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Abstract

Two-photon polymerization 3D printing (2PP) can build complex functional devices from submicron-scale volumetric units called
voxels. However, 2PP is a comparably slow method for generating bulk volumes due to its exceptionally high-resolution: a small voxel
is scanned in a line-by-line fashion, hence print time scales with volume. Faster printing can be achieved by increasing the rate of
volume processed per time. This can be done by optical voxel enlargement: larger voxels can be spaced farther apart, thus fewer
scan operations are required to polymerize a given volume resulting in faster print speeds, however, at the expense of print precision.
Nevertheless, in adaptive resolution 2PP precision is only applied where structurally needed, increasing the throughput vastly.

We demonstrate this method on the example of ultracompact 3D microfluidic devices. Functional micro-nozzles are fabricated at
different fine and coarse print settings and combinations thereof. For quality quantification we apply synchrotron X-ray tomography,
which gives valuable insights on both external and internal micro-features as well as surface topography. In refining regional print
settings and hence the local resolution to match performance requirements ultra-rapid fabrication of functional devices becomes
possible. Such print time savings facilitate 2PP mass-production, as any loss in time is multiplied.
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performance requirements. To identify this optimum requires

1. Introduction

The ability to fabricate free-form 3D designs has greatly
expanded the functionality of microfluidic devices when
compared to previous 2D-lithography and injection molding-
based microfluidics [1-3]. Two-photon polymerization (2PP) 3D-
printing has the potential to build complex parts at sufficient
precision to create functional microfluidic devices [4-6]. This
proceeds by moving a focused pulsed-laser beam through a
photosensitive resin, causing only the focal volume (voxel) to
cure upon photoinitiation by near-simultaneous absorption of
two photons, building up a 3D structure voxel line by voxel line,
layer by layer [7, 8]. The nonlinearity of this process can even
realize print features below the diffraction limit [5].

Unfortunately, 2PP 3D printing is a comparably slow method
for generating bulk volumes: a small voxel is used to sequentially
polymerize a target design, hence print time scales with design
volume [5, 9, 10]. To increase the utility of this fabrication
method, faster print speeds are needed to achieve high-
throughput design iteration and batch production while
minimizing costly machine runtime.

We increase 2PP throughput by dynamic voxel enlargement
via optical modulation of the laser. Larger voxels can be spaced
farther apart while still overlapping. The fewer scan operations
thus required to polymerize a given volume results in higher
throughput. However, increasing print speed by voxel
enlargement comes at the expense of print precision, andinturn
may impair device performance [3, 11-16].

The optimal print protocol thus uses the fastest print settings
that still achieve sufficient precision to meet all local

an iterative cycle of part fabrication, measuring part precision
and performance, and then using this information to adjust the
print settings for the next iteration.

We apply this method to a gas dynamic virtual nozzle (GDVN)
design for serial fs crystallography (Figure 1) [3, 17, 18, 19].
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Figure 1. GDVN micro-nozzles are critical devices in serial fs-
crystallography experiments. They focus a liquid stream with an outer
sheath ofinert gas to generateafine liquidjet with a diameterof only a
few um [3]. Stable microjets are required to deliver a protein crystal
slurry into the X-ray interaction region [20]. X-ray beam pulses are just
tens of fs long, brief enoughto allow diffraction of the crystals by high-
intensity radiation before they are vaporized [21]. Thousands of
diffraction patterns from separate, randomly oriented crystals are then
combined to reconstruct the molecular 3D structure.
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2. Methodology

