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Abstract

The goal of 3D printing is to realize complex 3D structures by locally 
adding material in small volume elements called voxels — in contrast 
to successively subtracting material by etching, milling or machining. 
This field started with optics-based proposals in the 1970s. Progress 
has required breakthroughs in physics, chemistry, materials science, 
laser science and engineering. This Review focuses on the physics 
underlying optics-based approaches, including interference 
lithography, tomographic volumetric additive manufacturing, 
stereolithography, continuous liquid-interface printing, light-sheet 
printing, parallelized spatiotemporal focusing and (multi-)focus 
scanning. Light–matter interactions that are discussed include 
one-photon, two-photon, multi-photon or cascaded nonlinear 
optical absorption processes for excitation and stimulated-emission 
depletion or excited-state absorption followed by reverse intersystem 
crossing for de-excitation. The future physics challenges lie in 
further boosting three metrics: spatial resolution, rate of voxel 
creation and range of available dissimilar material properties. 
Engineering challenges lie in achieving these metrics in compact, 
low-cost and low-energy-consumption instruments and in identifying 
new applications.
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the light may well have triggered many other reactions at different 
spots already. Third, a bright spot of light can be positioned inside a 
material rather than just near its surface. Although irrelevant for 2D 
printing, this aspect is highly advantageous for 3D printing inside of 
transparent inks. Fourth, one can readily form many thousands or 
even millions of spots of light, which can be seen as a large assembly of 
‘local nozzles of light’ in 3D. Fifth, the size of a light spot in the optical 
far-field is approximately half the wavelength of light, which can be 
as small as a few hundreds of nanometres for visible light. Adopt-
ing super-resolution tricks from optical microscopy7–9 to optical 
printing10–16, the wavelength of light is no longer a conceptual limi-
tation. When combined, these five aspects give optical approaches 
quite an edge over mechanical methods.

However, simply pointing a laser beam into a suitable photosensi-
tive ink is insufficient for 3D printing. The material would cure along 
the entire length of the laser beam instead of achieving a single con-
fined voxel or a targeted 3D microstructure. Since the 1970s, many 
ideas emerged that ensure the wanted localization in space. In 1974, 
David E. H. Jones wrote in his column in New Scientist magazine: “Two 
different laser-beams traversing the tank would then form a solid spot 
of polymer at the point of their intersection. By scanning this point 
around, any type of solid object at all could be made up: even complex 
interlocking and re-entrant shapes quite impossible to mould.”17 In 1977, 
a closely related idea was patented18. However, neither of these works 
described in detail the physics of the nonlinear light–matter interaction 
that would lead to the anticipated solidification of a material exclusively 
at the spot in three dimensions in which the two laser beams with two 
different colours intersect. In 1993, 3D data storage using this idea was 
demonstrated19; two-colour 3D laser printing on the macroscale20 
was demonstrated in 2020 and on the microscale21 in 2022.

In the meantime, a variety of other approaches to confine 
3D-printed voxels emerged. In 1981, layer-by-layer fabrication was dem-
onstrated, both point-by-point and by 2D images using a one-photon 
absorption process22. In 1984, 3D stereolithography23 using one-photon 
absorption of a single colour of light from a continuous-wave source 
was patented. In stereolithography, the intensity of laser beam decays 
exponentially in the material, leading to a confined voxel. In 1997, 3D 
laser printing on the microscale and nanoscale using two-photon 
absorption of light induced by tightly focused intense femtosecond 
laser pulses was reported24. In 2000, intricate 3D periodic architec-
tures were realized in a single nanosecond laser pulse by the tailored 
interference of four collimated laser beams and ordinary one-photon 
absorption25. Reverse tomographic projection was conceptualized 
in a 2016 patent application26, a precursor to it was presented in 2017 
(ref. 27) and complete versions were realized a few years later28,29. In 
these techniques, in the spirit of inverse tomography, a sequence of  
exposures with non-interfering 2D images from different directions is 
added up to approximate a targeted 3D object. Today, it has become 
hard for non-experts to see the similarities and differences in the 
physics of a plethora of light-based 3D printing approaches and to 
appreciate their conceptual pros and cons.

This Review aims at changing this situation. It provides an intro-
duction into the principles of 3D printing with light, gives an overview 
on the state-of-the-art and points to future physics challenges and 
opportunities. We organize our discussion logically rather than his-
torically into three steps: spatiotemporal modalities to expose matter 
by light, relevant light–matter interactions of photo-switches and 
mechanisms triggered by these photo-switches to locally form a tar-
geted material in 3D. In other words, we discuss how complex patterns 

Key points

•• Three-dimensional printing with light is an additive manufacturing 
process in which light irradiation locally adds a solid material (typically 
from a liquid ‘ink’), rather than subtracting it from a solid by machining 
or drilling, to form complex 3D structures from the macroscale to the 
nanoscale.

•• All current light-based 3D printing modalities (including interference 
lithography, spatial focusing, spatiotemporal focusing, tomographic 
volumetric additive manufacturing and layer-by-layer approaches) can 
be seen as approximations of an ideal light exposure scheme in which a 
tailored 3D pattern of light exposes an ink in a single shot.

•• Light shone during 3D printing couples to the ink via electric-dipole-
mediated light–matter interactions to dedicated trigger (photoinitiator) 
molecules; sometimes ordinary one-photon absorption suffices, yet 
often other processes such as multi-photon absorption or two-colour 
two-step absorption are needed to sufficiently localize the excitation in 
3D space.

•• Material formation from the ink following the light trigger is highly 
material dependent, with different chemical and physical processes 
involved for the formation of polymers, metals and semiconductors.

•• Although researchers strive to improve the speed and resolution of 
3D printing technologies, the formation of a certain voxel unavoidably 
requires delivering a certain light energy; therefore, increasing the 
number of voxels printed per unit time requires increasing light power.

•• The challenges of 3D printing remain: enable ever finer feature sizes, 
increase print speed, open the door to more dissimilar materials and 
make 3D laser printers more compact and less expensive.

Introduction
The operation principle of 2D graphical ink-jet printers in many peoples’ 
homes is quite simple: a liquid ink exits through a small hole in a nozzle 
and is ejected onto a piece of paper, in which it dries and forms a small 
picture element (pixel). To print many pixels per unit time, hundreds or 
thousands of nozzles are used in parallel and are mechanically moved 
with respect to the piece of paper as quickly as possible. In this manner, 
desktop printers operate at speeds of around 106–107 pixels s−1 with 
pixel sizes down to a few tens of micrometres. The operating principle 
of a 3D ink-jet material printer is similar, except that the ‘ink’ does not 
form a colour pixel in 2D but rather a material volume element (voxel) 
in 3D. Indeed, ink-jet-inspired printing1–4 and related, more advanced 
mechanical approaches5 have extensively been used for 3D material 
printing as well.

