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Chapter 1

Introduction

A multitude of different 3D printing techniques has evolved in the last
decades and both technological as well as application development have
gained considerable momentum. The charm in 3D printing lies in that it
offers a previously unprecedented control over the three-dimensional shape
of manufactured objects. Furthermore, the fabrication of individual parts is
vastly facilitated, as new designs can immediately be printed from a digital
3D model. In many different areas, this method vastly speeds up often
required iteration cycles and hence also the convergence towards a final part
design. Hence, 3D printing is often also termed "rapid prototyping".
These characteristics of 3D printing often lead to striking applications:
prominently, the aerospace industry has recently adopted selective laser
sintering for the manufacturing of 3D metal parts. Herein, often, few 3D
printed parts can replace complex assemblies of many conventionally machined parts. In doing so, complexity is reduced and weight can be saved.
As an example, the startup Additive Rocket Corporation managed to halve
the weight of a rocket engine while increasing its power by manufacturing
it by 3D printing.1 Likewise, the company Airbus was able to reduce the
weight of a mechanical element that holds the pilot’s sleeping cabin in an
airplane by almost a factor of 2, while increasing its maximum loading
capacity.2 Such examples impressively demonstrate how a precise control
over the three-dimensional shape of objects can help to improve parts, or even
lever entirely new applications that could not have been realized before.
However, one would like to additionally be able to achieve precise control over the local material properties of printed objects. Ideally, one could
1

2

Billiger, leichter, stärker – Raketen-Antriebe aus dem 3D-Drucker.
https://heise.de/-4403793, retrieved on August 4, 2020.
Das Flugzeug aus dem 3D-Drucker.
https://www.golem.de/1610/123924.html, retrieved on August 4, 2020.
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realize a large number of very different material properties within single three-dimensional structures in a short amount of time. Obviously, this would
boost the ability to realize 3D structures with a high degree of functionality
even further. Consequently, the 3D printing community is pushing into this
direction for almost every common 3D printing technology. Specifically, this
includes the development of integrated multi-material printers, as well as
the development of new materials with highly different physical or chemical
properties. As an illustrative example, multi-material extrusion-based 3D
printers have been developed. Hereby, mechanically soft as well as stiff
materials can be printed into one single structure, and pneumatic walking
robots and Miura folding sheets have thereby been realized [1].
In this thesis, an optical 3D printing technique that is called 3D laser
microprinting is employed. In particular, this method is capable of manufacturing three-dimensional microstructures with printing resolutions in the
sub-micrometer regime. More precisely, it relies on a spatially selective polymerization of a liquid photoresist that is triggered by an optically nonlinear
absorption process. Hereby, it enables the realization of three-dimensional
microstructures that have not been manufacturable previously. In the present
thesis, the challenges of development of 1) integrated multi-material printers
and processes and 2) novel printable materials are treated in the context of
3D laser microprinting.
Using 3D laser microprinting, microstructures composed of multiple materials have previously been realized by performing multiple 3D printing
steps sequentially, while processing the sample in between manually. Examples include cages for biological cells, in which cells attach selectively [2].
Another example is given by achromatic microlenses printed from materials
with different dispersions [3, 4]. However, as these approaches have relied
heavily on error-prone manual processing, they were limited to relatively few
different materials within one printout. Consequently, integrated approaches
that eliminate any manual intermediate processing steps would be desirable.
This challenge is tackled in the first part of the present thesis.
With respect to the second challenge, considerable effort is put into the
development of new materials [5, 6]. Current research is, for example,
carried out on 3D printable stimuli-responsive polymers such as liquid
crystal elastomers [7] and hydrogels [8–10], metals [11, 12], and even erasable
polymeric photoresists [13, 14]. However, up to today, one can state that
the vast majority of available photoresists for 3D laser microprinting yield
similar properties, in that curing of them yields solid transparent polymers,
that have a glass-like appearance. The second part of this thesis is dedicated
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towards the realization of a photoresist that strongly differs from this trend:
polymerization of this photoresist yields a polymer that is inherently porous
with typical pore sizes below 100 nm. As a result, hierarchical nanoporous 3D
microstructures can be printed from this photoresist, that could have hardly
been realized otherwise. Hence, this approach constitutes a combination of
the two contrary concepts of 3D printing and self-assembly. Herein, both
of the concepts contribute to the full three-dimensional structure, but on
different size scales. Moreover, printing of non-porous material is possible from
the same photoresist by adjusting the 3D printing strategy accordingly. Hence,
a variety of material properties is attainable. In this sense, this approach
can also be regarded as multi-material printing from a single photoresist.
Furthermore, it could also be combined with very different photoresists in a
multi-material printer.

Outline of this thesis
Chapter 2 treats the most important concepts that are crucial for a detailed
understanding of this work. Specifically, I will start by discussing the
fundamentals of 3D laser microprinting. I will furthermore briefly elaborate
on fluid mechanics of laminar flows that occur in microfluidic systems, which
will be required for the realization of a multi-material 3D laser microprinter
(as presented in chapter 4).
The subsequent chapters are split in two parts: Part (I) discusses the
printing of multi-material microstructures by printing multiple different
photoresists sequentially.
In particular, I start by discussing a possible application of multi-material
3D laser microprinting in chapter 3, which is the printing of three-dimensional fluorescent security features. These security features are printed from
three different photoresists with different fluorescence properties in several
consecutive 3D printing steps with manual processing steps in between.
They can be imaged in 3D and hence be read out by confocal laser scanning
fluorescence microscopy.
Consecutively, in chapter 4, I present a fully integrated multi-material 3D
laser microprinter, which was built by adding a custom-tailored microfluidic
system on top of a commercial 3D printer. The capabilities of this system
are demonstrated by 3D printing highly complex 3D security features. In
these security features, the printing of five different fluorescent materials on
a micrometer scale is demonstrated.
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Subsequently, in part (II) which includes chapter 5, I describe the development of a photoresist that combines 3D printing and self-assembly.
Specifically, this photoresist yields a nanoporous polymer upon polymerization, and 3D microstructures can be printed from this nanoporous polymer
foam. In particular, I demonstrate that porous as well as non-porous material can be printed from the same single photoresist in-situ by fine-tuning
the printing strategy. Hence, this constitutes an approach that is distinct
from that in part (I). The photoresist is based on polymerization-induced
phase separation, which is the pore-forming mechanism. The volume material properties of the printed structures are examined by ultramicrotomy
combined with scanning electron microscopy. Due to the nanoporosity, the
material is strongly light-scattering, and hence, it is characterized optically
by measuring its light-scattering coefficient. As a possible application, a 3D
printed Ulbricht integrating sphere is 3D printed and tested.
Finally, I summarize the results of the present thesis in chapter 6.

6
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Chapter 2

Fundamentals

In this chapter, I will discuss fundamental concepts that underlie this thesis.
Most importantly, I will introduce 3D laser microprinting, i.e., the 3D printing
method employed throughout this thesis. Furthermore, I will briefly discuss
fluid mechanics in microfluidic systems, which is targeted towards the microfluidic injection system that is implemented into a 3D laser microprinting
setup in chapter 4 of this work.

2.1 3D Laser Microprinting
The following section, which treats the fundamentals of 3D laser microprinting, is structured as follows: I will start by giving an introduction, thereby
discussing a number of application examples of this printing technique.
Subsequently, I will elaborate on the underlying optical principles, as well as
the chemical response from the photoresist. Lastly, I will briefly describe the
experimental setup that was used throughout this work.
2.1.1 Introduction
3D laser microprinting is a technique for the additive manufacturing of 3D
micro- and nanostructures that emerged roughly 20 years ago [15, 16]. Early
demonstrations of the underlying principle, two-photon polymerization, date
back to the early 1990s [17]. In the early years, development of this technology
was predominantly pushed forward by the photonic crystal community. In
this context, fabrication technologies for three-dimensional dielectric microand nanostructures were sought-after. Three-dimensional woodpile photonic
crystals that were fabricated by 3D laser microprinting with lattice periods
on the scale of 1 µm were subsequently demonstrated [18–20]. Since these
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early days, the field has seen a vast technological development with respect
to printing resolution, printing speed as well as the available photoresist
materials. Consequently, the technique has in the meantime been widely
adopted for a large variety of applications.
Today, notable application areas include, for example, 3D printing of refractive and diffractive micro-optics [3, 21–24], cages for biological cell-studies [2,
10, 25], interconnects between photonic chips [26], micro-robots [27], and 3D
printed metamaterials [28].

2.1.2 Principle
The principle of 3D laser microprinting is illustrated in Figure 2.1. Here, a
laser beam is focused into a liquid negative-tone photoresist. In the very focal
region of the laser focus, a polymerization reaction is initiated, and hence, a
small and locally confined volume element within the laser focus becomes
solid. In analogy to “pixels” in two dimensions, this small volume element
is commonly termed a “voxel”. By moving the laser focus through the liquid
photoresist in three dimensions and thus by successively polymerizing many
of such voxels, almost arbitrary three-dimensional polymer structures can
be manufactured. After exposure, the sample is washed in organic solvents
to remove excessive liquid photoresist, such that only the polymerized
three-dimensional structure remains.
In more detail, 3D printing of almost arbitrary shapes can only be realized
when making use of a two-photon (or higher order nonlinear) absorption
process to trigger the polymerization reaction within the liquid photoresist.
Loosely speaking, this leads to a better spatial confinement of the deposited
energy dose within the photoresist. However, the reasoning behind the
requirement of having two-photon absorption can only be understood in
detail when taking into account the photoresist’s response. Hence, I will
discuss this aspect in-depth in the following section 2.1.3.
Two-photon absorption was first predicted in 1931 by Maria GöppertÑ
Mayer [29]. Here, the energy dose D ( r , t) that is deposited in a material
by optical absorption during the exposure time texp is proportional to the
Ñ
square of the light intensity I ( r , t). In a more general sense, for a nonlinear
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z
x

y

Figure 2.1: Principle of 3D laser microprinting. A liquid photoresist (not
depicted) is polymerized by tightly focusing a laser beam into it. This reaction
is triggered via two-photon absorption in a spatially confined reaction volume,
called voxel. By scanning the laser beam through the photoresist in three
dimensions, complex polymer structures can be realized. As indicated in the
above scheme, structures are often fabricated in a layer-wise fashion since
the laser focus can typically be rapidly scanned within xy-planes, but not in
z-direction. In this case, the axial distance (in z-direction) between individual
printed lines is called the slicing distance, and the lateral distance the hatching
distance.

absorption process of the order N, the deposited dose can be expressed as
Ñ

D( r ) ∝

texp
Z

Ñ

I N ( r , t) dt ,

(2.1)

0

where N = 2 for two-photon absorption.
Furthermore, the two-photon absorption cross section that determines the
magnitude of two-photon absorption in a molecule is commonly given in
units of Göppert-Mayer, i.e.,
1 GM = 10−50 cm4 s/photon.

