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Abstract: 3D meso scale structures that can reach up to centimeters in overall size but
retain micro- or nano-features, proved to be promising in various science fields ranging from
micro-mechanical metamaterials to photonics and bio-medical scaffolds. In this work, we present
synchronization of the linear and galvanometric scanners for efficient femtosecond 3D optical
printing of objects at the meso-scale (from sub-µm to sub-cm spanning five orders of magnitude).
In such configuration, the linear stages provide stitch-free structuring at nearly limitless (up to
tens-of-cm) working area, while galvo-scanners allow achieving translation velocities in the
range of mm/s-cm/s without sacrificing nano-scale positioning accuracy and preserving the
undistorted shape of the final print. The principle behind this approach is demonstrated, proving
its inherent advantages in comparison to separate use of only linear stages or scanners. The
printing rate is calculated in terms of voxels/s, showcasing the capability to maintain an optimal
feature size while increasing throughput. Full capabilities of this approach are demonstrated by
fabricating structures that reach millimeters in size but still retain sub-µm features: scaffolds for
cell growth, microlenses, and photonic crystals. All this is combined into a benchmark structure:
a meso-butterfly. Provided results show that synchronization of two scan modes is crucial for the
end goal of industrial-scale implementation of this technology and makes the laser printing well
aligned with similar approaches in nanofabrication by electron and ion beams.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The 4th industrial revolution is in full swing, pushing the boundaries of scientific and industrial
advances to ever new heights. The key features of this development include the usage of smart
devices and methodologies as well as blurring the lines between different science fields [1].
Indeed, these two distinct yet highly intertwined trends induce a demand of new generation
of functional meso scale devices that must have µm-nm resolution and overall size of up
to centimeters, pushing existing micro- and nano-manufacturing techniques to their absolute
limit. Amidst all of this, 3D printing emerged as a new and powerful manufacturing tool of
choice, as it provides nearly limitless structure geometries (within boundaries of resolution) and
unmatched idea-to-object realization rate. Optical 3D printing stands out amongst all the 3D
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printing techniques, as by changing the light source and its parameters a huge variety of different
light-matter interaction regimes can be exploited for multi-dimensional free-form structuring [2].
The femtosecond (fs) laser-based 3D laser lithography (3DLL) is the most precise and versatile
of those [3, 4] and was used to great effect in fields ranging from micromechanics [5, 6] and
biomedicine [7, 8], to integrated micro optics [9, 10] and photonics [11, 12]. Additionally,
tinkering with focusing properties [13], applying various interferometry techniques [14] or spatial
light modulators [15] allows to tune the resolution and/or structuring rate. Combined with a
huge variety of applicable materials [16–18] it makes 3DLL an extremely attractive method for
advanced functional structure fabrication.

However, 3DLL is still lacking in some respects which are required for industrial applications
of this technology. One of them is an optimal combination of fabrication throughput and size
of the final structures. There was always a drive behind making 3DLL structures as large as
needed for functional applications without compromising on the achievable resolution [7,19–24].
This is directly tied to how the material is exposed by the laser beam. In most cases, 3DLL is
executed in point-by-point structuring fashion. The exposure is realized either by scanning the
laser beam [Fig. 1(a)] or translating the sample in relation to a stationary laser spot [Fig. 1(b)]. In
the first case, because of the low inertia of galvanometric scanners, high scanning velocities (up
to cm/s) can be achieved. However, this approach is beneficial only while structure size does not
exceed the working area of the objective, which in most cases is no more than a few hundred
µm. If a larger structure is needed it must be separated into segments, which are then fabricated
consecutively. This introduces interfaces between them, called stitches, which reduces the overall
integrity of the structure [21–23]. This can be avoided by using linear stages, yet in that case,
the translation velocity can potentially introduce the defects due to the inertia. On the other
hand, a multi-foci approach via interference pattern or spatial light modulator (SLM) can also
be employed to speed up the fabrication process, but that would require additional components
in the setup which would increase its complexity. Therefore, at the moment, there is no single
solution for making 3D meso scale structures using 3DLL efficiently and without defects or
technical difficulties/complications.
Here we present an approach of synchronizing linear stages and galvanometric scanners.

The synchronization allows realization of a continuous scan with the working field moving
dynamically during manufacturing [Fig. 1(c)]. Fabrication of mm-scale structures without loss
in structuring resolution using translation velocities up to cm/s can be realized. Stitching is
also avoided. Thus, the inherent weaknesses of each method of scanning are minimized while
capitalizing on their strengths. We explain this approach in detail, commenting on its inherent
properties. Namely, due to a decreasing energy deposition depth with a stronger free carrier
absorption at a larger excitation (pulse energy) and due to dependence of the absorbed energy
density solely on the fluence, almost the same width of the polymerised line was observed over
several orders of magnitude different scanning speed. We illustrate a potential of this approach
by showing a dramatic increase in structuring rate reaching up to 4 orders of magnitude. Finally,
example structures are demonstrated with movable parts, scaffolds for regenerative medicine,
mm-sized microlenses and photonic crystals. A video showing real time synchronization can be
seen in supplementary material [Visualization 1].

