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High-speed high-resolution 3D printing of polymers is highly desirable for

many applications, yet still technologically challenging. Today, optics-based
printingisinthelead. Projection-based linear optical approaches have
achieved high printing rates of around 10° voxels s %, although at voxel
volumes of >100 pm?®. Scanning-based nonlinear optical approaches have
achieved voxel volumes of <1 pm?, but suffer from low printing speed or
high cost because of the required femtosecond lasers. Here we present
anapproach that werefer to as light-sheet 3D laser microprinting. It
combines image projection with an AND-type optical nonlinearity based on
two-colour two-step absorption. The underlying photoresin is composed
of 2,3-butanedione as the photoinitiator, (2,2,6,6-tetramethylpiperidin-
1-yl)oxyl as the scavenger and dipentaerythritol hexaacrylate as the
multifunctional monomer. Using continuous-wave laser diodes at 440 nm
wavelength for projection and a continuous-wave laser at 660 nm for the
light-sheet, we achieve a peak printing rate of 7 x 10° voxels s ' at a voxel
volume of 0.55 pm?>.

The dream of three-dimensional (3D) additive manufacturing is to
manufacture complex 3D (polymer) parts more flexibly, with higher
precision, faster and more cost economic than well-established tech-
nologies such as, for example, injection moulding. Today, 3D printing
isalready more flexible because no casts are needed. Although milling
of casts has reached micrometre precision’, formative and subtrac-
tive manufacturing processes impose constraints on the fabricated
geometries that are not faced in 3D printing'. Also, 3D printing has
long reached the sub-micrometre scale, which is not easily possible
otherwise. However, ininjection moulding, typical fabrication times per
partareonthe order of afew seconds. Asemphasizedinthe 2018 review
on 3D additive manufacturing?, current 3D printers are substantially
slower. This slowness is clearly connected to higher manufacturing
costs, making the increase in 3D printing speed a major—if not the
major challenge—in the field of 3D additive manufacturing.

Among the emerging 3D printing technologies aspiring to speed
up the printing rates compared with well-established projection
micro-stereolithography>* are computed axial lithography (CAL)*”,
continuous liquid interface production (CLIP)*'°, rapid-scanning
multifocus multiphoton 3D laser printing (MFMP-3DP)" ", femtosec-
ond projection two-photon lithography (FP-TPL)'*", and light-sheet
3D printing'®, later also called xolography". In all these approaches,
aliquid photoresin is solidified under irradiation with light. For CAL,
the photoresinis cured via one-photon absorption, thatis, using blue
or ultraviolet (UV) light, by sequentially exposing the photoresist to
pre-calculated images from multiple directions. The photoresin solidi-
fies only at locations where sufficient dose hasaccumulated. The con-
sequently attained minimum voxel volumes are larger than 5 x 10° pm?.
Using CLIP, similar voxel volumes are achieved by curing layers of a
highly absorbing photoresin, again viaone-photon absorption. Inboth
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Fig.1|Light-sheet 3D printing vianon-degenerate two-step absorption
photoinitiation. a, Artistic rendered sketch of the light-sheet 3D printing
process. Thered light-sheet is focused by cylindrical optics into the transparent
cuvette filled with a yellow-tinted photoresin. The blue projection beam s
focused by a high-NA microscope objective lens (bottom) and intersects the
light-sheet beamin the focal plane. At this intersection, the liquid photoresin
polymerizes in the shape of the projected Karlsruhe Institute of Technology (KIT)
logo. 3D objects are printed by scanning along the zdirection. b, Photoinitiator
molecule biacetyl (top) and TEMPO (bottom), a radical scavenger and triplet
quencher. ¢, Jablonski diagram of biacetyl. Molecules in the singlet ground state
S, can be excited by blue light to an excited singlet state S,. From there, molecules
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mainly undergo intersystem crossing (ISC), leading to a population of the triplet
ground state T,. This state naturally decays into the singlet ground state S,, for
example, by emitting phosphorescence*’. Additionally, solvated oxygen, TEMPO,
the monomer and other biacetyl molecules in their triplet state quench the T,
population. We have found that TEMPO also suppresses unwanted side reactions
emerging from this state. Finally, molecules in the T, state can be re-excited

by red or UV light to an excited triplet state, from which biacetyl can decay

into free radicals, initiating a polymerization reaction. d, Measured ground-
state extinction spectrum for biacetyl (dark blue) and estimated triplet-state
extinction spectrum (red). The latter is scaled by a factor of 100 from the data
taken from the literature®*.

