the top, (b) - the structure is being
pulled out of the resin, exposure is from the bottom through the
oxygen-permitting window, (c) - based on a digital light projec-
tion. (a) and (b) represent point-by-point structuring while (c)
- layer-by-layer.

It is worth noting that photopolymerization can be induced by multi-
photon absorption (MPA) also, opening entirely new possibilities in ultra-
precise O3PD. This technology is still considered lithography, yet differs
heavily from standard SLA and will be discussed in great detail later in the
work.

Modern laser sources allow achieving focused light intensities high enough
to melt any material. Therefore, SLM or SLS was applied for O3DP as
well [74]. For simplicity, we will use these terms as synonyms in this work,
although there are some differences between these regimes [74]. Fine pow-
der (particle size in a range of ∼10-150 µm [75]) of the required material is
spread to form a thin (≥ 20 µm [74]) layer that could later be selectively
melted by the focused laser beam. After that, a new fine overcoat of parti-
cles is applied on top of it, and the process is repeated [Fig. 1.4]. Depending
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on the peculiarities of the exact material and technological variations, other
post-processing steps, such as development or post-bake, might follow. The
final size of the structure can reach up to tens-of-centimeters in the overall
structure [76] size while retaining a ∼ µm [74] level surface smoothness.

Figure 1.4: Visualization of selective laser sintering/melting O3DP. The
powder delivery piston is pushing spare material up, while the
building platform moves down (black arrows). The wiper then
distributes a new powder layer on an already produced struc-
ture (a). After that laser is used to sinter/melt powder creating
a new structure layer (b) and the process is continued until the
entire structure is produced.

One of the main advantages of sintering is a broad range of materials
that can be structured this way. Polymers, both amorphous and semi-
crystalline, were processed with this technology [75, 77]. Metal 3DP is also
possible [78, 79]. Direct and indirect ceramic bonding was shown too [80,
81]. Composite materials, combining polymers and ceramics is another
interesting direction [82, 83], as the final characteristics and functionality
of the structure can be tuned via change of properties and composition of
the source material. It is important to stress that some substances are easier
to process than others, and, in most cases, some specific parameters have
to be used to achieve the best possible result and overcome shortcomings
such as structure shrinkage, brittleness, or porosity [84, 85].

While lithography and sintering are based on the idea of locally changing
the material, the laser also can induce physical transfer from the donor
sample to the recipient structure [Fig. 1.5] [86]. In practice, LIFT has
many different variations, using pulsed [87] or CW lasers [88], a donor can
use some intermediate absorbing layer [89], the transfer can also be applied
not only to homogeneous solid materials but also to liquid droplets [90] or
multi-material structures [87, 91, 92] that can sometimes act as functional
devices. A reversed case is also possible - laser then induces backward (in
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relation to the laser beam propagation direction) transfer [93], yet it is a
lot less common.

Figure 1.5: Variations LIFT types. (a) - LIFT printing of paste voxels (vol-
ume elements) allowing a 3D fabrication of hollow structures.
(b) Multi-layered LIFT. The energy of the laser is absorbed in
a special layer, enabling the deposition of multiple unaffected
layers of material. The deposited layers can act as the devices
(for instance, LED pixels) or one of the layers can act as an
adhesion agent, while the other performs the function. (c) -
Printing of cells out of a liquid suspension. As the absorbing
layer propels the liquid ink with cells without direct light inter-
action with a living bio-component, it is possible to print live
cells without damage to their integrity nor DNA. After the pro-
cess, cells can stay in a liquid or adhere to the functionalized
substrate. (d) The laser light interacts with the material and
forces a particle to be deposited in the opposite direction to the
beam propagation (hence, the name LIBT).

In contrast to all other O3DP technologies, material out of which fabri-
cation is carried out is minimally or entirely unaffected by the incident light
during LIFT. Thus, metals [94, 95], polymers [96, 87] and living cells can be
transferred [89, 97], paving the way for true 3DP of organs. Also, the LIFT
resolution spans from tens on nm [98] to hundreds [99] of µm opening a
possibility to print functional plasmonic, electronic, solar harvesting, light-
emitting devices. Additionally, in the lithography or sintering, if a closed
part of the structure is left unstructured, it is still full of unprocessed initial
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material. Therefore, openings in the final object are required for removal
of unaffected material via post-processing steps [100]). In contrast, during
LIFT, the material is constantly added to the structure and true empty gaps
inside the object/workpiece can be realized if hard material is used [101].

LIFT is currently under active investigation. Pulse duration [102, 103]
and fast-switching between materials [87, 104] and overall printing speed are
just several challenges that are being addressed right now. The final goal for
this technology is the capability to print at nm resolution centimeter-sized
structures (i.e. in mesoscale) with the possibility to choose any material
on-the-fly.

1.2.2. Applications of Macro-3D Printing

3DP in general opens new prospects in terms of structures with specified
and function-orientated properties that could not be achieved with other
technologies. Currently, 3DP does not offer throughput high enough for
the mass production required in the industry. However, the freedom of
design coupled with a relatively short time from an idea to the physical
object fabrication and complexity embracing the character of the method
enables prototyping and small-scale production capabilities unmatched by
basically any other modern fabrication technique.

In terms of scientific applications, the rapid expansion of the lab-on-
chip (LOC) type technologies seems to benefit greatly from the design
freedom offered by the O3DP. Additive manufacturing can be used in
many different ways here, including fabrication of molding tools [105],
manufacturing of some parts of the LOC systems [106], or entire func-
tional chips [107]. In most cases, LOC systems are relatively complex and
function-orientated [108, 109], thus design freedom and the possibility to
test a relatively high number of designs quickly is both highly beneficial
and required. Also, one such system can be produced using just a very
basic 3D printer and a few relatively simple technological steps. Thus, the
price of one LOC system can be as little as 1 Euro [107], assuring a faster
than ever spread of LOC devices. This explains a fast uptake of O3DP by
R&D teams in companies and academic laboratories.

The O3DP is also starting a revolution in patient-oriented regenerative
medicine. Currently, most medical practices are based on highly stan-
dardized methods, offering little in terms of adaptability to each patient
and case. The O3DP allows creating various implants specially tailored
for each person capitalizing on all the main strengths of O3DP. Exam-
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ples include various bone-replacing implants [76, 79] or scaffolds for stem
cell growth [110, 111, 112]. If the first example is a well-known approach
adapted even at a commercial level, regenerative medicine based on scaffolds
seeded with patient’s stem cells is a relatively new method, benefiting from
the fact that some O3DP processable materials can be biodegradable [112].
It can be considered that 3D printed replacements for various body parts
will become a standard procedure in the treatment of various diseases or
traumas. O3DP allows control of mechanical strength of the fabricated
parts matching their intended function and environment by controlling the
porosity of constituent materials.

In terms of industrial applications, O3DP serves as means for rapid pro-
totyping, as it was intended at the very infancy of the technology [113, 114].
However, as the manufacturing throughput grows and material variety is
constantly increasing, more common direct fabrication of functional 3D
structures emerges. Complex functional parts of exotic materials recently
are of the great interest [53, 56]. Because of unmatched design flexibility,
plasmonic or microelectronic systems created using LIFT are also consid-
ered [88, 115, 116]. Application of O3DP in optical component fabrication
is another field [117, 118], as it promises a relatively simple way to produce
free-form objects for light shaping. All in all, while most of these approaches
are in a testing phase, there is no doubt that O3DP will become a standard
industrial tool in the near future.

1.2.3. Perspectives of the Technology

O3DP already passed the infancy stage and found its way into scientific
labs and industrial facilities. However, this success only fuels further de-
velopments in this field, as there are many areas where these technologies
could still be improved.

Flexibility in terms of design complexity is one of the main advantages
of O3DP. It is achieved partially by sacrificing throughput of fabrication.
Indeed, point-by-point structuring by a focused laser beam is a relatively
slow process, even if modern scanning systems are applied. A possible so-
lution to this problem would be to project the entire layer image in one
exposure and forming/building structures in a layer-by-layer fashion. This
method is already available in SLA [73]. However, as SLM/SLS is more sen-
sitive to spatial beam distribution [119, 120], this approach is not common
there. Experiments in LIFT are underway as spatial light shaping allows
to achieve a complex-geometry printing with only one exposure [121, 122].
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Materials are another area that is currently gaining substantial attention.
From the first glance, by combining all the existing O3DP technologies, it
should be possible to process virtually any material. However, in most cases,
a combination of specific material and the technology determines peculiari-
ties of fabrication, which can induce some limitations to the final structures
or how easily they could be produced. Therefore, the search for new ways
to process existing industrial materials or entirely new substances is con-
stantly active. For instance, optical printing of live cells of various types
is a promising prospect in medicine [89, 97]. Biologically derived polymers
should provide a way to create structures out of renewable and potentially
biodegradable plastics [123, 124]. Lithographic printing of hybrid polymers
could yield highly complex and resistant ceramic structures, as the organic
part (required for lithography-based manufacturing) is removed in thermal
post-processing step [125, 126]. These examples show that various novel
ideas combined with the newest advances in material science could allow an
entirely new wave of 3D-printed objects made out of previously incompati-
ble and/or new materials.

1.3. Femtosecond Lasers in Material Pro-

cessing

1.3.1. Interaction Between Materials and Ultrashort

Pulses

In a very generalized case, the material can either reflect, transmit, scatter
or absorb light. In the last case, energy is introduced to the material. If
energy is sufficiently high, it can induce various changes in the substance.
Selective exposure of the material with a sufficient amount of laser light,
in order to induce desired changes in the medium, is the main idea behind
laser material processing.

Nonlinear processes were discovered almost immediately after the cre-
ation of the laser [7]. Nevertheless, when lasers were applied for material
processing main pathway for energy introduction to the sample was linear
absorption. In that case, photons of energy matching or slightly exceeding
bandgap energy of the material Eg are used to excite material and induce
melting or evaporation. As photon energy Ep is dependant on emission
wavelength λ as Ep = hc/λ, appropriate λ has to be used for any material.
Therefore, various materials required different lasers to be used in fabrica-
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tion. For instance, CO2 lasers were widely adopted for metal cutting [127],
while Excimer lasers became popular in polymer processing [128].

With the advances in laser technology, pulsed lasers became widely avail-
able. First, Q-switched lasers allowed to reduce pulse duration to ∼ns
range [129]. Then, the introduction of mode synchronization pushed the
limit of the pulse duration to almost one optical cycle [130]. The main ad-
vantage of pulsed laser operation is a sharp increase in the peak power Pp,
which can be calculated as:

Pp =
P

fτ
, (1.1)

here P is the average laser power and τ is the pulse duration and f is the
laser pulse repetition rate. Thus, Pp increases as τ becomes shorter. For
instance, if a laser P = 10 W is operating at τ1 = 30 ns and f = 1 kHz,
Pp1 = 330 kW. However, in the case of a τ2 = 300 fs and f = 1 kHz laser,
the Pp2 = 33.33 GW. It is obvious that decreasing τ increases Pp by the
same order of magnitude.

Such a sharp increase in Pp can be paired with focusing optics to achieve
very high light intensities I in the focal point. Indeed, in the most general
case, I can be calculated as P to the laser spot:

I =
P

πw2
0

, (1.2)

where ω0 is the laser spot radius. Considering Gaussian light distribution
ω0 = 0.61NA/λ . Thus, peak I in the middle of a Gaussian laser spot can
be calculated as:

I0 =
2P

fw2
0πτ

, (1.3)

I is proportional to the square of the electric field of the light. High I

values enable nonlinear light and matter interactions. In the case of a
transparent medium, two distinct nonlinear light-matter interaction regimes
can be deduced: multiphoton and tunneling ionization. Which regime is
dominating shows the Keldysh parameter [131]:

γ =
ω

e

√

ǫ0cmnEg

I
, (1.4)

here ω is the frequency of the light, e - electron charge, ǫ0 - dielectric
permittivity, c - speed of light, n - refractive index of the material. It is
considered that if γ ≪ 1, the tunneling ionization is a dominant process.
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In that case, relatively slow oscillations of the electric field of the light
severely perturb the energy level system of material for a long enough time
for an electron to tunnel from the valence band to the conduction band.
Higher ω results in shorter perturbations to the electron system, which
minimizes the possibility for electron tunneling. Therefore, when γ ≫ 1,
the dominant process is a multiphoton excitation. It is important to note
that the probability of multiphoton ionization p is highly dependant on I

and Eg:

p = σkIk, (1.5)

with k showing the number of photons, so kEp ≥ Eg - a condition needed
for MPA. Also, p is diminishing as k increases, meaning that lower-order
nonlinearities (for instance, TPA) has a higher probability than the higher-
order process. Contrary to MPA, the probability of tunneling ionization
is a lot less dependant on Eg of the material [131, 132]. It is important
to note that for some materials and experimental conditions (for example,
fused silica and 1030 nm laser radiation) γ ∼ 1, which denotes that there is
no dominant process, resulting in a comparable probability of multiphoton,
and tunneling ionization.

Finally, an avalanche ionization has to be discussed as well. An electron
in the conduction band can interact with the electric field of light by being
accelerated, increasing the kinetic energy Ek. If Ek exceeds the Eg in the
time needed for an electron to reach another atom, it can transfer its energy
to another electron, thus exciting it to the conduction band [133]. This
results in the ever-increasing concentration of excited electrons n(t) over
time t which follows exponential growth law:

n(t) = noe
βt, (1.6)

where n0 is the initial electron concentration and β is avalanche ionization
rate. Due to the time needed for electron acceleration, this process becomes
noticeable when pulse duration starts to exceed 100 fs. However, when the
pulse duration is increased to hundreds of fs, the range at which most of
the modern amplified laser systems operate, it can become comparable or
even exceed multiphoton ionization by the number of excited electrons.
Also, there have to be some seed electrons for this process to occur. These
could be either free electrons occurring due to impurities in the material or
excited via other nonlinear processes [133, 134]. The efficiency of the process
decreases with the shorter wavelengths (especially below 1 µm) [135] and
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can be considered to scale linearly with I [135, 136].

Figure 1.6: Simplified schematics of various excitation regimes found in laser
material processing: (a) - one photon absorption, (b) - tunneling
ionization, (c) - multiphoton excitation, (d) - hybrid between
multiphoton and tunneling ionization, (e) - avalanche ionization.

1.3.2. Various Femtosecond Processing Examples

One of the key technological operations is cutting of the material. Through-
out history, various mechanical cutting methods were developed. However,
in simplified terms, in order to efficiently cut material of a given hardness,
a harder material is needed. This is the basis of the Moth scale, showing
which minerals can scratch other substances. However, any mechanical pro-
cessing results in tools getting dull over time and potentially introducing
their own material to the cut. Laser light, on the other hand, interacts di-
rectly with the material on a quantum level and is contactless, meaning that
there are no limitations in terms of the processable material and no tool
induced contamination. For this reason, laser material processing gained
huge popularity in a lot of different fields.

Ultrashort pulses introduce several key differences to the laser cutting
process. First, as mentioned before, there is no need to directly target Eg

with laser’s λ, meaning that any material can be processed, including live
tissue [137], polymers [138], metals [139], glasses [140] and crystals [141].
Furthermore, the time-frame of interaction between light and single atoms in
the focal region becomes substantially shorter than heat dissipation from the
affected region. Thus, heat effects can be highly localized and suppressed,
leading to the so-called "cold processing" [Fig. 1.7], which can be used for
great effect for ultra-clean cutting and drilling with feature sizes down to
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µm with minimal heat-induced damage to the surrounding area [8, 11, 142].
This allows fs-based cutting and drilling to exceed the precision of any other
kind of direct machining technique.

Figure 1.7: Schematics highlighting the differences in ablation using ns and
fs pulses. Due to high light intensity in the focal point and
superb control of thermal effects substantially better cut quality
can be achieved with fs pulses.

Cutting is an example of a very straightforward interaction between fs
laser and matter. However, more precise control of light parameters can
yield true nanofeatures on a surface of the material with feature sizes down
to nm [143]. While the formation of surface patterns can be induced with
longer pulsed lasers as well [144], fs pulses excel in this role and allow to
create of not only true nanopatterns but also more intricate hierarchical
micro-nano textures [145]. It is the result of relative suppression of heat ef-
fects, present with longer laser pulses, and a possibility for material to have
different interactions with Gaussian laser spot as it is translated on the
surface [146]. In that case, the central high-intensity part is responsible for
the creation of microfeatures while the periphery of the laser spot induces
nanogratings [Fig. 1.8]. There are several kinds of surface ripples, resulting
due to various light-matter interactions at the surface [147, 148, 149]. The
orientation, depending on the prevailing mechanism, can be perpendicular
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(in most cases) to the light polarization or parallel [147, 148, 149]. Pattern-
ing of this kind exceeds chemical or coating-based methods as there is more
control of texture’s shape, orientation and they can be made on virtually
any material [150, 151, 152, 145]. For this reason, it is considered to be
a key enabler in high volume production of functional surfaces needed for
anti-fouling, anti-icing, and similar applications.

Figure 1.8: Formation of hierarchical surface patterns translating sample
with fs-laser spot with Gaussian I distribution. The central
part of the beam forms µm features. Subsequent exposure to the
outer part of the laser spot that it is moving induces nanograt-
ings on top of µm features.