2. Materials and methods

As the model material we chose organic-inorganic zirconium containing hybrid pre-polymer
SZ2080. It was used as it exhibits minimal shrinkage during fabrication [25], is transparent in
all visible part of the light spectrum and is mechanically robust. It was either photosensitized
with 1% by weight photoinitiator Irgacure 369 or structured without photoinitiator if that was
deemed advantageous for the functionality of a given structure [26]. Sample preparation was
as follows: the pre-polymer was drop-casted on a glass slide and then pre-baked to remove the
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Fig. 1. Principle of producing structures using only galvanometric scanners (a), linear stages
(b) and continuous scanning via synchronization of both (c). Applying only scanning leads
to stitches (black lines on the finished structure) if the size of a structure exceeds the working
field of an objective (black square). Linear positioning leads to possible loss of shape (for
instance, rounded corners instead of sharp ones) when translation velocity is high (1 mm/s
and more) due to stage inertia. Synchronization of both allows to continuously move the
working field in relation to the sample thus avoiding stitching yet still exploiting ultra-high
speed and precision of structuring by employing scanner. All the given cases are illustrated
by the structures fabricated in each regime at 1 cm/s translation velocities.

solvent. After this procedure, the SZ2080 turns into a hard gel and can be exposed to laser
radiation. Development was done in isobutyl methyl ketone for 45 minutes.
3DLL was performed using nanopolymerization system in Laser Research Center at Vilnius

University and Laser Nanofactory setup in Femtika Ltd. [Fig. 2]. Details on the first setup can be
found elsewhere [26]. The Light source in the Laser Nanofactory - laser Pharos (Light Conversion
Ltd.) operating at 300 fs pulse duration, 200 kHz repetition rate and 1030 wavelength. Harmonic
generator Hiro (Light Conversion Ltd.) converts fundamental wavelength to 515 nm radiation.
This wavelength was chosen as it provides a wide processing window for SZ2080 both with and
without photoinitiator [26] as well as it has been proven to be suitable for a majority of other
commonly used substances in 3DLL lithography [27]. For some structures the photosensitized
SZ2080 was also mixed with rhodamine to give it bright purple color and fluorescent properties.
In that case, 1030 nm radiation was used for structuring, as 515 would be directly absorbed by
the dye (via one(-)photon absorption) rendering intricate 3D manufacturing impossible. The
laser beam is expanded via 3x telescope to completely fill the objective aperture. Positioning
is realized using synchronized linear stages (ANT130XY-160 (Aerotech Inc.)) for XY plane,
ANT130LZS-060, (Aerotech Inc.) for Z direction) and galvanometric scanners (AGV-10HPO
(Aerotech Inc.)). Real-time imaging of fabrication is done by illuminating the sample with LED
and then imaging with a CMOS camera. The whole setup is controlled by 3DPoli software
(Femtika Ltd.).
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Fig. 2. Schematics of the Laser Nanofactory setup used in this work. Here PP is a phase
plate, P denotes thin film polarizers together with PP forming a power attenuation unit, M
are the mirrors, RPM - removable power meter, T - telescope, expanding laser beam 3 times,
Obj - objective lens. LED illuminates the sample for real-time monitoring of the fabrication
process. For wavelength tuning second harmonic crystal, harmonic generator or a parametric
generator can be used.

3. Results

3.1. Principles of stage synchronization

3DLL is based on nonlinear interaction between light and pre-polymer, which is confined to the
focal point of an objective lens [2]. 3D nano-structure is created by moving the focal point in
relation to the sample or vice versa. The latter case is achieved by moving the whole sample
with various translation stages. These can be based on piezo crystals or other types of linear
stages. While piezo positioning is the most precise (up to tenths-of-nm), it is inherently slow
and has limited working volume (movement in one direction rarely exceeds a few hundreds of
µm). Linear stages, in contrast, can achieve translation velocities up to cm/s while still retaining
theoretical precision in the sub-µm range [28]. However, in real world circumstances this is hard
to achieve due to inertia accumulated during the fast movement of the device. The larger mass of
stage helps to damp vibrational noise which is important for sub-wavelength resolution, however,
prohibits fast printing.
In contrast, the focal point can be moved in relation to the sample by using scanners. This

