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1
Chapter 1

INTRODUCTION

Since its emergence, 3D additive manufacturing has increasingly permeated mod-
ern manufacturing [1–4]. At its core, 3D additive manufacturing, or 3D printing
as it is commonly referred to, is a digital manufacturing process: a 3D model
constructed using computer-aided design software can be directly translated into
a physical object through an automated fabrication routine [1]. It is an integrated
digital-to-physical workflow, which enables the immediate realization of a 3D
design, bypassing the traditional, often lengthy steps of tooling and mold creation.
The direct fabrication approach unlocks a suite of powerful advantages. It offers
unprecedented design freedom, enabling engineers and designers to create com-
plex internal geometries, functionally optimized lattices, and lightweight structures
that were previously prohibitively costly or simply impossible to manufacture
[4, 5]. Users can transition from a digital design to a physical prototype quickly,
within a single fabrication device and process step, and without the need to consult
experts on different fabrication routines. This has made 3D printing a cornerstone
of rapid prototyping, dramatically accelerating innovation cycles [1]. Although
the predominant impact of 3D printing lies not in replacing entire manufacturing
chains, it enables the tailored fabrication of crucial, selected parts. This makes mass
customization and on-demand production economically feasible, paving the way
for personalized medical implants, bespoke consumer products, and specialized
industrial tooling [4–7].

A further trend in modern technology is miniaturization, as it is the foundation
of any integrated circuit. This application-side development naturally requires a
counterpart development on the side of microfabrication techniques [8, 9]. This
development further stimulates the desire to extend 3D manufacturing to the
microscale. However, conventional microfabrication methods, such as photolithog-
raphy, are typically limited to planar geometries or demand complex, multistep
processing. Bridging this gap requires methods that combine the digital design
freedom of additive manufacturing with the precision of micro- and nanofabrica-
tion - leading to the emergence of 3D laser micro- and nanoprinting [10–12].
The currently dominant technology for achieving true 3D fabrication at the micro-
and nanoscale is two-photon-absorption 3D laser printing, or two-photon polymer-
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1 I N T R O D U C T I O N

ization (2PP) in short [10, 13, 14]. In this approach, a tightly focused laser beam is
scanned throughout the volume of a liquid photoresist, inducing solidification of
the material with sub-micrometer resolution. This technology enables applications
in life sciences [15–17], micro-optics and photonics [18–20], and micro-fluidics [21,
22], where precise 3D structures at the micro- and nanometer scale are required.
However, since polymerization initiation in 2PP relies on a nonlinear two-photon
absorption process, it requires high light intensities and therefore costly short-
pulsed laser sources [11]. Overcoming this limitation is key to expanding the
accessibility and scalability of nanoscale 3D printing [23].

A promising alternative is two-step-absorption (2SA) 3D laser nanoprinting [24],
which uses a sequential excitation process for polymerization initiation, thereby
reducing the required laser intensities by several orders of magnitude. This allows
the use of compact continuous-wave (cw) lasers, significantly lowering system
cost. These developments first contain new photoresists used for 3D printing.
But with new photoresists, also new printing approaches emerge, such that these
two branches of research stimulate each other. Based on this, printing approaches
have been realized, demonstrating both a compact 3D laser nanoprinter [25] and a
largely parallel projection-based approach via light-sheet 3D laser printing (LS3DP)
[26]. However, print speeds and/or total build volumes still lag behind the mature
technology of 2PP [24–27].

Since 2SA 3D laser nanoprinting is still in its infancy, this work aims to advance and
explore new 3D printing approaches to bring the technology closer to the capabili-
ties of established 2PP - while preserving and expanding its inherent advantage of
cost efficiency. This overarching goal condenses into three main topics, all focusing
on parallelized 2SA 3D laser printing: first, LS3DP, a recently introduced [26, 28],
massively parallelized 3D printing technique based on 2SA photoinitiation, offers
significant speed advantages over conventional focus-scan printing approaches.
Within this work, crucial challenges currently limiting LS3DP’s applicability are ad-
dressed, and strategies to overcome them are developed. Second, the print speeds
of focus-scan 2SA 3D printing are inherently limited by the photochemical proper-
ties of the photoresist. To circumvent this, a dynamic multi-focus 3D printing setup
was designed and realized. This uses cost-efficient digital micromirror devices
(DMDs) and computer-generated holograms for beam splitting and beam steering.
By this technique, print speeds are increased through parallelization measures
while still relying on compact cw diode lasers. Third, an advanced version of this
setup was developed by incorporating 3D laser-beam steering with a novel, fast,
and power-efficient spatial light modulator. This micromirror-based phase light
modulator (PLM) was therefore evaluated and successfully used for the application
of 3D laser nanoprinting. Furthermore, an emphasis was placed on achieving both
affordability and versatility of the printing approach.

4



OUTLINE OF THIS THESIS

In chapter 2, I will discuss the fundamentals of photopolymerization 3D laser
printing. This includes an explanation of the workflow and chemistry, which form
the basis of many 3D laser microprinting approaches in general, as well as of all
the approaches addressed in this thesis. Afterward, the nonlinearity of 3D laser
printing is discussed as a key concept in understanding the 3D capability of the
printing approaches addressed. A large part then comprises two-step absorption,
its chemistry, as well as advantages, challenges, and limitations. The chapter con-
cludes with a summary of variations of 3D printing processes.

In chapter 3, light-sheet 3D laser microprinting, as originally introduced by Hahn
et al. [26, 28], is first explained. Challenges and development potential of this
technique are identified in the following to overcome the limitations of LS3DP that
hinder its application-oriented use. The challenges addressed within this work
are picked up in the following. This includes incorporating a fluidics chamber to
increase build volumes by mitigating dose accumulation, as well as developing
an optical element for power-efficient generation of the light sheet. The chapter
concludes with a critical assessment of the taken routes.

In chapter 4, the framework is established for parallelizing one-color 2SA 3D laser
printing as a straightforward method to increase print speeds in 2SA 3D printing,
thereby circumventing some of the difficulties of LS3DP. Dynamic holographic laser
beam splitting and beam steering via micromirror-based spatial light modulators is
identified as a suitable technique to accomplish parallelized 2SA 3D laser printing.
Based on this, the computational approach to multi-focus holographic laser beam
scanning is introduced, laying the foundation for the following chapters.

In chapter 5, the design, realization, and experimental evaluation of a dynamic
multi-focus 2SA 3D laser printing setup based on digital micromirror devices
(DMDs) is discussed in detail. This includes the optical design as well as the
computational and electronic framework. Emphasis is placed on the diffractive
properties of the DMD and on how to manage them to achieve the best printing
results. The just-mentioned printing results are presented in the following section.
The chapter proceeds with an investigation of spatiotemporal proximity effects,
which are important for improving the printing quality of the presented setup and
for further understanding the specialties of 2SA 3D printing.

In chapter 6, a second version of the prior presented setup is introduced. The
emphasis lies on achieving affordable 3D laser nanorprinting, defined as a cost-
effective, versatile 3D printing approach. This is achieved by incorporating novel
micromirror-based phase light modulators (PLMs) and 3D holographic laser beam
scanning. In doing so, multi-focus 3D beam steering is performed via a single de-

5



1 I N T R O D U C T I O N

vice, rendering the overall setup compact and inexpensive. The chapter concludes
with a discussion of holographic approaches for 3D laser printing.

In chapter 7, the results of this thesis are summarized and an outlook on future
steps is given.
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2
Chapter 2

FUNDAMENTALS OF 3D LASER
PRINTING

As the scope of this thesis is the discussion of technological advancements particular to
parallelized two-step-absorption 3D laser printing, the following chapter will provide a basic
understanding of the physics, chemistry, and engineering involved in 3D laser printing. To
do so, I will first illustrate the general workflow in 3D laser printing and briefly discuss the
chemistry of photopolymerization. Afterward, I will explain the importance of nonlinearities
in 3D laser printing and simple approaches to model the printed structure. In line with
these universal concepts, I will discuss in more depth the specific photoinitiation mechanism
used throughout this work: two-step absorption. Finally, different implementations of 3D
printing processes will be shortly debated.
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2 F U N D A M E N TA L S O F 3 D L A S E R P R I N T I N G

2.1 WORKFLOW AND CHEMISTRY OF PHOTOPOLYMERIZATION

3D PRINTING

Basic Terms and Workflow

What I will refer to as 3D laser printing is also sometimes called direct laser writing
(DLW). The latter provides a more graphic description of the general workflow.
Very simplistic, one can imagine the fabrication process as "writing with a pen of
light" [29]. This basic concept is further illustrated in Figure 2.1.
First, a droplet of a liquid, light-sensitive photoresist is applied onto a glass sub-
strate. Mostly, negative-tone photoresists are used, which are liquid at room
temperature, allowing for easy handling, and which solidify during the 3D printing
process [30]. Next, the sample is placed in a microscope assembly near the focal
plane of the objective lens. Depending on the targeted feature and structure size,
objective lenses with different numerical apertures (NA) and magnifications can
be used. With the right choice of photoresist and objective lens, feature sizes in
the sub-micrometer regime can be achieved. A laser beam is then tightly focused
within the volume of the photoresist, triggering a polymerization reaction and
thereby solidifying the photoresist. Several configurations are possible: In oil-
immersion mode, the light is focused through a layer of immersion oil and through
the glass substrate. Looking at Figure 2.1b, the objective lens would be located at
the bottom. Alternatively, the objective lens can be immersed in the photoresist,
a configuration which is referred to as dip-in mode [31]. Again, when looking at
Figure 2.1b, the objective lens would be located at the top. While the oil-immersion
mode has several limitations regarding the structure height and the substrate used,
the laser beam not propagating through a larger volume of photoresist might also
be beneficial. This is especially true for the two-step absorption photoresists used
in this thesis, as discussed later.
The smallest volume element that can be controllably polymerized as part of the
entire structure is called a voxel [32]. This term is the 3D equivalent of the 2D
picture element, the pixel. As the smallest building block and constituent of the
structure, the voxel is of great importance for quantifying and comparing the
performance of different 3D printing approaches. The printing speed, which one
wants to maximize, is commonly measured in units of voxels per second. The voxel
size is a measure for the resolution of a printing approach, which one often wants
to minimize, however, depending on the specific application targeted [29].
With these definitions in mind, the laser focus is now scanned across the photoresist
volume along a predefined path, polymerizing and thereby building the complete
structure. For this, the laser focus and the substrate must move relative to each
other. A common configuration involves lateral scanning of the laser focus within
a single plane, while the substrate is physically moved in the axial direction to
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P R I N T I N G

a dcb

substrate

photoresist

Figure 2.1: General workflow of 3D laser printing. a A droplet of liquid photoresist
is placed on a glass substrate. b In the close vicinity of a focused laser beam, a volume
element, called the voxel, is polymerized. c After scanning the laser focus throughout
the volume, a solid 3D structure is fabricated. d Finally, the unpolymerized, still liquid
photoresist is washed away. Figure adapted from [34, 35].

address different planes [11]. This, however, is by far not the only possible configu-
ration for printing 3D structures, as we will see later.
When the printing process is finished, a 3D structure adhering to the substrate but
still immersed in the liquid photoresist is the result. In the final step, the sample
is immersed in an organic solvent, allowing the unpolymerized photoresist to be
washed away. Further UV-curing or post-exposure baking steps [33] are typically
not necessary.

The Chemistry of Photopolymerization 3D Printing

The already mentioned photoresist typically consists of two basic components:
photoinitiator and monomer molecules. The photoinitiator starts the chemical reac-
tion of polymerizing the monomeric liquid to a solid polymer. The polymerization
process for 3D printing employed in this thesis is free-radical photopolymerization
[11]. Although other processes, such as step-growth [37] or cationic [10] polymer-
ization, are possible, free radical polymerization is the most commonly used in 3D
laser printing. This chemical reaction can be divided into four steps [11, 38], as
illustrated in Figure 2.2.
First, the absorption of light by photoinitiator molecules (I) promotes them to an
excited state. From this excited state, cleavage of the molecule into two radicals (R•)
might occur if the energy supplied exceeds the bond-scission energy. This is called
a Norrish type 1 reaction. Alternatively, radical formation occurs via hydrogen
abstraction. The latter is called a Norrish type 2 reaction and often comes along
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Figure 2.2: Sketch of the photopolymerization chemistry. a The free radical polymer-
ization comprises four steps: light absorption of photoinitiator molecules (I) leads to
radical generation. Radicals react with monomer molecules (M) to initiate a radical
monomer chain. Further reactions with monomer molecules lead to chain propagation.
Several reactions, e.g., a radical recombination, can terminate the chain growth. b
Depending on the number of functional groups per monomer, the density of the final
polymeric network is affected. As an example, mono- (M), di- (D), and tri-functional
(T) monomer molecules are considered. Figure reproduced from [36].

with a hydrogen-donating coinitiator [39].
Following the radical formation, the photoinitiator radicals react with functional
groups of nearby monomer molecules (M). The photoinitiator radical is attached to
the monomer’s functional group, creating a radical as the combined molecule. This
is the chain initiation step.
Third, this monomer radical can again react with and attach to further monomer
molecules. A connected chain of monomers with a radicalic functional group
results. This growth of the polymeric network is called chain propagation.
Finally, several possible steps can lead to the chain propagation coming to an end.
These are so-called chain termination reactions. Two radicals, either photoinitiator
radicals or radicalic monomer chains, can recombine and therefore terminate the
chain growth. Alternatively, so-called scavenger molecules can react with radi-
cals, creating molecules that do not contribute to further chain growth. Important
radical-scavenging reactions involve atmospheric oxygen, which provides an ef-
ficient scavenging pathway via the formation of peroxy radicals [39]. Although

10



2 . 2 N O N L I N E A R I T I E S A N D T H E E X P O S U R E D O S E

they are radicals themselves, they do not propagate the chain further but quickly
recombine. In commonly used monomers, oxygen scavenging is a process that
must first be overcome during the polymerization induction period until the oxy-
gen concentration is locally depleted. Only after that, efficient chain propagation
can take place, eventually forming a solid polymer.
The monomer molecules used in this work feature acrylate groups. One monomer
molecule can have one or more acrylate groups. This property influences crosslink-
ing, since monofunctional monomers only form unconnected long chains. Multi-
functional monomers provide better crosslinking, leading to connected chains and
dense networks (see Figure 2.2b) [11]. Throughout this work, only multi-functional
monomers are used.

2.2 NONLINEARITIES AND THE EXPOSURE DOSE

Summarizing the above, 3D laser printing in the mentioned implementation aims
to polymerize small building blocks within the volume of a liquid photoresist. This
requires the ability to confine the polymerization reaction volume in 3D space to
the close vicinity of a tightly focused laser beam and to steer it along with the laser
focus. In this section, I will explain how to achieve this 3D confinement. To this
end, I want to start the discussion at a higher level of abstraction by describing the
so-called threshold and accumulation model of a photoresist.

Threshold Model and the Exposure Dose

In the threshold model, the outcome of the polymerization reaction is assumed to
be binary: either the degree of polymerization is high enough that the polymer
network withstands the development routine, or it is insufficient and the loosely
connected polymer chains are washed away during development. Furthermore,
the complex chemical processes involved will be approximated by a single quantity,
the local exposure dose D. If the dose exceeds a certain polymerization threshold
Dth, the material solidifies [42, 43]. This local exposure dose can be assumed to
be proportional to the number of radicals generated, which can be assumed to be
proportional to the number of photoinitiator molecules excited [24]. To further
refer this to the optics parameters of the laser beam employed, this is assumed to be
proportional to the quantity IN, being I the light intensity and N the nonlinearity
exponent. With the exposure time texp, the exposure dose typically scales linearly.
This leads to

D ∝ IN · texp, (2.1)

which gives the local deposited dose for a single point exposure [24]. The nonlinear-
ity exponent N is an expression of the specific photoinitiation pathway employed.
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Figure 2.3: Illustration of the threshold model of 3D laser printing. a Schematic of
differently sized voxels, i.e., the isovalue surfaces of a constant deposited dose are
drawn for different threshold values. b Cut along the x-direction. Doses above the
polymerization threshold are shown as colored areas. c In the same fashion, a cut
along the z-direction is shown. The focus is calculated following the formalism of Ref.
[40], using a wavelength of λ = 405 nm and a numerical aperture of NA = 1.4. Figure
adapted from [35, 41] under CC BY 4.0.

These pathways will be explained in more detail towards the end of this chapter.
An illustration of equation 2.1 is provided in Figure 2.3. Within the threshold model
of a single exposure, the polymerized voxel can be arbitrarily small [42]. But, as
soon as we want to talk about 3D printing of more than one voxel, the threshold
model has to be expanded by the accumulation model.

Accumulation Model and Feature Sizes

The polymerization of more than one voxel at different points in time and space
cannot simply be treated as the combination of several arbitrarily small voxels,
as the threshold model states for single exposures. This behavior would be ob-
served with an imagined "forgetting" photoresist. However, in reality, photoresists
typically exhibit "memorizing" behavior, where exposure doses accumulate [42,
43]. This is an expression of the accumulation model and is illustrated in Figure
2.4a. The deposited dose from exposures at different points in space and time is
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Figure 2.4: The accumulation model and its impact on the minimum feature size. a
Illustration of the normalized dose of three subsequent exposures (dark blue), each
being below the polymerization threshold Dth. The accumulated dose (light blue) is,
however, above the threshold, leading to a polymerized structure. b Illustration of
the Sparrow criterion as a definition of the minimum feature size achievable. For the
chosen parameters of λ = 405 nm, NA = 1.4, and two point-like exposures, this is
reached at ∆y = 114 nm, where the accumulated dose still exhibits a local minimum
below the polymerization threshold. Figure adapted from [41, 44] under CC BY 4.0.

summed, regardless of whether the individual exposures are above or below the
polymerization threshold. Doing so, two voxels cannot be brought arbitrarily close
together - there is a minimum separation distance that depends on the targeted
structure. These effects are also called proximity or dose accumulation effects. The
total exposure dose resulting from multiple exposures is consequently given by the
time integral

D(x, y, z) ∝
∫

IN(x, y, z, t)dt. (2.2)

The chemical rationale for this phenomenological model is the formation of so-
called oligomers or pre-polymers [32]. These are chains of monomers, where the
radical polymerization reaction terminates before a sufficient degree of polymeriza-
tion is reached for the material to solidify. But after a further generation of radicals,
these oligomers can again participate in the chain-propagation reaction, eventu-
ally forming a dense polymeric network. Limitations of the accumulation model,
assuming an infinitely long memory of the photoresist, are diffusion processes
due to which the still mobile oligomers spread across the photoresist volume [45].
Of course, also an in-situ resist exchange or a continuous flushing of the reaction
volume with new photoresist will change the conditions by partly "resetting the
photoresist’s memory". This will be exploited in section 3.3.

Accompanying the discussion of the accumulation model is the discussion of the
minimal reachable feature size or resolution of a 3D laser printing approach. First,
the terminology has to be defined. The resolution of a 3D laser printing approach
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2 F U N D A M E N TA L S O F 3 D L A S E R P R I N T I N G

is commonly defined according to the Sparrow criterion. There, the achievable
resolution is the distance between two local maxima of the accumulated exposure
dose, which still feature a local minimum in between [42]. This is therefore identical
to the minimum distance of two disconnected voxels.
Putting this in the context of the optics involved, the resolution depends on the laser
focus’s numerical aperture NA, the free-space wavelength λ, and the nonlinearity
exponent N. An approximation for the lateral resolution ∆y is given by [42]

∆y =
1√
N

λ

2 NA
, (2.3)

which is further illustrated in Figure 2.4b. The axial resolution ∆z is calculated as
the lateral resolution scaled by the aspect ratio of the laser focus’s point spread
function (PSF).

Nonlinear Photoinitiation

Already mentioned and tacitly used in the two previous sections, I now want to
provide a more detailed explanation of the importance and the physics behind the
nonlinearity exponent N, following the description of Ref. [35]. To start, I want
to showcase different edge cases and their impact on 3D printing, as illustrated
in Figure 2.5. In Figure 2.5a, the normalized dose is depicted along the optical
axis z and the perpendicular x-direction for a Gaussian beam (λ = 405 nm and
NA = 1.4) focused to the coordinate origin. It is assumed a strongly absorbing
photoresist and a nonlinearity exponent N = 1, rendering D ∝ I. According to the
Beer-Lambert law, the intensity, and therefore the dose, exponentially decays as it
propagates through the absorbing photoresist. In the right panel of Figure 2.5a, the
summation of the dose along the x- and y-direction, and therefore the accumulated
dose per z-layer, is shown. This again indicates the exponential decay along z.
Replacing the strongly absorbing photoresist with a very weakly absorbing one,
the outcome is depicted in Figure 2.5b: the intensity, and therefore the dose, peaks
at the coordinate origin for N = 1. However, the accumulated dose per z-layer is
constant, since the optical power and the number of absorbed photons per z-layer
are constant, when assuming the absorption to be negligible. Assuming again a
negligible absorption, but a relation of D ∝ I2, therefore a nonlinearity exponent of
N = 2, the situation is different. Still, the dose peaks at the focus position, but the
accumulated dose per z-layer does so as well, rather than being constant across all
z-layers. This is illustrated in Figure 2.5c.
The implications of this can be understood through a simple thought experiment:
consider the case of a weakly absorbing photoresist and the exposure of a single
voxel at an arbitrary position within the focal volume. For N = 2, the dose per
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Figure 2.5: Demonstration of the importance of nonlinearities for 3D laser printing.
a The normalized dose (D ∝ IN) is plotted for a Gaussian beam at λ = 405 nm and
NA = 1.4, focused into a strongly absorbing photoresist and assuming N = 1. The
deposited dose is highest at the interface and decays exponentially. This is further
illustrated in the right panel, which shows the accumulated dose per z-layer. b
Likewise, the case of a weakly absorbing photoresist is shown. The beam is focused
inside the volume. However, since the optical power is equal for all z-layers, the
accumulated dose is also equal for all z-layers. c In case of N = 2, the accumulated
dose peaks at the focus position, rendering 3D printing inside the volume possible.
Figure adapted from [35, 44].

unit volume and the accumulated dose peak at the focus position. For N = 1, only
the dose per unit volume peaks at the focal position. However, in combination
with the photoresist’s threshold behavior, a single voxel can still be printed. When
polymerizing an extended plane within the photoresist volume, the focus position
needs to be scanned across this plane. Therefore, also above and below the targeted
plane, the absorbed photons and therefore accumulated dose add up, leading
to polymerization above and below the target plane. In the case of an infinitely
large plane and an infinitesimally small spacing between exposures, the dose per
volume, decisive for local polymerization, approaches the shown summed dose DΣ,
thereby polymerizing the entire volume. The printing of complex and extended
3D structures, therefore, requires a nonlinear process (N > 1), where the summed
dose is not constant.
A side note should be made to the case of Figure 2.5a, where also DΣ is not constant.
Indeed, the large absorption provides a nonlinearity that can be exploited for 3D
printing (see chapter 2.4), but polymerization always takes place at the interface
between the photoresist and its surroundings. This contradicts the 3D laser printing
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approach presented in Figure 2.1, which targets 3D printing within the photoresist
volume.

As the concept is generally applicable, all the discussions so far have lacked deeper
explanations of the mechanisms underlying the different nonlinearities, which I
want to catch up on now. The nonlinearity exponent relates the light intensity I to
the deposited dose D. It was mentioned that the dose is proportional to the number
of radicals generated. Therefore, it has to be looked at the radical generation and
the photoinitiation pathway. This can be mediated by a single photon, which
excites a photoinitiator molecule to a higher electronic state from which it decays
into radicals. In this one-photon-absorption (1PA) case, the nonlinearity exponent
is one. Besides this, there can be a two-photon-absorption (2PA) pathway, in
which the simultaneous absorption of two photons, each with half the energy
of the electronic transition, excites the photoinitiator molecule. This is the most
commonly exploited pathway in 3D laser micro- and nanoprinting, where N = 2
[11]. In this nonlinear optical process, the light field creates a so-called virtual
state, through which the absorption of two photons can occur [46]. This process,
however, is very unlikely, which means that high photon flux densities are needed
to make two-photon absorption usable for 3D laser printing. Such high photon
flux densities can be provided in the focus of a pico- or femtosecond-pulsed laser
beam. Additionally, the energy of the photons should not be sufficient to trigger
a reaction via one-photon absorption. In other words, the photoresist should be
transparent to the laser wavelength used but absorptive at half that wavelength.
This also inherently fulfills the criterion of weak absorption set out at the beginning
of this section.
Two-photon absorption as a nonlinear photoinitiation pathway for 3D laser micro-
and nanoprinting has matured over almost three decades since its first use in
1997 [14]. Despite being the workhorse enabling a range of applications across
different fields, there are conceptual drawbacks: As mentioned, high photon flux
densities are required for reasonable print speeds, which necessitates the use of
short-pulsed laser sources. These laser sources are relatively expensive and bulky,
limiting the affordability and compactness of 3D laser nanoprinters. There are,
however, alternative nonlinear photoinitiation pathways that overcome the need
for short-pulsed laser sources and rely on continuous-wave (cw) lasers. Among
these is two-step absorption [24], which is the photoinitiation pathway employed
for all 3D laser printing approaches presented in this thesis.

2.3 TWO-STEP-ABSORPTION (2SA) 3D LASER PRINTING

In the following section, I will introduce the concept of two-step absorption as an
alternative photoinitiation pathway to two-photon absorption. This first involves
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ba

Figure 2.6: Two-photon absorp-
tion and two-step absorption. a
shows a simplified energy level di-
agram for two-photon absorption
via a virtual state (dashed line). b
In two-step absorption, two sub-
sequent transitions proceed via a
real intermediate state (solid line).
Adapted from [44].

explaining how to achieve and maintain the necessary nonlinearity of the 2SA
process during 3D printing. Following this, the versatility of 3D laser printing
approaches, coming along with 2SA, will be explained in general, as well as for the
specific 2SA photoresist systems used in this work.

2.3.1 The Effective Nonlinearity in 2SA 3D Printing

Two-step-absorption photoinitiation is able to provide the same nonlinearity ex-
ponent of N = 2 as in the two-photon-absorption case. A very basic comparison
between these two is provided in Figure 2.6. The schematic energy-level diagram in
Figure 2.6a shows the 2PA process via a virtual intermediate state, indicated by the
dashed line. The virtual intermediate state, which requires strong light fields to be
present and to provide a 2PA pathway, can also be exchanged by a real intermediate
state, as shown in Figure 2.6b. This real intermediate state is an always-present elec-
tronic energy level of the photoinitiator molecule. Therefore, the intermediate-state
lifetimes are vastly different for 2PA than for 2SA. For 2PA, the intermediate-state
lifetime is directly connected to the laser pulse duration, which is commonly on
the order of several hundred femtoseconds [14]. The intermediate-state lifetime for
a real intermediate state is independent of the pulse duration and a parameter of
the photoinitiator molecule, as well as the photoresist mixture as a whole. Taking
intermediate-state lifetimes of tens to hundreds of microseconds as a reasonable
example for the photoresists used in this thesis [24, 26], the intermediate-state
lifetime is eight orders of magnitude different. This is accompanied by a drastic
reduction in the light intensity required to promote the two transitions, since the
probability of a second photon further exciting a molecule in the intermediate state
increases with the lifetime of this level.
For the 2SA process to retain the necessary nonlinearity, several significant criteria
must be fulfilled [24]. First and foremost, the real intermediate state has to be an
inert state. This means that no or only a very small number of radicals should be
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generated from the intermediate state. If there is a competing radical-generation
pathway from the intermediate state, the effective nonlinearity decreases and ap-
proaches one if that were the dominant path. Furthermore, the intermediate-state
lifetime should neither be too short nor too long. Considering the first case of a
short intermediate-state lifetime, 2SA loses its advantage, as the necessary light
intensity increases with a shorter lifetime. Considering the extreme other case of
an infinitely long intermediate state, which might be an intermediate molecule of
a two-step chemical reaction, the initiation pathway loses its nonlinearity. When
scanning the laser focus, eventually, all molecules, also in the tails of the laser
focus, are pre-excited. The intermediate state can be thought of as the new ground
state, and the photoinitiation takes place via a one-photon absorption process. The
decay from the intermediate state back to the ground state is, therefore, another
prerequisite to be fulfilled.

To find suitable conditions for a nonlinear 2SA photoinitiation, Hahn et al. per-
formed rate-equation calculations on a simple three-level system [24]. This repre-
sents a simplified energy-level diagram of the electronic levels of the photoinitiator
molecule, depicted in Figure 2.7a. From a ground state A, an optically triggered
transition to state B can be performed with the rate coefficient k1 being propor-
tional to the light intensity I and the extinction coefficient ε1. Likewise, a transition
between B and C can be performed at a rate k2 ∝ ε2 I. Following this two-step
absorption, radicals can be generated (state D). The population of D is assumed
to be proportional to the deposited dose. As discussed, a decay from B to A is
necessary for a nonlinearity, which is maintained by the decay rate kD. Based on
this model, a nonlinearity exponent N can be calculated following

N =
I
D

dD
dI

. (2.4)

The nonlinearity for various parameter combinations dependent on k1 and k2,
which are normalized to a certain kD, is shown in Figure 2.7b. It can be seen that
all values between N = 1 and N = 2 can be addressed, depending on the rate
coefficients. Looking at the regime at the bottom left, where k1 < kD and k2 < kD,
the nonlinearity is the highest. Therefore, a rapid decay from the intermediate state,
resulting in a short intermediate-state lifetime, is beneficial for maintaining a high
nonlinearity.
Furthermore, these calculations show that, for a given photoresist (i.e., given ε1, ε2,
and kD), the nonlinearity depends on the printing parameters. For this reason, one
often speaks of an effective nonlinearity, since it is not a fixed parameter. For a given
photoinitiator, the ratio of the extinction coefficients at a given wavelength is fixed,
such that the diagonal lines in Figure 2.7b can be read as choosing a photoinitiator
molecule and/or wavelength. As an illustrative example for the photoinitiator
benzil, which will be introduced in the next section and widely used throughout

18



2 . 3 T W O - S T E P - A B S O R P T I O N ( 2 S A ) 3 D L A S E R P R I N T I N G

10
2

10
4 ⁰

ε₂
/ε

₁ =
 1

0

10
-2

10
-4

10-3 10-1 101 103 A

 k₁ ∝ ε₁ I

 k₂ ∝ ε₂ I

 kD

 B

 C

 D

10-3

10 -1

101

103

 k
 /

 k
2

D

 k  / k1 D

1.0

1.2

1.4

1.6

1.8

2.0

n
o

n
li

n
ea

ri
ty

 e
x

p
o

n
en

t 
N

 

ba

Figure 2.7: Rate-equation calculations on two-step absorption. a Three-level model
employed for the rate-equation calculations. A two-step absorption takes place from
level A to B and from B to C. From C, a fast decay into radicals is assumed. These
are assumed to be proportional to the deposited dose D. b False-color plot of the
nonlinearity exponent N, calculated following equation 2.4. For transition rates k1
and k2 smaller than the decay rate kD, a nonlinearity N > 1 is achieved. The diagonal
lines depict constant ratios of the extinction coefficients ε1 and ε2, which refer to
a fixed photoresist system at a fixed wavelength. The red line indicates the ratio
corresponding to the photoinitiator benzil at a wavelength of 405 nm. Figure adapted
from [24, 44] with the permission of Springer Nature.

this thesis, a red diagonal line at a constant ratio of ε2/ε1 = 102 is drawn. When
moving along this line from the bottom left to the top right, e.g., the laser light
intensity increases while the other parameters remain fixed. At a constant dose, this
implies an increase in the print speed v. Therefore, increasing the print speed above
a particular value decreases the nonlinearity of the photoinitiation process. This
sets a limit to the single-focus print speed and favors parallelization approaches,
which are employed in this work.

2.3.2 One-Color and Two-Color 2SA

All the above discussions on 2SA are generally applicable but were made for the
case of two transitions bridging the same energy gap. Therefore, the same laser
light wavelength and the same intensity I were assumed. However, this is not
necessarily the case. The subsequent absorption of two photons of different energies
can also be exploited for advanced 3D laser micro- and nanoprinting approaches,
as will be introduced in this section on one-color and two-color 2SA.
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Figure 2.8: Multi-color 2SA processes. a One-color 2SA where both transitions are
mediated by light of the same wavelength. In the two boxes, schematic absorption
spectra for the ground- and excited-state absorption are shown. b Synergistic two-
color 2SA. Only the simultaneous presence of light of two different wavelengths
leads to a radical generation, since the absorption spectra are non-overlapping. c
Antagonistic two-color 2SA. Radicals are generated after one-color 2SA. However,
this process can be inhibited by the absorption of a photon of a different energy.