2.1. 2PP 3D printing

Microfluidic nozzles can be manufactured by 2PP [4, 22]. The
high-resolution 3D printing system NanoOne 1000 (UpNano
GmbH) allows to fabricate parts in vat printing mode, in whicha
780 nm fs-pulsed NIR laser (90 fs, 80 MHz) is focused trough a
microscope objective (UPLXAPO10X, NA 0.4, Olympus) into a
2PP resin (UpDraft, UpNano GmbH) reservoir (Figure 2a). The
voxel is scanned line by line (600 mm s?scanning speed), layer
by layer, and maintained at a constant distance above the glass
bottom, with the objective-vat unit moving awayfrom the part
as it grows. The voxel size and hence the resolution can be
adapted by dynamic optical tuning (DOT). DOT is a method
which, without changing the objective, optically modifies the
laser focal point so that the voxel widthis affected more strongly
than the height, meaning that voxel widening decreases its
aspect ratio. Thus, the print speed can be increased by lowering
the voxel density, without overly compromising vertical
resolution. In assigning the print settings (hatching, slicing) to
local precision requirements, the throughput can be significantly
increased compared to the conventional 2PP printing approach.
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Figure 2. a) Principle of vat mode 2PP 3D printing. b) By adjusting voxel
size and hatching distance, fine or coarse scan mode can be selected on
the fly to match local precision requirements. Lengths in um.

2.2. Synchrotron X-ray micro-tomography

A rational reduction of local print precision without impairing
part performance requires suitable quantification of its
functionally relevant 3D topography. X-ray microtomography
can provide detailed 3D information of a scanned part, revealing
both external and internal surfaces, which can be directly
compared to the corresponding CAD design in silico (Figure 3).
The precision can be measured using “fidelity”, which quantifies
the normal surface deviation of the printed part from the target
CAD file, which depending on the resolution, can be done at sub-
micrometre precision. X-ray rotation series of mounted samples,
comprising 2001 images over an 180° rotation sweep, were
collected at the TOMCAT beamline of the Swiss Light Source at
Paul Scherrer Institute (Villigen, CH). A12 keV X-ray energy and
a6 mm separation between sample and scintillator (20 um thick
LUAG:Ce (Crytur)) yielded optimal X-ray absorption contrast and
edge enhancement for phase contrast reconstruction and part
segmentation. Resulting deviation maps can now inform
detailed print process optimizations.

2.3. Jet tests

Jet tests [23] were conducted using a custom station
controlled by an open-source python package which automated
the collection and analysis of data [18 ,23]. A GDVN was
mounted horizontally into a ~4x4x10 cm vacuum chamber (0.1
mbar) connected to an Edwards XDS35 scroll pump. Jets were
illuminated with pulsed diode laser (633 nm, DILAS D4F4S22
with a custom current driver) and imaged with a Photron SA5
high-speed camera connected to Mitutoyo 10x M Plan Apo long-
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Figure 3) High-resolution 3D print quality quantification via X-ray
tomography. Tomographic scans acquired 180° rotation series (1)
using a 12 keV X-ray synchrotron beam in phase contrast mode.
Paganin phase contrast tomogram reconstruction (2) was used to
facilitate segmentation (3) without degrading part edge precision (4).
Segmented contours (5) of printed parts (blue) were aligned to their
CAD mesh (black) to compute fabrication fidelity as the normal
deviation of part surface from the original CAD instruction. While
SEM is limited to viewing surface features, uCT can quantify fidelity
and noninvasively reveal internal features.

working-distance objective and a Navitar Ultra-Zoom 12x lens.
The liquid flow was controlled by a LD-20AD Shimadzu HPLC
pump and measured with a SLI-0430 Sensirion flow sensor. The
helium mass mass flow rate was measured and controlled by an
EL-FLOW Bronkhorst controller.

3. Results and discussion

Voxel width was directly quantified via scanning electron
microscopy (SEM) of single-voxel line prints (Figure 4a).
Unmodified fine voxels had dimensions of XY = 0.5-1.1 um,
Z=6.0-12.4 um for the laser power range of 20-30 mW (red).
Coarse voxels enlarged by dynamic optical tuning had
dimensions of XY = 4.7-6.4 um, Z = 15.9-39.3 um for the laser
power range 50-150 mW (blue). Voxel enlargement allows
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Figure 4) Adaptive resolution acts as virtual objective changer and
permits fine and enlarged coarse voxel print modes. Voxel
enlargement by dynamic optical tuning allows larger hatching and
slicing distances, and thus faster print speeds by extending the lower
limit of attainable voxel density.
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Figure 5) Performance dependent fidelity guides print speed
optimisation of EUXFEL GDVN.