Given the existence of such straightforward mechanical means, 
why are there efforts to develop techniques that use light to act on 
a photosensitive ink for 3D printing? First, the quanta of light, pho-
tons, have no rest mass. It is, thus, possible to move a focus of light at 
speeds even greater than the speed of light6, which would be impos-
sible with a massive mechanical nozzle. Second, light together with 
an appropriately chosen light–matter interaction can be used as 
a trigger signal that locally starts a chemical reaction, forming a 
material at a particular spot. When this formation is completed, 
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of light can be created in three spatial dimensions and time, and then 
how the corresponding spatiotemporal distribution of photons can 
be translated into a material pattern, that is, into a 3D-printed object. 
In the jargon of 3D printing, the first step is the exposure by light, the 
second step leads to a deposited exposure-dose profile, and the third 
step translates this dose profile into a material.

Shaping spatiotemporal light patterns
Conceptually, a direct way to create any desired 3D light intensity pat-
tern I(r, t) (with units W m−2) is to use a Fourier transform, exploiting 
the superposition principle of light waves. Doing so requires superpos-
ing an infinite number of plane waves of light with different wavevectors 
k and complex-valued Fourier transform electric-field vectors 

∼E k ω( , ) 
(Fig. 1) to arrive at the 3D intensity distribution I t t( , ) ∝ ( , ) 2r E r , where 
the total real-space (real-valued) electric field vector of light is E(r, t), 
with real-space coordinate vector r and time t (Fig. 2). Here, 〈...〉 refers 
to the average over one optical cycle. The Fourier transform leads to 
the integral

∼∫ ∫ ∫
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where ω is the angular frequency of light, which is connected to k = (kx, 
ky, kz) via the dispersion relation of light ω c/ =2 2 2k , with the speed of 
light c in the ink in which light propagates. In what follows, we approx-
imate c c n= /0  to be real valued, equivalent to a real refractive index n, 
that is, we treat the inks as weakly absorbing.

We emphasize again that, along these lines, any arbitrary I(r, t) 
could be created. If a suitable ink is subjected to this exposure by light, 
one could 3D print any 3D object in a single-shot exposure. However, 
realizing the superposition in equation (1) is challenging experimen-
tally. One would need a very large number of partial waves and, hence, 
directions of light. Furthermore, one would need to control the ampli-
tude, polarization and phases of all the partial waves (as ω( , )

∼E k  is 
complex valued) (Fig. 1a). Many different moduli k k| | =  correspond to 
a broad range of frequencies ω = ck of light, equivalent to complicated 
optical-pulse profiles in the time domain. In this ideal form, 3D printing 
has not been performed yet with light, though it has been approached 
acoustically30. However, all the methods we discuss below can be seen 
as attempts to come close to this ideal of using a single volumetric 
exposure by coherent light to arrive at an arbitrary non-periodic or 
periodic 3D-printed object31,32.

Interference lithography
Perhaps the closest attempt is 3D interference lithography (or holo-
graphic lithography). Here, we restrict ourselves to monochromatic 
light at angular frequency ω ω= 0  and to merely four (m = 0,1,2,3) plane 
waves or laser beams with wave vectors km and ω c| | = /m 0k  (Fig. 1b). 
This simplification leads to the time-independent (because 

ωt|exp(i )| = 12  in equation (1)) intensity profile

r E k r G r∑ ∑I A( ) ∝ exp(i ⋅ ) = exp(i ⋅ ), (2)
m

m m
m n

mn mn
= 0

3 2

, = 0

3∼

where Gmn are the reciprocal lattice vectors (formed from beams m 
and n). One of the four wave vectors, say, 0k , serves as a reference. 
The other three wave vectors can be chosen such that the three vectors 

G k k= −10 1 0, G k k= −20 2 0 and = −30 3 0G k k  span any of the 14 periodic 
Bravais lattices in 3D33. The terms with m n=  in equation (2) lead to a 
spatially constant intensity background. The form factors 

E EA A= * = *m nmn nm
∼ ∼  determine the shape of the interior of one unit cell. 

They describe that for each of the four laser beams, one can addition-
ally choose its intensity and its polarization of light, leading to 12 sca-
lar parameters. If one aims to print a specific crystal lattice, one needs 
to solve a difficult inverse problem, namely to identify the combina-
tion of 12 parameters that leads to a desired lattice or that at least come 
close to it. For example, this problem has been solved in the context 
of complete photonic-band gap crystals in 3D34. For periodic 
metamaterials35, this theoretical problem has generally not been solved 
to date, but the approach has been used experimentally36,37. Note that 
the wave vectors km in equation (2) refer to the inside of the ink with 
refractive index n rather than to air. Therefore, specially shaped inter-
faces to air are generally necessary to avoid limitations owing to the 
critical angle of total internal reflection38–40.

One issue of the four-beam approach is that the period of the lattice 
is approximately half the wavelength of light λ = 2π/k. For visible light, 
this period is in the range of only a few hundred nanometres. However, 
for mechanical metamaterials35,41, for example, periods of some tens of 
micrometres may be wanted. A solution is a triple-exposure scheme, by 
which any period larger than π/k can be achieved. This sequential 
(hence, incoherent) exposure leads to the sum r rI I( ) = ∑ ( )i i=1

3 . It has been 
shown that this sum also allows for printing any 3D Bravais lattice42, with 
reduced flexibility in tailoring the shape of the unit cell, but increased 
flexibility in choosing the lattice period. Extensions of holographic 
lithography towards non-periodic architectures43–45 and more beams31 
have been explored (Fig. 2a).

Spatial focusing
The opposite of volumetric interference of light is to use equation (1) 
to obtain only a single tight focus of light via a lens (Fig. 1c), leading to 
a single 3D-printed voxel (Fig. 2b). For (quasi-)monochromatic light 
with k k ω c ω c| | = = / = / = const.0 , in spherical coordinates with polar 
angle ϑ and azimuthal angle φ, and for using a single lens (ϑ ∈ [0,π]), 
we have the time-independent intensity pattern46

∫ ∫( )
I k φ φ( )∝ ( , , )exp(i ⋅ )d d , (3)n

0

arcsin NA

0

2π
2

ϑ ϑ∼r E k r

with ϑk k φ= sin cosx , ϑk k φ= sin siny , ϑk k= cosz  and x r φ= sin ′cos ′ϑ ,  
ϑy r φ= sin ′sin ′  and z r= cos ′ϑ , with r = |r|. If one uses a single ideal 

optical lens with numerical aperture NA = n and constant phase and  
modulus of E k φ( , , )ϑ∼

, the lateral full width of the intensity profile I(r, t)  
is on the order of half the wavelength, λ/2 = π/k (ref. 47). The axial full 
width is twice as large because only half of the solid angle of all wavevec-
tors of light k is used, leading to a focus aspect ratio of 2 (ref. 48). In 
reality, the focus aspect ratio for a single lens is typically approximately 
2.5 when using high-quality immersion microscope objective lenses 
with NA ≈ 1.4 and n ≈ 1.5 (ref. 49). If the refractive index of the ink is not 
matched to the microscope lens, the aspect ratio quickly deteriorates, 
owing to abberations50,51. This behaviour is undesirable because it 
introduces a pronounced anisotropy from the start. Conceptually, 
aberrations preventing the ideal focus can be pre-compensated using 
tailored phase profiles of the incident light (as discussed below).