MFMP-3DP and FP-TPL, light is absorbed via two-photon or multipho-
ton absorption.In MFMP-3DLP, for example, as many as nine laser foci
were scanned in parallel at a focus speed of about 0.5 ms™ (ref. ). In
FP-TPL, alight pattern (for example, aline) inone layer is even scanned
ataconsiderable fraction of the speed of light'®'’. Therefore, for both
approaches, bulky and expensive high-power femtosecond lasers are
needed. The laser power and cost increase with the printing speed.
This scaling is unfortunate and may ultimately limit further progress
alongthese lines.

Hereweintroducealight-sheet 3D printing photoresinsystemand
alight-sheet 3D printing setup, the combination of which is capable
of printing voxels with lateral sizes of 0.5 pm and volumes of 0.55 pm?
ata peak printing rate of 7 x 10® voxels s™. This novel approach can be
seen as a parallelization of one-colour two-step absorption, which
uses a low-power continuous-wave laser for focus-scanning 3D laser
nanoprinting®. In this work, we employ two-colour two-step absorp-
tion using biacetyl as the photoinitiator. With this logical-AND optical
gate, chemical reactions are only triggered at locations where the

continuous-wave light-sheet laser emitting at 660 nm wavelength
and the continuous-wave projection laser at 440 nm have a suffi-
ciently large intensity. We demonstrate the resolution and throughput
capabilities of our light-sheet approach by 3D printing suspended
line gratings, 3D metamaterial crystals and various other standard
3D test structures. Importantly, the typical overall printing time per
partisbelow1s.

Figure 1a illustrates the light-sheet 3D printing process. A liquid
photoresinis exposed layer by layer by projecting slices of a3D object
using light of wavelength A, (blue). To avoid polymerization of the liquid
resin along the entire optical axis, the photoresinis designed such that
itsolidifies onlyinlocations that are simultaneously exposed by alight
beam of another wavelength, namely, A, (red). Therefore, alight-sheet
beamis used. It is formed using a cylindrical lens that tightly focuses
the beam only along one axis. The plane of the light-sheet and focal
plane of the projected image are superimposed. In this configuration,
inregions above and below the focal plane, no polymerization reaction
istriggered, thatis, anegligible dose is accumulated.
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Fig. 2| Two-colour point-scanning polymerization threshold experiments
onbiacetyl-containing photoresins. a, Two-colour point-scanning-exposure
polymerization threshold experiments for three different photoresins (PR1-
PR3), containing monomers of different viscosities. For increasing red laser
intensity (/,), the necessary blue laser intensity (/,), at which the monomer

is sufficiently crosslinked to form a solid polymer network, decreases.

This effect is the most pronounced for the least viscous monomer, namely,
trimethylolpropane triacrylate (TMPTA). Additional results of the point-
scanning experiments are shown in Supplementary Figs. 6-8. b, Results of
rate model calculations corresponding to the experiments shownina. The

curves qualitatively reproduce the experimental observations. Details on the
calculations are provided in Supplementary Note 1. ¢, Stacked plot of two-colour
point-scanning exposure experiments for photoresin PR1using different red
laser wavelengths A,. A logistic function s fitted to each experiment (not all the
fitted data points fall within the plotted range). The sigmoid midpoint values are
highlighted and outlined by the black curve. This curve can be compared with
thetriplet-triplet absorption spectrum of biacetyl (right). The triplet-triplet
absorption dataare extracted from elsewhere? (Fig.1d). The black curveinc
(right) is asmoothing spline curve through the red data points.

Results

Two-colour two-step photoinitiation

The key ingredient of the photoresinis the photoinitiator. Upon absorp-
tion of light of wavelength A, it enters anidle intermediate electronic
state, from which the photoinitiator naturally decays back into its
ground state. However, if the pre-excited idle photoinitiator absorbs
aphotonofwavelengthA,, the moleculeis further excited to anenergeti-
cally higher state from which the polymerization reactionisinitiated.
The polymerization reaction crosslinks the liquid monomer, for exam-
ple, by photoinitiator molecules fragmenting into free radicals. We
refer to this process as two-colour two-step absorption. Itisillustrated
by an electron state diagram (Fig. 1c). Importantly, continuous-wave
lasers can be used for both colours.