This has to include a closer look at the absorption spectra of the ground and
intermediate states of the photoinitiator molecule. The location of the absorption
bands features several possible combinations, where I want to focus on three
different cases illustrated in Figure 2.8.
The already discussed case of one-color 2SA is shown in panel a. Although the
absorption spectra of the ground and intermediate states are typically different,
they must overlap at the employed wavelength, as indicated by the blue line.
Tuning the laser wavelength in this case also changes the ratio ε2/ε1, which was
discussed in the last section.
Figure 2.8b showcases synergistic two-color 2SA [26, 47, 48]. The two absorption
spectra of the ground and intermediate states show no mutual overlap at the
two wavelengths indicated by the colored lines. This means that the light of
both wavelengths has to be present at the same point in space and within the
time interval of the intermediate-state lifetime to accomplish the 2SA process.
Such a photoinitiation process can also be called an AND-type photoinitiator [28].
Synergistic two-color 2SA allows for a massively parallelized 3D laser printing
approach by light-sheet 3D laser printing (LS3DP) [26, 47], which will be as part of
the present work discussed in more detail in chapter 3.
A third case, which is exploited for 3D laser nanoprinting, is antagonistic two-color
2SA. There, the absorption bands at a first wavelength, indicated by the blue line in
Figure 2.8c overlap, allowing for one-color 2SA 3D printing. Furthermore, a second
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Figure 2.9: Structure and absorption spectra of the photoinitiator molecule benzil.
a Structure of the α-diketone benzil. b In its ground state, benzil shows a skewed
conformation, twisted in between the two carbonyl groups. c The ground-state molar
decadic extinction peaks in the UV region and phases out in the blue. The triplet-state
extinction, which is scaled down by a factor of 100, peaks in the blue region. At
405 nm, both spectra overlap at a ratio of ε2/ε1 ≈ 100. Figure and data adapted from
[24, 44] with the permission of Springer Nature.

wavelength can lead to a reversible depletion of the intermediate state, therefore
effectively inhibiting the polymerization reaction. An inhibition pathway can also
be used in 2PA 3D printing as STED-inspired 3D laser printing to increase the
resolution below the diffraction limit of the optics employed [32, 42]. Also in 2SA, a
resolution enhancement over one-color 2SA could be demonstrated by employing
antagonistic two-color 2SA [27].

2.3.3 A Benzil-Based One-Color 2SA Photoresist

The search for photoinitiator molecules that meet the criteria for two-step absorp-
tion is an active and ongoing area of research [27, 49]. To date, several molecules
and photoresist combinations have been reported for each of the three different
classes introduced in the last section [27]. The state-of-the-art photoresist system
for one-color 2SA, which has been most intensively studied and which is also used
for one-color 2SA 3D printing in this work, is based on the molecule benzil [24].
Benzil is one molecule out of the group of symmetric α-diketones [50]. Therefore,
the core structure is composed of two adjacent carbonyl groups followed by a
phenyl group on either side. At room temperature, benzil is a yellow solid. The
structure formula of benzil is shown in Figure 2.9a, whereas in Figure 2.9b, a ball-
and-stick model showing the 3D structure in its ground state is depicted. There it
can be seen that the two benzoyl groups forming the molecule are twisted by 117◦
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[51]. In the literature, benzil has been reported as "reluctant", therefore fairly poor,
one-photon photointiator [52].
The molar decadic extinction coefficient of benzil in its ground state as well as
in its lowest triplet state is shown in Figure 2.9c. The ground-state absorption
peaks in the ultraviolet (UV) region below 300 nm (not shown), and phases out
towards the visible spectral region [24]. The triplet-state extinction is shown in
the blue and green spectral region, where the extinction peaks at around 480 nm
[53]. Note that the triplet-state extinction is scaled down by a factor of 100. At
405 nm, a wavelength where a large variety of diode lasers are available, both
extinction spectra overlap at a ratio of the extinction coefficients of ε2/ε1 ≈ 100.
The absorption bands, therefore, fulfill the criterion for one-color 2SA.

Without further explanation, I have considered the lowest triplet state as the in-
termediate state for two-step absorption. The justification of this should be given
now, alongside a more detailed energy level diagram of benzil, which is depicted
in Figure 2.10. From its singlet ground state, benzil can be excited via one-photon
absorption to an excited singlet state S1. Although a fluorescent or non-radiative de-
cay back to the ground state is possible, an intersystem crossing (ISC) to the triplet
manifold predominantly takes place with a high quantum yield of ΦISC = 92 % [54].
The energy of the lowest triplet level T1 is given as ET = 2.3 eV [55]. This energy
is lower than benzil’s lowest carbon-carbon bond scission energy, which is on the
order of 3 eV [56], rendering the probability of a radical formation from T1 rather
small. Therefore, benzil meets another criterion for good two-step-absorption
photoinitiators: an inert intermediate state.
Furthermore, there are decay pathways from the T1 state back to the electronic
ground state S0 via phosphorescence, reverse intersystem crossing, as well as bi-
molecular quenching and triplet-triplet-annihilation processes [53, 57]. Therefore,
the criterion of a decay from the intermediate state back to the ground state is
fulfilled.
Besides spontaneous decay from T1, benzil can undergo excited-state absorption to
higher triplet states. The extinction coefficient of the T1 state is shown in Figure
2.9a. It peaks at around 480 nm at a value of ε2 = 8 · 103 M−1 cm−1 [53]. From these
higher triplet states, the energy is high enough for a symmetric α-cleavage into two
radicals [50, 52, 56].
Despite the predominant fulfillment of the raised criteria for good 2SA photoini-
tiators, there are processes that counteract the two-step photoinitiation pathway.
This is mainly undesired radical generation from the intermediate state, rendering
it not completely inert but partly reactive. The main pathways involve hydrogen-
abstraction reactions from T1 [58]. In this reaction, a hydrogen atom is abstracted
from nearby hydrogen-donating groups, e.g., of the monomer. This leads to the
formation of free radicals [55].
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Figure 2.10: Energy level diagram and dominant processes of the benzil-based
one-color 2SA photoresist following [57]. Starting from the singlet ground state
S0, benzil can undergo a one-photon absorption to an excited singlet state followed
by an intersystem crossing (ISC) towards the triplet manifold. From there, a second
absorption can promote the molecule to an excited triplet state, from where a decay
into radicals follows. Besides this photoinitiation pathway, there are several radiative
(straight, colored arrows) and non-radiative (waved arrows) relaxation pathways.
From T1, undesired hydrogen abstraction can take place, which is reduced by adding
additional molecules serving as triplet quencher and radical scavenger. Figure and
data adapted from [24, 44, 57] with the permission of Springer Nature.

It is desired to suppress the hydrogen-abstraction reaction. This can be achieved by
adding triplet-quencher molecules to the photoresist. These are molecules which
provide a relaxation pathway from the T1 state back to the ground state via an
energy transfer to the quencher molecule [55]. Adding such molecules allows for
tuning the effective T1 lifetime of benzil. The lifetime can be reduced, thereby en-
hancing nonlinearity and making the hydrogen-abstraction reaction less likely. One
triplet-quenching molecule is solvated molecular oxygen, which is always present
in the photoresist under ambient conditions [59, 60]. Since adjusting the solvated
oxygen concentration is, however, cumbersome, additional molecules are added to
the photoresist. One molecule that has been proven beneficial for this purpose is
bis(2,2,6,6- tetramethyl-4-piperidyl-1-oxyl) sebacate (BTPOS) [24]. BTPOS consists
of two (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) moieties connected by an
aliphatic chain. In the literature, TEMPO is described as a molecule belonging to
the group of hindered amine light stabilizers, which have applications in nitroxide-
mediated radical polymerization reactions [61, 62]. TEMPO is a persistent radical
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Figure 2.11: Structure and absorption spectra of the photoinitiator molecule biacetyl.
a Structure of the simplest α-diketone benzil. b Ball-and-stick model showing a planar
configuration in biacetyl’s ground state. c The ground-state molar decadic extinction
peaks in the blue region. The triplet-state extinction, which is taken from [65, 66],
is scaled down by a factor of 100 and shows several peaks in the red and infrared
region. At the two wavelengths indicated by the colored arrows, the two spectra do
not overlap, fulfilling one necessity for synergistic two-color 2SA. Figure adapted
from [26, 44].

that does not self-terminate with other molecules of the same kind. In combination
with benzil, TEMPO can act twofold: It quenches the lowest triplet state of benzil
at a diffusion-limited rate [63] and suppresses hydrogen abstraction reactions [64].
BTPOS and TEMPO are required ingredients for the 2SA photoresist. However, the
predominant supporting pathway is still not fully understood [44]. Therefore, the
terms of scavenging and quenching will be used interchangeably throughout this
work.
The discussed benzil-based photoresist will be employed for two newly developed
one-color two-step-absorption printing approaches presented in the chapters 5 and
6.

2.3.4 A Biacetyl-Based Two-Color 2SA Photoresist

Like benzil, which is the state-of-the-art example for a one-color 2SA photoinitiator,
biacetyl is the analogue example for a synergistic two-color 2SA photoinitiator [26].
As shown in Figure 2.11, biacetyl (butane-2,3-dione) is the simplest α-diketone.
Following the two carbonyl groups are only two methyl groups on either side. At
room temperature, biacetyl is a yellow liquid with a significant buttery odor [67].

24



2 . 3 T W O - S T E P - A B S O R P T I O N ( 2 S A ) 3 D L A S E R P R I N T I N G

As can be seen from the ball-and-stick model (Figure 2.12b), biacetyl exhibits a
planar configuration in its ground state [68]. Biacetyl is not commonly used as
a photoinitiator, but it is widely used as a buttery flavoring agent, though it is
simultaneously controversial [67, 69].
In Figure 2.12c, the molar decadic extinction spectra of biacetyl in its singlet ground
state as well as in its lowest triplet state are shown [26, 65, 66]. As already discussed
in 2.3.2, the prerequisites for a synergistic two-color 2SA photoinitiator are non-
overlapping spectra of the ground and the intermediate state for at least two
distinct wavelengths. This is the case, e.g, when looking at the two wavelengths
highlighted by the blue and red arrows at 445 nm and 660 nm, respectively.
Very similar to the preceding section on benzil, I want to discuss the other criteria
for good 2SA photoinitiators alongside the energy level diagram of biacetyl, which
is depicted in Figure 2.12c. From its S0 ground state, biacetyl can be excited via the
absorption of a photon in the UV or blue spectral region to the S1 state. From there,
radiative or non-radiative relaxation is possible, however, intersystem crossing
to the triplet manifold occurs at a close to unity quantum yield [70]. The lowest
triplet state has an energy of ET = 2.4 eV [55, 70, 71]. This is well below its
lowest bond-scission energy of 3.2 eV, rendering a decay of biacetyl into radicals
from T1 improbable [72]. Still, similar to benzil, radical generation can occur via
hydrogen-abstraction reactions with nearby hydrogen-donating molecules [73–75].
These undesired side reactions can be minimized by adding additional quencher
molecules such as TEMPO or BTPOS, again serving as a triplet quencher and a
radical scavenger. If done so, biacetyl features a sufficiently inert intermediate state
fulfilling one of the criteria for good 2SA photoinitiators.
Third, biacetyl shows a spontaneous decay from its intermediate state back to
the ground state via several processes, including phosphorescence, non-radiative
internal conversion pathways, as well as triplet-triplet-annihilation processes of
two excited biacetyl molecules [76, 77]. From measurements exploiting biacetyl’s
room-temperature phosphorescence, the triplet-state lifetime can be deduced to be
around 200 µs [78].
Although 3D laser printing via co-focusing two cw laser beams of two wavelengths
to one focus and scanning this single focus throughout the volume is possible
[48], synergistic two-color 2SA can realize its full potential through a massively
parallelized light-sheet 3D laser printing approach [26, 28]. The investigation of
several strategies for improving light-sheet 3D printing will be discussed in chapter
3.
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Figure 2.12: Energy level diagram and dominant processes of the biacetyl-based
synergistic two-color 2SA photoresist. Starting from the singlet ground state S0,
biacetyl can undergo a one-photon absorption to an excited singlet state followed
by an intersystem crossing (ISC) towards the triplet manifold. There, a second red
or infrared photon can be absorbed, followed by a decay into radicals. Besides
this photoinitiation pathway, there are several radiative (straight, colored arrows)
and non-radiative (waved arrows) intramolecular as well as bimolecular relaxation
pathways. From T1, undesired side reactions can take place, which are minimized by
adding additional molecules serving as triplet quencher and radical scavenger. Figure
adapted from [26, 44].

2.3.5 Discussion on Opportunities and Limitations

Two-step absorption as an alternative photoinitiation pathway for 3D laser micro-
and nanoprinting was motivated in its development and therefore starts from
the inherent advantage of low-intensity photoinitiation compared to two-photon
absorption, which makes the use of cw laser sources possible. Based on the expla-
nations given in the previous sections, I want to conclude the section on two-step
absorption by summarizing different opportunities and limitations of 2SA 3D print-
ing, which will be picked up at different points of this thesis.

Low polymerization threshold laser powers and the possibility to use compact and
low-cost diode lasers encourage two different targets: one can aim for faster and
parallelized printing, which still relies on compact continuous wave lasers, where
the use of two-photon absorption would require high-power amplified femtosec-
ond pulsed laser sources [79, 80]. On the other hand, one can aim for a compact
and low-cost overall setup relying on small laser diodes and decreasing the total
cost and volume by more than an order of magnitude compared to widespread
two-photon-absorption 3D printers. Both targets have already been followed [25,
26], whereas one main goal of this work is to bridge the gap between them by
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bringing these two distinct goals closer together.
A further advantage that comes together with 2SA is the possibility of higher-
resolution 3D laser nanoprinting compared to commercialized 2PA 3D printing
[24]. This relies on photoinitiators with absorption bands in the UV and blue spec-
tral region and therefore uses laser sources in the near infrared at around 800 nm.
At the same time, 2SA based on the presented photoinitiator molecule benzil uses
laser sources in the blue spectral region at, e.g., 405 nm. Considering the same
optics, the halved wavelength provides a factor of two increase in resolution, as
can be seen from equation 2.3.
Furthermore, 2PA 3D laser printing suffers from micro-explosions during printing
[81, 82]. These lead to undesired local defects inside the volume or at the surface of
the structure, potentially impairing their functionality. Such micro-explosions can
occur at impurities that absorb the pulsed laser beam within the sample, therefore
depositing considerable heat. Or they occur through multi-photon-absorption
processes inside the photoresist, leading to a photoionization thereof. These effects
narrow the process window for 2PA 3D printing. In 2SA 3D printing, however, no
such micro-explosions have been observed due to the substitution of the pulsed
laser source. Tuning the laser power at values above the threshold, the voxel size
changes, which, however, could be exploited at the same time for grayscale 3D
laser printing [83].

On the downside, there are also limitations and challenges to tackle with 2SA 3D
laser printing. The first and most fundamental limitation concerns the single-focus
print speed, which is directly linked to the intermediate-state lifetime. As already
shown in Figure 2.7 from rate-equation calculations and discussed in section 2.3.1,
the nonlinearity exponent changes for a given photoresist and a given wavelength
– therefore given values of ε1, ε2 and kD – when changing the exposure time per
focus and consequently the focus velocity for focus-scanning 3D printing. To yield
a nonlinear 2SA process, the laser focus exposure time texp should be well above the
intermediate-state lifetime τ = k−1

D [44]. Considering the benzil-based photoresist
as an example and taking the optical parameters of NA = 1.4 and λ = 405 nm for
the laser focus, changes in nonlinearity between N = 1 and N = 2 are present for
exposure times in the order of hundreds of microseconds corresponding to single fo-
cus scan speeds in the order of hundreds of micrometers per second [24]. Therefore,
this establishes an upper bound on the single-focus scan speed. In the experiment,
the 3D printing of structures at up to v = 4 mm s−1 has been demonstrated [24].
However, typically single-focus velocities of v = 1 mm s−1 are employed [24, 25,
27]. Such limitations, which set a sharp contrast to 2PA 3D laser printing, hinder
the commonly pursued goal in 3D laser printing of increasing print speeds by first
of all increasing the single-focus scan speed [29, 84]. It rather directs the efforts to
parallelization approaches to increase print speeds, the implementation of which is
a major part of this thesis.
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A second drawback concerns the maintenance of the desired nonlinearity. As
discussed in sections 2.3.3 and 2.3.4, the two most commonly employed photore-
sist systems exhibit a one-photon-triggered polymerization pathway. This can be
significantly suppressed by adding quencher molecules, but it still contributes to
dose accumulation, especially for large prints. Furthermore, the added quencher
molecules complicate the reaction-diffusion kinetics during the printing process, as
their diffusion and consumption must be accounted for to achieve optimal printing
results. This said, the one-photon-triggered polymerization is no fundamental
limitation of 2SA 3D printing, but a current challenge for the ongoing effort on
photoresist development. At this point, I want to draw a comparison to two-
photon-absorption 3D printing: following the first reports 30 years ago [14, 85],
hundreds of photoinitiators have been reviewed and developed, with state-of-the-
art initiator molecules reported only in 2020 [43]. Therefore, also the research on
2SA photoinitiator candidates might still lead to significant improvements in the
future.

2.4 IMPLEMENTATIONS OF 3D PRINTING PROCESSES

As this thesis deals with technological advancements specific to two-step-absorption
3D laser printing, I briefly provide a broader overview of different 3D printing
approaches described in the literature. This will enhance understanding and serve
as a source of inspiration to adapt several approaches.
To date, a multitude of 3D printing approaches have been reported, and a consid-
erable number of different approaches have been commercialized and are used
for various applications. Without any claim of completeness, I will therefore only
provide further details for some chosen approaches that are the most relevant
for the topics to be discussed in the scope of this work. These primarily include
light-induced 3D printing techniques with voxel sizes in the nano- and micrometer
range.
Judging the relevance of a certain approach can be done based on different criteria.
Often, 3D printing approaches are compared based on their peak printing rate in
units of voxels per second and their minimum voxel size [29, 84, 86]. Besides this,
the total build volume, the versatility of the materials, the device and process cost,
and the printer size are other criteria.

Already introduced, two-photon-absorption 3D laser printing (2PP), has been ex-
tensively studied and provides print speeds up to 108 voxels s−1 at voxel sizes
below 1 µm [13, 20, 84]. Originating from the printing of acrylic polymers [14],
nowadays different polymeric materials [87–89], but also metals [90] and fused
silica can be printed [91, 92]. Commercially available instruments already achieve
printing rates of up to 3 × 105 voxels s−1 by scanning a single laser focus through
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a b c d

e f g h

Figure 2.13: Illustration of different 3D laser printing techniques. a Two-photon-
absorption 3D laser printing (2PP). b Two-step-absorption 3D laser printing. c Multi-
focus two-photon-absorption 3D laser printing. d Projection-based 2PP via spatiotem-
poral focusing. e Bottom-up stereolithography. f Continuous liquid interface pro-
duction (CLIP). g Light-sheet 3D laser printing (LS3DP). h Tomographic volumetric
additive manufacturing (TVAM). Figure inspired by [95].

the photoresist volume [83].
Further increase has been demonstrated by different parallelization approaches
[29, 79, 80, 84, 93, 94]. Among these are multi-focus 2PP. Using 49 laser foci in
parallel, print speeds of up to 108 voxels s−1 have been shown, and centimeter-scale
structures could be printed [84]. Projection-based methods can be considered as
a largely parallelized printing with a large number of distinct foci. While a direct
projection of an extended plane, however, significantly decreases the resolution
along the optical axis (see section 2.2), spatiotemporal focusing methods can be
applied to mitigate this problem [79, 93]. There, the frequency components of an
ultrashort-pulsed laser beam are separated, thereby stretching the laser pulse in
time. This reduces intensity in out-of-focus regions, whereas in the print plane, all
spectral components are recombined.

A topic of current research and a potential future alternative to 2PP is two-step-
absorption 3D laser printing [24, 25, 27, 96–98]. As explained in section 2.3, 2SA 3D
printing relies on a second-order nonlinearity to achieve a focus-scan 3D printing
inside the volume of a liquid photoresist. It can also be seen as a representative of
the larger class of (1+1)-photon absorption. This term comprises several photoini-
tiation mechanisms in which the photoresist responds superlinearly to the light
intensity, excluding two-photon absorption [49]. Therefore, no ultrashort-pulsed
lasers are necessary for (1+1)-photon-absorption 3D printing. Besides 2SA, also
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other mechanisms have been reported as photoinitiation mechanisms for 3D laser
micro- and nanoprinting, like upconversion luminescence [99–102] and triplet-
triplet-annihilation [103–105].
In an upconversion luminescence process, an upconversion nanoparticle gets ex-
cited via the sequential absorption of two, e.g., red photons. From a higher excited
state, the emission of a, e.g., blue photon follows at a rate proportional to the
squared intensity of the red light. This blue photon then initiates a radical gen-
eration by getting absorbed from a photoinitiator molecule. In this process, the
absorption length of the blue photon currently limits the achievable spatial resolu-
tion of the printed structures.
A photoresist for 3D printing based on triplet-triplet annihilation (TTA) consists, in
addition to the monomer, of three components: sensitizer, acceptor, and initiator
molecules. Two sensitizer molecules get excited into their lowest triplet state by the
absorption of one photon each. These molecules transfer energy to nearby acceptor
molecules, so the sensitizer is de-excited to its ground state, and the acceptor stores
the energy in its lowest triplet state. In a further bimolecular process, the two
excited acceptor molecules transfer energy, promoting one of them to a higher
energy level and de-exciting the other. The combined energy carried by one of the
acceptor molecules is then transferred to the initiator, which decays into radicals
[103].
The two alternative (1+1)-photon-absorption processes presented rely on bimolec-
ular reactions and energy transfer between molecules, which pose additional
challenges to the achievable resolution and printing rate. Current implementa-
tions achieve voxel sizes below 1 µm, however at printing rates of 1 voxels s−1 to
200 voxels s−1 [49, 102]. Still, the continuous development is ongoing, e.g., through
the implementation of parallelization measures to increase print rates [106]. With
progress across different approaches, (1+1)-photon-absorption techniques are ex-
pected to become increasingly significant in the future.

Other approaches, typically relying on one-photon absorption as the photoinitiation
mechanism, can be summarized under the term of stereolithography, which was
first used in an early realization of 3D printing in 1984 [107]. In stereolithography, a
liquid photoresist is photopolymerized typically by blue or UV light emitted from
a light-emitting diode (LED) or a laser. This can be done either by scanning a single
focus or by projecting an image, therefore polymerizing an entire plane at once.
This still yields an axial confinement since the photoresist is highly absorbing at
the wavelength used (see Figure 2.5a). The polymerization therefore occurs at the
interface of the photoresist to the surrounding material. In stereolithography, two
general implementations exist [95]. In the first one, polymerization is induced at the
top surface of the photoresist in a vat, i.e., at the interface between the photoresist
and air. After polymerizing one layer, the already polymerized structure is lowered
into the photoresist, allowing a new layer of liquid photoresist to be exposed on top
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of it. In this approach, the photoresist vat has to be as large as the structure build
volume, and one has to wait for a new layer of photoresist to flow in and level prior
to exposure [108]. Alternatively, the exposure can take place at the bottom of a
photoresist-containing vat via a transparent window. After polymerizing one layer,
the structure must be delaminated from the window, which slows the printing
process.
To overcome the low print rate resulting from the delamination process, several
other approaches have been reported to reduce this flaw. One of these is continuous
liquid interface production (CLIP) [109]. There, the transparent window is also
oxygen-permeable, so an oxygen concentration gradient forms from the window
into the photoresist volume. Because oxygen can suppress photopolymerization
reactions, there is a "dead zone" where the polymerization reaction is hindered.
The polymerization plane is slightly shifted inside the photoresist volume. There-
fore, no delamination is necessary and print rates up to 107 voxels s−1 could be
achieved [110, 111]. Remaining challenges in CLIP include heat dissipation from
the polymerization volume and the supply of fresh photoresist to it [95].
A further recent advancement is dynamic interface printing [112]. There, the poly-
merization takes place at an air-photoresist interface between a pressurized tube
and the photoresist-containing vat. This interface can be actively controlled by
acoustic waves, which support mass transport and thereby address the challenge
of rapidly supplying fresh photoresist to the reaction volume. Again, the build
platform can be continuously moved, since no delamination is necessary. Using
this approach, print rates of 108 voxels s−1 at voxel sizes of tens of micrometers
could be achieved.

Another continuous layer-by-layer 3D printing approach is light-sheet 3D printing
(LS3DP). Again, a 2D image is projected into the volume of a liquid photoresist. In
contrast to stereolithography and its extensions, no highly absorbing photoresist
is used to confine the axial extent of the polymerization plane, but the nonlinear
photoinitiation is performed via a synergistic two-color 2SA process. By this pro-
cess, the polymerization plane can be confined by a second laser beam, forming
a flat light sheet. Two implementations have been reported, one relying on the
rearrangement of a photochromic molecule as the intermediate state [47] and one
relying on the electronic states of the photoinitiator as intermediate state [26, 28].
The further development of the latter is presented in the scope of this thesis in
chapter 3.

While in stereolithography and LS3DP the polymerization occurs layer-by-layer,
tomographic volumetric additive manufacturing (TVAM, also referred to as com-
puted axial lithography, CAL) is often considered a volumetric printing approach
[33, 113]. There, a liquid photoresist is contained in a rotating vial and is exposed to
projections of the designed object from different angles. Polymerization commonly
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occurs via one-photon absorption. As an illustration of TVAM, one can think of
this process as the reverse of a tomographic reconstruction of a 3D object by taking
images from different angles. Conceptually, one could expose the photoresist from
all angles in a single shot [12]. The implementation of a single optical path and a
rotating sample is, however, more practical.

An approach that comes closer to single-pulse volumetric 3D printing is referred
to as interference lithography, or, more generally, holographic lithography. The
goal is to shape the 3D light field so that a complex 3D structure can be printed
with a single laser pulse, thereby achieving unprecedented print rates. Early imple-
mentations used nanosecond pulses and the interference of four laser beams in the
print volume [114, 115]. This, however, severely limits the structures that can be
printed to periodic ones. Steps to extend this to arbitrary 3D structures have been
undertaken, and research is ongoing [116].

Despite now being around for decades, 3D printing is still a blooming field of re-
search. New technological approaches are reported, novel materials are becoming
accessible, and printing rates are still increasing. Furthermore, the intersection with
neighboring fields of research and engineering stimulates the development. To
name some, this includes the adaptation of techniques from microscopy and imag-
ing [26, 32, 33, 79], the implementation of computational techniques to optimize
the printing process [117–119], or the realization of highly specific applications in
biology, optics, or engineering [13, 15, 20].
Focusing on the novel field of two-step-absorption 3D laser printing, this work
aims at exploring different methods to further develop 2SA 3D printing. Along
these lines, the following chapter will discuss some approaches for advancing
light-sheet 3D laser microprinting.
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Chapter 3

ON ADVANCEMENTS FOR
L IGHT-SHEET 3D LASER
M ICROPRINTING

Light-sheet 3D laser printing based on two-color two-step absorption is a largely parallelized,
emerging 3D microprinting approach that was experimentally first realized only in 2022
[26]. This chapter discusses the efforts undertaken to improve and expand this original
setup. To that end, I will first introduce the method and implementation of light-sheet 3D
laser printing. Subsequently, I will discuss current challenges and identify the development
potential they create. Two identified topics, which were mainly pursued, are outlined
afterwards. This covers a fluidic chamber to mitigate dose accumulation effects, as well as
an optical element for the power-efficient generation of a light sheet.
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Figure 3.1: Artistic sketch of
light-sheet 3D printing. The
red light-sheet beam and the
blue projection beam are co-
focused to the printing plane.
That is located inside the vol-
ume of the photoresist, which
is contained in a small trans-
parent vat. Figure taken from
[26].

3.1 INTRODUCTION TO L IGHT-SHEET 3D LASER M ICROPRINT-
ING

Light-sheet 3D laser printing, a parallelized, projection-based 3D printing tech-
nique, was briefly introduced in section 2.4. This section aims at presenting a
specific light-sheet 3D microprinting implementation relying on two-color two-step
absorption as well as a setup tailored to the biacetyl-based photoinitiator system
introduced in section 2.3.4. The setup was built by Vincent Hahn and is published
in Ref. [26].
An artistic illustration of the basic principle of LS3DP is shown in Figure 3.1. From
the bottom, slices of the 3D object are projected into the photoresist volume using a
blue laser beam. This photoresist is contained in a small transparent vat, the cuvette.
From left, a light-sheet beam at a different wavelength, formed by a cylindrical
lens, is focused into the cuvette. At the plane of intersection, the two-color two-step
photoresist polymerizes, such that the KIT logo is printed in this minimal example.

A schematic of the components and the optical paths of the LS3DP setup is depicted
in Figure 3.2. On the left, the blue-light projection beam path is indicated, while on
the right-hand side, the red-light light-sheet beam path is drawn. Both focal planes
intersect inside the cuvette, shown in the middle of the schematic. A sophisticated
explanation of all the components and the design rationale can be found in Ref.
[44]. In the following, I will describe the beam paths and the main components.
In the projection beam path, the blue laser light is generated by four multi-mode
laser diodes, each with 6 W maximum output power at 440 nm (Lastertack PD-
01231). Their output light is coupled into a rectangular-core fiber (Ceramoptec,
NA = 0.22). The rectangular end facet is imaged onto a liquid crystal display
(LCD). This is accomplished via a microscope objective lens (Carl Zeiss EC-Epiplan
Neofluar 20×/NA0.5) and an achromatic doublet lens (TL1, Thorlabs AC254-150-
A-ML). In between, a polarizing beam splitter (Thorlabs PBS251) and a zero-order
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Figure 3.2: Schematic of the light-sheet 3D microprinting setup. The blue-colored
projection beam path is shown on the left, the red-colored light-sheet beam path is
shown on the right. The following abbreviations are used: AL: aspheric lens, PBS:
polarizing beam splitter, TL: tube lens, LCD: liquid crystal display, CAM: camera, OL:
objective lens, CL: cylindrical lens, SL: spherical lens, PL: Powell lens. Figure adapted
from [44].

half-wave plate (Thorlabs WPQ10M-445) are placed for polarization selection and
rotation. Following TL1, the light is reflected at a second polarizing beam split-
ter (Thorlabs PBS251) and transmitted through a quarter-wave plate (Thorlabs
WPQ10M-445) for converting the linear polarization to a circular polarization until
it reaches the LCD (Holoeye HED4552, 1920 × 1080 px, 720 Hz frame rate). The
reflection-mode LCD reverses the handedness of the circular polarization of light
reflected from nominally "white" pixels, while light reflected from "black" pixels
retains its handedness. In combination with the quarter-wave plate and the polar-
izing beam splitter, this translates into an amplitude contrast. Only light from the
"white" pixels is transmitted through the polarizing beam splitter, gets collimated
by a tube lens (Thorlabs ITL200), and focused by a high-NA objective lens (Carl
Zeiss LD LCI Plan Apochromat 63×/NA1.2 Imm Corr DIC) into the photoresist.
For the light-sheet beam path, a 6 W output power, solid-state laser at 660 nm wave-
length (Laser Quantum axiom) is used. The laser beam is transferred to a 1◦ fan
angle Powell lens (Laserline Optics Canada LCOP-8.9R01-1.0), which is an aspheric,
cylindrical lens generating a diverging laser beam of uniform intensity distribution
[120]. The laser beam is focused and again collimated by an arrangement of a
spherical and two cylindrical lenses (Thorlabs LA1131-A-ML, LJ1629RM-A, and
LJ1267RM-A). Reflected off a dichroic mirror, the beam finally gets focused into the
photoresist by a microscope objective lens (Carl Zeiss Epiplan 5×/NA0.13).
The photoresist is confined in a home-built container. This container is assembled
from a 85 µm-thick microscope coverslip (Thorlabs CG00C) forming the bottom
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surface, and a cut-out from a plastic spectroscopic cuvette (Brand) forming the four
1 mm-thick side walls. Both parts are glued together via an UV-curable adhesive
(Norland Products NOA63).
Since the optics of both the projection and the light-sheet beam path are fixed,
it is convenient to introduce a movable substrate on which the printed structure
adheres. For this, cylindrical glass rods of 1 mm diameter are immersed in the
photoresist cuvette from the top. A close-up photograph of this assembly is shown
in Figure 3.3a. The glass rods are manually ground and polished to an angle of ≈ 8◦

to prevent the light-sheet beam from propagating through the glass rod, which
would lead to undesired diffraction artifacts [44]. A side-view photograph of the
angled printing substrate is shown in Figure 3.3b. For visualization, the projection
and the light-sheet beam paths are drawn into the photograph in blue and red,
respectively. The glass rod is positioned by a set of four single-axis translation
stages: A stepper-motor actuated, 13 mm travel-range stage for coarse z-movement;
two voice-coil actuated, 20 mm travel-range stages for xy-movement; and a piezo
actuated, 250 µm travel-range stage for fast z-movement (all Physik Instrumente,
L-306.011112, V-528.1AA, and P-622.ZCD).

Using the presented setup, the printing of various test structures at printing rates
of up to 7 × 106 voxels s−1 and lateral and axial voxel sizes of 500 nm and 2.2 µm,
respectively, has been shown. As an example, Figure 3.3c and d show scanning-
electron micrographs of three knot-like structures printed in parallel within 153 ms.
Still, a demonstration of applications and widespread use is pending. This is largely
due to a currently small build volume and high printing overheads. The current
limitations and potential ways to overcome them will be discussed in the next
section.

3.2 IDENTIFYING CHALLENGES AND DEVELOPMENT POTEN-
TIAL

The primary target of light-sheet 3D printing is to establish a fast 3D printing
approach. This can be quantified to a large extent by the printing rate, measured in
voxels per second, which is desired to be as large as possible. In the case of the pre-
sented LS3DP setup, two main issues are present: First, besides the printing, which
takes only milliseconds to seconds for the structures presented in [26], the overhead
time of substrate preparation, everyday alignment, and sample positioning can
be significantly larger, namely on the order of tens of minutes. Second, there is a
natural application case for fast 3D printing approaches, which is currently limited
using LS3DP: the printing of either large structures on a millimeter to centimeter
scale or the printing of a large number of disconnected particles. This can also be
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Figure 3.3: Light-sheet 3D printing substrate and printed structures. a Photograph
of the LS3DP photoresist cuvette and the glass-rod substrate. On the bottom, the
projection objective lens can be seen, and on the right, the light-sheet objective lens.
b Zoom in to the print plane. A blue-colored projection beam and a red-colored
light-sheet beam are drawn for visualization. c Scanning-electron microscopy (SEM)
image of the printing substrate containing three knot-like structures printed by LS3DP.
These are shown at a higher magnification in d. Panels a, c, and d are adapted from
[44].

referred to as a limited build volume. Specific development tasks to overcome the
limitations are therefore discussed in the following and are illustrated in Figure 3.4.

