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Two-photon polymerization (2PP) is a 3D printing technique renowned for its outstanding resolution and the
capability to produce complex structures directly within a material volume. While the technology has matured
substantially since its first demonstration, the long processing times attributed to the high resolution, remain a
significant obstacle for the use of 2PP in production. This study introduces a novel 2PP setup designed to address
this limitation by significantly boosting the throughput, by at least one order of magnitude compared to existing
commercial products. This improvement is realized through the implementation of a resonant scanner tech-
nology to rapidly direct the laser during fabrication. All optical components were selected carefully, to avoid any
limitations that may emerge when the scanner is no longer the lone bottleneck for production throughput.
Additionally, newly developed characterization and calibration methods, employed to optimize structuring ac-

curacy and throughput, are discussed.

1. Introduction

Two-photon polymerization (2PP) is a powerful and versatile 3D
printing technique that provides outstanding precision and feature res-
olution. Since its initial demonstration over a quarter of a century ago,
2PP has shown steady improvement[1]. The resolution has been
enhanced significantly, well beyond the diffraction limit[2] and the
throughput has increased by multiple orders of magnitude[3]. As a
result of this progress, 2PP is approaching industrial relevance[2] and
the technology’s applicability has broadened to various fields, including
micro-optics[4], photonics[2,5-7], microfluidics[8-11], and 3D cell
culture tissue engineering scaffolds[12-16]. Furthermore, it has become
feasible to fabricate upscaled high-resolution structures and enable
batch production by 2PP[11,17-19].

The process of 2PP is based on 2-photon absorption (2PA). A pulsed
laser is focused into a photoreactive resin, thereby initiating polymeri-
zation. Due to the non-linear nature of 2PA the polymerization is
confined to a distinct volume (voxel) around the focal spot[20]. By

moving the focal point with precise temporal and spatial control within
the material volume, complex high-resolution structures can be pro-
duced from a versatile range of materials[2,19,21]. Despite its versa-
tility and recent advances, one challenge that still has to be addressed for
2PP to reach its full potential is its low throughput, which is primarily
attributed to its high resolution. In order to leverage the benefits of the
high resolution and achieve competitive throughput comparable to
other 3D printing techniques, such as pSLA[22], (r2r)CLIP[23] or
volumetric printing[24-26], scaling up production and enhancing
fabrication speed are crucial.

The initial method of moving the laser focus through the sample
material was based on linear translation stages. A significant improve-
ment in throughput was achieved with the transition to the use of
galvanometer mirror scanners that deflect the laser in the sample plane
[27]. Nevertheless, despite galvo scanners being the current
state-of-the-art and even being used in some commercial 2PP systems
[28], the throughput is still a limitation for the translation of applica-
tions to an industrial scale.
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Consequently, ongoing research efforts focus on the development of
2PP systems that facilitate even higher production speeds [3,29]. Two
possible approaches to address this limitation are sequential and parallel
printing. In sequential printing, only a single voxel is polymerized at any
given point in time [30]. For parallel printing in 2PP, the typical
implementation involves multibeam systems where the laser is split into
multiple beams, which are then scanned across different sections of the
field of view (FOV) [2]. This approach comes with the drawback that the
laser power is usually modulated before the beams are split, limiting the
system to creating periodic structures that repeat at the same distance as
the focus points’ spacing[29,31,32]. Alternatively, the beam is shaped
using spatial light modulation, enabling the creation of more complex
shapes by dynamically adjusting the light distribution[33-35]. Never-
theless, even such systems only reach their full throughput potential
with periodic structures, as otherwise not all foci can be used for
simultaneously.

In contrast, sequential printing offers the ability to create designs
with fewer limitations, however, at the expense of fabrication time.
Nevertheless, Pearre, B.W. et al.[36] demonstrated recently that the
throughput of sequential printing can be significantly improved, while
avoiding the limitations of parallel printing, by using a resonant scanner.
They converted a resonant scanning two-photon microscope into a 2PP
printer to showcase the feasibility of a relatively cost-effective yet
high-performance multipurpose device. However, not all aspects of the
setup, such as the laser modulation bandwidth and the FOV, were
optimized for high-throughput 2PP , potentially resulting in increased
production time and lower resolution.

Here, we present the next step in high-throughput 2PP through the
development of a custom-built setup utilizing a resonant scanner.
Designing a system from the ground up allowed us to optimize the
printing process for increased throughput without compromising the
high resolution. To this end, the hardware was carefully selected and
calibration and test methods were established to optimize and verify the
systems’ performance. We further demonstrate the potential of the
resonant scanner-based system through the high-throughput fabrication
of microscaffolds for tissue engineering[21], underscoring the capabil-
ities of this approach.

2. Methods
2.1. Materials

The photoinitiator used for all 2PP processing was Michler’s ethyl
ketone (4,4-Bis-(diethylamino)-benzophenone, Sigma-Aldrich). Micro-
scaffold production was tested with a photosensitive PCL-based resin
(DEGRAD INX, BIO INX) and 4 wt% photoinitiator. For other calibration
test prints a 50:50 mixture of ethoxylated-(20/3)-trimethylolpropane
triacrylate (ETA, Sartomer 415) and trimethylolpropane triacrylate
(TTA, Genomer 1330) with 5 mM photoinitiator was used since the
liquid resin more straightforward to prepare and has a much longer shelf
life after preparation. To develop the samples after printing, the unpo-
lymerized resin was washed out with Tetrahydrofuran (THF, Sigma-
Aldrich, USA) in the case of DEGRAD INX or 1-Propanol (Carl Roth
GmbH+ Co. KG, Germany) when using ETA:TTA.