Agood photoinitiator for light-sheet 3D printing must fulfil several
criteria. First and foremost, one wants to avoid the case that light of
either wavelength, A, or A,, alone is able to promote both transitions
inthe photoinitiator and thereby triggering the polymerization reac-
tion, whichwould result inan undesired crosslinking of the photoresin.
Therefore, itis vital that the two-step absorption spectraof the ground
and intermediate state contain non-overlapping regions (that is, the
transitions are not degenerate). The two wavelengths are chosen such
that the photoinitiator in its ground (intermediate) state does not
absorb light of wavelength A, (1,). Note that this choice is the polar
opposite of what we have used in laser-scanning one-colour two-step
absorption 3D nanoprinting®®, where one wavelength is intentionally
chosento trigger both optical transitions.

However, this criterionalone is not sufficient for agood two-colour
two-step photoinitiator. A second crucial condition is that the pho-
toinitiator moleculeinitsintermediate state decays back to the ground
statein due time. Suppose this criterionis not fulfilled: after exposure
of the first layer, the photoinitiator molecules along the entire opti-
cal path are promoted by light at wavelength A, to the intermediate
state—and remain there, even after progressing with the exposure to
thenextlayer. Inthis layer, exposure with the light-sheet (at wavelength
A,) alone suffices to polymerize the previous slice pattern in the pho-
toresin. Hence, when exposing subsequent layers, one has to wait for
the pre-excited photoinitiator molecules of the previously exposed

Table 1| Photoresin compositions used for the experiments

Name Monomer [BA] [TEMPO] Viscosity
PR1 TMPTA O1MM (1Awt.%)  0.011M (0.2wt.%) 0.1PaS
PR2 PETA O11M (11wt.%)  0.011M (0.2wt.%) 1.0PaS
PR3 DPEHA O1MM (11wt.%)  0.011M (0.2wt.%) 6.0PaS

Abbreviations: TMPTA, trimethylolpropane triacrylate; PETA, pentaerythritol triacrylate;
DPEHA, dipentaerythritol hexaacrylate; TEMPO, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl; BA,
biacetyl. At room temperature, DPEHA solidifies by forming crystallites within the course
of a few weeks. Therefore, DPEHA is stirred on a hotplate at a temperature of 45°C until
crystallites are completely dissolved, before adding further ingredients to the photoresin.
After adding TEMPO, the photoresins PR1-PR3 are stirred at a temperature of 45°C until
TEMPO is completely dissolved. PR1and PR2 are stirred for 1h at room temperature after
adding biacetyl. PR3 is stirred for 1h on a hotplate at a temperature of 45°C after adding
biacetyl. The viscosities at the temperature of 25°C are taken from the vendor’s certificate of
analysis, except for the viscosity of PETA, which is measured at a temperature of 20°C and
taken from another work®.

layer to decay back to the ground state. This waiting time is governed
by the intermediate-state lifetime and ultimately limits either the
achievable printing rate or the spatial resolution.

The third criterion may appear somewhat counterintuitive at
first sight. The photoinitiator’s ground-state extinction coefficient at
wavelength A, must be sufficiently low, such that alarge enoughinten-
sity is transmitted to the focal plane. For example, typical photoresins
contain photoinitiator concentrations in the range of 1% (wt.%) or
about 20 mM (assuming a photoinitiator molar weight of 500 g mol™
and amass density of1g ml™). Furthermore, assuming amolar decadic
extinction coefficient of 1,000 M cm™and a free-working distance of
the projecting microscope objective lens of 500 pum, the light intensity
would decay by anorder of magnitude to10% of the incident intensity
viaBeer’s law, which s clearly not acceptable.

Biacetyl and TEMPO as the photoinitiator system

A photoinitiator molecule that fulfils these three criteria is
2,3-butanedione, commonly known as diacetyl or biacetyl (Fig. 1b,
top). A corresponding Jablonski diagram for biacetyl is shown in Fig.
1c. Upon absorption of a blue photon, the molecule is excited from
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Fig. 3| Light-sheet 3D printing setup. a, Sketch of the light-sheet 3D printing
setup. AL, aspheric lens; PBS, polarizing beamsplitter; BD, beam dump;

TL, tube lens; LCD, liquid-crystal display; CAM, camera; OL, objective lens;
LED, light-emitting diode; CL, cylindrical lens; SL, spherical lens; PL, Powell
lens. The detailed component lists are provided in the Methods section and

e L — P .-s.
Supplementary Tables 2 and 3. b, Photograph of the 3D printing glass-rod
substrate, dipped into the cuvette. Below the cuvette, the projection objective
lensis mounted. On the right-hand side, the light-sheet microscope objective

lens canbe seen.