(2.2)
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Since two-photon absorption cross sections of chemical molecules are typically very small, high optical intensities are required to achieve a significant
absorption. Hence, with respect to 3D laser microprinting, the following
strategies are pursued:
1. Typically, the laser beam is focused to a tiny spot using immersion
objective lenses with high numerical apertures. Typically, the numerical
aperture lies in the range from 0.8 to 1.45.
2. Furthermore, pulsed femtosecond lasers are employed. Here, high
intensities occurring during the short laser pulses promote two-photon
absorption. Most commonly, these lasers are emitting in the near
infrared and exhibit pulse durations in the femto- to picosecond regime.
Notably, the repetition rate of the laser imposes a maximum focus speed
at which connected lines can be printed, because the distance between
adjacent laser pulses should be smaller than the voxel size, which can
be smaller than 100 nm laterally. This problem is commonly addressed
by employing lasers with high repetition rates in the regime of tens
of MHz, which results in connected printed lines at common focus
velocities on the order of 10 cm s−1 .
It is worth mentioning that the photoresist has to be optically transparent
at the illumination wavelength λ: due to the high intensities employed
in the laser focus, even small linear absorption coefficients will result in
uncontrolled excitation and heating of the photoresist. Furthermore, the
photoresist should also not exhibit a significant light-scattering coefficient,
as this could result in a decreased focus quality and hence reduced peak
intensities in the laser focus. Specifically, one can state that the scattering
mean free path ls should be much bigger than the working distance of the
objective lens used. This aspect will become of interest in the later chapters
of this work (see chapter 5).
2.1.3 Threshold Model
The photoresist’s chemical response to the energy dose deposited in the
Ñ
photoresist D ( r ) is commonly described by a simple threshold model: here,
one assumes that the photoresist exhibits a certain polymerization threshold
dose Dth . Upon exposure, the photoresist becomes solid in regions for
Ñ
Ñ
which D ( r ) > Dth , while regions with D ( r ) < Dth remain liquid. This
connection is illustrated in Figure 2.2(A). Furthermore, in this model, one
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D / D th

(A)

(B)
1.5

1.5

1

1

0.5

0.5

0

Dtot = D1 + D2 + D3

0
-250

0

x / nm

250

-250

0

250

x / nm

Figure 2.2: In the threshold model, exposure doses above a threshold dose
Dth lead to solidification of the liquid photoresist. (A) The linewidth (shaded
regions) increases when increasing the intensity of a laser focus and thereby
the dose that is deposited in the photoresist. The spatial intensity profile in the
laser focus is approximated by a one-dimensional Gaussian (FWHM = 350 nm).
(B) For a photoresist that memorizes previous exposures, the dose profiles
resulting from exposures that are sequential in time (gray) are added up to a
total dose profile Dtot ( x ). Thereby, the photoresist solidifies in a broad region
(instead of no polymerization at all).

commonly assumes that the photoresist possesses an infinite memory in
time: specifically, this means that the energy doses from multiple sequential
exposures are added up linearly. Hence, solidification of the photoresist can
also occur in regions that have seen multiple sequential exposures below the
threshold value, as depicted in panel (B).
In a more chemical sense, the polymerization threshold value is associated
with a certain degree of crosslinking of the polymer upon which it becomes
insoluble in the photoresist, and remains as a solid structure after development. In contrast, the threshold model does not consider the rather complex
microscopic reaction- and diffusion-related spatiotemporal evolution of the
concentration of the different chemical species in the photoresist. Nonetheless, it most often constitutes a good approximation of the behavior observed
in experiments.
While the threshold model might appear quite trivial in the first place, it is
actually critical for the detailed understanding of why nonlinear absorption is
required for the realization of “true” 3D architectures. A thought experiment
that is frequently cited in this context is the 3D printing of a slab that is
infinitely extended in the xy-plane. The optical axis is oriented along z, such
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that the laser focus has to be scanned laterally throughout the entire xy-plane
for constant z. In this example, if the photoresist would show a linear (N = 1)
response and would only be weakly absorbing (i.e., such that the intensity
does not decay along z), the integral

Ñ

D( r ) ∝

Z∞

Ñ

I ( r , t)dt

(2.3)

0

would yield a constant exposure dose in the entire space, independent from
Ñ
r . If this constant exposure dose exceeds the polymerization threshold dose,
one would not have 3D printed a slab, but rather polymerized a big block
that has no confinement in z-direction. In contrast, for a nonlinear (N > 1)
Ñ
absorption process, D ( r ) still does exhibit a confinement along z—and as a
result, 3D printing of the same slab would be possible.
In this example, we have so far assumed that the photoresist remembers
any previous exposure. It is however worth noting that the result from this
thought experiment drastically changes when considering a photoresist that
quickly forgets any previous exposure below the polymerization threshold
value Dth . For such a photoresist, the requirement N > 1 is lifted, and a
linear absorption process (N = 1) would suffice to experimentally realize
the slab as described before. However, from an experimental viewpoint,
currently available photoresists do not show this behavior.
2.1.4 Resolution Limits
In the following, I will briefly elaborate on the physical constraints that limit
the resolution that can be obtained by 3D laser microprinting. Importantly,
the term “resolution” in the following is defined as the minimum distance
at which two separated lines can be 3D printed. Another quantity that is
distinct from the resolution is the minimally attainable feature size. Within
the validity of the threshold model, it can be easily understood that this
quantity does not exhibit a fundamental lower limit: in Figure 2.2(A), one
could easily choose the optical intensity such that the deposited dose exceeds
Dth only in a small region—and hence, in theory, arbitrarily small feature
sizes could be realized. In contrast, the resolution is fundamentally limited
(at least for a photoresist with a memory), as we will see in the following.
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Abbe Diffraction Limit
The fact that the attainable resolution in optical microscopy is fundamentally
limited by diffraction was originally formulated by Ernst Abbe around 1873.
In particular, he found that the minimum distance between two points dlateral
that can still be resolved laterally can be described by
dlateral =

λ
λ
=
2n sin(α)
2NA

(2.4)

where λ denotes the wavelength, n the refractive index of the immersion
medium, α the half opening angle of the objective lens, and NA = n sin(α)
the objective lense’s numerical aperture. This equation can be easily derived
when considering the case of imaging a transmission-type grating. In the
limit where at least two diffraction orders m are gathered by the objective
lens, m = {0, ±1}, the above result is obtained [30].
In analogy, the axial resolution limit can be given as [31]
daxial =

λ
n−

p

n2 − NA2

.

(2.5)

For example, for the experimental setup employed in chapter 4 of this
work (λ = 780 nm, n = 1.518, NA = 1.2) one can calculate a lateral limit
of Dlateral = 325 nm and a axial limit of Daxial = 1326 nm. Notably, daxial
differs from dlateral by a factor of ≈ 4. Fundamentally, one can state that
daxial /dlateral ≥ 2, with the lower limit obtained in the case of an idealized
objective lens that has the maximum numerical aperture of NA = n. This
fundamental limitation is commonly also observed in experiments, where
the printed voxels exhibit a pronounced axial elongation.
Sparrow’s Criterion
Abbe’s resolution formula is a resolution criterion that is specifically tailored
to the needs of microscopy—however, it does not consider the photoresist’s
detailed response upon illumination. As we have seen previously, the latter
is crucial for the understanding of 3D laser microprinting. Hence, a more
intuitive resolution criterion with respect to the needs of lithography is given
by the so-called Sparrow limit [32], which can be applied to the case of 3D
laser microprinting [31].
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Figure 2.3: Examples illustrating Sparrow’s resolution criterion. Exposure
doses from subsequent exposures (Gaussian intensity profiles with assumed
FWHM = 350 nm, nonlinearity N = 2) are added up to the total exposure
profile Dtot plotted in blue. The distance between the two exposures is (A)
d = 210 nm and (B) d = 250 nm. Notably, in (B), Dtot exhibits a local minimum,
such that two separated points (or lines) can be printed by tuning the laser
power adequately. Subsequently, the Sparrow criterion defines the resolution
as the minimal d at which Dtot still exhibits a local minimum.

Here, the resolution is defined as follows: two points (or parallel lines),
that are spaced by a certain distance d, are exposed consecutively in the
photoresist. Since we assume a photoresist with a memory, the resulting
single exposure doses add up to a total exposure dose. This situation is
depicted in Figure 2.3(A) and (B), respectively, for different distances d
between the single exposures. Whereas the summed-up dose profile exhibits
a pronounced local minimum in case (B) (d = 250 nm), such a local minimum
is not present in case (A) (d = 210 nm). As a result, by tuning the deposited
dose reasonably close to the polymerization threshold dose Dth , in case (B),
two separated points (or lines) can be printed—which is unachievable in
case (A). Subsequently, a purposeful definition of a resolution criterion is the
minimum distance at which the summed-up deposited exposure dose still
exhibits a local minimum.
Notably, this definition automatically accounts for the nonlinearity N of
the photoresist. However, it is not meaningful in the case of a “forgetting”
photoresist: in this case, consecutive exposure doses would not sum up. Particularly, the resolution then would be inherently connected to the minimum
achievable linewidth, and subsequently, not exhibit any lower limit from a
physical standpoint (see introduction of section 2.1.4).
In more detail, an approximation for Sparrow’s criterion for the case 3D
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Piezo stage
Objective lens

Galvo
mirrors

Beam
spli�er
Camera

AOM
780 nm

Figure 2.4: Scheme of the 3D laser microprinter used throughout this work. A
femtosecond fiber laser is focused into a droplet of photoresist in the sample,
triggering a polymerization. 3D printing is carried out by moving the laser
focus using the galvo mirrors and the stages through the photoresist droplet,
while modulating its intensity using an acousto-optical modulator (AOM).
Reproduced from [33].

laser microprinting is given in [31] by introducing the nonlinearity into
Abbe’s formula. This modified resolution formula then reads
λ
1
dlateral = √
(2.6)
N 2NA
for the lateral resolution, and likewise
λ
1

daxial = √ 
p
N n − n2 − NA2

(2.7)

for the axial resolution. For the same experimental parameters as given
in in the previous section (λ = 780 nm, n = 1.518, NA = 1.2 and N = 2),
one subsequently arrives at dlateral = 230 nm and daxial = 938 nm. Notably,
for these parameters, dlateral is smaller than a third of the fundamental
illumination wavelength λ.
2.1.5 Experimental Setup
Throughout this work, the Photonic Professional GT 3D printer is employed.
A scheme depicting this 3D laser microprinting system is shown in Figure 2.4.

