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Abstract: Industrial high-precision 3D Printing (HP3DP) 
via two-photon absorption (TPA) provides freedom in 
design for the fabrication of novel products that are not 
feasible with conventional techniques. Up to now, 2PP-fab-
rication has only been used for structures on the microm-
eter scale due to limited traveling ranges of the translation 
stages and the field-of-view (FoV) of microscope objec-
tives (diameters below 0.5  mm). For industrial applica-
tions, not only high throughput but also scalability in 
size is essential. For this purpose, this contribution gives 
insights into different manufacturing strategies composed 
of varying exposure modes, fabrication modes, and struc-
turing modes, which enable the generation of large-scale 
optical elements without relying on stitching. With strate-
gies like stage-only mode or synchronized movement of 
galvoscanners and translation stages, optical elements 
with several millimeters in diameter and freeform shape 
can be  fabricated with optical surface quality.

Keywords: freeform; high-precision 3D printing; manufac-
turing strategy; scalable lenses.

1   Introduction
Since its demonstration in 1997 [1], high-precision 3D 
printing (HP3DP), also known as 3D lithography or fs 
direct laser writing (fs-DLW), gained attraction in a wide 

range of applications, such as photonics [2–5] microop-
tics [6], microfluidics [7], and life science [8, 9]. Its unique 
inherent 3D capability enables the fabrication of sophis-
ticated components with unique designs and integrated 
functionalities [10–12]. Despite further development of 
commercially available printing platforms, HP3DP was 
only applied, so far, in the community for parts on the 
micro and mesoscale due to limited traveling ranges of 
used translation stages, the limited field-of-view (FoV) of 
focusing optics in combination with galvoscanners, and 
the way 3D structures are created in general, mostly result-
ing in extremely slow buildup rate. Objects larger than 
the FoV of the applied focusing optics are often stitched 
together, meaning that the structure is built step-by-step, 
where after each step, the sample or the focusing optics 
are moved instead of moving the laser beam with the gal-
voscanners. In many fabrication setups, this motion is 
coarser and/or less accurate than the motion of the laser 
beam within the FoV, resulting in an offset at the stitching 
joints [13]. However, even with accurate stages, stitching 
may introduce joints because the area that is processed 
during one step within an FoV is usually exposed in a 
short time compared to the time between multiple steps. 
The induced joints may have very disadvantageous effects, 
in particular for optical applications [14]. Post-processing 
may be suitable for some applications to reduce the effects 
of stitching [15]. For certain applications like direct fabri-
cation on active and passive devices [16],  post-processing 
may be difficult or even impossible.

Although there is a certain industrial need of sub- 
millimeter parts on an industrial scale, the demand for 
parts with a total size approaching the centimeter range 
is continuously increasing. This requirement can only be 
satisfied with novel manufacturing strategies comprised 
of different exposure modes, fabrication modes, and struc-
turing modes as is demonstrated in this contribution. In 
addition, hybrid fabrication of combined manufacturing 
strategies enables the generation of large-area elements 
with adjustable printing resolution on-demand. HP3DP, 
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thus, closes the gap between conventional 3D printing 
technologies and micro- and nanofabrication technolo-
gies. It is an ideal tool for the fabrication of embedded 
and complex structures for replication masters in a sin-
gle-process step and supports a fast prototyping phase 
for large optical elements (design iterations) to reduce 
time-to-market.

2   Experimental section
All objects shown in this paper were manufactured using the com-
mercially available HP3DP equipment LithoProf3D (Multiphoton 
Optics GmbH, Germany). One out of two different objectives was 
selected for the fabrication of each object, depending on the required 
resolution and total size of the object. Structures with sub-microme-
ter feature size were fabricated using an oil immersion objective with 
high numerical aperture (NA 1.4) and 100-fold magnification. Larger 
objects were fabricated using an air objective with a lower numerical 
aperture (NA 0.6) and 40-fold magnification.

All objects were made from inorganic-organic hybrid polymers 
(ORMOCER®s) mainly ORMOCOMP® with 1  wt.% Lucirin TPO as 
photoinitiator. These materials allow high-resolution patterning, 
while they can be functionalized to adjust their optical properties 
[17]. For the fabrication an fs laser with a wavelength of 522 nm, a 
pulse-duration of 250 fs and a repetition rate of 63 MHz were applied. 
In order to move the focused laser light relative to the liquid pho-
toresist, a system of air-bearing stages with a translation range of 
10  cm × 10  cm × 5  cm or a galvoscanner was used. All structuring 
parameters were adjusted by the inhouse-developed 3D printing 
software LithoSoft3D. Slicing and hatching distances were in the 
range of 0.1–2 μm for the full-scan mode and 0.1–0.7 μm for the con-
touring mode; this mode was already published in the early days of 
TPA [1, 18]. In general, to achieve optical surface quality in the visible 
wavelength range, the slice and hatch distances should be chosen to 
sub-micrometer. For applications in the NIR to IR or non-optical use, 
coarser parameters can be used. Scanning speeds from 1 to 100 mm/s 
were used in combination with a variation in laser power from 2 to 
50  mW, revealing the large process window of ORMOCER®s. After 

the exposure, the samples were developed with a mixture of isopro-
panol and methyl isobutyl ketone (3:1) for up to 10 min to remove the 
unexposed material. In case of a contouring structuring mode, the 
samples were illuminated with UV light after the development step 
for 10 s at about 25 mW/cm2 to solidify the enclosed liquid polymer.