2.2. 2PP setup

The 2PP setup developed in this work is based on the 515 nm output
of a Yb-based femtosecond Oscillator (FLINT, Light Conversion) with a
minimum pulse duration of 120 fs, a repetition rate of 76 MHz, and a
maximum power of 1.9 W. The laser power is modulated by an acousto-
optic modulator (AOM) (M1406-AQ175-0.5, ISOMET), which is able to
achieve a modulation bandwidth of 30 MHz. Dispersion compensation
of —18000 fs? is achieved with multiple bounces between a pair of
chirped mirrors (Ultrafast Innovations). The beam is then expanded to a
size of 5 mm with a pair of lenses (LA1461-A-ML and LC1120-A-ML,
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Thorlabs) to match the scanner’s useful aperture. The scanner consists
of an 8 kHz resonant scanner (CRS 8 KHz, Cambridge Technology) with
a maximum optical scan angle of 26° (peak-to-peak) and a galvo scanner
(6215 H, Cambridge Technology) with a maximum optical scan angle of
40° (peak-to-peak). After the scanner, the laser passes through a scan
lens (S4LFT4010/292, Sill Optics) and a custom-designed tube lens ar-
ranged in a 4 f system. The beam is then directed into a 10x NA 0.4
microscope objective (UPLXAPO10X, Olympus), which is mounted on a
linear Z-stage (Z-Achse PLUS 50 mm, Marzhauser) with a travel range of
50 mm. The objective focuses the beam with up to 630 mW into the
sample, which can be translated in XY-direction by a linear stage. To
enable observation of the printing process, a 1.6 megapixel CMOS
camera (CS165MU/M, Thorlabs) is mounted underneath the objective
behind a longpass dichroic mirror (DMLP567, Thorlabs). Schematics of
the optical setup can be seen in Fig. 1 and photos of the actual setup can
be found in the supplementary material. The AOM amplitude and the
galvo scanner position are controlled by voltage signals, which are
generated by a 14-bit arbitrary waveform generator (AWG) (M2i6034-
exp with M2i6-exp-4Amp, SPECTRUM Instrumentation) with an output
rate of 125 MSamples/s. All hardware devices, the 2PP process, and
calibration measurement routines were controlled by custom code
written in Python (Version 3.10).

2.2.1. Line tests

The minimum feature size parallel and perpendicular to the resonant
scan direction was tested by printing single lines in both directions. The
20 um long lines were fabricated between 100 x 100 x 100 um® cube
structures at the same time as the corresponding cube layers. The lines
parallel to the resonant scan direction were created by keeping the laser
on for the duration it takes the scanner to move the length of the line.
The perpendicular lines were created by printing single voxels in
consecutive scan lines. After postprocessing, the lines were imaged with
a scanning electron microscope (SEM) (Evo 10, Zeiss).

2.2.2. AOM bandwidth and trigger accuracy measurement

A photodiode (DET100A2, Thorlabs) was mounted above the
printer’s objective. Positioning the photodiode 2-3 mm above the focal
plane ensures the full beam is captured without damaging the sensor.
Measurements are then taken by turning the AOM on twice for a certain
time with the same time span between the pulses. The time steps are
limited to a multiple of the duration of one sample at the maximum
sample rate (62.5 MSamples/s/channel) of the AWG. The AWG’s control
signal and the photodiode’s signal are recorded with an oscilloscope
(DS1104, Rigol). The same setup was used to determine the AWG’s
trigger accuracy by repeating the measurement multiple times with the
same output signal and measuring the variance in the duration between
rise of the resonant scanner’s synchronization signal and the first rise of
the photodiode’s signal.

2.3. Field of view (FOV) power characterization

The measurement of relative laser power in the printing plane at
different scan positions uses the same hardware setup as the AOM
bandwidth measurement. While the laser and the resonant scanner are
permanently on, the oscilloscope is triggered by the resonant scanner’s
sync signal, and the laser power is recorded for a duration of 120 ps, with
the trigger point being offset by —31 s, so that the power over one scan
line is fully within the recorded time span. This measurement is then
repeated for galvo scan position from —1300 pym to 1300 pm in 20 um
steps. When plotting the resulting data as a 2D heatmap, the data points
along the resonant scan direction are arranged with the same trans-
formation that is used for positioning calculations during printing.

2.4. Resonant movement synchronization

The resonant scanner’s driver (Model 711-80159, Cambridge
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Fig. 1. Illustration of the developed 2PP setup. AOM: acousto-optic modulator; CM: chirped mirrors; BE: beam expander consisting of two lenses; SL: scan lens; TL:

tube lens; DM: dichroic mirror; OBJ: 10x NA 0.4 microscope objective.

Technology) offers a sync signal, which is used to synchronize the
resonant scanner with the other components. Ideally, the signal switches
level at each change of direction of the scanner. Deviations from a 50 %
duty cycle and a phase offset of the signal relative to the turnaround
points can be adjusted via potentiometers on the driver. For precise
control, software correction was chosen, where the output was shifted
by a fixed time delay. The delay was determined by printing 100 x
100 pm single layer squares consisting of parallel lines with different
delay settings and determining via the setup camera for which settings
the overlap between the two scan directions is the most accurate.