15

2 fundamentals
It features a frequency-doubled erbium fiber laser, emitting femtosecond
pulses (pulse length below 100 fs, repetition rate 80 MHz) at a wavelength of
780 nm. For fast intensity modulation of the laser beam, an acousto-optical
modulator is used. The laser beam is focused using an objective lens that is
most commonly directly immersed into the photoresist (“dip-in writing”).
The sample holder is mounted on a piezo as well as on a motorized stage.
There are two different possibilities for scanning the laser focus through the
liquid photoresist:
1. Galvo scan mode: Here, scanning of the laser focus in the xy-plane
(perpendicular to the optical axis) is carried out using galvanometric
mirrors. Hereby, in the xy-plane, high focus velocities are reached (up
to 15 cm s−1 ). For shifting the sample along the optical axis or over
wider lateral distances (exceeding the objective lenses’ field of view) in
the xy-plane, one of the stages is used.
2. Piezo scan mode: Alternatively, scanning is possible along arbitrary 3D
trajectories by moving the sample relative to the fixed position of the
laser focus using the piezo stage (with velocities up to ≈ 200 µm s−1 ).
The piezo stage has a maximum travel range of 300 µm × 300 µm ×
300 µm, and shifting of the sample outside this range is possible using
the motorized stage.
Due to the limited scanning speed in the piezo scan mode, today, the galvo
scan mode is most commonly used. The printing process can be monitored
using a built-in camera, that images the sample through the very same
objective lens that is also used for writing. The printer is controlled from a
desktop computer.

2.2 Photoresist Chemistry
Photoresists for 3D laser microprinting commonly make use of an optically
induced radical polymerization. In this reaction, the monomer units contained in the photoresist are crosslinked to form a polymer, such that the
photoresist becomes solid in regions that have seen sufficient exposure to
light. In the following, I will briefly introduce the reaction sequence that
underlies this process:
1. Radical generation: First, a radical is generated from a photoinitiator
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molecule I that is excited optically:
light

I −−→ I• .
2. Starting reaction: Subsequently, this radical reacts with the functional
group of a monomer molecule M. As a result, a new (and bigger)
radical molecule is obtained (with a rest R):
I• + M −−→ R−M1 • .
3. Chain propagation: In the next steps, more monomer units are added
likewise, and a longer polymer chain is obtained as a result. Hereby,
the degree of polymerization, that is the number i of monomer units
per polymer molecule, increases:
R−Mi • + M −−→ R−Mi+1 • .
In particular, in photoresists for 3D laser microprinting, the use of
monomers with acrylic or methacrylic functional groups is very common. For an acrylate group that is attached to some molecule X, in
the propagation reaction, a C – C double bond is broken up, and a
propagating polymer Mi • attaches as depicted below.
O

O
+ M i°

X
O

X
O

Mi

The employed monomers furthermore commonly feature multiple functional groups.
4. Termination reactions: In radical polymerizations, chain propagation
can be terminated by a number of processes.
Radical-radical recombination: Here, two propagating radical chains
react and form a saturated chain. Notably, the degree of polymerization strongly increases in this case:
R−Mi • + • M j −R −−→ R−Mi+ j −R.
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Radical disproportionation: Another possible termination reaction is
given by a hydrogen atom transfer from one propagating chain to
another. Hereby, two non-radical species are obtained (although
one polymer chain is unsaturated and might still be reactive):
R−Mi −M• + R−M j −M• −−→ R−Mi −M + R−M j −M.
Radical quenching: Termination may also occur in combination with
a quencher molecule Q, i.e.,
R−Mi • + Q −−→ R−Mi −Q• .
The molecule produced in this reaction may for example be unreactive. More specifically, in radical polymerizations with acrylic
monomers, dissolved oxygen plays a crucial role [34]. The oxygen
molecule can then be added to the propagating chain as follows:
R−Mi • + O2 −−→ R−Mi −O−O• .
The resulting R – Mi – O – O• peroxy radical is known to be rather
unreactive. Furthermore, if undergoing a reaction, these radicals are rather in favor to perform a radical-radical termination
reaction [34].
At this point, it should be noted that in bulk polymerizations, dissolved
oxygen is often removed prior to polymerization [34]. With respect to photoresists for 3D laser microprinting, the importance of dissolved oxygen
in the photoresist on the printing process has been shown in a number of
works [35, 36]. Importantly, the polymerization threshold dose Dth is inherently linked to the concentration of oxygen dissolved in the photoresist [37].
From this standpoint, in order to reduce the laser powers required for high-speed 3D laser microprinting [24], it would appear beneficial to reduce the
polymerization threshold dose Dth by reducing the oxygen concentration
in the photoresist [38]. However, in doing so, a loss in printing resolution
is observed, and hence, this is not an attractive avenue [35, 37]. Notably,
3D printing into a photoresist also leads to spatial gradients in the oxygen
concentration (see also section 5.2.4). This can in turn lead to, for example,
increased linewidths and an impaired printing resolution [39]. In general,
the loss in resolution in the proximity of other printed features is referred to
as the proximity effect. The proximity effect especially can become a problem
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when printing bigger structures; however, there are few publications addressing this phenomenon systematically in regard to 3D laser microprinting.
An example of a loss in resolution due to oxygen depletion can be found in
the appendix of this work in section A.3.

2.3 Microfluidics
In the following section, I will briefly introduce the basic concepts of microfluidics. Microfluidic systems are particularly popular in the biomedical
field, however, there is a vast range of other applications. This section relates
to chapter 4 of this work, where a microfluidic injection system is integrated
into a 3D laser microprinting setup.
The word “microfluidics” refers to the regime where fluidic systems are
miniaturized. Within this regime of miniaturization, fluids often show
unusual characteristics. Most notably, in fluidic channels with small inner
diameters, fluids build up laminar velocity profiles, such that turbulences are
absent. It should be noted that the following descriptions are a continuum
theory for the involved fluids. Hence, the relevant size scale has to lie well
above the size of individual molecules, such that the liquids involved can be
treated as a continuum.
2.3.1 Definition of Viscosity
When shearing a body, the body “responds” with a shear stress τ. This response is quite dissimilar for fluids and solids: while for solids, τ commonly
depends on the relative deformation, in fluids, the shearing force depends on
the rate of deformation. This property of fluids, i.e., the resistance of fluids
against shearing due to internal friction, is characterized by the viscosity.
More precisely, the viscosity is defined as follows: imagine two infinitely
extended parallel planes, as depicted in Figure 2.5. The space between the
plates is filled with a thin layer of a liquid, and the upper plate moves into
positive x-direction with a velocity u0 . Due to the movement of the two
plates relative to each other, the fluid experiences a shearing force. Newton’s
law of viscosity is then given as
τyx = µ

∂u
,
∂y

(2.8)
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Figure 2.5: Definition of the viscosity. (A) A thin and incompressible fluid
layer is located between two parallel plates. Upon moving the upper plate into
+ x-direction with velocity u0 , a linear velocity profile u(y) builds up in the
liquid (Couette flow). Due to internal friction, adjacent fluid layers experience a
shear stress τyx that depends on the gradient ∂u/∂y. (B) For Newtonian fluids,
the relationship between the shear stress τyx and the gradient ∂u/∂y is linear,
with the proportionality constant being the dynamic viscosity (see Eq. 2.8).
Non-Newtonian fluids show a nonlinear relationship in this plot.

where τyx denotes the shear stress, u(y) the velocity of the fluid in x-direction,
and µ (units [µ] = Pa s) the dynamic viscosity. Notably, for Newtonian fluids
the relationship between τyx and µ is purely linear, which is not true for
non-Newtonian fluids (see Figure 2.5(B)).
Furthermore, the dynamic viscosity is distinct from the kinematic viscosity,
which is given as
µ
ν=
, [ν] = m2 s−1
(2.9)
ρ
and additionally depends on the mass density ρ of the fluid. However,
throughout this work, the dynamic viscosity will commonly be used.
2.3.2 Turbulent vs. Laminar Flow
Generally speaking, the flow of liquids can be turbulent or laminar: whereas
the streamlines in the velocity profile u of a laminar flow follow smooth
paths, they appear to be chaotic in turbulent flow regimes. For predicting
if a flow is turbulent or laminar, in fluid mechanics, the so-called Reynolds
number is usually calculated [40]. For the case of a flow through a circular
pipe, this quantity is given as
Re =

20

ρvd
,
µ

(2.10)
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where ρ denotes the fluid’s mass density, v the average velocity, and d
the pipes’ inner diameter. In a more physical sense, the Reynolds number
resembles the ratio between viscous and inertial forces. With respect to the
flow characteristics, for Reynolds numbers above a critical value Re < Recrit ,
flows tend to be laminar, because viscous forces dominate. On the contrary,
for Re > Recrit flows tend to be turbulent. A critical Reynolds number of
Recrit = 2320 has been determined experimentally [41].
It should be mentioned that this relationship is only a rule of thumb—and
the experimental realization of fully developed laminar flows with Re > Rcrit
is possible.
2.3.3 The Hagen-Poiseuille Equation
In the following, I will give a mathematical description of a laminar flow
through a circular pipe. More specifically, the aim is to derive the Hagen-Poiseuille equation, which connects the pumping pressure ∆P, applied
to a circular pipe, to the resulting volume flow rate Q = V̇.
In this context, it should be mentioned that different approaches for the
derivation of the Hagen-Poiseuille equation can be found in literature: on the
one hand, one avenue is to simplify the very complex Navier-Stokes partial
differential equations for an incompressible flow, thereby introducing the
very same approximations that I will also use below. I will pursue another
avenue, which is the derivation by considering a balance of forces acting on
an infinitesimal annular volume element in a circular pipe. The derivation
goes along the lines of reference [42].
A sketch of a circular pipe, which exhibits an inner diameter R, is depicted
in Figure 2.6(A). As the velocity profile u(r ) is assumed to be axisymmetric,
it is convenient to employ cylindrical coordinates. Furthermore, the flow is
assumed to be fully developed, such that its velocity profile u(r ) is stationary
(i.e., ∂u/∂t = 0). Lastly, the flow is assumed to be laminar, and hence, the
velocity profile does not exhibit radial or azimuthal components.
In the following, the forces acting onto a infinitesimal annulus are split
up as depicted in Figure 2.6(B). For setting up the differential force element
dFleft , we consider the pressure p acting onto the surface 2πr dr. In addition,
∂p
we allow for a pressure gradient ∂x along x. The differential force element
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Figure 2.6: Sketches of a pipe with radius R and length l, filled with a viscous
fluid that experiences laminar flow due to an applied pressure ∆p. An infinitesimal annular volume is displayed in (A) as well as in the cross-sectional
view of the pipe in panel (B). The infinitesimal force elements required in the
derivation of the Hagen-Poiseuille equation are indicated.

dFleft then reads

dFleft =

∂p dx
p−
∂x 2


2πr dr.