For characterization of the printed structures, a scanning elec-
tron microscope (TM3030, Hitachi) and a laser scanning microscope 
(LEXT OLS4000, Olympus) were used.

3   Manufacturing strategies

Depending on the structure’s requirements, i.e. the desired 
dimension and printing resolution, an adaptation of the 
corresponding manufacturing strategy is necessary. This 
contains a suitable modification of the exposure mode, 
fabrication mode, and structuring mode.

The exposure mode summarizes the optics (numeri-
cal aperture and working distance) focusing the fs laser 
light into the sample as well as the workpiece configura-
tion with respect to the microscope objective and includes 
factors like penetration distance through a photoactive 
material to the substrate to be processed on. In standard 
3D lithography (see Figure 1A), microscope objectives 
with a high numerical aperture provide a higher print-
ing resolution than objectives with a low numerical aper-
ture, as the laser light can be focused more tightly. In a 
setup where the objective is moved in vertical direction 
while the object itself is moved only in lateral direction, 
the working distance of an objective sets an upper limit 
of the maximum possible printing height. High numeri-
cal aperture immersion objectives, however, inherently 
possess low working distance and, thus, limit the achiev-
able printing height to some hundred micrometers. This 
limitation can partially be overcome to some millimeters 
using the photoresist as immersion media by dipping the 

Figure 1: Exposure modes applied for HP3DP: (A) standard 3D lithography, (B) dip-in 3D lithography, and (C) bath 3D lithography.
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microscope objective into the liquid material (dip-In 3D 
lithography, see Figure 1B), as was shown by Stichel et al. 
(2010) [19] and Bückmann et al. (2012) [20]. An additional 
expansion of the available on-axis printing height to the 
centimeter range (depending on the travelling range of 
the mounted axis) is provided by inverted focusing of the 
laser light into a bath configuration with a fixed position 
of the focal point along the optical axis and gradually 
pulling out the substrate out of the bath [21, 22] (bath 3D 
lithography, see Figure 1C).

The fabrication mode defines the relative movement of 
the focal point through the material. Conventionally, high-
precision piezo translation stages are applied to move the 
sample with respect to the focal point [1] but coming along 
with limited traveling range and scans peed [23]. Alterna-
tively, air-bearing stages with lower accuracy are used. 
However, the difference in accuracy is to no extent notice-
able in the HP3DP process as the voxel dimensions are in 
any case more pronounced [2, 24, 25]. On the contrary, air-
bearing stages have the advantage of long traveling ranges 
enabling stitching-free manufacturing. In the following, 
the fabrication via a movement of the sample with respect 
to a fixed focal point is referred to as the stage-only mode 
(Figure 2A). For each structure, there exists an optimum 
writing speed vopt, which is dependent on the acceleration 
a and line length l according to

opt
1v
2

al=

This scan speed vopt results in a minimum printing 
time for a specific line length and can be derived by the 
physics of motion.

As translation stages exhibit a high inertia, the accel-
eration is limited. Thus, fabrication using a galvo mode 
(see Figure 2B) with galvoscanners containing high-
frequency mirrors enable higher processing speeds [25]. 
Although the fabrication time can be reduced by applying 

the galvo mode, the accessible scan area is limited to the 
field-of-view (FoV) of the respective microscope objec-
tive, which is only several hundred micrometers (typically 
below 0.5 mm) [26]. In principle, low-numerical aperture 
objectives with a low magnification can be used, but 
these drastically reduce the possible printing resolution 
[23]. Structures much more pronounced than the FoV of 
an objective can, in general, be fabricated by stitching 
[13], which, however, leads to joints that are especially 
unfavorable for optical elements as aberrations (scatter-
ing, refraction, etc.) are induced by these artifacts [14]. 
Synchronizing the movement of translation stages and 
galvoscanners with respect to each other (synchronized 
mode enabled by the controller, see Figure 2C) enlarges 
the scan field of the galvoscanner to the entire traveling 
range as the simultaneous movement of the traveling 
stage continuously shifts the FoV [27]. In addition, it 
reduces positioning errors.