Complex 3D objects can be printed by exposing the ink not only 
to a single focus centred at position r1 but also sequentially (hence, 
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incoherently) to many different foci of light with centre positions 
r1, r2...,rN. In doing so, one must appreciate though that the laser focus 
according to equation (3) has long spatial tails, making it necessary 
to use nonlinear forms of light–matter interaction to avoid massive 
accumulation effects (see ‘Relevant light–matter interactions’ section). 
For print processes near the surface of a bed of material52,53, the long 
spatial tails are irrelevant.

A single ellipsoidal focus can be turned into more complex inten-
sity patterns by introducing a phase mask into the conjugated plane 
of the lens that creates a non-constant distribution of the complex- 
valued Fourier coefficients ϑ∼E k φ( , , )  within the entrance pupil of the 

focusing lens. For example, N × N arrays of laser foci can be achieved54–61 
for faster printing. As another example, using relatively simple optical 
phase masks62 (Fig. 1c) to create the corresponding E k φ( , , )ϑ∼

, one can 
obtain ‘inverted foci’, in which the light intensity is zero at the position 
of the maximum of an ordinary focus (Fig. 2b). This zero-intensity point 
arises from destructive interference of two contributions 
phase-delayed by π and can be surrounded by intensity maxima in 3D. 
Such ‘bottle-beam focus’63 is crucial for 3D laser printing beyond the 
diffraction limit (see ‘Relevant light–matter interactions’ section). 
Many further differently shaped focus iso-intensity surfaces (Fig. 2b) 
can be obtained by adjusting ϑ∼E k φ( , , )  (refs. 64,65). For targeted 
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intensity profiles I(r), inversion procedures such as the Gerchberg–
Saxton algorithm66,67 allow for iteratively computing ϑ∼

k φ( , , )E . In this 
limited manner, one approaches complete volumetric 3D printing as 
suggested by equation (1), albeit combined with a number of sequential 
(hence, incoherent) point-like exposures with light67–70.

Spatiotemporal focusing
A further step back into the direction of volumetric 3D printing accord-
ing to equation (1) is to make use of incident optical pulses instead of 
continuous-wave light impinging onto a single lens, leading to the 
time-dependent intensity pattern

r

E k r
( )∫ ∫ ∫

(4)

I t
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k
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which is a generalization of equation 3. In the Fourier domain, an 
optical pulse corresponds to a distribution of angular frequencies ω 
(rather than to a fixed constant single frequency ω = ω0 for 
monochromatic light).

Finding k φEE( , , )ϑ∼
 for a desired pattern I(r, t) is not trivial71. It is, 

thus, perhaps best to consider an example72,73. Placing a diffraction 
grating at a conjugate focal plane of the focusing lens has two conse-
quences. First, the different frequency components (or wavelength 
components) of an optical pulse are laterally spread across the conju-
gated plane of a lens, and all frequency components will again come 
together in the focal plane according to Fermat’s principle (Fig. 1d). As 
a result, the optical pulse is stretched out in time outside of the focal 
plane and recovers its original duration only in the focal plane. Com-
bined with nonlinear absorption of light (see ‘Relevant light–matter 
interactions’ section), the light–matter interaction can, thereby, be 
better confined to the focal plane74. Second, the grating tilts the 
laser-beam pulse front with respect to the focal plane. Hence, the pulse 
is reconstructed along a line which moves with velocity v perpendicular 
to the line within the focal plane72 (Fig. 2c). As a result, different parts 
of the ink are sequentially exposed by light — as discussed above. The 
focus velocity v = c(M sin α)−1, with the grating illumination angle α and 
the magnification of the imaging optics M, approaches and can even 
exceed the speed of light c (ref. 72). Importantly, the rapid motion of 
the line within the focal plane is not induced by mechanical motion 
of any component in the 3D printer.

So far, in addition to a grating75, only spatial amplitude-only modu-
lators have been used to influence ϑ∼E k φ( , , )  (refs. 74,76–78). In this 
case, to 3D print objects that are extended perpendicular to the focal 
plane, scanning and multiple sequential (incoherent) exposures by 
light are necessary (not to be confused with layer-by-layer printing 
discussed in the next section). When using spatial amplitude-and-phase 
modulators79, entire 3D microstructures could be printed in a single 
exposure. Of course, in either case, their lateral extent (without moving 
the sample) is fundamentally limited by the finite field-of-view of the 
microscope objective lens.

Tomographic volumetric additive manufacturing (computed 
axial lithography)
The intensity pattern I(r, t) in equation (1) for fully volumetric 3D print-
ing arises from the interference of a large number of partial waves of 
light that irradiate an ink. Likewise, equations (2) and (4) and some 
forms of equation (3) require the interference of light. Is it concep-
tually possible to achieve volumetric 3D printing with light without 
interference, that is, with incoherent light?

For illustration, one can view a collimated beam of light as a collec-
tion of rays of light propagating in the same direction. Two-dimensional 
spatial information (image) can be encoded by providing a grayscale 
value to each ray of light. Let the intensity I1(r) corresponding to image 1 
be constant and non-zero only along a straight line, and the intensities 
Im(r) refer to m = 1, 2,...,N ≫ 1 2D images. The direction of the light rays 
for each image are different and we assume that there is no coherence 
between the light corresponding to different images. Suppose that all 
these light rays are switched on at the same time. They incoherently add 
up and the time-independent total intensity pattern is

r r r∑ ∑ ∑I I I( ) = ( ) = ( ). (5)
m

N

m
m

N

p

N

m p
=1 =1 =1

,
image

image
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Can one construct any arbitrary targeted complex 3D pattern 
I(r) along these lines? Based on the tomographic reconstruction 
principle80, the answer is yes — at least approximately. As illustrated 
in Fig. 1e, the N rays can arise from Nimage different 2D images, each with 
Npixel pixels, that are projected into a tank of ink from Nimage different 
directions that lie within a single plane, leading to a total number of 
N = NimageNpixel light rays in equation (5). The intensity patterns of the 
2D images involved can be calculated by using a solution of the inverse 
problem to the Radon transformation81–83. An approximation lies in 