larger hatching and slicing distances, and thus faster print
speeds by extending the lower limit of attainable voxel density
(Figure 4b). Electron microscopy reveals the effect of different
print settings on resolution, and confirms the structural viability
of larger voxel spacing (Figure 4c). The EuXFEL2012 GDVN
design, with an overall volume of ~0.1153 mm3, printed solid
with 10 um AZsan slicing, took 128 s to print in fine and only 24 s
in coarse mode, corresponding to a 246-fold faster print speed
compared to the 98.5 min previously required to print a GDVN
of comparable size using the default solid setting of a Nanoscribe
Photonics Professional GT [19].

Next, the EuXFEL2012 design was divided into regions of
different fine and coarse print settings, with higher print speeds
used where the lower precision doesn’t impair functionality (e.g.
nozzle body). The effect of each print setting (fine tip, coarse tip,
mix tip) illustrated in Figure 5a was revealed by scanning
electron microscopy (Figure 5b) and microtomography-enabled
fidelity quantification (Figure 5c). GDVN performance was
characterized by jet measurements of length, speed and
diameter, which are collected by analysing jet images using a
custom python code (Figure 5d) and converted into represen-
tative phase diagrams showing the jet speeds and diameters (re-
flected by marker size) for different gas and liquid flow combi-
nations (Figure 5e). The left edges of these diagrams, delineated
with bold lines, represent the drip-to-jet boundaries, which
deteriorated markedly for coarse voxel mode printed nozzles.

By spatially varying voxel resolution according to functional
demand, nozzle fabrication time was greatly reduced without
compromising performance. Coarse mode (blue) achieves 15-
fold faster fabrication rates then fine (red) mode (Figure 6a).
Overall, fabrication speeds are hence highly sensitive to the
volume fraction allocated to slow fine mode printing. While the
all coarse and all fine nozzles achieved quite different lowest jet
flow rates (Figure 5e), they all performed sufficiently well for
routine serial crystallography experiments. Axis-specific print
defects inthe coarse mode inner nozzle, however, did not impair
orifice symmetry and alignment centricity, which may explain

the minimal impact on jetting performance (Figure 5c). In
contrast, conventional hand-made glass capillaries are more
likely to suffer from pronounced jet whipping due to misaligned
inner liquid and outer gas orifice impairing performance. The
most critical section in the EUXFEL2012 nozzle was identified as
the inner orifice, allowing us to limit the fine mode high
resolution sections to this small feature, comprising 1.7 volume
percent of the full nozzle taking 20 s to print in fine mode,
compared to the remaining 98.3 volume percent completing in
24 s coarse mode printing (mix tip in Figure 5 and 6). The total
print time of the mixed tip nozzle (41 s) results in a 144-fold
increase compared to the previously required print speed of a
GDVN of that size (98.5 min) [19].

Due to this tremendous increase in throughput batch
production becomes reasonable. 392 nozzles have been fitted
onto a 20x20 substrate, 2 of each in a 1.4 x 1.4 mm?2 FoV to
compensate for additional stage movement, and can now be
fabricated by 2PP within 5 h 20 min in parallel, resulting in an
individual nozzle print time of 49 s.

5. Conclusion

We increase 2PP print speed by lowering the number of voxels
to be printed, enabled by enlarging these voxels. Moreover, we
optimise these new print settings in terms of fidelity and
functionality by using X-ray tomography and automated phase
diagram collection, respectively, thus establishing an optimisa-
tion protocol. Applying a combination of the optimized print
settings increased the throughput 144-fold, which allowed to
bulk produce 392 pieces of a highly complex hypodermic needle
GDVN in less than 5.5 hours.

The presented fidelity optimisation protocol could prove
invaluable to other microscopic devices. Micro- and even
nanometre deviations are relevant in optics, for example,
making this an option for optimising fabrication of microscopic
lenses [24-27] and biomimetic eyes [28].
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Figure 6) Device performance optimized resolution and fabrication
rates allows in significant throughput increase which allows large
scale batch production (392 pcs) within reasonable print time.
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