The structuring mode implies the scanning trajectory 
of the focal volume to fabricate an object, as shown in 
Figure 3. Typically, a full-volume scanning by slicing and 
hatching is used, which can be very time intensive, par-
ticularly if larger parts or large arrays of elements should 
be fabricated. By contouring the outer shell of an object, 
for example, a lens, the production time can be reduced by 
up to 95% [25, 28]. The residual liquid photoresist enclosed 
between cross-linked shell and substrate is subsequently 
polymerized with a UV illumination after the develop-
ment step. By μ-Raman spectroscopy, it was shown that 
this procedure results in very homogeneous organically 
cross-linked materials with no variation in the homogene-
ity [29]. Using this structuring mode, the fabrication time 
of a lens with a diameter of 100 μm and a height of 20 μm 
can be as low as 1 s per lens in a serial production [28]. The 
achieved surface roughness of Ra = 20–30 nm is still suit-
able for optical applications in the visible spectral range 
[30, 31]. It has to be mentioned, however, that parallel 

Figure 2: Fabrication modes using HP3DP: (A) stage-only mode, (B) galvo mode, and (C) synchronized mode.
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fabrication of structures is also easily achievable, allow-
ing to even more decrease the fabrication times.

4   Manufacturing of macro elements
Sub-micrometer printing resolution of HP3DP is effort-
lessly achieved using high numerical immersion objec-
tives in combination with exposure modes close to the 
optical design case of the objective. This means that the 
penetration depth is supposed to be as small as possible 
as induced aberrations increase with increasing penetra-
tion depth [21]. A variation of sub-micrometer structures 
is shown in Figure 4A. For parts on the centimeter scale, 
this fabrication approach is not suitable. To create ele-
ments on the macro scale, the bath 3D lithography expo-
sure mode in combination with the stage-only fabrication 
mode is suitable. For the 2 cm × 2 cm airscrew displayed in 
Figure 4B, a full-volume fabrication mode with a coarser 
printing resolution was chosen. A comparison of Figure 
4A and B demonstrates the scalability of HP3DP over 5 
orders of magnitude, and it is a very good example that 
this technology closes the gap between nano- or micro-
fabrication and conventional 3D printing technologies.

The fabrication of large-scale optical elements with 
high surface quality is a more challenging task. In general, 
one can simply print with a high-resolution full-volume 
structuring mode in combination with a stage-only fab-
rication mode. However, this ends up in uneconomic 
fabrication times of days to years. For this reason, the 
contouring fabrication mode is a suitable way in order to 
fabricate millimeter-sized lenses as shown in Figure 4C. 
This fabrication mode is not only limited to spherical pro-
files but also can be applied to create freeforms as shown 
in Figure 4D. For demonstration of the functionality of 
the fabricated millimeter lenses, an array is placed onto 
a computer screen magnifying the individual pixel colors 

(see Figure 4E). An example of a large-area scaffold struc-
ture is displayed in Figure 4F. The size of the woodpile is 
1.5 mm × 1.5 mm with the individual layers structured via 
synchronized fabrication mode. The printing time of this 
structure was 50 min.

The great advantage of HP3DP is the possibility of 
applying a hybrid manufacturing strategy for complex 
structures consisting of different elements in a single-pro-
cess step. Depending on the corresponding requirements 
on shape accuracy and surface finish, each part can be 
manufactured with different fabrication modes and struc-
turing modes with a printing resolution on demand. This is 
shown in Figure 5 for a lens with a diameter of 1 mm embed-
ded into a frame structure 1.5 × 1.5 mm in size with align-
ment features. This design resembles an element used in 
mastering for replication processes. The alignment features 
can be used for plugging of two opposed counterparts. The 
lens was manufactured by a contoured structuring mode, 
and the frame was created using full-volume structuring 
mode via stage-only fabrication. For the entire system, the 
same exposure mode was applied. It has to be mentioned 
that one can easily modify the exposure mode (and the 
material) in between the different structuring strategies.

A more pronounced processing area of 7.5 mm × 7.5 mm 
with a variety of elements is demonstrated in Figure 6A. 
The rectangular base element includes branding elements 
to prevent counterfeit consumer goods or for security 
reasons (Figure 6B), cross-markers and holes as align-
ment features (Figure 6C), which were in situ fabricated. 
As high-speed stage-only fabrication mode at a scanning 
speed of 30 mm/s in combination with a full-volume struc-
turing mode was used for manufacture to avoid support-
ing structures, these integrated elements imply a high 
time accuracy of triggering the laser. By changing the 
fabrication mode to a synchronized mode as well as the 
structuring mode to contouring, not only large lenses with 
a diameter of 2 mm are manufactured (Figure 6D) but also 

Figure 3: Structuring modes for HP3DP: (A) full-volume scan and (B) contouring.
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grating structures (Figure 6E) without the need to stitch 
or change the workpiece during manufacturing. By serial 
fabrication only, the entire printing time for the element 

in Figure 6 summed up to 72 h. In prospective works, this 
time is supposed to be reduced tremendously by paralleli-
zation using multiple focal spots.