2.5. Scaling and rotation

To find the scaling and rotation factors, the positioning of the XY-
stage was used as a reference. Four Cube structures with a size of
400 x 400 x 100 pm® were printed consecutively, with their centers
positioned on an orthogonal grid spaced out by 400 pm. Therefore, if the
scaling and rotation factors are set correctly, the sides of neighboring
structures would align perfectly. By evaluating the alignment with the
2PP system’s camera immediately after printing, adequately precise
scaling and rotation factors can be found with only a few iterations of
this process.

2.6. Galvo scanner jump delays

Determination of correct values for the galvo scanner’s jump delay is
achieved by measuring the laser beam’s position with a position sensi-
tive detector (PSD) (52044, Hamamatsu) and recording the output with
a data acquisition card (NI 9215 with cDAQ-9171, National In-
struments) while performing movements with the galvo scanner. The
PSD was mounted above the printer’s objective with the sensor’s surface

positioned a few hundred micrometers above the objective focal plane to
achieve a laser spot size close to the optimum for the sensor of 200 pm.
This distance from the focal plane leads to the PSD delivering values that
don’t fully reflect the exact movement of the laser’s focal spot unless the
objective’s back focal plane is fully illuminated at all scan angles, which
is potentially not the case, depending on the objective’s z-position. The
distortions due to this effect and non-linearities in the sensor’s mea-
surement behavior make calibration necessary. As measuring the dy-
namic positioning behavior was of main interest, static positioning was
used as a reference for the measurement. For the calibration, the galvo
scanner was set to a range of positions for 2 ms, which is enough time for
the scanner to settle in position and record the PSD signal for each po-
sition. The acquired values were then fitted with a polynomial, which
was used for converting PSD signal to a position in subsequent experi-
ments. It is important to note that the positions obtained by this con-
version can be compared to the scanner’s control signal but don’t
necessarily represent the physical laser spot position due to the fact that
a non-linear relation between scanner position and control signal would
not be detected with this method. To determine the jump delays for
various jump distances, the galvo scanner was moved in a pattern,
simulating the printing process. The control signal consisted of many
small steps equal to a typical line spacing distance, each lasting for half
the period of the resonant scanner and one larger step in between the
jump. The measurement from the PSD was then compared to the control
signal, and the jump delay was determined as the time needed for the lag
time between the control signal and the measured position to return to
the level observed before the jump. The accuracy of the measured jump
delays was verified by printing 100 x 100 x 100 pm? cubes at increasing
distances in between with fixed jump delays until an incorrectly posi-
tioned line appeared between the cubes.
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2.7. Verification of the quality of produced 3D structures

The tests to confirm the quality of the 3D structures across the FOV
were performed by producing microscaffolds with DEGRAD INX. The
300 ym diameter structures were arranged in a 7 x 7 array with a
spacing of 50 ym and printed with line spacing dX = 1.3 um, layer
spacing dZ = 1.9 um and laser power P = 450 mW. The microscaffolds
were connected to the coverslip by printing a 300 x 300 x 50 um® block
structure with a laser power of 200 mW underneath them onto the glass
surface. Different powers for microscaffolds and block structures were
selected, due to the different processing windows. Stable bulk structures,
such as cubes, can be created in the range between 120 mW and
350 mW, while higher power leads to thermal damage noticeable by
bubble formation. Microscaffolds are stable at a minimum of 390 mW
and show no thermal damage within the available power limits of the
presented system. After developing the sample, it was sputtered with a
layer of gold and imaged with a scanning electron microscope (EVO,
Zeiss). The microscaffolds’ strut widths were estimated from images
taken at 0° to the z-axis, while the height was calculated from values
measured at 45°.

2.8. Throughput optimization

All tests were performed with the previously determined optimal line
and layer spacing of 1.3 um and 1.9 um and were run without resin. For
each array size 3 layers of microscaffolds were produced and the number
of tiles in XY was selected such that the total number of microscaffolds
was always around 2100. Each set of parameters was run with sample
rates of 30 MSamples/s and 60 MSamples/s to show the limiting influ-
ence of the AWG’s data transfer rate on the throughput.

3. Results
3.1. Hardware & optics

The newly developed 2PP setup is based on a 8 kHz resonant mirror
scanner which deflects the laser during the fabrication process. This
configuration offers the potential for rapid production of microscaffolds
and to achieve scan speeds almost two orders of magnitude higher than
those of previously reported with 2PP systems based on galvo scanners
[12]. However, due to the nature of the resonant scanner, which oscil-
lates at a defined frequency, position and speed control are limited. To
accommodate for this constraint and still fully exploit the potential of
high speed 2PP fabrication, careful selection and optimization of the
setup’s components are crucial (Fig. 1). Additionally, when using high
scanning speeds, the system has to deliver a sufficient light dose to
achieve 2PP despite the short exposure duration of each voxel and the
acousto optic modulator (AOM) must exhibit rapid light intensity
modulation to maintain 2PP accuracy along the scan direction. Further,
the optics must provide a large FOV, in order to minimize the contri-
bution of the stage movement on the overall structuring time.

In 2PP, structures are produced by sequential exposure of single
voxels. This method creates an inherent conflict between throughput,
feature size and positioning precision. The smallest achievable feature
size is mainly determined by the optical components of a 2PP system.
Specifically, by the numerical aperture of the objective, which de-
termines how tightly the laser beam can be focused. However, when
using a fast-scanning mirror, the feature size might increase along the
scan direction despite the characteristics of the focusing optics, if the
laser cannot be switched on and off fast enough leading to extended
illumination duration.