can be extremely fast (up to m/s) with minimal limitations to the structuring precision [29]. Its
implementation is also relatively simple. For these reasons, it is still a method of choice for the
most commercial 3DLL systems. The scanner limitations become apparent when the structure
size starts to approach or exceed the working field of the objective lens. In the first case, outer
parts of the structured object can become distorted due to various focusing aberrations [30].
Since standard optical objectives are designed for the on-axis imaging at the visible spectral
range, aberrations can become severe at near IR wavelengths and larger angles of incidence. If
the size of the object is further increased and exceeds the standard working area of high (1.4) NA
objectives (up to 150 µm) stitching has to be introduced, further compromising the mechanical
and optical qualities of the structure [21–23]. The working field can be increased few-fold by
reducing NA, however, at the cost of printing resolution, as the voxels become larger and more
elliptical [2].
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In order to overcome these problems, linear stage and galvanometric scanner movement
synchronization has to be introduced. The principle behind synchronization can be explained
in terms of distributing the translation movements between linear stages and scanners in such
a way, that stages are responsible for long and continuous movement, while scanners perform
fast movements and/or corrections when needed. This way linear stages have time to both get to
the speed and decelerate without causing any defects to the produced structure, as deviations
from set translation velocity and trajectory are compensated by the scanners via a feedback loop.
The computer capacity of sending information to hardware depends on the geometry since the
scanning trajectory has to be adjusted according to the shape complexity and set resolution by
splitting it into elemental line sub-structures. Transfer rate is 48 kHz for galvanometric scanners
and similar to linear stages - a common frequency for electronics. Thus, it corresponds to a
signal sent approximately every 20 µs and at a scanning speed of 10 mm/s it is a trajectory of
individual 0.2 µm length lines. This is sufficient, yet increasing the scanning speed up to cm/s
would still be suitable for linear structures like woodpiles while limiting the resolution for curved
geometries like spirals of small radii. Additionally, the controller has a memory of 100 MB,
which is adequate for the employed case but also would be limiting for realization of highly
curved structures at high speed unless sacrificing the accuracy.

3.2. Structuring rates

The race to achieve industrial-level manufacturing throughputs pitted different kinds of optical 3D
printing methods against each other. While 3DLL is the most accurate one, users of different kinds
of optical 3D printing are claiming to be capable of exceeding 3DLL by the volume that can be
structured in the same amount of time [31]. However, they have to sacrifice resolution. Just listing
translation velocity as the main throughput defining parameter is also insufficient, as it does not
specify the size of formed features. Therefore, a lot more sensible way to talk about throughput
is by defining the volume of a voxel and structuring rate in terms of voxels per second [24]. In
order to calculate these values, we first produced a resolution bridge, where suspended lines
were structured with translation velocities vt of 1, 10, 100, 1000 and 10000 µm/s, speeds that
are all now sustainable and usable in repeatable fashion in 3DLL structuring with scanner-stage
synchronization. Each suspended line was written using a single laser pass. Average laser power
was kept at 10% from the top of fabrication window, i.e. at the power at which controlled
polymerization starts to turn into uncontrollable carbonization of the material ("burning") [26].
Exposure conditions during the experiment were: 515 nm wavelength, 300 fs pulse duration,
200 kHz repetition rate. Radial and axial dimensions of voxels are labeled D and L, respectively.
Results are given in Fig. 3. An example of the test used to measure D and L is shown in the
SEM image in Fig. 3(a). Voxel’s dimensions decrease only by a factor of 13 while translation
velocity is changed by four orders of magnitude. A comparatively weak dependence of voxel
size on scanning speed (exposure dose) results from the efficient crosslinking under single pulse
exposure. Under the experimental conditions used in this study, thermal effects and optical
filamentation were not contributing to the measured values of D and L. The energy deposition
density defining the polymerised volume is shown to be only dependent on the fluence-per-pulse,
rather the accumulated dose and scanning velocity (see details in the Discussion section).

Figure 3 presents an experimental evidence that the polymerised voxel size was not dependent
on the scan speed, i.e., the exposure dose. Apparently, the length of thermal diffusion, which
depends on time t as

√
t (slope of 0.5) was not defining the size of the voxel. The nonlinear

polymerisation would cause the voxel size to evolve with exposure (proportional to the scan
speed) with the dependence of slope larger than one. For an eye guide, the slopes separating
linear vs. nonlinear as well as thermal diffusion controlled processes are shown with slopes 1 1
and 0.5, respectively. The aspect ratio of the fabricated voxels does not change and is in the range
of 3-4, showing that the same scaling is observable in both transverse and longitudinal directions.
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Interestingly, other groups showed an opposite trend of the enlargement of the voxel when vt
is increased [32] (see the linear slope for reference in Fig. 3(b)). The difference might lay in
the fact, that we used a 200 kHz amplified laser, while the other group used 80 MHz oscillator.
This results in negligible distance between pulses in the latter case and distance between pulses
reaching up to 50 nm (or around 10% of spot size) in the former when translation vt is 1 cm/s.
Thermal initiation of polymerisation is yet another factor important at high repetition rate [33].
Overall, the achieved resolution is far from minimal of what can be realised with this type of
3DLL system. With the usage of I closer to the bottom of fabrication window a feature size
below 400 nm can be easily reached [26]. However, as feature size reduction was not the aim of
this study, experiments in this I range were not performed.