(2.11)

Likewise, the force element acting onto the right surface of the annulus can
be written as


∂p dx
dFright = − p +
2πr dr.
(2.12)
∂x 2
For the inner and outer surfaces, only the differential force elements acting
into ± x direction are considered. Here, forces stem from the viscosity, i.e.,
the resistance of the fluid itself against shearing. Hence, the differential force
elements dFinner and dFouter can be expressed in dependence of the shear
stress τrx as




dτrx dr
dr
dFinner = − τrx −
2π r −
dx
(2.13)
dr 2
2
and

dFouter =

dτrx dr
τrx +
dr 2





dr
2π r +
2


dx.

(2.14)

As the flow is assumed to be fully developed, the sum of these forces has to
vanish, i.e.,
dFleft + dFright + dFinner + dFouter = 0.
(2.15)
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Consequently, by plugging in the force elements and rearranging, one obtains
∂p
τrx dτrx
1 d
=
+
=
(rτrx ).
(2.16)
∂x
r
dr
r dr
Herein, the left-hand side of the equation only depends on x, whereas the
right-hand side only depends on r. Hence, both sides have to be constant.
Interestingly, one can directly conclude that the pressure p depends linearly
on x. Multiplication with r and subsequent integration yields
 
r2 ∂p
rτrx =
+ c1 ,
(2.17)
2 ∂x
with an integration constant c1 . By rearranging and plugging in Newton’s
law of viscosity (eq. 2.8) one obtains
 
du
r ∂p
c
µ
=
+ 1 ,
(2.18)
dr
2 ∂x
r
where µ denotes the dynamic viscosity. By integrating once more, the velocity
profile u
 
r2 ∂p
c
u=
+ 1 ln(r ) + c2
(2.19)
4µ ∂x
µ
is obtained, with another integration constant c2 .
For determination of the integration constants c1 and c2 , the following
boundary conditions are considered: First, the fluid’s velocity is assumed
to vanish at the interface of the pipe, i.e., u(r = R) = 0 (this is a so-called
no-slip boundary condition). Secondly, we require the velocity profile to be
finite at all
in space. These boundary conditions imply c1 = 0 and
 points

2

R
c2 = − 4µ

∂p
∂x

, and the velocity profile can be expressed as
R2
u=
4µ



∂p
∂x



r2
1− 2
R


.

(2.20)

Consequently, the laminar flow in the pipe exhibits a parabolic velocity profile
with respect to the radius r, as depicted in Figure 2.7.
Finally, the volume flow rate Q is obtained by evaluating the integral
Q=

ZR
0

πR4
u(r ) 2πr dr = −
8µ



∂p
∂x


.

(2.21)
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Figure 2.7: The laminar flow exhibits a parabolic velocity profile u(r ), which is
plotted into a cross-sectional view of the pipe in this sketch.

Since the pressure p decays linearly with the length of the pipe (see eq. 2.16),
∂p
∆p
the substitution ∂x = l can be plugged in and one arrives at
Q=

πR4 ∆p
8µ l

(2.22)

where ∆p denotes the pressure drop along the pipe length l. This is the final
result, i.e., the Hagen-Poiseuille equation.
Two things are to be noted: First, the flow rate resulting from an applied
overpressure ∆p heavily depends on the pipe’s radius (proportional to R4 ).
The implications from this strong dependence will be discussed in detail
in chapter 4 in the context of the design of a microfluidic injection system
for 3D laser microprinting. Second, due to the formal similarity of the
Hagen-Poiseuille equation with Ohm’s law, laminar flow in a pipe is, for
intuition, often compared with electrical conduction. Here, the electrical
current I is the analogue of Q, and the voltage U the analogue of ∆p.
Thinking in this analogy can be helpful (for example, in section 4.2.5.3).
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Chapter 3

Fluorescent 3D Security
Features

The counterfeiting of products and documents has a huge impact on economies and
societies. A common way to ensure the authenticity of a product is the use of security
features, which are designed for being difficult to copy. Consequently, the use of security features can help in recognizing product
counterfeiting and document fraud, and can
thus prevent resulting damage. Among the
earliest forms of security features are stamp
seals, which have already been in vivid use
for centuries. They are typically impressed
into a droplet of wax or into clay, and were
used for authentication of documents. Obviously, due to considerable technological progress, the use of stamp seals
has become largely obsolete in the meantime. And it is until today that also
new types of security features share a similar fate: a certain type of security
feature can only be used purposefully until a practicable and accessible
method to circumvent it has been developed.
Nowadays, there is an ongoing technological race between two parties,
with companies and authorities on one side, continuously bringing improved
types of security features into use, in order to protect from economical or
societal damage—and forgers on the other side, developing methods to
circumvent those security features for their own interests.
In this chapter, I will present a novel type of security feature, which differs
from the vast majority of previous security features in that it consists of
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truly three-dimensional (3D) microstructures, as opposed to security features
that are only manufactured by 2D or 2.5D fabrication methods and are thus
easier to fake. These microstructures consist of multiple photoresist materials
that exhibit different fluorescence properties. For readout and hereby for
verification of the multi-material security features, confocal laser scanning
microscopy (LSM) is employed.
While the use of these structures in terms of a security feature is a well-perceivable application of 3D laser microprinting, they are also interesting for
their manufacturing process: herein, multiple sequential lithography steps
are carried out, printing one photoresist material after another into one
multi-material structure. The lessons learned from the fabrication of these
structures also led to the development of the integrated multi-material 3D
laser microprinting system that will be presented in the next chapter.
The work presented in this chapter has been carried out within a collaboration between employees of the company ZEISS (most importantly, Dr. Stefan
Richter) and our group. All experiments presented have been carried out by
me, including structure and photoresist development, structure fabrication,
and characterization. The original idea for pursuing this project resulted
from a joint effort between our group and the ZEISS employees.

3.1 Introduction
Generally speaking, security features should fulfill two basic requirements:
first, the security feature has to be very difficult to fake. In order to achieve
this, many approaches make use of advanced or highly specialized fabrication methods. Hence, expensive machinery and detailed process knowledge
is required in order to copy the security feature. Second, there has to exist
an efficient method for readout, thus enabling the verification of authenticity
of the security feature. Depending on the exact realization, readout can
potentially require a specialized device.
In order to take a short look at the design principles of common security
features, it is quite instructive to briefly discuss security features from everyday life: a good and conceptually rather simple example is the use of
microprinting on banknotes. Here, text is printed onto the bank note at very
small font sizes. Subsequently, in this case, the counterfeiting security stems
from the simple fact that “normal” digital printers that most people do have
access to simply couldn’t print it due to limited printing resolution. Thus,
to copy the security feature, more specialized printing machinery would be
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required. Besides this rather simple example, there exists quite a variety
of security features based on 2D printing methods, such as the printing of
optically variable ink [43–45]. Here, special pigment particles are aligned
during printing using magnetic or electric fields, giving the printed letters
an optical appearance that is dependent on the viewing angle. Optically
variable ink is commonly found on Euro banknotes and has seen wide use
throughout the last decades. For both of these two examples—microprinting
and optically variable ink—verification of authenticity is quite simple, as
both of these examples do not need highly specialized tools for readout, and
can be performed by employing a magnifying glass, or even looking at them
with the bare eye.
With growing need of more forgery-proof security features, the field of
security features based on 2D fabrication methods has naturally seen quite a
development of novel approaches. In particular, today, computer-generated
holograms are ubiquitously employed, some of which require specialized
devices for verification of authenticity [46, 47]. They are usually fabricated
by planar fabrication methods such as combinations of electron-beam lithography and hot embossing. A further notable field of ongoing research is the
use of luminescent particles that exhibit characteristic spectral fingerprints
and are difficult to synthesize [48–53]. For verification, these approaches
usually rely on spectroscopic devices for readout. Finally, another approach
based on 2D fabrication methods is the use of plasmonic structures that can
be read out using Raman spectroscopy [54, 55].
So far, I have only discussed two-dimensional security features. In contrast,
three-dimensional fabrication methods offer a higher degree of complexity
and thus an increased level of counterfeiting security. Along these lines, first
concepts have been proposed [56] and methods for 3D optical data storage
exist that can be employed as security features [57–60].
A different approach towards unforgeable security features are so-called
physical one-way functions. In contrast to the previous discussion, these approaches do not rely on highly advanced specialized fabrication methods, but
instead on the characterization and subsequent fingerprinting of physically
highly complex systems. In this context, for example, 3D light-scattering
samples have been characterized by recording laser speckles [61]. These samples typically consist of dielectric light-scattering particles, embedded into a
transparent matrix at random locations. Along the same line, stochastically
distributed quantum dots in 3D printing inks have been demonstrated [62].
Finally, invisibility cloaks in diffusive light-scattering media could be
reinterpreted in terms of security features [63]. These structures are virtually
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invisible for stationary incoherent illumination and detection, but can be
uncovered by detecting their transient response [64] or by an analysis of laser
speckles [65].

3.2 3D Security Feature Design
3D laser microprinting offers the possibility to fabricate truly three-dimensional micro- and nanostructures that could not be fabricated with other
fabrication methods. It is therefore standing to reason to use this prerequisite
for the fabrication of advanced and highly forgery-proof security features.
A conceptual rendering of the security feature we developed is depicted
in Figure 3.1, which consists of a three-dimensional microstructure that is
3D-printed from multiple materials with different fluorescence properties: it
features a non-fluorescent support structure, which incorporates a 3D crossgrid surrounded by walls for mechanical support. The walls have a thickness
of 5 µm and incorporate holes, which are for drainage of liquid photoresist
and organic solvents during the fabrication procedure. Most importantly,
fluorescent markers with different emission colors are distributed in the 3D
cross-grid in a targeted manner. The total width of the whole three-dimensional microstructure by design is 112 µm, and the height is 54 µm. It could
therefore be embedded into a thin layer of plastic foil and integrated into
a security label. Security labels typically consist of an adhesive tape that
cannot be removed from a surface without destroying it.
The structure itself features 845 different positions onto which fluorescent
markers can be purposefully 3D-printed: in the structure, the markers are
arranged in five layers which are spaced by 9 µm. Each of these layers
contains 13 × 13 markers with a lateral spacing of 7.5 µm. Figure 3.1 hence
only displays one possible configuration of markers. Depending on the
number of different fluorescent emission colors employed, a certain number
of different states can be realized for each marker position and information
can be stored in the security feature.
In order to read out the security feature, it is necessary to detect the fluorescence signal for every single marker position in the security feature. For
this purpose, confocal laser scanning fluorescence microscopy (LSM) is chosen, since this technique enables optical sectioning and thus the acquisition
of truly three-dimensional fluorescence micrographs.
From a distant point of view, one could be tempted to compare the
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112 µm

54 µm

µm
112

Figure 3.1: Design for the three-dimensional fluorescent security feature proposed in this work. It consists of a non-fluorescent 3D backbone, which acts as
a mechanical support, and markers printed into it, which fluoresce in different
colors. The width of the full 3D structure is comparable to the thickness of a
human hair. Adapted from [66] with permission.