Most modern 2PP setups, including the one presented in this work,
use an AOM for laser beam attenuation as well as fast switching[37],
which is determined by the AOM’s modulation bandwidth. In systems
with 2 galvo scanners, this doesn’t usually affect the resolution along the
scan path since the maximum achievable scanning speed is not in
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conflict with the modulation bandwidth of the AOM. For instance, in the
case of a set-up based on two galvo scanners which are scanning with a
speed of 0.6 m/s the focal spot only moves 300 nm in the time it takes an
AOM with a modulation bandwidth of 1 MHz to switch on and off again.
In this case the feature size is mainly determined by the focusing optics.
However, when using a maximum scan speed of 66.6 m/s as in the 2PP
setup presented in this work, a modulation bandwidth of more than
100 MHz would be necessary to achieve the same result. AOMs with
such high modulation bandwidth do not exist, and the AOM becomes the
limiting factor for the minimum feature size along the scan direction.

The modulation bandwidth mainly results from how fast the acoustic
wave inside the AOM’s crystal travels through the width of the laser
beam so that the beam experiences the same level of diffraction across its
whole cross-section when the wave’s amplitude is modified. Therefore,
the two ways to increase the modulation bandwidth are to either in-
crease the speed of the acoustic wave or decrease the beam width. The
former option is not viable, as the speed of sound doesn’t vary enough
between different materials suitable for AOMs, and the choice of ma-
terial is usually made based on other factors such as optical wavelength,
desired dispersion, and the required optical damage threshold[38]. On
the other hand, reducing the beam width is more straightforward to
achieve but comes with new challenges. A smaller, more divergent beam
reduces the AOM’s efficiency [39], and focusing the laser beam in-
creases the intensity and could damage the crystal. As a compromise, in
the presented set-up the laser beam is focused to roughly 250 pm
achieving an efficiency of 55 %.

To test the modulation bandwidth the AOM was turned on twice for a
defined time, including a break of the same duration between the
created pulses. The resulting laser modulation was recorded with a
photodiode. The selected time intervals were multiples of the output
duration of a single sample at the maximum sample rate of the arbitrary
waveform generator (AWG) that controls the AOM. Fig. 2a shows that
using a pulse duration of a single sample (16 ns), the modulated laser
does not reach the desired amplitude, and consecutive pulses are merged
into one. When the pulses last 2 samples (32 ns) (Fig. 2b), the pulse
reaches almost full amplitude, and the following pulse is clearly sepa-
rated. Therefore, the modulation bandwidth is roughly 15 MHz.

A common practice to determine the minimum achievable feature
size of a setup is to assess the printing of single-voxel lines[36,40,41].
Writing lines parallel to the resonant scanner’s scan direction using a
10x objective led to a line width of 0.97 um or less (Fig. 2¢). When
structuring perpendicular to the scanning direction (Fig. 2d) the AOM as
a limiting factor becomes apparent. Despite using the optimized band-
width, the line width increased at the center of the FOV, where the scan
velocity is the highest, to values between 1,38 ym and 2.17 pm.
Although resolution is sacrificed in favor of fabrication speed this
tradeoff is acceptable, as the attainable feature size proves to be more
than sufficient for the intended application of producing microscaffolds.
Nevertheless, if higher resolution is desired, it can be achieved by either
employing a higher magnification objective or reducing the scan range
and, consequently, the scan speed. In both scenarios, there would be a
reduction in throughput.

The lower uniformity of the perpendicular lines is attributed to the
need to create them from individual voxels in separate scan lines, which
introduces precision issues. The accuracy of a 2PP system is determined,
on the one hand, by the achievable feature size, on the other hand, by
the positioning precision. Although feature size becomes less critical for
structures lacking fine features, positioning precision remains crucial for
all structure dimensions, as low precision may result in aliasing and
rough surfaces. The positioning precision along the scan direction is
determined by the AGW’s sample rate. In the setup presented in this
work, with a maximum rate of 62.5 MSamples/s, the AWG’s trigger
events are uniformly distributed within 16 ns after the rise of the trigger
signal. This leads to a positioning precision of 1.07 pm at the FOV’s
center, where the scan speed is highest. This also accounts for the lower
uniformity observed in the line tests of perpendicular lines compared to
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Fig. 2. AOM bandwidth measurement and Line tests: (a) blue: measured laser amplitude when driving the AOM with two 16 ns pulses (blue) compared with a
single switch-on process (orange). The pulses cannot be discerned, and the signal never reaches full amplitude. The oscillation within the signals is caused by the
laser’s 80 MHz repetition rate. (b) Bandwidth test with 32 ns pulses. The pulses are clearly distinguishable and reach full amplitude, indicating a modulation
bandwidth of 30 MHz. SEM images of a 20 um long single-voxel line printed (c) along the scan direction with a width of 0,97 um. (d) perpendicular to the scan

direction by single voxels in consecutive scan lines.

those parallel to the scan direction, as neighboring voxels may be
slightly shifted relative to each other.

3.2. Calibration

3.2.1. Resonant movement correction and synchronization

The resonant scanner’s high scan velocity and non-linear motion
require it to be precisely synchronized with the AOM. Discrepancies
between the assumed and the actual focus position at the moment of
material exposure will not only lead to a shifted, but also a distorted
structure due to the sinusoidal movement of the scanner. Furthermore,
when scanning bidirectionally, timing errors can cause misalignment
between lines produced in opposite directions, leading to fragmented or
frayed lines at the edges of the structure.