Fig. 3. (a) The resolution bridge fabricated using different translation velocities vt and
measured line widths (b). A sharp decrease in line dimensions is observable. However, the
aspect ratio of voxels remains in the 3-4 range. The slope = 1 is shown as an eye guide
to illustrate that polymerisation of the voxel was following a sub-linear (slope < 1) power
(dose) dependence.

The acquired experimental results can be explained by the numerical modelling of accumulated
energy dose shown in Fig. 4. The modeling calculated the entire accumulated energy dose Et ,
which accounts to all the single pulse fluences (Gaussian spatial distribution in focal point is
assumed) and the movement of the focal plane, i.e. the effect of each pulse having different
fluence in every point at every time. The results point out at dramatic difference in threshold
(i.e. at line width) Et as the translation velocity is changed. Specifically, Et decreases from
545.59 J/cm2 to 1.98 J/cm2 when vt goes from 10 µm/s to 10000 µm/s. 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 bellow diffraction limit. This can be interpreted because of continuous excitation of
pre-polymer and expansion of polymerization volume in one case and highly contained energy
absorption in the other. Also, radicals are generated for an increased amount of time during
slower translation velocity, resulting in line broadening as radicals have an immense role in the
writing resolution [34].
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Fig. 4. Plots representing Et deposition during fs exposure throughout translation of the
stages. It is acquired by adding all of the fluences of single pulses dependant on their position
during translation and assuming Gaussian distribution. Et in the centre of the line during
formation at vt of 1 µm/s and 10000 µm/s and 10% below the damage threshold of the
polymer. A substantial difference in Et and the resulting decrease in line width as vt is
higher.

In order to calculate the approximate volume of a voxel, we approximate its shape to the one
of an ellipsoid in accordance with the dynamics of voxel formation. Then, the volume of a voxel
Vv is [Fig. 5(a)]:

Vv =
4
3
πabc =

4
3
π

D
2

D
2

L
2
=

1
6
πD2L (1)

Consequently, we can calculate that volume Vv decreases around 13.7 times when velocity vt
is increased from 1 µm/s to 10000 µm/s [Fig. 5(b)]. While this is a substantial decrease, the
vt increases by 4 orders of magnitude, completely mitigating the possible drop in structuring
rate due to the consequentially smaller voxel volume. For instance, if we consider a cube of
1 × 1 × 1 mm3 size, fabrication times with 1 µm/s and 10000 µm/s are 246903 and 174 hours,
respectively. This is a reduction of fabrication time of almost four orders of magnitude when
considering a half-voxel overlap in the construction of the cube. Obviously, the dimension
of voxels as measured in Fig. 3(b) for 1 µm/s and 10000 µm/s were used in this simple but
effective calculation. It can be explained by the increase of the line volume Vl as vt is raised
(following a linear slope rather diffusion defined slope = 0.5 as shown in Fig. 5(c)). The line
volume is a volume of a line fabricated at a given translation velocity per unit time. It can be
calculated by multiplying the area of the voxel cross-section with the translation velocity, that is
Vl=0.25πDLvt . For example, if a polymerized line is written at a speed of 10 µm/s, its volume in
one second is simply 10 µm times the voxel cross-section as measured at that specific translation
velocity. Dividing the overall volume of object by the Vl allows calculating manufacturing time
of an object (making an assumption that there is no overlap and/or unnecessary movements with
closed shutter). Similarly, if Vl is divided by the volume of a single voxel the rate in voxels
per second can be uncovered. This way Vl is normalized to Vv giving the rate in voxels per
second [Fig. 5(d)]. The gain in throughput is still maintained regardless of the decreasing voxel
size. Therefore, maximizing the vt effectively enhances the overall yield of 3DLL printing.
Nevertheless, the existence of the upper limit for Vv will become apparent for a high value of vt
as the polymerization reaction rate will be insufficient for the direct laser writing. Luckily, when
we extrapolate Vv for high values of vt , we notice that this does occur only for tens of cm/s or
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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 expected throughput
of 3DLL, real fabrication of complex 3D structures requires some additional considerations.
Namely, one must consider voxel overlap required to produce a continuous structure as well as
stage movement between different parts of the object.

Fig. 5. (a) A schematic representation of a voxel, fabricated line, and definitions of D
and L. (b)-(d) are voxel volume VV , line volume Vl and voxels/second dependencies on
the translation velocity vt respectively. Slopes corresponding to a linear and diffusional
spreading (slope = 0.5) of the voxel volume are shown as eye guides. The line volume was
proportional (slope = 1) to the scan speed, hence, the exposure dose.