microstructure proposed here with well-known approaches from optical
data storage, that could be also reinterpreted in terms of a security feature
[57–60]. However, these approaches are quite dissimilar in that they usually
rely on the direct inscription of dots into a transparent solid material, thus
locally altering the optical material response in terms of light scattering
or fluorescence. In comparison, 3D laser microprinting potentially allows
for a greater spectrum of different material responses within one structure
by sequential additive manufacturing of multiple materials into one single
structure. Typically, these approaches inspired by optical data storage aim
for a high amount of information that can be stored in a small volume. With
respect to security features, an ultimately high information density is not
the ultimate goal in the end. The approach in this work rather offers, due
to the use of 3D printing, great flexibility in terms printable materials with
different optical responses, and thus the possibility to print very complex
and hence forgery-proof 3D microstructures.
The amount of information that can be stored in the security feature
depends on the number of fluorescence colors that are printed into the
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microstructure: for example, when employing two different fluorescent
emission colors, for each marker position there are 3 different possible states
(color A, color B or no marker). This equals to ≈ 1.6 bit of information stored
per marker position in this case. Overall, the amount of information that can
be stored in the structure scales proportional to log2 ( N + 1), where N is the
number of fluorescent colors. Taking into account all the different marker
positions, the whole microstructure can store 1.3 kbit of information, at an
information density of 3.1 Gbit/cm3 . For comparison, in the field of optical
data storage, information densities on the order of 100 Gbit/cm3 can be
realized [60]. While both the absolute amount of information stored as well as
the scaling behavior with increasing number of different fluorescent emission
colors might seem unfavorable from a standpoint where the microstructure
should be actually used as a storage device, this point is not of importance
when designing a microstructure that is to be used as a security feature.

3.3 Sample Fabrication
The vast majority of 3D microstructures that is commonly fabricated using
3D laser microprinting consist of one single material—in contrast to this
work, where the structures are to be printed from a number of different
materials with different fluorescence properties. Thus, in the fabrication
routine, it is necessary to build up the microstructures from the different
photoresists in sequential 3D printing steps. Similar multi-step lithography
procedures have been employed in other publications, primarily in studies
on cell cultivation in 3D printed microstructures [2, 25], but also for the
fabrication of optical components, responsive materials or micro-robots [3,
9, 13, 21, 67, 68]. However, typically, these structures are significantly less
complex in their geometry.
In this section, I will describe the details of the photoresists for printing,
and the fabrication workflow itself.
3.3.1 Fluorescent Photoresist Containing Quantum Dots
For the experimental realization of the microstructure design shown above,
there is the necessity of having non-fluorescent and fluorescent photoresists at hand. Thus, I have designed the photoresists such that the basic
ingredients, i.e., monomers and photoinitiator, show no or merely weak fluorescence. Furthermore, fluorescent colloidal quantum dots (and in chapter 4
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(A)

(B)

Irgacure 819

PETA
(C)

(D)
ZnS

TDDDA

CdSexS1-x

CdSexS1-x/ZnS
quantum dots

Figure 3.2: Chemicals used in the photoresists. (A) Monomer: pentaerythritol
triacrylate (PETA). (B) Photoinitiator: Irgacure 819, selected due to its low fluorescence quantum yield. (C) Monomer: tricyclo[5.2.1.02,6 ]decanedimethanol
diacrylate (TDDDA), selected for better stability of the quantum dots in the
photoresist. (D) Colloidal semiconductor quantum dots. The non-fluorescent
resist uses (A)-(B), whereas the fluorescent resists use (A)-(D).

also chemical fluorescent dyes) are added to specifically add fluorescence
properties, such that the polymerized photoresists forms a quantum dot
polymer nanocomposite. This section summarizes the basic considerations
that had to be met when designing the photoresists. A detailed overview of
all resist compositions can be found in the appendix (section A.1.1).
The components of the non-fluorescent photoresist are depicted in Figure 3.2 (A) to (B) and the components of the fluorescent resists in Figure 3.2
(A) to (D). In particular, the non-fluorescent photoresist only includes two
ingredients: A monomer and a photoinitiator. As monomer, the trifunctional
pentaerythritol triacrylate is used. This monomer is commonly used in resists
for 3D laser microprinting since it shows advantageous writing properties
and enables the fabrication of 3D microstructures with a high resolution [31].
In the selection of the photoinitiator, particular attention is paid to the fluorescence quantum yield, which should ideally be as low as possible. This
quantity is defined as the ratio between the number of photons emitted by
fluorescence and the number of photons absorbed. Judging by this figure of
merit, among common photonitiator molecules, Irgacure 369 and Irgacure
819 are suitable with quantum yields on the order of ≤ 0.2 % [69]. Throughout this thesis, Irgacure 819 has been employed in all photoresists at a mass
concentration of 2 % with respect to the monomer.
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10 µg mL-1

50 µg mL-1

100 µg mL-1

concentration
selected

200 µg mL-1

20 µm

Figure 3.3: Different concentrations of quantum dots in photoresist emitting
at λ2 = 525 nm. Using photoresists with different concentrations of quantum
dots, blocks were printed next to each other on the same substrate. The
different blocks have been printed onto one single substrate, such that they
can be imaged within one single fluorescence image. Naturally, brighter
fluorescence is observed for higher concentrations of quantum dots. For the
highest concentration, significant formation of agglomerates is observed, which
is not favorable. Thus, quantum dot concentrations in the order of 100 µg mL−1
are used.

The fluorescent photoresists contain two additional components: as fluorescent additives, commercial colloidal semiconductor CdSeS/ZnS core-shell
quantum dots with different emission colors are dispersed in the photoresist.
Core-shell semiconductor quantum dots were selected in favor of organic
dyes due to their bright fluorescence and their excellent stability versus photobleaching [70]. Another favorable property of quantum dots is that their
fluorescence emission bands are typically spectrally sharper as compared to
organic dyes. This faciliates spectral multiplexing, as spectral overlap of the
different emission spectra is easier to avoid.
To achieve a better dispersion and therefore in order to avoid the common
problem of agglomeration of the quantum dots in the photoresist, the non-polar monomer tricyclo[5.2.1.02,6 ]decanedimethanol diacrylate (TDDDA) is
contained at a mass concentration of 50 %. A non-polar environment is a purposeful choice in this case because the quantum dots exhibit a non-polar oleic
acid surface functionalization. Furthermore, its refractive index n = 1.506
is similar to the one of PETA, which avoids strong optical abberations in
later sequential 3D printing steps (see section 3.3.2). More details on the
photoresist preparation can be found in the appendix in section A.1.1.
In order to determine a reasonable concentration of quantum dots, simple
blocks (dimensions 25 × 25 × 20 µm3 ) were printed from different photore-
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sists onto one single substrate. Fluorescence images of these blocks taken
by LSM are shown in Figure 3.3. For recording these images, an excitation
wavelength of λexc = 405 nm is used. All blocks shown are recorded in one
single image. As expected, the observed fluorescence intensity increases
with increasing concentration of quantum dots. However, for the highest
concentration shown (200 µg mL−1 ) the formation of quantum dot agglomerates is observed in the printed structures. Thus, the highest concentration
that still appears to be spatially homogeneous in fluorescence is selected,
which is 100 µg mL−1 .
At this mass concentration, a mean distance between quantum dots of
≈ 200 nm can be roughly estimated from the quantum dot’s mass density.
In other words: for the 3D laser microprinting setup employed in this work,
the voxel size lies in the range of (450 nm)3 —and hence, one can expect a
single voxel to contain on average ≈ 11 quantum dots. However, if one was
using high-resolution 3D laser microprinting techniques (like STED-inspired
approaches [31]) in order to reduce the structure size of the fluorescent
microstructures, it could become necessary to increase the concentration of
quantum dots in the photoresist.
3.3.2 Printing Routine
For the fabrication of the fluorescent microstructures, subsequent printing of
the different parts of the structure from the different photoresists is necessary.
The fabrication sequence is outlined in Figure 3.4. First, the non-fluorescent
support-grid is printed with the non-fluorescent photoresist, depicted in gray.
In this step, alignment markers are additionally printed onto the substrate,
which enable spatial alignment in the subsequent printing steps. After the
initial printing of the support structure has been accomplished, the sample is
taken out of the lithography machine and the unpolymerized photoresist is
washed off by washing consecutively in acetone and isopropyl alcohol. The
sample is then dried under a gentle flow of nitrogen.
Afterwards, the fluorescent markers are then printed into the structure in
the next step: for this purpose, a fluorescent photoresist is drop-casted onto
the substrate with the already printed support structures. The photoresist
hereby fills up the already existing structures, and the holes in the walls
of the support structures ensure that no air bubbles remain inside. The
sample is then installed again in the 3D printer. An alignment procedure
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...
N×

Figure 3.4: Manufacturing routine of the 3D microstructures. First, a nonfluorescent 3D cross-grid is printed from a non-fluorescent photoresist. Afterwards, fluorescent markers can be distributed in the structure in subsequent
3D printing steps using photoresists with different fluorescence colors. This
step can be repeated with a variety of different photoresists. In between each
printing step, it is necessary to remove excessive photoresist from the sample
and to apply the next one. Finally, the sample is encapsulated into transparent
polymer, protecting it from damage. Adapted from [66] with permission.

is performed subsequently, such that the parts printed in the next step are
well-positioned with respect to the non-fluorescent support structure, and
the printing process is performed.
Depending on the number N of different fluorescent colors in the structure,
this sequence—washing off unpolymerized photoresist and printing the next
one—is repeated several times. At this point, it should be highlighted that
for the quantum-dot containing photoresists, an additional washing step in a
stirred toluene bath for 5 to 10 min is carried out, which effectively removes
quantum dots sticking to surfaces of non-fluorescent parts of the structures.
Finally, the resulting structure is embedded in a transparent polymer film
with a thickness of 100 µm, using again the non-fluorescent photoresist and
curing it using flood illumination by a UV lamp.1 This embedding serves as
1