the singlet ground state S, to an excited state S, and undergoes effi-
cientintersystem crossing (99.8% quantum yield) to the triplet ground
state T, (ref. ). Biacetyl’s triplet ground-state energy of 235 k] mol™
(2.44 eV) is relatively low??* compared with other photoinitiators®
and lower than typical bond-cleavage energies of 293 k] mol™ (ref. %°).
Hence, biacetyl cannot efficiently fragment into radicals from its T,
state. However, starting from the T, state, using light in the UV, red,
and near-infrared regions®, biacetyl can be optically excited to ener-
getically higher states. The corresponding excited-state absorption
spectrumis also plotted in Fig. 1d. In the excited triplet state, biacetyl
has sufficient energy to fragmentinto radicals.

For all our experiments, we choose A, =440 nm. For the
point-scanning pre-experiments, we use A, = 640 nm (unless stated
otherwise); for the light-sheet 3D printing experiments, 1, = 660 nm,
where high-power solid-state laser sources are readily available. As
evident from Fig. 1d, there is no overlap in the absorption spectra at
the pair of wavelengths (1; and A,) and hence the first criterion for a
good light-sheet photoinitiator is fulfilled. The intermediate-state
lifetime, thatis, the triplet statein the case of biacetyl, was measuredin
degassed solutions and is on the order of 100 ps (ref.”), equivalent toa
decay rate of 10* s, Since this rate is faster than the frame rate of avail-
able projectors and thus does not restrict the printing rate, the second
criterionis met, too. Moreover, ingredients within the photoresin can
actasatriplet quencherand further reduce the triplet lifetime* . We
willaddress the intermediate-state lifetime in the photoresin below, by
comparison of the experimental data with rate equation calculations.
Finally, at A, =440 nm, the molar decadic extinction coefficientin ace-
tonitrile is 18 M™ cm™. With the used photoinitiator concentration of
110 mM and a microscope-lens free-working distance of 500 pm, the
intensity in the focal plane only decays to about 80% of the incident
intensity. Therefore, biacetyl also fulfils the third criterion.

However, similar to most ketones?*, biacetyl in its triplet ground
state can abstractahydrogen atom from nearby susceptible groups®.
Furthermore, thermally activated bond cleavage® and reactions with
oxygen® are possible decay mechanisms. These reactions potentially
resultinradicals being formed fromtheintermediate state. This behav-
iour is clearly undesired, as it would lead to the polymerization of
photoresin triggered by light of only one wavelength, that is, A,. To
suppress such unwanted side reactions, we introduce (2,2,6,6-tetram
ethylpiperidin-1-yl)oxyl (TEMPO) to the photoresin (Fig. 1b, bottom).
TEMPO is a persistent radical and belongs to the group of hindered

amine light stabilizers®. It acts as a radical scavenger® and serves as
atriplet-state quencher. In our experiments, we found that TEMPO
efficiently suppresses polymerization triggered by only light of wave-
length A, under suitable conditions. We now quantify this aspect.

For our characterization experiments, we used three different
photoresins PR1-PR3 (Table 1). The photoresins contain acrylate mono-
mers of different viscosities and degrees of functionalization. We
measured the polymerization threshold laser intensity of the photores-
ins by co-focusing two laser beams of wavelength A, = 440 nm (blue)
and A, =640 nm (red) through a large-numerical-aperture (NA =1.4)
objective lens into the photoresin and printing dashed-line patterns
at a constant focus velocity of v,=100 pms™. The blue and red laser
intensities areindependently varied. For eachred laser intensity /,, we
record the minimal blue laser intensity /, that leads to an optically vis-
ible polymerizedline after sample development. This point marks the
polymerization threshold. InFig.2a, we plot/, versus /,in atwo-colour
polymerization-threshold diagram ona double-logarithmicscale. On
theright-hand-side vertical axis (Fig. 2b), the blue laser intensity is con-
verted to blue power by using the measured full-width at half-maximum
of the focus diameter of the blue laser. On the upper horizontal axis
(Fig. 2b), the corresponding power for the red laser is given, similarly
obtained from the full-width at half-maximum of the focus diameter of
theredlaser. Theintensity scales allow for adirect comparison withthe
below light-sheet printing experiments. As evident from the figure, for
zeroand low red laser powers, the blue-laser threshold power is around
P,(P,=0mW) =0.9 mW (corresponding to anintensity of 31 mW um)
for photoresin PR1. With increasing red laser power, the blue-laser
polymerization threshold decreases inasigmoid fashion and plateaus
at about P,(P,=20 mW) =4.6 uW (corresponding to an intensity of
0.16 mW pm™2). Hence, the two-colour polymerization contrast, which
we defineastheratio of the two blue-laser threshold powers, is as large
as about 200, consistent with the expectation for a good two-colour
two-step absorption process. Ideally, this ratio should be infinitely
large. The measured polymerization threshold intensities arein good
agreement with theresults of rate equation calculations (Fig. 2b). The
rate model with anintermediate-state lifetime of <200 psis discussed
indetail in Supplementary Note 1.