Considering the first point of reducing the overhead time, one could first of all
think of automation measures to assist the printing preparation and the everyday
alignment. The challenge in LS3DP is to co-focus two microscope objective lenses
and to position the printing substrate at these intersecting focal planes. These
tasks are currently already combined into one process step: For alignment, the
light-sheet beam reflected from the glass rod gets collected by the objective lens of
the projection beam path and focused on the camera (CAM1). This feedback signal
is used to align the objective lens OL2, while OL1 is kept in place. To increase the
signal-to-noise ratio, a second, gold-coated, 45◦-angled glass rod is used for this
process, further increasing the overhead time. Using the already installed cameras
and a software-controlled feedback loop, the alignment and positioning of the glass
rod could be automated.
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Figure 3.4: Identified topics for further development of LS3DP. A more power-
efficient generation of a potentially more uniform light-sheet could reduce the laser
powers needed. Changing the printing substrate could ease the printing process
and reduce the overhead time. Implementing a fluidic chamber could increase the
build volume by reducing dose accumulation effects. A better understanding of the
chemical processes and/or the development of new photoresists could reduce the
laser power required. Figure adapted from [44].

As is the case for a lot of 3D printing approaches, the printed structure does not
necessarily match the designed structure sufficiently in the first print, effectively
causing a time overhead due to repeated printing. Iterative pre-compensation loops
have been proven to mitigate this problem [121]. Other approaches aim at either
in-situ monitoring the printing process [119] and potentially making adjustments
based on this or at simulating the printing process beforehand [122]. Since the
involved optics and reaction-diffusion kinetics pose a significant hurdle, simplifica-
tions are typically necessary. Following a simple model based on the convolution of
a 3D Gaussian distribution with the design, adjustments of the design have already
been undertaken for some of the structures presented in Ref. [26] and printed by
LS3DP. A further developed dose simulation routine was established by Stefano de
Giuseppe in the scope of his Bachelor’s thesis [123], which was supervised by the
author. There, the light sheet and the projection beam were modeled using Gaus-
sian optics. Tailored to LS3DP using a biacetyl-based resist, the dose model, which
transfers the intensity of the blue projection and the red light-sheet at every point
in space and time to a dose value, was based on rate-equation calculations. These
were originally set up by Vincent Hahn [44]. However, with the simplifications
made, the dose simulation currently does not provide sufficient quantitative agree-
ment with the printed results. Nonetheless, it still serves as a first step towards a
pre-compensation tool. Further discussions on this can be found in Ref. [123].
Besides the time overhead, LS3DP has shown the best printing results with in-
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Figure 3.5: Exemplary two-color
polymerization threshold. The
photoresist (PRA) contains bi-
acetyl and TEMPO, which are
dissolved in PETA. Ideally, the
blue-only threshold should ap-
proach infinity, while the two-
color threshold and therefore the
threshold contrast should increase
with the sigmoid shape, preferably
shifted to low red laser powers.
These desired directions are indi-
cated via the orange arrows. Fig-
ure adapted from [26, 44].

Table 3.1: Description of photoresist (PR) compositions as used in this work. Each
resist consists of monomer, photoinitiator (PI), and quencher (Q) molecules. Following
the composition of PRi, different photoinitiators are compared. Experimental details
regarding the photoresist mixture are given in the respective references.

resist monomer photoinitiator cPI (mM) quencher cQ (mM) source

PRA PETA biacetyl 110 TEMPO 11 [44]
PRB TMPTA biacetyl 110 TEMPO 11 [44]
PRC DPEHA biacetyl 110 TEMPO 11 [44]
PRi PETA (varying) 100 TEMPO 50 [27]

creased red light-sheet beam power. At the wavelength of the light sheet, the
second absorption step is promoted, such that high rates, therefore a high intensity
at a given extinction coefficient, make undesired one-color radical generation pro-
cesses less probable. Hence, a power-efficient light-sheet beam path is desirable,
which will be addressed in section 3.4.

The second raised point regarding a limited build volume is primarily related to
the photoresist used. The underlying reasoning and possibilities to overcome this
will be presented in the following section.

Discussion on Deficiencies of Current Two-Color 2SA Photoresists

As already discussed in section 2.3.2 on synergistic two-color two-step absorption,
an ideal photoinitiator would lead to radical generation only after exposure to light
of two different wavelengths. As we have seen for the biacetyl-based photoresist in
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section 2.3.4, there are, however, single-color, one-photon triggered polymerization
pathways. In the context of LS3DP, this leads to undesired radical generation
reactions mediated solely by the blue projection laser beam. For prolonged printing
times, the deposited dose accumulates, leading to polymerization in out-of-focus
regions. This issue can be addressed by identifying a photoinitiator with a com-
pletely inert intermediate state.
An assessment and comparison of different photoresists (PRs) can be done by
measuring the polymerization threshold power for different combinations of the
laser power of the two distinct wavelengths. This was done in a focus-scanning 3D
nanoprinting setup by co-focusing two laser beams into the photoresist. Dashed
line patterns were printed while the laser powers P1 and P2 were independently
varied. For each laser power P2, the minimal laser power P1 for which a line is
printed was determined by darkfield microscopy of the sample after development.
In the experiment, P2 is referring to a red laser beam at λ2 = 638 nm while P1 is re-
ferring to a blue laser beam at either λ1 = 405 nm or λ1 = 440 nm. The wavelengths
used are stated for each experimental result shown. A detailed description of the
focus-scanning setup as well as the experimental routine can be found in [27, 44].
The photoresists investigated and compared in this section differ in their ingredient
compositions and concentrations. To give a compact overview, the compositions
are summarized in table 3.1.
Exemplary data for the state-of-the-art photoinitiator biacetyl is shown in Figure
3.5. The data is taken from [26] and refers to a photoresist composition of pentaery-
thritol triacrylate (PETA) as the monomer, biacetyl at a concentration of 110 mM
as photoinitiator, and TEMPO at a concentration of 11 mM as quencher molecule
(PRA). In the blue, a wavelength of λ1 = 440 nm was used. It can be seen that the
polymerization threshold is lowest at high red laser powers and increases as red
laser power decreases. The ratio of the blue threshold laser power for low red laser
powers and the blue threshold laser power for high red laser powers is called the
threshold contrast γ. For an ideal two-color 2SA photoinitiator exhibiting an inert
intermediate state, γ would approach infinity. In Figure 3.5, the desired directions
for how one would like to shift the polymerization threshold curve are indicated
by orange arrows: at P2,min, the threshold should increase, at P2,max, the threshold
should decrease. Furthermore, it is desired to shift the sigmoid shape towards
overall lower red laser powers.
Routes in the direction of finding novel photoinitiator molecules have been taken
by Bojanowski et al. [27] and Vranić et al. [124], in collaboration with the author.
Different diketones have been synthesized and tested regarding their printability.
Data of 14 photoinitiators showing a two-color two-step behavior are shown in
Figure 3.6. For comparability, all photoinitiators were dissolved at a concentration
of 100 mM together with the quencher molecules TEMPO (50 mM) in the monomer
PETA (following PRi in Table 3.1). A blue laser source at λ1 = 405 nm was used
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Figure 3.6: Two-color polymerization thresholds for different photoinitiators. 14
different photoinitiators were tested and compared regarding their threshold contrast,
their threshold powers, and their printability. All new initiator molecules were dis-
solved in PETA at a concentration of 100 mM together with TEMPO (50 mM) following
the composition of PRi in Table 3.1. These comparative experiments were performed at
405 nm wavelength in the blue region. Compared to biacetyl at the same experimental
conditions (drawn in orange), as well as at 440 nm and cQ = 11 mM (drawn in blue),
no other initiator significantly outperforms it, rendering biacetyl the state-of-the-art
for two-color 2SA. The full name of the initiator molecules can be found in Appendix
A.1. The experiments were performed by Maximilian Bojanowski, Aleksandra Vranić,
and Vincent Hahn. The data is taken from [26, 27, 124].

for these experiments. Therefore, the comparable curve for biacetyl (shown in
orange) exhibits a threshold contrast of γ ≈ 18 under these conditions compared
to γ ≈ 60 at λ1 = 440 nm and cTEMPO = 11 mM (shown in blue, following PRA). In
both cases, biacetyl ranks among the best-performing photoinitiators, according
to the criteria stated above. Based on the threshold contrast, 1-Naphtil shows the
largest contrast of the novel photoinitiator molecules at a value of γ ≈ 28, but
the sigmoid shape starts at higher red laser powers compared to biacetyl. More
detailed discussions on how the molecular structure relates to printing results are
provided in Refs. [27, 124]. Up to now, biacetyl has remained the state-of-the-art
photoresist for two-color two-step absorption.

A way to still increase the build volume while relying on biacetyl as the photoini-
tiator is to achieve stable conditions for prolonged printing experiments. So far, the
dose accumulates during long printing times due to blue-laser-triggered radical
generation. Since preventing radical generation via the photoresist formulation
has not been successful so far, one could consider technological approaches to
mitigate proximity effects. One approach discussed in section 2.3.5 was CLIP.
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Figure 3.7: Two-color polymeriza-
tion threshold under different atmo-
spheres. The photoresist (PRB), as
well as the surrounding atmosphere
during printing, was either oxygen-
enriched or oxygen-depleted (argon-
enriched) in comparison with atmo-
spheric conditions. For the two-step
pathway, an effect of oxygen concen-
tration was observed despite the high
TEMPO concentration, unlike in the
one-step pathway at low red laser
powers. Figure adapted from [26].
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Following this, an oxygen-permeable membrane could be used as the cuvette’s
bottom window to deliver fresh oxygen to the photoresist. In LS3DP, TEMPO is,
however, considered as the primary contributor to quenching reactions since its
concentration is 10 times higher than that of oxygen at atmospheric conditions [26].
As a preliminary experiment, the two-color polymerization threshold is investi-
gated in an oxygen-enriched and an argon-enriched (therefore oxygen-depleted)
atmosphere. The experimental setting is the same as in the previous experiments.
The atmospheric conditions were altered by bubbling the photoresist with the re-
spective gas before printing, and by flushing the printing chamber during printing.
As a photoresist composition, PRB in the nomenclature of Table 3.1 was chosen,
containing the less viscous monomer trimethylolpropane triacrylate (TMPTA). The
result is shown in Figure 3.7. An enriched oxygen concentration increases the
polymerization threshold only at higher red laser powers. From this, one can
conclude that the two-color two-step process, which is the predominant path for
high red laser powers, is indeed significantly influenced by solvated oxygen. For
low red laser powers, where the two-step process is less probable, the influence
of oxygen seems less pronounced. This could be due to triplet-triplet-annihilation
processes being the dominant quenching pathway under the conditions chosen
here [26]. Therefore, the possible benefits of an oxygen-permeable membrane on
reducing proximity effects would be lowered. An improvement by CLIP-inspired
LS3DP should still not be ruled out based on these findings. Dose accumulation in
out-of-focus regions in LS3DP occurs on a time scale of seconds, but at rather low
blue-light intensities. Both are conditions not covered by the presented experiment.
However, it remained unclear whether LS3DP would benefit significantly from an
oxygen-permeable membrane. To circumvent this uncertainty, an "active" approach
rather than a "passive" membrane was chosen, implemented in a fluidics chamber
to provide a steady stream of fresh resist while printing. This will be explained in
the next section.
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3.3 A FLUIDICS CHAMBER TO M ITIGATE DOSE ACCUMULA-
TION EFFECTS

In the following, general considerations for fluidics implementations are discussed
and matched to the demands of LS3DP. The implementation developed in this
work is explained, and printing results are shown.

Design Considerations

A (micro-)fluidics chamber has already been integrated into various 3D laser print-
ing approaches, serving different purposes. In all cases, photoresist is removed
from the polymerization volume and new photoresist is delivered to this volume.
Doing so, multi-material printing can be achieved by exchanging the photoresist
while the sample is kept in place and aligned [125–127]. This approach can also
serve as a fully integrated 3D laser printing platform if the development step is car-
ried out in the same manner [125]. As an additional option, the printing substrate,
typically a glass coverslip, can be omitted by printing the desired structures into the
volume of a continuously flowing photoresist [128–130]. Therefore, no additional
translation-stage movements are necessary to access different print fields. However,
printing microscopic structures freely flowing in a liquid is only useful for a limited
number of applications, like large numbers of identical particles of often simple
shape [129, 131]. Using the fluid flow for sample positioning furthermore requires
a meticulous engineering of that movement [128].
The integration of fluidics into 3D laser printing often requires solutions specifically
designed for the setup in question [125–127, 132]. As an add-on to a commercial
two-photon polymerization system, this can be accomplished by a sealed fluidics
cell with at least one transparent window for focusing the laser beam. The liquid
can be pumped through this cell, e.g., via a pressure controller which applies an
overpressure to the resist containers [125]. A conventional glass coverslip is placed
inside the cell, and printing is conducted in a sandwich-like configuration. If print-
ing is performed in a liquid stream, microfluidic chips can also be used directly
[130]. In these cases, the fluidics cell is sealed and can be pressurized while printing.
This gets more complicated if parts of the optics or the sample need to move inside
the fluidics cell. This is the case for stereolithography and variants thereof, for
focus-scanning 3D laser printing in a dip-in configuration, and for LS3DP. Imple-
mentations have been shown where a fluidics chamber is incorporated as a sealed
cell [133], or an open chamber has been chosen [126, 127]. For the latter, care has to
be taken to maintain a steady liquid level at the liquid-to-air interface. Nowadays,
such solutions are commercially available as add-ons for 2PP printers [134].
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The Fluidics Chamber Integrated into LS3DP

Based on the overview given above, I want to describe the experimental realization
of a fluidics add-on for LS3DP developed in this work. In the presented implementa-
tion, the main objective is to continuously deliver fresh photoresist during printing
rather than achieving multi-material or continuous-flow printing. Furthermore, the
glass rod, as a printing substrate, is moved out of the photoresist container during
printing. To maintain this movement unrestricted, an open-chamber solution is
chosen. Therefore, the printing process remains unchanged, and the fluidics is
solely a reversible add-on.
The assembly of the fluidics system outside the LS3DP setup is shown in Figure 3.8.
The liquid photoresist is contained in a syringe and pumped through the system
via a syringe pump (New Era Instruments NE1010). The syringe is connected to
the printing container via tubes of 1 mm inner diameter made from fluorinated
ethylene propylene (FEP). As printing container, a 10 mm × 10 mm × 5 mm plastic
cuvette glued onto a glass coverslip is chosen. Therefore, no changes are made
compared to conventional LS3DP in this regard. As inlet and outlet ports, holes
are drilled into the sidewalls of the cuvette. Through these holes, the tubing for
inflow and outflow of the photoresist is connected to the cuvette and sealed via
UV-curing adhesive (Norland Products NOA63). To be able to clean the cuvette, the
short inlet and outlet tubings are connected to the rest of the system via standard
microfluidic connectors. The cuvette assembly is glued on an aluminum sample
holder, which is screwed to manual translation stages for positioning the cuvette
in the setup. At the outlet port, a short FEP-tube of 2.54 mm inner diameter is
connected to a microfluidic fitting. This can be linked to flexible Tygon® tubing
connected to a peristaltic pump (Ismatec REG DIG MS-2/8), which vacuums the
excess photoresist from the cuvette to maintain a steady resist level. The output of
the peristaltic pump is guided to a waste container.
It should be noted that the presented assembly meets all geometric requirements
posed by the LS3DP setup presented in section 3.1. These are further illustrated
in Figure 3.8b. Four surfaces need to be transparent and of optical quality for
transmission of the light-sheet beam, the projection beam, and for an additional
camera beam path. Further space restrictions are posed by the objective lenses and
by the multi-axis translation stage assemblies for moving the cuvette, as well as the
printing substrate.
As discussed for open microfluidic systems, the liquid level in the cuvette needs to
be controlled to avoid overfilling or emptying the cuvette during printing. Since
the typically used monomers are relatively viscous and the usable tubing diameter
is limited, spontaneous flow from the cuvette to the outflow tube is slow. For this
reason, a peristaltic pump is connected to the outlet tubing. For leveling the fluid
inside the cuvette without the need to adjust both pumps synchronously, the outlet
tubing is placed such that its opening reaches from ≈ 0.8 mm up to ≈ 3.3 mm from
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Figure 3.8: Components of the fluidics extension of LS3DP. a Photograph of all
components. The photoresist is pumped via a syringe pump to the open cuvette. To
level the liquid in the cuvette, a peristaltic pump connected to the outlet port vacuums
excess photoresist. With this, a steady photoresist flow while printing is achieved. b
Top-down photograph of the cuvette. For visualization, the light-sheet beam path and
the projection beam path (out-of-plane) are highlighted in red and blue, respectively.
c Side-view photograph of the assembly installed into the LS3DP setup. The printing
substrate is located right in front of the inlet port.

the bottom of the cuvette. If the liquid level increases above the opening, a negative
pressure is generated, and excess liquid is vacuumed from the cuvette. If the liquid
level decreases again, less liquid is vacuumed. By setting the peristaltic pump
to a sufficiently high pump rate, excess photoresist is continuously vacuumed,
maintaining a steady liquid level.

Volume Flow Rates and Linear Velocities

Further questions are, which volume flow rates and linear velocities of the pho-
toresist exchange are necessary. The print plane in LS3DP spans an area of approx-
imately 160 µm × 90 µm. Typical print jobs for a single print field take hundreds
of milliseconds. For stitching several print fields together, proximity effects and
undesired out-of-focus polymerization effects became apparent in the past. As an
example, at a linear velocity of 100 µm s−1, the resist at the print plane is exchanged
after a few print fields are stitched together, which should be sufficient for the
application.
These linear flow velocities inside the volume near the print plane are, however,
different from the flow rates in the tubing. Furthermore, boundary conditions
apply at the tube walls as well as at the cuvette’s and the substrate’s surfaces,
creating a spatially varying flow velocity profile. At these interfaces, a no-slip
boundary condition commonly applies, i.e, the liquid’s linear velocity vanishes at
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the boundary. Under this assumption, the spatial flow profile inside a circular tube
is an axis-symmetric parabola: v(r) ∝ r2.
To mathematically describe the laminar flow through a tubing of circular cross-
section further, the Hagen-Poiseuille equation can be applied [135]. This connects
the pressure difference of input and output port ∆p to the resulting volume flow
rate dV/dt. Considering the radius r and length l of the tubing as well as the
viscosity η of the liquid, the equation reads as follows:

dV
dt

=
πr4

8ηl
∆p. (3.1)

This equation holds for laminar flow. The validity of this assumption can be as-
sessed by calculating the Reynolds number, which is dependent on the liquid as
well as the tubing parameters. For light-sheet 3D printing, the monomeric molecule
dipentaerythritol hexaacrylate (DPEHA) has been mainly used so far. The viscosity
of DPEHA is rather large at ηDPEHA ≈ 6 Pa s (vendor specification), which is six
times larger compared to PETA (ηPETA ≈ 1 Pa s) [136], and 6000 times larger com-
pared to water [137]. Based on the Reynolds number, the assumption of a laminar
flow is well fulfilled for the monomers employed [138].
To connect the desired linear velocities inside the cuvette to the pressures and,
therefore, volume flow rates set to the pump, considering the special geometry of
the presented fluidics chamber, finite-element calculations are performed. These
are done using the CFD module of Comsol Multiphysics [139]. The cuvette and
the substrate are modeled in 3D with no-slip boundary conditions set. A fully-
developed, laminar flow is assumed with a flow rate set to the inlet, while the
outlet is assumed to be open, i.e., no difference pressure restricting the fluid flow.
To achieve linear velocities in the desired order of 100 µm s−1, (average) linear
velocities of approximately 6 mm s−1 should be applied to the tubing. For an
inner diameter of 1 mm, this translates to a volume flow rate of approximately
300 µL min−1. The large difference in linear velocities inside the tubing and at the
print plane is connected to the small height in between the cuvette’s bottom and the
printing substrate, where boundary conditions restrict the fluid flow. Furthermore,
the linear velocity drops as soon as the cross-section largely increases from the tube
to the cuvette. To reduce these effects, the inlet tube is placed as close as possible to
the print plane.
Taking the desired volume flow rates of 300 µL min−1 and DPEHA as the used
monomer of the highest viscosity, one can calculate the necessary pressure differ-
ences according to the Hagen-Poiseuille equation for different tubing parameters.
In all cases, one wants to keep the length of the tubing as short as possible. This not
only reduces the pressure differences needed, but it also reduces the photoresist
volume needed for initially filling the cuvette (swept volume). The tubing path
from the pump to the fluidics chamber could be shortened to around 50 cm. The
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inner diameter strongly influences the pressure differences needed for a certain vol-
ume flow rate, such that lower pressures are needed for larger diameters. However,
this increases the swept volume. Furthermore, larger diameters reduce the linear
velocity at a constant volume flow rate as the cross-sectional area changes. A trade-
off is chosen at an inner diameter of 1 mm, where standard fluidic components are
readily available. With these parameters, pressure differences of ∆p ≈ 6 bar are
needed for pumping DPEHA, whereas differences of only ∆p ≈ 1 bar are needed
for PETA. Both can be supplied by the syringe pump used.
At the outlet port, tubing of a larger diameter is used, as the linear velocities as
well as the swept volume are not of concern here. Using tubes of 2.54 mm inner
diameter and 50 cm length and taking DPEHA as an example, pressure differences
of only ∆p ≈ 0.15 bar are needed.
The total swept volume of photoresist needed is calculated as the sum of initially
filling the tubing and the cuvette prior to printing, and the total volume flowing
through the cuvette while printing. Filling the system requires around 700 µL
of photoresist. Assuming print jobs of clearly less than a minute duration, this
adds some hundreds of microliters, summing it to around 1 mL. Although this
is not negligible when trying to upscale the process to large structures, it should
be mentioned that all the components of the photoresist are rather inexpensive,
commercially available chemicals.
For printing experiments, the peristaltic pump connected to the outlet port is
always on, while the syringe pump connected to the inlet port is PC-controlled
during printing.

Printed Structures

To benchmark the effect of the fluidics extension on the LS3DP process, printing
experiments were performed with and without a continuous photoresist flow for
two different photoresist compositions. As a test structure, the benchy boat [140]
is chosen, a widespread test structure for 3D printing. In 2SA 3D printing in gen-
eral, as well as in LS3DP, printing dense structures such as the benchy boats is
particularly challenging due to pronounced dose accumulation effects arising [24,
26]. The two resist compositions used here for benchmarking LS3DP are PRA and
PRC, following the nomenclature introduced in Table 3.1. Their single difference
is the monomer, which is the less viscous monomer PETA in PRA, compared to
the more viscous monomer DPEHA in PRC. So far, only DPEHA has been exten-
sively used for LS3DP, as it has shown better printing results compared to less
viscous monomers like TMPTA. Referring to the threshold contrast introduced in
section 3.2, less viscous monomers increase the threshold contrast, judging from
focus-scanning experiments [44]. In LS3DP, higher viscosity photoresists have,
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Figure 3.9: SEM images of a series of benchy boats printed by LS3DP with and
without the fluidics addition. All inset scale bars are 50 µm long. The printing of
one boat takes 288 ms, while the printing of the fleet of 25 boats stitched together
takes 15 s. The overhead time is due to stage movements, including run-up times.
a, b Using PRC, a significant influence of the in-situ resist exchange by the fluidics
addition can be seen, achieving a constant printing quality also for rather extended
prints. c, d Using the less viscous photoresist PRA, less improvement due to the
fluidics addition is apparent. Still, a decreasing printing quality can be seen without
the fluidics addition (insets of panel c).

however, shown better performance despite the lower threshold contrast. This can
be explained by the simultaneous shift of the sigmoid-shaped curve towards over-
all lower laser powers as well as a longer intrinsic polymerization time constant,
reducing aberrations due to slower refractive index changes while printing [26]. In
combination with the fluidics add-on, less viscous photoresists offer the advantage
of achieving higher flow rates at the same pressure difference. This is why the so
far less explored photoresist PRA is added to the comparison.
SEM images of the results are shown in Figure 3.9. In all cases, 25 benchy boats
were printed sequentially, with each benchy boat covering one print field. The
printing time per benchy boat was 288 µs. The 25 boats were stitched together by
moving the sample laterally using the two voice-coil-actuated translation stages.
The total print time was 15 s, where the overhead time was due to stage movements.
In all panels of Figure 3.9, the first printed boat is shown on the top left, while
the boat printed last is shown on the bottom right. The printing was performed
row-by-row, starting on the left for all rows. The top insets show close-ups of the
boat printed first, while the bottom insets show close-ups of the boats printed last.
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Looking at panel a, which shows the printing of a highly viscous resist without
the fluidics, the quality of the printed structure decreases as the printing proceeds.
This observation is mainly attributed to material starting to polymerize inside
the cuvette in the projection beam path, which causes light scattering, rendering
printing impossible at some point. It should be noted that this is somewhat dif-
ferent from proximity effects arising close to the printed structure, eventually in
combination with an effective nonlinearity of less than two in 2SA. Still, both are
caused by dose accumulation effects, the main cause of which is a depletion of
quencher molecules, and as a consequence, a one-photon-triggered polymerization
reaction in synergistic two-color 2SA. Using the fluidics extension, the oligomers
formed by one-photon-triggered polymerization should be washed away before
forming a solid polymer. At the same time, quencher molecules are delivered again,
increasing the threshold for a one-photon-triggered polymerization.
Results with the fluidics extension are shown in Figure 3.9b, again using PRC.
The volume flow rate for this experiment was set to 300 µL min−1. It can be seen
that no noticeable degradation of the printing quality is visible for the example
of 25 benchy boats. Using the mentioned process parameters, the total number
or volume of structures printed is increased using the developed fluidics solution.
Still, it should be noted that, also in this case, polymerized material started to show
up in out-of-focus regions. This indicates that the build volume is increased but
still limited due to dose accumulation effects.
Using the less viscous monomer PETA as part of the photoresist PRA, the results
without and with the fluidics extension are shown in Figure 3.9c and d. Already
without the fluidics, a more stable printing quality can be seen across the fleet
of 25 benchy boats compared to the higher viscosity resist. Looking at the last
printed boat in the bottom inset of panel c, parts of the boat’s cabin are missing as a
potential result of light scattering at the polymerized material. This observation
is similar to PRC, where the cabin also collapsed first. The less viscous monomer
already causes less out-of-focus polymerized material, however, at the expense of
higher laser powers. With the fluidics extension, again a stable printing quality
can be seen in Figure 3.9d, while in this case no polymerized material is observed
inside the cuvette. It should be noted that the volume flow rate is increased to
900 µL min−1 for PRA.

Discussion

The fluidics extension presented could address one issue raised in chapter 3.2: the
build volume of LS3DP, which is effectively limited by the photoresist. Still, there
are two main drawbacks that will be explained in the following.
First, the resist flow during printing can cause printing artifacts itself. While for

49



3 O N A D VA N C E M E N T S F O R L I G H T- S H E E T 3 D L A S E R M I C R O P R I N T I N G

the shown example of dense structures of limited height, the benefits outweigh,
this is not the case for tall and fragile structures. If the glass rod is raised, the linear
velocity of the liquid at the printing plane increases, such that the upper parts of
the printed structure are more affected by the fluidics. This causes parts to bend
or swim away before they are properly connected to the rest of the structure. In
principle, such effects could be reduced by adjusting the flow rate while printing.
However, this not only adds further complexity but is also only partially helpful,
since the response time for adjusting the flow rate is limited.
The second drawback is connected to the no-slip boundary condition of a vanishing
linear velocity at the liquid-solid interface. This concerns the cuvette-photoresist
interfaces as well as the substrate-photoresist interface. As, due to one-photon
absorption, the undesired out-of-focus polymerization starts to build up at the
cuvette-photoresist interface, one would like to have an increased instead of de-
creased flow velocity in this region. This problem could, however, be partly solved
by a refined cuvette design in the future. A flow cell presented by Stüwe et al.
[132] features flow guiding blades and additional inlets to increase the fluid flow
near the interfaces while maintaining a flat flow profile in the volume. However,
their flow cell is on a larger scale. Additionally, the boundary condition, of course,
remains.
In summary, although the fluidics extension does not resolve the source of the
out-of-focus polymerization, it minimizes the symptoms in certain cases. How-
ever, long-term efforts to reduce one-color-triggered polymerization effects should
likewise focus on the development of improved photoresist compositions.

3.4 AN OPTICAL ELEMENT FOR POWER-EFFICIENT GENERA-
TION OF A L IGHT SHEET

As discussed in section 3.2, it is beneficial to use as high red laser powers as
available when relying on the photoresists currently at hand, since the threshold
contrast increases with the red laser power. Of course, experimental limitations are
imposed by the available laser sources at the desired wavelengths, as well as by
the maximum power transmitted through the objective lens, the cuvette, and the
glass rod. Besides efforts to develop new photoresist compositions, it is therefore
advisable to increase the power efficiency of the light-sheet beam path. This aims at
two topics: first, the transmission of the light-sheet beam path should be increased.
This can be accomplished by reducing the number of optical components. Second,
the uniformity of the light sheet at the focal plane should be increased. This means
the cross-section should closely resemble a rectangular profile, with steep edges
and a flat center. With this, the total laser power required can be reduced, as the
laser power needed is largely determined by the area of lowest intensity in the
print plane.
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Figure 3.10: Schematic of the light-sheet beam path. a Illustration of the coordinate
system as used throughout this section. b Components of the light-sheet beam path
using a Powell lens (PL). The beam path is illustrated via two projections on the
xz- as well as the yz-plane. c Components of the light-sheet beam path when using
a freeform lens (FL). Since both lateral directions are affected by the freeform lens,
no pair of cylindrical lenses is needed in this configuration. Further abbreviations
used are: spherical lens (SL), cylindrical lens (CL), and objective lens (OL). Panel a is
adapted from [44] while panels b and c are adapted from [141].

Along these lines, a freeform lens has been designed, manufactured via 3D laser
printing, and tested for its optical performance. The experimental work presented
in this section was started by the author and continued by Yvonne Schätzle in the
scope of her Master’s thesis [141], while the simulations were mainly carried out
by the author. A part of the data analysis framework is the result of a collaborative
effort by Jannis Weinacker, Sebastian Kalt, Pascal Kiefer, and the author, and is
published in [121].

Design of the Optical Element

Throughout this section, I will use the coordinate system and nomenclature of the
light-sheet span, height, and width as illustrated in Figure 3.10. The components of
the light-sheet beam path using a Powell lens, as already explained in section 3.1,
are illustrated in Figure 3.10b. Since the Powell lens has an aspheric height profile
in x-direction but no height variation in y-direction, the laser beam shape is only
affected in one dimension. Therefore, a set of cylindrical lenses is needed to shape
the beam such that a flat top profile is generated in the focal plane of the objective
lens. At the same time, a diffraction-limited focus is obtained in the orthogonal
direction at the same z-plane. Using a freeform lens with a 2D spatially varying
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height profile, no additional cylindrical lenses are needed, as indicated in Figure
3.10b. The targeted light-sheet cross-section is formed at an intermediate plane, the
focal plane of the freeform lens, and is imaged to the print plane via a spherical
lens and the objective lens. This reduces complexity, increases power efficiency,
and offers flexibility in light-sheet dimensions and profile design.
The freeform lens design process was performed separately for the height profile
in x- and y-direction. This exploited the symmetry of the problem and reduced
computational effort significantly. In x-direction, a Gaussian profile at z = 0 was
transformed into a flat-top profile at z = fFL. The profile to accomplish this was
calculated by means of an iterative angular spectrum propagation (IASP) [142–144].
Doing so, the input wave with a Gaussian amplitude profile was propagated to
the desired focal plane at fFL = 50 mm. The propagation function used assumed
a paraxial approximation. At fFL, the amplitude was exchanged with the desired
flat-top amplitude function while the phase was kept. A backpropagation was
performed, after which again the phase was kept and the amplitude was replaced
by the input Gaussian amplitude profile. After a fixed number of iterations, the
calculation was stopped. As a target profile, a continuous profile parametrized by
a higher-order Gaussian function has been found preferable to a step function. The
comparison of input, design, and output can be seen in Figure 3.11a.
To examine the full beam path in a simulative approach, one-dimensional angular
spectrum propagation simulations were performed. The results are shown in
Figure 3.11b-d. In panel b, the full beam path is shown. Please note the largely
different scales of the x- and z-axis and the saturated color scale for better visibility.
A zoom-in near the focal plane of the objective lens is shown in panel c. For LS3DP,
not only the profile at one position, but also over a distance matching the cross-
section of the projection beam path is important. In the current implementation,
this sets an area of 160 µm in x- and 90 µm in y-direction. While the freeform lens
is designed for a specified span of 160 µm, the length is not taken into account in
the design process. Still, it should be analyzed. Therefore, three cross-sections are
shown in Figure 3.11d at the positions indicated by the colored lines in panel c. A
sufficient uniformity can be seen.
In the orthogonal y-direction, the freeform lens was designed as a parabolic phase
profile with a focal length of fFL = 50 mm. Illustrations of this simulation are given
in [141]. Finally, the profiles in both lateral directions were extruded and added.