In order to showcase these considerations, we will use gradient chain mail as a model structure.
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. 6(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. Which
can be independently set to proportional or different steps resulting in the directional fabrication
accuracy/throughput. One of the advantages of the control software (3DPoli) is the possibility
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to dynamical change the slicing and hatching steps of different kinds of structures on-the-fly
depending on the requirements for the structure fidelity and throughput. The volume of the chain
structure is 1280410 µm3. The structuring rate using vt = 10000 µm/s is 5667 µm3/s. Therefore,
theoretically, in order to fill all the volume of the object (as shown in Fig. 6(b)), it should take
225 seconds or around 3 and a half minutes. However, in order to achieve a continuous and
relatively smooth surface, the 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 [Fig. 6(c)]. If this is done in a
standard raster scanning fashion using translation stages and galvanometric scanners, the time
needed for fabrication is around 2 hours even when synchronization and 1 cm/s vt are used. If
the optimization algorithm is applied minimizing stage movement, the fabrication time can be
reduced to 26 minutes. Although this result is impressive, it is still substantially longer than the
time given by theoretical calculation.

Fig. 6. (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 125 µm is added for the reference,
showcasing that the biggest rings would not fit in it. (b) Focal point movements if only the
rings would be 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 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 minute needed if only the volume will be filledblue.

It is important to note, that theoretically calculated and real fabrication durations converge
when the complexity of 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, limitations apply. For
example, the creation of continuous vertical rings by drawing circles in Z direction is impractical,
because a shadowing effect would impinge the quality of the ring fragments, as the incident beam
path would need to be aligned with already exposed material resulting in beam distortion and
overexposure [13].

3.3. Functional meso-scale structures: 3D scaffolds for medicine

Scaffolds for cell growth are playing an increasingly prominent role in the field of regenerative
medicine [7, 8]. 3DLL made objects of this kind are especially attractive as the geometry of
the scaffold can be custom tailored to best suit the needs of living cells [7]. Coupled with
unmatched freedom in choosing the material or combining several of them in one object (so
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called 4D printing) promotes 3DLL as the method of choice in this field [8]. However, medicine
requires large numbers of highly repeatable scaffolds, which would be at least a millimeter in
size. In order to prove that synchronization of scanners and linear stages can satisfy this demand
mm-sized scaffolds for cell growth were manufactured out of pure SZ2080. The overall length
of the scaffold was 1.5 mm [Fig. 7(a)]. As results are perfectly reproducible, mass production
of objects of this kind is possible [Fig. 7(b)]. Additionally, SZ2080 without photoinitiator was
chosen as it should enhance the biocompatibility of the material. Scaffolds of similar size and
compatible fill ratio were previously produced by only using linear stages and cm/s level vt , but it
was done with 10x magnification 0.3 NA objective lens exploiting low resolution voxels [35].
By enabling mm-size scaffolds to be produced with high-NA objective a lot more complex and
higher-resolution geometries can be achieved, enabling better mimicking of the extracellular
matrix which is one of the main requirements for this kind of structures. It is especially relevant
as this can also be coupled with an approach of using different focusing conditions for an even
greater increase in fabrication throughput. Additionally, 0.8 cm/s speed results in printing time
below one hour for such scaffold which is reasonable for structures needed for individual patient
orientated regenerative medicine.

3.4. Functional meso-scale structures: refractive microoptics

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 exceed a few hundred µm in size [9, 10]. The
limiting factors preventing an increase in size are a combination of necessity to use high layer
overlap during printing, which is needed in order to achieve surface roughness sufficient for
optical use, and a demand for homogeneity of a structure, as any internal defects, for instance
stitching, would result in additional scattering and weak points [23]. With continuous scanning
both of these problems are eliminated, as high layer overlap in the lens does not cause a massive
increase in printing time, as the translation velocity can be in the range between 1 mm/s to 1 cm/s,
depending on the quality requirements. Furthermore, stage synchronizations (including in the Z
axis) assures that the structure is homogeneous. In this work, 0.5 mm and 1 mm diameter lenses
were produced in the time that does not exceed a few hours. SEM analysis showed no significant
defects on the surfaces of these objects [Fig. 7(c)]. After measuring focusing properties it was
noted that the laser beam formed by such lens in the focal plane is Gaussian-like [Fig. 7(d)].
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 fabrication. The
material used in this study, SZ2080, was specifically designed with minimal shrinkage [25], yet
at these scales even this material could not avoid all the associated problems. 1-2% of shrinkage
can be more-less ignored in lenses that are tens-of-µm in size. In mm-sized objects, it becomes
an issue that has to be addressed. This requires further work in this direction that is related
more to the architecture of the structure, optimized exposure parameters [36] or the material
development rather than the fabrication method. All these issues are resolvable by tuned and
optimized engineering of exposure.