Fig. 1 | Partial wave representations of generating spatiotemporal light 
patterns for use in 3D printing. a, General case: illustration in k-space of the 
many possible partial waves that lead to the formation of an arbitrary 3D light 
pattern. Each partial wave indicates direction and phase (direction of arrow and 
distance from plot origin), as well as polarization, frequency and amplitude, 
all of which contribute to the resulting light field intensity, I(r, t). b, Interference 
lithography: partial wave representation of four-beam interference lithography 
in a two-plane geometry using linear and circularly polarized coherent beams 
as an example. Three-dimensional I(r, t) patterns are generated by interference 
of the beams. Three-dimensional interference lithography can be achieved with 
beams. c, Spatial focusing: the partial waves for spatial focusing are bounded 
by a cone representing the restriction of the finite numerical aperture of the 
focusing optics on the possible light directions. The spatial focusing of a linearly 
polarized Gaussian beam (left) and a circularly polarized ‘bottle beam’ (right) 
achieved by an annular π phase shift of the focusing waves are depicted.  

d, Spatiotemporal focusing: partial wave representation of spatiotemporal 
focusing for a linearly polarized beam at a single instance of time. Separated 
frequencies of a broad spectrum of light recombine together only at the  
spatial focus. The tilted plane is a guide to the eye outlining the spatial variance 
of the phase of the partial waves in the beam resulting from the diffraction 
grating typically used to separate the frequencies. Spatiotemporal focusing 
has a similar cone of focusing (though with reduced numerical aperture) as  
spatial focusing. e, Tomographic volumetric additive manufacturing: light ray 
representation of tomographic volumetric additive manufacturing depicting 
only three (of typically many) exposure angles by a projection of varying 
2D light patterns. A 3D I(r, t) is created by the sum of the light intensities of 
the projected light rays. f, Layer-by-layer approaches: light ray representation 
of layer-by-layer printing in a light sheet configuration. Rays forming the 
print pattern (dark grey) intersect with different wavelength light sheet rays 
(light grey), creating a plane containing the target I(r, t) light pattern in 2D.
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that ‘unphysical’ negative intensities, Im < 0, generally arise from this 
algorithm, which are then set to zero. This step leads to deviations 
between the targeted and the printed structure. In this conceptual 
form, the approach would be fully volumetric in that the 3D light pat-
tern is created in a single shot (Fig. 2d). In practice, one instead uses 
Nimage sequential exposures by light28,29. In this case, the optical setup 
projecting an image is fixed and a cylindrical tank containing the ink is 
rotated around its centre axis. The resulting total exposure of the ink 
does depend on the type of light–matter interaction84 which we discuss 
in ‘Relevant light–matter interactions’ section.

Layer-by-layer approaches
Finally, 3D printing can also be achieved by projecting a conventional 
2D optical image into a thin layer85,86 (Fig. 1f). The thickness of this layer 
can, for example, be controlled by the optical absorption length in the 
ink. After mechanical delamination of this layer from the underlying 
substrate87,88, the next 2D layer is printed. The stack of 2D layers even-
tually forms the 3D object. The delamination time limits the printing 
speed in commercially widespread stereolithography18,22,23. This limita-
tion is overcome in continuous liquid-interphase printing89, in which 
the printed layer does not adhere to the underlying substrate90–92.

d e

c
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5 µm
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5 mm
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b

a

Fig. 2 | Iso-intensity surfaces of light patterns generated via various light 
shaping processes. a, Interference lithography: iso-intensity surface of six 
(linearly polarized) beams and one (circularly polarized) beam interfering with 
each other to generate a helical-shaped light structure31. b, Spatial focusing: 
iso-intensity surface of spatially focused Gaussian beam typically used for 
scanning-based printing (left), ‘bottle beam’ iso-intensity generated using 
an annular π phase shift of the beam typically used for inhibition of printing 
(centre), and double helix iso-intensity formed by spatially designed beam 
intensity and phase profile demonstrating the possibilities enabled by spatially 
engineering the beam properties (right)32. c, Spatiotemporal focusing: 

iso-intensity layer of a single spatiotemporally focused rectangular pattern. 
At any one instant, only a single ‘line’-like iso-intensity exists, which scans (from 
t1 to t2) across the focal plane to form the pattern. d, Tomographic volumetric 
additive manufacturing: iso-intensity of the sum of many (only five shown) 
2D projected light patterns from different angles for tomographic volumetric 
additive manufacturing. Inset shows artifacts when constructing sharp features 
using incoherent light. e, Layer-by-layer approaches: intersecting iso-intensities 
for layer-by-layer printing using a light sheet. The printed volume exists in which 
the light sheet (red iso-intensity) and the perpendicularly projected pattern  
(blue iso-intensity) intersect.
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Light-sheet 3D laser printing20,21 is related, but the 2D optical image 
with intensity pattern I1(r) at wavelength λ1 is not projected onto a surface 
but rather inside the volume of the ink into the plane of a thin light-sheet 
with intensity I2(r) at wavelength λ2 that is formed by a cylindrical lens 
(Fig. 2e). By virtue of an optical nonlinearity of the ink (see ‘Relevant 
light–matter interactions’ section), the excitation can be approximately 
∝ I1(r)I2(r). Therefore, the light-sheet I2(r) ‘gates’ the excitation and only 
a thin 2D layer is effectively exposed by light. By scanning the z-position 
of this layer with respect to the ink, 3D objects can be printed. Com-
pared with stereolithography, no delamination is required. Further-
more, because the object is printed inside the volume of the ink, objects 
exceeding the projection area can be stitched in sequential prints.

For all these layer-by-layer 3D printing approaches, the wave 
nature of light is not necessary conceptually but does clearly limit the 
achievable spatial resolution via diffraction.

Relevant light–matter interactions
During the 3D printing process, the light field inside of the liquid and 
transparent ink couples to certain molecules. In most cases, these 
molecules are ‘initiators’ intentionally added to the ink. In fewer cases, 
the liquid (monomer) itself couples to the light93–96. The coupling can 
be described via the usual electric-dipole interaction term97,98 in the 
system’s Hamiltonian

∑H H t^ = ^ − ⋅ ( , ). (6)
i f

ifink
,

d E r

The integer indices i and f run over the relevant initial and final elec-
tronic states of the ensemble of (initiator) molecules with correspond-
ing vectorial electric-dipole moment(s) di f. This interaction is generally 
followed by relaxation processes within the initiator, leading to the 
population of a relevant excited state of the system, which triggers 
chemical reaction(s) leading to a printed material (described in ‘Mecha-
nisms of material formation’ section). We define the dimensionless 
instantaneous local light-exposure dose D(r, t) ∈ [0,1] at time t as the 
quantum mechanical probability with which this relevant state is popu-
lated. D(r, texp) is the local dose after completing the light-exposure 
process at time texp.