UVAHAND 250, Dr. Hönle AG
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a mechanical protection from the environment, and furthermore provides
refractive index matching which faciliates readout.
In this context, there is a notable difference between 3D laser microprinting and many other 3D printing techniques. Using 3D laser microprinting,
it is possible to print through already printed material. Therefore, when
printing the 3D fluorescent security features, for each material, all parts of
the individual material can be printed in one single step. For most other
approaches, such as many stereolithography-inspired printing techniques,
it is not possible to print through already printed material. In this case, for
each z-slice of the structure, all photoresists would have to be printed consecutively, which would result in an enormously high number of photoresist
exchange steps that would be necessary for printing a structure like the
fluorescent 3D security feature.
Still, also for 3D laser microprinting, there are certain requirements and
limitations when printing through already printed material: first, and most
importantly, light-scattering has to be avoided during printing. In order
to do so, the refractive indices of the already printed material and of the
liquid photoresist to be printed should not differ strongly: otherwise, the
quality of the writing focus suffers, in turn impairing the quality of the
printed structures or even making printing impossible. In case of the security
features, this requirement is reasonably fulfilled with a difference in refractive
indices between photoresists and the already printed structures on the order
of ∆n = 0.02 [71]. Second, printing all structure elements from every single
photoresist in one step is only possible if the height of the structure does not
exceed the working distance of the objective lens. In case of the fluorescent
3D security features, this is not an issue, since the height of the security
features (54 µm) is way smaller than the working distances of objective lenses
commonly used in 3D laser microprinting.
Specifically, the structures shown in this chapter are printed using a
“sandwich” writing scheme. This arrangement is explained in Figure 3.5.
Most commonly, in 3D laser microprinting the so-called dip-in configuration
is used, where the objective lens is dipped directly into the photoresist. In
this case, the photoresist thus serves as both the immersion medium as well
as the printing “ink”. This writing scheme is displayed in Figure 3.5(A). In
contrast, using the sandwich writing scheme as displayed in Figure 3.5(B),
the photoresist is sandwiched between two substrates spaced by a distance
of 100 µm. The objective itself is dipped into conventional immersion oil,
such that the objective lens does not have to be cleaned after the individual
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(A)

(B)

Substrate

Spacers
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Immersion oil

Photoresist

100 µm

Objective lens

Figure 3.5: (A) Dip-in Lithography: conventionally, in 3D laser microprinting,
the objective lens is dipped directly into the index-matched photoresist, enabling the fabrication of structures not limited by the free working distance of
the objective lens. (B) In contrast, here, the photoresist is sandwiched between
two parallel coverslips that are spaced by 100 µm, and the objective lens is
immersed into conventional immersion oil.

writing steps in different photoresists. However, writing the security features
from the different photoresists, it is necessary to open the sandwich after
each printing step in order to develop the sample and to apply the next
photoresist. All fluorescent security features presented in this chapter have
been printed in the presented sandwich configuration, using a 63 × /1.40
objective lens.2 This configuration has also served as a starting point for
development of the integrated multi-material printing system presented in
the following chapter 4.

3.4 Fluorescence Microscopy on Fabricated Structures
For the 3D fluorescent security feature to be effective, there must be an
efficient possibility for readout of the information stored inside the microstructure. Since the fluorescent markers inside the microstructure form a
truly three-dimensional arrangement, for readout of the structures, also an
experimental method has to be chosen that reflects this property. Therefore,
confocal laser scanning fluorescence microscopy (LSM) has been selected,
since this method allows for optical sectioning along the optical axis and
thus for the retrieval of 3D fluorescence image data.
2

Plan-Apochromat 63×/1.40, Carl Zeiss
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3.4.1 One Emission Color
For microscopy, a commercial LSM3 is used, which is equipped with a
number of laser lines for excitation, a set of filters for discrimination of
fluorescence signals, a set of different objective lenses, and different detectors.
In particular, it features two photomultiplier tubes, such that two different
fluorescence signals can be recorded simultaneously.
Fluorescence images recorded from a sample written using two photoresists (i.e., one fluorescent color) are depicted in Figure 3.6. For imaging, a
droplet of immersion oil is applied onto the samples, which are embedded
in a transparent polymer film as described in section 3.3.2, and an oil-immersion objective lens is used.4 Typically, image stacks of ≈ 150 images with
a spacing of 0.37 µm along the z-axis are taken. Further experimental details
can be found in the appendix (section A.2.2).
To obtain an intuitive visualization of the measured data, 3D reconstructions are calculated from the entire image stacks using the software Imaris.
Such a 3D reconstruction, showing iso-intensity surfaces, is depicted in Figure 3.6(A). In this 3D reconstruction, it is clearly visible that the five layers
of markers printed from the photoresist fluorescing at 525 nm have been
printed evenly. In particular, it is also visible that the different markers can
still be discriminated axially as well as laterally, even if almost every possible
marker position is occupied. The tooth-like shape of the individual markers
stems from the non-fluorescent 3D cross-grid into which the fluorescent
markers are printed.
Raw fluorescence images and their respective z-positions in the microstructure are shown in Figure 3.6(B): specifically, the layer of the substrate and
the five different layers with fluorescent markers are displayed. In these
images, the image brightness is equally normalized with respect to the peak
section intensity In , which is the mean intensity of the brightest image taken
in the image stack. This image normalization is chosen since it depends
less on the precise z-bounds for recording the image stack, as opposed to a
normalization with respect to the global mean intensity. From these images,
one can conclude that for one fluorescent emission color this structure can in
fact be nicely written—but more different fluorescent colors would increase
structural complexity and hence also counterfeiting security further.
3
4

LSM 510 Meta, Carl Zeiss
Plan-Apochromat 63×/1.40, Carl Zeiss
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Figure 3.6: Laser scanning fluorescence microscopy images of a 3D security
feature printed using a non-fluorescent and a fluorescent photoresist. The fluorescent photoresist contains colloidal quantum dots emitting at a wavelength
of λ1 = 525 nm. (A) 3D reconstruction calculated from the whole fluorescence
image stack taken, showing isointensity surfaces. The five layers of fluorescent
markers are clearly visible. The tooth-like shape of the individual markers
stems from the non-fluorescent support structure. (B) Fluorescence image
sections for different z-positions in the sample, showing the different layers of
fluorescent markers. The intensities are normalized with respect to the peak
section intensity In . Adapted from [66] with permission.
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3.4.2 Two Emission Colors

To increase the complexity of the 3D fluorescent security features, structures
comprising more than one fluorescent colors were printed, still following
the fabrication routine described in section 3.3.2. In analogy to Figure 3.6, a
microstructure printed from three different photoresists rather than two is
depicted in Figure 3.7. For imaging this sample, both fluorescence channels
are imaged simultaneously, as described in the appendix (section A.2.2).
The respective test patterns in the individual layers have been chosen such
that they exhibit a high occupation of possible positions with fluorescent
markers, since this renders to be the most difficult case for printing as well
as for readout. In particular, during printing, two problems may arise due to
a high density of markers: first, due to the proximity effect, markers printed
from the fluorescent photoresist may touch each other. Second, due to a high
filling fraction of printed material, exchanging the photoresists inside the
microstructures could become a problem during the fabrication routine, due
to blocking of flow paths inside the microstructure. This would result in
badly printed fluorescent markers, and the writing parameters have been
optimized such that these cases to not occur.
For further examination, the fluorescence intensities, averaged per image
section (i.e., averaged over xy), are plotted over z in Figure 3.8. Panels (A)
and (B) refer to the structures shown in Figures 3.6 and 3.7, respectively. In
particular, in these intensity curves, there is a distinct decrease in fluorescence
intensity visible in between the individual layers of markers. This is a good
indication that the fluorescent markers have been 3D printed with a good
separation in z-direction, even for the printed test pattern where almost
every marker position is occupied. Like in Figures 3.6 and 3.7, the intensity
curves are normalized with respect to In for each color of fluorescence.
From all the fluorescence images of single layers taken, as well as from the
3D reconstructions shown in Figures 3.6 and 3.7 and the intensity curves in
Figure 3.8, one can conclude that the microstructures have been written in a
well-resolved manner, can be read out, and show homogeneous fluorescence
brightness across the complete structures.
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Figure 3.7: Same as Figure 3.6, but sample printed using two different fluorescent photoresists, emitting at λ1 = 525 nm and λ2 = 450 nm. The different
fluorescent materials have been printed in a well-defined manner. Adapted
from [66] with permission.
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Figure 3.8: Average fluorescence intensities per image section for the samples shown in (A) Figure 3.6 and (B) Figure 3.7. The z-positions of the raw
fluorescence images shown in these Figures are indicated, respectively. The
fluorescence intensities are normalized to the peak section intensity In , respectively, which is the average intensity of the brightest slice in the particular
image stack.

3.4.3 Fluorescence Stability
... During Readout
When using the fluorescent microstructures as a security feature, a high
stability against degradation processes would be desirable. Therefore, experiments were carried out to test the stability against photobleaching. Photobleaching is the degradation of fluorescence intensity over time, when the
fluorophore is continuously excited by light. While this process is primarily
observed in chemical dyes, colloidal semiconductor quantum dots usually
exhibit a vastly increased resistance against photobleaching [70].
To test the stability of our structures, continuous readout using the LSM
was carried out on printed microstructures. For this purpose, the excitation
laser was scanned continuously over the sample in a small regions of interest
for an extended period of time, while recording images regularly to observe
the change in fluorescence intensity. These experiments are depicted in
Figure 3.9. Here, panel (A) refers to a structure that has been stored for 6
months under atmospheric conditions and has not been encapsulated. In
contrast, panel (B) refers to a structure that has been encapsulated, and
that was tested directly after fabrication. For the non-encapsulated sample,
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Figure 3.9: Observed fluorescence intensity over time. To examine fluorescence
stability, small regions of interest of the printed microstructures were read out
continuously. The excitation power was 155 µW at 405 nm. The scale bars in the
insets have a length of 10 µm. Panel (A) refers to a non-encapsulated structure,
and (B) to an encapsulated one. While there is a significant decrease in
fluorescence intensity observed over a couple of thousand readouts observed for
(A), structure (B) shows high stability. The slight variations in (B) observed at
early times are due drifting of the sample. Adapted from [66] with permission.

a significant decrease in fluorescence intensity is observed over a period
of half an hour, corresponding to almost 15000 readouts in the LSM. In
contrast, the encapsulated sample remains stable over a time period of 12000
readouts. These findings indicate that the embedding of the samples may not
only serve as a protection from mechanical damage and for index-matching
during imaging, but also for protection against chemical influences from the
atmosphere (i.e., oxygen). In any case, a couple of thousand readouts seem
sufficient for using the fluorescent microstructure as a security feature—and
even the structure shown in Figure 3.9(A) should already exhibit sufficient
stability for this application.
... During Printing
Further conceivable degradation of the quantum dots could already occur
during the writing process where the photoresist is exposed by the means
of two-photon induced polymerization. All in all, there are two possible
processes that could lead to a degradation of the quantum dots that are
contained in the formed polymer quantum dot composite: first, the polymerization takes place under chemically harsh conditions, and the radicals
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Figure 3.10: Testing of potential degradation of quantum dots during writing.
Blocks (25 × 25 × 20 µm3 ) were written with increasing power of the writing
laser (22.5 to 39 mW) and observed in the LSM. (A) Raw fluorescence image
of an array of blocks, normalized with respect to the intensity Imax of the
brightest pixel contained in the image. Regions of interest (ROIs) are indicated
by small rectangles. (B) Fluorescence intensity profiles plotted over z, obtained
by averaging over xy for each ROI in (A). (C) Peak intensities from (B) in
dependence of the writing power. A moderate decrease in fluorescence intensity
is observed with increasing writing power, which can be explained by a lower
density of quantum dots for higher writing powers due to reduced shrinkage.