To further test the two-colour two-step absorption behaviour,
we repeated the threshold power experiments for a set of red laser
wavelengths4,, ranging from 640 to 890 nm. Figure 2c (left) shows the
corresponding vertically stacked two-colour polymerization threshold
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Fig. 4 |Suspended lines as 3D printing voxel-size benchmark. a, SEM image
of aseries of suspended lines with a pitch of 6 pum and length of 20 um. The
exposure time for each line grating was fixed at 5 ms. The blue laser intensity in
the focal plane was /, =160 uW um, and the red laser power was set to P, =3 W
toavoid possible saturation effects. During the exposure of lines, all the stages
remained stationary. The grooved substrate surface is caused by the manual
polishing process (Methods). b, Diagram of the measured linewidths (blue dots,
left vertical axis) and measured line heights (red crosses, right vertical axis)
versus the projected linewidth in units of pixels (bottom horizontal axis) or
micrometres (top horizontal axis). The small dots (crosses) represent individual
measurements and the large dots (crosses) indicate the average width (height).
The measured linewidth increases monotonically with the projected width. The
heightincreases monotonically and plateaus at a height of about 4 pum, which can
be explained by the finite width of theincident light-sheet beam. We consider the
encircled data points as the minimal reproducibly attainable voxel sizes.

data. Again, the data describe a sigmoid shape for all wavelengths A,
inthe probed range. The solid curves are derived from fitting logistic
functions to the measured data. The sigmoid midpoints are highlighted
byalarge dotand connected by ablack curve. We expect the sigmoid’s
midpoint location to correlate with the intermediate-state absorb-
ance at the respective wavelength. Indeed, the two-colour two-step
absorption character of biacetyl is confirmed by the black curve, that
is, the action spectrum®, which contains the characteristic minima
and maxima of the extinction spectrum? (Fig. 2c, right). The detailed
shapes of extinction and action spectra do not agree though, which
pointstonot-well-understood aspects of photopolymerizationin many
systems beyond two-colour two-step absorption’®.

Light-sheet 3D printing setup

We now turn our attention to the actual light-sheet 3D printing experi-
ments. For this purpose, a separate, dedicated setup was built. A
diagram of the setup employed for light-sheet 3D printing is shown
in Fig. 3a. It consists of two laser beam paths: one is the stationary
red-light-sheet beam and the other one projects slices of the object
using blue light. Both beams cross each other inside acuboid cuvette
chamber, which is mounted on a thin glass coverslip (Methods). The
projection beam path consists of four multimode laser diodes. As
evident from the emission spectra (Supplementary Fig. 3), the meas-
ured emission wavelengths scatter at around 440 nm. The diode’s

spatial emission profiles are homogenized through arectangular-core
glass fibre. The fibre end facet is imaged onto a 720 Hz frame rate,
high-definition liquid-crystal display (LCD), whichisimaged through
along-working-distance, high-NA microscope objective lensinto the
cuvette. For thelight-sheetbeam,a 660 nmlaser beamis shaped using
aPowelllensinto aline-shaped beam. This beamis then focused into
the cuvette by asecond microscope lens with low NA. Supplementary
Notes 2 and 3 discuss the results of the light-sheet beam and projection
beam characterization.

A photograph of the mounted photoresin cuvette is shown in
Fig. 3b. A glass rod of 1 mm diameter is dipped into the photoresin
and thetwo objective lenses are focused onto the polished glassrod’s
end facet, which serves as the 3D printing substrate. The glass rod is
mounted onaset of precision translation stages (not depicted), includ-
ing a low-inertia piezo-stage. By printing on a movable substrate, the
printed structure dimensions are not limited by the field of view of the
projectedimage. After printing, all the structures are developedfor30 s
inacetone, with the exception of line gratings, which are supercritically
dried in CO,. In contrast to many other optical 3D printing methods,
no laborious post-exposure UV illumination or other post-processing
isnecessary.