Finally, the internal modifications of transparent medium via fs pulses
should not be forgotten [Fig. 1.9]. It is a powerful tool to produce integrated
functional elements inside transparent medium [153, 154]. Furthermore, the
resulting modification can occur in the form of volume nanogratings which
have useful functional properties for controlling the light passing through
the sample [155, 156, 157]. Also, it was shown to greatly increase the rate at
which modified volume is dissolved in etching solution [158]. Therefore, it
can be used to create true embedded 3D glass and crystal structures via laser
exposure and subsequent wet etching[Fig. 1.10] [159]. While it is applicable
only for transparent mediums, it exceeds direct ablation in the flexibility
of created 3D shapes. Direct material removal can be used for intricate 3D
structure creation as shown with metal ablation [160], but etching allows to
embed channels and similar objects into glass volume [159]. Furthermore,
if experiment conditions are correct, taperless channel walls can be made
with surface roughness down to sub-µm [161]. For these reasons, laser-
assisted selective etching (LASE) was used with great effect in the field of
microfluidics, where precision and quality enabled by the LASE are very
attractive for the functionality of the most advanced LOC systems.
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Figure 1.9: Principle of inscribing modified regions inside a bulk of the
transparent medium. 1) - laser is focused into a volume, cre-
ating local modification. 2) - after laser exposure structure is
ready to be used.

Figure 1.10: Steps needed for LASE: 1) - material modification, 2) - etching
in acid, 3) - final structure.

1.3.3. Perspectives of Femtosecond Manufacturing

Field

There was quite a substantial development of fs lasers over the last two
decades. Both stand-alone oscillators and amplified systems are capable
of covering a huge range of tunable parameters including τ , f , P , and
λ. Further developments will be associated with better understanding and
exploitation of existing laser mediums (for example, Er [162] and Yb [163]
doped mediums) as well as the adoption of some new materials [164]. A
combination of DPSS lasers and fiber-based systems will allow to further
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enhance the flexibility of such systems. Overall, the advances will be tightly
tied to the requirements dictated by science and industry.

Further enhancement of throughput without compromising the structure
quality is also highly desirable. Most of the discussed techniques are point-
by-point DLW, making them inherently slow. Additionally, if a volume
structure is formed (for instance, LASE and 3DLL cases), it increases the
time needed for fabrication by the order of 3, making the volume fabrication
slow. To remedy this, several solutions were proposed. If positioning preci-
sion can be relatively low, i.e. µm and more general translation velocities
can reach m/s and more [165]. However, relatively fast (cm/s and more) and
still very precise (down to nm level) positioning can be achieved with mod-
ern positioning systems relying on linear stages [166], galvo-scanners [167]
or synchronization of both [168]. The last solution is very attractive as it al-
lows to have unlimited working volume (needed for stitch-free printing) and
nano precision while maintaining high translation velocities. Throughput
can be further increased using multiple beams at once, which can be done
using passive elements [169] or spatial light modulators [170]. In addition,
spatial light shaping can also be used to create intricate laser beams [121] or
correct deficiencies in focusing occurring due to specific processing regimes
or materials [171]. One also should not forger possibility of using acousto-
optical deflectors [172] which would basically eliminate mechanical inertia
from the positioning and, thus, result in a massive increase in processing
speed with minimal sacrifice in terms of resolution. Finally, modern fs
laser development itself should not be overlooked. One of the approaches
shown to potentially greatly increase structuring throughput is the usage
of fs bursts. While it is a relatively new area primarily tried in subtrac-
tive machining [142], it already shows great promise in increasing overall
throughput [173]. In conclusion, while fs are a well-established tool in mate-
rial processing, the technology itself can be greatly improved for even more
spectacular results.

1.4. 3D Laser Lithography

Lasers capable of generating fs pulses paved the way for entirely new think-
ing in material processing. At these pulse durations, the time of interaction
between light pulse and the electrons is a lot shorter than the time needed
to disperse the heat between electrons and atoms/ions [174, 175]. This
made a massive impact on subtractive manufacturing. It was shown that
reducing repetition rate [8] or delivering fs radiation in bursts [11] allows
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minimizing the thermal effects enabling the so-called "cold processing". In
the context of additive 3D manufacturing, ultrashort pulses and controlled
thermal effects played an important role in both sintering and LIFT, yet the
most prominent result was a development of fs-pulse initiated 3DLL [12].
It is based on the principle of point-by-point direct writing structures with
the sharply focused laser beam. This allows printing with volume pixels
(voxels) only where I exceeds the polymerization threshold intensity Ith re-
quired to induce non-reversible photo-modification [Fig. 1.11]. Combining
unmatched flexibility in terms of materials, achievable 3D geometries, and
applicable substrates, it enabled the entire generation of new functional
devices as discussed next.

Figure 1.11: Schematics of 3DLL technology: 1) laser beam is tightly fo-
cused on pre-polymer material. Where I is equal or exceeds Ith

photopolymerization reaction occurs, allowing point-by-point
structuring of the arbitrary shaped 3D micro object. After
that development 2) reveals final free-standing structure 3).

1.4.1. Photopolymerization via fs-Induced Non-

Linear Light-Matter Interactions

In the case of standard lithography, the polymerization reaction is induced
by the absorption of a single short-wavelength photon with an energy equal
to or greater than the bandgap of the resin [Fig. 1.6 (a)]. It is a linear process
not influenced by the intensity of the light and, therefore, is happening in
the entire volume of the resin in which photons with the appropriate wave-
length are present. However, a similar photoexcitation can be achieved via

longer (visible or infrared) wavelength which has Eg insufficient for the di-
rect absorption [133, 176, 177]. If such radiation is delivered in the form
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of tightly-focused fs-pulses the I can reach the level of TW/cm2, which is
more than sufficient for molecules to absorb two or more photons at the
same time. In contrast to the one-photon absorption, the modification by
MPA only occurs if the intensity I exceeds the threshold Ith. Then the
concentration of modified cross-linked polymer chains exceeds what can be
dissolved during the development process yielding building blocks for the fi-
nal structure. This enables a precise control inside the volume (transparent)
in which the process (polymerization, breakdown, thermal heating, etc.) oc-
curs. The simplest case of MPA is a two-photon excitation which is credited
as being the most prominent process in 3DLL. Nevertheless, while MPA can
well explain most of the results acquired by 3DLL, there are some exper-
imental data that could not be sufficiently described by such light-matter
interaction. For instance, it was shown that pure (i.e. non-photosensitized)
resins can be structured directly in a 3D fashion using laser pulses in the
range of hundreds of fs [133, 178, 179, 34]. It is considered that MPA still
plays an important role in processing, yet the effectiveness of the whole
process is also influenced by the avalanche ionization.

In order to completely comprehend the dynamics and prevalence of each
process, we will look at the rates of free electron generation in the pre-
breakdown condition in the polymer when it interacts with the tightly fo-
cused ultrashort pulse. For now, we will discard any thermal effects that
could alter the response of the material as it is appropriate for the excitation
by ultra-short laser pulses. In this case, the combined density of electrons
ne generated by both MPA and avalanche ionization after the laser pulse is
given as [180]:

dne

dt
= nawmpi + newimp, (1.7)

where na is the density of molecules that could act as electron donors for
photo-cleavage and wmpi with wimp denote the electron generation rates
by MPA and impact (avalanche) ionization, respectively. If we consider
that recombination is negligible and the initial condition is ne(t=0)=ne0,
equation 1.7 has a solution that reads:

ne(I, t) = {ne0 +
nawmpi

wimp
[1 − exp(−wimpt)]} exp(wimpt), (1.8)

with λ being the wavelength of light. The rates can be written as:

wmpi ≃ ωn
3/2
ph (

ǫosc

2Ji
)nph, (1.9)
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wimp ≃
ǫosc

Ji

2ω2νe−ph

(ν2
e−ph + ω2)

, (1.10)

here ω is the light frequency, Ji = e∆E is the ionization potential (e -
the electron charge, ∆E - the bandgap of the host material), nph defines
the number of photons required for ionization, νe−ph is the electron-phonon
momentum exchange rate which at the breakdown can be estimated to be
6·1014 1/s. The oscillation energy of an electron ǫosc can be defined as a
function of I and λ:

ǫosc[eV ] = 9.3

(

I

1014[W/cm2]

)

λ2
µm. (1.11)

Using these formulas, wmpi and wimp can be estimated. Let us take
the hybrid organic-inorganic zirconium SZ2080 [181] as an example. If PI
Irgacure 369 (2-benzyl-2-dimethylamino-1-(4-morpholinophenyl)-butanone-
1) is used for photosensitization, photosensitized SZ2080 has the maximum
of absorption at λabs ≈ 390 nm with Ji ≈ 3.18 eV. Considering laser irra-
diation at typical near-IR wavelength 1030 nm and pulse duration 300 fs,
one would need I ≃ 8.7 TW/cm2 for the structuring. In such experimental
conditions, wmpi = 0.81×1012 1/s and wimp = 91.1× 1012 1/s meaning that
avalanche ionization is a more prevalent process and cleaves substantially
more chemical bonds than MPA [182]. However, one should consider that
for an efficient avalanche ionization sufficiently long (hundreds-of-fs) pulses
are needed, as the time between impacts of electrons and atoms has a finite
time [175]. Therefore, if the pulse duration is decreased to tens-of-fs or
less, the total amount of electrons generated via MPA exceeds that of the
avalanche. At the same time, if the pulse duration is relatively long (reach-
ing several ps and more), ionization continues to the point of the material
being optically damaged [183]. Overall, the exact balance between these
two processes is greatly dependent on experimental conditions.

Finally, thermal effects should be discussed, as the temperature alter the
bandgap of the material [133] and, in the case of high temperatures (hun-
dreds of ◦C), can cause thermopolymerization [184]. The typical cooling
duration of the focal volume could be estimated as tc = d2/D, where d is
the diameter of the laser spot and D [cm2/s] is the thermal diffusivity of
the polymer. Keeping in mind that d is in the range of laser wavelength
and typical D for polymers is around 10−3 cm2/s [185], tc can be consid-
ered to be ∼ 10 µs, meaning that all pulsed lasers operating above 0.1 kHz
repetition rate should cause a thermal accumulation during the exposure
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of spatially overlapping pulses. Thus, there is no surprise that strong ther-
mal interaction was observed and employed for direct one-step polymeriza-
tion of SU8 that otherwise should require two steps to cross-link: exposure
and heating [186]. However, some of the experimental investigations show
completely different results. For investigated parameters (λ = 810 nm,
τ = 100 fs, repetition rate f =80 MHz) a drastic increase (hundreds of oC)
of temperature occurs only when the material is optically damaged [187].
Therefore, the severity of thermal effects in 3D laser nanoprinting is still a
matter of heated discussion in the field.

1.4.2. Direct sub-Wavelength Fabrication

As it was established for the standard case, fs-lasers with Eg lower than
the direct absorption band of the polymer induce polymerization via non-
linear processes; the lowest order, hence, the most efficient, among them
are avalanche and TPA. One of the key aspects of any nonlinear process is
that it has a threshold Ith below which the material is not sufficiently af-
fected, enabling true point-by-point structuring with sub-diffraction limited
resolution.

In classical optics, I distribution at the focus can be described as Gaus-
sian:

I(r, z) = I0
w2

0

w(z)2
exp

(

−2r2

w(z)2

)

, (1.12)

here r is the distance from the optical axis, z - distance from the focal plane
parallel to the optical axis, w0 is the spot radius (waist), I0 - intensity at
the center of the focus (r = 0, z = 0).

By substituting Ith in equation (1.12) we can determine the transverse
D(r) and longitudinal L(z) dimensions of the voxel. For simplicity, we
would consider that only MPA of nph is present [188]:

D(r) = w0

√

√

√

√2 ln

(

I(r)

Ith

)

1

nph
, (1.13)

L(z) = 2zr

√

√

√

√

√

(

I(z)

Ith

)
1

nph

− 1. (1.14)

These formulas can be tailored to reflect light-matter interaction by use of
phenomenological parameters to better reflect true experimental conditions.
One should add the time of exposure t and τ (which are not equal if the
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structure is formed in a scanning fashion and/or by multiple pulses), f ,
focusing conditions (defined via NA), and the interaction between light and
TPA constant of the polymer β. Therefore, the above equations read [188]:

D =
λ

NA

√

√

√

√ln

(

I2
0 tβτf

Ith

)

, (1.15)

L =
2zR

n

√

√

√

√

√exp





1

2

(

D × NA

λ

)2


 − 1. (1.16)

These definitions are approximate and, at the moment, there is no pre-
cise method to calculate voxel size theoretically just by having experimental
parameters as variables. However, the equations (1.12), (1.15) and (1.16)
provide scaling insight into the dynamics of point-by-point polymerization.
First, in the standard case, voxels are elongated in the longitudinal direc-
tion. The higher the NA and the lower I, the more spherical is the voxel [34].
Additionally, following this model, an increase in nonlinearity (nph) should
also reduce the aspect ratio of the voxel. Finally, looking from a completely
theoretical standpoint, voxels with dimensions approaching zero should be
possible if I is controlled with uncertainty ∆I also approaching zero. In
the real world, this is impossible due to the inherent instability of any laser
source.

Polarization induced peculiarities in polymerization are also not factored
formulas (Eq. 1.15, 1.16), although the precise polarization control at sharp
focusing conditions allows tuning voxel size and aspect ratio on a nanome-
ters scale [189]. It is noteworthy that if the right material is used and proper
experimental parameters are applied for exposure, the voxels as small as
65 nm can be made via 3DLL. This was achieved with NA = 1.4 objective
lens at a 520 nm wavelength and 1 kHz repetition rate with a laser gener-
ating ∼100 fs pulses and special acrylate-based polymer [190]. At the same
time, if NA is relatively low (less than 0.4), voxels in the size range of tens-
of-µm were fabricated [35, 36]. It is relevant if relatively large structures
(for instance, scaffolds for stem cell growth) are needed, and manufacturing
them using a high NA immersion objective would be inefficient. By the
combination of different focusing conditions for exposure of a single struc-
ture, fabrication for enhanced efficiency without sacrificing resolution was
also demonstrated [61]. Overall, this proves the high flexibility of the O3DP
when it comes to the selection of the voxel size best suitable for the specific
application.
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As it is difficult to predict the exact voxel size theoretically, several meth-
ods to determine them experimentally were proposed. The most common
one is called resolution bridges [134, 191]. Strong supporting walls are
made first. Then, suspended lines are produced perpendicularly to them.
The sample is developed afterward and the width of lines is measured using
scanning electron microscopy (SEM). This method provides the real size
of 3D features fabricated during O3DP experiments. The main drawback
is, however, that thinner lines might be destroyed during the liquid-bath
development and rinse with a subsequent drying due to capillary forces of
the evaporating liquid. Therefore, for the ultra-high resolution features 3D
formed, a critical point dryer (CPD) should be applied [192]. This allows
to totally avoid surface tension in a super-critical liquid, usually CO2 and
high fidelity reproduction of the nanoscale features.

1.4.3. Compatibility with Other Fabrication Methods

One of the key aspects of making 3DLL the technology of choice in many
applications is the possibility to form 3D structures on (or in) functional
substrates made by a variety of other methods. For instance, objects can be
fabricated on the surfaces of structures made by other varieties of 3DP. As
different 3DP techniques offer flexibility in terms of structuring resolution,
combining 3DLL (which is the most accurate) with something as the fused
deposition modeling (resolution from tens-to-hundreds of µm) allows for a
true mesoscale fabrication with a minimal amount of technological steps
used [193, 62]. Another example of a tandem additive optical structuring is
pairing 3DLL with LIFT, when 3DLL is used to produce a 3D scaffold that
is subsequently seeded with live cells via LIFT, combining 3DLL provided
freedom of structure design and selectability of cell seeding by LIFT [194].

The next step is a combination of additive and subtractive manufactur-
ing. Microfluidics is the field where we can find the most of such examples.
Glass is one of the materials that is relatively hard to process in an addi-
tive fashion but is highly desired in the fields like microfluidics or optics for
being optically and chemically inert. At the same time, only subtractive
fabrication is incapable of producing some of the microdevices that could be
needed in microfluidic devices. Thus, a hybrid approach combining subtrac-
tive and additive manufacturing is used. First, subtractive methods, such as
ablation or etching are applied to create the required channel system. Then,
3DLL is employed to integrate needed structures inside it [17, 18, 195]. Sub-
tractive methods are generally faster and simpler in channel manufacturing
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while 3DLL is unmatched in design freedom, flexibility, and printing reso-
lution. By combining the two, one can bring the most desired features of
both approaches for the best possible result.

While discussing the hybrid subtractive-additive fabrication it is impor-
tant to understand that both approaches of structuring can be achieved with
an amplified fs-laser source by varying light exposure parameters (focusing,
I and f). Therefore, a single laser manufacturing setup can be assembled
by a combination of both O3DP with the other manufacturing technique
such as ablation, selective etching, or welding [18]. The pairing of this kind
is extremely attractive as it eliminates the need to have multiple setups ded-
icated to just one technological operation, thus greatly reducing investment
in hardware needed for all-around functional micro- and nano-fabrication.

1.4.4. Towards 4D Printing

3DLL enables 3D structuring of a wide variety of materials. Furthermore,
the processing is straightforward and can be repeated numerous times on
the same sample. If each time a different polymer is applied, multi-material
printing of both 2D [51] and 3D structures [196] can be achieved. It intro-
duces an additional dimension of material to the final object. Hence, in the
case of a 3D object with varying composition, it can be considered as a 4D
printing [197].

Possible applications start in the medical sector. Regenerative medicine
is a fast-growing field where 3DLL promises the possibility to create 3D
scaffolds that resemble the shape of the extracellular matrix. Despite the
current success of this approach, single polymer scaffolds cannot mimic
extracellular matrix closely as it consists of many different components.
An answer to this problem could be multi-material scaffolds where differ-
ent parts of the structure would be made from a diverse range of sub-
stances [16, 198]. As cell response to adjacent materials can differ from
attraction to repulsion or being completely inert [16], 4D printing not only
promises the scaffolds that could replicate extracellular matrix well but also
a possibility to control cell migration in a well-defined environment. Fur-
ther challenges in this field lie in the development of new and more efficient
printing strategies that would enable multi-material printing of mm-sized
scaffolds needed for true tissue regeneration.

