












need further improvement. First, the total sample fabrication time is 
presently dominated by sample handling, that is, print setup, sample 
transport and development. These steps can be automated, for exam-
ple, by using microfluidics42, or by automatically immersing the sample 
in liquid containers43. Second, the photoresin as presented here limits 
the total exposed volume. After prolonged printing, out-of-focus areas 
polymerize due to proximity effects. Such accumulation or depletion 
effects can likely be suppressed by using further improved photoresin 
formulations. Directions for optimization can be deduced from the rate 
model analysis presented here. In addition, the in situ replenishment of 
the used photoresin by using microfluidics, polymerization inhibition 
by an oxygen-permeable membrane (as used in CLIP8), or volumetric 
polymerization inhibition patterning10 can potentially further suppress 
out-of-focus polymerization. Third, the red solid-state laser can be 
replaced by inexpensive high-power laser diodes, as is already the case 
for the blue laser. Compared with the amplified femtosecond pulsed 
lasers used in FP-TPL, the continuous-wave lasers used in this work 
are already much less expensive and easier to operate. The develop-
ment of two-colour two-step photoinitiators improved with respect 
to sensitivity and tuned to readily available laser wavelengths would 
be highly desirable for this aspect.

The underlying logical-AND-type functionality is not limited to 
light-sheet 3D printing, but could also prove beneficial in combination 
with CAL5–7, where a two-colour projection system was recently dem-
onstrated for multimaterial 3D printing44. Related CAL setups could 
be used to simultaneously expose the photoresin using two-colour 
two-step absorption, with the two colours impinging from different 
directions, thereby reducing the proximity effect and voxel size.
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Methods
Point-scanning printing setup
The point-scanning printing setup consists of a laser emitting at 440 nm 
wavelength (LDH D-C-440, Picoquant). To clean the spatial laser mode, the 
emitted radiation is coupled into a single-mode polarization-maintaining 
optical fibre (PMC-400Si-2.3-NA014 3-APC-300-P, Schäfter+Kirchhoff). 
An acousto-optical modulator (MT80-1.5-400.442, AA Opto Electronic) 
is used for modulating the outcoupled beam power (60SMS-1-4-M12-33, 
Schäfter+Kirchhoff). The beam of the laser is combined with the col-
limated beam of a 640 nm wavelength fibre-coupled laser (iBeam smart 
PT-640, TOPTICA Photonics) by a dichroic mirror (DMLP567, Thorlabs). 
The emission spectra of the lasers emitting at 440 and 640 nm are pro-
vided in Supplementary Figs. 1 and 2, respectively. The combined beams 
are reflected by a polarizing beam combiner cube (PBS251, Thorlabs) and 
deflected by a pair of galvanometer mirrors (Saturn 5B 56S, Pangolin Laser 
Systems). The galvanometer mirrors are imaged by a Keplerian telescope, 
consisting of two achromatic lenses (ACL254-100-A and ACL254-150-A, 
Thorlabs) into the rear aperture of the microscope objective lens (HCX 
PL APO 100×/1.4−0.7 OIL CS, Leica Microsystems), which is mounted 
on an inverted microscope mount (DM IRB, Leica Microsystems). The 
objective lens focuses the combined laser beams through the immersion 
oil (Type F, Leica Microsystems) and the glass coverslip substrate (no. 
1.5H, Paul Marienfeld) into the liquid photoresin sample. The photoresin 
(25 μl) is contained in a 5-mm-diameter polydimethylsiloxane ring, which 
is sealed from the top with a second coverslip to suppress the evapora-
tion of biacetyl during extended printing experiments. Before printing, 
the substrates are cleaned in a solution of Hellmanex III (Hellma) and 
silanized with 3-(trimethoxysilyl)propyl methacrylate (Merck). The sam-
ple cell is mounted in a 3D piezo-stage (P-527.3CL, Physik Instrumente), 
which, in turn, is mounted on a motorized stage (Scan IM 120 × 100,  
Märzhäuser Wetzlar).

For the experiments shown in Supplementary Fig. 6, a 405 nm 
wavelength laser diode (L405P150, Thorlabs) is used as the blue laser 
beam. The diode is mounted in a temperature-controlled mount 
(LDM56/M, Thorlabs). The temperature is controlled by a thermo-
electric cooler controller (TED200C, Thorlabs). The diode is first col-
limated by an aspheric lens (A240TM-A, Thorlabs) and then focused by 
a 40-mm-focal-length plano-convex lens (LA1422-A, Thorlabs) through 
a 10-μm-diameter pinhole (P10C, Thorlabs). The focused beam is col-
limated again by a 75-mm-focal-length achromat (AC254-075-A, Thor-
labs) and then combined with the red beam path.