Voxel size and 3D printing rate

We determine the attainable minimum feature sizes of our light-sheet
3D printer by printing suspended line gratings with alength of 20 pm,
pitch of 6 pm and fixed blue-laser exposure time of 5 ms (Fig. 4a). For
thisexperiment, thered laser powerissetto P,=3 W, leadingto apeak
intensity of 3 mW pm™. The blue laser intensity in the focal plane is
1,=162 pW pm A plot of the measured linewidths versus the designed
linewidthsis shown in Fig. 4b. The smaller pale symbols indicate indi-
vidual measurements, and the larger symbols are average values. The
minimum reproducibly attainable linewidth and hence the voxel diam-
eteris d,.. = 0.5 um, obtained for a projected linewidth of 9 pixels.
However, the targeted linewidthin this caseis 0.75 pm and hence larger.
The ratio of targeted linewidth and measured linewidth decreases
for wider lines. We attribute the deviation between attained and tar-
geted linewidthsto threeaspects. First, the limited modulation transfer
function of the projection system smears out the ideally rectangular
illumination profiles (Supplementary Fig. 17). This rounding of expo-
sure together with a threshold behaviour of the photoresin leads to a
reduced linewidth. Second, before the monomer is crosslinked, quench-
ers and scavengers within the printing volume must be depleted®,
Thedepletion process proceeds faster in the centre of the printing vol-
ume thaninthe periphery, where the concentration of quenchers and
scavengersisrestored by anin-diffusion process from the unexposed
surrounding (Supplementary Note 1). Third, polymer shrinkage may
also contribute to the attained smaller linewidth. The corresponding
line height is plotted on the right vertical scale (Fig. 4b). Evidently, a
height of A, = 2.2 pmis reproducibly achieved, resulting in a voxel
aspectratio of i, q,./d, = 4.4. We emphasize that it is possible to print
eventhinnerlines. However, 32% of the six-pixel-wide lines broke dur-
ing printing or development, whichis contrasted by the 100% yield for
the nine-pixel-wide lines. Hence, in the spirit of making conservative
claims, we do not quote these values.

On this basis, we derive the total peak voxel printing rate”. This
metric allows for comparing different 3D printing approaches, which
can have vastly different voxel volumes, in a meaningful manner®.
The LCD has a resolution 0f 1,920 x 1,080 pixels, equivalent to a total
0f 2.07 x10° pixels. This value corresponds to 3.3 x 10* voxels with the
above voxel diameter of 9 pixels (assuming a round voxel shape). For
an exposure time of 5 ms, as used for the printing of line gratings, we
obtain a voxel printing rate of 7 x 10° voxels s at a voxel volume of
(0.5 um)?x 2.2 pm = 0.55 pm? and thus to a volume printing rate of
3.85x10° um?s™. These values are compared with other 3D printing
methods (Supplementary Fig. 20).
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Fig. 5| Oblique-view SEM images of light-sheet 3D printed micro-objects.

a, Knot-like structures printed on an intentionally slanted borosilicate glass

rod. Three structures were printed in parallel. b, A small fleet of #3DBenchy
structures. Theinset reveals that overhanging features and holes are reproduced.
Theindividual boats were sequentially printed by stitching several printing
fields. ¢, Five stacked unit cells of amechanical metamaterial, which was
designed to obtain a roton-like acoustical-wave dispersion relation®. The inset
shows the rendering of a single unit cell from the same perspective. The large
overhanging and flying features make this structure notoriously challenging to
3D print using laser-focus-scanning two-photon printing®. A flyby SEM video

is provided in the Supplementary Information. d, Buckyball structures with a
diameter of 80 um, sequentially printed by stitching several writing fields. e,

Six chiral metamaterial unit cells*’. The inset reveals that the rings on the side
walls are well separated from the adjacent vertically lying rings. The printing
time per unit cellis 117 ms and hence more than ten times shorter compared with
the results from a previous work employing laser-focus-scanning two-photon
3D nanoprinting®. All the 3D structures were printed at -350 um s substrate z
velocity and blue-laser peak intensities of /; = 22 pW pm™. Real-time videos of the
3D printing process are available in the Supplementary Information.