Synchronization between the resonant scanner and AOM is achieved
with a TTL signal from the scanner’s driver that switches level at the
scanner’s turnaround point. This turnaround point is used as a reference
point to calculate the output signal along a line. To ensure accurate
synchronization, several key characteristics of the setup need to be
determined: the precise frequency of the resonant scanner, a sync delay
that corrects for the offset between the sync signal and the point in time
where the output should be triggered, and the scanner’s FOV size.

The frequency can be measured by recording the power distribution
across the FOV. This is achieved by capturing the power using a
photodiode over the duration of a single line and repeating the process
for a range of galvo scanner positions. The resulting signal is mirrored at
the resonant scanner’s turnaround points. Therefore, the time difference
between those mirror points is equal to half the resonant scanners
period. The scan frequency given in the specifications as 7910 + 10 Hz
was determined to be 7906 Hz. Furthermore, the measurement can be
used to detect an offset between the sync signal and the actual turn-
around point, which must be compensated by the aforementioned sync
delay. The offset fell within the range of 600 ns.

Another factor that leads to the need for a sync delay is the AOM’s

response time, which can be measured from the data acquired during the
bandwidth measurement described in 3.1. Throughout this measure-
ment, the oscilloscope was triggered by the AOM control signal, and the
response time was determined as the period between the trigger point
and the moment at which the laser power reached the specified ampli-
tude. As shown in Fig. 2a&b, the measurement showed this to be
approximately 300 ns. The reaction time between sending the control
signal to the AOM and the diffracted laser beam reaching the set
amplitude largely arises from the time taken for the acoustic wave in the
crystal to propagate from the piezoelectric transducer to and through the
laser beam. It depends on the beam diameter and the position at which
the laser crosses the crystal and requires re-evaluation after each
alignment of the AOM.

Instead of analyzing all the factors that add up to the sync delay
individually after each alignment, it has proven to be faster to determine
the sync delay by producing test structures. By scanning single layers of
parallel lines with varying delays, the setting at which the lines from
both print directions fully overlap can be identified. This assessment can
be conveniently made by observing the structures through the setup’s
camera (Fig. 3a). Upon repeating this process for various sample rates
(Fig. 3b), it was observed that the delay in samples scales linearly with
the sample rate. This would be expected if the delay in seconds was
independent of the sample rate, however, the delay exhibits an addi-
tional constant offset of 16 samples, likely caused by a trigger delay of
the AWG. The sample rate independent share of the sync delay amounts
to 900 ns, a value that aligns well with the sum of AOM response time
and the offset between the sync signal and the actual turnaround point.

3.2.2. Scaling

Upon establishing synchronization between components, deter-
mining the correct position of the laser focus within the image plane
from the angular position of the scan mirrors is crucial for creating
accurately scaled structures. To achieve this, separate scaling factors for
each scan direction are used. The maximum scan distances in the
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printing plane for each direction were chosen as variable factors, to
provide a more intuitive understanding of the values than simple frac-
tional values. As a starting point, a value of 2723 um was calculated
based on available hardware and optics specifications. More precise
values were then determined by producing a single-layer square struc-
ture, moving the XY-stage by the intended size of the square, using the
stage as a reference, and then producing a second square. If the squares’
edges were not aligned precisely, the scaling parameter had to be
adjusted and the process was repeated. The maximum scan distances
obtained through this method were 2710 ym for the slow-scanning X-
direction and 2690 pm for the fast-scanning Y-direction. The deviation
from the theoretical value can be attributed to the assumption that the
scanner, scan and tube lens, and objective would be arranged in an ideal
4f-configuration, while the actual optical setup slightly deviates from
such an arrangement.

o

601 — psp
Control
40

—— Difference

20

X Position [um]

=20

-40

14.00 14.25 14.50 14.75 15.00 15.25 15.50
Time [ms]

3.2.3. Galvo movement characterization

In a system with 2 non-resonant galvo mirrors, synchronization and
positioning of the slower-axis mirror is of minimal concern due to the
jump delay determined for the faster-axis mirror being sufficient.
However, when combined with a 8 kHz resonant scanner, the galvo
mirror responsible for switching between line positions, has to operate
close to its limits. When subsequent lines are required to be separated by
more than the line spacing, a jump delay becomes necessary to ensure
the correct positioning of printed lines after the jump. Failure to
implement this would result in incorrectly printed lines visible as a
ghosting effect (Fig. 4a) due to the galvo scanner’s inability to cover the
distance quickly enough. All delays are discussed as a number of lines, as
the output can only be shifted by the full scan duration of a line, with
each line equivalent to 63 ps due to the fixed scan frequency. To cover all
possible jump distances up to the full width of a FOV (1305 pm), a delay
of 8 lines (505 ps) would be necessary. However, this would significantly
impact the processing time, especially for structures with multiple jumps
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Fig. 4. Galvo scanner jump delay evaluation: (a) Cubes produced for the manual evaluation of jump delays, with incorrect (top) and correct settings (bottom); The
incorrectly placed lines resulting from the incorrect delay are marked by red arrows. (b) Comparison between the galvo scanner control signal (orange) and the actual
position of the scanner measured with a PSD sensor (blue). The scanner doesn’t follow the step shape and moves with a delay. The plot shows the behavior of the
galvo scanner during a 50 pm jump. The necessary jump delay is determined as the time needed for the difference (green) between galvo position and control signal
to return to the level before the jump. The zoomed in section shows the response delay. (c) The measured jump delays for each jump distance.
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per layer. As a result, the minimum delay was determined for different
jump distances using a measurement method involving a PSD sensor.