3.5. Functional meso-scale structures: photonic crystals

One of the possible alternatives to the complex shapes needed in refractive optics would be to use
photonic crystals acting as flat optics. While curved refractive optics are sensitive to the position
where exactly the light is introduced to the element, in the flat case most of these requirements are
neglected. 3DLL is a superb technology for fabrication of such elements, as it is a straightforward
process with a possibility to control the line width down to nanometer precision [37]. These
elements can be made to provide light controlling capabilities matching or exceeding those of
refractive optical elements. The synchronization of stages does not impede the printing resolution
or positioning accuracy, thus 1-mm-sized photonic elements consisting of nano-lattices can be
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produced [Fig. 7(e)]. The fabrication time was around 2 hours. A single photonic crystal of this
kind has 10 thousand individual rods, arranged into a single lattice consisting of 1.25 million
unit cells [Fig. 7(f)]. One point to consider is that optical imaging can only show the surface of
the photonic crystal, while the interaction between multiple layers of diffracting lines generates
the desired photonic effect. Therefore, in order to prove that the internal structure of a photonic
crystal is as designed and not deformed due to increased translation velocity, it was probed by the
HeNe laser. Predicted diffractive patterns were observed proving its functionality and superb
quality of internal structure [Fig. 7(g)].

3.6. Meso-butterfly

In order to merge all the capabilities demonstrated so far into a single object, a mesoscale butterfly
was produced [Fig. 8]. The overall wingspan of the structure reached 1.3 mm, making it clearly
visible with the naked eye. Rhodamine was mixed into SZ2080 to dye it bright purple color,
at the same time providing functional properties of high-yield fluorescence [38]. The 14 µm
thick microcantilever-like antennas were fixed to the head. Eyes consisted of an array of a
few-µm-diameter functioning lenses arranged in a semi-random pattern, yet still showing high
surface smoothness. As in a real butterfly, wings consisted of nanolattices, which in this case
were arranged in the fcc geometry to mimic photonic crystal shown previously. The line width
was ∼650 nm. The vt = 1 cm/s combined with dynamic slicing and hatching allowed to achieve
printing time of 2.5 hours. Overall it shows true meso-scale capabilities of millimeter-sized
structures out of functional material with true nanometer features, and optical-quality level surface
roughness in critical areas, such as microlenses. It is important to stress that different parts of
the butterfly were produced using the software-enabled dynamic tuning of slicing and hatching
steps, with exact parameters given in Table 1. This choice of values can be fully automated
enabling on-demand access to different structuring regimes simplifying manufacturing from the
user stand point thus making the transition from computer model to the produced structure easy
and straightforward.

4. Discussion

Since the dawn of 3DLL technology, the inherent limitation of a point-by-point structuring
was recognized and various methods to increase the throughput were suggested. Advanced
stitching strategies were employed, yet these can only minimize the adverse effects of this
technique [21,39]. Application of interference/structured beams [14] requires substantial changes
in the optical layout of the 3DLL setup. Introduction of spatial light modulators (SLM) promised
to make light structuring more flexible [15]. However, it further complicated the optical setup
and had some inherent limitations in terms of applicable laser power, as in most cases the active
matrixes in the SLM are relatively prone to optical damage. Finally, tuning pulse duration was
also proposed as a way to decrease the price of the setup, yet it results in dramatic throughput
reduction and can be discarded for high-throughput 3DLL systems [31,40]. In contrast, coupling
linear stages with scanners is a lot more straightforward solution, the only two components

Table 1. Optimized parameters for fabrication of different parts of the meso-butterfly.

Part I vt Slicing Hatching

Head and top of the body 12.7 TW/cm2 1 cm/s 0.5 µm 0.2 µm

Body 12.7 TW/cm2 1 cm/s 2 µm 0.3 µm

Woodpile 12.7 TW/cm2 1 cm/s 2 µm 2 µm
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Fig. 7. (a) - 1.5 mm scaffold for cell growth made out of non-photosensitized SZ2080. (b)
- demonstration of capabilities to produce complex bio-medicine oriented structures with
on-demand scalability (Visualization 1). (c) - SEM images of 0.5 and 1 mm lenses showing
no noticeable surface or other defects, as 0.5 mm lens focuses light into a near-perfect
Gaussian spot (d). (e) - photos of 1 mm sized photonic crystal before development at
different angles in relation to white light illumination, which results in different colours
being diffracted towards the photocamera. (f) - optical microscope image of the structure,
revealing no defects in the lattice, which is further proved by predictable photonic crystal
diffractive pattern projected onto a screen after illumination with HeNe laser beam.

introduced into an optical path are scanners and two lenses arranged in a 4F configuration. As the
synchronization and control of the whole operation are performed by digital means, a lot of strain
and complexity is removed from the optical part of the system. While it is still a point-by-point
structuring method, the relative simplicity makes it an ultimate solution before active on-the-go
light structuring via SLM can be introduced at-large.
Indeed, the essential idea of combining fast beam deflection with a wide field of translation
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Fig. 8. A mesoscale butterfly, created to demonstrate true meso-scale capabilities of
synchronized linear stages and galvanometric scanners. (a) - an overall SEM view with a
naked-eye view in the inset. (b) - enlarged view of suspended antennas. (c) - eye microlens
array. (d) shows embedded nanolattice with a single line width of 650 nm (e).