Multi-material micromechanics is another promising area for 4D printing.
Polymers react to the surrounding medium by either shrinking or expanding
with the extent of this interaction depending on the polymer itself. This

44



can be exploited by creating the suspended bi-polymer micro-plates with
movement depending on the surrounding medium creating either a passive
sensor or actuator [196]. Alternatively, the same polymer with a varying
cross-linking degree could be used to exploit divergence in thermal expan-
sion as polymerization degree heavily influences this property [13]. True
3D free-form structuring capabilities of 3DLL and the ability to change
exposure parameters on-the-fly allow to selectively expose material with
the different laser power and create a 3D shape with segments of different
cross-linking degree. It results in a varying microscopic expansion when the
material is heated compensating itself (due to specific geometry) in macro-
scale and subsequent negative thermal expansion coefficient of the overall
structure. Varied polymerization degree can also be exploited in order to
create gradient refractive index (GRIN) based optical elements [199].

1.5. Applications of 3D Laser Lithography

The flexibility to change the printing resolution and foot-print size, capabil-
ity to fabricate on/in almost any substrate and a wide array of applicable
materials made 3DLL a technology of choice in many fast-growing science
and engineering fields.

In micromechanics, the freedom of design was exploited to create vari-
ous movable structures [200, 201]. This is especially relevant for the cre-
ation of mechanical metamaterials, realizing macro-properties of the struc-
ture that are not found in nature, via a cleverly designed interconnected
micro-lever systems. For instance, a negative Poisson coefficient can be
achieved [192, 202]. A mechanical cloak was also demonstrated [203].
These results demonstrate that a combination of unrestricted 3D geome-
tries and easily accessible micro- and nano-resolution is the key to develop
objects with the preprogrammed and otherwise unachievable mechanical
qualities/properties.

In the field of LOC, the dominant materials of choice are glasses and
various elastomers, mainly PDMS. These materials are difficult to process
in true 3D fashion in the scale below several-µm while there is a need
for functional 3D objects with such dimensions. Therefore, an approach of
employing O3DP for structure integration inside LOC devices was proposed
and tested [204]. Despite restraints given by the necessity to work in glass
channels, structures with high fidelity and complex 3D geometries were
integrated, ranging from various filters [17, 18] to channel separators [205]
and valves [201]. What is more, the integration could be performed before
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the channel is sealed [18] or afterward in the so-called “ship-in-the-bottle”
fashion [17].

With regenerative medicine being one of the hot topics in current biomed-
ical research, O3DP was used to great extent in this field as well. In con-
trast to most other types of scaffolds for cell growth, O3DP-fabricated ones
have a well-defined 3D geometry that could be made to resemble extra-
cellular matrix as closely as possible [15, 16, 198, 206, 207]. Furthermore,
by tailoring feature size, any type of mammal cell can be accommodated
by printed scaffolds. So far, a wide variety of O3DP processable materials
were proven to be bio-compatible turning a green light for the in − vivo

experiments [208, 209]. Cells showed a good proliferation on the laser fab-
ricated 3D scaffolds as well. Until now, the research in this field reached
the stage of the pre-clinical trials [15] which is a formidable achievement for
this strongly regulated application.

As surface roughness of laser-made structures can be as small as several
nm [34], O3DP was employed to produce micro-optical elements as well,
where λ/20 surface finish is achievable for the most demanding focusing
and imaging applications. At the infancy of the technology, the capabil-
ity to produce arbitrary shaped micro-optical elements on standard glass
substrates was investigated [188, 210]. Further developments led to mono-
lithic 3D elements, combining several functional micro-optical structures
into one, for instance, an axicon and spiral phase place (SPP) hybrid [211]
or micro-objectives [100]. These were put on functional substrates, e.g.,
fiber tips [19, 212], nonlinear crystals [26] and CCD matrices [213]. Light
manipulation with this kind of micro-optics enables applications in ultra-
compact endoscopy [100] or foveated imaging [213]. The next frontier in this
field is in making mesoscale components that are as large as millimeters still
retaining nano-precision with nanoscale features and a complete 3D design
freedom. Finally, it was shown that the optical damage threshold of some
hybrid organic-inorganic photopolymers [181] is comparable with that of
glass [38, 214] meaning that it could potentially be applied for applications
dealing with high light intensities, like fiber lasers, communications, free
space lidar, and filamentation.

The smallest features that are relatively easy (i.e. without any additional
post-processing or other methods) to achieve via 3DLL is around several
hundreds-of-nm which is sufficient for photonic applications [176]. Woodpile
photonic crystal is the most simple case of 3DLL made 3D nano-optical
elements and was proven to be an efficient way to influence the spatial
distribution of incident beam [153]. Other complex 3D structures were
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tested as well, for instance, chiral configuration [215]. Alongside direct
3DLL of polymeric photonic structures, metal ones were also acquired by
making 3D templates via fs laser, then filling them with the metal, therefore
acquiring nano-optical elements out of metals [216]. It is important to
note that the lower limit of the printing resolution (several hundred nm) is
still a limiting factor for shorter wavelength (for example, visible) photonic
applications.
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2. Experimental Section

2.1. Fabrication Setups

Two experimental setups were used in this work. The first workstation
was located in Vilnius University Laser Research Center and is shown in
Fig. 2.1. It was used for PI-free polymerization and optical resistance ex-
periments. The fs-laser was "Pharos" (Light Conversion Ltd.) operating
at 1030 nm fundamental wavelength, 300 fs pulse duration, and 200 kHz
repetition rate. Power was controlled with two power control units consist-
ing of λ/2 waveplate and Brewster angle polarizer. Such two-stage power
attenuation allowed to minimize fluctuations in laser output power and pro-
vided precise power control during the fabrication. 515 nm wavelength was
used for 3D free-form polymerization. The laser beam was expanded by
2× magnification telescope in order to fill all the objective aperture. Struc-
ture fabrication was performed with a combination of Aerotech linear stages
(ALS130-110-X,Y for positioning in XY plane, ALS130-60-Z for Z-axis) and
galvo-scanner, operating in a synchronized regime. The sample was also il-
luminated by red LED which enabling to monitor the fabrication process
in real-time using a CMOS camera. It was used for PI-free structuring and
LIDT experiments.

Meso-scale samples were produced using the "Laser Nanofactory"
(Femtika) setup [Fig. 2.2]. The main light source in this setup was fs-laser
"Carbide" (Light Conversion Ltd.), outputting either fundamental (1030
nm) or second harmonic (515 nm) radiation at repetition rates in the range
of 60 - 1000 kHz and pulse duration between 250 fs and 10 ps. Average
power was controlled with an acousto optical element integrated into the
laser as well. Laser light was guided to an automatic beam expander with a
magnification range from 2x to 10x. This tunability was needed to precisely
match laser beam diameter to the entrance aperture of the arbitrary objec-
tive. Finally, it was directed to the scanner system (AGV-10HPO (Aerotech
Inc.)) and then to the focusing objective. Scanners worked in tandem with
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Figure 2.1: Schematics of setup used for fabrication and microlens degrada-
tion experiments: PS - power control stage, PP - phase plate,
G - glass plate, M - mirror, RM - removable mirror, SHC - sec-
ond harmonic crystal, T - telescope, GS - galvo-scanner, RPM
- removable power meter, L - lens, 4F - lens system in 4F con-
figuration, DM - dichroic mirror, CMOS - CMOS camera used
to monitor fabrication process, Obj - objective lens, LED - LED
used for sample illumination.

linear stages (ANT130XY-160 (Aerotech Inc.) for XY and ANT130LZS-060
(Aerotech Inc.) for Z axis) allowing synchronized positioning. The whole
process was imaged through a built-in visualization system, employing a
CMOS camera, variable focal length lens (needed for imaging with differ-
ent objectives), and a red LED. Objectives used in this work: 63x 1.4 NA
(Zeiss), 40x 0.95 NA (Zeiss), 20x 0.8 NA (Zeiss) and 20x 0.45 NA (Nikon).
All the components in the system were controlled with 3DPoli software
(Femtika).

One of the key novelties in this work was the application of synchronized
linear-stages and galvo-scanners. While the idea of using synchronization of
different positioning systems is not new [37] and this kind of synchroniza-
tion was already used prior [15], it was never established what are the full
capabilities of such positioning strategy. The principle behind synchroniza-
tion can be explained in terms of distributing the translation movements
between linear translation stages and scanners. Practically, the high in-
ertia stages are responsible for long and continuous movement, while low
inertia scanners perform fast yet small effective amplitude movements. It
is used for correcting the positioning error of the linear stage movement.
This way the linear stages have time to accelerate and decelerate without
causing any defects that are noticeable in the produced structure. The de-
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Figure 2.2: Schematics of Laser Nanofactory setup used in this work. Mark-
ings: M - mirror, DM - dichroic mirror, BE - automated beam
expander, F-var lens - variable focal distance lens, Obj. - objec-
tive.

viations occurring for a set translation velocity and trajectory are compen-
sated by the scanners via a closed-feedback loop. The positioning devices
are commanded using a controller with a native trajectory rate of 48 kHz
for galvo-scanners and linear stages. Thus, it corresponds to a trajectory
update approximately every 20 µs. At a scanning speed of 10 mm/s, it
resulted in a trajectory of individual 0.2 µm length segments. During large
structure manufacturing, the command instructions for the controller were
sent segment-by-segment using a compiler software installed on a personal
computer to ensure that the internal memory is not overloaded. All the cal-
culations of the distribution of movements and stage control were performed
by the proprietary Aerotech software and controllers [217].

2.2. Materials and Characterization

The goal of this works was to find ways for rapid 3D manufacturing of
mesoscale structures using 3DLL without compromising on structure qual-
ity or resolution. Furthermore, the optical resistance of fabricated objects
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also needed to be tested. Thus, a purpose-driven choice of materials and
equipment was made.

SZ2080 photoresist was acquired from FORTH (Heraklion, Greece) and,
as its name implies, contained 20 wt% of inorganic and 80 wt% of organic
parts. This material was chosen due to its low shrinkage [181] and high opti-
cal transmittance [38]. For some experiments, SZ2080 was photosensitized
by mixing it with 1 wt% of a commercial PI Irgacure 369 (IRG). Sam-
ples were prepared by drop-casting one droplet of the material on a glass
substrate and then pre-backing sample at 75◦C for 45 min. The overall
diameter of such drop can be as big as it needs to be, thus pre-polymer size
in XY direction is not an issue. However, a single drop yields a layer height
of ∼250 µm. If a higher structure is needed, additional drops can be put
on an already pre-baked sample. Then, each consecutive drop requires an
additional 90 min of pre-bake time. Pre-polymer drop is homogeneous after
such procedure, i.e. there are no seams between each material layer. After
fabrication, samples were developed in isobutyl methyl ketone for 45 min.

Another material used in the work that required rigorous pre-fabrication
protocol was SU8. It was used in the last chapter for LIDT experiments
and was chosen due to its popularity in standard lithography. SU8 was pre-
baked using a procedure, consisting of two pre-bake stages, 30 min on 60◦C
and 60 min on 90◦C, then post-baked on similar temperatures but with
half durations (15 and 30 min respectively) and development in propylene
glycol methyl ether acetate (PGMEA) for 60 min. 1 mm and higher drop
height can be easily acquired with SU8 with only a single material drop,
thus multiple pre-bake steps were not needed.

The average laser power P was measured as the main laser radiation
output parameter and subsequently recalculated to the peak intensity I0 at
the center of the focal point using eq. 1.3. P/I0 in which there were no
surviving structures due to insufficient cross-linking to carbonization of the
material and subsequent destruction of the structure due to overexposure
was considered fabrication window. P/I0 value in this range is directly
responsible to mechanical [13] and optical [199] properties of the material,
P/I0 in the whole work will be given as the position in the fabrication
window unless the exact value is needed for the result evaluation.

Surface roughness was characterized using SEM TM-1000 (Hitachi) and
atomic force microscope (AFM) Catalyst (Bruker) with an Au coated SiN-
needle with a k=0.06 N/m stiffness at FS=18 kHz and with the tip diameter
of 20 nm.
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2.3. Laser Induced Damage Threshold Mea-

surement

The Fig. 2.1 setup was also used to monitor the degradation of 3DLL made
micro-optical elements in real-time. In such a case, a sample was microlenses
on the glass slide illuminated by the LED from the bottom. The objective
was placed at some defined distance from them resulting in a relatively
large laser spot on the lenses. Exact values are listed in the text where it
applies. This allowed to monitor lateral intensity distribution projected by
the microlens and to shine onto them with fs laser light simultaneously.

Investigation of LIDT is well described by ISO 11254-1 and ISO 11254-
2 standards [218]. It is designed for coated optical surfaces. Standards
involve different LIDT measurement tests, which are commonly referred to
as 1-on-1, R-on-1, and S-on-1. In this work, the statistical S-on-1 method
with an fs-laser is designed to be as close to ISO testing protocol [218] as
possible. It provided knowledge on both the damage topographies of the
structures as well as statistically determined LIDT values. The principal
scheme of LIDT evaluation is shown in Fig. 2.3. LIDT measurement was as
follows: first, 3DLL formed objects were one by one exposed to the focused
laser beam. The focal length of the lens used was fl = 10 cm, resulting in
a beam waist of 2ω = 20 µm. The laser used - Yb:KGW laser "Pharos".
The fundamental harmonic of such laser is 1030 nm, pulse duration - 300 fs,
pulse repetition rate - 100 kHz. The experiment was observed in real-time
by a CMOS camera integrated into the measurement setup. Each line in
the 10 x 10 array was exposed to a different average laser power P for one
minute (6 million laser pulses for each object). P was increased line-by-
line. After all, components were exposed to the laser light, the sample was
examined by an SEM and an optical microscope to see which components
were damaged. Any modification in the object was considered as a sign of
damage.

Every row contained 10 structures, for which statistical damage proba-
bility P was evaluated, by beginning with P = 0, when F was too low to
cause damage to any of the irradiated structures, going to P = 1 when F

was high enough to damage every structure in the row.

Setup’s built-in imaging system was used to deduce which structures were
damaged during LIDT measurement. Counting them allowed to statistically
deduce LIDT of the tested material. Moreover, this data was complemented
by additional SEM inspection. It was necessary, as the optical damage
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Figure 2.3: Schematics of LIDT measurement. A 10 x 10 array of either
bulks or woodpiles is exposed to 1030 nm 100 kHz 300 fs laser
radiation. Both bulks and woodpiles were 100 µm x 100 µm x
30 µm in size, with woodpile being arranged in fcc geometry.
Each woodpile was also characterized by line width r, the dis-
tance between them axy and period az. F was changed from
line to line, from no damage to all structures being damaged.
This allowed plotting damage probability as a function of F .
The linear approximation was then used to determine the Ft.

has different appearances depending on the different structure investigation
methods. Here, we considered optical damage to be any laser radiation
that caused a residual change in properties of the microstructure that can
be observed using various inspection tools. For dielectric layers in ISO
standard, the specific tool is specified as Nomarski type interference contrast
microscope with objective magnification not less than 100x.

For LIDT calculation simple linear approximation of the dynamic range
of the p was performed. Here we understand the dynamic range where
0 < p < 1. In addition, the last p = 0 and first p = 1 points were taken.
Linear approximation is done using the formula:

p = aF + b, (2.1)

where a and b are slope and intersection coefficients. Then, keeping in mind
condition that Et ⇒ p = 0 we get:

Ft = −
b

a
. (2.2)
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The error of LIDT measurement is a subject that gathered some interest
and discussion in academia and is not straight-forward or trivial [219]. In
accordance with practical considerations, the error’s in LIDT measurement
were considered to be single measurement step. Such an approach provides
an adequate estimate while not complicating the mathematical mechanism
of the investigation.
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3. High-Throughput 3D

Mesoscale Manufacturing

3DLL is a proven technology for a wide range of applications [5]. One of
the final frontiers for widespread adoption of this technique is increasing
its throughput without sacrificing the quality and spatial resolution of the
structures produced. One of the most promising ways to achieve this is the
usage of synchronized linear stage and galvo-scanner positioning. Despite
it being a commercially available solution, there is very little understanding
of how far it can be pushed in terms of translation velocities/accelerations
without sacrificing structure resolution and/or mechanical quality. The
challenge in using synchronized movements with sharp focusing (up to 1.4
NA) objectives lies in the relatively small (down to 125 µm square for 1.4
NA objective) working field. When the linear stages are moving at relatively
high v (more than several mm/s), the galvo-scanners movement adjustments
have to be made in an effectively limited field of view. In addition, faster
change scanner deflection angles are needed to account for the same stage
positioning errors in comparison to the case if the sample would not be
moved by linear stages. In effect, it forces the galvo-scanners to move at
elevated acceleration potentially pushing them to their precise movement
limit. It makes the task of using synchronization for high-speed and high-
precision manufacturing non-trivial.

In this section, it will be investigated to what extent synchronization can
be employed for 3DLL, what are the main opportunities and considerations.
Emphasis will be placed on how translation velocity, focusing conditions,
and structuring strategy might influence the mechanical and optical func-
tionality of the final object. This will be determined quantitatively, by
investigating the functionality of formed structures and comparing them to
the design requirements. Following the current trends of this technology,
example 3D structures include micro-optical elements and various mechan-
ical objects. Discussion on how their functionality can depend on print
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quality and how synchronization can be critical in this regard.

The results presented in this section were published in III and IV articles
of the approbation.