Fabrication by 3D Laser Printing

The design of the 2D optical element is shown in Figure 3.12a. The side length was
chosen to be 2.2 mm to adequately cover the outskirts of the Gaussian input profile.
Fabrication of the freeform lens was performed by means of 3D laser printing
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Figure 3.11: One-dimensional optics simulation of the designed light-sheet beam
path. a Comparison of input, design, and output. The input refers to the plane of the
freeform lens, where a Gaussian beam is incident. The design and output profile refer
to the focal plane of the freeform lens. b Full optical path consisting of the freeform
lens (FL), a spherical lens (SL), and an objective lens (OL). The intensity color scale
is drawn saturated for better visibility. c Optical path near the focal plane of the
objective lens. The colored lines indicate the desired light-sheet length of 90 µm. d
Cross-sectional views of the flat-top profiles at locations indicated by the colored lines
in panel c.

using a Nanoscribe QuantumX and the medium feature set, i.e., a 25×/NA0.8
objective lens and the photoresist IP-S. This allows for a dynamic adaptation of
the voxel size in order to achieve smooth surfaces as needed for optical elements
[83], a process called two-photon grayscale lithography (2GL). Initial fabrication
efforts were carried out by the author, while more extensive parametric sweeps
and optimizations were performed by Yvonne Schätzle [141]. There, additional
parameter sets for optimizing the printed structures are compared. The printed
structure shown in Figure 3.12b is the result of such parametric comparisons and
was printed by Yvonne Schätzle. The height profile was measured by confocal
optical microscopy. To ease the visual comparison of the height profile of the
design and the printed freeform lens, the difference between both height profiles
is depicted in Figure 3.12c. The obtained structure is the result of an iterative
pre-compensation routine in which the printing design is iteratively optimized
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Figure 3.12: Comparison of height profiles of the designed optical element and the
printed optical element. a The designed optical element. b Height profile of the 3D
laser printed optical element measured by confocal-optical microscopy. The contour
lines serve as a guide to the eye. c Difference between the height profiles shown in
panels a and b. The printed structure is the result of two pre-compensation cycles as
described in [121]. The measurements were performed by Yvonne Schätzle [141].

based on the printing results. Two of such iteration cycles were performed for the
structure shown in Figure 3.12c. The programmatic routine for pre-compensation
based on confocal-optical micrographs of the printed structure has been developed
by Jannis Weinacker, Pascal Kiefer, Sebastian Kalt, and the author as a result of
several projects on fabricating micro-optical components by 2GL. The routine is
published in Ref. [121] and is available as an open-source software tool [145].
Details on the pre-compensation routine can be found in [41, 141, 146].

Optical Performance

Finally, the optical performance of the fabricated freeform lens was investigated.
For this, the beam of the 660 nm laser source incorporated into LS3DP (see section
3.1) was guided to a dedicated characterization setup. In the focal plane of the
freeform lens, a complementary metal-oxide-semiconductor (CMOS) camera was
mounted on a motorized 1D translation stage to automatically measure slices of the
light sheet at different z-positions. Maximum intensity projections to the xz- and
yz-plane of the light-sheet generated by the freeform lens are depicted in Figure
3.13a and b. Along the x-direction, a flat-top profile is generated, while along the
y-direction, the light is focused. A 1D cut at y = z = 0 is shown in 3.13c. It can be
seen that intensity variations are still present, lowering the optical performance
of the fabricated structure compared to the simulation. Especially, a peak at the
right edge while there is a dip at the left edge lowers the uniformity across the
light-sheet span.
Comparing the presented result to the result of the implementation using a Powell
lens, the latter still yields a better uniformity. A detailed comparison, with dedi-
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Figure 3.13: Optical measurements for benchmarking the printed freeform lens.
All the measurements were performed in the focal plane of the freeform lens using a
CMOS camera and a motorized translation stage. a Maximum intensity projection to
the xz-plane. b Maximum intensity projection to the yz-plane. c Intensity cross-section
at y = z = 0. As a visual comparison, an ideal rectangular profile is shown in the
background. The measurements were performed by Yvonne Schätzle [141].

cated figures of merit introduced and compared, can be found in [141]. Therefore,
the freeform lens was not implemented into the LS3DP setup at this stage. Still,
a programmatic routine of the design and fabrication of optical elements was im-
plemented within this project. The presented approach might be of future use in
applications where commercial components are not suitable. This could be the
case due to size restrictions or if no uniform, but a differently shaped illumination
profile is desired.

3.5 CONCLUDING REMARKS

As is the case for several continuous layer-by-layer 3D printing techniques, light-
sheet 3D laser microprinting inherently aims for and achieves high printing rates
of up to 7 × 106 voxels s−1 using the setup presented here, originally built by Vin-
cent Hahn [26]. As it is also the case for several photopolymerization 3D printing
approaches, the photoresist development is as important as the development of
the apparatus. The initial development of LS3DP and the synergistic two-color
two-step-absorption photoresists are consequently linked. Following these initial
results, this chapter assessed the potential for further development of LS3DP and
two-color 2SA photoresists.
It becomes clear quickly that the photoresist is the predominant source of current
limitations. An undesired one-photon-triggered polymerization reaction is present,
leading to dose accumulation and limiting the build volume. Furthermore, high
laser intensities are needed for the second absorption step. In collaboration with
chemists, the development of novel photoresist formulations is ongoing but, un-
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fortunately, has not led to improvements so far. The main scope of this thesis is
technological development. Doing so, two main approaches have been pursued:
the implementation of a fluidics add-on to increase the build volume, and the de-
sign and fabrication of a freeform lens to generate the light sheet power-efficiently.
Using the fluidics chamber presented in section 3.3, printing is performed in a
steady stream of fresh photoresist. Therefore, oligomers are removed and quencher
molecules are delivered. This hinders dose accumulation and increases the printer’s
build volume. Still, the improvement is dependent on the structure to be printed.
While large improvements could be obtained for dense structures and viscous pho-
toresists, this was not the case for fragile structures and less viscous photoresists.
There, the fluidics addition introduced an additional complication, the parameters
of which had to be tuned to achieve sufficient printing results.
Second, a freeform lens has been designed and fabricated. With this, the number
of optical elements in the light-sheet beam path can be reduced, thereby reducing
complexity and increasing power efficiency. Furthermore, a uniform light sheet
effectively reduces the required laser power. While the optical design yields en-
couraging results, the experiment lags behind. Fabrication artifacts potentially
cause diffraction and interference effects, which easily add non-uniformities to the
desired flat-top profile. While the specific optical element was not implemented
into LS3DP, the design, as well as the iterative fabrication routine, has been proven
successful. The latter, a collaborative effort among different people and applica-
tions, is published alongside two examples of optical elements generating custom
laser focus distributions in Ref. [121].
Future efforts should primarily focus on investigating the photoresist as the un-
derlying source of its limitations. The current LS3DP approach is tailored to the
biacetyl-based photoresist. Significant improvements may only come with novel
photoresist formulations. If this were successful and dose accumulation effects
were reduced, large-scale microstructures could be fabricated in seconds without
any changes to the setup.
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4
Chapter 4

METHODOLOGY FOR
PARALLELIZING ONE-COLOR
2SA 3D LASER PRINTING

In this chapter, the attention will be drawn to one-color two-step-absorption 3D laser
nanoprinting and ways of parallelization thereof. Therefore, the target is to increase the
print speeds while still relying on a compact and cost-effective laser source and overall setup.
I will first point out why a multi-focus parallelization is a suitable method to pursue this
target, followed by a comparison of methods to implement such an approach. The worked-
out methodology will comprise dynamic multi-focus printing based on computational
holography using micromirror-based spatial light modulators. On this basis, approaches to
conduct 3D holographic focus scanning are discussed, and routines for the computation of
holograms are introduced.

57



4 M E T H O D O L O G Y F O R PA R A L L E L I Z I N G O N E - C O L O R 2 S A 3 D L A S E R
P R I N T I N G

4.1 INCREASING PRINT RATES IN TWO-STEP-ABSORPTION 3D
PRINTING

With the aim of increasing print rates and lowering print times, several possibilities
show up. When thinking of the simplest but widespread case of scanning a single
laser focus throughout the volume, print rates are increased by increasing the
focus scan velocity. Furthermore, print rates can be increased by implementing
parallelization approaches, therefore polymerizing several voxels at a time. These
include multi-focus, layer-by-layer, and volumetric 3D printing techniques. All
measures come at the expense of an increase in the necessary laser power. The
consideration of the power budget is therefore essential. For a fixed nonlinearity,
e.g., for N = 2 in the case of two-photon absorption, it is advantageous to increase
the focus scan velocity up to technological limits before implementing paralleliza-
tion approaches. This is because the necessary laser power scales linearly with the
number of voxels polymerized in parallel (K), but scales with the N-th root of the
focus scan velocity v [43]:

P ∝ K N
√

v (4.1)

Increasing the focus scan velocity and, therefore, the print rate by a factor of 100
only increases the necessary laser power by a factor of 10.
Considering two-step absorption, this argument is, however, impaired by a decreas-
ing nonlinearity for higher focus scan velocities [24]. Therefore, an upper limit is
posed to the focus scan velocity as well as the print rates for single-focus scanning.
Connected to the focus scan velocity is the exposure time per voxel. From rate-
equation calculations of a three-level system, as introduced in section 2.3, it can be
shown that the exposure time texp should remain well above the intermediate state
lifetime τ to maintain a nonlinear photoinitiation [44]. This condition should still be
treated with caution, since the nonlinearity varies gradually and no single-valued
upper bound can be stated. It is nonetheless vital to be aware of the magnitudes
involved: Taking an intermediate-state lifetime of τ ≈ 80 µs for a benzil-based
photoresist, a transition from a nonlinear to a linear relationship is present for focus
scan velocities in the order of hundreds of micrometers per second [24]. This fits the
typically used focus scan velocities for benzil-based photoresists of v = 1 mm s−1

[24, 25, 27] and the maximum used focus scan velocities of v = 4 mm s−1 [24].
Increasing the focus scan velocity above these values could be done by decreas-
ing the intermediate-state lifetime. When sticking to benzil as the photoinitiator,
this can be achieved by increasing the concentration of the quencher molecules.
However, the typically used concentrations of up to 50 mM are already near the
solubility limit of BTPOS in PETA. Therefore, no large improvements can be ex-
pected unless significant efforts are made to develop completely novel photoresist
formulations.
For 2SA 3D printing, parallelization approaches are consequently an advisable
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route to increase print rates since physical and chemical limits are reached before
reaching technological limits of single focus scanning. Furthermore, 2SA starts
with the inherent advantage of drastically reduced laser powers compared to 2PP.
For a competitive 3D printing approach, this advantage should also be kept for a
parallelized printing approach, which therefore should still rely on compact cw
laser sources.

4.2 BEAM-SPLITTING AND BEAM-STEERING APPROACHES

Parallelized 3D laser printing, as discussed in this work, refers to the simultaneous
polymerization of more than one voxel. This comprises multiple distinct voxels as
well as dense patterns, as in layer-by-layer approaches. However, printing dense
patterns simultaneously significantly lowers the resolution along the optical axis, as
outlined in section 2.2. Different approaches circumvent this issue by introducing
a highly absorbing one-photon-absorption photoresist, such as stereolithography
and variants thereof [95, 109], or by introducing a synergistic two-color photoresist,
such as LS3DP [26, 47]. When using one-color 2SA, a multi-focus parallelization is
advantageous over a layer-by-layer approach, as it maintains the complete freedom
to print the desired structures. Therefore, this section aims to compare different
beam-splitting and beam-steering approaches for multi-focus 3D laser printing in
the context of two-step absorption.

4.2.1 Static vs. Dynamic Approaches

The first design choice is between a static and a dynamic beam-splitting and beam-
steering approach. In static approaches, a fixed multi-focus pattern is generated
and scanned across the print field while the positions of the foci remain constant
with respect to each other. In a dynamic approach, the focus pattern is changed
during printing. A visual illustration of these two different approaches is shown
in Figure 4.1. This further implies that static approaches typically require two
separate components for beam splitting and beam steering. In a dynamic approach,
beam splitting and beam steering are often combined into a single device.
Static multi-focus patterns can be created by diffractive optical elements (DOEs) [29,
148], refractive multi-lens arrays [149, 150], or a combination thereof [84]. Doing so,
beam splitting at high laser power efficiencies above 90 % is possible [41, 44]. The
beam splitting, however, has to be combined with separate devices, such as gal-
vanometric mirrors [29, 84], polygon scanners [151], or electro- or acousto-optical
deflectors [152], for beam scanning. This approach reaches its full advantage for
highly power-critical applications, like multi-focus multi-photon 3D laser printing
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a    Static multi-focus scanning b    Dynamic multi-focus scanning
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Figure 4.1: Illustration of static and dynamic multi-focus scanning approaches. a In
a static approach, a fixed focus array is scanned across the print plane. b In a dynamic
approach, the focus pattern is changed during printing at a certain refresh rate. Using
dynamic approaches, the beam splitting and beam steering can be accomplished by a
single device. The differently colored cones illustrate focus positions at different times
t. Figure adapted from [147].

[84], where the fabrication of many identical particles or large periodic structures
is targeted. When aiming at non-periodic structures, the benefit of a static beam-
splitting approach is lower compared to a dynamic approach.
Using dynamic approaches, the focus pattern can change in the number and the
individual position of each focus at a certain refresh rate during printing. Often, the
intensity of each laser focus can be controlled as well. For non-periodic structures,
the multi-focus parallelization maintains its advantage in printing rates. At the
same time, a static approach needs to be restricted to a single focus in such cases,
lowering its parallelization advantage. However, for combined dynamic beam
splitting and beam steering, active electro-optical devices are necessary, which
often entail lower power efficiency than, e.g., specifically tailored DOEs [41, 44].
Considering the application of two-step absorption, low single-focus laser pow-
ers well below 1 mW are typically used. This reduces the priority of the power
efficiency consideration. More importantly, 2SA is best suited for 3D printing
relatively small volumes exhibiting high spatial resolution. Furthermore, the usage
of compact cw laser sources allows for compact implementations of the whole
setup. For these reasons, a dynamic approach is chosen, enabling print speed gains
for almost arbitrary structures in a setup that combines beam splitting and beam
steering into a single device.
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a    Projection configuration

c    Holographic configuration

b    Projection configuration

d    Holographic configuration

Figure 4.2: Schematic comparison of the direct imaging of a dynamic mask (pro-
jection configuration) and a diffractive beam-splitting approach (holographic con-
figuration). a For dense patterns, a considerable fraction of the light incident on
the dynamic mask is transmitted. b For sparse patterns, only a small fraction is
transmitted, rendering the power efficiency very low. Note that in a 3D printing
application, the mask would be imaged and demagnified via, e.g., two lenses, which
are not shown for simplicity. c Diffractive beam splitting considering dense patterns.
d Diffractive beam splitting considering sparse patterns. The power efficiency is much
less dependent on the pattern’s fill factor. Figure adapted from [147].

4.2.2 Projection vs. Holographic Configuration

The next consideration is the implementation of a dynamic multi-focus printing
approach. Among the simplest, straightforward implementations is the direct
imaging of a display to the print plane. This projection configuration is schemat-
ically illustrated in Figure 4.2a and b for the two cases of a dense and a sparse
2D pattern. The display acts as a dynamic mask, transmitting only certain areas
while blocking the rest of the laser beam. It becomes immediately apparent that the
power efficiency can be very low, especially in the case of sparse multi-focus distri-
butions. Consider the example of a display of 106 pixels and a target distribution of
10 foci. The power efficiency is as low as 10−5, since each pixel corresponds to one
focus. Even when grouping, e.g., 10 pixels to one focus, the power efficiency is only
10−4. Despite the higher power budget in 2SA due to the availability of cw laser
sources, such low power efficiencies would require watt-class lasers, contradicting
the overall goal of compact and affordable 3D laser printers using 2SA.
An alternative is to place a spatial light modulating device in the Fourier plane of a
microscope objective lens [80, 94, 153–156]. In the context of this work, I will refer

61



4 M E T H O D O L O G Y F O R PA R A L L E L I Z I N G O N E - C O L O R 2 S A 3 D L A S E R
P R I N T I N G

to this approach as a holographic configuration. A certain (dynamic) diffractive
optical element modulates the amplitude and/or phase of the light such that the
desired intensity pattern is created in the focal plane of a Fourier-transforming lens.
This is schematically illustrated in Figure 4.2c and d. It is important to note that,
in this configuration, the transmission of light through the modulating device is
largely independent of the target pattern’s fill factor. This is especially favorable
for sparse patterns, as considered in this work.
The power efficiency of the holographic configuration, however, is directly linked
to the modulation principle employed. This connects to the choice of modulating
device: amplitude-only, phase-only, or combined phase-and-amplitude modulators
at different modulation depths (i.e., different numbers of addressable levels). In all
cases, the power efficiency is higher than the simple numerical example for direct
imaging, so a holographic configuration for dynamic beam splitting is chosen.

4.2.3 The Choice of the Device

Widespread commercially available devices for spatial light modulation include
liquid-crystal-on-silicon spatial light modulators (LC-SLMs) and digital micromir-
ror devices (DMDs) [157]. A schematic comparison of their operation principles is
depicted in Figure 4.3a and b.
The active component of LC-SLMs is a layer of liquid crystal molecules. These are
embedded between a transparent front window and pixelated electrodes, conve-
niently manufactured on a complementary metal-oxide-semiconductor (CMOS)
processed substrate. Liquid crystals are anisotropic molecules that align in a single
preferred direction when no voltage is applied to the electrodes. Applying a voltage
changes the orientation of the liquid crystal molecules and thus the refractive index
of the cell. This changes the optical path length, and a spatially varying phase delay
is applied. Therefore, LC-SLMs can operate as multi-level phase-only modulators.
DMDs consist of an array of movable aluminum micromirrors, mounted on actua-
tor electronics, and integrated into a CMOS process. They are therefore considered
a micro-electro-mechanical system (MEMS). Applying voltages to the actuator
electrodes generates electrostatic forces, thereby causing the micromirror to move.
A single DMD cell is a multi-layered device comprising hinges and support posts
to achieve fast, reliable movements. Typically, the micromirrors switch between
two distinct states. Therefore, light reflected from the micromirrors is directed in
only two separate directions, rendering the DMD a binary amplitude modulator.
These two configurations are considered the "on" and the "off" states. DMDs find
widespread commercial applications in projectors, projection-based 3D printing,
and the automotive industry [158, 159].
In addition to these standard devices, a new class of devices is emerging that builds
on the DMD’s principle of movable micromirrors as well as on its manufacturing
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Figure 4.3: Illustration of the operation principle of LC-SLMs, DMDs, and PLMs.
a The active layer of an LC-SLM consists of liquid crystal molecules sandwiched
between electrodes. When a voltage is applied, the molecular orientation changes,
altering the refractive index and thereby inducing phase modulation. b DMDs consist
of a layer of movable aluminum micromirrors, which can be switched via electrostatic
forces between two states, where light is reflected in two separate directions. DMDs
are, therefore, binary amplitude modulators. c Micromirror-based phase light modu-
lators allow for switching each individual micromirror between typically 16 different
height levels while remaining flat with respect to the substrate. They therefore allow
for phase-only modulation of the reflected light by spatially varying the phase delay.

process [160]. These are micromirror-based phase light modulators, synonymously
also called piston-mode phase light modulators or PLMs in short. As the name
implies, these devices offer phase-only modulation. This is achieved by driving the
micromirrors to different height levels while remaining flat with respect to the sub-
strate surface. Therefore, a spatially varying phase difference and thus a wavefront
modulation is achieved. The operation principle is further illustrated in Figure 4.3c.
However, at the time the research was conducted, PLMs were not commercially
available. Only lately, pre-production and therefore prototype devices became
available [161]. As such, some sacrifices regarding the device quality stemming
from not fully matured manufacturing processes have to be made when working
with these devices. These include the mirror flatness, therefore surface quality,
the height level accuracy, as well as the achievable refresh rates and switching
times [161, 162]. All of these current caveats are, however, subject to potential
improvements in the future.

Considering the application of a dynamic holographic beam splitting, several pa-
rameters have to be taken into account to choose the best-suited device. These
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include the modulation rate, the laser power efficiency, the pixel size and number,
as well as the device cost.
LC-SLMs are typically operated at refresh rates of 60 Hz or 120 Hz as these are
standard refresh rates for projectors and displays [163, 164]. The limiting factor
of an LC-SLM is, however, the time it takes the liquid crystal molecules to rear-
range. These response times are typically in the range of 10 ms down to 0.6 ms
for high-end devices, which translates to refresh rates of up to 1400 Hz [165–167].
DMDs in projector applications are also often linked to refresh rates of 60 Hz or
120 Hz [158]. However, the micromirror switching rates are significantly higher
since a grayscale amplitude modulation, as needed for projector applications, is
provided by a time-averaged on-off movement. At a typical modulation depth of
24 bit, the micromirror switching rate is already in the kilohertz range in consumer
products. The minimum time it takes a micromirror to move and settle is around
10 µs [168]. Since the micromirrors are only driven between two end-positions
restricted by physical barriers and no "free-floating" state has to be addressed, these
move and settling times are significantly smaller compared to LC-SLMs. Current
high-end DMD devices operate at modulation rates of up to 32 kHz [169]. DMDs
in the mid-range as well as in the high-end segment can therefore be considered
as being faster than LC-SLMs by a factor of ≈ 20. For PLMs, as the technology
is not fully developed yet and different "free-floating" height levels have to be
reliably addressed, the modulation rates are currently lower compared to DMDs
with maximum modulation rates of up to 5.6 kHz and typical modulation rates
of 1440 Hz using a video input [161]. Still, PLMs already operate at higher rates
compared to LC-SLMs.
When comparing laser power efficiency, two factors must be considered: the device
efficiency and the hologram efficiency. The device efficiency accounts for absorp-
tion, reflection, and diffraction losses within the device itself and is therefore largely
dependent on the wavelength used. The main contribution for LC-SLMs at 405 nm
is absorption, while the main contribution for DMDs and PLMs is diffraction [157],
which will be discussed in more detail in section 5.1.2 and 6.2. The hologram
efficiency shows further differences: LC-SLMs and PLMs, as phase-only modula-
tors, can directly display multi-level phase holograms, with theoretical hologram
efficiencies of 98.7 % assuming 16-level phase-only modulation [170]. For binary
amplitude-modulating DMDs, the restriction to an "on" or "off" state significantly
reduces hologram efficiency by introducing a strong zeroth-order component that
must be blocked. The hologram efficiency is therefore only 10.1 % at maximum
[170, 171].
Other parameters, such as pixel size and number, are comparable, with typical
pixel numbers in the order of 106 and pixel sizes of 10 µm or less. The device cost
favors the DMD, with complete modules priced around 1000e and single DMD
chips priced at only 200e or less [158]. While current PLM pre-production devices
have a higher price tag of around 2500e, they are still considered cheaper than
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Table 4.1: Comparison of LC-SLMs, DMDs, and PLMs considering print rates
in dynamic multi-focus 3D printing based on two-step absorption. Quantities
following an arrow are derived from other quantities given in the table. Devices in the
mid-range segment are assumed with the efficiency values averaged across different
devices [158, 163, 165]. The hologram efficiency assumed the theoretical maximum
based on the modulation depth [170]. In all cases, a video input with therefore rather
low modulation rates is assumed. The polymerization threshold refers to a one-color
2SA resist containing benzil and BTPOS dissolved in PETA, measured at 405 nm laser
wavelength (PR1 in Ref. [24]). In the last row, the printing of a structure with a fill
factor (FF) of 20 % across the print field is assumed.

LC-SLM DMD PLM

device efficiency 80 % 40 % 70 %
hologram efficiency 98.7 % 10.1 % 98.7 %
→ combined efficiency 79 % 4 % 69 %
modulation rate 60 Hz 1440 Hz 1440 Hz
→ exposure time 16.7 ms 0.6 ms 0.6 ms
polymerization threshold 40 µW 200 µW 200 µW
→ # parallel voxels (400 mW laser source) 7896 80 1382
→ voxel distance (across 104 µm2) 1.1 µm 12.5 µm 2.7 µm
→ # parallel voxels at dmin 1111 80 1111
→ # voxels s−1 at dmin 0.67 × 105 1.15 × 105 1.6 × 106

→ # voxels s−1 at dmin and FF = 20 % 0.13 × 105 1.15 × 105 3.2 × 105

typical LC-SLM devices [172, 173].
As a summary of the above comparison, micromirror-based devices such as wide-
spread DMDs and emerging PLMs provide higher modulation rates while being
less power efficient compared to LC-SLMs. For multi-focus 2SA 3D printing, this
implies that using DMDs, a lower number of voxels can be polymerized in parallel,
while patterns can be changed faster. An approximate numeric example comparing
the different devices is given in Table 4.1. In all cases of LC-SLMs, DMDs, and
PLMs, the exposure time assumed is still well above the intermediate state lifetime
of 2SA photoinitiator molecules, as discussed in section 2.3.3. When distributing a
larger number of voxels across a given area, the distance between them becomes
smaller. If the distance gets too small, interference effects lower the print quality
significantly [29, 80, 174, 175]. For the numbers given in Table 4.1, a minimum
distance between neighboring voxels of dmin = 3 µm is assumed to circumvent
detrimental interference effects. Furthermore, considering that 2SA is best suited
for structures of small filling factors, the number of voxels polymerized in parallel
is significantly reduced compared to the maximum. Although not an inherent
property of the device, this fact significantly reduces the maximum achievable print
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rate with LC-SLMs, leading to the selection of micromirror-based devices for the
presented application.
Two versions of a 3D laser nanoprinting setup are designed, built, and evalu-
ated in the scope of this thesis. The first version, presented in chapter 5, uses an
off-the-shelf available DMD for dynamic multi-focus printing. Based on the knowl-
edge gained in this project and driven by the recent availability of pre-production
devices, a second version is developed using a PLM and presented in chapter 6.

4.3 MULTI-FOCUS HOLOGRAPHIC LASER BEAM SCANNING

With the introduction of the holographic configuration based on micromirror
devices, as worked out in the last section, the following will capture the calculation
of the holographic patterns to be displayed on the device. In all cases, a 2D phase or
amplitude pattern must be calculated to generate the desired multi-focus intensity
distribution in the print volume. The primary target of this work is multi-focus
3D printing within a single plane, which can also be scanned in the axial direction
via the holograms. Holograms generating continuous and/or volumetric intensity
distributions are possible and can be exploited for "single-shot" 3D laser printing
[116, 176], but will not be explained in detail in this section. Still, the same concepts
of course also apply in this case. For the sake of simplicity, I want to split the
discussion into several parts, comprising first 3D single focus scanning, which will
be expanded to holographic multi-focus generation afterward.

4.3.1 3D Holographic Focus Scanning

In the most abstract configuration, the phase at the entrance pupil of the objective
lens is assumed to be flat when no adaptive optical device is incorporated, and
to be modulated by the adaptive optical device. This modulation should cause a
focus to be deflected from the nominal focus point and positioned at predefined
locations of the image volume. The basic geometry is illustrated in Figure 4.4a with
the adaptive optical elements not altering the phase. Thus, the light gets focused to
the nominal focus. Please note that the length scales are not to scale in this sketch.
In a practical implementation, the adaptive optical device, which is a DMD or PLM
in the present work, cannot be placed right in the entrance pupil of the objective
lens, but can be relayed to this plane via two additional lenses.
For laterally shifting the focal spot in the image plane, a linear phase ramp has to
be applied across the pupil plane. This adds a transverse spatial frequency to the
wavefront. In other words, the wavefront gets tilted. This wavefront tilt translates
into a lateral shift in the focal plane of the objective lens. Figure 4.4b illustrates this
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adaptive 

optical element

pupil plane image plane
a

b c

objective lens
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∆z
∆x
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nominal focus

Figure 4.4: Sketch of the basic principle of holographic beam steering in the image
plane via a phase modulation in the pupil plane. a If no phase modulation is applied,
the light is directed to the nominal focus position on the optical axis. b When applying
a linear phase ramp, light is deflected away from the optical axis, resulting in a lateral
shift ∆x. c When applying a curved defocus phase, the focal position is shifted along
the optical axis, resulting in an axial shift ∆z. Note that the distances and angles are
not to scale. Furthermore, a real high-NA objective lens is a multi-lens device with the
pupil plane located within it, which is omitted for clarity. Adapted from [177] with
permission (© 2013 Informa UK Limited).

situation in a 1D case, shifting the focus laterally by ∆x. The phase profile φ(xP, yP)
to apply at the pupil plane to achieve lateral displacements of ∆x and ∆y in the
image plane reads as

φ(xP, yP) =
2π

λ fObj
(xP∆x + yP∆y) . (4.2)

Here, the focal length fObj refers to the effective focal length of the objective lens
and can be obtained by dividing the focal length of the standard tube lens of
the objective lens manufacturer by the nominal magnification. For the case of a
100× Leica objective lens with a tube lens standard of fTL = 200 mm this leads to:
fObj = 200 mm/100 = 2 mm.
For axial scanning of the focal position, a curved defocus phase must be applied.
This is schematically illustrated in Figure 4.4c. However, care must be taken in the
case of a high numerical aperture [178–180], as is typically employed in 3D laser
nanoprinting. In this case, the phase profile can be derived from the optical path
length difference of spherical waves emitted from the nominal focus and spherical
waves emitted from the shifted focus [181, 182]. Considering a geometry fulfilling
the sine condition, the path difference of each, the nominal focus, and the shifted
focus, to the same point on the reference sphere needs to be calculated. From the
path difference at the reference sphere and by invoking the sine condition, the
phase profile in the pupil plane can be calculated. A detailed derivation can be
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Figure 4.5: Calculation of focus position shifts for different phase patterns applied.
a A converging defocus phase according to equation 4.3 is applied. No additional
linear phase ramp, therefore no tip/tilt phase is applied. The axial focus shift is set
to ∆z = −8 µm. The optical system assumes a Leica 100×/NA1.4 objective lens, a
wavelength of λ = 405 nm, and a Gaussian amplitude distribution at the pupil plane.
b Applying a diverging phase, the focus is shifted further away from the objective
lens. c With the defocus phase of panel b and an additional tip/tilt phase, the focus is
shifted laterally by ∆x = 5 µm in addition to the axial shift.
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found in Ref. [181]. Under the further assumption of small focus shifts compared
to the objective lens’s focal length, the phase profile to be applied at the pupil plane
to shift the focus position axially by ∆z in the image plane then reads as [181]

φ(xP, yP) = −2πn
λ

∆z

√√√√1 −
x2

P + y2
P

f 2
Objn

2
. (4.3)

n is the refractive index of the immersion medium, when present.
Simulations to illustrate the above formulas are shown in Figure 4.5. There, a
pure phase modulation in the entrance pupil of an objective lens (100×/NA1.4)
is assumed. Therefore, the entrance pupil radius calculates to fObj · NA = 2 mm ·
1.4 = 2.8 mm, to which the phase and amplitude are restricted. The scalar field
at the nominal focal plane is obtained via a Fourier transform. Planes above
and beneath the focal plane are calculated via an angular spectrum propagation,
without assuming a paraxial approximation [179]. In Figure 4.5a, no phase ramp
is applied, but a converging defocus phase according to equation 4.3. Therefore,
the focus shifts towards the objective lens (negative z-values) while maintaining
its diffraction-limited shape. The opposite is illustrated in Figure 4.5b, where the
distance of the focus from the objective lens is increased by applying a diverging
phase profile. In Figure 4.5c, this is combined with a linear phase ramp deflecting
the focus in x-direction, in addition to the shift in axial direction. In all cases, the
shifts are small compared to the focal length of the objective lens so that the above
formulas can be applied and a diffraction-limited focus is maintained. In reality,
the adaptive optical element introduces further limitations, which are discussed in
detail in Ref. [177] and which will be briefly addressed in section 5.1.4.
The formulas above are given in Cartesian coordinates and assuming real-world
length scales, as these are conveniently matched to the pixel dimensions of adaptive
optical devices and, of course, to the experiment. Often the defocus phase is given
using a normalized pupil radius ρ with ρ2 = (x2 + y2)/( f 2

ObjNA2). Applying this
and the definition NA = n sin α, with the maximum acceptance angle α of the
objective lens, the defocus phase reads as [180]

φ(ρ) = −2πn
λ

∆z
√

1 − ρ2 sin2 α. (4.4)

A Taylor expansion assuming small ρ sin α, therefore lower numerical apertures,
can be calculated:

φ(ρ) ≈ −2πn
λ

∆z
(

1 − 1
2

ρ2 sin2 α − 1
8

ρ4 sin4 α − 1
16

ρ6 sin6 α − O(ρ8)

)
(4.5)

With this, it can be seen that the focus quality is reduced by introducing spherical
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Figure 4.6: Focus calculations when applying axial shifts according to equation
4.5. In all panels, the focal position is shifted axially by approximately 8 µm. The
same optical setup as in Figure 4.5 applies. In panel a, terms up to the ρ2-order are
considered. Spherical aberrations show up in the focus calculation for this case. In
panels b and c, terms up to the ρ6- and ρ10-order are considered, such that spherical
aberration effects are reduced. In panel d, equation 4.3 is considered as a comparison
with no approximation applied.

aberrations when relying on only the quadratic phase term, as it is often done [80,
153, 183]. These aberrations have a greater effect for larger numerical apertures and
increasing focus shifts. An axially shifted focus, when taking the approximation of
equation 4.5 up to different polynomial orders, is shown in Figure 4.6. In panel a,
only the quadratic term is incorporated, leading to clear spherical aberrations and a
reduction of the maximum intensity, which is shown normalized to the non-shifted
case. In Figure 4.6b, terms up to the order of ρ6 are taken into account, while
in Figure 4.6c, terms up to the order of ρ10 are considered. In panel d, the non-
approximated case is shown. When increasing the polynomial order, the aberration
effects are reduced.
The calculations shown assume a perfectly aplanatic, aberration-free optical system
and make no restrictions on the phase response of the phase modulating device. In
the experiment, however, additional aberrations are inevitably introduced. These
originate from non-ideal optical components, imperfections of the phase modula-
tor, and refractive-index mismatches of the different materials close to the print
plane. Since it is cumbersome to model all of these effects, a more pragmatic,
system-adapted approach is chosen in the experiment to achieve a sufficient quality,
especially while axially scanning the focus. In doing so, the axial phase mask is
expressed as a weighted sum of Zernike polynomials. The coefficients are opti-
mized empirically to maximize the focal intensity at the desired axial position. This
strategy provides a flexible basis that approximates the ideal high-NA defocus
phase and compensates for system-specific aberrations. Experimental results of
this approach are presented in section 6.2.4.