The measurement showed that even when scanning evenly spaced
lines with a typical line spacing of 0.5-1.5 um, the galvo scanner is not
able to follow the step shape of the control signal, but instead moves at
constant speed (Fig. 4b) mainly due to its limited bandwidth. Jump
delays were measured for jump distances from 5 pm to 2000 pm in 1 pm
steps. For jump distances of less than 500 pm the jump delays roughly
increase with the square root of the distance, while the relation becomes
more linear for larger distances. This suggests that the scanner is
accelerating throughout the whole duration of the smaller jumps, while
the maximum scanner velocity is reached during larger jumps.
Furthermore, the lowest measured jump delay is two lines. A closer look
at the measurement curve reveals that this is due to the response time of
the galvo scanner, which is approximately 60 ps (Fig. 4b).

By shifting the galvo’s control signal by the scan duration of one line
relative to the AOM’s signal, all jump delays can be reduced by an
additional line.

In order to validate the PSD-based measurement, cubes were pro-
duced at various distances to determine the jump delay manually
(Fig. 4a). The values obtained through this manual method closely
matched the previous automated measurement. However, solely relying
on the end result would not allow for a distinction between the galvo’s
response time and the actual jump delay. Consequently, the PSD mea-
surement indicated one line shorter jump delays, resulting in a 4.4 %
reduction in scan time for the production of 300 um microscaffolds.
Therefore, the PSD measurement method offers a notable advantage
over the more traditional approach of using test prints to determine
processing parameters.

3.2.4. FOV power distribution

While the high scan speed reduces the cumulative scan time, other
factors such as the stage movement between layers and FOVs begin to
contribute significantly to the total print duration. The stage movement
scales linearly with the number of FOVs and becomes a substantial
portion of the total processing time. To effectively minimize the time
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spent waiting for stage movements to complete, the number of FOVs
needs to be reduced by increasing their area.

However, this approach necessitates an assessment of the potential
variations in polymerization threshold across the FOV. The polymeri-
zation efficiency is affected by the voxel shape given by the objective’s
point spread function and the amount of power that is focused within the
voxel. Typically, both deteriorate towards the edge of the FOV due to
distortions and suboptimal laser alignment. Using optimized optics,
aberrations can be minimized, thereby enhancing polymerization effi-
ciency. Additionally, the quality of laser alignment was verified through
the FOV power measurement described in Section (3.2.1), which in-
cludes assessing the uniformity of the power distribution across the FOV
and identifying whether the maximum intensity aligns with the FOV
center. The power distribution in a well-aligned setup (Fig. 5a) should
consist of a central, predominantly uniform section, where the laser
beam passes unhindered through all optical components, followed by a
circular power drop-off beyond a certain radius, reflecting partial
blockage of the laser beam at large scan angles.

This method, allows for the detection of misalignments and errors in
the mounting of optical components. Fig. 5a shows the power distribu-
tion in the FOV of a well-aligned set-up. The maximum intensity was
offset along the Y-axis, due to the resonant scan mirror being overfilled
by the laser beam, resulting in a varying aperture based on the mirror’s
angle. Practical tests showed that for power values far above the poly-
merization threshold, structures of uniform quality can be produced
across the FOV.

Produced microscaffolds were examined using a SEM to evaluate
whether the FOV optimization translates well to practical applications.
Producing 7 x 7 microscaffolds covering an area of 2400 x 2400 pm?
within a single FOV, resulted in nearly complete filling of the objective
FOV, with the microscaffolds at the corners being produced outside the
actual objective FOV. However, all microscaffolds were self-supporting,
and only those outside the objective’s FOV showed noticeable signs of
reduced quality due to optical distortions (Fig. 5b). Comparing the strut
sizes to the CAD design showed that the width of 12.8 + 0.4 um closely
matches the design’s 14.6 um (Fig. 5c). Nonetheless, a higher deviation

[\

Fig. 5. SEM images of produced microscaffold: (a) The setup’s power distribution across the FOV; The power stays above 80 % of the maximum across the
objective’s whole FOV of 2650 um (white circle). (b) Overview of 7 x 7 microscaffolds printed within one FOV. The red circle indicates the objective FOV of
2650 pm. (c) Top view of the microscaffold in the center of the FOV. (d) 45-degree view of the central microscaffold. The struts are slightly elongated along the Z-

direction, as expected when using the implemented focusing optics.
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was observed in the Z-direction, where the strut height of 28.4 + 2.9 ym
was more than twice the design’s 12.9 uym (Fig. 5d). This effect is ex-
pected with low numerical aperture objectives due to the in Z-direction
elongated voxel shape.

3.3. Throughput optimization

When analyzing various 3D printers, summarizing the throughput in
a single easily comparable number is not feasible. Instead, a compre-
hensive understanding of the factors contributing to the cumulative
processing speed increase and their potential drawbacks is necessary.
For instance, in the case of 2PP, the tradeoff between throughput and
resolution, is a fundamental consideration. The volumetric throughput
of a 2PP system can be changed by multiple orders of magnitude by
simply using different objectives to focus the laser beam, and the po-
tential tradeoff should always be based on the considerations of a spe-
cific application. In the following, various aspects of the 2PP process will
be examined, each of which can significantly impact the total
throughput. To evaluate the throughput the fabrication of micro-
scaffolds will be used as a benchmark test. This choice is justified by the
complex geometry and fine struts of the microscaffolds, making them a
challenging structure to produce with 2PP, let alone any other tech-
nology. It can be assumed that performance for less complex designs
would be at least equivalent or even better. After developing the sam-
ples, it is possible to assess the quality of the produced structures for
signs of insufficient polymerization. Factors such as incorrectly selected
processing parameters, distortion of the laser beam, or inadequate illu-
mination of the FOV can result in insufficient photon densities resulting
in a weak polymer network leading to mechanically unstable structures
that are prone to deformation or collapsing. Moreover, the production of
microscaffolds and according parameters are well established on other
2PP systems[42], enabling a comparison between the presented setup
and a system with two galvo scanners that performs similarly to the
current generation of commercial systems.