For the experiments at 685 and 660 nm wavelengths (Fig. 2c), 
the beam of the 640 nm laser is replaced by the collimated beam of 
red laser diodes (HL6750MG and HL6545MG, respectively; Thorlabs). 
Therefore, the laser diodes are mounted in the temperature-controlled 
mount (LDM56/M, Thorlabs), whose temperature is controlled by 
a thermoelectric cooler controller (TED200C, Thorlabs). To cover 
the wavelength range greater than 700 nm (Fig. 2c), a Ti:Sa laser 
(MaiTai HP, Newport Spectra-Physics) is used in a non-mode-locked 
mode, that is, at low pump power and with a switched-off intracavity 
acousto-optical modulator. An (extra-cavity) acousto-optical modu-
lator (MTS-40-A3-750.850, AA Opto Electronics) modulates the laser 
beam power. The Ti:Sa laser beam is then combined with the other laser 
beams by the polarizing beam combiner cube.

All the laser beams are expanded using Keplerian telescopes such 
that they overfill the entrance pupil of the objective lens. The laser 
beam foci are superimposed in the focal plane and characterized with 
the aid of the reflected signal of gold beads (80 nm nominal diameter) 
dispersed on a glass coverslip and embedded in an optical adhesive. 
The laser powers are measured using a semiconductor power sensor 
(TP86, Coherent).

Light-sheet 3D printing setup
For substrate positioning, four stages are used: L306 for positioning 
in the z direction, two voice-coil stages V528.1AA for positioning in the 

x and y direction, and a piezo-stage P622.ZCD for fast scanning in the z 
direction (all the stages are from Physik Instrumente). The stages are 
mounted hanging on a breadboard above the optical table.

For the projection beam path, four 6 W optical-power, 440 nm 
wavelength laser diodes (PD-01231, Lasertack) are coupled into 
a rectangular-core optical fibre (NA = 0.22; core dimensions, 
810 × 405 μm2; fibre length, 1 m; Ceramoptec). The four laser diodes 
aid in suppressing the speckle patterns generated by the optical fibre. 
An emission spectrum is provided in Supplementary Fig. 3. The fibre 
end facet is imaged by a Keplerian telescope, consisting of a Zeiss 
EC Epiplan-Neofluar 20×/0.5 objective and an achromat with a focal 
length of 150 mm. Thereafter, the initially unpolarized beam passes a 
polarizing beamsplitter (using the transmitted beam; model PBS251, 
Thorlabs), a half-wave plate (WPH10M-445, Thorlabs), a second polar-
izing beamsplitter (using the reflected beam; model PBS251, Thorlabs) 
and a quarter-wave plate (WPQ10M, Thorlabs). The image of the fibre’s 
end facet is directed onto the reflective LCD (active area, 12.5 × 7.1 mm2; 
display resolution, 1,920 × 1,080 pixels; frame rate, 720 Hz; model 
HED4552, Holoeye). For the presented light-sheet 3D printer, LCDs are 
advantageous to digital micromirror devices (DMDs) for two reasons. 
First, the (possibly non-uniform) micromirror tilt-angle variance in 
DMDs impedes the design of projection systems in which the DMD is 
highly demagnified. Second, LCDs natively support greyscale intensity 
modulation (Supplementary Methods), whereas DMDs display binary 
intensity patterns and hence achieve greyscale modulation by tempo-
rally averaging over multiple frames. Nevertheless, it is conceivable 
that a 3D light-sheet laser printer could also be built using a DMD. At 
the LCD, the incident beam is circularly polarized. The handedness 
of the circular polarization is reversed on reflection off nominally 
white pixels, whereas the handedness of light incident on nominally 
black pixels is preserved on reflection. The reflected light passes the 
quarter-wave plate again, converting the circular polarization to linear 
polarization with perpendicular polarization axes for light reflected 
off white and black pixels. The second polarizing beamsplitter now 
transmits light reflected off the white pixels. After the polarizing 
beamsplitter, we measured a contrast of the intensities of white and 
black pixels of 314. A tube lens (ITL200, Thorlabs) images the LCD 
plane to infinity with the tube lens’ exit pupil located at the entrance 
pupil of the long-working-distance microscope objective lens (LD LCI 
Plan-Apochromat 63×/1.2 Imm Corr DIC, Carl Zeiss). At the entrance 
pupil of the objective lens, the beam is linearly polarized along the y 
direction. The objective lens tightly focuses the beam through a thin 
layer of immersion fluid (Zeiss Immersol 518F) into the photoresin vat. 
A ray-traced optical path diagram of the projection path is shown in 
Supplementary Fig. 16. The corresponding calculations of the point 
spread function are shown in Supplementary Fig. 17.