3.1. Comparison of Structuring Rates

The race to achieve industrial-level manufacturing throughputs pitted dif-
ferent kinds of optical 3DP methods against each other. While 3DLL has
a superior resolution, other types of O3DP exceed 3DLL by the volume
that can be structured in the same amount of time [220]. However, res-
olution/feature size and/or structuring flexibility had to be compromised
to achieve it. As a result, when discussing the efficiency of printing, list-
ing only v as the main throughput defining parameter is insufficient as it
does not specify the size of formed features. Therefore, a lot more sensi-
ble way to talk about throughput is by defining the volume of a voxel and
structuring rate in terms of voxels per second [167]. In order to calculate
these values, we first produced a resolution bridge, where single lines were
structured with translation velocities v of 1, 10, 100, 1000, and 10000 µm/s,
speeds. All of the scanning speed can be easily sustained using synchronized
movement. Laser power was kept below 10% from the top of fabrication
window [34]. Exposure conditions during the experiment were: 515 nm
wavelength, 300 fs pulse duration, 200 kHz repetition rate. The transverse
voxel size is labeled as D, while the longitudinal extension is L. Results are
given in Fig. 3.1. The tendency for voxels to decrease in size by a factor of
13 when the v increases by four orders of magnitude is favorable for 3DP. A
comparatively weak dependence of voxel size on scanning speed (exposure
dose) results from the efficient combined crosslinking under single pulse ex-
posure. Voxels’ aspect ratio does not change and is in the range of 3-4,
showing that the same scaling is observable in both transverse and longi-
tudinal directions. Interestingly, other groups showed an opposite trend of
the enlargement of the voxel when v is increased [221]. The primary dif-
ference from results presented here might lay in the higher repetition rate
used by other group (80 MHz oscillator), which results in the negligible dis-
tance between pulses and reaction in the affected area of one fabricated line
not being completely over when another nearby line is produced. Overall,
achieved resolution is far from minimal of what can be achieved with this
type of 3DLL system. With lower/optimized I feature size below 400 nm
can be easily acquired [34]. However, as feature size reduction was not the
aim of this study no experiments were performed in this direction.
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Figure 3.1: (a) The resolution bridge fabricated using different translation
velocities v and measured line widths (b). The decrease in line
dimensions is observable. However, the aspect ratio of voxels
remains in the 3-4 range.

Acquired experimental results can be explained by varying pulse overlap
∆d during printing [Fig. 3.2]. Indeed, if vt = 1 µm/s the ∆d = 0.005 nm at
f = 200 kHz (the one used in this work). It is an extremely small distance,
which is below even the positioning accuracy of the stages (which is in the
range of ∼nm). However, an increase in v by one order of magnitude to
1000 µm/s reduces ∆d to 5 nm. Then, it is already comparable to line
width measurement error achievable with high-resolution SEM. With the
highest tested v = 10000 µm/s, ∆d = 50 nm. It is a rather significant
distance, which becomes comparable to the spot size achievable with a 1.4
NA objective (2ω ∼ 500 nm). Thus, one might expect that the increase of v

even further without changing f might result first in uneven lines and then
to separate laser spots being formed. However, it should not be a problem,
because modern amplified laser systems can achieve f in excess of 1 MHz
with fs oscillators going as high as 100 MHz. In order to achieve ∆d = 50 nm
with these systems, v should be increased as much as to 50000 µ/s and
5x106 µm/s = 5 m/s respectively. The first increase is still possible with
scanners and, thus, high-resolution high-speed structuring with amplified
laser systems might prove to have a fundamental limit determined by pulse
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overlap. If oscillator [221] or fs-burst laser [173] is used even such positioning
systems as polygon-scanners [222] or acousto optical deflectors [172] might
be employed, provided related technical issues are resolved.

Figure 3.2: Schematic representation of differences in pulse overlap while
varying v. Increase of v from 1 µm/s to 1 cm/s change ∆d from
0.0005 nm to 50 nm, making it comparable to laser spot size
2ω0 = ∼500 nm. Take note, that laser spots appear elliptical
due to the isometric perspective of the drawing.

Due to the differences in pulse overlap, accumulated energy dose (Et)
varies heavily from line to line. It is demonstrated by the numerical mod-
eling [Fig. 3.3]. The results point out a considerable difference in threshold
Et in both cases (545.59 J/cm2 vs 1.98 J/cm2). Interestingly, at 1 µm/s
the line width is substantially larger than the spot diameter (2w0), while
in the case of 10000 µm/s it is below the diffraction limit. This can be
interpreted to be a result of continuous excitation of pre-polymer and ex-
pansion of polymerization volume in the low v case and highly contained
energy absorption when high v is used. Also, radicals are generated for
the increased amount of time during slower v, resulting in line broadening
as radicals have an immense role in the writing resolution [178]. Finally,
thermal accumulation might play a role as well, as the number of pulses to
the same laser spot area increase by 4 order of magnitude. However, there
is still a debate whether heating of the material takes place during 3DLL,
even using laser oscillators with repetition rates up to tens of MHz [187].
Due to this uncertainty, thermal effects are left out of the discussion in this
work.

In order to calculate the approximate volume of a voxel, we approxi-
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Figure 3.3: Et in the center of the line during formation at v of 1 µm/s and
10000 µm/s and 10% below the damage threshold of the poly-
mer. A substantial difference in Et and the resulting decrease
in line width as v is higher.

mate the shape of a voxel to the one of an ellipsoid in accordance with the
dynamics of voxel formation. Then, the volume of a voxel V is [Fig. 3.4
(a)]:

V =
4

3
πabc =
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3
π

D

2

D

2

L

2
=

1

6
πD2L. (3.1)

Consequently, volume V decreases around 13.7 times when velocity v is
increased from 1 µm/s to 10000 µm/s [Fig. 3.4 (b)] following dependencies
shown in Fig. 3.1 (b). While this is a substantial decrease, v increases 4
orders of magnitude, completely mitigating the possible drop in structuring
rate due to the consequentially smaller voxel volume. For instance, con-
sidering a cube of 1 x 1 x 1 mm3 size and half voxel overlap (usually used
to make sure that the structure is mechanically strong and not layered),
the fabrication time with 1 µm/s and 10000 µm/s would be 246903 and
174 hours respectively. It is more than 4 orders of magnitude faster in the
case of the highest tested translation velocity. This can be explained by
the increase of structuring rate R as v is raised. R is the volume of a line
fabricated at a given translation velocity per second. In that case, voxel’s D

and L are taken to calculate the area of an ellipse resembling a cross-section
of a voxel and then multiplied by the distance that focal point travels at
the given speed (R=0.25πDLv) [Fig. 3.4 (a, c)]]. It allows estimating the
overall structuring rate in terms of volume per time if it is multiplied by the
projected structuring time and vice versa: dividing the overall volume of an
object by R allows calculating manufacturing time of an object (making an
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assumption that there is no overlap and/or unnecessary movements with
closed shutter during fabrication). Similarly, if this quantity is divided by
the volume of a single voxel, the rate in voxels per second can be calcu-
lated. This way, R is normalized to V giving the rate in voxels per second
[Fig. 3.4 (d)], reaching more than ∼32000 voxels/s. The gain in throughput
in terms of both R and voxels/s is still maintained regardless of the decreas-
ing voxel size. Therefore, maximizing v is an effective way to enhance the
overall yield of 3DLL printing. Nevertheless, V saturates at a high value
of v as the polymerization reaction rate will be insufficient for the DLW.
Nevertheless, after extrapolating V for high values of v it was noticed that
this does occur only for tens of ∼cm/s or more (for SZ2080 pre-polymer),
which are challenging values to achieve for most 3DLL setups even with
synchronization.

While structuring rates of voxel volumes per time is a good indicator of
the expected throughput of 3DLL, real fabrication of complex 3D structures
requires some additional considerations. Namely, one must consider the
voxel overlap required to produce a continuous structure as well as stage
movement between different parts of the object.

In order to prove these considerations, we use gradient chain mail as a
model structure. Such structure was chosen as it combines features from
several µm to more than a hundred µm that are also intertwined, thus
posing a considerable challenge to fabricate. Additionally, there is a lot of
empty space between features forcing a substantial amount of movement
with a closed shutter. The overall width of the structure is 1 mm, the
internal radius of the largest ring is around 100 µm, while the smallest is
around 5 µm [Fig. 3.5 (a)]. Support walls are needed in order to attach
the ring structure to the glass substrate, yet they can be fabricated with
different parameters than the rings (namely lower overlap in the vertical
direction) and therefore will be excluded from the discussion.

The STL file of a 3D object is hatched in XY and sliced in Z coordinates,
respectively. These can be independently set to proportional or different
steps resulting in the directional fabrication accuracy/throughput. This is
useful as structure fidelity for different parts of the object might be com-
promised for enhanced throughput. For this calculation, however, we will
use the only chain. The volume of the chain structure is 1280410 µm3. The
structuring rate using v = 10000 µm/s is 5667 µm3/s. Therefore, theo-
retically, in order to fill all the volume of the object (as shown in Fig. 3.5
(b)), it should take 225 seconds or around 3 and a half minutes. How-
ever, in order to achieve a continuous and relatively smooth surface, the
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Figure 3.4: (a) – visualization of a single voxel, line and transverse D and
longitudinal L dimensions of fabricated features; (b)-(d) are
voxel volume V , structuring rate R and voxels/second depen-
dencies on the translation velocity v respectively. While the V
drops when v is increased, the R and voxels/second increase
dramatically.

slicing and hatching steps of 0.3 µm have to be used, increasing the real
structuring duration. Furthermore, there are huge gaps between different
parts of the structure that are covered by the positioning system with a
closed laser shutter, creating a lot of movements that do not result in any
volume polymerized. If this is done in a standard raster scanning fashion
using translation stages and galvo-scanners, the time needed for fabrica-
tion is around 2 hours, although synchronization is on and v = 1 cm/s is
used. Further optimization is possible by applying the "traveling salesman"
algorithm. It is a classical mathematical algorithm, allowing to deduce
the fastest possible route between parts of the structure which needs to be
produced with minimal unnecessary traveling between them [223]. After
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applying it, stage movement is minimized and the fabrication time can be
reduced to 26 minutes [Fig. 3.5 (c)]. Although this result is impressive, it
is still substantially longer than the time given by theoretical calculation.

Figure 3.5: (a) SEM micrograph of 1 mm long gradient chain-mail (with
support walls) showcasing the capability to produce a relatively
smooth surface with features that range from µm to hundreds of
µm. A single working field of NA=1.4 objective (125 µm square)
is added for the reference, showcasing that the biggest rings
would not fit in it. (b) Focal point movements if only the rings
are fabricated. (c) Image showing all the movements needed
to produce such structure, including ones with an open shutter
(yellow) and with a closed shutter (red). As movements between
different parts of the rings take up a significant portion of the
laser beam repositioning between scanning, the time needed to
create such structure is 26 minutes, in comparison to 3 and a
half needed if only the volume is filled.

It is important to note that theoretically calculated and real fabrication
durations converge when the complexity of the structure is decreased. For
example, if the object is a simple cube, then the number of slicing and
hatching steps is minimal. Furthermore, optimization of the production
algorithm, for instance, making rings in chain-mail not by linear slicing,
but by scanning in circular movements, can further decrease structuring
duration. However, there are some inherent limitations. For example, the
creation of continuous vertical rings by drawing circles in the Z direction
is impractical as a shadowing effect would impinge the quality of the ring
fragments, as the incident beam path would need to align with already
exposed material resulting in beam distortion and overexposure [61].

In order to demonstrate the full potential of the presented structuring
strategy, a benchmark meso-butterfly was produced [Fig. 3.6]. The goal
behind the design of this structure was to combine all the relevant mi-
crostructures that can be produced using 3DLL at different size scales. The
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overall wingspan of the structure reached 1.3 mm, making it clearly visible
with a naked eye. Rhodamine was mixed into SZ2080 to make the mate-
rial bright purple color, at the same time providing functional properties of
high-yield fluorescence [224]. The 14 µm thick microcantilever-like anten-
nae were fixed to the head. Eyes consisted of an array of few-µm-diameter
functioning lenses arranged in a semi-random pattern, yet still showing high
surface smoothness. Inspired by real butterflies, wings consisted of nanolat-
tices, which in this case were arranged in the fcc geometry. The line width
was ∼650 nm which meant that they do perform as photonic crystals and
are just a demonstration of sub-µm feature size in a structure with over-mm
overall size. The v = 1 cm/s, combined with dynamic slicing and hatch-
ing allowed to achieve a printing time of 2.5 hours. Overall, it shows true
mesoscale capabilities of millimeter-sized structures out of functional mate-
rial with true nanometre features and optical-quality level surface roughness
in critical areas such as microlenses.

Figure 3.6: A meso butterfly, created to demonstrate true mesoscale capa-
bilities of synchronized linear stages and galvo-scanners. With
an overall wingspan of 1.3 mm it combines cantilever-like an-
tennae that are a few µm thick and hundreds of µm long, func-
tioning microlenses and woodpile nanolattices in wings with a
single line width of 650 nm. It is made out of functional mate-
rial: SZ2080 doped with Rhodamine fluorescent dye.
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3.1.1. Expanding Throughput with Different Focus-

ing Optics

Different 3DLL applications might require voxel with either higher-
resolution or higher volume for faster structuring if feature size is not an
issue. Simple modeling by using eq 1.12 shows that expanding voxel size,
especially in the Z direction, is relatively easy just by changing the NA
of the objective [Fig. 3.7]. This effect can be greatly exploited if higher
structuring rates are needed.

Figure 3.7: Theoretically modeled voxel sizes achievable with objectives
with NA1 = 1.4, NA2 = 0.95, and NA3 = 0.8. (a) Shows distri-
butions with P being constant, while (b) with I = const. Clear
expansion of voxel, especially in the longitudinal direction, with
the decrease of NA is visible.

Here we apply the resolution bridge technique [134] to measure feature
sizes produced with 1.4, 0.95, 0.8, and 0.45 NA objectives [Fig. 3.8 (a)]. P

(after the objective) is used as the main laser radiation parameter. Other
laser parameters: λ = 515 nm, f = 1 MHz, τ = 250 fs. While P does not
say much about nonlinear process peculiarities, it is a lot easier to mea-
sure during an experiment and can be used directly in the setup for P

dependant resolution calibration. Standard hybrid organic-inorganic pho-
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topolymer SZ2080 with 1% w.t. IRG was used for the experiment [34].
Such measurement basically forms a calibration curve for size dependence
on P and NA which is crucial from a structural engineering and fabrication
strategy point of view. In all cases v = 1 cm/s.

Figure 3.8: (a) - measured transverse (D) and longitudinal (L) dimen-
sions of lines fabricated with 1.4, 0.95, 0.8, and 0.45 NA ob-
jectives and corresponding voxel volumes (V ) and structuring
rates (R). The smooth feature size transition between objec-
tives with different NAs allows to easily choose the fabrication
resolution/throughput combination needed for a particular ex-
periment. The colored areas show fabrication windows of each
objective. (b) - comparison between modeled I distributions in
focal point with measured line dimensions (white oval). Distri-
butions are normalized to the highest value in each case. Red
dashed lines in part (a) shows what powers were used for model-
ing. These are also listed in part (b). A good agreement between
theory and experiment is evident with Ith = 1.7 ± 1 TW/cm2.

Acquired results allow us to estimate that D can go from sub-wavelength
0.3 µm with NA = 1.4 while operating near the Ith to 2.18 µm with
NA = 0.45 near the Id. The resulting L values are respectively 0.77 µm
and 18.32 µm highlighting the tendency for L to increase a lot more rapidly
than D. Consequently, V varies in the range from 0.036 µm3 to 45.51 µm3

with R being from 1809 µm3/s to 313312 µm3/s. It means that varying
NA from 1.4 to 0.45 and P in the entire fabrication window, it is possible
to smoothly choose the V and R in the range of more than two orders of
magnitude. This is due to the maximal feature size with a higher NA objec-
tive being about the same as the smallest lines with an objective with lower
NA. However, care should be taken when fabricating same sized structures
with varying objectives as while final feature size might be similar, polymer-
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ization degree might differ due to different P needed to create same sized
features. It might influence the mechanical and optical properties of the
printed object [199, 13, 225].

Finally, the numerical modeling of intensity distributions with each ob-
jective was performed using standard Gaussian distribution and M2 value
of 1.2 (as determined by the producer of the laser). The values were 0.1,
0.5, 1.2, and 2.2 mW for all the objectives from the highest to the low-
est NA. The goal was to determine how accurately we can predict feature
sizes before the fabrication using just the Gaussian formalism. As shown
in [Fig. 3.8 (b)] modeling is relatively close to measured values, especially
at smaller NAs. Also, this modeling showed, that it is safe to consider that
Ith = 1.7 ± 1 TW/cm2 for all the given cases. The error of ±1 TW/cm2

appears due to the fabrication window for each objective being different.
Interestingly, in all cases, voxel expanded beyond the main focusing volume
as the I at the border of measured D and L were in the range of W/cm2,
i.e. more than ten orders of magnitude smaller. Therefore, it might be
considered that when working in the upper part of the fabrication window
and the polymer is photosensitized, the reaction easily expands beyond
high-I zone due to radical diffusion [178] and some defocusing of a laser
beam by already produced polymeric features. However, with I closer to
the bottom of the fabrication window, it is offset by the very small volume
where radicals are generated and lower defocusing due to smaller difference
between refractive indexes of pre-polymer and modified volume [199]. For
this reason, non-photosensitized [34] or even photo-inhibited materials [178]
are sometimes used in conjugation to minimal suitable I when extra-small
features are needed. Finally, voxels expand more in the Z direction when
NA is reduced. This can be again attributed to some degree of self-focusing,
which was shown to sometimes influence laser material processing. Indeed,
in special cases, it makes features extremely elongated [44, 62].