The above description of steering one focus to the desired location can be further ex-
panded to multiple foci. To do so, the complex fields containing the phase patterns
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of each deflected focus are added, and the phase of the resulting field is extracted:

φ = arg

(
∑

i
Ai exp(iφi)

)
(4.6)

For each focus i, the relative amplitude can be controlled by the weight factor
Ai. This direct method for the calculation of holograms generating multi-focus
patterns is often referred to as the superposition of gratings and lenses method [184,
185]. Although simple and straightforward, this approach may result in limited
uniformity of the foci in the image plane and unwanted ghost foci, thereby limiting
diffraction efficiency. This is especially the case for highly symmetric patterns, like
periodic focus arrays [185]. In these cases, iterative phase retrieval algorithms are
used to refine the phase pattern.

4.3.2 Phase Retrieval Algorithms for Hologram Calculation

To calculate the phase hologram of a multi-focus pattern, the desired intensity
distribution is given as the input. The task is therefore to recover the unknown
phase of a complex optical field when only intensity information is available. For
this purpose, iterative phase retrieval algorithms such as the Gerchberg-Saxton (GS)
algorithm can be used [186]. The general implementation serving the calculation
of phase holograms is illustrated in Figure 4.7, when following the red arrow on
the left side. Starting at the top left, the calculation is initialized by setting the
complex-valued optical field uin = Ain exp(iφin). If known, the amplitude can be
initialized with the experimentally present amplitude profile. In practice, mostly
the distinction between a Gaussian and a uniform illumination profile is made. The
phase pattern is mostly initialized to be random, but can be optimized for specific
target patterns [187]. Via a Fourier transform, the optical field is propagated to
the Fourier or image plane at which the desired pattern should be created. While
the phase information is kept, the amplitude is replaced by the target amplitude.
When performing an optional weighting step, the target amplitude is modified
depending on the ratio of the present and the target amplitude. If doing so, the
whole algorithm is often referred to as a weighted Gerchberg-Saxton algorithm
[184]. In the next step, the optical field is back-propagated to the hologram plane
via an inverse Fourier transform. If the quality of the amplitude at the image
plane (Aout) is sufficient, the phase at the hologram plane (φH) can be taken as the
holographic pattern, and the calculation stops. If this is not the case, an iterative
procedure starts, where again the phase is guided through while the amplitude is
replaced by the original input amplitude.
The briefly introduced Gerchberg-Saxton algorithm is one of the most common
routines for designing computer-generated holograms. In the present work, it has
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Figure 4.7: Schematic of a weighted Gerchberg-Saxton algorithm, which is one
representative of iterative phase retrieval algorithms. The algorithm starts at the top
left with an input amplitude Ain and phase φin, of which the phase can be random, and
the amplitude resembles the experimental conditions. Following a Fourier transform
(FT) to the image plane, the amplitude Aout is compared with the target amplitude
AT, and weight factors are set accordingly. The phase φout is kept. An inverse Fourier
transform (IFT) back to the hologram plane follows. The phase φH at this plane
corresponds to the holographic pattern. In one implementation, following the red
arrow, the phase is always guided through, and binarization to amplitude holograms
is performed outside the loop [184]. In another implementation, following the green
arrow, a binarization step to obtain binary amplitude holograms is performed within
the loop [183, 188].

been used to design multi-focus arrays primarily used for alignment and evalua-
tion purposes of the experimental setup, as, e.g., shown in sections 5.1.5 and 6.2.4.
When calculating the holograms for printing 3D structures, not only the quality
of the holographic pattern, but also the computational time is of concern. The 3D
structures to be printed consist of up to 105 holograms, which must be calculated
before printing. Conveniently, structures with the most distinct exposure steps
are consequently printed using the fewest foci in parallel. This gets down to one
focus in a single-focus mode, mimicking conventional single-focus scanning. In
this case, the holographic pattern is again a phase ramp, deflecting this one spot as
introduced at the beginning of this section. For a small number of foci per pattern,
the iterative refinement is not essential to achieve sufficient focus uniformity. This
is especially the case for, already slightly, non-periodic arrangements of multiple
foci [185], which is the dominant situation for the multi-focus prints performed.
The number of iterations can therefore be drastically reduced to a direct calcula-
tion, as schematically shown in Figure 4.8. This approach essentially yields the
same quality of the focus patterns as the calculation presented in section 4.3.1.
In fact, the inverse Fourier transform performed with discrete spots, therefore
delta-function-like targets, yields a superposition of phase ramps as previously
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Figure 4.8: Schematic of a sim-
plified hologram calculation rou-
tine. Starting from the tar-
get amplitude AT, an inverse
Fourier transform (IFT) is per-
formed to get the phase holo-
gram φH, which can be further
binarized to an amplitude holo-
gram afterward. This approach
is computationally less expensive
compared to an iterative one, but
at the expense of focus unifor-
mity and diffraction efficiency.

introduced. However, it should be noted that the IFT-based calculation restricts
the addressable focus positions to the grid discretization in the image plane. Still,
this direct calculation approach is used for most of the 3D printing experiments in
this work, since it is conveniently implemented alongside the iterative calculation.
Optimized calculation approaches better adapted to specific needs, whether to
reduce computational time or improve focus uniformity, could be implemented in
the future.

4.3.3 Discretization to Binary Amplitude Holograms

This general description holds true for calculating phase holograms, which can be
displayed on LC-SLMs, PLMs, or transferred to a height profile and manufactured
as DOEs. Using a DMD, a binary amplitude modulation has to be applied. To do so,
the phase modulation needs to be encoded into a binary amplitude pattern. This
can be done within the iterative GS algorithm, where a binarization step can be
introduced, as indicated via the green arrow path in Figure 4.7. Alternatively, the
transformation of a phase hologram to an amplitude hologram can be done after
the calculation of the phase hologram is finalized. To do so, the phase hologram is
transformed to a binary amplitude hologram by calculating [153]

H(xH, yH) =
1
2
+

1
2

sign
(

cos
(

2π

λ f
(xH∆x + yH∆y) + φH(xH, yH)

))
. (4.7)

This binarization is often referred to as the Lee hologram encoding [80, 153, 189].
Spatial coordinates xH and yH refer to the hologram plane, such that φH(x, y) is
the phase hologram to be displayed. ∆x and ∆y add lateral shifts in the image
plane and therefore deflect the generated pattern off-center as the optical axis is
obstructed by a large zeroth-order contribution. This can, however, also be accom-
plished by designing the target amplitude distribution to be off-center, such that the
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additional phase ramp can be ignored in this case. The sign-function outputs either
+1 or −1, depending on its argument being either positive or negative. Therefore,
the final binary amplitude hologram H(xH, yH) can only take values of either 1 or
0, translating to the micromirrors being either in the "on" or "off" state.
Coming along with binary amplitude holography is a limited diffraction efficiency
and, therefore, laser power efficiency of the entire 3D printing approach. For a
binary amplitude grating of 50 % duty cycle, a maximum of 1/π2 ≈ 10.1 % of the
incident laser power is diffracted into the, e.g., +1st diffraction order [171, 189, 190].
To set this into comparison to phase holography: There, a binary phase hologram al-
ready allows for 4/π2 ≈ 40.5 % power efficiency. For multi-level phase holograms,
this theoretical efficiency quickly rises and approaches 98.7 % for a 16-level phase
hologram [170]. Clearly, applying binary amplitude holograms drastically limits
the laser power efficiency. However, this limitation was already taken into account
in the discussion about beam splitting and beam steering approaches outlined in
section 4.2.

The methodology described in this chapter aimed at setting the framework for the
experimental setup design and setup evaluation, which will be explained in the up-
coming two chapters in more detail. In chapter 5, a first version of the setup based
on commercially available DMDs and therefore binary amplitude holography is
presented. Following this, chapter 6 discusses a second version of a 3D printing
setup using micromirror-based phase-only modulators and their adaptation for
2SA 3D laser nanoprinting.
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5
Chapter 5

A DMD-BASED SETUP FOR
DYNAMIC MULTI-FOCUS 2SA
3D LASER PRINTING

With the framework of parallelizing one-color two-step-absorption 3D laser nanoprint-
ing set, this chapter will discuss the experimental implementation of the aforementioned
approach. In doing so, I will present the development rationale and the experimental
realization of the 3D printing setup. This primarily covers the peculiarities in trying to
perform holographic beam-splitting and beam-steering using digital micromirror devices for
3D printing. The printing performance is benchmarked by printing several test structures.
This is followed by a section on spatiotemporal proximity effects, the consideration of which
is important to optimize 2SA 3D printing results, and which is an application where the
presented approach provided further understanding of the 2SA 3D printing process. The
results presented in this chapter were already published in [96].
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Figure 5.1: Scheme of the optical setup built
for parallelized one-color two-step-absorption
3D laser nanoprinting. The light emitted
from a diode laser (Toptica IBeam smart) is ex-
panded to fill the entrance pupil of a refrac-
tive beam homogenizer (AdlOptica πShaper
6-6). From there, the laser beam is further ex-
panded towards a diffraction grating, incorpo-
rated into the beam path to pre-compensate an-
gular dispersion effects introduced by the DMD.
The beam is then imaged to a DMD (Texas
Instruments DLP4500) onto which computer-
generated holograms are displayed. In the fo-
cal plane of lens L7, the desired multi-focus
distribution is generated alongside a zeroth or-
der, which is blocked by an aperture. The focus
distribution is imaged and demagnified to the
print plane via lens L8 and a microscope objec-
tive lens (Leica 100×/NA1.4-0.7). The dashed
line indicates a coordinate system flip. Beam
splitting and steering are solely done via the
DMD in a holographic configuration. Slicing of
the print is performed via a piezoelectric stage
(PI Q-545.140). For in-situ monitoring of the
printing process, the sample is illuminated by a
red-light LED and imaged to a camera sensor.
The scheme is not to scale and adapted from
[96] under CC BY 4.0.
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5.1 THE DESIGN OF THE 3D PRINTING SETUP

Based on the discussion held and the conclusions drawn from it in the preceding
chapter, a setup was constructed from scratch, with a DMD in a holographic
configuration serving as the core component. In the following, the optical beam
path, the experimental evaluation, and the software implementation are explained.

5.1.1 Components of the Setup

In Figure 5.1, a schematic of the optical setup is shown. As a laser source, a compact
diode laser with a maximum output power of 400 mW is used (Toptica IBeam
smart 405). The laser beam emitted is circular and collimated at a beam diameter
of d1/e2 = 1.25 mm. While the center wavelength is at λ = 406 nm at medium
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Figure 5.2: Schematic of the pixel lay-
out of the DMD. Square pixels of d =
7.6 µm pixel pitch are rotated around
their diagonal by ±12◦. Via the red
and yellow framed micromirrors, the
addressing of rows and columns is in-
dicated. Therefore, the effective pixel
pitch in the x and y directions is dif-
ferent. In the shown configuration,
the "on"-state light would leave the
paper plane along its normal. This
pixel layout is often referred to as "di-
amond" layout [158]. Figure adapted
from [192] (© 2022 Optica Publishing
Group).

output powers, it is not stabilized and changes depending on the output power.
The spectral width of the emitted light is around ∆λFWHM = 1 nm.
The laser beam is expanded via a telescope consisting of two achromatic doublet
lenses ( fL1 = 45 mm, fL2 = 200 mm) to fill the entrance pupil of a πShaper (Adl-
Optica πShaper 6-6 VIS). This refractive device transforms a laser beam with a
Gaussian intensity profile at the input into a uniform, flat-top beam at the output,
while maintaining its circular shape with high power efficiency [191]. The πShaper
is incorporated into the beam path to ease the hologram calculation using a uniform
illumination profile [187] and to increase the power efficiency without losing power
from the outskirts of a Gaussian intensity profile.
Following the πShaper, the beam is further expanded by a Galilean telescope con-
sisting of lenses L3 ( fL3 = −150 mm) and L4 ( fL4 = 200 mm). It should be noted
that for the best uniformity of the laser beam, the πShaper’s output should be
4 f -imaged via a Keplerian telescope, which is not done here due to size restrictions.
The distances are, however, kept short to largely maintain the uniform beam pro-
file.
Next, a blazed diffraction grating (Edmund Optics #48-460, 600 grooves mm−1,
400 nm blaze wavelength) is placed in the beam path to pre-compensate angular
dispersion effects introduced by the pixelated surface of the DMD in combination
with the finite spectral width of the laser source. To accomplish this, the focal
lengths of the lenses L5 ( fL5 = 150 mm) and L6 ( fL6 = 80 mm) have to be matched
to the diffractive properties of the grating and the DMD. A more detailed explana-
tion will be given in section 5.1.3.
The telescope, consisting of L5 and L6, further demagnifies the laser beam to pre-
vent overillumination of the DMD’s active area. The DMD chip (Texas Instruments
DLP4500) consists of 912 × 1140 pixels arranged in an array of d = 7.6 µm pixel
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pitch. Due to the hologram being designed as quadratic, only 912 × 912 pixels are
used. The array of square pixels is arranged such that its edges are 45◦ rotated with
respect to an axis parallel to the optical table. An illustration of the DMD’s so-called
"diamond" pixel layout is shown in Figure 5.2. Each individual micromirror rotates
+12◦ or −12◦ around the shown rotation axis to address the "on" or "off" state. Due
to the special addressing of rows and columns, as illustrate in Figure 5.2, the pixel
pitches in x- and y-direction are different and calculate to dx = d ·

√
2 = 10.8 µm

and dy = d/
√

2 = 5.4 µm. Therefore, the side lengths of the DMD’s active area
are calculated to lx = 912 · dx = 9.85 mm and ly = 912 · dy = 4.92 mm. The DMD
chip is mounted on an evaluation module (EKB E4500MKII). Due to the small pixel
size, the DMD acts as a 2D blazed diffraction grating, independent of the pattern
displayed on the device. Therefore, the incident and diffraction angles are chosen
such that the diffraction efficiency is maximized. Further details are given in the
dedicated section 5.1.2 below.
From the DMD onward, the optical beam path is further illustrated in Figure 5.3.
There, cross-sectional intensity plots are shown as a result of Fourier-optical simu-
lations. In panel a, the intensity at a plane right after the DMD is shown, with the
DMD’s active area highlighted by a white rectangle. The DMD displays a binary
holographic pattern generating a focus distribution of 10 foci, which is multiplied
by the incident wave. Due to the different incident and diffraction angles, the
intensity pattern is elliptical from the DMD onward. It should be noted that the
blaze angle of the DMD’s micromirror array and the particular "diamond" layout
are, however, not taken into account. The ellipticity is therefore just added to the
illumination profile. In the focal plane of lens L7 ( fL7 = 125 mm), the Fourier
transform of the wave leaving the DMD is generated and shown in Figure 5.3b.
On the optical axis, a strong zeroth-order contribution is apparent. Left and right,
the +1st and −1st orders are shown carrying the designed focus pattern of 10
foci as an example. For better visibility, each focus as well as the zeroth order is
displayed 5× magnified. Since only one of the first diffraction orders can be used
for multi-focus, random-access beam scanning, a rectangular aperture is placed in
this plane, transmitting only the area indicated by the white rectangle. This area
is finally imaged and demagnified via lens L8 ( fL8 = 150 mm) and the objective
lens (Leica HCX PL APO 100×/1.4-0.7 Oil CS) to the print plane. In between these
planes, at the entrance pupil of the objective lens, a spatially filtered image of the
beam at the DMD is generated. This is shown in Figure 5.3c alongside a white circle
illustrating the objective lens’ entrance pupil of 5.6 mm diameter. In the print plane
(Figure 5.3), the area transmitted through the rectangular aperture is demagnified
by a factor of 75 and again indicated by a white rectangle.
Beam splitting and beam scanning are performed solely in a holographic config-
uration using the DMD. The slicing of the structure in this setup is performed
by moving the sample using a piezoelectric inertia stage (PI Q545.140). Scanning
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Figure 5.3: Simulated intensity profiles at different planes of the 3D laser printing
setup. a At a plane right after the DMD, the binary hologram is multiplied with
the uniform illumination profile. The DMD’s active area is indicated via the dashed
rectangle. b In the focal plane of lens L7, the Fourier transform of the holographic
pattern is generated. This is a designed focus distribution of 10 foci, which repeats
left and right a zeroth order in the center. Only the −1st order is transmitted through
a rectangular aperture. For better visibility, all foci are drawn 5× magnified. c At
the entrance pupil of the objective lens (indicated via the dashed circle), the spatially
filtered hologram displayed on the DMD is visible. d In the print plane, the Fourier
transform of the spatially filtered hologram is generated. This is consistent with the
imaging of the focus pattern transmitted through the aperture, as shown in panel b.
Adapted from [96] under CC BY 4.0.

the focus in axial direction via the holograms is possible and has already been
introduced in section 4.3, but is not incorporated in this first setup version, as
additional effort for optimizing the defocus phase is necessary. Nonetheless, I will
come back to this in a second version of the setup, as explained in chapter 6. Coarse
lateral movement of the sample is done via two linear screw-drive stages (Aerotech
ATS50).
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Figure 5.4: Photographs of the 3D laser printing setup. a Top-down view including
a schematically overlaid laser beam path, corresponding to the drawing shown in
Figure 5.1. b Angled view with all main components labeled.

For in-situ monitoring of the printing, the sample is illuminated by a red-light LED
(Thorlabs M625L4) and imaged via the objective lens and lens L9 ( fL9 = 150 mm)
onto a CMOS camera sensor (FLIR BFS-U3-50S5M-C). For separating the laser and
the camera beam path, a dichroic mirror (Thorlabs DMLP505) is introduced. The
printing is solely performed in an oil-immersion configuration. Interface finding is
done by monitoring the reflection off the sample on the camera.
In Figure 5.4, photographs of the home-built 3D laser printing setup are shown.
In the top-down view, as depicted in panel a, the laser beam path is schemati-
cally highlighted via a blue overlay. Panel b shows an angled view with all main
components labeled.

5.1.2 Diffractive Properties of the DMD

Using DMDs in a holographic configuration, there are two overlaid diffraction
gratings: one is the designed holographic pattern, e.g., for generating an array of
foci. Second, since the DMD consists of a large number of separate micromirrors,
the diffraction properties of the DMD itself must be taken into account. This
requires the angular dispersion compensation and poses limitations to the power
efficiency.
In Figure 5.5, the DMD is schematically shown as a 1D blazed grating to illustrate
the relevant angles. In the "on" state, the micromirrors are tilted by γ = +12◦ with
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Figure 5.5: Scheme showing
the DMD as a 1D blazed
grating. The angles of the
incident and diffracted light
fulfill the blazing condition.
Therefore, the diffraction an-
gle, which fulfills the grating
equation, matches the specu-
lar reflected light of each mi-
cromirror for the "on" state
pixels. Adapted from [96] un-
der CC BY 4.0.
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intermediate angle

Figure 5.6: Diffraction patterns at different incident angles and displayed images.
The light reflected off the DMD is focused onto a screen and photographed. a-c All
pixels are in the "on" state. The incident angle is varied from a blazed to an anti-
blazed configuration, as well as a setting in between, as in the printing setup. d
When displaying a hologram, the intensity peak is centered around the holographic
pattern. The dashed rectangle indicates the area that would be transmitted through
the rectangular aperture. Adapted from [96] under CC BY 4.0.

respect to the DMD plane. In the configuration shown, the blazing condition is
fulfilled for a diffraction order of m = −5. This should not be confused with the
first diffraction order of the holographic pattern. The blazing condition is fulfilled
since the specular reflection at the individual micromirrors (α′ = −β′) matches a
diffraction angle resulting from the grating equation (mλ = dx

2 (sin α + sin β)). This
causes an envelope function to be centered at a diffraction order m, maximizing its
intensity and decreasing the intensity of the other diffraction orders. Therefore, the
power efficiency drastically decreases if the blazing condition is not fulfilled, and
the experimental choice of the angles is very limited.
The micromirrors only rotate along one axis. It is therefore sufficient to address the
diffractive properties in a 1D scheme. But the DMD is still a 2D diffraction grating,
although the blazing condition in the orthogonal direction is fulfilled for the trivial
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case of normal incidence. Different 2D diffraction patterns at varying incident
angles α are shown in Figure 5.6. In panels a-c, all the pixels of the DMD are in the
"on" state. Photographs were taken when focusing the light reflected off the DMD
onto a screen via a lens of f = 200 mm. Therefore, the experimental configuration
was slightly different from the actual printing setup, and the photographs serve
primarily for visualization purposes. In panel a, the blazing condition is fulfilled,
with an intensity envelope centered at the middle diffraction order. Changing the
incident angle by around 2◦, the envelope shifts in between two diffraction orders
(panel b). When the incident angle is further changed, the anti-blaze condition is
met with four diffraction orders of equal intensity. In fact, for the printing setup,
fulfilling the blazing condition is not the best case, since the envelope would be
centered on the hologram’s zeroth order. The angle is therefore slightly changed,
as shown in 5.6b and d. There, the area that would be transmitted through the
rectangular aperture is indicated via a dashed rectangle, and the angles are chosen
such that the diffraction envelope’s maximum is in the center of the print area.
When fulfilling these criteria, the DMD’s diffraction still causes two drawbacks:
due to the diffraction envelope, the intensity of the foci changes depending on their
location in the print area. This, however, can be corrected for via the holographic
pattern. Since the diffraction envelope spans several diffraction orders, as can be
seen in Figure 5.6d, where the focus pattern repeats multiple times, the laser power
efficiency still decreases. The total device efficiency (including absorption losses) is
measured as 38 %.

5.1.3 Angular Dispersion Compensation

In Figure 5.7, measurements are shown of the focus shape with and without the
compensation grating (see Figure 5.1), clearly indicating the necessity as well as
the success of angular dispersion compensation. These measurements were taken
at an output power of 100 mW from the laser, achieved by focusing the laser beam
onto a CMOS sensor located in the focal plane of lens L7. While panel a shows the
compensated configuration, panels b and c show a distorted focus when either the
diffraction grating or the DMD is replaced by a mirror. In doing so, either a positive
or negative angular dispersion is introduced. The spatially separated maxima in
Figure 5.7b and c resemble the spectral emission profile of the laser source.
To compensate for the angular dispersion, the properties of the grating as well as
the focal lengths of lenses L5 and L6 have to be matched to the diffractive properties
of the DMD. Following the derivation outlined in Ref. [193], the grating equation

mλ = d(sin α + sin β) (5.1)

is differentiated to get the angular dispersion

∂β/∂λ =
m

d cos β
. (5.2)
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Figure 5.7: Images of a single focus with and without the angular dispersion com-
pensating grating. The images are taken by focusing the laser beam onto a camera
located at a plane conjugate to the rectangular aperture. All pixels of the DMD are set
to the "on" state. a The blazed grating and the DMD are included in the beam path.
b The DMD is included in the beam path, while the blazed grating is replaced by a
mirror. c Vice versa, the blazed grating is included in the beam path, while a mirror
replaces the DMD. Adapted from [96] under CC BY 4.0.

In these equations, m refers to the diffraction order, d to the grating period, and α
and β to the incident and diffraction angles as shown in Figure 5.5. To compensate
for the angular dispersion of the DMD, an intentional angular dispersion of ∆D =
mD/(dD cos αD) has to be incident onto the DMD. This has to be provided by the
angular dispersion of the grating: ∆G = mG/(dG cos βG). Here, the specific angular
dispersion values are written as ∆i, where subscript D refers to the DMD, while
subscript G refers to parameters of the grating. To ease the matching, the angular
dispersion of the grating can be (de-)magnified by carefully choosing the focal
lengths of lenses L5 and L6. When further assuming small angular dispersion
values, this reads as

∆G
fL5

fL6
= ∆D. (5.3)

The parameters to be considered are as follows: For the grating, the period is
dG = 1.67 µm, the diffraction order is mG = 1, and the diffraction angle is set to
βG ≈ 14◦. For the DMD, the respective parameters are: dD = 5.4 µm, mD = −5,
αD ≈ −34◦. Considering these parameters, the focal lengths relaying the two
diffractive components should fulfill fL6 = 0.55 · fL5. Therefore, the lenses are
chosen such that fL5 = 150 mm and fL6 = 80 mm, which approximates the desired
ratio at fL6/ fL5 = 0.53.
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5.1.4 Design Parameters and Power Efficiency

Several design parameters and the restrictions they imply have already been ad-
dressed. These include the angular orientation of the DMD to maximize the power
efficiency, as well as the choice of the diffraction grating and adjacent lenses to
minimize the angular dispersion. These and other parameters are linked to each
other, such that they cannot be chosen independently, and trade-offs are necessary.

If a particular grating is chosen, the choice of which is limited to common grating
constants like 600 grooves mm−1 in the present case, the power efficiency con-
strains the angular placement. Therefore, the diffraction order and the incident and
diffraction angles should be kept small. The associated angular dispersion is then
rather small and has to be magnified by the lenses L5 and L6, as stated above. This
demagnifies the beam diameter from the grating to the DMD by a factor of almost
two. At the DMD, the laser beam should neither overfill nor largely underfill the
active area. Therefore, the beam is already expanded in front of the grating only
to accommodate the following demagnification. Leaving the πShaper with 6 mm
beam diameter, this gets magnified to 8 mm at the grating and again demagnified
to around 4.3 mm at the DMD. Due to the non-equal incident and diffraction angles
of the grating as well as the DMD, the laser beam leaving the DMD is elliptical,
such that the beam size is 4.3 mm in y- and 5.4 mm in x-direction.
The choice of the lenses L7, L8, and the objective lens again needs to fulfill several
criteria. As the objective lens, a high-NA, high-magnification microscope objective
lens is chosen to make use of the resolution advantage 2SA 3D laser printing at
405 nm wavelength has over commercial 2PP at around 790 nm. With the chosen
lens, the entrance pupil of the objective lens is restricted to 5.6 mm. This constrains
the magnification between the DMD and the objective lens to fully illuminate, but
not overilluminate, the objective lens’s entrance pupil.

Furthermore, the choice of the DMD in combination with the optics afterward
defines the maximum scan range and the minimum step size achievable in the
holographic configuration. With the pixel pitches of the DMD of dD,x = 10.8 µm
and dD,y = 5.4 µm, the derivation again starts with the grating equation mλ =
d(sin α + sin β). Since this discussion, which is similar to the one outlined in [194],
can be separated from the diffractive properties of the DMD array itself, normal
incidence is assumed (α = 0). Diffraction angles β are with respect to the optical
axis leaving the DMD. The small, but finite angle of the DMD placement with
respect to this axis of around 10◦ is further neglected. In the focal plane of lens L7,
the spatial separation x of the beam to the optical axis is x = fL7 tan β. Combining
this with the grating equation leads to

x = fL7 tan
(

arcsin
(

mλ

d

))
. (5.4)
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Assuming small angles β, this simply approximates to

x ≈ fL7
mλ

d
. (5.5)

For the holographic pattern, m = ±1, where m = 1 is chosen for simplicity. The
minimum grating period, corresponding to the maximum diffraction angle and
therefore the maximum scan range, is dmin = 2dD,i, for either the x- or y-direction.
This corresponds to a pattern of adjacent "black" and "white" pixels. The maximum
scan range in the focal plane of lens L7, therefore, reads as

xmax ≈ fL7
λ

2 dD,x
and ymax ≈ fL7

λ

2 dD,y
. (5.6)

As the maximum scan range in the print plane is of main interest, the demagnifica-
tion of lens L8 and the objective lens (with effective focal length fobj = 2 mm) has
to be considered, leading to

xmax ≈
fL7 fobj

fL8

λ

2 dD,x
and ymax ≈

fL7 fobj

fL8

λ

2 dD,y
. (5.7)

Another question is about the step size in the print plane, i.e., the minimum distance
between two foci as controlled by the holographic pattern. In 3D laser printing,
this parameter, mainly for neighboring lines, is commonly referred to as "hatch-
ing". Therefore, the minimum step size should be in the range of typical hatching
parameters to be able to print connected instead of dashed line patterns. For the
optics used, values of 100 nm are targeted [24, 41]. Following the discussion on
the hologram calculation and for the present computational implementation, as
explained in section 4.3, a computation via a Fourier transform is implemented.
This, however, limits the number of addressable locations along each lateral direc-
tion in the Fourier plane to the same number of n = 912, as of the DMD used. The
maximum scan range can be distributed into equally spaced steps such that the
step size ∆x reads as [194]

∆x ≈
fL7 fobj

fL8

λ

n dD,x
and ∆y ≈

fL7 fobj

fL8

λ

n dD,y
. (5.8)

Suppose finer lateral shifts of the focus distribution are needed. In that case, they
are possible by adjusting the lateral shifts ∆x and ∆y of equation 4.7, with the
limitation of changing the grating period by only one pixel.
Taking the above-stated formulas, the focus deflection parameters in the print plane
can be calculated. With the focal lengths as used in the experiment, this leads to
total accessible print field of 2xmax = 62.5 µm and 2ymax = 125 µm and minimum
step sizes of ∆x = 68.5 nm and ∆y = 137 nm. For the total accessible print field,
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the maximum scan range is doubled since positive and negative directions can be
addressed. However, only part of this is usable for a random-access focus scanning.
As already shown in Figure 5.3b, a mirror image of the focus pattern generated as
the +1st order is generated in the −1st order, such that only one of these diffraction
orders is used and the other one gets blocked. Furthermore, part of the accessible
scanning range in y-direction is obscured by higher diffraction orders generated
by the DMD’s pixelated surface, as can be seen in Figure 5.6d. Taking all this into
account, the used print field is limited to xmax = 31.25 µm and ymax = 62.5 µm.
Structures of larger size can be printed by stitching several print fields together.
This can be achieved by either moving the sample or by moving the print field
within the field of view of the objective lens. The latter could be implemented, e.g.,
via motorized mirrors in front of the objective lens. In the presented setup version,
however, such measures are not implemented, and all demonstrated structures fit
into one print field.
By this derivation, it can be seen that the focal lengths of the lenses L7 and L8 are
critical in defining the maximum scan range and the minimum step size. However,
they still need to be matched to the constraint of proper imaging of the DMD
pattern onto the objective lens entrance pupil. This is largely fulfilled at the chosen
focal lengths of fL7 = 125 mm and fL8 = 150 mm, where the circular entrance pupil
is slightly overilluminated in x- and slightly underilluminated in y-direction (see
Figure 5.3c). Still, a trade-off is made in that the DMD’s active area is not fully
illuminated, resulting in a slight reduction in the uniformity of the multi-focus
patterns.

Another parameter, which of course should be as high as possible, is the laser
power efficiency of the setup. In section 4.2, this was already addressed when
discussing the different components and approaches chosen. In this paragraph, I
want to summarize these parts, as they collectively result in a significant power
loss across the beam path. When starting at 100 % out of the laser, the laser power
incident on the DMD drops already to 34 %. This is mainly connected to the limited
power efficiency of the diffraction grating, which is around 65 %, as well as the
number of optical components used. Although the lenses used are anti-reflection
coated, a power loss is still noticeable at the used wavelength of 406 nm. The device
efficiency of the DMD was already mentioned in section 5.1.2. It comprises the
diffraction efficiency, the fill factor, as well as absorption losses, and adds up to
38 %. The main conceptual contribution is the power efficiency of binary amplitude
holograms, which can be calculated to be 10.1 % at maximum. All this combined
leads to a power efficiency at the entrance pupil of the objective lens of around 1.3 %.
Depending on the holographic pattern, this value can change slightly. Measured
values of, e.g., a pattern of 64 foci correspond to a power efficiency of 1.1 %. Despite
the efforts undertaken, power efficiency remains a clear drawback and conceptual
limitation of the chosen approach of binary amplitude holography.
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Figure 5.8: Microscopic images for evaluating the focus uniformity across the print
field. The data shown in all panels is taken by imaging the reflection of the focus array
of a glass-monomer interface at the print plane by the camera as shown in Figure
5.1. a False-color plot of the raw data of a focus pattern of 64 foci scattered across the
print field. b To evaluate the relative optical power of each focus, the intensity values
around the center of each focus are summed. A decrease in the summed intensity
towards the edges is clearly visible, connected to the diffraction envelope caused
by the micromirror array. c This can be corrected for by adjusting the amplitude of
each focus in the calculation of the hologram. A more uniform focus pattern results.
d To get the correction values, the data shown in panel b is fitted as a product of
sinc-functions. Adapted from [96] under CC BY 4.0.