present during polymerization could potentially also react with the passivating polymer and semiconductor layers around the core-shell quantum
dots. Such processes could generate surface defect states, thereby leading to
a decrease of the quantum yield and thus to a decrease of the observed fluorescence intensity. Second, colloidal semiconducting quantum dots typically
exhibit a significant two-photon absorption cross-section [72]. Consequently,
one has to assume that the quantum dots have already seen some exposure
during the writing process of the printed microstructures.
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Hence, to examine if there is a significant degradation of the quantum dots
during writing, a series of small blocks (25 µm side length, 20 µm height)
was written with different powers of the writing laser, increasing from
22.5 to 39 mW, and a constant scan speed of 5 cm s−1 . Then, the fluorescence
intensity of these blocks was examined in the LSM. All blocks were printed
in close proximity to each other onto the same substrate and were imaged
within one field of view of the LSM. The results from these experiments are
depicted in Figure 3.10.
Figure 3.10(A) shows a single fluorescence image of the block array—however, the actual 3D image stack taken in the LSM covers the whole volume
of the structures. In this fluorescence image, small rectangles indicate the
regions of interest (ROIs) for analysis in the following steps. The intensity
normalization of the fluorescence image is with respect to the intensity of the
brightest pixel Imax contained in this image. By averaging the image intensity
values over x- and y-direction for each ROI, intensity profiles can be plotted
over z as shown in panel (B). The colors of these curves match the colors
of the corresponding ROIs in (A). In these intensity profiles, two effects are
visible: first, with increasing power of the writing laser, the widths of the
intensity profiles increase. Second, with increasing power of the writing
laser, a slight decrease of the maximum value of the intensity profiles is
visible, as plotted in panel (C).
While the decrease in fluorescence intensity might appear to be linked to a
degradation of the quantum dots caused by increased writing powers, it can
actually also be explained by shrinkage: after writing, the polymer shrinks
during the development process. For common PETA-based photoresists, the
linear shrinkage usually takes values on the order of 5 to 10 %, depending
on the exposure power employed. Reduced shrinkage at higher exposure
powers is, in addition to an increased voxel size, a main contributor to
the increased width in z-direction of the fluorescence profiles plotted in
(B). Regarding fluorescence intensity, shrinkage after polymerization is a
key factor because it increases the spatial density of quantum dots in the
quantum dot-polymer composite. And since higher writing powers lead to a
lower shrinkage, this is a viable explanation for the observed variations.
In summary, for typical powers of the writing laser employed throughout
this work, a significant degradation of the quantum dots caused by the 3D
printing process could not be observed in this experiment.
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3.5 Conclusion
In this chapter, I have presented a novel type of security feature. In particular,
this type of security feature consists of three-dimensional microstructures
that fluoresce in different colors. These microstructures consist of a three-dimensional non-fluorescent backbone, into which markers with different
colors of fluorescence are be printed in a three-dimensional arrangement
of positions. In order to experimentally realize the different colors of fluorescence, within the fabrication workflow, multiple different photoresist
materials containing colloidal quantum dots with different emission wavelengths are 3D printed sequentially into one single structure. Readout and
thereby the verification of authenticity of these security features is carried
out by confocal laser scanning microscopy, which enables the imaging of the
structure in three dimensions. Since the fluorescence properties in the security features are realized by the incorporation of core-shell semiconductor
quantum dots, fluorescence of these structures proves to be resistant against
photobleaching.
Consequently, these 3D fluorescent microstructures could practically be
employed as security features: in particular, they are fabricated by a highly
developed fabrication technique (i.e., 3D laser microprinting) which makes
them difficult to fake. Moreover, they can be designed to be durable against
mechanical damage and photobleaching. Finally, verification of authenticity
is efficiently possible by fluorescence microscopy, which could be integrated
into a portable readout device.
Within this chapter, the sequential 3D printing of different photoresist materials required plenty of manual processing. In particular, with increasing
number of different materials to be printed into one structure, this manual
processing increasingly becomes painful and prone to errors. Even in a
streamlined workflow in the laboratory, exchanging one photoresist by another during fabrication roughly required half an hour of manual processing,
before printing the next photoresist could be pursued. For the structures
shown in this chapter, in contrast, printing the fluorescent markers only
required a couple of seconds of printing time. As a result, only an unfavorably small fraction of time is actually used for printing the structures.
Consequently, an increased amount of automation and improved fabrication
strategies would be desirable. In this context, the work presented within this
chapter has served as a starting point for the development of the integrated
multi-material 3D laser microprinting system that will be presented in the
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next chapter. Herein, the security feature structures from this chapter will
serve as a “drosophila” for this new system, and multi-material structures
composed of up to five different photoresists printed at reduced structure
sizes will be presented.
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Chapter 4

Integrated
Multi-Material 3D Laser
Microprinting

In contrast to two-dimensional inkjet printers,
parallel printing of several different printing
inks is not possible in 3D laser microprinting—here, just one single printing ink, i.e., one
photoresist, can be printed at a time. Just like
in chapter 3, this implies that for the fabrication
of multi-material structures, multiple sequential
printing steps are necessary, with processing
steps in between for removing excessive photoresist and applying the next one. While it is
of course possible to carry out all these steps
in a manual fashion, this excessive manual processing not only becomes increasingly painful
500 µm
for structures composed of many materials, but
also a major source for fabrication defects. Mo- Figure 4.1: As opposed to
tivated by the work on three-dimensional fluo- conventional inkjet 2D printrescent security features, these problems led us ers (microscope image above),
most 3D printers are limto re-thinking the fabrication of multi-material,
ited to one single printing ink
i.e., multi-photoresist structures using 3D laser within one printout.
microprinting.
In this chapter, I will present a microfluidic injection system that was built
as an add-on onto an existing commercial 3D laser microprinting system
(Nanoscribe Professional GT). This combination effectively constitutes a fully
integrated multi-material 3D printer, capable of 3D printing almost arbitrary
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multi-material microstructures. The central part of this experimental setup
is a specialized sample holder incorporating a microfluidic chamber. The
chamber is filled with photoresist, and structures can be printed into it.
During printing, the chamber can be flushed with different photoresists
and organic solvents, which enables in-situ printing of different photoresist
materials. Thus, this system vastly facilitates the fabrication of multi-material
structures by eliminating any manual processing steps during the printing
process, and allows for the fabrication of highly complex multi-material
microstructures. As benchmark structures, fluorescent security features
composed of five different fluorescent photoresist materials are presented.
Unless indicated otherwise, all experiments in this chapter have been
carried out by me. The original idea for developing a system for photoresist
exchange was developed by Martin Wegener and myself. While the basic
concept of the sample holder incorporating the microfluidic chamber has
been conceived by me, the detailed computer-aided design (CAD) drawings
of this part were prepared together with our technician Johann Westhauser.

4.1 Introduction
The following section is meant to give a brief overview of approaches and
concepts that have been published in regard to 3D printing of multi-material
structures. This overview will be limited to purely optical 3D additive
manufacturing methods.
Nowadays, 3D laser microprinting is a fabrication technique that has
been commercially available for over a decade—and while a number of
multi-material structures have already been published by our and other
groups [2, 9, 13, 21, 25, 67], previous to our work [73], there have been no
publications on integrated multi-material 3D laser microprinting.
At the same time, though, there has already been a number of publications on systems for multi-material printing in the field of (projection-based)
stereolithography. Most commonly, this has been realized by printing into exchangeable vats which are filled with different photoresists [74–77]. Furthermore, combinations of stereolithography and projection-based 3D printing
with a fluidic deposition system for multi-material printing have previously
been demonstrated [78–80]. However, here, structures composed of only two
different materials were demonstrated. Finally, an implementation making
use of a flow chamber for the fabrication of objects has been published [81],
which enables the manufacturing of 2.5D structures. In conclusion, although
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there have been a number of publications on multi-material printing in the
field of stereolithography, usually structures consisting of only two materials
or 2.5D structures (i.e., topographies instead of 3D structures) are presented.
Furthermore, stereolithography does not allow for the same printing resolution as 3D laser microprinting. Hence, the realization of the multi-material
microstructures (composed of five photoresists) that will be presented at the
end of this chapter would not have been possible with these systems.
Notably, combinations of lithography with microfluidics have previously
been published [82–86], and the fabrication of micro- and nanoparticles
by polymerization of photoresist in microfluidic channels has been demonstrated in this context. However, most commonly, those systems are designed
for the fabrication of microparticles that consist of one single photoresist. In
this context, however, also the fabrication of particles composed of two
different materials has been demonstrated [83]: in particular, lithography
is carried out into a parallel co-laminar flow of two different photoresists.
This results in a material transition along one spatial direction within the
fabricated particles. In summary, these approaches do not allow for the
fabrication of almost arbitrary multi-material 3D structures.
Further publications on similar fabrication strategies for micro-stereolithography and 3D laser microprinting have also appeared after our article [73] was published [68, 87–89]. A recent review on multi-material printing
for a variety of different (also non-optical) 3D printing techniques can be
found in [90]. Further examples are shown in [1, 91].
Another notable avenue for the fabrication of complex multi-material microstructures is the printing of different material properties from one single
photoresist. This approach is therefore distinct from the one presented in this
work, where different photoresists are employed to achieve different printed
materials. For the former, development of photoresists that are selective
towards ambient or exposure conditions (for example, selective towards the
intensity or wavelength of the writing laser) is necessary. Along these lines,
multi-component mechanical microstructures incorporating parts with different mechanical properties have been realized. In these works, conventional
commercial photoresists are employed, and mechanical properties are tuned
by changing the exposure dose during writing, which is also called graytone lithography [92–94]. However, these approaches are typically highly
specialized and hence limited in terms of the different material properties
that can be 3D printed from one resist. In contrast, the microfluidic injection
system can be used in combination with almost any available photoresist,
and hence a wide range of material properties is readily attainable.
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4.2 Experimental Realization
In this section, I will describe the experimental realization of the microfluidic
injection system developed in this work. I will start by giving an overview
of the setup, and by highlighting the most important design restrictions that
led to the specific realization presented in this work. Subsequently, I will
feature the most important components of the microfluidic system in more
detail. Finally, I will discuss the flow characteristics of the system based on
the Hagen-Poiseuille equation.
4.2.1 Overview of the Microfluidic Injection System
A schematic overview of the microfluidic injection system is depicted in
Figure 4.2. For pumping the different liquids through the fluidic system,
pressure-driven microfluidics is used. Here, an electronic pressure controller1
is used to simultaneously apply a defined overpressure to liquid containers,
which are filled with the different liquids to be pumped. The electronic
pressure-controller itself is fed with an overpressure from a nitrogen bottle,
and hosts a piezo-actuated proportional valve monitored by a gas pressure
sensor. The liquid containers feature outlet tubings dipping into the liquids
in the containers. Hence, the overpressure applied to the containers acts
as a driving force for ejecting all the liquids at the same time. To achieve
control over the pumping of individual liquids, the outlet tubes from liquid
containers are connected to a home-built selection valve. This part hosts
solenoid valves at each input port and hence enables to switch each flow
path coming from the liquid containers on and off. In the selection valve,
all flow paths are furthermore combined into one before being guided into
the microfluidic chamber, and eventually into a waste container. In between
the selection valve and the microfluidic chamber, an overpressure valve is
installed in order to protect the microfluidic chamber from any possible
overpressure that could potentially lead to damaging the chamber. In the
flow path of one of the solvents, a flow resistor is installed to artificially
increase flow resistance of the low-viscosity solvent (see section 4.2.5.3).
In particular, pressure-driven microfluidics is employed in this system
because it can be easily extended in terms of the number of liquids that can
be pumped. For the system presented in this chapter, pumping of up to ten
1