According to equation (6), the initiators only ‘see’ the electric field 
of the light and not directly its magnetic field. Hence, the relevant 
intensity of light is the optical-cycle-averaged squared electric field 
I t t( , ) ∝ ( , ) 2r E r  rather than the intensity in the sense of the cycle-
averaged Poynting vector of light, I t t t′( , ) = ( , ) × ( , )r E r H r  (ref. 99). 
The latter contains the electric-field and the magnetic-field vector  
H(r, t) of light. Whereas the two quantities are equal for a single plane 
wave of light, they are quantitatively and qualitatively different in gen-
eral. For example, for a diffraction-limited spatial or spatiotemporal 
focus of light (see the previous section), the symmetry and the qualitative 
shape of the focal region is distinctly different, thereby directly influenc-
ing the 3D printing process. Therefore, we have consistently considered 

r E rI t t( , ) ∝ ( , ) 2  in the previous section. This reasoning tacitly 
assumes that the orientations of the initiator molecule’s electric-dipole 
vectors di f in the ink are random. This assumption is typically fulfilled. 
If not, one would have to work with E(r, t) instead of I(r, t).

For initiator molecules with many energy levels and many 
radiative and non-radiative transitions between them (Fig. 3), get-
ting from I(r, t) to D(r, t) is generally not trivial. Density-functional 
theory has lately been catching up on treating such systems 
microscopically100, but a bulk of work over the years has rather used 
simplified semi-phenomenological rate-equation descriptions for the 

kinetics101,102, partly combined with diffusion equations to describe 
transport processes103,104.

What dependence between I and D is required depends on the 
printing modality. For example, for interference lithography, simple 
local linear absorption of light suffices according to

r rD I( ) ∝ ( ) . (7)

This is not true for scanning 3D laser printing. There, such light–
matter interaction leads to excessive accumulation of excitation in 
the long-reaching tails of the laser focus, making 3D printing generally 
impossible105. A dependence

r rD I( ) ∝ ( ) (8)2

strongly reduces the influence of these tails and enables 3D printing106. 
Such a dependence can be obtained in many ways. Originally, 

Phosphorescence

R*

R*

R*

S0

S*0

S1

T1

Tn1

Tn2

S*1

Sn

S*n

TA TA

ESAN-PA

2PA

STED

Fl
uo

re
sc

en
ce

1PA

RISC

ISC

Fig. 3 | Energy level diagram of light-matter interactions for 3D printing. 
Light-based 3D printing requires a light-sensitive material (typically a photoresin 
containing a ‘photoinitiator’ molecule) that elicits a material response (typically 
leading to a polymerization reaction) after light exposure. The potential 
responses of the photoinitiator are complex. First, the molecule absorbs the light 
via one-photon (1PA) or two-photon (2PA) absorption from the ground state (S0) 
to a vibrationally excited state (S *1 ) followed by a fast vibrational relaxation to 
the first excited state (S1). Most commonly, the molecule will then either emit 
fluorescence and return to the ground state or undergo intersystem crossing (ISC) 
to the triplet manifold. From the lowest triplet state (T1), it is usually assumed to 
either relax non-radiatively to the ground state, emit phosphorescence and return 
to the ground state, or generate a radical molecule (R*) that initiates the print 
process. Alternatively, the molecule can absorb more light from the T1 state via 
triplet state absorption (TA), raising it to a higher triplet state (Tn1

), which could 
either generate a radical or undergo reverse intersystem crossing (RISC) back to 
the singlet manifold, or an even higher triplet state (Tn2

), which can do the same. 
There are also possibilities for the molecule to absorb N > 2 photons (N-PA) from 
the ground state or absorb light from the excited singlet state (ESA) to an even 
higher singlet state (Sn). A second light source can also induce stimulated emission 
depletion (STED) from the S1 state. STED-inspired printing utilizes those optically 
active molecular pathways that avoid generating radicals such as STED and TA 
followed by RISC.
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two-photon absorption107 was considered for 3D printing108. In  
this process, the light field (while switched on) induces a ‘virtual’ or 
dressed state between the ground state and an excited state of the 
initiator molecule. Two-photon absorption can be seen as the simul-
taneous absorption of two photons. N-photon absorption is propor-
tional to the imaginary part of the (2N − 1)th order nonlinear optical 
susceptibility109. To make two-photon absorption sufficiently  
efficient for 3D printing, intensities of light in the range of 
I = 10 W cm = 1 TW cm12 −2 −2  are routinely achieved in 3D printers, by 
tightly focused femtosecond laser pulses.

Much work has gone into identifying initiator molecules with 
large two-photon absorption coefficients, both experimentally and 
theoretically110–115, and yet more importantly, into obtaining large 
ratios of D(r)/I2(r) (which is a related but not equivalent parameter)105. 
However, complex processes in the initiator molecule can also lead 
to D(r)/IN(r) with exponent N > 2 and even N > 3 for two-photon 
absorption followed by excited-state one-photon absorption and 
non-radiative relaxation processes102,116,117. Such behaviour is beneficial 
because it further reduces the influence of the long-reaching tails of 
the laser focus.

More recently, much attention has been devoted to obtaining 
D(r) ∝ I2(r) by means other than two-photon absorption, and especially 
to obtaining such behaviour with low-power continuous-wave lasers 
rather than with bulky and expensive femtosecond lasers. One way to 
achieve this is by controlling the ink chemistry and diffusion93,118–120. 
Another is to replace the virtual intermediate state in two-photon 
absorption by a ‘real’ electronic state, the lifetime of which can be 
many orders of magnitude larger (from microseconds to seconds) 
than typical femtosecond pulse durations. In this approach, the two 
absorbed photons need not be absorbed simultaneously (more pre-
cisely, within the pulse duration) but can rather be absorbed sequen-
tially in two consecutive one-photon absorption steps, hence the name 
‘two-step absorption’21,101. Along these lines, high-quality 3D printing 
with diffraction-limited spatial resolution has been obtained experi-
mentally using continuous-wave semiconductor laser diodes with pow-
ers in the range of merely 100 µW (ref. 101). Another example for using 
two-step absorption is light-sheet 3D printing21, which uses closely 
related two-step processes, albeit with a different energetic position of 
the intermediate state, which can lead to an exposure dose depending 
on two different continuous-wave light intensity distributions at two 
different laser frequencies, in the simplest form according to

D I I( ) ∝ ( ) ( ) . (9)1 2r r r

Today, a variety of one-colour and two-colour two-step-absorption 
initiator molecules and inks based thereupon is available121, but the search 
for yet better molecules is ongoing. Alternative mechanisms to obtain 
nonlinear behaviours of the type D(r) ∝ I2(r) are up-conversion lumi-
nescence followed by one-photon absorption122–127 and triplet–triplet  
annihilation128,129 (see the review in ref. 130).