Presented results of feature sizes and R allow comparing 3DLL to SLA.
Thinking conventionally, it should be obvious that 3DLL is superior in terms
of resolution and SLA can make bigger objects faster. However, as this work
showed with relatively small NA, 3DLL R3DLL can be relatively high (up to
313312 µm3/s at v = 1 cm/s). In comparison, micro-SLA can yield feature
size of DSLA = 7.5 µm and LSLA = 20 µm at v = 500 mm/s [70]. If we
apply the same R formula, we get that RSLA = 58875000 µm3/s. So far
nothing unexpected - due to bigger voxel and higher v, RSLA exceeds R3DLL

by two orders of magnitude. However, when dealing with SLA one must
not forget the time needed to recast polymer after each structure layer is
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made [5]. This means that after each layer is made there is approximately
2-10 seconds down time [226, 227]. Indeed, this is one of the main bottle-
necks in SLA, sometimes taking up to 90% of overall printing time [227].
The exact value depends on the viscosity of the material and required layer
thickness [227, 228] and can be expected to differ in some special cases.
In contrast, the downtime between layers is not present in 3DLL where all
material is present from the beginning of the fabrication. To demonstrate
the implications of this, let’s consider the fabrication of a 100x100x100 µm
cube. For simplicity, we will not consider voxel overlap for this example,
although it is a very important parameter during 3DLL manufacturing. If
we only consider the volume fabrication time, 3DLL should fill such volume
in 3.19 s, SLA in 0.02 s. However, keeping in mind that LSLA = 20 µm,
5 layer recasts will be needed which will last 25 s total if 5 s downtime is
considered. In such a case, 3DLL will outpace SLA as it never stops. Inter-
estingly, if the same volume would be fabricated with just one layer recast,
the overall printing time would be almost the same. Thus, it means that
SLA is benefiting from wide and low structures with minimal layer number,
while in the 3DLL case there is no difference. However, if the structure size
is increased to 1x1x1 mm, even considering 50 layer recasts SLA will be
faster than 3DLL (267 s vs 3192 s). Therefore, currently, 3DLL can have
a throughput edge only in sub-mm printing. The situation is not much
different with DMD based SLA printers. On one hand, these 3D printers
manufacture the whole layer in one exposure, eliminating scanning [5]. On
the other hand, the exposure time of one layer can go from several to tens
of seconds depending on how well the material is optimized for the pro-
cess [229], adding to layer recast times. In contrast, with 3DLL, due to a
very sharp and relatively aggressive energy introduction mechanism, even
unoptimized materials can be structured relatively fast [230]. Finally, all
polymers designed to be used in SLA and DMD have to be liquid for the
already mentioned polymer layer recast. 3DLL can employ both liquid and
hard materials. In the latter case, the material can act as a support (some-
what similar to SLM/SLS [5]) eliminating the need for supports. This is
another area where 3DLL is superior to SLA/DMD. Therefore, it can be
considered that currently, 3DLL with low NA objectives can outperform
the throughput of SLA and DMD 3DP at sub-mm manufacturing while
still being superior in terms of resolution and applicable geometries.

3DLL throughput is expected to grow in the future. Here, making vox-
els bigger is not an option due to the loss of one of the key advantages of
3DLL – very well-defined 3D structures. An option would be to increase
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translation velocity up to m/s. Indeed, with translation velocity reaching
1 m/s and considering the same voxel dimensions as shown in this work
R = 31331200 (theoretically calculated value). Then 1 mm3 cube can be
fabricated in around 32 s, outpacing previously considered SLA where total
fabrication time was 267 s. Even if layer recast downtime is not consid-
ered the result is close, as pure printing time with SLA, in that case, is
around 17 s. Such v can be considered completely realistic for specialized
3DLL setups even now. Indeed, it was already shown that some position-
ing systems can support such translation velocities if relatively low-quality
structures are acceptable (for instance, like biodegradable scaffolds for cell
growth [231]). However, relatively slower cm/s level v is still required for
highly complex high-quality structures. Further advances in hardware and
software are needed to achieve better printing quality at v > 1m/s. New
ways to project laser beam might be applied in the future for 3DLL, like
polygon scanners [222] or acousto optical deflectors [172]. They might pose
some limitations like limited flexibility for polygon scanners or temporal
ultrashort pulse distortion in the case of acousto optical deflectors. How-
ever, the possibility to achieve translation velocities well into tens of m/s
while still using high NA is extremely attractive, potentially transforming
3DLL into technology that is both more precise/flexible and faster than the
standard single-photon absorption-based SLA/DLP.

The final question which needs to be addressed is the impact of the
material used for fabrication, It can be considered, that at least some of
the structure material is the limiting factor for the overall possible size
of 3DLL made structures. Indeed, while there are numerous ways to in-
crease throughput, mesoscale structures bring new challenges that are not
as important in micro- and nanoscale. The first is shrinkage. All 3DLL
processable materials shrink after fabrication due to changes in chemical
composition and cross-linking. The variation is huge, going from tens of
% [232] to just a few % [181]. This means a loss in shape precision, possible
internal stress, and cracks. Nevertheless, for some applications, like biol-
ogy, it is not an issue, as even deformed structures can still perform their
designed task. Another consideration is the structure height. As we saw
talking about SLA/DLP the material layer thickness in these technologies
has to be only as thick as the thickness of the layer which needs to be fab-
ricated. However, in all cases of 3DLL usage, all of the material needed to
print has to be present during the manufacturing process. This means, that
for viscous materials a reservoir has to be constructed, while hard gels, like
SZ2080 used in this work, multi-layer pre-bake has to be realized. At the
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same time, one has to take into consideration that high NA objectives have
relatively short working distance. For instance, the 1.4 NA objective used
in this work has a working distance of only ∼360 µm [233]. Thus, higher
structures have to be fabricated segment by segment in the Z direction and
then somehow joined, or liquid resin used, which allows to used so-called
dip-in technique [202] or addons which allows submerging objectives into
pre-polymer [234]. Finally, even if working distance is sufficient aberra-
tions that appear due to sharp focusing to transparent medium might pose
voxel deformations further compromising fabrication. Then, something like
optics with dynamic aberration correction [235, 236] or spatial light shap-
ing [237, 238] might be needed. Thus, in conclusion, while linear stage and
galvo-scanner synchronization bring the possibility to expand 3DLL into
mesoscale, further challenges regarding fabrication at this scale, especially
related to the height of the structures, will need to be addressed.

3.2. Functional 3D Mesoscale Structures

Before going into example structures proving the effectiveness of continuous
writing in mesoscale 3DLL fabrication we first have to discuss the main
considerations separating it from segment-based manufacturing. Stitching
is quite a controversial topic in the field of 3DLL. The problem lies in
a somewhat different view by various groups to what exactly should and
should not be considered stitch. While it mostly refers to seems between
segments fabricated using scanners, it is important to realize that on the
technical level it can be considered to go beyond it. Technically, all serial
production, to some extent, is based on it. In fact, pulsed laser-based
point-by-point manufacturing has multiple levels of stitching. First, single
overlapped pulses of laser join together to form a line. Then, lines are
joined together. Finally, layers are formed one by one. However, while
all of these joining points can be considered "stitches", practically it has
minimal impact. When fs laser is used for 3DLL, distance traveled between
pulses rarely exceed 10% of a laser spot, forming continuous line [168]. Line
and layer overlap depends on the application and has to be in accordance
with the functionality of an object [239].

Thus, what is the difference between all of the discussed cases and stitch-
ing between segments made in a single working field? The answer lies in
the material shrinkage and shadowing of a laser beam by already produced
structure [Fig. 3.9]. While there are materials with minimal shrinkage, it
is rarely smaller than 1-2% [181]. Therefore, when a segment is produced,
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it shrinks in the volume of pre-polymer deviating from the desired shape.
This happens even if the formed segment is attached to the glass substrate.
Such deviations in segments start to accumulate and become visible in the
form of stitches. If continuous scanning is applied, the whole layer shrinks
together. It still results in some sort of deformation and/or internal stress
in the final structure, but in that case, it is distributed more equally in the
structure and is not concentrated at the edges of segments. Furthermore,
when a high enough segment is produced, it has the potential to block
part of focused laser light when another segment is made close by. This ef-
fect is called "shadowing", and was observed when using 3DLL to integrate
structures to channels [240] or producing different parts of an object in
consecutive manner [241]. Additionally, refractive index mismatch between
polymerized and unpolymerized resin starts to play a role in the severity
of the effect. It is in sharp contrast to continuous writing where the refrac-
tive index of the material before and after structuring does not influence
the quality. The process is also more pronounced in objectives with higher
NAs due to the focusing cone being blocked by the surrounding segments.
Overall, it means that additional steps have to be taken either designing
the structure or optimizing the manufacturing algorithm in order to avoid
these effects [30]. While it can sometimes be done in a relatively simple and
generic way, it is still an additional operation that has to be performed in
an otherwise relatively straightforward fabrication process. Finally, stitch-
ing can be realized by making all the segments of a single layer, i.e. avoid
block stitching and shadowing. However, then the inertia of mechanical
axes becomes a limiting factor yet again. In comparison, during synchro-
nized manufacturing, the whole layer is produced in one run with minimal
segmenting and inertia while maintaining maximal possible speed. Thus,
shadowing is completely averted and shrinkage is distributed through the
whole structure.

But are there general guidelines when inter-segment stitching becomes
unacceptable? The answer depends on whether the stitching compromises
the functionality of an object. Indeed, scanners still offer an advantage of
faster and simpler fabrication if mass production of relatively small objects
is required or stitching-associated defects are not an issue. However, in some
cases, stitching can completely compromise the functionality of an object.
This is extremely relevant for optics [32, 33] and for micromechanics [29].
In the latter case, the stitching would create mechanical weaknesses in the
structure. In order to demonstrate that, an example structure of 3D gy-
roid was made. In the stitched structure, clear cracks are visible [Fig. 3.10

70



Figure 3.9: Schematics explaining how shadowing and shrinkage influence
the severity of stitching defects. The simple bulk structure will
be considered, with the pre-fabrication model denoted in black
dashed lines. Using only scanners two segments have to be pro-
duced due to the limited working field (shown as white dotted
lines) (a). After the first segment is produced it is blocking some
of the laser beam needed to properly structure the bottom of the
next segment. This effect is called "shadowing" and is marked as
green dashes on the laser beam. The severity of shadowing de-
pends on n mismatch between polymerized and unpolymerized
resin, the height of the first segment, and particular objective
(as NA = n sinθ). Furthermore, each segment shrinks indepen-
dently from the previous one making their connection harder. In
the continuous writing case (b) layers produced after each other
do not obstruct the light and the shrinkage happens uniformly.
Thus, while sides of the structure might be somewhat distorted
depending on how much the material shrinks, the overall struc-
ture has a lot better quality. Also, if all other parameters are
chosen appropriately structure’s quality is not inherently influ-
enced by such parameters as refractive index mismatch or the
NA of the objective.

(a)], undermining the main idea behind 3D printed gyroid structure - ex-
treme mechanical resilience with minimal weight [242]. This applies to all
other objects tested in this work. Therefore, stitching has a tendency to
severely undermine mesoscale structures. Stitches are nm-µm level defects
that potentially prevent structures from having some highly desirable func-
tionality. On the other hand, continuous writing provides a good quality
structure that does not have any inherent manufacturing-induced defects
[Fig. 3.10 (b)]. Thus, the usage of synchronized positioning for continu-
ous writing is a powerful way to supplement galvo-scanners that can be
used alone if a structure is small or printing speed is more important than
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possible mechanical defects. This is especially true because each system
equipped with both scanners and linear stages can always be used in an
unsynchronized manner, meaning that the user can freely choose between
using just scanners for higher speed or scanners synchronized with linear
stages for a higher quality of mesostructures. The second option should be
used when stitching induced defects would be detrimental for application.

Figure 3.10: A 3D gyroid structure printed with scanners (a) and using
continuous writing via synchronized linear stages and galvo-
scanners (b) at v = 1 cm/s. Objective - 63x 1.4 NA, working
field (125 x 125 µm2) is marked as a white dashed rectangle.
Clear stitching is visible in part (a) with some defects result-
ing in the near breaking of the objects. These appear due to
segment shrinkage and shadowing of already made parts of the
structure. It completely compromises 3D gyroid structure be-
cause it should be extremely mechanically strong. In contrast,
using continuous writing, there are no such defects and the
structure is of superb quality.

We will show several examples of mesoscale structures that could not
perform their functionalities if stitching would be present. The choice of
the structures is motivated by their applicability for two highly promising
fields - micro-optics and micromechanics. We will aim at demonstrating
their functionality (i.e. focusing properties for micro-optics, the movement
for micromechanics) as it is the best proof that continuous writing can be
considered suitable for 3DLL structure fabrication.

3.2.1. Refractive Optics

While integrated micro-optics is one of the main driving forces behind
3DLL, most of the structures presented so far in the literature do not ex-
ceed a few hundred of µm in size [100, 243]. The limiting factors preventing
an increase in size are a combination of necessity to use high layer overlap
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during printing, which is needed to achieve surface roughness sufficient for
optical use, and demand for homogeneity of a structure, as any internal
defects, for instance, stitching, would be unacceptable [33]. With contin-
uous scanning both of these problems are eliminated because high layer
overlap in the lens does not cause a massive increase in printing time as the
translation velocity can be in the range of ∼mm/s, depending on the qual-
ity requirements. Furthermore, stage synchronizations (including in the Z
axis) assure that the structure is homogeneous. SEM analysis showed no
significant defects on the surfaces of these objects [Fig. 3.11 (a)].

Figure 3.11: (a) - SEM images of 0.5 and 1 mm diameter lenses showing
a good surface finish. (b) - intensity distribution in the fo-
cal point of 0.5 mm lens showing the good, theory matching
Gaussian distribution. The surrounding low-intensity ring is a
result of diffraction from the lens sides, as testing HeNe laser
beam diameter was 3 mm.

To truly assess if the fabrication was successful focusing properties of the
lens were measured. Indeed, while the surface and shape of the lens might
seem adequate, internal stresses or some other polymerization related de-
fects might have compromised it’s focusing properties. After measuring
focusing properties, it was noted that the laser beam formed by such lens
in the focal plane is Gaussian-like [Fig. 3.11 (b)]. However, while increasing
the size of the lens, other fabrication unrelated problems occur. All the
polymers used in 3DLL have some degree of inherent shrinkage during fab-
rication. The material used in this study, SZ2080, was specifically designed
with minimal shrinkage [181], yet at these scales, even this material could
not avoid all the associated problems. The 1-2% of shrinkage can be more
or less ignored in lenses that are tens-of-µm in size because deformation
caused by this effect is in the range of tens to hundreds of nm - smaller
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than the voxel used for fabrication. In mm-sized objects, the deformation
might exceed the µm range, which means that it becomes an issue that has
to be addressed.

Due to shrinkage considerations, a further question was how big the lens
can be made before shrinkage compensation becomes mandatory. The same
combination of SEM analysis and focusing measurement was used. It turned
out that at 2 mm diameter lens started to have severe signs of astigmatism
[Fig. 3.12]. What is more, with increased printing time (∼12 hours) repeata-
bility becomes an issue due to possible random vibrations of the system as
it was not tuned to have any special vibration dampening. Such defects
are enlarged by the shrinkage and are more prominent in bigger lenses.
Therefore, for mm-sized lens fabrication specialized setup with advanced
shrinkage compensation is necessary. It was beyond the scope of this study.

Figure 3.12: SEM images of 2 mm lens. While the lens quality seems good
(no defects on the surface), testing of focusing relieved astig-
matism. This is due to the shrinkage of the lens.

One way to minimize shrinkage deformations is by limiting the volume of
the structure. In optics, this can be achieved by applying the Fresnel lens
geometry [Fig. 3.13]. Then the volume of the optical element is minimized
at the same time directing all the force of shrinkage towards the substrate.
Zone height was set at 5 µm to make it close to the height of 1.4. NA voxel.
Then each zone can be produced with a single laser scan. Chosen focal
distance - 100 µm. As expected, the lens focused into relatively small spot
sized ∼µm and the focal distance was measured to be ∼100µm correspond-
ing well to one set in the lens design. In addition to the lowered influence of
shrinkage repeatability of such elements was also improved in comparison
to standard lenses as shrinkage was enlarging defects in standard lenses.
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Figure 3.13: SEM image of 500 µm diameter Fresnel lens. Good surface
quality and focusing properties are observed.

3.2.2. Free-form Mechanical Structures

Polymers used in 3DLL can be considered rigid unless special elastomer-
based materials are used [244, 245]. However, downsizing 3D features and
applying special geometries can yield deformable 3D printed structures.
This was exploited in micromechanics [14, 196] and metamaterials [13, 246].
Yet objects of this kind demonstrated by other groups are in the size range of
∼100 µm as it fits into a single working field of a standard high NA objective.
The goal of this investigation is to determine what are the peculiarities of
producing 3D meso-mechanical structures.

We began our investigation by fabricating an mm-sized 3D spring.
Springs are used in a huge variety of different fields and the possibility
to print them on demand at any size is an interesting prospect for the tech-
nology as it expands possible applications to mm-sized actuators with the
necessity for a component to return to its original position. We chose 1.5
mm diameter, 0.7 mm height, and single helix two-turn design with the
helix itself being 0.5 mm tall, 80 µm thick in the Z direction, and 120 µm
in the horizontal plane. With such parameters, 20x 0.45 NA objective was
used as the resolution requirements were not high. Continuous writing was
also employed to avoid any weak points in the supporting disk or the helix.
The print was successful, with spring showing good quality [Fig. 3.14 (a)].
At the same time, the distinction of each printed layer was visible. We call
it "layering". It appears due to the relatively big slicing step (in this case
9 µm, which is close to 50% of L) allowing to maintain maximal possible R.
A deformation experiment with the spring was performed to test if layering
has any adverse impact on the structural integrity of the element [Fig. 3.14
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(b) and (c)]. Deformation of up to 100 µm (20% of the overall height of
the helix) was shown to have no negative impact on the mechanical quality
of the structure. Furthermore, deformation was repeated 10000 consecutive
times. Even after such a huge amount of compressions spring showed no
signs of damage. Therefore, we showed that layering does not have an in-
herently destructive effect on the 3DLL made springs and such objects can
sustain enough deformation cycles to consider them useful for real world
applications. Interestingly, the demonstrated spring is a good example of
layering having minimal impact on the performance of the object. It has
clear layering (i.e. "stitching" in the Z direction) but it has no negative
impact on the mechanical functionality showing the possible flexibility of
3DLL making a compromise between structuring time and some of the qual-
ities of the structure. In contrast, such layering would not be acceptable in
microoptics [20, 168].