5   Surface roughness and shape 
deviation

The surface quality of a contoured lens with a diameter 
of one millimeter is evaluated with a laser scanning 
microscope (50 ×  objective and 20 ×  objective). As 
depicted in Figure 7A, the two-dimensional height map 
reveals homogeneous height levels. The correspondingly 
determined line profile roughness for two different line 
lengths (250 μm and 600 μm) amounts to Ra = 10–20 nm 
and Rq = 10–30  nm. For an area of 250 × 250 μm2, the 
surface roughness was determined to be Sa = 12  nm and 
Sq = 15  nm, respectively, which is perfectly suitable for 
optical applications. In order to obtain more statistical 
data, future work will include collection of data on a set of 
different lenses and more pronounced areas.

A B C

D F

E

Figure 4: Examples of different structures fabricated in different manufacturing strategies: (A) sub-micrometer elements fabricated 
utilizing a high-numerical aperture microscope objective and a laser beam movement according to galvo fabrication mode; (B) centimeter-
sized airscrew structure created via bath 3D lithography and a stage-only fabrication mode; (C) lens with a diameter of 1 mm fabricated 
with a stage-only fabrication mode in combination with structuring via contouring; (D) Freeform millimeter-sized lens with the same 
manufacturing strategies as in (C); (E) magnification of individual pixel colors of a computer screen with a lens array; (F) Large-area scaffold 
structure created via a synchronized fabrication mode.

Figure 5: Hybrid fabrication of a complex element consisting of a 
1-mm lens embedded into a frame. Both elements were fabricated in 
a one-step process but with different structuring modes (contouring 
for the lens, full volume for the frame).
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As the design shape of the lens was of spherical nature, 
the profile was fitted with a spherical shape (see red 
dotted line in Figure 7B) for two different profile lengths 
of 250 μm and 600 μm (50 ×  objective and 20 ×  objective, 
respectively) to investigate the resulting change in natural 
shape induced by the fabrication of a 3D object by lateral 
contouring lines. The correspondingly determined devia-
tion of the not yet fully optimized shape from the fitted 
spherical shape ranges between ±500 nm, demonstrating 
the preservation of shape nature of the combined process 
of contouring with two-photon polymerization and sub-
sequently applied UV illumination indicating that simple 

strategies (like profile iteration) are sufficient to compen-
sate for shape deviations from the theoretical design due 
to shrinkage effects. For the central part of the lens (125 
μm distance to the lens` sag), the shape accuracy is even 
within ±100 nm.

6   Summary
In conclusion, we gave insights into the different manu-
facturing strategies using HP3DP. These were composed 
of different exposure modes, fabrication modes, and 

Figure 7: Surface quality of a fabricated lens with a diameter of 1 mm. (A) Two-dimensional height profile with homogeneous height levels. 
(B) Measured profiles and shape deviation with respect to a fitted spherical shape.

A B D

C E

Figure 6: Example for hybrid manufacturing of a 7.5 mm × 7.5 mm complex structure with integrated features and optical elements: 
(A) SEM image at lowest possible magnification and a photography of the entire structure in the inset; integrated features like (B) text or 
(C) alignment features enable branding and applications for replication and/or molding. Optical elements as (D) a lens with a diameter of 
2 mm, or (E) grating structures can be implemented in a one-step process only by changing the structuring mode.
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structuring modes, each influencing factors like print-
ing resolution, printing height, accessible printing area, 
scanning speed, and surface finish that have to be con-
sidered prior to printing. With suitable fabrication modes 
like stage-only or synchronized mode, fabrication of large 
optical elements is feasible without stitching. Although a 
full-volume structuring mode is typically applied in the 
community, it is not reasonable for large optics or, more 
generally, for elements with sizes larger than the FoV. 
For this purpose, a contouring structuring mode reduces 
the printing time with almost similar surface finish. With 
hybrid manufacturing strategies, complex workpieces 
with different elements can be fabricated with a print-
ing resolution on demand in a one-step process, as was 
shown for large lenses with up to 3 mm in diameter, large 
area gratings, and frames with implemented alignment 
features. For large optical elements like lenses fabricated 
with a contouring structuring mode, the line roughness 
ranging from 10 to 30 nm is suitable for imaging and illu-
mination applications. The described process of contour-
ing is capable of preserving the original design shape and 
does not require intensive shape corrections and adapta-
tions. It is, therefore, ideally suitable for the fabrication of 
freeform shapes. After the demonstration of printability, 
future work will include an optimization with respect to 
printing time.
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