The photoresin vat consists of a thin coverslip (CG00C, Thor-
labs) glued on a 5 mm cut piece of a UV-transparent plastic cuvette 
(BRAND). The photoresin vat is mounted on manual goniometric and 
linear stages.

The light-sheet beam is generated by focusing the beam of a 6 W 
optical-power, 660 nm wavelength solid-state laser (axiom, Laser Quan-
tum) by a Powell lens (1° fan angle, optimized for 1 mm beam diameter; 
model LOCP-8.9R01-1.0, Laserline Optics Canada). The laser’s emission 
spectrum is shown in Supplementary Fig. 4. The beam is collimated 
by a set of spherical and cylindrical lenses (LA1131-A-ML, LJ1629RM-A 
and LJ1267RM-A, Thorlabs) before it is focused into the sample vat by a 
microscope objective lens (Epiplan 5×/0.13, Carl Zeiss). The light-sheet 
beam is linearly polarized in the y direction and thus impinges in the 
transverse-electric polarization onto the substrate.

The substrates are 1 mm in diameter. The glass rods (Hilgenberg) are 
cut to a length of 13 mm and manually polished. For aligning the plane of 
the light-sheet beam to be parallel to the focal plane of the microscope 
objective lens, the glass rod’s end facet is polished to an angle of 45°. 
The reflected light of the light-sheet beam is collected by the high-NA 



objective lens and imaged on a camera, which is mounted on the idle port 
of the second polarizing beamsplitter. For 3D printing, the end facet is 
polished to an angle of 8° to suppress the standing-wave pattern gener-
ated by the grazing-incidence light-sheet beam (Supplementary Fig. 15). 

The LCD is controlled by a dedicated controller board (Holoeye) 
that receives an HDMI signal containing a colour-video stream at a 
frame rate of 60 Hz and 4K resolution (3,840 × 2,160 pixels). Each 4K 
colour frame is decoded into 12 full-high-definition (1,920 × 1,080 pix-
els) greyscale images. The 4K stream is sent by a graphics processing 
unit (NVIDIA GeForce GTX 970), which is part of a personal computer, 
running on a stock Debian GNU/Linux operating system. A single pro-
gram written in C++14 synchronizes the direct video output, laser 
power modulation and stage movement with sufficient precision 
despite the underlying pre-emptive scheduler of the operating system.

Sample development
The development procedure for the point-scanning experiments is 
described elsewhere20. The light-sheet 3D printed structures are devel-
oped for 30 s in acetone, except for the line-grating structures, which 
were supercritically dried in CO2 (EM CPD300, Leica Microsystems). Nei-
ther post-printing UV flood illumination nor any other post-processing 
was performed (in contrast to other works15,17). The residual photoresin 
is removed from the cuvette in a bath of spectroscopy-grade isopro-
panol (15 min). After several runs, the cuvette is cleaned in a 2 vol% 
solution of Hellmanex III (Hellma) at 50 °C temperature.

Sample characterization
All the point-scanning samples are characterized as that done else-
where20. The samples are imaged in an upright microscope (DMLM, 
Leica Microsystems) using a 0.9 NA objective lens (N Plan 100×) in the 
reflection dark-field mode onto a camera sensor (EOS 70D, Canon).

The samples of the light-sheet 3D printing setup are imaged in 
a digital microscope (Smartzoom 5, Carl Zeiss) and SEM instrument 
(Supra 55VP, Carl Zeiss). For the SEM images, the primary electron 
energy is 5 kV.

Data availability
The data underlying the plots in this paper and its Supplementary 
Information and the related 3D printing files are available via the 
open-access data repository of the Karlsruhe Institute of Technology 
(https://doi.org/10.5445/IR/1000150926).
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