Figure 3.14: (a) - an SEM image of a 1.5 mm diameter spring with a working
field of NA = 0.45 objective shown. Layering in the spring is
visible. 100 µm compression (from 700 µm in (b) to 600 µm in
(c)) can be carried out 10000 times without any adverse effect
to the structure, showing that layering is not a severe problem
in such structures.

Deformation of 3DLL structures is a widely exploited phenomena for
micromechanical applications [13, 14, 196, 246]. However, the next step is
the introduction of special intertwined 3D geometries allowing movement
of different parts of the object after it is printed [247, 248]. 3DLL is a
superb manufacturing method of such structures as these could be of any
required shape, produced at specific sample positions, and have precision
down to tens of nm [189]. It was used to produce various rotors [247] or
assembly-ready components [248]. Nevertheless, most of these structures
are still less than a hundred of µm in overall size. Here we present hinge-
based micromechanical structures with overall size up to millimeters, while
relying on micro-sized features for movement and keeping the whole object
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together. The motivation to produce these structures comes from the needs
of the field of micro-robotics as well as biomimetics.

First, a spider structure was printed. It had 8 legs attached to the glass
substrate (the body was free hanging), each consisting of 3 segments, joined
together by micro-hinges. Because SZ2080 is a hard gel, different parts that
are not joined together or to the glass substrate can be printed without addi-
tional supports. This is somewhat similar to SLS/SLM where unused metal
powder acts as the support for features that are being printed. Therefore,
the whole manufacturing process is extremely straightforward. No special
attachment optimization or supports are needed creating a sharp contrast
to cases where liquid resin is used. As structures had to be freely movable
after printing, 1.4 NA objective was chosen because it provides the voxel
with the lowest and best defined L. Nevertheless, P of 80% of fabrication
window was chosen to exploit the highest R achievable with 1.4 NA. The
distance between separated parts of the hinge was put apart by 5 µm in the
model to ensure easy development and to increase the range of movement.
The SEM of the acquired structure is shown in [Fig. 3.15 (a) and (b)]. As
the working field of the NA = 1.4 objective is a 125 µm square even a single
leg segment would not fit into it [Fig. 3.15 (a)], meaning that scanner-only
printing could potentially yield stitching in critical parts of the object. Dur-
ing post-development manipulation, a probe was used to push the spider’s
body and proved that it is movable [Fig. 3.15 (c)]. Due to the chosen hinge
geometry and the angle between legs, only limited (tens of µm) movement
was possible, making it barely visible with optical imaging. Spider broke
during more aggressive manipulation.

Next, a structure with more moving parts was modeled - a 2 mm long
squid with 8 tentacles, attached to the substrate at the body [Fig. 3.16 (a)
and (b)]. The same 1.4 NA objective was applied with gaps in hinges in
the Z direction being no smaller than 5 µm. For more convenient printing,
tentacles were modeled to be straight. The tentacles were held together by
10 µm pins, allowing free and highly articulated movement. Additionally,
gecko-inspired suction cup-like structures were modeled on the legs. It
shows that different types of potentially functional geometries at different
size scales can be produced on the same object during the same fabrication
step. After development, the squid was left in the developer, and the probe
was used to create meniscus which in turn moved the structure [Fig. 3.16
(d)]. Tentacles proved to be highly articulated and strong enough to survive
the manipulation without breaking. Finally, the same model was stretched
by the factor of 4.5, making the overall printed length 10 mm [Fig. 3.16
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Figure 3.15: (a) - an overall view of the movable spider with flexible joint
enlarged in (b). (c) shows the slight movement of the spider
after it is pushed with a metal probe. Movement distance is
in tens of µm, best visible at the slight difference at the bend
of the top left leg. The working field of a NA = 1.4 objective
(side length - 125 µm) is also provided, showing that even a
single leg fragment would not fit into it if only scanners would
be applied.

(c)]. In order to compensate for the sharp increase in the volume of the
structure, the objective was changed to 20x 0.45. Due to uniform scaling,
the gap in the model in the Z direction grew from 5 µm to 22.5 µm. L

at the parameters used was 15 µm which was sufficient to avoid different
segments of the tentacles being attached to each other during structuring.
Working fields of the NA = 1.4 and NA = 0.45 were plotted on SEM images
of both squids [Fig. 3.16 (b) and (c)]. In both cases, even a single segment
of tentacle would not fit into it. Thus, we can conclude that continuous
writing strategy achieved via synchronizing galvo-scanners and linear stages
is mandatory for defect-free 3DP of mesoscale mechanical structures.

There were numerous attempts to apply 3DLL for microrobotics [249,
250]. Straightforward manufacturing of intertwined structures puts an inter-
esting prospect in the field as these hard objects can act as a "bone" structure
for a complex microrobot that could then be propelled by some other means.
Therefore, due to the 4D structuring capability of 3DLL [16, 196], elastic
materials could be printed on such hard parts, creating a bio-mimicking
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Figure 3.16: (a) - an overall view of the movable 2 mm long squid with
flexible tentacles with gecko-like suction cups held together by
10 µm pins (b). Inset in part (a) shows the 3D model used
for fabrication. (c) - 10 mm squid printed using the same
model but stretched via the software 4.5 times. Inset shows an
enhanced view of tentacles proving very good manufacturing
quality. (d) shows floating of squid tentacles after they are
moved by meniscus formed in a thin layer of liquid. Working
fields of NA = 1.4 and NA = 0.45 objectives (side length - 125
µm and 350 µm respectively) are also shown in part (b) and
(d) as white rectangles. It is evident that a single segment of
tentacle barely fits in them for both small and big squid.

system. Having in mind fast developments in the field of photostructurable
artificial muscles [251, 252, 253], it points to a very powerful future ap-
plication of the technology. As shown in this work, sub-cm stitches 3D
meso-printing with the on-demand resolution is easy to realize in the cur-
rent state of the art 3DLL systems.

3.3. Conclusions

1. Usage of linear stages with synchronized galvo-scanners that rapidly
correct positioning error of the linear stages allows employing 1.4
NA objectives to fabricate stitch-free mesoscale structures with sin-
gle feature size down to several hundred nm and structuring rate of
∼1800 µm3/s (∼32000 voxels/s).

2. Single-pulse overlap can reach up to 10% of laser spot size and more
if cm/s level v is used with a sub-MHz fs laser, potentially limiting a
further increase in throughput if amplified laser systems are used.

3. By reducing NA to 0.45 it is possible to expand R up to ∼31300 µm3/s
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which is more than two orders of magnitude higher than what can be
achieved with NA = 1.4 objectives.

4. The synchronization method allows mitigating the stitching defects
that are typically based on writing field alignment error and ex-
posed polymer shrinking effects enabling fabrication of highly-complex
micro-optical and micro-mechanical 3D mesoscale structures.
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4. 3D Laser Lithography of

Non-Photosensitized SZ2080

In the previous section of the work, it was shown that 3DLL is a powerful
tool to produce functional 3D mesoscale structures, including micro-optics.
Indeed, it is an extremely active field at the moment [212, 19, 100, 243].
However, one of the key questions concerning the widespread of these ele-
ments is their LIDT. Before we could measure it, one additional topic had
to be investigated - 3DLL of non-photosensitized material. Indeed, it was
shown that in thin-film case such material should be substantially more re-
silient to laser light [214, 38] and that it is processable with 3DLL [179]. On
the other hand, precise quantification on how well it can be structured in
comparison to standard material is lacking. Thus, this section of the work
is dedicated to answering these questions.

The results presented in this section were published in I and II and articles
from approbation.

4.1. Fabrication Window and Resolution

In 3DLL, a well-chosen PI can improve fabrication throughput and struc-
ture qualities for a material used [254, 255, 256, 257]. The set of parameters
needed for structuring material is generally referred to as the fabrication

window. In essence, when all other experimental parameters are fixed, it
is an empirically determined intensity range ∆I between irreversible poly-
merization threshold It and Id at which material is optically damaged due
to overexposure: ∆I = Id - It. In simplified terms, this can be considered
to be a range of I at which structures survive the whole fabrication process,
including development. We chose I (calculated using expression (eq. 1.3))
as the main parameter to quantify the fabrication window instead of trans-
lation velocity/writing speed v because changes caused by the former are
substantially less noticeable during experimentation than the deviations in
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structuring properties induced by even modest variations in the I. Conven-
tional thinking would let us believe that foregoing photosensitization would
lead to the absence of absorption completely preventing photopolymeriza-
tion or hindering it to the point of inefficient crosslinking and narrow ∆I.
To determine if that is the case, we designed an experiment in which an
array of identical structures was fabricated by varying the v and P as these
are the two parameters that are the most practical to change during fab-
rication. The structure chosen for this experiment was a hollow cube with
the integrated suspended single lines. With such configuration, it is possi-
ble to determine several important factors. First, such an array provides
information about the size of ∆I by showing which structures are present
after the whole fabrication procedure dependent on the set of parameters
used. The cube shows if it is possible to produce true 3D structures. Single
lines give the possibility to measure fabricated D and L. For this reason, it
is called a resolution array. The outlined result showing ∆I achieved with
such experiment is shown in Fig. 4.1.

Figure 4.1: (a) SEM images of resolution arrays of photosensitized (left)
and non-photosensitized (right) SZ2080. Structures with severe
structural damage (red), poor (yellow), and good (green) quality
are outlined. The object is considered to have good structural
quality if internal single lines are observable and the shape of the
cube is not distorted and/or cracked. Average laser powers of
the bottom and the top of the ∆I are recalculated to the peak
intensity Ip (shown at the top). (b) One of the good quality
structures in the array is shown in greater detail; L and D marks
longitudinal and transverse sizes of the lines. (c) The example
of the poor quality structure and (d) the failed one.

Here we discuss the 3DLL of pure materials in detail. The hypothesis
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used to explain this interaction is as follows: first, fs laser photopolymeriza-
tion of an SZ2080 with IRG PI is considered. Light breaks the weak single
bonds of the PI molecule, which then creates two radicals PI* [Fig. 4.2
(a) (1)-(2)] [133]. These radicals then react with pre-polymer molecules
via double bonds creating the radicalized monomer SZ* [Fig. 4.2 (a) (3)-
(4)]. This initiates a chain reaction and growth of an intertwined polymer
matrix, which does not dissolve in the organic solvent. In the case of an
SZ2080 without PI, such a reaction is induced when nonlinear absorption
occurs. The double bond is broken in the pre-polymer [Fig. 4.2 (b) (1)-(2)],
which otherwise would be broken by reaction with PI molecule. Large ex-
citations can build up in the intermediary states because the laser-induced
multiphoton excitation rate of pre-polymer species is high in comparison to
the thermalization rate, which can be as long as µs [258]. Photochemical
(photolytic) processes are dominant compared to photothermal phenomena
due to the absence of detectable thermal effects, such as sample vaporiza-
tion, boiling, or thermal expansion, which is ensured by the closure of the
reaction volume by the surrounding material. High irradiance exposure is
sufficient to directly break chemical bonds of pre-polymerized SZ2080 or-
ganic constituents, which initialize the formation of an insoluble and rigid
organic-inorganic composite.

Figure 4.2: (a) Polymerization reactions initiated by nonlinear absorption
of PI molecule and subsequent chemical pathways resulting in
a cross linked SZ2080. (b) SZ2080 cross linking without PI. hf

is the photon energy.

Data provided in Fig. 4.1 shows several important features of pure SZ2080
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in comparison to Data provided in Fig. 4.1 shows several important features
of pure SZ2080 in comparison to that containing PI. It required to polymer-
ize pure material is higher by ∆It = I(t pure) - I(t IRG) = 0.34 TW/cm2. The
width of ∆IIRG is only 1.03 - 0.87 = 0.16 (TW/cm2) (15.5%) wider than
∆Ipure. By counting sectors in which structures are of adequate quality,
we conclude that pure material provides only a 12.5% lesser survival rate
compared to that of the photosensitized polymer. Also, the PI containing
polymer provides structures that maintain initial structural features even
if parts of the object are greatly affected by the defects caused by the over
exposition, while in the case of objects formed from the pure material com-
pletely collapse if non-optimal parameters are used [Fig. 4.3 (a)]. This hints
that without PI the crosslinking process is not as efficient and provides the
final polymer matrix that is considerably mechanically weaker and more
brittle. This result coincides well with other works showing that the degree
of crosslinking during 3DLL is essential for mechanical and optical proper-
ties of finished structures [13, 178, 199]. However, despite this, if fabrication
parameters are within the ∆I, even advanced micro-optical elements, like
suspended microlenses on a tip of the optical fiber, can be fabricated out of
pure material [Fig. 4.3 (b)].

Figure 4.3: (a) Reduction of structural quality in case of photosensitized
and pure SZ2080. IRG containing cubes degrade slower and
in a more progressive fashion. On the contrary, the structures
out of non-photosensitized material break completely as soon
as parameters for fabrication are not in the ∆I. All scales are
5 µm. (b) Monolithic 3D element on a tip of the optical fiber
fabricated out of non-photosensitized SZ2080.

The fact that material can be structured without PI with a ∆I compa-
rable to that of photosensitized material is a promising discovery for other
scientific fields as well. Earlier studies dedicated to pure material structur-
ing by fs-laser pulses [179, 259] have proved to be complicated and slow. As
such pure material can be processed at a relatively high speed (∼mm/s),
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it would become suitable for biomedical applications, where structure di-
mensions are in the range of mm-cm [15]. Pure material would guarantee
superb biocompatibility, which is a key requirement for tissue engineering,
especially taking into account biodegradable implants.

Dimensions of the lines inside cubes were measured. Case of v = 250 µm/s
was chosen as it is in the middle of the tested range in both photosensi-
tized and non-photosensitized materials. It revealed that both D and L

are smaller in pure SZ2080 than in photosensitized polymer [Fig. 4.4 (a)].
This correlates well with earlier findings [133]. It also reveals that D ac-
quired while using photosensitized material exceeds the calculated spot size.
On the other hand, D of lines produced out of pure SZ2080 are all about
the same size as the focus spot. This can be explained by the fact that
photochemical chain reactions, in the case of photosensitized material, can
expand more easily out of the volume in which nonlinear absorption took
place. This is the result of the easier radical generation when PI is present.
In the case of pure resist, such a process is less prominent. Also, the aspect
ratios of formed voxels are very similar [Fig. 4.4 (b)], thus, showing that
non-photosensitized material does not provide any benefit in the control
of the aspect ratio of a voxel. This leads to a conclusion that the order
and nature of nonlinearity (MPA vs avalanche ionization) do not influence
the aspect ratio. It is experimental proof that equations 1.15 and 1.16 are
incomplete and does not represent voxel scaling well. To better illustrate
this, we provide data for the line aspect ratio for 500 µm/s writing speed
in Fig. 4.4 (b) as well.

4.2. Structure Quality with Various Focus-

ing Conditions

Considering the application of SZ2080 for micro-optics another important
parameter is the surface roughness of the final structures. There are sev-
eral ways to quantify this property using data from precision measurement
tools such as the AFM or very high magnification (>50k times) SEM. The
most common way to evaluate measured surface elevations is the standard
root mean square (RMS) which was chosen for this study. It is common
knowledge that if the surface roughness of material is higher than λ/8, it
is considered that surface quality is insufficient for use in optics. On the
other hand, if the roughness is smaller than λ/20, such material is consid-
ered to be suitable for optical applications. We are assuming micro-optical
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Figure 4.4: (a) Feature width D and height L measured in the resolution
array at writing speed of 250 µm/s. (b) The aspect ratio of lines
produced for cases of 250 µm/s and 500 µm/s speeds. Results
show that achieving smaller features is easier with less photoac-
tive pure SZ2080. On the other hand, the voxel aspect ratio
does not depend on the material composition showing that the
nature of the nonlinear process does not influence this parame-
ter.

elements to be designed for use in the visible part of the spectrum, thus, the
lowest operational λ was chosen as 400 nm. AFM was employed to measure
the surface profile of both pure and photosensitized SZ2080 samples. The
geometry was of a flat square slab with a side length of 100 µm [Fig. 4.5
(a)]. Several different values of transverse voxel overlap (dx) were used to
establish at which condition it was sufficient to achieve optical grade quality
of the finished structure. It is important to note that our goal was to deter-
mine if optical grade surface quality can be achieved at all with parameters
similar to those applied in microlens fabrication and, if so, is it easier to
obtain it with photosensitized or pure polymer. For a control/comparison,
we used slab produced with one photon polymerization via homogeneous
radiation of IV harmonic of Nd:YAG laser (λ = 266 nm) - similar to the
one used in previous LIDT experiments by our group [38, 214]. After UV
exposure samples were also submerged to the developer, following the same
protocol as a laser produced samples. It ensured that any difference in the
surface profile is a result of the polymerization method and not the sample
preparation.