Light-sheet 3D printed structures

Scanning electron microscopy (SEM) images of 3D printed structures
are shown in Fig. 5. We used the highly viscous photoresin PR3 for all
thelight-sheet 3D printed structures, since highly viscous multifunc-
tional acrylates were found to have a long ‘intrinsic polymerization
time constant’ and hence little change in refractive index occurs during
the exposure phase®®. Therefore, scattering effects of the light-sheet at
already polymerized parts are kept low. Figure 5a shows three knot-like
structures, whichwere printed in parallel within 153 ms. Figure 5b shows
afleet of five #3DBenchy boats (https://www.3dbenchy.com/), which
are awell-established benchmark structure in the community of 3D
additive manufacturing. Each boat was printed within one printing
field and took 266 ms to be printed. The boat’s hulls has a100% filling
fraction, resulting in proximity effects in the subsequent layers, that
is, the boat’s window. To pre-compensate the proximity effect, we use
agreyscale exposure profile, thus lowering the blue laser intensity
in volumes with high local filling fraction (Supplementary Methods
and Supplementary Fig.19). InFig. 5¢, five quarter-cut acoustic meta-
material unit cells are printed on top of each other. This metamate-
rial was previously designed to yield a roton-like acoustic dispersion
relation®. The structure is especially challenging in fabrication using
laser-scanning two-photon 3D microprinting: the outer walls are only
fixed at two edges during printing, causing parts of the structure to drift
offinthe photoresin. For light-sheet 3D microprinting, this problemis
absent, since each unit cell is printed within 117 ms. The entire stack is
completed within 583 ms. The striped pattern on the structure’s surface
ismost probably the result of speckles arising from the blue beam path.
Thebuckyballs (Fig. 5d) allow for acomparison with other 3D printing
approaches?°. Each ball was printed within 250 ms. Finally, the chi-
ral metamaterial*® (Fig. Se) has a footprint width of 155 um, spanning
almost the entire field of view. Despite the inhomogeneities observed

inthelight-sheet characterization (Supplementary Fig.14), noirregu-
larities are observed in the structure quality. Furthermore, the lattice
constant of 77 pm s similar to our previously published study'. There,
the printing time per unit cellwas 1.6 s. Using light-sheet 3D microprint-
ing, two unit cells were printed within 233 ms, that is, 117 ms per unit
cell—a speedup of more than tenfold, although at a lower resolution.
These structures prove that the presented photoresin and 3D printing
setup are well suited for the fast production of 3D microstructures.
However, we note that printing larger overall structures is still chal-
lenging for the used photoresin due to the gradual dose accumulation
atthebottom of the photoresin vat, eventually leading to animpaired
optical resolution for the projected layer.

Discussion and conclusion

Herein, we have demonstrated light-sheet 3D microprinting with voxel
volumes of 0.55 pm?and peak voxel printing rates of 7 x 10° voxels s™..
This major advance was enabled by a suitable photoinitiator system,
composed of the two-colour two-step initiator biacetyl and TEMPO
(serving as both quencher and scavenger). An in-depth analysis of
the underlying mechanisms has been presented, including a rate
model analysis of the polymerization process. We have showcased
the 3D printing capabilities of this photoinitiator system using a
dedicated light-sheet 3D printing setup, containing ared and blue
continuous-wave laser source. Also, 3D printing jobs were completed
inafraction ofasecond.

Altogether, P. V. Braun and M. L. Brongersma*' were accurate
whenwriting about two-step absorptionin2021: ‘where this approach
has real potential to shine is in the scalability of the process’. Using
light-sheet 3D printing, the print time per part has now come close
to typical manufacturing times in injection moulding. However, for
the widespread use of light-sheet 3D microprinting, three aspects
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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 microfluidics*, or by automatically immersing the sample
inliquid containers*. 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 canlikely be suppressed by using further improved photoresin
formulations. Directions for optimization canbe deduced fromtherate
model analysis presented here.Inaddition, theinsitu replenishment of
the used photoresin by using microfluidics, polymerization inhibition
by an oxygen-permeable membrane (as used in CLIP®), or volumetric
polymerization inhibition patterning'® can potentially further suppress
out-of-focus polymerization. Third, the red solid-state laser can be
replaced by inexpensive high-power laser diodes, asis 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 beneficialincombination
with CAL*7, where a two-colour projection system was recently dem-
onstrated for multimaterial 3D printing*‘. 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.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-022-01081-0.
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Methods