3.3.1. Microscaffold arrangement

Optimizing the arrangement of structures within the FOV is essential
for ensuring their high quality and maximizing the throughput.

Considering the unique microscaffold design, careful thought was
given to the orientation of the CAD model of single microscaffolds to
minimize the number of required line scans. This can be accomplished
by aligning the microscaffold so that the scanning direction is perpen-
dicular to one of its 15 planes of reflection symmetry. This is because the
orthographic projection of a microscaffold onto one of its mirror planes
yields a smaller area compared to projections in other orientations.
Consequently, there remains a single rotational degree of freedom along
the scan direction, allowing to choose between different microscaffold
orientations. Subsequent 2PP tests, however, revealed that this orien-
tation had no impact on the process duration. Consequently, an orien-
tation was selected where one of the structure’s hexagons was aligned
parallel to the focal plane. This orientation facilitates easier attachment
of microscaffolds to the glass substrate during characterization tests
(Fig. 5). This improved orientation with an optimally positioned mirror
plane requires 33 % less scan time than the same microscaffold rotated
by 90 % around the Z-axis.

In 2PP systems with 2 galvo scanners, the print area is typically
chosen to be a square, maximizing the usable area within the circular
objective FOV and reducing stage movements for separate FOVs. How-
ever, considering the fixed line rate of a resonant scanner, it is more
advantageous to use a rectangular FOV elongated along the fast-
scanning axis. As outlined in 3.2.4, although it is possible to produce
structures that exceed the objective FOV, however, it is advisable to
regard the objective FOV as the upper limit for the processing area in
order to avoid optical aberrations and ensure structure quality.

In context of optimizing throughput, the consideration of the scan
rate alone would suggest the use of very narrow FOVs in X-direction to
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maximize the usable length in Y-direction. However, it is essential to
also account for the movement time of the Z-stage between each layer.
Splitting the processing area into smaller FOVs that are optimized for
scan time, would result in an increase in total Z-stage movement time.
Therefore, those two factors have to be balanced. Calculations showed
that for producing bulk structures with an average Z-stage movement
duration of 25 ms between layers, the optimal FOV size would be
1440 x 2220 ym?. When arranging 300 um microscaffolds spaced
35 um apart, the arrangement of an array of 4 x 7 structures (maximum
distance from center: 1300 um) closely approximates this optimal value.
To confirm that this would be the optimum array size, tests were con-
ducted to measure the average throughput for different array sizes. The
results are presented in Table 1.

Using the previously reported standard arrangement of 3 x 3 of
microscaffolds[42] facilitated a throughput rate of 4644 structures per
hour. Therefore, transitioning to a resonant scanner, while maintaining
all other processing parameters, yielded a 22.4-fold increase over the
previous throughput of 208 microscaffolds/h. Furthermore, it was
observed that arrays of 5 x 5 microscaffolds, representing the largest
square arrangement feasible within the FOV, more than doubled the
throughput. Additionally, optimizing for a single scan direction of 4 x 7
structures resulted in a 23 % increase in throughput, achieving an
hourly throughput of 12,078 microscaffolds, which is 57 times faster
than the setup based on two galvo mirrors. A video of the optimized
production process can be found in the supplementary material.
Notably, elongation of the scan area in the scan direction was found to
significantly enhance throughput. Conversely, the 90-degree rotated
array of 7 x 4 microscaffolds exhibited a performance inferior to that of
the square array, as anticipated.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2024.104601.

3.3.2. Data transfer speed

During 2PP of a single FOV, the control signal data is transferred
from the PC’s memory to the AWG’s internal memory while the Z-stage
moves to the next layer’s position. Once both of these processes have
finished, the layer is produced. This means that while the Z-stage typi-
cally limits the throughput, the data transfer becomes a bottleneck when
the amount of data per layer becomes too large. This effect becomes
evident when comparing the processing time for different sample rates
as shown in Table 1. For instance, when using a rate of 30 MSamples/s
instead of 60 MSamples/s, the amount of data is halved and is no longer
limiting the throughput.

Furthermore, the bottleneck effect is more pronounced for larger
numbers of microscaffolds in the X-direction, given the greater number
of lines and, hence, a larger amount of data. However, reducing the
sample rate also impacts the positioning resolution, and a potential loss
in structure quality has to be weighed against the need for high
throughput. A potential solution to this tradeoff could be the use of a
newer AWG model in a revised setup, as the available data transfer speed
has increased by more than a factor 4.

4. Discussion and outlook

The unrivaled resolution and precision of 2PP, compared to other
additive manufacturing methods, makes it an interesting option for
numerous applications. However, its relatively low throughput still
presents a challenge for large-scale production. The setup presented in
this study demonstrates the steps that can be taken to address this lim-
itation. Utilizing an 8 kHz resonant scanner enables unprecedented
scanning speeds of up to 66 m/s. Coupling with a high-power 515 nm
laser allows the use of efficient UV photoinitiators, enabling effective
2PP even at the highest scan speeds. The optical system was designed to
ensure uniform power distribution across a large scan area. Careful
consideration of the modulation bandwidth was taken into account in
the selection of the setup’s AOM to facilitate the production of small
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Table 1
Processing time comparison between differently sized arrays of microscaffolds.