Both polymers had surface acceptable for optical applications. The IRG
containing material allows to achieve surface roughness of RMS < 20 nm
with smaller voxel overlap (dx = 300 nm, RMS = 17.1 nm), while in case
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Figure 4.5: (a) SEM micrograph of the measured square polymerized struc-
tures. (b) RMS calculated for surfaces fabricated with different
dx for SZ2080 containing PI and in without it. (c) AFM images
of surfaces of the pure and photosensitized polymer obtained
with the highest voxel overlap (dx = 50 nm) as well as one
which was produced via homogeneous UV exposure.

of pure polymer required dx is 100 nm (RMS = 13.5 nm) [Fig. 4.5 (b)].
The fs laser structured pure SZ2080 is rougher when fabrication parameters
are comparable. Even at dx = 50 nm, when surface details of photosensi-
tized SZ2080 become smooth, a non-photosensitized resist still exhibits clear
nanofringes [Fig. 4.5 (c)]. This could be explained by the fact that with the
non-photosensitized SZ2080 the polymerization mechanism is more chaotic
due to different and random process initiation pathways (TPA dominated
process vs avalanche dominated process), compared to photosensitized sam-
ple [179]. It would also explain why such microstructures lose mechanical
integrity a lot quicker when applied parameters are out of ∆I. It should be
noted that difference in roughness is induced by employing 3DLL as con-
trol samples of both IRG containing and pure SZ20820 polymerized by UV
radiation showed the same flatness with RMS being less than 1 nm.

As mentioned previously, changing NA allows a fast and simple way to
tune the voxel shape in accordance with the quality/throughput require-
ments of the structure. When using the NA = 1.4 objective, the mechanical
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quality transition from adequate to destroyed structure is extremely rapid.
Thus, the question was if pure material can still be structured with a lower
NA objective. In order to answer this question, 3D scaffold manufacturing
using two objectives was carried out. Such scaffolds should be relevant for
medical applications where bigger features are needed for the robustness of
the object while small pores accommodate the cells. Objective usage order:
at first the outer part was manufactured using NA = 0.45 objective, after
that the inner part was formed with NA = 1.4 objective. The whole struc-
ture was fabricated out of SZ2080. In [Fig. 4.6] we see that scaffolds are
of high quality with no tearing or other artifacts that could occur during
manufacturing processes.

Figure 4.6: 3D scaffold, fabricated using two objectives. (a) Top view; (b)
- side view. The outer structure (light brown) was formed first
using NA = 0.45 objective. Inner scaffold (yellow) was manu-
factured afterward using NA = 1.4 objective.

After the manufacturing of the 3D scaffold, we focused on microfluidic
element fabrication. Contemporary microfluidic systems are becoming in-
creasingly complex, with 2D structures slowly becoming obsolete. Thus,
there is a drive towards true multi-layer 3D microfluidics. 3DLL is a great
candidate to produce structures for such applications. Two types of this
kind of structures were produced - vertical and horizontal tubes with in-
tegrated filters. Systems like that could be used to filter various particles
acting as passive microfluidic sorters [17]. The vertical tube is shown in [Fig.
4.7]. The filter was manufactured first, using NA = 1.4 objective, the tube
was formed using NA = 0.45 objective afterward. The second microfluidic
structure was a horizontal canal on the platform with an integrated filter.
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During the manufacturing process, the filter was also fabricated prior to the
canal. Objectives used in fabrication: for the filter NA = 1.4, for the canal
NA = 0.45. The structure can be seen in [Fig. 4.8]. The suspended channel
shows superb robustness while the pore size in the filters is 1 µm which is
small enough to filter blood cells and even large biomolecules.

Figure 4.7: Vertical microfluidic tube with integrated filter fabricated using
two objectives. (a) - side view; (b) - top view. The filter was
formed first using NA = 1.4 objective. The tube was manufac-
tured after that using NA = 0.45 objective. Filter period - 4
µm, thread width - 0.4 µm.

The required fabrication time for horizontal 3D canal using NA = 0.45
objective was ∼10 minutes. If NA = 1.4 is used, this time would increase
to more than an hour. On the other hand, if only NA = 0.45 objective is
used, it would be impossible to form a high spatial resolution filter. This
shows that two objective usage is a powerful tool that during fabrication
of certain structures allows to highly reduce manufacturing time without
sacrificing the quality of the fine details of the structure.

The results presented in this chapter give some important insights into
PI-free structuring using 3DLL. If hybrid photopolymer SZ2080 is used
fabrication window is comparable to the same photopolymer with IRG. At
the same, due to lower photosensitivity and fewer radicals, achieving smaller
features is a lot easier using pure material. It is an important discovery that
is relevant for such fields as photonics as it relies on high-resolution 3DLL.
Structures made out of pure SZ2080 were also shown to be strong enough
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Figure 4.8: A Horizontal microfluidic canal with an integrated filter fabri-
cated using two objectives. (a) - side view; (b) - enlarged filter
view. Filter was fabricated before the canal using the NA = 1.4
objective. The canal was formed using NA = 0.45 objective. Fil-
ter period in horizontal direction - 1 µm, thread width - 0.4 µm.
Period in vertical direction: - 0.6 µm, thread height - 1 µm.

to be made big enough for applications in such fields as biomedicine or
microfluidics. Additionally, the efficiency of printing at these scales can be
improved by using softer focusing NA = 0.45 objectives as the reduction in
NA has no adverse impact on the mechanical quality of the structure. On
the other hand, if printing parameters are not well-chosen structures have a
tendency to break down a lot easier than photosensitized counterparts. The
reason for this was potentially revealed by AFM measurement. It turns out
that after 3DLL structuring PI-free polymer consists of nanoclusters which
potentially reduce the homogeneity of the material in comparison to what
is achieved with photosensitized SZ2080. This also results in higher surface
roughness without PI (RMSpure = 5.5 nm vs RMSIRG = 2.4 nm) yet both
values are optically acceptable sub-λ/20 for all visible part of the spectrum.
Overall, PI-free 3DLL can be viewed as advantageous in some situations like
printing micro-optics with minimal absorption or bioscaffolds with minimal
cytotoxicity. On the other hand, PI still yields on average higher R and
potentially more mechanically robust structures. Thus, the choice of using
or not using PI lies completely on what is more important - special qualities
of final structure or higher R and ease of printing.
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4.3. Conclusions

1. When processed with 515 nm, 300 fs and 200 kHz radiation SZ2080
without PI has a ∆IIRG - ∆Ipure = 0.16 TW/cm2 (15.5%) narrower
fabrication window in comparison to photosensitized SZ2080 as the PI
generates additional radicals at lower exposure doses.

2. Flat structures with and without PI fabricated with dx = 50 nm (10%
voxel overlay) have a sufficient surface roughness (below 10 nm RMS)
and are suitable for micro-optical applications.

3. Usage of lower NA (down to 0.45) objectives has no adverse impact on
PI-free structuring as long as appropriate fabrication parameters are
used.
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5. Optical Resiliency of Laser

Made Structures

With questions about 3D, PI-free structuring answered LIDT investigation
could commence. The main question here was how intense (GW/cm2) fs
radiation is damaging various 3DLL made structures. It is important to
note that the materials themselves were tested before [214, 38], but in the
form of thin films. Refocusing, heat dissipation, and other effects potentially
occurring when 3DLL made structures are exposed to laser radiation is not
present during standard LIDT testing. Therefore, here we decided to test
3DLL made structures in form of microlenses, bulks, and woodpiles. Both
qualitative and quantitative investigations were performed.

The results presented in this section were published in II and V papers
from approbation.

5.1. Qualitative Investigation of Microlens

Optical Resilience

The overall goal of these measurements was to determine how microlenses
would operate under different irradiation conditions such as varied wave-
length, exposure time, or pulse repetition rate. It is known that pure SZ2080
should have a higher optical damage threshold when tested as thin films
characterized by standard LIDT [214, 38]. However, it is still unclear how
this translates into the operation of standard microlenses both qualitatively
and quantitatively.

First, the experiment was carried out with CW λ = 405 nm laser oper-
ating at P∼17 mW. Such laser was chosen as it should operate very close
to the one-photon absorption regime of SZ2080. Laser beam was focused
to a w0∼250 µm spot onto 50 µm diameter microlenses, resulting in aver-
age intensity IA = P/πw2 ∼ 8.66 W/cm2. Intense laser radiation might
induce changes both in the volume and on the surface of the micro-optical
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element. For this reason, focusing properties before and after exposure to a
potentially damaging light irradiation were examined using a CCD camera
to determine whether microlenses were affected. Microlenses were left in
405 nm light for 30 hours, thus making it similar to extremely elongated
S-to-1 testing. The light source used to measure focusing properties of mi-
crolenses in this experiment was CW HeNe laser operating at λ = 633 nm
and P = 3 mW. As shown in Fig. 5.1, with CW UV laser operating at
405 nm wavelength and exposing lenses for 30 hours, no significant effects
on the microlens focusing were observed. Slight changes in the shape of
the focal point can be attributed to refocusing of focusing setup before and
after lenses were exposed to UV laser and are insignificant enough to be
discarded as measurement irregularities. Thus, low power UV CW laser
radiation was shown to be relatively harmless to SZ2080 microlenses with
and without PI.

Figure 5.1: Images of microlens’ focal plane before and after 30 h of exposure
to 405 nm CW laser (P = 17 mW). No significant change in the
image at the focal point can be discerned. Slight changes in the
shape of the focal point can be attributed to refocusing of the
focusing setup before and after lenses were exposed to UV laser.

Next, microlenses were left for 20 hours exposed to the pulsed laser beam
operating at 300 fs, 200 kHz, and 515 nm wavelength. The microfabrication
setup was applied for this experiment because it offered the possibility of
both controlling the fs laser beam irradiation parameters and simultane-
ously monitor the focusing of the microlenses via built-in microscope. 40x
NA = 0.95 objective was employed for imaging microlenses as well as to
provide focusing for 515 nm radiation. The LED was imaged through the
lenses as an illumination source. The objective was off-set 85 µm from be-
ing directly focused to the micro-optical elements, thus, allowing the laser
beam to expand and to form a laser beam spot of ∼ 250 µm radius and
Ip = 0.85 GW/cm2. Furthermore, it was deliberately offset in the transverse
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direction by 55 µm from the center of microlenses in order to see if damage to
microlenses is dependent on the I of the laser beam. Such prolonged expo-
sure to fs laser pulses resulted in damaged microlenses that showed changes
in focusing properties and overall integrity of the structure [Fig. 5.2]. This
investigation of microlens focusing shows that a micro-optical element made
out of pure SZ2080 was showing a less distorted image of LED and, thus,
can be considered less damaged.

Figure 5.2: SEM images of microlenses before and after 20 h exposi-
tion to a loose focusing of 515 nm 300 fs laser radiation
(Ip = 0.85 GW/cm2) and image of a LED made by the lens.
Degradation of lateral light distribution in the focal plane can
be seen both in the structural quality of the lenses and degraded
projected image. The PI containing microlenses were more de-
graded as the LED image in the focal plane is more distorted.

To determine whether micro-optical elements of pure SZ2080 are indeed
more resilient to intense laser radiation, the following time-dependent ex-
periment was carried out. We used 100x NA = 0.9 objective to in situ

monitor changes in the focal plane of the microlenses. As the objective was
placed 50 µm from the microlenses, ∼100 µm radius laser beam spot was
formed, with Ip = 1.91 GW/cm2. Such exposure resulted in fast degra-
dation of the image [Fig. 5.3 (a)]. Two steps were discernible: when lens
degradation becomes observable and when the LED image is completely
obscured. In the case of lenses containing standard 1 wt% IRG, deteri-
oration started after 20 s of irradiation and were destroyed 30 s. In the
case of pure SZ2080 microlenses, the time till the beginning of deterioration
was 60 s and 100 s to fully obscured LED image. As exposure dose E is
proportional to the time of irradiation, microlens made out of pure SZ2080
can withstand a ∼3 times largerE. Furthermore, the damage to the mi-
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Figure 5.3: (a) Real-time monitoring of a lateral intensity distribution of
LED through microlenses produced using photosensitized and
pure SZ2080 during irradiation with 515 nm 300 fs pulses at
200 kHz with Ip = 1.91 GW/cm2 (spot radius of 100 µm). Faster
deterioration of SZ2080 containing 1 wt% IRG as compared with
pure SZ2080 is evident, as an image at the focus starts to de-
grade after 60 and 20 s (marked by red dashed squares), respec-
tively. (b) and (c) SEM micrographs of the tested lenses before
and after exposure. The photosensitized element is destroyed,
while the one produced out of pure SZ2080 exhibits relatively
low damage. (d) Start of the microlens degradation for different
concentrations of PI in SZ2080, as well as the time needed to
damage SU8 and OrmoClear. All scale bars are 10 µm.

crolenses differed. Entire microlens was structurally damaged in the case
of SZ2080 with 1 wt% IRG [Fig. 5.3 (b)] resembling a thermomechanical
failure, while pure SZ2080 lenses were damaged only in the central region
by a homogeneous melting [Fig. 5.3 (c)]. Experiments were repeated several
times and showed that the result deviated no more than 7 s from one experi-
ment to another, which is in the range of tens-of-percent from the measured
values. For better comparison, more tests were performed varying IRG con-
centrations (0.5 wt% and 2 wt%) and standard lithographic material SU8
[Fig. 5.3 (d)]. Results proved that increase in PI concentration leads to the
lesser time needed before fs laser light damages the microlens, namely 9
s with 2 wt% IRG. Non-hybrid SU8 started to deteriorate just ∼3 s after
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the shutter was opened with no noticeable deviations in time between the
experiments. This shows that even with relatively high (2 wt%) IRG con-
centrations SZ2080 can withstand intense laser radiation at least 3 times
better than SU8. Removal of PI increases this superiority to more than one
order (∼20 times), which agrees well with earlier findings in thin films [214].
Thus, in the case of intense continuous exposure, hybrid material without
PI is the best for microlens fabrication in terms of optical resiliency.

Presented analysis show degradation of microlenses during exposure.
However, the question remained if this is tied more to the Ip or accumu-
lated dose. Thus, the next set of lenses was continuously exposed for 15 min
Ip = 1.27 GW/cm2 radiation while the other set was irradiated for a com-
bined 15 min exposure delivered in 10 s light bursts followed by 10 s pauses
(30 min total). This resulted in microlenses being severely damaged for both
pure and photosensitized SZ2080 when exposed in a continuous manner
[Fig. 5.4 (a)]. However, the multi-burst exposure of non-photosensitized mi-
crolenses showed no noticeable distortions, while the photosensitized lenses
were degraded [Fig. 5.4 (b)]. To further explore this effect lenses were ex-
posed to 5 min of continuous 1.91 GW/cm2 radiation with pulse repetition
rates of 10, 100, and 200 kHz [Fig. 5.4 (b)]. With 10 kHz illumination, both
pure and photosensitized SZ2080 samples showed no noticeable changes in
lateral light distribution at the focal plane, while both types of microlenses
were completely destroyed by 200 kHz radiation. For this reason, repe-
tition rates below or over these values were not tested. The response to
100 kHz varied between non-photosensitized and IRG containing SZ2080
microlenses. The effect on the pure SZ2080 microlens was minimal while
the IRG containing one displayed appreciable distortions. All these results
clearly demonstrate that the most probable cause of damage is the heat
accumulated in the volume of the lens and not the Ip. Better mitigation of
heat load could solve thermal degradation of micro-optical elements.

5.2. Quantitative Investigation of LIDT for

Laser Made 3D Structures

The results shown so far are more-less qualitative because they do not pro-
vide the exact value of LIDT of produced structures. However, this is
extremely important if 3DLL made objects were to be used in fields where
I > GW/cm2. These include but are not limited to communications or fiber
laser. Thus, a more quantitative investigation is needed.
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Figure 5.4: Focusing performance of microlenses after exposure to Ip =
1.27 GW/cm2 515 nm 300 fs radiation in continuous (a) and
multi-burst mode: 10 s exposure followed by a 10 s pause (b).
(c) Lateral distribution at the focus of microlenses exposed to 5
min of continuous radiation at Ip = 1.91 GW/cm2 achieved with
repetition rates of 10, 100, and 200 kHz. 10 kHz case also serves
as before image as there were no changes in focusing properties
after such experiment.

We began by fabricating a 10x10 array of identical bulk structures with
a size of 100 µm x 100 µm x 30 µm. They were spaced apart by 150 µm.
An SEM image of a manufactured array of SZ2080 is shown in Fig. 5.5. All
structures are identical. This is an important prerequisite - while testing
somewhat minimized random errors via statistical nature, high repeatability
of made structures also helped in that regard.

To reflect different types of materials used in 3DLL, various popu-
lar photopolymers were investigated. Thus, it should be sufficient to
show general tendencies in terms of 3DLL processable material LIDT.
Namely, the materials were a resin used in typical stereolithographic
processes (PR48 from Autodesk), the popular epoxy-based resin SU8,
and two hybrid organic-inorganic resins (OrmoClear and SZ2080) [181].
SZ2080 was used with either of the two following photoinitiators, 4,4’-
bis(dimethylamino)benzophenone (BIS) or IRG. Furthermore, SZ2080 was
used as is without a photoinitiator. In the following, these photoinitiators
will be referred to by using abbreviations BIS and IRG, respectively. Exper-
imental results of LIDT tests are shown in Fig. 5.6. The highly photoactive
PR48 has the lowest LIDT value of Ft = 4 ± 3 mJ/cm2. The second-lowest
LIDT value belongs to SZ2080 with 1% wt BIS: Ft = 17 ± 9 mJ/cm2. This
result can partly be explained by the relatively long wavelength absorption
of BIS that reaches into the visible part of the spectrum (∼520 nm [260]).
The LIDT value for SU8 is Ft = 36 ± 6 mJ/cm2 (absorption peak
- 360 nm). SZ2080 with 1% wt. IRG and OrmoClear followed with
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Figure 5.5: 10x10 3DLL produced bulk structure array before it was sub-
jected to LIDT measurement.