Point-scanning printing setup

The point-scanning printing setup consists of alaser emitting at 440 nm
wavelength (LDH D-C-440, Picoquant). To clean the spatial laser mode, the
emitted radiationis coupled into asingle-mode polarization-maintaining
optical fibre (PMC-400Si-2.3-NA014 3-APC-300-P, Schifter+Kirchhoff).
Anacousto-opticalmodulator (MT80-1.5-400.442, AA Opto Electronic)
isused for modulating the outcoupled beam power (60SMS-1-4-M12-33,
Schifter+Kirchhoff). The beam of the laser is combined with the col-
limated beam of a 640 nmwavelength fibre-coupled laser (iBeam smart
PT-640, TOPTICA Photonics) by adichroic mirror (DMLP567, Thorlabs).
The emission spectra of the lasers emitting at 440 and 640 nm are pro-
videdinSupplementary Figs.1and 2, respectively. The combined beams
arereflected by apolarizingbeam combiner cube (PBS251, Thorlabs) and
deflected by a pair of galvanometer mirrors (Saturn 5B 56S, Pangolin Laser
Systems). The galvanometer mirrors areimaged by aKeplerian 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 100x%/1.4-0.7 OIL CS, Leica Microsystems), which is mounted
on aninverted microscope mount (DM IRB, Leica Microsystems). The
objectivelensfocuses the combined laser beams through theimmersion
oil (Type F, Leica Microsystems) and the glass coverslip substrate (no.
1.5H, PaulMarienfeld) into the liquid photoresin sample. The photoresin
(25 pl)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 Il (Hellma) and
silanized with 3-(trimethoxysilyl)propyl methacrylate (Merck). The sam-
ple cellismounted in a 3D piezo-stage (P-527.3CL, Physik Instrumente),
which, in turn, is mounted on a motorized stage (Scan IM 120 x 100,
Mirzhauser 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 asphericlens (A240TM-A, Thorlabs) and then focused by
a40-mm-focal-length plano-convex lens (LA1422-A, Thorlabs) through
al0-um-diameter pinhole (P10C, Thorlabs). The focused beam s col-
limated again by a75-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
redlaser diodes (HL6750MG and HL6545MG, respectively; Thorlabs).
Therefore, the laser diodes are mounted inthe temperature-controlled
mount (LDM56/M, Thorlabs), whose temperature is controlled by
athermoelectric 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:Salaser beamis then combined with the other laser
beams by the polarizing beam combiner cube.

Allthe laser beams are expanded using Keplerian telescopes such
that they overfill the entrance pupil of the objective lens. The laser
beam fociare superimposedinthefocal plane and characterized with
theaid of thereflected 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
inthezdirection, two voice-coil stages V528.1AA for positioningin the

xandydirection, 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 abreadboard 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 x 405 um?; fibre length, 1 m; Ceramoptec). The four laser diodes
aidin 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 20x/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), asecond polar-
izing beamsplitter (using the reflected beam; model PBS251, Thorlabs)
andaquarter-wave plate (WPQ10M, Thorlabs). Theimage of the fibre’s
end facetisdirected onto thereflective LCD (active area, 12.5 x 7.1 mm?;
display resolution, 1,920 x 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 polarizationto 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 63x/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 ofimmersion fluid (Zeiss Immersol 518F) into the photoresin vat.
Aray-traced optical path diagram of the projection path is shown in
Supplementary Fig. 16. The corresponding calculations of the point
spread function are shownin Supplementary Fig.17.

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

The light-sheet beam is generated by focusing the beam ofa6 W
optical-power, 660 nmwavelength solid-state laser (axiom, Laser Quan-
tum) by aPowelllens (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) beforeitis focused into the sample vatby a
microscope objective lens (Epiplan 5x/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.

Thesubstratesarel mmindiameter. Theglass rods (Hilgenberg) are
cuttoalengthof13 mmand 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
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objectivelensandimaged onacamera, whichis mounted ontheidle port
of the second polarizing beamsplitter. For 3D printing, the end facet is
polishedtoanangle of 8°to suppress the standing-wave patterngener-
ated by the grazing-incidencelight-sheetbeam (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 x 2,160 pixels). Each 4K
colour frameis decoded into 12 full-high-definition (1,920 x 1,080 pix-
els) greyscale images. The 4K stream is sent by a graphics processing
unit (NVIDIA GeForce GTX 970), whichis part of a personal computer,
running on astock 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 elsewhere?. The light-sheet 3D printed structures are devel-
opedfor30sinacetone, except for the line-grating structures, which
were supercritically driedin CO,(EMCPD300, Leica Microsystems). Nei-
ther post-printing UV flood illumination nor any other post-processing
was performed (in contrast to other works™"). 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 Il (Hellma) at 50 °C temperature.

Sample characterization
All the point-scanning samples are characterized as that done else-
where®. The samples are imaged in an upright microscope (DMLM,
LeicaMicrosystems) usinga 0.9 NA objective lens (N Plan100x) 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
energyisSkV.

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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