5.1.5 Evaluation of the Focus Quality and Focus Uniformity

In the following, the quality and uniformity of the focus distributions should be
assessed experimentally. This was done based on focus patterns consisting of 64
individual foci. These were arranged in an 8 × 8 grid to distribute them evenly
across the print field, but the locations are slightly randomized. This helps in con-
tinuously evaluating slightly different patterns, so the discussion is not based on a
single pattern. Furthermore, non-periodic focus distributions have been shown to
ease the calculation by requiring fewer iterations of a weighted GS algorithm or
even allowing direct calculations [185].
In Figure 5.8, images are shown which were taken with and at the position of the
camera as shown in Figure 5.1. The focus pattern is therefore reflected off the top
surface of a glass coverslip, which was covered with the monomer PETA. A small
fraction of the reflected light is then transmitted through the dichroic mirror and
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Figure 5.9: Microscopic images for evaluating the focus quality. The data set shown
corresponds to the data depicted in Figure 5.8c. a Image of an array of 64 foci reflected
from the glass-monomer interface at the print plane. b Zoom-in to one exemplary
focus highlighted by the green rectangle in panel a. Airy functions are fitted to the
1D cuts through the center position, allowing a coarse estimation of the focus quality.
The ellipticity of the foci corresponds to the elliptic beam profile at the entrance pupil.
Adapted from [96] under CC BY 4.0.

imaged onto the camera, giving a reflection-mode microscopic image of the focus
array in the print plane. In Figure 5.1a, the image of the focus array is shown,
spanning almost the entire print field. For evaluating the uniformity of the focus
array, the center position of each focus was detected, and the intensity values of
an area of 24 pixels × 24 pixels around the center were summed up to evaluate the
optical power of each focus.
This is shown in Figure 5.8b. Squares are drawn at the position of each individual
focus, color-coded with the summed intensity values. While the laser power of the
foci is highest in the center of the print field, it drops towards the corners. This
can be explained by the diffractive properties of the DMD, as outlined in section
5.1.2. To still achieve a more uniform power distribution across the print field, the
non-uniformity can be compensated for via the design of the focus distributions
and, therefore, the holographic pattern. In doing so, each focus in the hologram
calculation is assigned a different scaling factor, resulting in a different relative
amplitude value.
The outcome of this is shown in Figure 5.8c, again following the same measure-
ment and evaluation routine as before. It can be seen that the summed intensity
values are more uniformly distributed, with the drop towards the edges of the

88

https://creativecommons.org/licenses/by/4.0/


5 . 1 T H E D E S I G N O F T H E 3 D P R I N T I N G S E T U P

print field being removed. Still, some non-uniformity remains, which was found to
be linked to the underillumination of the DMD array and to differences between
the illumination profile used in the calculation and that present in the experiment.
However, the non-uniformity is on an acceptable scale. It was further found to
change depending on the pattern. Therefore, it slightly averages during the 3D
printing process, where a large number of holograms are displayed.
In Figure 5.8d, the fit procedure of the experimental data to get an analytic expres-
sion for the correction map is illustrated. Based on the diffractive properties of the
quadratic micromirrors, a product of sinc-functions is fitted to the experimental
data. The correction map can then be applied to every target amplitude pattern.

Besides the focus array uniformity, the focus quality of individual foci is evaluated
similarly, such that a microscopic image is taken of the foci reflected from the
glass-monomer interface. The micrograph of the distribution of 64 foci is depicted
in Figure 5.9a. The data shown corresponds to the evaluated focus distribution
with the already applied correction map, as shown in Figure 5.8c. A zoom-in to
one focus is shown in Figure 5.9b. Intensity values along the white dashed lines
through the center of the focus are shown above and to the right of the 2D plot.
Airy functions are fitted to these 1D cuts, from which full-width-at-half-maximum
(FWHM) values of the central maximum of 171 nm in x− and 213 nm in y-direction
are extracted. This ellipticity corresponds to the ellipticity of the illumination at the
entrance pupil of the objective lens. It should be noted that for a proper investiga-
tion of the point-spread function (PSF) in the print plane, more elaborate methods
exist and should be used. These include, e.g., the spatially dependent evaluation of
the back-reflected laser light from small gold nanoparticles [35]. However, such a
method would require additional equipment integrated into the setup, such as fine
lateral translation of the sample. Still, the investigation of images of reflected foci
provides helpful guidance for both initial and everyday alignment.

5.1.6 From the 3D Design to the Stack of Holograms

Up to this point, the optics as well as the calculation of the holograms from a target
(multi-)focus distribution have been explained. Still missing is the step for splitting
and distributing a 3D structure into a set of multi-focus patterns. While being a
simple task for an array of equal structures, this can become a non-trivial task when
multi-focus printing a single structure or an array of non-periodic structures. This
section explains the procedure for getting from a 3D design to the set of holograms
needed for printing. For this, the schematic flowchart depicted in Figure 5.10 helps
in illustrating the discussion.
It starts with a 3D design, as shown in panel a. The 3D design is sliced into
a number of 2D layers, each with a specific slicing distance (panel b). In the
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Figure 5.10: Flowchart of the process of calculating a set of holograms starting from
a 3D design structure. Taking the 3D design (a), it is first sliced into a number of 2D
layers (b). Following this, the relative optical power of each focus within one plane can
be adjusted (c) to correct for, e.g., diffraction effects of the DMD. A printing strategy
defines how to split a single layer into a series of focus patterns (d). These amplitude
target arrays (e) serve as input to the hologram calculation (f). The resulting phase
patterns are binarized to binary amplitude holograms (g). Finally, the binary patterns
are encoded as RGB images (h) and exported as a single video file, along with a file
containing relevant printing information (i). The respective numbers of slices in the
different panels is for illustration purposes only and not to scale.

present case, typical slicing distances of 200 nm are chosen. Furthermore, the 2D
layers are discretized such that the addressable focus positions are matched to
the desired total size. Due to the pixel layout of the specific DMD used, which
results in different pixel pitches in the two lateral directions, the addressable focus
positions are also unequal distances apart. Therefore, the design appears stretched
or compressed in one direction if matched to the addressable focus positions. For
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the sake of clarity, this is left away in Figure 5.10.
At this stage, different corrections can be applied to the 2D layers, as indicated
in panel c. As previously mentioned, the correction for the diffraction envelope
is implied by the DMD’s pixelated surface. Further corrections could include a
structure-dependent pre-compensation of proximity effects. This is applied to some
structures that have been printed and will be explained in the respective section.
Next, each 2D layer is represented as a sum of focus patterns. I will also refer to
this as the printing strategy (panel d). For this step of the distribution to focus
patterns, certain restrictions apply. First and foremost, the number of foci that can
be illuminated simultaneously, assuming a fixed exposure time, is limited by the
available laser power. In the shown implementation, this limit is reached at a focus
number of around 30. Second, there is the restriction of a minimum distance of
simultaneously illuminated foci of a few micrometers [80, 175]. If the focus-to-focus
distance is reduced, interference effects begin to appear in the printed structure,
reducing printing quality. This, depending on the structure, often reduces the
maximum number of foci that can be illuminated simultaneously. Additionally, the
temporal sequence is a third parameter defining the printing strategy. In general,
the printing strategy comprises each rule that defines the relationship between
temporally consecutive exposures. Referring to the printing, e.g., a multi-line
scanning can be targeted as well as a totally random sequence. A discussion on
the effect different temporal sequences have on the printed structure will follow in
section 5.3. Furthermore, the target of only small changes of consecutive holograms
could be another such rule, which was, however, not restricted in this work. As a
result of the mentioned restrictions, various focus patterns will cover an unequal
number of foci per pattern, resulting in changes in the laser power at each focus.
While this could be compensated for by synchronously modulating the laser source,
the approach of adding foci outside the area transmitted through the rectangular
aperture was chosen. Thereby, no additional synchronization effort is necessary.
Panel e illustrates the full set of focus patterns, stacked as a 3D array and input
into the hologram calculation as described in section 4.3. The result is a stack of
continuous-phase holograms that already match the DMD’s discretization, 912 ×
912 pixels (panel f). Following this, the holograms are binarized to binary amplitude
holograms according to the approach of Lee holograms, again as explained in
section 4.3.3. When implementing the binarization within the iterative hologram
calculation, the steps of hologram calculation and binarization are combined.
The stack of binary amplitude holograms is finally encoded into 8 bit RGB images
and saved as a single video file containing the holograms of the full 3D structure.
The reason for this is to ease the data transfer from the computer to the DMD
controller board, as explained in more detail in the following section. Alongside
the video file, a file containing all printing parameters for the movement of the
z-axis stage and the laser control is exported.
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Figure 5.11: Illustration of the data transfer during 3D printing via a video stream.
The film roll on top symbolizes the video stream at a frame rate of 100 Hz at maximum.
Since each frame transferred is, however, encoded as an 8 bit RGB image, 24 binary
holograms can be transferred simultaneously and scheduled sequentially by the DMD
controller, which is illustrated at the bottom. Adapted from [96] under CC BY 4.0.

5.1.7 Electronics and Software

As already mentioned, the holograms are assembled altogether as a single video
file. In doing so, one does not rely on the internal memory of the DMD to store the
patterns. This internal memory is very limited for low-cost devices and is not able
to reload patterns at the rate of displaying them [168]. High-end DMDs offer larger
internal memory and faster reloading [195], but at often significantly higher cost.
In the developed approach, I utilize one of the main and widespread use cases of
DMDs: streaming a video signal. The hardware and software implementation is
therefore not restricted to a specific, costly DMD.
The DMD is connected to a computer via HDMI (High-Definition Multimedia
Interface). Therefore, the DMD serves as a second screen for the operating system
and is recognized as such. As a standard, frame rates of 60 Hz are often chosen for
the display refresh rate. Experimentally, a stable connection at up to 100 Hz could
be achieved. At this frame rate of the video signal, the vertical synchronization
(VSYNC) signal, which serves as the primary trigger input to the DMD controller,
is provided. It should, however, not be confused with the patterning rate of the
holograms and therefore with the exposure time of every single hologram and
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focus. This is higher because between each VSYNC signal, several holograms are
transferred to the DMD and displayed sequentially.
This is due to the encoding of 24 binary holograms into a single 24 bit color depth,
i.e., an 8 bit RGB (red-green-blue) image. One such image is transferred to the DMD
every 10 ms, corresponding to 100 Hz. The DMD controller then unpacks the 24 bit
color image and displays a sequence of 1 bit holograms. Each hologram is therefore
displayed for 417 µs, corresponding to a patterning rate of 2400 Hz. This decoding
approach is schematically illustrated in Figure 5.11.
Using the presented video-stream approach, several pitfalls arise. First, it must
be ensured that video playback is pixel-accurate. This is often not the case with
consumer electronics, because lossy compression or "image quality enhancement"
algorithms alter information at the pixel level. Such algorithms must be disabled at
any stage in the video stream pipeline, as the holographic pattern would change
in an uncontrolled manner. This further means that the stored and displayed
video is uncompressed. The data rate during playback that must be maintained is
around 2.5 Gbit s−1, which is still well within the specifications of modern computer
equipment.
Video playback is handled by VLC media player, an open-source solution that
offers extensive customization options to achieve a pixel-accurate video stream.
But it is still high-level software. Therefore, frames being dropped or displayed
twice may still occur, primarily due to interruptions from the operating system,
rather than the video player or DMD itself. The relative occurrence of these artifacts
has been assessed experimentally and is found to be on the order of 0.4 %. For the
presented approach, where each 2D layer is composed of several focus patterns,
the loss of some of them is bearable. A refined software solution could still be
implemented, where the graphics card can be directly addressed via interfaces such
as DirectX, Vulkan, or OpenGL [196, 197].

5.2 EVALUATION OF THE PRINTING PERFORMANCE

The 3D laser printing setup presented above enables versatile printing, allowing the
number and location of multiple foci to be individually addressed. The following
illustrates the printing of various performance test structures, which impose differ-
ent demands on the printing process. Additionally, numerous printing strategies
and parameter sets are selected. The comparison of the various test structures
enables a discussion of the capabilities and limitations of the printing approach.
The printing parameters and details on the printing strategies associated with the
structures shown in this section can be found in Appendix A.2.

In Figure 5.12, a gallery of scanning-electron micrographs is shown demonstrating
the multi-focus printing of different test structures. All structures shown were
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Figure 5.12: Gallery of SEM images of structures printed using the presented dy-
namic multi-focus setup. a 15 trefoil knot structures were printed in parallel using up
to 31 foci in a print time of 8.1 s. This translates into a print rate of 61500 voxels s−1. b
Two buckyballs were printed in 14 s using up to 8 foci in parallel (15000 voxels s−1). c
Six unit cells of a chiral metamaterial structure were printed using 24 foci in parallel
in a print time of 12 s (51000 voxels s−1). d demonstrates the printing of three entirely
different structures in parallel using up to 15 foci (13500 voxels s−1). Adapted from
[96] under CC BY 4.0.

printed using the photoresist PR1, following the nomenclature of table A.1. In
Figure 5.12a, 15 trefoil knot structures were printed using up to 31 foci in parallel.
The number of foci stated always refers to the maximum number, which can be
lower for certain sparse layers of the structure. The shown structures, which have
a nominal lateral side length of 10 µm, span almost the full reachable print field of
around 31 µm × 62 µm. Therefore, the structures aid in evaluating the uniformity
of printed structures across the print field. This is found to be acceptable, which
confirms the corrections applied as discussed in section 5.1.5. The laser power used
to print the trefoil knot structures is almost at the maximum output power of the
laser, which translates into a power per voxel of about 142 µW. For these structures,
the power limit of the setup is therefore reached, which prevents the use of a larger
number of foci.
Evaluating the print rate is commonly performed in terms of voxels s−1 [86]. In
focus-scanning approaches, the linear scan velocity is thereby divided by the av-
erage of the lateral and axial voxel size to determine the print rate [29]. For the
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presented setup, a random-access scanning can be performed, where entirely differ-
ent and independent patterns can be exposed with every single hologram. For this
case, the determination of a linear scan velocity is less meaningful. But the total
number of exposures, where each exposure leads to one voxel, either connected or
disconnected to other voxels, is known. Hence, the total number of exposures is
divided by the total print time to calculate the print rate in units of voxels s−1. By
taking the total print time, a mean print rate for a particular structure is derived.
It is important to note that this also comprises effects like a reduced number of
foci for certain layers, as well as run-up or settling times of devices used in the
setup. Especially, the run-up and settling times of moving parts of 3D laser printing
setups add an overhead to the print time and therefore lower the mean printing
rate [152]. This is because of the non-negligible moments of inertia of macroscopic
moving parts such as galvanometric mirrors or piezoelectric stages. Therefore, the
mentioned run-up and settling movements are necessary to follow a trajectory at a
constant speed to reach the best printing results. The presented setup comes with
the advantage of no macroscopic moving parts. Still, the DMD’s micromirrors are
physically moving aluminum plates, which are, in comparison, very small and
lightweight. Settling times of the individual micromirrors are in the order of a few
microseconds and therefore around two orders of magnitude smaller compared to
the exposure time of each hologram [168, 190]. For the printing process, no extra
time is therefore allocated to let the moving parts settle. It should be mentioned
that this is also the case for the piezoelectric stage employed for slicing the structure.
This adds slicing artifacts, which are, however, found to be minor and therefore
acceptable.
For the print shown in Figure 5.12a, a print rate of 61500 voxels s−1 can be derived,
following a total number of exposures of around 5 · 105 and a print time of 8.1 s.
This comes close to the peak printing rate, assuming the same photoresist system
and structure to be printed, hence, assuming the same maximum number of foci
of 31. At 2400 Hz, the peak print rate where every pattern would contain 31 foci
would therefore calculate to 74400 voxels s−1.

SEM images of further printed test structures are shown in Figure 5.12b-d. In panel
b, two 18 µm bucky balls were printed in 14 s using up to 8 foci in parallel, resulting
in a print rate of 15000 voxels s−1. Panel c shows the printing of six unit cells of a
chiral metamaterial structure [198]. The total printing time is 12 s, therefore 2 s per
unit cell for the structures of 12 µm side length each. This structure was printed
employing up to 24 foci in parallel at a print rate of 51000 voxels s−1. Each layer
of the structure is divided into 24 equal parts, such that each focus performs a
line-scan-like movement across one quarter of one unit cell. Taking this printing
strategy, slight stitching seams are visible where the individual print areas touch.
Finally, panel d displays the printing of entirely different structures in parallel,
demonstrating the full freedom of a dynamic multi-focus beam splitting and scan-
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Figure 5.13: SEM images of 2D line gratings and 3D woodpile structures. Both struc-
tures are printed in single-focus mode, therefore using only one focus per hologram. a
2D line gratings with a measured line-to-line distance of 209 nm are still well resolved.
b The same holds true for 3D woodpile structures at a lateral periodicity of 417 nm
and an axial periodicity of 590 nm. Adapted from [96] under CC BY 4.0.

ning. The three structures are printed in 18 s with up to 15 foci in parallel. Still, the
print rate calculates to only 13500 voxels s−1, since the number of foci was reduced
towards the top to still maintain a minimum focus distance.
For the printed structures shown in Figure 5.12c and d, a grayscale exposure pro-
file is applied to pre-compensate for proximity effects. This follows an approach
developed for synergistic two-color 2SA and used in light-sheet 3D printing [26].
Doing so, the intensity is decreased in dense regions where proximity effects appear
the most. This is done by filtering the 3D binary structure with a 3D Gaussian
kernel. Sharp edges of the structure are maintained by multiplying the unedited
3D structure by the filtered one. The grayscale values obtained encode the relative
intensities of different foci. No additional changes to the laser source output power
are needed.

Common test structures for assessment of the printing resolution are 2D line grat-
ings and 3D woodpile photonic crystals [24, 32]. Such performance tests are shown
in Figure 5.13. The structures shown were printed in single-focus mode. Therefore,
the holographic pattern is a single amplitude grating at a certain periodicity and ro-
tation. Employing only a single focus, the print quality has been shown to improve,
of course, at the expense of printing time. Still, the experiments discussed in this
paragraph aim at resolution rather than speed. Therefore, the effects of multiple
foci are excluded from the discussion. In panel a, line gratings with measured
line-to-line distances of 209 nm are shown. No effects of connected lines are visible
at this spacing. Experiments at a smaller line-to-line distance of 140 nm, how-
ever, showed lines merged together. In panel b, a woodpile structure at a lateral
periodicity of 417 nm and an axial periodicity of 590 nm is shown. Again, while
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Figure 5.14: SEM images of benchy boats printed using different numbers of foci.
Benchy boats are a common test structure in 3D printing and serve as an example for
a structure of a larger filling fraction. a Two boats were printed in parallel using up
to 15 foci in a print time of 23 s (17300 voxels s−1). b A single boat was printed in a
single-focus mode and is shown from two perspectives. The total print time is 84 s
(2400 voxels s−1). Adapted from [96] under CC BY 4.0.

this structure appears to be well resolved, woodpile structures at a smaller lateral
periodicity of 280 nm showed visible proximity effects. It should be noted that the
periodicities experimentally assessed correspond to discrete steps as discussed in
section 5.1.4. Periodicities in between those tested would still be accessible when
changing the computational routine. In general, the resolution tests shown aid
in alignment and evaluation of the setup, but are not pushed to their limits. This
would include extended parameter sweeps, proximity pre-compensation [44], as
well as the implementation of a solid experimental assessment of the focus quality.
All these, however, were not employed for the sake of simplicity. Therefore, the
structures shown exhibit a slightly worse resolution compared to previous results
on two-step absorption 3D printing employing single-focus scanning [24, 25]. Be-
sides the reasons mentioned, this can further be attributed to side maxima and
higher diffraction orders of the foci in the print plane, which give rise to additional
proximity effects.

The structures shown in Figure 5.14 provide an example of the printing of dense
structures with a larger filling fraction. This example is the well-known benchy boat,
a common test structure in 3D printing across all kinds of approaches [140]. While
the boat’s hull shows a filling fraction of close to 100 %, fine and hollow features
such as the cabin need to be printed on top of it. In Figure 5.14a, the printing of two
boats in parallel using up to 15 foci in a print time of 23 s is shown. The printing
parameters are therefore comparable to those of the structures shown in Figure 5.12.
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However, the print fidelity is worse in comparison to those structures. A decent
print quality can still be achieved when lowering the number of foci employed in
parallel, eventually down to one focus as shown in Figure 5.14b. There, one boat is
printed in a total print time of 84 s, and is shown from two perspectives. In this case,
the cabin is nicely reproduced, while it suffers from proximity effects in the case
shown in panel a. Structures of high filling fractions, as shown in this example, are
particularly challenging for 2SA 3D printing [44]. As also indicated by the present
results, this is potentially connected to the quencher molecules as essential ingre-
dients to the photoresist mixture. These might be (partly) consumed during the
printing process, such that the nonlinearity of the photoinitiation process decreases
and dose accumulates in the printing volume. Diffusion processes are necessary to
restore the original quencher concentration locally. Therefore, limitations are set
in terms of the exposed volume per unit time. The filling fraction of the structure
is then another parameter needed to choose the best printing strategy, specifically
in terms of the maximum number of foci. It should be noted that no extended
experiments have been performed to assess the maximum number of foci still
maintaining a good structure quality for this particular example. Furthermore, one
might argue about the effects the holographic pattern has on the structural quality
for an increasing number of foci. Such effects are present, arising in additional
unwanted "ghost" foci and a reduced uniformity of the exposures compared to a
single-focus scan. Still, as demonstrated in Figure 5.12, a decent structure quality
is achieved also for a larger number of foci as employed in Figure 5.14a. For this
reason, a significant contribution to the results shown in Figure 5.14 is attributed to
the photoresist.

By showing a gallery of performance test structures, the capabilities of the home-
built 3D laser printing setup have been demonstrated. The printing of 3D structures
at up to 61500 voxels s−1 using 31 foci in parallel is successfully shown. However,
the characteristics of 2SA require a careful adaptation of the print parameters to
the structure to be printed. This comes along with an additional degree of freedom
that the developed setup offers: the distribution of the exposures in space and time.
The effects of this will be further discussed in the next section.

5.3 SPATIOTEMPORAL PROXIMITY EFFECTS

5.3.1 Introduction to Spatiotemporal Proximity Effects

Under the term of spatiotemporal proximity effects, I will refer to proximity, there-
fore dose accumulation effects, which are dependent on spatial and temporal
parameters. The spatial parameters are first and foremost the print design. The
surrounding of one point of interest, therefore, has a different influence on the
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polymerization at that point depending on the print design, hence the term prox-
imity effect. Such effects were already introduced in section 2.2 when discussing
the fundamentals of photopolymerization 3D printing, as these are essential in
understanding the resolution limitations of 3D laser printing.
I briefly want to recall the accumulation model introduced there: The crucial point
is that light exposures of the photoresist, which can be converted to a deposited
dose, add up. Although individual exposures might be below the polymeriza-
tion threshold, their sum is such that the material gets polymerized. This model
holds true for different photoinitiation processes, i.e., for two-photon absorption
as well as for two-step absorption. An important simplification is, however, that
all exposures are treated equally, regardless of their temporal sequence or the time
difference between them.
This simplification is acceptable when discussing effects of the nonlinearity expo-
nent [43] as well as when performing qualitative dose simulations for comparison
with experiment [41]. However, the simplification breaks down when looking at
long exposure times and/or fine features close to the resolution limit [45, 199].
Doing so, effects like the diffusion of photoinitiator and quencher molecules, such
as oxygen, have to be considered. These effects are time-dependent, which leads to
the observation and investigation of spatiotemporal proximity effects.
In the special case of parallelized 2SA 3D printing, as presented in this work, the
discussion about spatiotemporal proximity effects is further motivated by several
factors that differ from those of focus-scanning 2PP. First, due to the finite lifetime
of the intermediate state, which ranges from tens to hundreds of microseconds,
temporal effects of the printing sequence are expected to have a larger influence on
the photoinitiation process. Second, quite large quencher molecules are an essential
ingredient of the photoresist. The diffusion of these is therefore also important
for the printing result. Third, different pathways of radical generation exist with
different resulting nonlinearity exponents. Depending on the local parameters in
the reaction volume, either pathway is preferred. These local parameters, such as
the concentrations of the molecules, experience time-dependent changes. Combin-
ing these points, complicated reaction-diffusion kinetics are involved in 2SA 3D
printing, which are expected to render spatiotemporal proximity effects important
across a wide range of printing conditions.
Besides the factors related to the photoresist, a fourth factor related to the setup
can be identified: As already discussed in the last section, the dynamic multi-focus
approach naturally raises the question of how to utilize and benefit from this
additional degree of freedom, which is not present in focus-scanning approaches.
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5.3.2 Experimental Investigation

The systematic experimental investigation of spatial and spatiotemporal proximity
effects is mainly motivated by the wish to push 3D laser printing capabilities fur-
ther. When trying to print fine features in less time, proximity effects often pose
limitations. Understanding proximity effects might therefore help in overcoming
them.
When specifically talking about spatiotemporal proximity effects, the time de-
pendence of printing parameters is investigated. In focus scanning approaches,
probably the most low-level investigation is the dependence of the polymerization
threshold on the exposure time of single-point exposures. In doing so, different
regimes with different dependencies show up. Remarkably, a regime exists where
the polymerization threshold remains constant when changing the exposure time,
which is commonly attributed to the diffusion of oxygen [45]. Furthermore, the
broadening of structural elements depending on time delays during printing has
been investigated to define suitable printing conditions for the structures targeted
[200, 201]. Moving on to random-access (multi-focus) approaches, Waller et al.
[199] investigated the broadening of printed lines depending on different printing
strategies and time delays. They, as well as many others, concluded that diffusion
effects play a major role in the explanation of their observations.
As two-step absorption is still a novel photoinitiation mechanism for 3D laser
printing, no systematic investigation of proximity effects has been performed so far.
Nonetheless, they are of significance, as was observed in printing experiments [24,
27] and have been discussed in the previous section. The experiments performed
in the scope of this thesis mainly aim at comparing different printing strategies, i.e.,
different temporal sequences of laser exposures for the same design structure. To
cover the extreme cases of random-access scanning, the printing strategy of what
I will refer to as the "ordered temporal sequence" is compared with a "random
temporal sequence". Taking the first, a focus-scan is mimicked, while the exposures
are randomly shuffled to arrive at the latter. The randomization is only performed
within one layer, since the slicing is not conducted via the holograms.
In Figure 5.15, the result of printing one unit cell of a chiral metamaterial structure
is shown using either of the already mentioned ordered or random temporal se-
quences. The printing was done using PETA as the monomer and in single-focus
mode. The schematics depicted on top of the SEM images illustrate the temporal
sequences for the example of one of the bottom layers of the structure. The color
encodes the timestamp of the laser exposure for each point in space. In the SEM
images, clear differences can be seen regarding the surface structure of the two
structures. While the ordered sequence leads to a uniform surface, a grainy surface
texture is apparent for the random sequence. This indicates a spatially varying
polymerization threshold on the order of single voxels.
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Figure 5.15: SEM images of chiral metamaterial unit cells printed with different
temporal sequences. The employed sequences are either ordered (a), therefore mim-
icking a line scan or random (b) within one plane. For both cases, the sequence is
illustrated in the top row for one exemplary layer with the time stamp for each single
exposure encoded via the color. In the SEM images in the bottom row, differences
between the temporal sequences, mainly in terms of the surface texture, can be seen.
Adapted from [96] under CC BY 4.0.

For a more simplified investigation, differently sized square planes composed of
only one layer were printed. The different lateral sizes lead to different average
time delays between neighboring exposures for the case of the random sequence,
while they stay the same for the ordered sequence. In Figure 5.16, results are shown
for the printing of planes of 14 µm as well as 3.5 µm side length. Taking the first,
the print time was 8.3 s, while it was only 0.55 s for the smaller structure. As in the
previous example, a rather uniform surface structure compared to a grainy one
results. Looking at the random sequence, almost disconnected single voxels are
visible around the edges of the printed plane, while larger "grains" form towards
the center. However, overall, less material seems to polymerize, taking into account
the random sequence, which is in accordance with a larger local and spatially
varying polymerization threshold. In the insets, the smaller printed planes are
shown at the same magnification with qualitatively the same result, but with fewer
differences when comparing edges to the center.
From these experimental observations, one would clearly prefer maintaining an
ordered focus sequence. Besides the experiments in single-focus mode, experi-
ments in multi-focus mode qualitatively yield the same, although less pronounced,
differences. However, no systematic comparison has been performed. In general,
the average time difference of neighboring exposures can be identified as the main
governing parameter. As a result of these experiments, an ordered temporal se-
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Figure 5.16: Comparison between ordered and random temporal sequence for
differently sized planes. The top row illustrates the sequence, while in the bottom
row, SEM images are shown. Clear differences between the ordered (a) and the
random (b) sequence are visible with a non-uniform surface texture for the random
sequence and distinct polymerized voxels visible towards the edges. The print time
for the larger planes is tend = 8.3 s, while the print time for the smaller planes is only
tend = 0.55 s. Adapted from [96] under CC BY 4.0.

quence is tried to ensure for single- as well as for multi-focus prints. A simple
implementation to reach this is to distribute each layer into a grid, with each focus
scanning across one part of the grid. This, however, does not optimize for a mini-
mum print time. Further approaches could therefore include a k-means algorithm
for equally sized areas [202]. An overview across the print strategies employed for
the prints shown is provided in Appendix A.2.

5.3.3 Calculation via a Rate-Equation-Based Dose Simulation

Besides choosing the best-fitting printing strategy, the investigation of spatiotempo-
ral proximity effects allows for further insights into the reaction-diffusion kinetics
of the printing process. This, at the same time, motivates a comparison with com-
putational approaches with the goal of a refined dose simulation beyond a simple
accumulation model. This has been pursued and will be explained in the following.
As the unique part of 2SA 3D printing is the photoinitiation process, special atten-
tion is paid to this. Hahn et al. already set up rate-equation calculations to model
the photoinitiation process [24, 26, 44]. The rate-equation model developed therein
also provides the basis for the dose simulation presented in this work. A reaction
scheme of this model is shown in Figure 5.17. It covers the photoinitiator as well as
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Figure 5.17: Sketch of the reaction scheme as used for the rate-equation calculations.
The scheme is based on [26] and includes two subsequent absorptions from a pho-
toinitiator’s ground state A to excited states B and C, governed by the rates k1 and k2.
Radicals generated are identified by the level D, which can be populated from both
B and C. Irreversible scavenging reactions are taken into account in the inert state X.
Several reversible decay pathways are furthermore considered. Photoinitiator and
quencher molecules are replenished from infinite reservoirs Ares and Qres. Adapted
from [26, 96] under CC BY 4.0.

the quencher molecules in a simplified manner.
Initially, at a time stamp of zero, the states A, Q, Ares and Qres are populated at
a concentration of [A]0 = [Ares]0 = 100 mM and [Q]0 = [Qres]0 = 50 mM. This
resembles the photoresist PRA in Appendix A.1. A and Q are the ground states
of the photoinitiator and the quencher, respectively. From the ground state A, the
photoinitiator molecules can get excited to state B’ via the absorption of laser light
of intensity I. From there, the molecule quickly relaxes to state B, resembling the
intermediate state of two-step absorption. A second absorption process can there-
fore excite the molecule further to state C. From this state, radicals are generated
at the rate kR2. Generated radicals accumulate in state D, which we assume to be
proportional to the accumulated dose. Besides this 2SA photoinitiation pathway,
several decay pathways as well as a one-photon photoinitiation pathway (kR1) are
accounted for. From the intermediate state B, a reversible unimolecular (kD1) as
well as a bimolecular decay via triplet-triplet annihilation (kTTA) is considered [53].
Furthermore, state B can be depopulated in an irreversible bimolecular quenching
reaction with quencher molecules from state Q. In the model, only a single quench-
ing is assumed, which is the additional quencher molecule BTPOS, as it is assumed
to govern the reaction [44]. The quenching reaction ends at an inert state X.
The states Ares and Qres approximate the surroundings of the reaction volume by
assuming an infinite reservoir of photoinitiator and quencher molecules. While this
assumption may fail for extended printing experiments, it should hold true for the
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Figure 5.18: Flowchart of the rate-equation-based dose simulation. The holograms
are propagated to several layers close to the print plane via a Fourier-optical sim-
ulation. With a defined temporal sequence, one gets the spatiotemporal intensity
I(x, y, z, t) in the print volume. Following the definition of all rate coefficients, the set
of differential equations is numerically solved. As the population of the radical level
is assumed to be proportional to the dose deposited, setting a threshold allows for a
representation of the polymerized structure. Adapted from [96] under CC BY 4.0.

printing of small structures, compared to the structure size, in a large photoresist
droplet. In-diffusion processes from the surrounding are treated in a simplified,
and therefore approximate manner, via a rate proportional to the difference of the
population of the ground states A and Q and the infinite reservoirs Ares and Qres.
This approximate description of spatial diffusion is made to arrive at reasonable
computation times. In fact, the full description via a set of partial differential
equations in three spatial dimensions and time would be orders of magnitude more
demanding numerically. For this reason, many studies simplify spatial diffusion
processes in different manners [45, 118, 199].

Based on the described reaction scheme, a rate-equation-based dose simulation was
set up, as illustrated by the flowchart depicted in Figure 5.18. Due to computational
limitations and given the current implementation, the dose simulation is so far
only used to compare with small printed structures, such as the printed planes in
the inset of Figure 5.16. Conceptually, it is, however, not limited to such structures.
The computational routine starts with the set of calculated holograms for printing a
certain structure. Using Fourier optics, the stack of holograms is imaged to the print
plane following the same computational routine as used in Figure 5.3. From the
print plane, the focus patterns are further propagated to different planes above the
focal plane. The result is a 4D tensor I(x, y, z, n) containing the intensity at different
locations in and near the print plane for all N holograms. Afterward, the temporal
sequence is defined such that each hologram, therefore each laser exposure n, is
associated with a certain time interval between t0 and tend. The duration of each in-
terval corresponds to the patterning rate of the DMD and calculates to texp = 417 µs.
Therefore, the data now refers to I(x, y, z, t) and is input to the rate-equation model.
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Figure 5.19: Comparison of two temporal sequences in experiment and simulation.
The SEM images refer to the smaller printed planes as already shown in Figure 5.16,
where the temporal sequence is also illustrated. The simulated structures result from
the described dose simulation. Comparing experiment with simulation, a qualitative
agreement can be seen, such that different degrees of polymerization as well as surface
textures are reproduced. Adapted from [96] under CC BY 4.0.