Although tomographic volumetric additive manufacturing 
approximately works for simple one-photon absorption of light accord-
ing to D(r) ∝ I(r), it would benefit from a dependence according to 
D(r) ∝ I2(r) so that unwanted dose accumulation from many exposures 
with small I(r) are reduced. Technically, negative dose contributions 
arising from the Radon transformation could be reduced, thereby 
bringing the actually printed object closer to the targeted one. Like-
wise, a dependence D(r) ∝ I2(r) would also suppress the influence of the 
constant intensity background in interference lithography.

Why stop at D(r) ∝ I2(r) and not consider D(r) ∝ IN(r) with N ≫ 2? 
Such a larger exponent would further suppress the accumulation of 
exposures with small intensities of light. N-photon absorption with N 
as large as 6 has been achieved116. However, it has so far been difficult 
to achieve a comparable ease of operation and width of the process 
window. At some point, so much heat is deposited that the ink locally 
evaporates, leading to a micro-explosion116,131. We note in passing that 
although pronounced local heating (I(r, t) → T(r, t) → material with 
temperature T) is undesirable for many 3D printing modalities, it has 
lately been used as the key mechanism for new 3D printing modalities 
instead of I(r, t) → D(r, t) → material (as discussed below).

Above, we have only considered processes in which the local 
exposure dose D increases owing to excitation by light. In many situ-
ations, it is also desirable to reduce the local dose by some means of 
de-excitation. These situations include reduction of dose accumula-
tion owing to long-reaching focus tails in spatial and spatiotemporal 
focusing, as well as in tomographic volumetric additive manufac-
turing. In optical microscopy132, de-excitation processes such as 
stimulated-emission depletion (STED) have been revolutionary in 
that they make it possible to systematically break the Abbe diffraction 
barrier of spatial resolution at a given non-zero wavelength of light8. 
The STED idea can directly be carried over from optical microscopy to 
optical 3D printing11,133,134 (see also reviews in refs. 14,15,49).

In our nomenclature, using excitation with a first intensity pattern 
I1(r) at one frequency of light ω = ω1 and de-excitation with a differently 
shaped intensity pattern  I2(r) at ω = ω2, the exposure dose D could, for 
example, follow the simple form49

r
r

rD
I

( ) ∝
( )

1 +
, (10)

N

I
I

1
( )2

ref

where Iref is the reference intensity for I2, at which the mathematical frac-
tion (10) has decreased to half of its value for I2 = Iref as compared to when 
I2 = 0. I1 could be a focus of light with its intensity maximum at around 
r = 0 (Fig. 2b), whereas I2 could be a bottle-beam focus (Fig. 2b) with 
zero intensity at this point, but non-zero intensity in the 3D periphery 
of this point. STED in the strict sense of using depletion by stimulated 
emission of light has been realized in 3D printing134,135 and has contrib-
uted to resolution improvement, but de-excitation processes other 
than STED tend to be yet more important in 3D printing with light12,16,102.

Above, we have already seen for one-colour and two-colour 
two-step absorption that excited-state absorption can be very pro-
nounced as the transition probability ∝ if

2d  (see equation (6)) for such 
optical transitions can be two orders of magnitude larger than those 
of the transitions from the ground state of the initiator molecule136. 
However, from an excited state, the electron can not only relax 
non-radiatively towards a relevant excited state, the population of 
which we have called the exposure dose D, but it can also relax 
non-radiatively to other states, including relaxation eventually back 
to the ground state of the molecule. In the language of chemistry, such 
process is referred to as reverse intersystem crossing from the triplet 
manifold back to the singlet manifold.

Although the above description

r rI t D t( , ) → ( , ) (11)

in terms of an exposure dose D as the quantum mechanical popula-
tion probability of a relevant electronic state is suitable for many 
situations in modern 3D printing with light, especially for printing 
organic polymers, it is not applicable for all. Lately, processes have 
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been described in which rather the local rise of the temperature T in 
the ink according to

r rI t T t( , ) → ( , ) (12)

starts a chemical reaction in the ink that leads to the formation of 
polycrystalline or crystalline inorganic material137. For the formation  
of metals, both processes (11) and (12) matter138. In process (12), the tem-
perature profile follows the usual diffusion equation of heat, into which 
the local light intensity I(r, t) enters as a source term. Usually, this source 
term can be assumed as being ∝ α1(r, t) I(r, t), with the local one-photon 
absorption coefficient α1(r, t), which may, however, explicitly depend 
on time during the ongoing printing process. This dependence means 
that light–matter interaction itself is quite simple in these cases, but 
the processes triggered thereby can become very complex — an aspect 
into which we dive in the following section.

Mechanisms of material formation
The processes leading from the exposure dose D(r, t) and/or from the 
temperature profile T(r, t)(both arising from the light-intensity pro-
file I(r, t) described previously) to the local formation of material are 
generally complex. They are also rather different for different types of 
materials (polymers, metals and semiconductors) and bring us into the 
realm of the chemistry and materials science of 3D printing with light. 
Several reviews focusing on these aspects have been published139–142. 
Hence, here we only briefly touch upon them. The processes below 
can also be combined to arrive at multi-material microstructures and 
nanostructures143–145, as reviewed in ref. 146.

We start with polymers (Fig. 4a–e) for which a simple yet useful 
phenomenological description is the so-called threshold model. Math-
ematically, it states that a certain critical threshold dose Dth ∈ [0,1] exists. 
If the local dose D(r, texp) at a point in time t = texp after completing the 
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Fig. 4 | Three-dimensional-printed structures using light-based printing 
processes. a, Interference lithography: photonic crystal lattice printed using a 
four-beam interference lithography process in 10 µm thick photoresist (upper 
panel). Top surface of photonic crystal ((1 1 1) crystal plane) (lower left) and 
side image of photonic crystal ((1 1 1) cleavage plane) (lower right). b, Spatial 
focusing: 3D helix printed using two-photon absorption by scanning a laser focus 
inside a photoresist (upper left). A 3D chiral metamaterial composed of about 
3 × 1011 voxels fabricated by scanning an array of 3 × 3 Gaussian laser foci inside a 
photoresin (right). Hollow cast of a triple helix shape fabricated inside a photoresin 
using stimulated-emission depletion-inspired lithography (Gaussian printing 
laser focus overlapped with a ‘bottle-beam’ depletion laser focus) to improve 
printing resolution (lower left). c, Spatiotemporal focusing: 3D lattice structure 
of 5 × 5 × 3 unit cells fabricated using a continuous translation while projecting 
spatiotemporally focused 2D light patterns for multi-photon absorption in a 
photoresin. d, Tomographic volumetric additive manufacturing: model of Notre 