Additive Manufacturing 97 (2025) 104601

30 MSamples/s 60 MSamples/s

Array size Total number of microscaffolds Processing time [s] Microscaffolds/s Processing time [s] Microscaffolds /s

3x3 2160 1670 1293 1836 1176

5x5 2100 772 2720 981 2141

4x7 2100 626 3355 736 2853

7 x4 2100 875 2400 1176 1786
feature sizes along the scan direction. Following the construction of the
setup, a variety of newly developed measurement techniques were Table 2 . o
. . e . . Performance comparison between 10x, 40x and 63x objectives.
implemented to validate the calculated specifications and provide the
calibration data necessary to optimize the setup to peak performance. 10xNA 0.4  40xNA0.95  63xNA 1.4

The AOM modulation bandwidth has been determined to be 30 MHz, Scan speed with galvo scanner 0.6 m/s 0.15m/s 0.01 m/s

resulting in a minimum feature size of 2.17 pm at the position with the [19] [191 [43]
highest achievable scan velocity. Analysis of the power distribution Max. scan speed with resonant 66.6 m/s 16.6 m/s 9.8 m/s
across the FOV allowed to optimize for a predominantly uniform power Seanner

o X o X Typical line spacing 1.30 um 0.17 pm 0.20 ym
distribution. Additionally, the precise frequency of the resonant scanner, [19] [43]
essential for correct output calculation, can be determined from the Position precision along scan 1.07 ym 0.27 ym 0.33 um

same measurement. The synchronization delay necessary for correct
positioning and bidirectional printing was identified via straightforward
and quick-to-perform print tests. Analyzing the galvo scanner’s move-
ment allowed for minimizing the delays during jumps. Further optimi-
zation of the 2PP production speed included optimizing the orientation
of CAD-models, their arrangement within the scan area, and the amount
of data transferred to the setup’s AWG.

The combination of these advancements led to a remarkable increase
in throughput, achieving a 5700 % improvement over previously re-
ported examples. In the specific use-case of microscaffolds for tissue
engineering, this is expected to substantially reduce production times for
larger in-vivo studies from weeks to hours.

In this work, the production of microscaffolds for tissue engineering
was optimized, part of this optimization was selection of an appopriate
focussing optics, allowing to obtain a relatively large FOV while
meaintaining feature sizes down to 0.97 um. This achieved resolution
was adequate for the specific application and remains unmatched by
other 3D printing technologies, such as uSLA[23]. Nevertheless,
numerous other applications could benefit from increased throughput
alongside the higher resolution characteristic of 2PP. To create struc-
tures with finer feature sizes, it would be feasible to increase the reso-
lution by using objectives with higher numerical aperture and
optimizing the setup accordingly. Table 2 summarizes the expected
performance of the system using a 40x N.A. 0.95 and a 63x N.A. 1.4
objective, based on calculated values. The performance is compared to
values reported from commercially available 2PP systems. Since the
resonant scanning had no impact on the line and layer-spacing, a sig-
nificant improvement in throughput can be expected when using higher
numerical aperture objectives.

One application area that would greatly benefit from increased
throughput is the fabrication of upscaled 2PP structures that extend
beyond a single FOV in size. This approach necessitates precise stitching
between FOVs. In the presented use case the size of the single micro-
scaffolds did not require stitching, and consequently, the system was not
optimized for this application. However, to implement stitching effec-
tively, several factors must be considered to ensure the production of
high-quality structures.

To achieve precise stitching, it is crucial to carefully determine the
scaling factors and to ensure that the objective’s image plane is accu-
rately aligned with the stage movement plane to prevent any tilt be-
tween the blocks printed in individual FOVs. To maintain the high
throughput demonstrated in this work, it is necessary to use the
maximum FOV size. As distortion becomes more pronounced for large
FOVs, additional distortion correction would be required to reduce
stitching imperfections. While such a correction may slightly impact the
fabrication speed due to potentially requiring additional scan lines, this

direction

effect would still be significantly outweighed by the enhanced speed of a
resonant scanner compared to a galvo scanner.

The current setup demonstrates a significant increase in throughput
compared to previous generations of printers demonstrating the poten-
tial of resonant scanning in 2PP for a wide range of applications.
However, there are still some challenges that need to be considered in
the future.

One notable challenge is the variation in exposure time across the
FOV due to the sinusoidal movement of the resonant scanner. While this
may often be a minor concern, it can present difficulties for applications
requiring precise control over exposure time and intensity, such as
grayscale lithography [6,44]. To mitigate this issue, additional calibra-
tion methods will need to be implemented. Moreover, as discussed in
chapter 3.3.1 throughput is reduced if the scan lines are not fully used.
With two galvo scanners, the scan direction can be selected arbitrarily to
optimize the structure arrangement. In contrast, full throughput with a
resonant scanner can only be achieved by changing the structure
arrangement accordingly, which presents an additional challenge to the
control software in enabling adaptive CAD arrangements.

While increasing the scan speed has been a successful approach,
future enhancements in this regard may prove challenging due to the
limiting factor of the modulation bandwidth of the AOM. Strategies such
as employing multiple beams in combination with high-speed scanning
may prove advantageous for fabricating periodic structures, such as
arrays of microscaffolds.
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