Accompanying the space- and time-dependent intensity values, all parameters of
the rate equations need to be set. The different rate coefficients are either taken
from literature or manually set to best fit the experimental observations. A table
containing the parameters is provided in Appendix A.3. With the coefficients set,
the system of differential equations is independently solved for every point in space
via the "ode23t" solver built into MATLAB. Finally, a polymerization threshold
value is set to the population of level D as [D]th = 0.1[A]0 [44]. The binarized
population is then associated with the polymerized structure.

A result of the rate-equation-based dose simulation, in comparison with the ex-
periments, is depicted in Figure 5.19. The experimental results refer to the smaller
planes of 3.5 µm side length, which were already shown in Figure 5.16. For the sim-
ulation and experiment, the temporal sequence is either chosen to mimic a line scan
or randomly shuffled. The simulation qualitatively coincides with the experiment.
In the simulation, the random sequence clearly shows a non-uniform surface, a
lower overall polymerized volume, and almost unconnected voxels towards the
edges of the structure. This matches the experiment. However, the simulation
of the ordered sequence shows a bulging behavior that is less pronounced in the
experiment. Furthermore, the non-uniformities in the experiment when looking at
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Figure 5.20: Temporal evolution of the population of different levels as resulting
from the rate-equation calculations. The two columns refer to a random and an
ordered temporal sequence. The top row depicts the time-dependent intensity for
both sequences at one observation point (x = y = z = 0). In the bottom row, the
population of different levels of the rate-equation model is shown. The ordered
sequence leads to a higher degree of polymerization, since all absorption events are
condensed to a narrow time frame in which the quencher concentration is noticeably
reduced. Adapted from [96] under CC BY 4.0.

the random sequence appear to be on a larger scale compared to the simulation.
The latter might be a result of the simplified treatment of spatial diffusion as well as
the assumption of infinite reservoirs. Still, by performing dose simulations taking
the finite lifetime of the intermediate state, as well as simplified quenching and dif-
fusion processes into account, spatiotemporal proximity effects of 2SA photoresists
can be modeled.
Further insights into the process are provided when looking at the population of
the different levels as a function of time. This temporal evolution at x = y = z = 0
is plotted in Figure 5.20, again as a comparison of the random with the ordered
sequence. In the top row, the time-dependent intensity values are plotted. These
are proportional to the time-dependent coefficients k1 and k2. In the bottom row,
the population of the respective levels of the rate-equation model is plotted in units
of mM. At time intervals of a significant laser intensity near the observation point,
the population of the photoinitiator’s and the quencher’s ground state decreases
while the population of states B and C, and consequently also D, increases. Be-
tween absorption events, the populations of levels A and Q are restored through
in-diffusion from their surroundings. The point of highest laser intensity refers
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to the situation in which the laser directly exposes the observation point. For the
ordered sequence, this is the center of a narrow time frame in which the majority
of the absorption events are condensed. Interestingly, at the timestamp of direct
exposure of the observation point, the populations of states A and Q are noticeably
lower compared to their equilibrium populations. This is because the in-diffusion
from the surrounding area, following preceding absorption events, is too slow to
restore the original population, rendering the quenching process less efficient. Of
course, this observation is dependent on the chosen parameters, time scales, and
structure to be printed. Still, it holds true for the given examples and in comparison
with the experiment. In conclusion, the less efficient quenching leads to an overall
higher dose accumulation and a larger contribution of a one-photon triggered
polymerization for the ordered sequence, which is undesired. On the other hand,
the conditions are more consistent for different points of the structure, leading to an
almost constant polymerization across the structure and a more uniform surface.
The presented simulation was developed to the point where it achieved qualitative
agreement with the experiment for very simple example structures. In doing so,
it already helped in investigating different printing strategies and showcasing
spatiotemporal proximity effects for two-step absorption. However, the presented
simulation routine still comes with several approximations and simplifications.
These are the simplified treatment of diffusion processes, the manual fitting pro-
cedure of the rate coefficients, and the processes themselves, which are taken into
account. A desired goal for any evolved dose simulation routine would be to
exploit the predictive power to pre-compensate the printing design before print-
ing. To achieve this, further parameter studies need to be carried out, where the
high-dimensional parameter space is addressed in an automated way. As this
requires increased computational effort, the main processes of the reaction scheme
contributing to the photoinitiation process should be selected so that less important
processes can be disposed of. Furthermore, neural networks could accelerate the
computation of the differential equations.

5.4 D ISCUSSION AND CONCLUSION

Of course, every newly developed 3D laser printing approach has to compete with
the already existing ones. For the herein developed printing setup, this should
be first done within the category of two-step-absorption 3D laser printing. The
inherent benefit of 2SA 3D printing is a low single-voxel polymerization threshold
and, therefore, the ability to use more affordable and compact cw lasers compared
to rather expensive short-pulsed lasers for 2PP. This motivates further goals that
make use of the low single-voxel polymerization threshold powers, like a massive
parallelization approach. Doing so, light-sheet 3D printing offers high printing
rates of up to 7× 106 voxels s−1 at voxel sizes of 1.35 µm using synergistic two-color
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2SA [26]. By this technique, benchy boats and an assembly of six chiral metamate-
rial unit cells were printed in only 288 ms and 1.4 s, respectively. However, the total
dimensions of these structures were approximately seven times larger. On the other
hand, a miniaturized single-focus setup can be targeted, which achieved print rates
of 4.9 × 103 voxels s−1 at voxel sizes of around 210 nm [25]. Using this setup, the
printing of a 16 µm long benchy boat and a 16 µm side length chiral metamaterial
unit cell was shown at overall printing times which are comparable to the DMD-
based setup using only a single focus. However, the structures presented in Ref.
[25] were printed at smaller hatching and slicing values, but a four times higher
linear focus velocity of 1 mm s−1 (in contrast to 250 µm s−1 in the present approach,
as derived from the step size and the patterning rate employed). Compared to this,
already a small number of foci employed in parallel offers an advantage in printing
time.
The goal of the approach developed in this work was to bridge the gap between
these two previous implementations of two-step-absorption 3D laser printing by
circumventing their drawbacks while largely preserving their advantages. Specifi-
cally, the print rates should be increased compared to single-focus 2SA 3D printing.
As outlined in section 4.1, parallelization approaches become vital due to lim-
ited single-focus scan velocities. LS3DP is already a parallelized 2SA 3D printing
approach capable of steering 33000 individual foci. However, it comes with the
drawback of experimental complexity, initial total laser powers of about 30 W, and
a limited build volume [26]. Using the presented setup, a compact 400 mW output
power laser is used to perform a dynamic multi-focus printing at print rates of
up to 6.2 × 104 voxels s−1. The voxel sizes, although not thoroughly investigated
experimentally, are near those of single-focus 2SA printing approaches. From
top-down and side-view SEM images of printed woodpile structures, approximate
voxel sizes of around 270 nm can be deduced. The printing rate, therefore, falls
behind LS3DP but outperforms all other two-step-absorption processes.
The herein developed approach is at the forefront of cost-effective (1+1)-photon
absorption techniques. However, applications of 3D laser micro- and nanoprint-
ing are still largely dominated by 2PP and parallelized one-photon absorption
approaches, such as micro-stereolithography. Commercial instruments for 2PP
operate at print rates of 2.5 × 105 voxels s−1 for many years already. The approach
presented herein cannot compete with this at the moment. Therefore, development
is still needed, and/or specific applications have to be defined.

Further development could initially involve additional steps along the same lines,
utilizing the knowledge gained in this chapter. The used patterning rate of 2400 Hz
is limited by the implementation of the printing as a video stream. The derived ex-
posure times are still well above the intermediate-state lifetime, and accompanying
focus velocities are below the commonly employed focus velocities for single-focus
scanning in 2SA 3D printing, respectively. Therefore, higher patterning rates would
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be beneficial to first push the single-focus velocities to their limits, thereby reducing
the number of foci and better using the power budget, as explained at the beginning
of this chapter. Such DMD-based solutions are available, however, at a higher cost
[195]. Further steps pursuing other goals include reducing costs by making the
setup more power-efficient, thereby relying on lower total laser powers, and by
incorporating a 3D holographic laser beam-scanning approach, which eliminates
the need for a piezoelectric stage for slicing the structure. These steps were taken in
a second version of the presented setup, largely building on the ways paved herein.
While the setup described in this chapter is based on off-the-shelf, widely available
DMDs, the recent availability of micromirror-based phase light modulators moti-
vates the steps outlined. This will be discussed in the next chapter 6, at the end of
which a more extensive outlook on possible further developments will be given.
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6
Chapter 6

A 3D HOLOGRAPHIC BEAM
SCANNING SETUP FOR 2SA 3D
LASER PRINTING

In this chapter, the design and realization of a 3D laser nanoprinting setup based on novel
micromirror phase light modulators and 3D holographic beam scanning is presented. It
is a second version of the printing approach introduced in the previous chapter, with an
emphasis on affordability and versatility of the setup. Likewise, the goal of affordable 3D
laser printing is first discussed. Afterward, the design considerations are explained, details
of the experiment are given, and exemplary printed structures are discussed. The chapter
concludes with a summary and an outlook on further development routes.
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6.1 THE GOAL OF AFFORDABLE 3D LASER NANOPRINTING

For applications requiring 3D printing capabilities with voxel sizes below 1 µm,
two-photon-absorption 3D laser printing is by far the most widespread method. It
has matured over almost three decades, and a commercial market of manufacturers
and customers has grown, which nowadays comprises academia and industry.
As it is natural for high technology, developments on the side of the tools and on
the side of the applications stimulate each other, where new applications make
new tools necessary and new tools inspire new application examples. This bidi-
rectional exchange might however be held back if resources are limited, e.g., if
state-of-the-art machinery is not affordable to academia, education, or small- and
medium-sized enterprises.
In the optics community, several open-source projects have therefore emerged
which describe and provide low-cost construction kits for microscopy [203, 204],
even for elaborate techniques such as light-sheet microscopy [205]. Coming back to
the specific case of 3D laser nanoprinting, commercial 3D printing devices come at
a price tag on the order of several hundred thousand euros. A large cost driver is
the necessary short-pulsed laser, which alone has a price of around 105e. Therefore,
efforts have already been made to replace commonly used titanium-sapphire solid-
state lasers or erbium fiber lasers with lower-cost alternatives. Besides (1+1)-photon
absorption, this includes the use of (quasi) continuous-wave lasers in combination
with chemical nonlinearities of the photoresist [206], or in combination with two-
photon absorption [207]. Further research is ongoing on novel short-pulsed laser
sources, which are chip-scale diode lasers [208, 209]. However, these approaches
are either significantly less power-efficient than (1+1)-photon absorption or are
still under development. To date, (1+1)-photon absorption techniques, of which
two-step absorption clearly stands out, are the most well-developed techniques for
cost-effective 3D laser nanoprinting.

Two-step absorption from the beginning offered the advantage of replacing expen-
sive, bulky short-pulsed lasers with cw lasers. Therefore, the goal of providing
affordable 3D laser nanoprinting approaches was also pursued right away. This
led to the demonstration of a miniaturized 3D printing setup of the size of a shoe-
box, containing only a minimal number of parts [25]. In this implementation, the
two most costly components were first a piezoelectric inertia stage for slicing the
structure by moving the objective lens axially, and second, a movable mirror based
on a micro-electro-mechanical system (MEMS) used for laterally scanning the laser
beam. The combination of these two devices comes at a price of around 4500e
and is the major cost driver of the overall setup. Other components, including the
laser source and the objective lens, can be purchased at a price of less than 1000e
in total. However, it should be noted that some sacrifices in terms of printing reso-
lution have to be made when choosing low-cost objective lenses [210]. Therefore, a
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complete 3D laser nanoprinting setup can already be built at a price tag of only a
little more than 5000e.
The present work aims at two things building on this: first, the price tag should be
brought to even smaller values. In particular, only a single device will be employed
for holographically scanning the laser beam in the lateral and axial directions. This
cuts the cost from 4500e to around 2200e for a PLM prototype device or to around
1000e for DMD devices. Furthermore, two separate devices are combined, such
that the complexity of the setup is reduced. If cost is the main criterion, it could be
further reduced by taking DMD assemblies out of old projectors, if needed, together
with new DMD chips, at a price tag of only 100e to 200e. Second, affordability is
not only about cost, it is also about the versatility of the setup. The presented setup,
using micromirror-based phase light modulators, is by design not only capable of
single-focus scanning in three spatial directions, but can be used in the way any
spatial light modulator is used. This includes multi-focus printing, holographic
beam shaping, as well as single-exposure 3D holographic printing [116, 196].

6.2 DESIGN AND REALIZATION OF THE SETUP FOR PARALLEL

2SA 3D PRINTING

6.2.1 Components of the Setup

Since the setup presented in this chapter can be seen as a second version of the
dynamic multi-focus printing setup presented in the previous chapter 5, some com-
ponents are identical. Besides this, many design rationales were already outlined in
the previous chapter. In this section, additional or diverging design considerations
are discussed in detail while references are made to previous sections wherever
applicable.
A schematic of the 3D laser printing setup is shown in Figure 6.1. The laser source
used is the same compact diode laser at a center wavelength of λ = 406 nm and
a maximum output power of 400 mW (Toptica IBeam smart) as used in the pre-
vious version. In the context of an affordable 3D laser nanoprinting solution, it
should be noted that the laser source utilized could be readily substituted with
one of a considerably lower output power and, consequently, a significantly lower
cost. This is because the present laser is operated at a very low percentage of
its maximum output power for the phase holography as applied in this chapter.
Following the laser source, the laser beam is expanded via a telescope consisting of
two achromatic doublet lenses L1 and L2 ( fL1 = 30 mm, fL2 = 150 mm). Via two
dielectric mirrors, the laser beam is directed onto the PLM such that it is incident
under a small angle of approximately 13◦ with respect to the PLM normal.
The PLM module used is a Texas Instruments DLP6750Q1EVM evaluation module
kit for application development. The currently available modules are built on exist-

113



6 A 3 D H O L O G R A P H I C B E A M S C A N N I N G S E T U P F O R 2 S A 3 D L A S E R
P R I N T I N G

Figure 6.1: Scheme of the optical setup for 3D
printing based on a PLM and 3D holographic
laser beam scanning. Starting from a diode laser
(Toptica IBeam smart), the laser beam is expanded
via a 5× telescope consisting of the lenses L1
and L2. The expanded beam impinges onto a
micromirror-based phase light modulator (Texas
Instruments DLP6750), which is an adaptive op-
tical device used for 3D holographic beam split-
ting and beam steering, as well as for aberration
correction. The pattern displayed on the PLM is
imaged to the entrance pupil of the objective lens
(Leica 100×/1.4-0.7) via a 1× telescope consisting
of the lenses L3 and L4. Unwanted diffraction
orders are blocked via an aperture in between.
The dashed line indicates a coordinate system flip.
Lateral and axial translation stages are part of the
setup, but are not requisite for printing. For in-situ
monitoring of the printing process, the sample is
illuminated by an LED and imaged by a camera.
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ing DMD hardware. The DLP6750, therefore, fits the same package as a DLP670S
DMD chip and is controlled by a DLPLCR900 control board. The chip features an
array of 1358 × 800 pixels of 10.8 µm pixel pitch. This translates into an active area
of 14.7 mm× 8.6 mm. The nominal cross-sectional laser beam size at the PLM plane
is 6.25 mm with the laser beam incident on the PLM at an angle of α ≈ −13◦. For
illustration purposes, the calculated intensity as well as the phase at the plane of the
DMD is shown in Figure 6.2a, with the PLM’s active area highlighted. The effects
of finite incident and diffraction angles are not considered in this visualization.
Following the PLM, the laser beam is relayed to the entrance pupil of the objective
lens via a 1:1 imaging using the lenses L3 and L4 ( fL3 = 125 mm, fL4 = 125 mm).
In the focal plane of lens L3, the designed holographic pattern is generated. An
illustration of this for a pattern of 10 distinct foci is shown in Figure 6.2b. Due
to the phase-only hologram, the zeroth order is way less pronounced compared
to the usage of binary amplitude holograms and the DMD. But a zeroth order
is still present, which needs to be blocked to prevent dose accumulation in the
print plane. The light focused to the zeroth order originates from different factors,
comprising the discretization of the addressable phase levels as well as manufac-
turing imperfections and light reflected from the cover glass securing the PLM
micromirror array. Please note that only the effect of the discretized phase levels is
accounted for in the shown simulation, resulting in a substantially smaller contri-
bution than in the experimental situation. Besides the zeroth order contribution,
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Figure 6.2: Illustrative calculations of the laser beam profile at the PLM as well as
of the focus pattern generated. a At the PLM, a Gaussian beam is incident on the
device. The PLM’s active area is indicated via the white dashed rectangle. The phase
of the incident beam is modulated across this area. b In the focal plane of lens L3, a
focus pattern of 10 distinct foci is generated. For better visibility, each focus as well as
the zeroth order are plotted 5× magnified in size. The dashed rectangle indicates the
accessible area for beam steering, which is likewise transmitted through the aperture.
The zeroth order, as indicated by the dashed circle, is blocked.

also contributions from higher diffraction orders of the PLM’s pixelated array need
to be blocked, similarly to the DMD (see section 5.1.2). Therefore, an aperture is
assembled consisting of a precisely machined square aperture milled into a black
polyvinyl chloride (PVC) slab for blocking higher diffraction orders and a positive
obstruction target (Thorlabs R1D500P) for blocking the zeroth order.
The further optical setup, consisting of a dichroic mirror, the objective lens, and
the illumination and camera beam path, is the same as already discussed in section
5.1.1. Therefore, a Leica HCX PL APO 100×/1.4-0.7 Oil CS objective lens is used.
In the spirit of reducing complexity and increasing the affordability of the 3D laser
nanoprinting setup, the laser beam splitting and beam scanning in all three spatial
directions are accomplished via the holographic patterns in this setup. This means
that also axial scanning of the laser focus, as introduced in section 4.3.1, is now
performed via the holograms, which was not the case for the DMD-based setup.
Therefore, a piezoelectric stage for fine slicing of the structure during printing is
not needed, which significantly reduces the cost of the overall setup. Still, the
sample and/or the objective lens need to be positioned relative to each other, e.g.,
for finding the interface between the printing substrate and the photoresist. This
task is, in the present case, still done via the piezoelectric stage as it is still a part
of the existing setup. However, it could also be achieved by an inexpensive screw
drive stage, with a potentially necessary additional fine positioning done via the
holographic patterns.
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laser objective
lens
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Figure 6.3: Photographs of the optical setup. a Top-down view with the optical
path highlighted by the blue overlay corresponding to the scheme shown in Figure
6.1. b Angled view with the main components of the setup labeled. c Close-up of
the PLM assembly. The central reflective element is a micromirror array comprising
approximately one million individually addressable micromirrors.

The used PLM has a pixel pitch of 10.8 µm and a square instead of a diamond pixel
layout. With these parameters and the downstream optics, the accessible print field
calculates to 75 µm × 75 µm, following the same formulas as outlined in section
5.1.4. The minimum step size when relying on the discretization of the Fourier grid,
as it is also done in this case, calculates to 94 nm and 59 nm in the two respective
lateral dimensions. Due to the phase holography, no equally intense mirror image
of the hologram in the first diffraction order is generated. Therefore, the "full" area
of the first diffraction order can be used. However, since the blocked zeroth order
is located in the center, the usable print field is a square with a non-accessible small
circle in the middle.
Photographs of the optical setup are shown in Figure 6.3. Besides the reduction
in the total number of components, the total footprint of the setup is also reduced
since fewer relay telescopes are used. Although no special attention has been
drawn to particularly compact individual components, the setup fits into a com-
pact rectangular footprint of 30 cm × 60 cm.

Besides the already addressed piezoelectric stage for slicing the structure, two
other components are removed compared to the setup presented in section 5.1.1:
the πShaper and the diffraction grating. Due to the removal of the πShaper, a
Gaussian amplitude profile is incident on the PLM. In general, a tradeoff of power
efficiency when largely overilluminating the PLM’s active area or a reduction in
the holographic pattern quality when underilluminating the PLM’s active area
has to be made, which complicates for the Gaussian profile since there is no sharp
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edge. Based on the experience gained with the first setup version, the quality is
found to be acceptable even when underilluminating the micromirror array. In
conjunction with the goal of a simplified and affordable setup, the πShaper is
removed, therefore also removing cost and complexity of the setup.
While the πShaper removal can be argued to be a compromise, the additional
diffraction grating is not needed for the PLM-based setup. Using a DMD, the
individual micromirrors are tilted with respect to the device normal, therefore
acting as a blazed grating. To maximize the power efficiency, the angles of the
incident and diffracted light, and therefore the diffraction order of the pixel array,
have to be set accordingly. This led to a large diffraction order of m = −5, introduc-
ing significant angular dispersion effects (see section 5.1.3). The diffraction order
considering only the micromirror array is reduced to m = 0 for the flat position-
ing of the micromirrors of the PLM, such that the pixelated array introduces no
angular dispersion. Still, slight angular dispersion is introduced by the superposed
holographic pattern. However, the effect of this is only minor for the present case
of m = ±1 and diffraction angles centered around 13◦ with respect to the mirror
normal.

6.2.2 Laser Power Efficiency

An increase in laser power efficiency is directly gained when switching from binary
amplitude holograms to phase holograms, as already outlined in sections 4.2.3 and
4.3.3. While binary amplitude holograms are limited to a diffraction efficiency of
around 10 %, 16-level phase holograms can, in theory, achieve diffraction efficien-
cies of 99 %. The parameters that experimentally limit the overall setup efficiency
are described in the following.
The main device of interest when discussing the efficiency of the setup is the PLM.
Its overall laser power efficiency can be divided into what I refer to as the device
efficiency and the hologram efficiency. The device efficiency is the amount of light
that can be used for the generation of the holographic pattern and which is focused
to the zeroth order in an unpowered state of the PLM. It can therefore also be
considered as the diffraction efficiency of the device. Current PLM devices achieve
device efficiencies of around 70 %, which could be experimentally verified with
the device at hand and at the wavelength used. Increasing the device efficiency is
part of active development by the manufacturer and has increased significantly
over the last years [160, 161, 211, 212]. Limiting factors are manufacturing process
parameters such as the fill factor of the micromirror array, the mirror tilt, or the
mirror flatness.
The experimentally accessed hologram efficiency comprises the light that is diffracted
out of the zeroth order if a hologram is displayed on the PLM, compared to the
optical power when including the zeroth order. This includes the efficiency of the
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actual calculated holograms under the limitation of the discretized addressable
phase levels, as well as experimental mismatches of the real height levels of the mi-
cromirrors compared to the designed height levels. Furthermore, reflections from
the cover glass and the space in between the mirrors are focused to the zeroth order,
therefore part of the hologram efficiency. Another point for the time-averaged
laser power efficiency is the time interval in which the micromirrors move when
changing the pattern, which, to some extent, is also the case if the displayed pattern
does not change. The sum of these effects leads to a hologram efficiency of 66 %,
averaged across different holographic patterns.
The total power efficiency, measured in the entrance pupil of the objective lens and
compared to the power out of the laser, is around 28 %. This is an averaged value
for different holographic patterns used for printing, ranging from 25 % to 30 % for
the examples which will be shown in section 6.2.6. In the case of steering a single
focus, the efficiency largely depends on the deflection angle due to the diffraction
envelope superposed on the steered focus. Therefore, values span between around
40 % close to the center to only 10 % near the edges. The remaining differences
between the setup efficiency and the combination of device and hologram efficiency
are attributed to losses at the different optical elements, as well as overillumination
of the objective lens entrance pupil. The efficiency of the latter factors is around
68 % combined. The laser power efficiency is still more than an order of magnitude
larger compared to the DMD-based setup and rivals the power efficiencies using
LC-SLMs (see section 4.2.3).

6.2.3 Encoding Phase Holograms onto PLM Devices

As already briefly mentioned, the PLM does not allow for a continuous phase
modulation but for addressing 16 different distinct phase levels, therefore for a 4 bit
phase modulation. Calculated continuous phase holograms need to be discretized
to match the addressable phase levels.
For the PLM, these discrete phase levels are not equally spaced, such that the
relation of the displacement levels of the micromirrors to the integer phase levels is
not linear. The actual relation is depicted in Figure 6.4, where experimental data
provided by the manufacturer, Texas Instruments, is plotted. It can be seen that the
separation of adjacent phase levels is denser for small displacements and rather
sparse for large displacements. The reasons for this lie in the specific electrode lay-
out and, therefore, the actual operating principle of how to move the micromirrors.
This will be explained in a bit more detail in the following, based on resources from
the manufacturer [160, 161, 211–214].
To illustrate the discussion, a schematic of a single PLM micromirror cell and its
electrode layout is depicted in Figure 6.5. Underneath each micromirror, there are
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Figure 6.4: Discretized phase
level map of the DLP6750 PLM.
The 16 addressable micromirror
displacement and therefore phase
difference levels are not linearly
distributed (orange line), but
follow the blue data points with
a finer discretization for low dis-
placements. The data is provided
by Texas Instruments [215].
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Figure 6.5: Schematic of the electrode layout of a single PLM micromirror cell. a
Drawing of the main components. On top is an aluminum plate, which sits on five
mirror posts. These are attached to a spring-loaded layer. Applying voltages to the
bottom electrodes electrostatically attracts the spring-loaded layer, causing it to move
downwards. This movement is guided by four support posts. b Top view drawing of
the bottom electrode layout. Electrodes E1 - E4 are individually addressable for each
micromirror cell, while electrode EB is set to a global value. Images redrawn based on
information from [215] (panel a) and [214] (panel b).

several layers of flexible hinges and support posts, which allow the top aluminum
micromirror surface to move while being restricted to a purely vertical movement.
At the bottom of the micromirror cell, a layout of a total of five electrodes is manu-
factured. In an unpowered state, all micromirrors are in their highest position. The
movement of the top plate is controlled by attractive electrostatic forces between
the bottom electrodes and the top metal plate, which lowers the top plate. Of the
five electrodes, four can be individually addressed for each micromirror (E1 - E4).
In contrast, the fifth electrode, the mirror bias electrode (EB), is set to the same
voltage for all micromirrors. The electrodes E1 - E4 are set to binary values of either
0 V or 10 V. Therefore, 16 distinct electrode voltage combinations are possible,
resulting in 16 distinct displacement levels. Setting a suitable electrode layout to
linearize the displacement curve and manufacturing of such are crucial parameters
to be optimized by the manufacturer.
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Figure 6.6: Illustration of the encoding of continuous phase holograms to the PLM’s
electrode states. a Exemplary 1280× 800 pixel continuous phase hologram generating
a 2×2 focus array wrapped at a 2π phase difference. b Phase map discretized to the
16 addressable phase levels of the PLM. These distinct levels are further indicated as
vertical lines in the colorbar. c The phase map is displayed by the integer number of
the phase level. d As each micromirror displacement is generated by four electrodes
set to either 0 V or 10 V, a 2560 × 1600 pixel binary array of the memory cell status
setting the electrode’s voltages is calculated.

The voltage level of the mirror bias electrode can be continuously adjusted by the
user based on the wavelength of the illumination. To achieve a complete phase
modulation of 2π, the displacement of the micromirrors needs to change between
a normalized value of 0 and λ/2. Since a phase difference of 0 or 2π leads to the
same interference effects, the maximum physical displacement of the 16th level is
15
16 λ/2 = 190 nm for the used wavelength of 405 nm. To set this maximum displace-
ment, the mirror bias voltage is adjusted experimentally until the fraction of light
in the zeroth-order hologram is reduced. The optimal voltage is 2.1 V.

With this knowledge of the operation principle of the mirror movements, the com-
putational pipeline of encoding the continuous phase holograms to binary electrode
states is shown in Figure 6.6. In panel a, a phase hologram generating an exemplary
2 × 2 focus array is shown, calculated for the used pixel count of 1280 × 800 pixels.
This is mapped to the addressable 16 phase levels (panel b). In panel c, each pixel
is represented by the integer number of the phase level it should address. This
decimal number is finally translated into binary values that encode the voltage
levels of the different electrodes. Therefore, a binary image of doubled lateral pixel
numbers needs to be transferred to the PLM for display.
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6.2.4 Lateral and Axial Aberration Correction

Adaptive optical elements like PLMs, LC-SLMs, or DMDs come with the appealing
possibility of not only displaying holograms and generating focus patterns, but
they also allow for aberration correction of the optical system they are incorporated
in at the same time. The other side of the coin is, however, that the adaptive optical
elements themselves are often one major source of aberrations that need to be cor-
rected. This situation is present for the PLM used in this chapter. It should be noted
that for the DMD-based setup presented in the previous chapter, an aberration
correction would have been possible, but was found not to be necessary.
The main sources of aberrations for PLMs and DMDs are uneven surfaces. Due to
the different heights at different points across the array, these effects are a source of
different optical path lengths and apply a second phase modulation on top of the
designed hologram. Potentially due to the not fully developed manufacturing pro-
cess, these uneven surfaces are more pronounced for the PLM at hand compared to
the DMD. If the surface shape is known, a phase map can be calculated, correcting
for the surface shape by imposing the opposite phase delays.
With the optical setup presented in section 6.2.1, aberrations introduced by the
PLM were measured by positioning a Shack-Hartmann wavefront sensor (Thor-
labs WFS30-7AR/M) in the focal plane of lens L3 and setting all PLM pixels to
the nominally same height level. The decompositions of the measured wavefront
into Zernike polynomials were taken as the starting point for the calculation of
an aberration correction phase map. The main contribution was found to be an
astigmatism, which is in accordance with previous measurements of PLM-induced
aberrations [160, 196].
Based on the coefficients describing the relative contribution of low-order Zernike
polynomials, these coefficients were empirically optimized. To do so, the wavefront
sensor was replaced by a camera, and a 6 × 6 focus array was holographically
generated by the PLM and focused onto the camera sensor. The coefficients were
adjusted such that diffraction-limited foci are obtained. These measurements are
shown in Figure 6.7. In panel a, no aberration correction map was applied, leading
to visibly aberrated foci as can be seen in the inset on the right-hand side. With the
empirically optimized aberration correction phase map, as shown in the middle,
foci were obtained with significantly reduced aberrations.

The simple procedure of empirically optimizing the coefficients of Zernike poly-
nomials was repeated in the print plane, since additional aberrations might show
up further down the optical path and when focusing through a high-NA objective
lens. In the print plane, the tightly focused spots cannot be directly captured with
a camera sensor. Furthermore, no elaborate PSF measurement techniques like gold
bead scans are implemented into the setup. Therefore, the light reflected off a glass-
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Figure 6.7: Lateral aberration correction via the PLM. A 6×6 focus array was holo-
graphically generated by the PLM and focused to a camera located in the focal plane
of lens L3 (see Figure 6.1). For better visibility, only a quarter of the focus array is
shown. a The zoom-in on the top right shows one exemplary focus out of the focus
array, showing clearly visible aberrations. b By applying the correction phase map
shown in the middle, the aberrations can be largely reduced. As seen in the zoom-in
on the bottom right, an almost symmetric spot is obtained. The color scale of all
intensity data shown is normalized to the same value.

monomer interface was imaged onto a camera the same way as in section 5.1.5.
These imaged foci are clearly only an approximation of the real PSF shape, but can
still be used as a simple characterization technique, at least for the lateral focus
shape in the focal plane. Doing so, similar coefficients of Zernike polynomials were
found as in the intermediate plane evaluated in Figure 6.7 with an astigmatism
being the dominant contribution.

The same routine was also employed for a simple evaluation and optimization of
the focus shape at different axial positions when shifting a single focus or an entire
focus pattern along the optical axis. Therefore, the coefficients of the quadratic
defocus term, as well as higher-order primary and secondary spherical aberration
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terms, were adjusted. With this, the shape and intensity of the imaged foci were
optimized for axial shifts of ∆z = −10 µm to ∆z = +10 µm. As outlined in section
4.3.1, the theoretical phase mask for axially scanning a focus in a high-NA system
fulfilling the sine condition is a spherical profile. With this, the focus shape can be
maintained when scanning the focus over a moderate distance. The combination
of Zernike polynomials is only an approximation to this profile, but it provides sev-
eral degrees of freedom for experimentally adjusting the phase profile. However,
the maximum intensity and focus shape in the nominal print plane could not be
restored completely when axially shifting the foci, although higher-order spherical
aberration terms provide a source of improvement. The maximum intensity across
the focus pattern when shifting the pattern axially by ±10 µm dropped to around
70 % of the maximum value at the nominal focal plane. In the experiment, effects
such as refractive-index mismatches, imperfect optical elements, and imperfect
alignment were present and were not accounted for in theory. In combination with
a pragmatic, yet simple, measurement and optimization routine, the discrepancies
are understandable and could be reduced by using proper PSF measurements and
automated optimization algorithms. For the initial printing experiments conducted
in this work, the Zernike polynomial coefficients were empirically determined at
different axial positions and interpolated between them.

6.2.5 Electronics and Software Control

The hardware and software control of the PLM-based setup is largely the same as
for the DMD-based setup presented in chapter 5. This includes the computational
pipeline of how to get from the 3D design to the stack of holograms, as explained in
section 5.1.6 as well as the electronics and the software of the printing setup itself,
as explained in section 5.1.7. Nonetheless, some changes and different parameters
are present, which will be explained in this section.
In the calculation of the holograms, additional steps are performed for mapping the
phase holograms to the PLM’s electrode addresses, which increases computational
effort. On the other hand, no binarization of phase holograms to binary amplitude
holograms is necessary. Since the arrays to be transferred - the electrode mappings -
are still binary, the same solution of assembling 24 binary images into a single 8 bit
RGB image can be maintained. Therefore, a stack of holograms needed for printing
is stored as a single video file and displayed via the same software framework as
discussed in 5.1.7.
Some care has to be taken with the data rates. As the information per pixel increases
from 1 bit to 4 bit, while the total number of pixels stays roughly the same, the
file sizes increase by a factor of approximately four. With the firmware currently
available, the PLM’s video frame rate is limited to 60 Hz, compared to 100 Hz,
which could be reliably achieved with the DMD. Patterning rates using the PLM
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are therefore 1440 Hz, such that the data rate for a 1280×800 pixel array calculates
to 5.9 Gbit s−1. It is found that also at this data rate, the fraction of delayed or
missed frames during the video playback is acceptably low.
A second change concerns the time frame in which new patterns are to be displayed
on the PLM and the micromirrors move. During this time, which is some tens
of microseconds, light is directed towards the zeroth order as well as to random
positions within the print field. To not suffer from additional dose accumulation
effects, the laser is triggered by the PLM and turned off during these refresh times.
Applying this procedure, the laser power efficiency being measured as an average
across many frames, is further reduced by the time period the laser is turned off,
which is around 70 µs/694 µs = 0.1.