Ft = 42 ± 15 mJ/cm2 and Ft = 51 ± 15 mJ/cm2, respectively. This can be
expected as both of these materials are glassy hybrids with absorption in the
UV (∼390 nm [214, 260] and ∼375 nm [261] respectively). Finally, SZ2080
with no photoinitiator outperformed all other materials with a LIDT value
of Ft = 169 ± 15 mJ/cm2. The absorption spectrum of non-photosensitized
SZ2080 starts as low as 340 nm [214, 260]). In all of these cases, absorption
was measured in materials as if they were prepared for fabrication. With
Ft plotted as a function of absorption, we can see a clear correlation. This
can be tied with a lower order of nonlinearity for tested 1030 nm radia-
tion as absorption peak moves to longer wavelengths. Furthermore, for all
tested materials the tendency of hybrids to be more resilient than organic
polymers at the same optical absorption values is also visible.

Besides absorption, another material characteristic that can influence
damage mechanisms is its homogeneity. The linear regression shown in
Fig. 5.6 is an indication of how homogeneous a fabricated microstructure
is. All three worst-performing materials have damage dynamic ranges (i.e.
E values when p = 0% to p = 100%) that are relatively narrow (less
than 50 mJ/cm2). On the contrary, SZ2080 with 1% wt. IRG and Or-
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Figure 5.6: (a) LIDT values of bulks for all tested materials. Solid red
lines represent linear approximation, red dashed lines - the
threshold F . SZ2080 with no PI is the most resilient with
Ft = 161.9 ± 12.5 mJ/cm2. (b) Ft depends on the absorp-
tion of the material. Hybrid polymers are also more resilient at
the same absorption than pure organics for all tested materials.

moClear have damage dynamic ranges that cover 100 mJ/cm2. There-
fore, the somewhat inhomogeneous (in terms of LIDT) nature of the ma-
terial at the nano-scale can be considered. In such a case, different nano-
constitutes/impurities of the material have varying LIDT [219]. The begin-
ning of dynamic damage range starts when constitute having lower LIDT
starts being damaged and reaches full 100% when even the more resilient
part is being fully affected every time. In this case, the source of such in-
homogeneity might be the photoinitiators and the composition of SZ2080
itself forming small conglomerates of lower Ft that reduce the overall LIDT
value.

Some interesting aspects concerning damage dynamics and topography
were also revealed. First, it was noted that some damage types can only
be seen with a specific microscope (SEM vs Optical) [Fig. 5.7]. This was
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Figure 5.7: (a) - same damaged bulk objects are imaged with interference,
optical, and SEM images. In the first two, the damage is visible,
while in the SEM image - not. This highlighted the necessity to
check samples after laser exposure with all the available imaging
means as some damage types were not visible with one or an-
other microscope. (b) - different damage topographies of purely
organic Ember PR48 and hybrid organic-inorganic SZ2080. Or-
ganic material showed a tendency to burn, while hybrid to melt
and crack.

the reason why it was decided to use both types of imaging. Further-
more, damage topography showed severe differences between organic and
hybrid materials. Organic materials tended to burn, while hybrids - burn
and shatter. This indicates that the damage mechanisms are to some ex-
tent different. It is further reinforced by the highly varying slope of each
linear approximation. While organics showed relatively steep p distribu-
tions, hybrids exhibited more dispersed distribution over a higher range of
F , meaning that hybrid materials are potentially less homogeneous on the
nano-level.

Next, we evaluated woodpiles made out of SZ2080 and SZ2028+1%
IRG. For easy fabrication and reproducibility, geometry parameters were
az = 1.13 µm, axy = 0.8 µm, dxy = 0.35 µm. LIDT evaluations showed
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Figure 5.8: The LIDT measurement results of woodpiles made out of
SZ2080 + 1% IRG and pure SZ2080. The Ft needed to dam-
age such structures are 91.3±7.5 mJ/cm2 and 110.2±15 mJ/cm2

respectively showing the superiority of non-photosensitized ma-
terial.

that pure material was better at sustaining high F with the threshold being
Ft = 110.2±15 mJ/cm2 [Fig. 5.8]. In comparison, photosensitized material
had Ft = 91.3±7.5 mJ/cm2. Thus, while the general tendency of pure
material being more resilient than photosensitized prevailed in the case of
woodpiles, which is in accordance with previous findings, the discrepancy
was not as large as in the case of bulks. Thus, an interplay between smaller
absorbing volume and better heat dissipation can be considered to occur in
the case of woodpiles. This is further proven by the substantial differences
in the damage topography [Fig. 5.9]. If the fluence is just above the Ft, only
the slight burning on the top of the woodpile appears. When laser power is
increased the localized hole forms. Finally, a complete deformation of the
structure happens if the laser intensity is several times higher than Ft.

The 3DLL made woodpile structures were shown to be possible candi-
dates for a huge variety of photonic applications. While this is one of the
main motivations behind testing LIDT of 3DLL made woodpiles, the pho-
tonic properties can potentially distort the measurement results. This is due
to the fact that polymeric woodpiles can have very well pronounced pho-
tonic properties. Thus, if the tested wavelength coincides with a photonic
bandgap, the LIDT might change unpredictably.

To clarify if this is not the case in this study, numerical modeling based
on Finite-difference time-domain (FTDT) was performed. A woodpile con-
figuration that could be fabricated using 3DLL was chosen. The constants
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Figure 5.9: The laser-induced damage topographies in pure material with
different F . Relatively localized damage is evident unless very
high F is used.

were chosen to be axy = 800 nm and az = 1130 nm. The dxy was varied
from 300 to 400 nm by 50 nm. Results show that while reflection and trans-
mission properties change substantially from one case to another, in none of
the investigated cases the shift between these two properties coincides with
tested wavelength [Fig. 5.10 (a)]. When such woodpiles were produced out
of non-photosensitized material their Ft did not vary a lot, increasing from
99.4 ± 15 mJ/cm2 at dxy = 300 nm to 116 ± 15 mJ/cm2 at dxy = 400 nm.
This can be considered either a result of the statistical nature of the pre-
sented method or the porosity of the structure. Regardless, it is obvious
that in the chosen experimental setup, reflection properties do not have a
huge impact on the LIDT.

Next, surface area S and internal volume V of polymerized lines were
calculated assuming lines to be elipsoids [168]. It is known that surface
defects are one of the primary reasons for optical damage [262]. Thus,
the goal here was to check if relatively high S and small V would lead to
lower LIDT. The calculation was done assuming the lines in woodpile to
have an elliptical profile and calculating the internal volume and surface
area of such rod. Having V allows to calculate fill factor (FF ), showing
how much of volume is taken up by lines in comparison to full same sized
bulk. Indeed, with a lot of volume in the structure taken up by air, the
thermal diffusion should be minimized. Thus, if LIDT would depend on
FF it would point out the strong thermal nature of the effect. LIDT values
of woodpiles depend on changes in S/V and FF are shown in Fig. 5.11
(a). No clear dependency can be deduced, thus showing minimal LIDT
dependence on woodpiles FF and S/V ratio with maximal LIDT value
Ft = 139.5 ± 15 mJ/cm2 at axy =400 nm.
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Figure 5.10: (a) - numerically derived transmission of reflection spectra for
normal incidence of woodpiles with varied dxy (axy = 800 nm,
az = 1130 nm). The wavelength used to induce damage
(1030 nm, red dashed line) does not coincide with any pho-
tonic bandgaps. (b) - LIDT measurements of corresponding
woodpiles. While LIDT shows a tendency to increase with
dxy, the change is in the order of measurement error.

Due to the woodpile geometry, the strength of the electrical field E inside
of such structure can have some nontrivial peaks. Mathematical modeling
was performed in order to visualize it. Standard FDTD modeling proce-
dure described in the literature was used [263]. Due to peculiarities of the
mathematical model used only dxy = 500 nm, 450 nm and 400 nm could be
calculated. The modeling shows that changes in dxy can increase E2 value
by ∼23 times comparing the lowest and the highest value [Fig. 5.11 (b)] at
dxy = 400 nm and dxy = 500 nm respectively. These peaks are located
inside of the woodpile lines, which denotes possible influence on LIDT. Ge-
ometries with such a significant increase in E2 also proved to have ∼27.3%
lower LIDT. It is important to note that such a huge discrepancy between
the estimated difference in E values and measured LIDT is the result of
the approximate nature of FDTD modeling. Thus, while it is acceptable at
showing the general principle of E confinement in the woodpile, it does not
directly proportional to LIDT. Nevertheless, the relation between wood-
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Figure 5.11: (a) LIDT dependency on S/V ratio and FF (written near each
measured point alongside dxy value). No clear tendency can
be seen. (b) - result of E2 modeling inside of woodpiles with
the three thickest dxy values. Regions enclosed by the red
line show the cut of internal features of the woodpile. Dif-
ference between the highest (at dxy =500 nm) and lowest (at
dxy =400 nm) E2 is ∼23 times. This follows the tendency of
increase in LIDT between these two cases by ∼27.3% showing
that optical resiliency depends on photonic properties of the
woodpile.

pile’s photonic properties and its LIDT is evident. Care should be taken
when using 3D woodpile type structures in high light intensities even if
they should be transparent to usable wavelength, as internal distribution
of E2 might yield some specific peaks that could consequently damage the
structure.

The woodpile testing protocol was repeated with photosensitized wood-
piles. The highest acquired LIDT was Ft = 105 ± 7.5 mJ/cm2. As expected,
it was lower than LIDT of the most resilient non-photosensitized SZ2080
woodpile by ∼24.8%. On the other hand, it exceeded the value acquired
with the same photopolymer composition in a bulk configuration. This
shows that smaller V of absorbing woodpile outweighs potential phonic E2

confinement. Nevertheless, this was not noticed in a less absorbing pure
material. At the same time, the LIDT difference is a lot smaller between
woodpiles than between bulk objects (∼77.4% difference) meaning that ge-
ometry is more important than material absorption in the case of woodpiles.

Overall the performed LIDT measurements point to the superiority of
pure SZ2080. It is true for both bulk and woodpile structures [Fig. 5.12].
This can be attributed to the hybrid organic-inorganic nature of the material
combined with minimal optical absorption in comparison to other tested
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polymers. Paired with sufficient structurality with 3DLL this makes non-
photosensitized SZ2080 an adequate candidate for relatively high optical
resistance micro-optics.

Figure 5.12: Direct comparison of LIDT between all the tested materials
and geometries. Bulk is denoted by letter B and woodpiles by
W (these values are also blue). The clear superiority of hy-
brid polymers (black values) over organic ones (red values) is
evident for all the tested materials if the absorption of the ma-
terials is kept comparable. The best performing are woodpile
and bulk structures made out of pure SZ2080 with the latter
being the most resilient.

On the other hand, OrmoClear had a threshold that is only about 3 times
lower which is comparable to pure SZ2080. Additionally, OrmoClear is
liquid during structuring, meaning that it can be used in dip-in fashion [202],
popular in fabricating some types of microoptics [100]. Therefore, even if
a dip-in fabrication technique must be applied, suitable material exhibits
LIDT higher than organic counterparts.

5.3. Conclusions

1. 3DLL made micro-lenses were shown to degrade less when exposed
to either lower repetition rate (down to 1 kHz from 200 kHz) or to
interrupted exposure (10 s of exposure followed by 10 s with closed
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laser shutter) while maintaining the same I or E respectively, pointing
out to thermo-accumulative nature of the induced damage during S-
to-1 testing.

2. LIDT in 3DLL made structures depends on the optical absorption,
composition (organic vs hybrid) of the material, and geometry (bulk
vs woodpile) of the structure, with pure 3DLL made SZ2080 structures
being the most resistant from all the tested ones at Ft=161.9 mJ/cm2,
which is around one order of magnitude lower than fused silica.

3. Due to the interplay between photonic effects and optical absorption,
3DLL made nano-woodpile geometry reduces LIDT of the pure SZ2080
structure by 31.25% in comparison to bulk object.
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Santrauka

Spartus medžiagų apdirbimo lazeriu technologijos vystymasis paskatino
daugybės naujų tyrimų sričių atsiradimą. Ypač įdomus yra fs lazeris, lei-
džiantis neprilygstamai tiksliai lokalizuoti ir kontroliuoti šviesos ir medži-
agos sąveiką. Tai lemia minimalų ir (arba) kontroliuojamą šiluminį efektą
bei labai aukštą apdirbimo tikslumą (iki šimtų nm). Viena iš tech-
nologijų, kuri paremta greita šviesos ir medžiagos sąveika, yra 3D lazerinė
litografija (3DLL). Tai yra adityvi gamybos technika, leidžianti panaudoti
daugybę medžiagų ir sukurti laisvai pasirenkamos formos 3D struktūras.
Nepaisant to, nors buvo įrodyta, kad tai puikus įrankis gaminant įvairius
mikromechaninius, medicininius, optinius ir fotoninius darinius, vis dar yra
neišspręstų problemų, susijusių su šios metodikos našumu. Be to, yra neapi-
brėžtumų susijusių su kai kuriomis galutinių darinių savybėmis, pavyzdžiui,
koks yra lazeriu indukuotos pažaidos slenkstis. Šiuo darbu siekiama atsakyti
į kai kuriuos iš šių klausimų.

Pirma, buvo sprendžiamas mezoskalinių 3D struktūrų gamybos klausi-
mas. Mes apibrėžiame, kad mezoskaliniai dariniai turi nm-µm lygio pavie-
nius komponentus, o bendras jų dydis yra iki mm-cm. Galimybė gam-
inti tokius darinius naudojant 3DLL labai pagerintų technologijos patrauk-
lumą platesniam vartotojų ratui ir padėtų ją išpopuliarinti. Norint real-
izuoti gamybą mezoskalėje, buvo naudojamas sinchronizuotas vienalaikis
galvo-skenerių ir linijinių stalų judėjimas. Tai leido sumažinti pozicionav-
imo klaidas, tuo pačiu išlaikant mm/s-cm/s lygio transliavimo greitį su
aukštesniu nei µm pozicionavimo tikslumu. Buvo išnagrinėtos galimos
tokio metodo galimybės, taip pat paaiškinti galimi apribojimai susiję su
kai kurių geometrijų (pvz., mikrooptikos) ar mažo impulsų pasikartojimo
dažnio (∼kHz) lazerinių sistemų panaudojimu. Taip pat buvo parodytos
galimybės išplėsti šią metodiką naudojant skirtingas fokusavimo sąlygas.
Apibendrinus buvo parodyta, jog apdirbimo spartą galima derinti dviem
eilėmis nuo ∼1800 µm3/s iki ∼31300 µm3/s. Tai reiškia, kad, kalbant apie
našumą, 3DLL užima nišą tiesiai po mikrostereolitografijos.

Toliau buvo nagrinėjama galimybė vykdyti 3DLL nenaudojant fotoinici-
atoriaus. Fotolitografijai skirtas polimero pirmtakas susideda iš monomero
mišinio ir fotocheminį aktyvumą turinčio priedo. Pastarasis reikalingas
norint lengvai sukelti fotocheminę reakciją ir paskesnį cheminį tinklinimą.
Tačiau dėl galimybės kontroliuoti šviesos ir medžiagos sąveiką 3DLL proceso
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metu, fotopolimerizacijos procesas gali būti realizuotas naudojant polimero
pirmtaką be fotoiniciatoriaus. Parodyta, kad gamybos langai yra panašaus
dydžio (∆IIRG - ∆Ipure = 0,16 TW/cm2 arba 15,5 % skirtumas) ir, nau-
dojant tinkamus apdirbimo parametrus, dariniai nerodo jokių neigiamų
mechaninės kokybės požymių. Be to, gamyba be fotoiniciatoriaus leidžia
lengviau pasiekti didesnę apdirbimo raišką ir leidžia pasiekti paviršiaus ši-
urkštumą kuris yra mažiau nei 10 nm RMS. Ši metodika taip pat suderi-
nama su žemesniu NA (0,45) fokusavimu, įrodančiu jos perspektyvas gami-
nant mezoskalinius darinius. Apskritai pateikti rezultatai leidžia teigti, jog
srityse, kuriuose tai galėtų būti naudinga, gamyba be fotoiniciatorių yra
visiškai priimtina. Tokių taikymų pavyzdžiais galėtų būti biomedicina, kur
fotoiniciatorius gali būti toksiškas ląstelėms, arba mikrooptika / fotonika,
kur papildoma sugertis gali lemti informacijos praradimą arba net žemesnį
optinės pažaidos slenkstį.

Galiausiai buvo ištirtos 3DLL darinių optinės pažaidos savybės. Buvo
naudojami tiek kokybiniai, tiek kiekybiniai matavimo metodai. Kokybi-
nis tyrimas buvo pagrįstas mikrolęšio veikimo stebėjimu jį apšviečiant in-
tensyvia (GW/cm2) fs-lazerio spinduliuote. Pasirodė, jog medžiaga netur-
inti fotoiniciatoriaus yra pranašesnė: laikas reikalingas katastrofiniam lęšio
sugadinimui fotojautrintoje medžiagoje sumažėjo ∼7 kartus, kai fotoinici-
atoriaus koncentracija padidėjo iki 2 % w.t. Toliau, buvo atliktas kieky-
binis matavimas, pagrįstas modifikuotu ISO standarto testavimu. Tam
3DLL iš įvairių medžiagų buvo gaminami 10x10 stačiakampių gretasienių
arba fotoninių kristalų masyvai, kurie po to buvo paveikti įvairiais laz-
erio parametrais. Tai leido statistiškai apskaičiuoti išbandytų medžiagų
pažaidos slenkstį. Bendrosios tendencijos buvo tokios, kad jis priklauso
nuo medžiagos sugerties (kuo mažesnė sugertis, tuo aukštesnis slenkstis),
sudėties (visiškai organiniai vs hibridiniai organiniai-neorganiniai) ir ge-
ometrijos (fotoniniai kristalai turėjo kitokį pažaidos slenkstį nei tūriniai
dariniai). Iš visų medžiagų grynas organinis-neorganinis SZ2080 parodė
aukščiausią slenkstį - 161,9 TW/cm2, kuris yra maždaug eile žemesnis už
lydytą kvarcą.
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