Dame cathedral fabricated by projecting 2D images into a rotating container of 
photoresin. The images are calculated to provide angularly dependent individual 
3D light exposures that combine to form the 3D shape. Inset: increased magnifica
tion of white boxed region showing fine structures. e, Layer-by-layer approaches: 
buckyball structures fabricated by projecting 2D patterns into a photoresin and 
confining the printing process to the image plane via an intersecting thin sheet 
of light in the image plane. Inset: increased magnification of single buckyball. 
f, Inorganic printing: conductive gold–polymer composite lines formed through 
simultaneous photoreduction and polymerization by scanning a laser focus inside 
an aqueous ink. Part a adapted with permission from ref. 25, Springer Nature Ltd. 
Part b (right) adapted from ref. 58, CC BY 4.0. Part b (left, bottom) adapted with 
permission from ref. 11, Optica. Part b (left, top) adapted with permission from 
ref. 24, Optica. Part c adapted with permission from ref. 74, CC BY 4.0. Part d adapted 
with permission from ref. 29, CC BY 4.0. Part e adapted with permission from ref. 21, 
Springer Nature Ltd. Part f adapted with permission from ref. 159, Wiley.
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exposure by light is above Dth, a sufficiently solidified polymer remains 
in the development process49. Otherwise, the ink (a monomer) is washed 
out. Chemically, the deposited exposure dose leads to a certain density 
of dissociated initiator molecules that trigger a polymerization chain 
reaction. Initially, this trigger is blocked because quencher molecules 
such as oxygen dissolved in the ink efficiently capture the initiator 
fragments. Once the quencher is locally consumed, the polymeriza-
tion chain reaction starts. It is terminated once the quencher diffuses 
back into the reaction zone, typically on a timescale of some hundreds 
of microseconds, as determined by physical in situ experiments147. 
Thereby, the exposure dose is translated into a local cross-linking den-
sity of the molecules. If this density of chemical bonds is sufficiently 
large, the molecules can no longer be washed out in the development 
process, qualitatively explaining the occurrence of a threshold in the 
threshold model. In polymer printing on the microscale and nanoscale, 
local increases of the temperature T are typically unimportant148, 
whereas on the macroscale, heating can be a major issue90.

Noble metals such as gold149–151, silver32,152,153 and platinum138,154 
have been laser-printed starting from metal salts dissolved in optically 
transparent aqueous inks. The local light intensity reduces these salts 
via one-photon or multi-photon absorption, leading to a distribution 
of nanoparticles, initially following the deposited dose D(r, t). These 
particles can move owing to forces induced by strong local tempera-
ture gradients arising from T(r, t) or by light-induced forces such as 
the light pressure155, the optical gradient force156 and dipole–dipole 
forces138,157, all of which are directly connected to E(r, t). A part of these 
nanoparticles is then locally sintered together under the influence of 
the intense laser irradiation. This process can also be combined with the 
simultaneous polymerization of a monomer158–162, leading to improved 
mechanical stability of the metal–polymer blend (Fig. 4f).

In laser printing of semiconducting metal oxides, such as ZnO 
(ref. 137), again from optically transparent aqueous inks, the tempera-
ture increase described by the profile T(r, t) induced by a tight  
focus of light has the key role. It locally starts a thermally activated 
crystallization process via the Boltzmann factor proportional to 

rE k T texp(− /( ( , ))A B , with activation energy EA and Boltzmann constant 
kB, and is referred to as hydrothermal synthesis163. The Boltzmann factor 
steeply increases as T increases, and hence also as I increases, and 
thereby again introduces a threshold-like behaviour. Large local tem-
perature increases and subsequent local melting of material are also 
the basis of well-established and widespread 3D print processes on the 
macroscale such as selective laser sintering and selective laser 
melting53,164. In these techniques, the laser focus induces melting of 
solid particles in a powder bed of polymer or metal. In all such thermal 
processes, one must find a trade-off between achieving sufficiently 
localized temperature profiles with large peaks (low heat conductivity) 
and sufficiently short time constants (large heat conductivity).

Finally, many different effective material properties can be 
achieved by microstructuring an ordinary ingredient material in 3D. 
The resulting ‘metamaterials’ can directly be manufactured as part 
of the 3D print process and can be seen as ‘meta-inks’35,165–167.

Key 3D printing performance parameters
In the Introduction, we pointed out that 2D graphical ink-jet printers 
presently operate at speeds of around 106–107 pixels s−1 and with pixel 
sizes down to a few tens of micrometres. At what speeds in units of 
voxel s−1 and at what voxel sizes do today’s 3D material printers based on  
light operate? Figure 5 provides an overview on these two metrics  
on a double-logarithmic scale, spanning several orders of magnitude 

for both the voxel size svoxel and the print rate Rvoxel. In the plot, the data 
points for interference lithography of periodic 3D nanostructures stand 
out by far — although they must be taken with a grain of salt as the voxel 
size (conservatively taken as svoxel = λ/4) is not strictly defined for this 
approach and a long post-bake treatment is typically required before 
polymerization. The wide range of rates results from the fact that inter-
ference lithography is a truly volumetric approach in which the entire 
3D structure is exposed using timescales of a few seconds31 to a single 
intense few-nanosecond-long optical pulse25. However, the approach 
is restricted to periodic architectures. Tomographic volumetric addi-
tive manufacturing has yet to fully reach its potential in terms of print 
speed because many sequential exposures by light are used in practice. 
In fact, all other approaches in Fig. 4 use sequential exposures in one 
form or another, and as a result, their speed is limited by engineering 
issues or by the available power of light. The latter is a physics limitation.

The formation of one voxel of material of a given size svoxel needs a 
finite absorbed optical energy, say, Evoxel (with units [Evoxel] = J voxel−1). 
Therefore, the mean laser power Plaser required follows

P η E R= . (13)laser
−1

voxel voxel

Herein, the efficiency η ∈ [0%, 100%] is a dimensionless constant, 
describing the fact that only a small fraction of the incident laser light is 
absorbed (which is fundamental as the ink needs to be sufficiently trans-
parent) and that only a fraction ≤100% of the power Plaser emerging from 
the laser will enter the print zone (Fig. 1). Let us consider an example. 
Two-photon focus-scanning printing with print rates Rvoxel ≈ 107 voxel s−1 
requires mean powers out of a continuously mode-locked femtosec-
ond laser of Plaser ≈ 3 W (hence, η−1 Evoxel ≈ 0.3 µJ)58. Then, the printing of 
3 × 1011 voxels requires an optical energy of 90 kJ out of the laser. There-
fore, we conclude that, although materials science and improved optics 
might reduce the necessary η−1 Evoxel in the future, one should be aware 
that the ultimately accessible print rate for a given ink may be limited by 
available power from a laser or from other intense light sources. Here, 
we have considered a light-based perspective. More generally, there is 
a competition of limits. For example, heating owing to light-induced 
exothermal chemical processes may impose such a limit90.