6.2.6 Printing Performance

To showcase the printing performance and to further evaluate the developed setup,
3D test structures were printed similarly to those presented in section 5.2. As the
setup presented in this chapter has been developed up to a proof-of-principle sta-
tus with a larger goal set on affordability and versatility, no extended quantitative
printing experiments have been performed up to now.
Nonetheless, SEM images of a gallery of test structures are shown in Figure 6.8.
It should be emphasized that all four examples presented were printed solely by
holographically steering the light via the PLM in all three spatial directions without
the need for macroscopic moving parts during printing.

To achieve the best printing results, some adjustments in terms of printing parame-
ters and preparation of the print design were made, which will be explained before
discussing the printing results in more detail. This includes an adjustment for a
non-uniform intensity distribution of the foci throughout the print field as a direct
result of the diffractive nature of the PLM’s pixelated array. Here, the generally
same argumentation holds as for the explanation of the diffraction envelope and
the correction applied in the case of the DMD (see section 5.1.5). However, for the
DMD-based printing setup, diffraction envelope corrections were only necessary
if a large fraction of the printing field was used, since the diffraction envelope
maximum can be aligned with the print field center by selecting appropriate angles.
This is in contrast to the PLM, where the maximum of the diffraction envelope
cannot be steered with respect to the print field, since all micromirrors remain flat
with respect to the substrate. Therefore, the maximum aligns with the blocked
zeroth order, and the diffraction envelope is more noticeable. To circumvent this,
an additional focus was intentionally placed close to the zeroth order, therefore
blocked by the aperture, carrying some laser light. By adjusting the relative strength
of the foci, a uniform printing focus intensity throughout the print field can be
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Figure 6.8: SEM images of structures printed for testing the performance of the
developed 3D laser printing setup. a A unit cell of a chiral metamaterial was printed
by holographically scanning a single laser focus in all three spatial directions. With
laser power corrections applied as described in the main text, a similar printing per-
formance is achieved compared to using a piezoelectric stage for slicing the structure.
b By holographically scanning a single focus, but without further laser power cor-
rections, a bucky ball structure was printed. c The shown bucky ball structure was
printed using five foci in parallel and holographic beam scanning. d Four bucky ball
structures were printed in parallel in a total print time of 5.5 s using up to 16 foci in
parallel, translating to a print rate of 16400 voxels s−1. Only 7 mW of laser power out
of the laser is needed for printing the structure in panel d.

achieved. Of course, this correction comes at the expense of reduced laser power
efficiency by a factor equal to the diffraction envelope’s intensity drop. This drops
to values of up to 20 % of its maximum intensity at the edges of the print field.
A second adjustment made concerns the laser power set for different slices of the
printed structure. Based on the simplified focus measurements performed, the
voxel size increases with larger axial shifts away from the nominal focal plane.
To adapt the printing parameters in this regard, the laser power can be increased
with increasing axial shifts. This maintains the peak intensity at the expense of a
larger voxel size and therefore reduced resolution. This adaption is made for the
structures shown in Figure 6.8a and c.

With this said, I want to discuss the printed test structures. Further information
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on printing parameters and printing strategies can be found in Appendix A.2. In
Figure 6.8a, a single unit cell of a chiral metamaterial with side lengths of 16 µm
is shown. The printing was performed in a single focus mode at a total print
time of 123 s, such that the patterning rate directly translates into the print rate of
1440 voxels s−1 for this example. With the already mentioned adjustment of the
laser power in axial direction, the laser power at the objective lens entrance pupil
spans a range of 84 µW to 170 µW with an averaged power efficiency of the setup
of around 30 %. It should be noted that the laser power adjustment made for the
structure shown is partly due to the axially varying voxel dimension and also helps
reduce proximity effects in the middle layers of the structure. Similar adjustments
were also made for the structures discussed in section 5.2. A comparison of the
laser powers required for printing the same structure at the same patterning rate
(Figure 6.8a and 5.15a) reveals that the PLM-based setup requires a 14- to 28-fold
lower laser power compared to the DMD-based setup.
Another example of printing in a single focus mode is shown in Figure 6.8b. A
bucky ball structure was printed again at 1440 voxels s−1 in a total print time of
80 s with a laser power of 380 µW incident on the PLM. In this case, no laser power
adjustments are made, neither in the lateral nor in the axial direction. This show-
cases that the mentioned adjustments help in achieving the best printing results,
but their necessity is largely dependent on the complexity of the structure design.
Figures 6.8c and d illustrate printing using multiple foci in parallel. In panel c, the
same bucky ball structure was printed using five foci in parallel at an average print
rate of 6000 voxels s−1, such that the total printing time was reduced to 19 s. In this
example, laser power adjustments were made in lateral and axial directions. The
axial adjustments, with a factor of 1.25 increase in the laser power, are, however,
significantly lower than in the example shown in panel a, where a factor of 2 was
applied. This can be explained by the fact that proximity-effect corrections for the
bucky ball structure are less of a concern than for the metamaterial unit cell.
In a last example shown in Figure 6.8d, a larger fraction of the accessible print field
is used by printing four bucky ball structures in parallel using up to 16 foci at a
time. This translates to a print rate of 16400 voxels s−1 in this example. The four
structures were aligned such that the blocked zeroth-order location is in the center.
As special emphasis is placed on the total print time, the rod sizes were reduced
and the slicing distance was slightly increased for the shown example, resulting in
a total print time of only 5.5 s for the four structures.

The printed structures are currently only some selected examples to evaluate the
3D printing performance and to identify crucial parameters to take care of. Neither
the laser power budget nor the print field size is currently pushed to their limits, as
was done for the examples printed using the DMD-based setup (see section 5.2).
Therefore, routes for future development of the designed and built setup will be
discussed in the next section.
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6.3 D ISCUSSION AND OUTLOOK

In the introductory part of this chapter, I motivated the printing setup developed
herein with the goal of affordable 3D laser nanoprinting. I furthermore defined this
task as achieving not only a cost-effective but also a versatile 3D printing setup.
This led to the implementation of 3D holographic multi-focus scanning, made
possible by emerging micromirror-based phase light modulators. Alongside the
goal of affordable 3D laser printing, these novel PLM devices were evaluated for
their use in 3D laser nanoprinting applications, with both benefits and challenges
highlighted. Ways of further increasing the printing capability of the presented
setup, exceeding proof-of-principle printing tests, and further pursuing the men-
tioned goals will be discussed in the following.

Besides the shown examples, straightforward next steps could include identifying
application examples where the benefits of a random-access 3D laser scanning can
be fully utilized. Often, 3D printing is immediately thought of as a layer-by-layer
approach, where slicing a structure is performed as a first step in preparing the
printing. However, when printing, e.g., diagonal rods and trusses, run-up and
settling times add a significant overhead in a layer-by-layer printing using galvano-
metric mirrors and piezoelectric stages. In a 3D scanning approach, such structures
can be directly printed along their long axis, allowing for an optimized printing
strategy that reduces print time and slicing artifacts.
To further speed up the printing, the distinct focus patterns could be extended to
larger continuous structures polymerized at a time. So far, only patterns of foci,
which are targeted to be at a diffraction-limited size, were holographically gener-
ated in the depicted examples. However, as not every part of a design structure
requires the best possible resolution, voxels can be grouped, effectively increasing
the voxel size. Such tuning of the voxel size, although by different means, was
already proven successful in two-photon grayscale lithography [83]. Of course,
this has to be accompanied by a computational routine that distributes the design
structure into "macro-voxels", which are then the targets of a hologram calculation
step. In doing so, the axial resolution needs to be considered, as extended lateral
structures will also exhibit a larger axial extent. Furthermore, targeted smooth
holographic patterns might suffer from interference effects, and therefore speckle
patterns, which need to be reduced to obtain a sufficient surface quality [153]. As
a dynamic voxel tuning still relies on a design addressing only a single layer per
hologram, it can readily be implemented into the hologram calculation routine.
With a fast phase modulator at hand, one is, however, not limited to a single z-plane
per exposure. The print speed and versatility of the setup can be further increased
by either generating multi-focus patterns with foci in different z-planes or by even
shaping the complete 3D optical field in the print plane via a single hologram
displayed on the PLM. Clearly, these steps also need additional computational
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effort in calculating the desired phase hologram, and/or restrictions to the design
which can be printed might be necessary [176, 216–219].
These two discussed outlook topics mainly aim at increasing printing speeds and
exploring further printing approaches based on the developed setup, rather than
reducing cost. Therefore, the laser power needed understandably increases when
polymerizing a larger volume per unit time, assuming the intensity remains the
same. With the current setup incorporating a 400 mW output power laser, which is
not selected for its low cost, but rather for providing a versatile test bed, a large
power budget is still available for these kinds of improvements. The structures
shown in Figure 6.8 were printed only using between 0.12 % and 1.75 % of the
available laser power.
Since the aforementioned printing strategies are not limited to 2SA 3D printing,
they can also be implemented using 2PP or other photoinitiation mechanisms if
suitable laser sources are incorporated.

When shifting the focus from increasing print speeds to reducing the cost of the
setup and increasing affordability, the different components of the setup need to
be assessed one by one. Single laser diodes can be purchased at a very low cost
if the user performs laser beam collimation and cleanup instead of purchasing an
all-in-one solution. Doing so, laser diodes at 405 nm can be purchased at 1e/mW,
to give a rough estimate [220]. Optical components such as lenses and mirrors
are not the main cost driver, but the cost could be further reduced by relying on
plastic lenses and metallic mirrors, if needed. The PLM as a pre-production device
is already cheaper compared to the assembly of a MEMS mirror and a piezoelectric
stage, as incorporated in a previous cost-effective 3D laser nanoprinting setup [25].
As the PLM technology largely builds on the well-established and large-scale DMD
manufacturing process, further cost reduction could be anticipated in the future.
The objective lens was already addressed in section 6.1, as there is a large span
between low-cost and high-cost devices of a factor of more than 10. A lower-cost
objective lens comes at the expense of slightly worse optical and printing quality, as
shown in Ref. [25]. There, decisions must be made based on the specific application.

With the presented setup at hand and the evaluation of PLM devices for 3D laser
nanoprinting, the routes are now set for further development. In doing so, the
unique advantages of 2SA can be exploited to reduce cost, the dynamic phase
modulators incorporated can be used to potentially print an entire volumetric
structure at once, or both approaches could be eventually combined.
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CONCLUSIONS AND OUTLOOK

In this thesis, I explored several avenues for advancing parallelized two-step-
absorption 3D laser micro- and nanoprinting. This comprises work in the field of
light-sheet 3D laser microprinting via a synergistic two-color two-step absorption,
as well as the development and realization of novel approaches for parallelizing
one-color two-step-absorption 3D laser printing. In the following, I will summarize
the main findings, discuss the most important conclusions, and give an outlook for
possible future work on this topic.

In chapter 2, I started by introducing the general concept, workflow, and chem-
istry of photopolymerization 3D laser printing. This included an explanation of
the importance of nonlinear photoinitiation and dose accumulation in 3D laser
printing, concepts I revisited several times in this work. I went on with introduc-
ing two-step absorption as an alternative photoinitiation path to the commonly
employed two-photon absorption. I pointed out the advantages of 2SA, as well as
current challenges and limitations. Furthermore, the two current best-performing
photoinitiator molecules and their underlying photochemistry were introduced.
These are benzil for one-color 2SA and biacetyl for synergistic two-color 2SA. I
concluded the chapter by briefly reviewing different implementations of 3D laser
printing, which serve as sources of inspiration for its technological development.

In chapter 3, I introduced light-sheet 3D laser microprinting based on synergistic
two-color 2SA, as well as the dedicated setup for this printing approach originally
developed by Hahn et al. [26]. In the following, I analyzed current challenges
hindering the application of LS3DP and identified development opportunities to
bridge this gap. Identified topics are mainly the photoresist’s ingredient molecules,
which are prone to unwanted side reactions, leading to, e.g., a limited build volume
and increased laser power requirements for the LS3DP printing approach. While
work on the photoinitiator molecules themselves was carried out in collaboration
with chemists [27, 124], the work presented herein focused on technological mea-
sures to mitigate the photoresist’s flaws. These include the realization of a fluidics
chamber to deliver a steady stream of fresh photoresist during printing. In doing
so, the printing quality of extended print jobs could be improved. Additionally,
a freeform lens for power-efficient light-sheet generation was demonstrated as a
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proof-of-principle experiment. Although it did not outperform the current light-
sheet generation, it demonstrated competitive performance and could be of future
use in LS3DP.

In chapter 4, I switched gears from LS3DP and two-color 2SA to one-color 2SA
and parallelization methods for increased print speeds. In doing so, I discussed a
dynamic multi-focus approach using micromirror-based spatial light modulators
as a suitable route, since single-focus scan speeds are limited by the photoinitiator’s
intermediate-state lifetime. To lay the foundation, I further outlined the method-
ologies for 3D holographic laser beam steering and beam splitting, and explained
computational approaches for calculating computer-generated holograms on a
general basis.

Based on this methodology, in chapter 5, I discussed in detail the design and imple-
mentation of a dynamic multi-focus printing setup for 2SA based on DMDs and
computational holography. This included the optical setup, which was built from
scratch, in which the diffractive properties of the DMD, as well as measures to com-
pensate for angular dispersion effects, were carefully considered. In addition, the
computational routine for transferring a 3D structure to a stack of holograms was
outlined. The setup built allowed the demonstration of printing 3D structures at up
to 61500 voxels s−1 using 31 foci in parallel, while relying on a compact cw diode
laser. This exceeds all other 3D printing approaches based on one-color two-step
absorption. Furthermore, the dynamic multi-focus approach allows for changing
the focus number, the focus distribution, and each focus’s individual laser power at
kilohertz rates. Furthermore, spatiotemporal proximity effects were introduced in
the particular context of 2SA 3D printing. How they affect the printing quality was
examined in printing experiments and via a rate-equation-based dose simulation.
In this regard, the printing strategy has been adapted for different structures to
achieve the best possible printing results.

In chapter 6, a second version of a dynamic multi-focus printing approach was real-
ized. This relied on micromirror-based phase light modulators, an emerging class
of MEMS-based spatial light modulators that allow phase modulation at kilohertz
rates at an affordable cost. Likewise, the goal was set to demonstrate an affordable
3D laser nanoprinting setup based on PLMs as the single device for achieving 3D
holographic beam steering. The designed and built setup, therefore, only needs
a laser source, the PLM, an objective lens, and a camera, besides lenses and mir-
rors, for 3D laser nanoprinting. The cost of the employed PLM is already lower
compared to the combination of, e.g., a steerable mirror and a piezoelectric stage,
and might be reduced in the future when PLMs fully enter the commercial market.
Furthermore, due to phase modulation, the laser power efficiency increased by
approximately 20× compared to the DMD-based printing setup. After evaluating
PLMs for suitability for 3D laser nanoprinting, e.g., by implementing a correction
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for their distorted surfaces, the printing performance was investigated. In doing so,
the printing of single- and multi-focus test structures was demonstrated at print
rates of up to 16000 voxels s−1, but only using 7 mW of cw laser light out of the
laser source and a solely holographic beam steering without macroscopic moving
parts. These proof-of-principle experiments provide a powerful and versatile test
bed for further developments.

OUTLOOK

Two-step absorption, as a novel photoinitiation mechanism for 3D laser micro- and
nanoprinting, has attracted considerable attention since its first report less than five
years ago [24]. It started from the beginning with low laser power consumption,
enabling the use of compact cw lasers and, understandably, raising expectations
for inexpensive, compact, and largely parallelized 3D laser printing. The present
work might fall into a consolidation phase, where initial strategies are refined and
novel routes are sought based on the knowledge gained. Possible future steps
should comprise a potentially long-term effort of trying to gain an understanding
of the photochemical process, as well as an application-oriented search for suitable
combinations of specific printing approaches and applications made possible by
these.
Apart from the close relation to 2SA, I adapted novel holographic printing ap-
proaches based on micromirror spatial light modulators for 3D laser micro- and
nanoprinting, where only a few approaches are reported in the literature [80, 156,
193], and none have been reported using two-step absorption and/or the recently
emerging PLMs. Therefore, this outlook section should also include further devel-
opment strategies utilizing these approaches, which may be independent of the
photoinitiation mechanism employed.
As some specific next steps were already discussed in the last sections of the chap-
ters 3, 5, and 6, these will only be briefly revisited here.

The random-access 3D holographic laser-scanning capability adopted for micromir-
ror-based spatial light modulators can be further expanded immediately using the
presented setup. This can span different levels of computational complexity, and
approaches need to be chosen based on the demonstrative application in mind.
Often, it is immediately thought of as a layer-by-layer approach, but the present 3D
printing setup is not limited to this. Diagonal rods and trusses, or 3D curved voxel
lines, can be printed without any additional restrictions compared to layer-by-layer
focus-scanning. Clearly, such an adaptation of the printing strategy is most ben-
eficial for applications that currently suffer from printing artifacts and/or large
overhead times for positioning galvanometric mirrors and piezoelectric stages in
conventional approaches.
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Furthermore, dynamic voxel tuning could be implemented, grouping voxels into
"macro-voxels" in regions of the structure that do not require the highest achievable
resolution. By doing so, the print rates could be further increased.
Going even a step further, an entire 3D structure could be encoded in a single
hologram and exposed and polymerized in a single exposure step. Clearly, one
crucial part is the calculation of the mentioned holographic pattern to shape the 3D
light field in the print volume. This might restrict the 3D structure to be printed to
specific designs, and/or require computational effort to calculate the hologram. Of
course, the laser power requirement increases as the number of voxels polymerized
at a time increases. It should be noted, however, that, since the extinction is rather
low for the photoresists employed, the laser power requirement does not increase
significantly when going from layer-by-layer polymerization to volume polymer-
ization, since only a minor fraction of the light is absorbed. With the setup and, e.g.,
benzil-based photoresists at hand, the polymerization of volumes with a side length
of tens of micrometers is possible in less than a second. With another concern being
dose-accumulation effects in 2SA photoinitiation, there are challenges to address,
but overcoming them might yield large gains in print rates.

Current implementations of 2SA 3D printing still lack a "killer application" that
demonstrates a clear advantage over conventional 3D laser nanoprinting. For
the large number of applications, current 2SA approaches are not able to pro-
vide the needed print quality across a large build volume at satisfactory print
speeds. Therefore, the significantly lower device cost is not convincing enough.
For application-oriented use, either niche applications have to be defined or the
quality has to be increased while maintaining the cost advantage.
Such niche applications could include cases where one can gain an advantage from
the increased resolution offered by 2SA approaches at 405 nm compared to typical
2PP at around 800 nm, such as for specialized applications in optics and photonics.
Other such niches might likewise be hybrid devices, combining 2PP with 2SA and
a suitable photoresist, or the incorporation of 3D laser printing functionality into
laser-scanning microscopes. And of course, affordability is a major criterion for
research groups exploring the application of 3D laser printing, or for educational
facilities. In this regard, the foundation was set within this work for even further
cost reduction by combining the 3D beam steering into a single device.
As already addressed several times, the main factor limiting improvement in terms
of printing performance, as defined, is the photoresist. This has, however, turned
out to be difficult to address, largely due to the vast parameter space of molecules
and printing parameters. So far, screening photoinitiator candidates started from
the proven 2SA initiators benzil and biacetyl, and drawing a map of structurally
similar compounds. These molecules need to be synthesized and experimentally
investigated so that a working initiator molecule is found or at least conclusions
can be drawn, aiming to understand the relationship between chemical structure,
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photophysical properties, and printing performance. This procedure takes a lot of
resources. Therefore, computational efforts are ongoing to reproduce experimental
results and potentially predict suitable molecules, which could guide experimental
screening [221]. Furthermore, analytical and quantitative experiments to better
understand the photoinitiation and quenching mechanisms are a widely debated
approach. Such experiments could provide insight into reaction products and
reveal rates of different processes, allowing important and less important path-
ways to be weighted. However, it is not clear how to perform such experiments
while maintaining printing conditions, which require strongly focused lasers and
produce only tiny amounts of reaction products. If this route is pursued, a clear
research question must be posed and an experiment designed to answer it.
While this dilemma is still present, the routes already taken within this thesis to
mitigate dose accumulation effects of present photoresists could be expanded. With
the fluidics addition for LS3DP introduced in section 3.3, advantages and disad-
vantages were already discussed. Some disadvantages are related to the special
geometry of LS3DP. However, a fluidics addition might also be useful to reduce
dose accumulation effects in one-color 2SA printing. In this case, the geometrical
restrictions of LS3DP are relaxed, allowing already reported and partially commer-
cially available solutions to be incorporated, thereby increasing the build volume.

I began this thesis by outlining the impact of 3D printing on manufacturing and
innovation cycles. In fact, often only a small number of parts of a whole product are
3D printed. These parts are still so important that it is worth optimizing their man-
ufacturing, as the sum of many small optimizations makes a competitive product.
I want to conclude by taking this as a metaphor. Within the large field of 3D laser
micro- and nanoprinting, this work addressed specialized challenges and success-
fully demonstrated the proof-of-concept of new printing approaches. I hope that
the sum of these contributions to the field of 3D laser micro- and nanoprinting is
valuable, supporting the exploration of novel printing techniques and applications.
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A.1 PHOTORESIST COMPOSITIONS AND PHOTOINITIATOR MO-
LECULES

Table A.1: Description of photoresist (PR) compositions as used in this work. Each
resist consists of monomer, photoinitiator (PI), and quencher (Q) molecules. Following
the composition of PRi, different photoinitiators are compared. Experimental details
regarding the photoresist mixture are given in the respective references.

resist monomer photoinitiator cPI (mM) quencher cQ (mM) source

PRA PETA biacetyl 110 TEMPO 11 [44]
PRB TMPTA biacetyl 110 TEMPO 11 [44]
PRC DPEHA biacetyl 110 TEMPO 11 [44]
PRi PETA (varying) 100 TEMPO 50 [27]
PR1 PETA benzil 100 BTPOS 50 [24, 96]
PR3 TMPTA benzil 100 BTPOS 50 [24, 96]

Table A.2: Full names of the photoinitiator molecules as stated in Figure 3.6 [27,
124].

abbreviation full name

1-NT 1,2-Di(naphthalen-1-yl)ethane-1,2-dione
BBZ 1,4-Bisbenzil
F2BZ 4,4’-Difluorobenzil
HD 3,4-Hexanedione
B1-1 1-(4-Fluorophenyl)-2-phenylethane-1,2-dione
B1-2 1-(4-Chlorophenyl)-2-phenyl-ethane-1,2-dione
B1-5 1-Phenyl-2-(p-tolyl)ethane-1,2-dione
B2-1 1-(3-Fluorophenyl)-2-phenyl-ethane-1,2-dione
B2-2 1-(3,5-Dimethylphenyl)-2-phenyl-ethane-1,2-dione
B2-3 1,2-Bis(3,5-difluorophenyl)ethane-1,2-dione
B2-5 1,2-Bis(3-fluorophenyl)ethane-1,2-dione
B3-1 1-[3-(2-Oxo-2-phenyl-acetyl)phenyl]-2-phenyl-ethane-1,2-dione
B3-4 2,2’-(1,3-Phenylene)bis(1-(3-fluorophenyl)ethane-1,2-dione)
B4-3 1-(4-Methylphenyl)-2-[4-[2-(4-methylphenyl)-1,2-

dioxoethyl]phenyl]ethane-1,2-dione
BA 2,3-Butanedione
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A.2 PRINTING PARAMETERS

The specific printing parameters for the structures presented in this work are
detailed in table A.3 for the structures shown in chapter 5, as well as in table
A.5 for the structures shown in chapter 6. Information regarding the photoresist
composition can be found in table A.1. The following part will elaborate on the
computational procedures used to define the exposure sequence and to mitigate
dose-accumulation effects. This includes the methodology for generating sequences
of multi-focus distributions, which we term the printing strategy (PS), and the
algorithm for pre-compensating proximity effects (PC).

A.2.1 Printing Strategies

I. Automated multi-line tiling: For each layer of the structure, the exposure
area is automatically enclosed within a bounding box. This area is then
partitioned into a set of rectangular tiles, with a defined minimum side length
to ensure a minimum separation between adjacent foci. Each tile is printed
using a line-scan path with a single focus. The dimensions of these tiles are
dynamically adjusted based on the total number of tiles, which must not
exceed a predefined maximum number of available foci. When a tile requires
fewer exposure points than others, dummy foci are placed outside the build
area. This ensures that the total number of foci, and thus the laser power
per focus, remains constant throughout the exposure of a single multi-focus
pattern. Drawbacks of this strategy include visible stitching seams and its
lack of optimization for the highest print rate.

II. Iterative distance-based grouping: This algorithm begins by compiling a
single list of all exposure coordinates for a given layer, initially arranged for
a line-scan trajectory. An iterative procedure then groups these coordinates
into discrete multi-focus distributions. For each distribution, a set of coor-
dinates is selected, ensuring that the Euclidean distance between any two
points in the set exceeds a predefined minimum threshold. Points that do
not meet this criterion are temporarily rejected. The process is repeated on
the set of rejected coordinates until all exposure points have been assigned
to a multi-focus distribution. This method partially preserves the character
of a multi-line scan because of the initial coordinate ordering. As with the
previous method, dummy foci are added to distributions that do not utilize
the maximum available number of foci. Drawbacks of this strategy include
partly random scanning, which reduces surface quality, and the large number
of single-focus exposures if no sacrifice is made in the minimum distance.
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Table A.3: Printing parameters for all printed structures shown in chapter 5. The
first column refers to the Figure number. The laser power Pvoxel refers to the power per
voxel at the entrance pupil of the objective lens. The total laser power at the entrance
pupil is therefore Pvoxel × number of foci. Plaser is the total laser power out of the laser.
"PR" refers to the photoresist as given in table A.1. "PS" refers to the printing strategy
as outlined below. "PC" refers to the proximity correction as outlined below. "LPax"
states the factor by which the laser power was changed for different layers of the
structure, if such a correction was applied.

# print
time

(s)

Pvoxel
(µW)

Plaser
(mW)

update
rate

(Hz)

slicing
(nm)

number
of foci

PR PS PC LPax

5.12 a 8.1 150 380 2400 200 31 PR1 II no -
5.12 b 14 133 85 2400 200 8 PR1 III no -
5.12 c 12 180 360 2400 200 24 PR1 III yes -
5.12 d 18 133 160 2400 200 15 PR1 I yes -
5.13 a 0.52 140 18 2400 - 1 PR1 IV - -
5.13 b 60 186 18 1440 148 1 PR3 IV - 0.71
5.14 a 23 193 230 2400 200 15 PR3 II yes 0.61
5.14 b 84 220 18 2400 200 1 PR3 IV - -
5.15 a 125 100 8 1440 200 1 PR1 IV - -
5.15 b 125 125 10 1440 200 1 PR1 V - -
5.16 a1 8.3 250 20 2400 - 1 PR1 IV - -
5.16 a2 0.55 225 18 2400 - 1 PR1 IV - -
5.16 b1 8.3 250 20 2400 - 1 PR1 V - -
5.16 b2 0.55 225 18 2400 - 1 PR1 V - -

III. Manual multi-line tiling: This approach is analogous to the automated tiling
method described above. However, the rectangular tiles are defined manually
and remain uniform across all layers of the structure.

IV. Single-focus ordered scanning: This mimics a conventional line-scan ap-
proach in which a single laser focus scans the exposure pattern of each layer
along a line-by-line trajectory.

V. Single-focus random scanning: The exposure points within each layer are
addressed in a randomized sequence rather than an ordered path [23].
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Table A.4: Printing parameters for all printed structures shown in chapter 6. The
first column refers to the Figure number. The laser power Pvoxel refers to the power per
voxel at the entrance pupil of the objective lens. The total laser power at the entrance
pupil is therefore Pvoxel × number of foci. Plaser is the total laser power out of the laser
and transmitted through an NG3 absorptive filter with a measured transmittance of
4.4 %. "PR" refers to the photoresist as given in table A.1. "PS" refers to the printing
strategy as outlined below. "PC" refers to the proximity correction as outlined below.
"LPax" states the factor by which the laser power was changed for different layers of
the structure, if such a correction was applied.

# print
time

(s)

Pvoxel
(µW)

Plaser
(mW)

update
rate

(Hz)

slicing
(nm)

number
of foci

PR PS PC LPax

6.8 a 123 170 0.53 1440 200 1 PR1 IV no 0.5
6.8 b 80 135 0.4 1440 200 1 PR1 IV no -
6.8 c 19 116 1.65 1440 200 5 PR1 II no 0.8
6.8 d 5.5 131 7 1440 235 16 PR1 III no -

A.2.2 Pre-Compensation of Proximity Effects

To reduce over-exposure and subsequent feature distortion inside densely pat-
terned regions, a pre-compensation algorithm based on the approach by Hahn et
al. [26] was employed. This procedure adjusts the exposure dose computationally
based on local feature density.
The algorithm starts by slicing and discretizing the 3D model of the target structure
into a series of binary 2D images, with a typical slicing distance of 200 nm. These
slices are then assembled into a 3D array, which is subsequently filtered by convo-
lution with a 3D Gaussian kernel. The standard deviation values for the Gaussian
kernel were determined empirically through a trial-and-error process to get the
best printing results.
Next, a correction mask is generated by inverting the filtered 3D array. This mask
is then multiplied element-wise with the original, unfiltered array. This step effec-
tively restores the intended sharp edges of the structure, which were blurred by
the convolution operation. The final output is a series of 2D grayscale images that
serve as the input target to the hologram calculation. The grayscale value at each
coordinate directly modulates the relative intensity of the corresponding laser focus
in a multi-focus pattern. This process selectively decreases the applied intensity in
dense regions of the structure, thereby preventing detrimental proximity effects
and improving overall fabrication fidelity [23].
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A.3 PARAMETERS OF THE RATE-EQUATION-BASED DOSE S IM-
ULATION

Table A.5: Rate coefficients as used in the rate-equation calculations discussed in
section 5.3. Sources of the values are given in the third column. The fitting refers
to a manual comparison of the simulated results with the experiment (see Figure
5.16). R refers to the ideal-gas constant, T = 296 K = 23 ◦C is the temperature set.
As PETA is the monomer used, the viscosity η is set to η = 1 Pa s. The diffusion-
limited bimolecular rates are calculated to be 6 × 106 s−1. The extinction coefficients of
benzil in the ground and excited state are ε1 = 41 M−1 cm−1 and ε2 = 3400 M−1 cm−1,
respectively. The pre-factor of 1.92 mol−1 J−1 m−1 is added for unit conversion from
a molar decadic extinction coefficient to an absorption cross section. From the laser
power (P = 150 µW) and the laser focus’s FWHM of 170 nm, the intensity values are
calculated. Therefore, these are in the same regime as the experimental values.

coefficient value source

kR2 3 × 102 s−1 fit
kR1 3 × 102 s−1 fit
kD2 1 × 106 s−1 based on [26]
kD1 1.25 × 104 s−1 based on [24]
kTTA 8000RT/3η diffusion limited [26]
kQ 8000RT/3η diffusion limited [26]
kDiff,A 2 × 102 s−1 fit, based on [59]
kDiff,Q 1 × 102 s−1 fit, based on [59]
k1 1.92 mol−1 J−1 m−1 · 0.1 · ε1λI(t) fit, based on [26]
k2 1.92 mol−1 J−1 m−1 · ε2λI(t) based on [26]
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TOOLS

For the sake of integrity, I summarize the tools and software I used for the experi-
mental work, calculations, data analysis, and the creation of this manuscript.

• MATLAB was used to write the control software of the experimental setups
presented in chapters 5 and 6, to perform the hologram calculation and the
rate-equation-based dose simulation, as well as for data analysis and data
visualization.

• User-created MATLAB libraries, which were used, are: VLC created by Lea
Strobino, 200 colormap created by Zhaoxu Liu, Fullscreen 1.1 created by
Pithawat Vachiramon, and ZSimpleSyringePump created by Chenguang
Zhang.

• Autodesk Inventor was used to design equipment and prepare technical
drawings.

• Blender, Prusa Slicer, and DLP Slicer were used to prepare the design files for
printing experiments.

• VLC Media Player using the OpenGL video output module was used as video
playback software for the printing setup.

• CorelDRAW and Inkscape were used to create vector graphics and assemble
multi-panel figures.

• The artificial intelligence (AI) tools OpenAI ChatGPT GPT-5 and Google
Gemini 2.5 Pro were used for literature research and for the generation of
MATLAB and LATEX source code. Additionally, these tools were used to help
with text formulation. An additional citation marks paragraphs where this
applies.

• Grammarly and DeepL were used to correct spelling, grammar, and improve
clarity.

• LATEX was used to write this thesis, together with the LATEX2e class template
for diploma theses, based on wissdoc.cls by Roland Bless, 1996-2001, and
heavily modified by Robert Schittny, 2015.
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