stages is a rather generic one and has been foreseen by several research groups and being developed
by industrial companies, yet up to know was not implemented for the true 3D writing. Namely,
planar lithographic processing was first introduced in 1989 [41] and significantly advanced by
in 2006 [42] by enabling vertical stacking of individual layers empowering direct CAD-CAM
fabrication [43]. However, these solutions were still restricted to a combination of just planar or
sequential layer-by-layer volumetric processing. Here we show a conceptually novel approach for
continuous three-dimensional direct laser writing for literally geometry-unrestricted precision
3D additive manufacturing.
From a technological point of view, this study was made possible essentially by use of the

electronics and software capable of synchronizing galvanometric mirrors with stages. Exploiting
the transfer rate of 48 kHz (signal every 20 µs) and at a scanning speed of up to 10 mm/s it is
realizing a trajectory of connected individual 0.2 µm length lines. This coincides well with the
experimentally deduced hatching step of 0.3 µm used for fabricating gradient chain-mail and
mesoscale butterfly (bulk part). Meanwhile the microlenses were manufactured using hatching
step of 0.02 µm with translation velocity of 2 mm/s. Applying the same estimations one can
see the inter-signal distance is 0.04 µm. Therefore, advances in electronic data transfer between
devices are obligatory in order to further increase the speed for next-generation high-resolution
continuous writing setups.

Currently, the meso-scale structures are highly desired in many different fields, as they allow to
introduce micro- or even nano-level interactions into a macro-sized object. So far 2D and 2.5D
fabrications in this scale have been achieved by employing various lithographic technologies.
However, true 3D structures are not easy to achieve. As 3DLL can be combined with other
manufacturing techniques and structures can be produced on [9] or in [44] various substrates,
elimination of stitching without sacrificing speed or fidelity of printing is highly promising.
Additionally, if a highly tunable amplified femtosecond laser system is used capabilities of
synchronization can be extended into subtractive manufacturing as well. In that case, via
welding, laser-assisted etching or ablation, highly complex structures can be made [45, 46].
Combining an amplified fs laser with a synchronization-capable positioning system enables a
single manufacturing setup for highly complex, multi-material structures.
Furthermore, the capability to perform laser fabrication with translation velocities exceeding

1 cm/s allows having a new way of investigating the fundamentals of light-matter interaction.
3D laser polymerization is defined by light absorption in the focal volume, hence, volumetric
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absorbed energy density J/cm3. The resolution of 3D fabrication is determined by the volumetric
localization of that energy, which depends on the optical or/and thermal localization within the
volume where the threshold of modification is exceeded. The modification is broadly defined
by phase transitions (melting, evaporation, plasma formation), ablation, or (de)polymerization
depending of the host material.
The direct energy deposition by ultra-short laser pulses can be analyzed by X-ray emission

via bremsstrahlung in plasma created at the focus [47]. X-ray intensity is proportional to the
absorbed energy at the interface with a solid or liquid target while the black body radiation
contribution at the longer times after the pulse has a minor contribution. The spatial localization
of absorbed energy in all three dimensions is estimated next. The skin depth (for the the E-field)
of the optically excited material is determined by the imaginary part of the refractive index
n ≡
√
ε = n + iκ as labs = c/(ωκ) = λ/(2πκ), it is labs/2 for the intensity I ∝ E2. The lateral

dimension of the energy deposition is defined by the focal spot diameter which can be estimated
as 2w0 = 1.22λ/N A for the wavelength λ and the numerical aperture N A of the focusing lens.
The depth-of-focus usually estimated via the Rayleigh length, zR, as 2zR = 2πw2

0/λ is much
larger than the actual depth of energy deposition (the skin depth), labs . This is the key difference
for the nonlinear energy deposition.
The absorbed energy density per volume [J/cm3] at the end of the laser pulse is Wabs =

2AFp/labs , where the integral fluence per pulse is Fp =
∫ tp

0 I(t)dt, A is the absorbance defined
by the instantaneous value of the permittivity, I(t) is the temporal envelope of the intensity [48].
At the pre-breakdown conditions in dielectrics when the real part of permittivity<ε → 0, the
change of the imaginary part of permittivity is given by [48]:

(∆εd)im '
ω2

pe

ω2
νe
ω
=

ne
ncr

νe
ω
, (2)

where ωpe =
√

4πe2ne/me is the cyclic electron plasma frequency, e,me are the electron
charge and mass, respectively, ne is the electron density, νe is the electron relaxation frequency
(electron-phonon in solid state material), ncr = ω2me/(4πe2) is the critical plasma density
which was 4.21× 1021 cm−3 at the λ = 515 nm wavelength in this study. The permittivity at the
pre-breakdown in dielectric medium is εd ' n2