Although Fig. 5 provides a quantitative overview, we note that it 
only captures two of the key performance parameters of 3D printers. 
Other relevant key performance parameters are the flexibility in terms 
of which materials can be 3D printed, the power consumption and the 
cost of the instrument. For example, the instrument cost varies by sev-
eral orders of magnitude for the data points in Fig. 5. We are presently 
unable to collect these key performance parameters systematically 
and quantitatively from the existing literature. However, we do further 
address them qualitatively in the following section.

Outlook
Three-dimensional printing with light has already led to numerous 
applications in photonics168–170, electronics171–175, mechanics176–179, 
micro-robotics180–184 and biology185–188 that would not have been pos-
sible along conventional (subtractive) paths of manufacturing. Never-
theless, the pressing challenges of 3D printing continue to be to make 
it ‘finer’, that is, to improve the accessible spatial resolution, ‘faster’,  
that is, to further boost the print speed in terms of voxel s−1, ‘more’, that  
is, to largely expand the possibilities of multi-material printing, and 
‘less expensive’, that is, to bring the cost of high-end 3D printers down 
from sometimes many hundreds of thousands to perhaps just a few 
thousand euros or dollars.
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Concerning ‘finer’, STED-inspired approaches have already broken 
the optical diffraction barrier (the two-photon Sparrow criterion49) 
in 3D printing by a factor of about two in voxel size (factor of eight in 
voxel volume) — but so far not more, limited by parasitic multi-photon 
excitation processes. Conceptually, much larger factors are possible, 
enabling resolutions down to the scale of a few tens of nanometres. 
Replacing two-photon absorption by two-step absorption in combi-
nation with STED appears as a promising future avenue. Such spatial 
resolutions and precisions are necessary for applications such as 3D 
printing of micro-optical components for future 3D optical chips or 
advanced high-quality-factor 3D optical cavities for quantum-optical 
technologies. For such optical 3D microstructures and nanostruc-
tures, there may not be any alternative way of making them besides 
3D printing.

With respect to ‘faster’, 3D printing with light is already used 
in industry for making masters on the macroscale and microscale. 
Examples include nanostructured masters for mass-replicating opti-
cally smooth free-form surfaces or diffractive optical elements for 
mobile-phone applications. However, many truly 3D objects just can-
not be replicated in that way and must be 3D printed piece-by-piece. In 
this Review, we have shown that, conceptually, arbitrary complex 3D 
microstructures can be manufactured in a single volumetric exposure 

by a single short optical pulse, in perhaps some tens of picoseconds. 
However, such an ultimate flexible holographic approach has not 
been realized experimentally so far. As we were writing this Review, 
multi-focus multi-photon 3D laser nanoprinting sped up by about 
another order of magnitude to print rates close to 108 voxel s−1 at deep 
sub-micrometre voxel sizes189. Along these lines, seemingly exotic appli-
cations, such as 3D printing-tailored 3D microparticles for pharmacy 
(by inhalation as envisioned in a review article190), come into reach 
as now literally millions of such particles can be printed within 1 day.

Regarding ‘more’, the use of material formation and addition mech-
anisms other than photopolymerization, such as photo-thermal activa-
tion of crystal-growth processes from solution, has enabled 3D printing 
of semiconductors and metals for functional microelectronics137 and 
bioelectronics. Here, the door is wide open and new materials options 
appear seemingly weekly. To further expand the materials options, it is 
also conceivable to replace liquid inks by gaseous precursors.

Finally, concerning ‘less expensive’, 3D laser microprinters and 
nanoprinters have already entered multi-user shared clean room facili-
ties at many academic institutions around the globe. Although numbers 
will probably increase in the years to come, costs in the range of hun-
dreds of thousands of euros or dollars are prohibitive for many small 
university groups. Various new forms of (1+1)-photon absorption130 
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follows: 2000 (ref. 25), 2005 (ref. 191), 2005-1 (ref. 31), 2007 (ref. 192), 2011 (ref. 134), 
2011-2 (ref. 193), 2012 (refs. 194–196; data points are from ref. 27), 2012-2 (ref. 197), 
2014 (ref. 198), 2014-2 (ref. 199), 2015 (ref. 56), 2015-2 (ref. 200), 2015-3 (ref. 89), 
2016 (ref. 201), 2016-2 (ref. 202), 2017 (ref. 27), 2018 (ref. 203), 2018-2 (ref. 75), 2019 
(ref. 28), 2019-2 (ref. 57), 2019-3 (ref. 90), 2019-4 (ref. 78), 2019-5 (ref. 185), 2020 

(ref. 58), 2020-2 (ref. 29), 2020-3 (ref. 204), 2020-4 (ref. 20; the authors of ref. 20 
estimate a voxel size of 37.5 μm, leading to a printing rate of 1.8 × 106 voxel s−1; we 
rather estimate a voxel size in 3D of 90 μm from the data shown in ref. 20 leading to 
a printing rate of 8.6 × 104 voxel s−1), 2020-5 (ref. 123), 2021 (ref. 74), 2021-2 (ref. 101), 
2022 (ref. 128), 2022-2 (ref. 21), 2022-3 (ref. 125), 2023 (ref. 60), 2023-2 (ref. 61), 
2023-3 (ref. 189) and 2023-4 (ref. 205). Figure adapted with permission from ref. 58, 
CC BY 4.0. (1+1)PA, (1+1)-photon absorption; 2PP, two-photon polymerization; 
CLIP, continuous liquid interface printing; IL, interference lithography; LS3DP, 
light-sheet 3D printing; SLA, stereolithography; SLS, selective laser sintering; 
TVAM, tomographic volumetric additive manufacturing.
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have just recently opened the door to a new generation of instruments 
that operate with pinhead-sized semiconductor continuous-wave 
lasers at light power levels below 1 mW. These semiconductor lasers 
cost only several tens of euros or dollars in contrast to tens to hundreds 
of thousands of euros or dollars for currently utilized pulsed laser sys-
tems, while simultaneously also only being a fraction of the size. The 
drastic miniaturization of the rest of the 3D printer is subject of active 
research and commercialization efforts.

We expect that, in achieving all these perspectives for 3D printing, 
physics will have a key role. However, physics still needs to be intimately 
intertwined with optical science, laser science, chemistry, materials 
science and the engineering sciences.

Data availability
A maintained and updated version of Fig. 5 is provided at https:// 
3DprintingSpeed.com.
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