0 + i × (∆εd)im = n2
0 + i2n0κ, where n0 is the real

part of an unperturbed refractive index [48]. Hence, the skin depth with the use of Eqn. 2 can be
expressed as [48]:

labs =
λ

2πκ
=

n0λ

π(∆εd)im
=

2cn0
νe

ncr
ne

(3)

and is defining the depth (axial) localization of the energy deposition. The absorbed energy
density over the focal spot:

Wabs = A0
νe
cn0

ne
ncr

Fp ∝
ne
ncr

Fp, (4)

where the unperturbed absorbance A0 ≡ 4n0/[(n0 + 1)2 + κ2] ' 4n0/(n0 + 1)2 is neglecting the
imaginary part of the refractive index, κ. Equation 4 shows that as the electron density, ne, is
approaching critical, the most efficient energy deposition occurs since the ne

ncr
approach the

maximum value of unity.
For the nonlinear absorption via n−photon process, the generation of electrons ne ∝ Inp ∼ Fn

p .
It begins to saturate as the critical density, ncr , is approached and the breakdown region behaves
metal-like. The absorbed energy in the skin layer is proportional to the fluence, Wabs ∼ Fp .

From the scaling shown above (Eqn. 4), the role of strong pulse accumulation and changes of
material absorption a larger energy deposition occurs. The nonlinearity of energy deposition is
decreasing as ne → ncr . This leads to saturation. In the case of X-ray emission under two-pulse
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excitation [47], the absorbed energy per volume (Eqn. 4) was driven by a linear process of
electron generation Wabs ∼ ne × Fp ∝ F2

p and the power scaling showed the expected γ = 2
slope for the one-photon absorption. This behavior is expected to be generic when the observed
characteristic of light-matter interaction depends on the pre-excitation (ne in the analysis above).
We put forward a conjecture, that in the case of laser polymerization and strong pulse-to-pulse
overlap we expect this behavior. Thermal accumulation is also usually increasing the imaginary
part of permittivity.
Next, pulse-to-pulse overlap at the increasing scan speed, vt , has to be discussed. It should

lead to the linear scaling of Wabs∼Fp since the faster speed should cause proportionally smaller
excitation, i.e., ne∼v−1

t . This explains the experimentally observed weak dependence of the
polymerised line width on the scanning velocity [Fig. 3].
According to the experimental results, a numerical modelling of exposure was carried out

[Fig. 4]. The results point out at dramatic difference in threshold (i.e. at line width) energy dose
accumulation (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
bellow diffraction limit.

5. Conclusions

In this work, the possibility to adopt synchronized linear stages and galvanometric scanners
for meso-scale 3D structure additive manufacturing was shown. It allowed achieving linear
translation velocities in the range of cm/s and provide stitch-free structuring. Peculiarities of
polymerization with translation velocities from 1 µm/s to 1 cm/s were uncovered, showing that
while inter-pulse distance reaches up to 50 nm (i.e. around 10% of spot size of 1.4 NA objective
with 515 nm wavelength) at 200 kHz repetition rate, polymerization is still homogeneous enabling
fabrication of robust features with sizes down to 460 nm. It is shown that the volume density
of the absorbed light was defining the width of the 3D polymerised lines and was depended
on the pulse fluence rather the exposure dose and scanning speed. This resulted in individual
voxel volumes of 0.17 µm3 and structuring rate of 32609 voxels/s. In order to demonstrate the
potency of this approach functional structures for biomedicine, micro optics and photonics were
produced.

Finally, it was all successfully combined in a benchmark 1.3 mm wingspan mesoscale butterfly,
featuring cantilever-like antennas, eyes of microlenses and photonic crystal-like woodpiles within
the wings. Overall, the presented findings paint a bright future for the synchronization-based
3DLL as high-throughput stitch-free manufacturing is crucial for various fields dependent on
on-demand printing of functional micro- and nano-devices. The performed demonstration proves
the femtosecond laser 3D nanolithography (also known as TPP, 2PP, MPP or non-linear one) is
no longer limited to fabrication of just small sample structures or stitched bigger objects which
inherit anisotropic shrinkage. The proposed method can be applied to a variety of materials
(including inorganic ones [49, 50]) processed via lithography routes.
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49. D. Gailevičius, V. Padolskytė, L. Mikoliūnaitė, S. Šakirzanovas, S. Juodkazis, and M. Malinauskas, “Additive-
manufacturing of 3D glass-ceramics down to nanoscale resolution,” Nanoscale Horiz. 4, 647 (2019).

50. A. Rodenas, M. Gu, G. Corrielli, P. Paie, S. John, A. Kar, and R. Osellame, “Three-dimensional femtosecond laser
nanolithography of crystals,” Nat. Photon. 13, 105–109 (2019).

                                                                                        Vol. 27, No. 11 | 27 May 2019 | OPTICS EXPRESS 15221 