Elveflow OB1 MK III, 0 to 8 bar
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Figure 4.2: Schematic overview of the microfluidic setup: in pressure-driven
microfluidics, an electronic pressure controller is used to apply a gas overpressure to different liquid containers simultaneously. This overpressure serves
as the driving force for pumping the different solvents and photoresists. A
selection valve combines all the different output tubes from the containers into
one flow path and allows for the selective pumping of individual liquids. The
liquid flow is then guided through an overpressure valve, and eventually into
the microfluidic chamber. Excessive liquid is gathered in waste containers,
respectively. Adapted from [73] (CC BY 4.0).

different liquids is possible, only limited by the number of solenoid valves
installed at the selection valve. Also, when using fluidic components that
are sensitive to overpressures, using pressure-driven microfluidics can be
advantageous, since the pressure applied to the system is directly controlled.
However, as opposed to the case of using syringe pumps, quantities like the
volume flow rate are not inherently known and hence have to be measured
or calculated. Other advantages of pressure-driven microfluidics include
a vastly increased flow stability and a better responsivity; however, are of
lesser interest for the injection system.

53

4 integrated multi-material 3d laser microprinting

4.2.2 Basic Design Guidelines
For the practical realization of a microfluidic injection system for multi-material 3D laser microprinting, there are a number of difficulties that have to be
considered. Hence, the following section is meant to give a quick overview
over the main considerations to be met in the design phase.
The microfluidic sample holder is meant to host the microfluidic chamber
into which samples can be printed, and to be flushed with different photoresists and solvents during the printing routine. The printing arrangement
that was used for the fabrication of three-dimensional fluorescent security
features in chapter 3 serves as the starting point for designing this part.
This arrangement is depicted in Figure 4.3: Here, a droplet of photoresist
is placed between two coverslips, which are spaced by a distance of 100 µm.
Printing into the chamber formed by the space between the two coverslips is
carried out by using the objective lens in oil-immersion mode, as described
in section 3.3.2. While panel (A) for clarity is not drawn to scale, in panel (B),
the thickness of the coverslips is to scale with respect to the dimensions of
the objective lens and its working distance.
From this scheme shown in Figure 4.3(A), one important design constraint
becomes immediately clear: The fixed working distance of the high-NA
oil-immersion objective lens used for printing imposes a geometrical restriction: the maximum realizable height of the chamber is ultimately limited by
the full working distance of the objective lens used, minus the thickness of
the coverslip onto which oil-immersion is carried out. In turn, the height of
the chamber given by the distance of the two coverslips ultimately limits the
maximum height of microstructures that can be printed into the chamber.
The microfluidic sample holder presented in this chapter is designed to
be compatible with the high-NA objective lens Plan-Apochromat 63×/1.40,
Carl Zeiss, which is commonly used in combination with the Nanoscribe
Professional GT printer and features a full working distance of 360 µm. When
performing oil-immersion using a conventional coverslip with a thickness of
170 µm, thus, a free working distance of 190 µm remains when subtracting
the thickness of the coverslip.2 In the following, the height of the chamber
will be fixed to 100 µm, which is sufficient to fit in the fluorescent security
features from chapter 3 into the microfluidic chamber, and leaves enough
safety distance to avoid crashing the objective lens into the sample holder.
2

Note, however, that the sample holder will later also be used with another objective lens
(LD LCI Plan-Apochromat 63×/1.2 Imm Korr DIC, Carl Zeiss).

54

4.2 experimental realization
(A)
Photoresist
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(B)
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Figure 4.3: The “sandwich” writing mode used in chapter 3 serves as a starting
point for conceiving the microfluidic sample holder. Here, the photoresist is
sandwiched between two glass substrates, and the objective lens is used in
combination with regular immersion oil. For clarity, panel (A) is not drawn to
scale, while in (B), the thickness of the coverslips is to scale with respect to the
dimensions and the working distance of the objective lens.

Particular attention in the design of the injection system also has to be
directed towards the viscosity of the photoresists to be used. While some
photoresists can exhibit smaller viscosities comparable to water, other resists
do have a very high viscosity. As an example, the common monomer
PETA has a dynamic viscosity µ between 0.6 and 1 Pa s at a temperature
of 25 °C—comparable to the viscosity of honey.3 In general, highly viscous
fluids are problematic for the injection system because they inherently lead to
high necessary pumping pressures to achieve a given volume flow rate. High
overpressures are in turn unfavorable in combination with the thin glass
windows employed in the microfluidic chamber. Furthermore, consecutive
injection of fluids with a large difference in their dynamic viscosities (for
example, a highly viscous photoresist followed by a low-viscosity solvent)
can impose a difficulties that will be addressed in section 4.2.5.3.
At the same time, the swept volume, i.e., the volume of photoresist that has
to be flushed through the microfluidic system when performing a photoresist
exchange step, is also of major interest. To reduce unnecessary consumption
of photoresist, this quantity should minimized. The inner diameters of
all fluidic components used should therefore be kept as small as possible.
However, smaller inner diameters inherently lead to strongly increased flow
resistance: for a laminar flow in a circular pipe, the flow resistance scales
with d4 , where d is the inner diameter of the pipe (see section 2.3.3). This
3

Data taken from https://www.union-pigment.com/china/radiation-curable-3524.
html, accessed on June 14th , 2020.
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results in a trade-off between swept volume and the required pumping
pressures.
Finally, after printing a photoresist material using 3D laser microprinting,
unexposed photoresist is removed from the microfluidic chamber by flushing
with organic solvents such as acetone, isopropyl alcohol or toluene. Hence,
all components have to be built from materials that are chemically resistant to
common substances employed in this step. This implies that for all polymeric
wetted parts, fluorinated polymers or polyether ether ketone (PEEK) are the
materials of choice.
4.2.3 The Microfluidic Sample Holder
The arguably most important part of the microfluidic injection system is the
sample holder, hosting the microfluidic chamber into which samples are
eventually 3D printed. In this section, the practical implementation of such
a sample holder, realized in the scope of this thesis, will be presented. The
most important design guidelines for this part have already been discussed
in section 4.2.2.
A schematic of the microfluidic sample holder is displayed in Figure 4.4.
For clarity, this drawing is not to scale. Figure 4.5 shows a to-scale cross-sectional exploded view of the actual model. The sample holder is fabricated
from stainless steel by the means of CNC milling.4 In order to put in and
take out substrates for printing structures onto, it is possible to open the
sample holder. In particular, it features a top part, hosting a larger glass
window (24 mm diameter, 170 µm thickness) on the objective side, and a
bottom part, hosting the smaller glass substrate (10 mm diameter, 170 µm
thickness) onto which structures are printed. The two parts are sealed by
an O-ring (14 × 1.78 mm made from FEP-encapsulated5 Viton, Eastern Seals
Ltd.). The glass substrate is intentionally chosen to be substantially smaller
than the glass window for practical purposes in the design.
In addition, the lower part of the sample holder features microfluidic
input and output ports. Hence, conventional microfluidic tubings with an
outer diameter of 1.59 mm can be directly connected to it using conventional
1/400 −28 flat-bottom flangeless fittings.6 Typically, for good chemical com4
5
6

All metal parts were milled by our institute’s mechanical workshop.
FEP: Fluorinated ethylene propylene
For example: XP-235X, IDEX Health & Science
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63× NA 1.2
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Figure 4.4: Schematic cross-sectional view of the microfluidic sample holder,
incorporating the microfluidic chamber. The sample holder features input and
output ports for connecting the microfluidic tubing. It also hosts a substrate
with a diameter of 10 mm onto which structures are printed. A glass window
in parallel to the substrate, spaced by 100 µm, allows for writing inside the
chamber using common oil-immersion objectives. An important consideration
for the design of this sample holder were tight space restrictions, stemming
from the finite working distance of high-NA objective lenses commonly used
for 3D laser microprinting, and from limited space in the 3D printer. The
chamber design, as shown here, allows for the printing of structures with a
maximum height of 100 µm. Adapted from [73] (CC BY 4.0).

patibility, connectors made from PEEK together with ferrules made from
ETFE7 and microfluidic tubing made from PTFE8 or FEP are employed.
For assembly, the glass window on the objective side is glued permanently
to the upper part of the sample holder. For this purpose, an epoxy glue9 is
used, since it is resistant against most organic solvents (including isopropyl
alcohol, acetone and toluene) and provides strong bonding of the glass
coverslip to the stainless steel part. In case the glass window has to be
replaced, it can be removed again by soaking the glue in dichloromethane.
7
8
9

ETFE: Ethylene tetrafluoroethylene
PTFE: Polytetrafluoroethylene
UHU plus endfest 300, UHU GmbH & Co. KG
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63x

Figure 4.5: CAD model of microfluidic chamber, cross-sectional exploded view.
The chamber’s top part features a glass window for the objective lens to
look into the chamber, and the bottom part holds the small substrate onto
which structures can be printed. In addition, the bottom part features liquid
connectors. A chemically inert O-ring in between seals the chamber. Adapted
from [73] (CC BY 4.0).

Similarly, for printing, the small glass substrate inside the chamber is
temporarily glued into the sample holder using a tiny droplet of photoresist10 , which is cured by UV light. The gluing does not have to resist strong
forces in this case, but it should be easy to remove the substrate from the
sample holder after printing. Using IP-S for gluing, it was possible to take
out the substrate by removing it mechanically from the sample holder using
tweezers.
During normal operation of the microfluidic system, the microfluidic
chamber itself is not expected to experience a significantly increased pressure
as compared to the surrounding, since microfluidic tubing with a relatively
large inner diameter of 1 mm is attached to its output port. However, since
the glass window is very thin (170 µm) and breaking of the glass window
would lead to photoresists and organic solvents being spilled into the 3D
printing system, tests were carried out to minimize the probability of this
scenario. In this context, one case where the microfluidic chamber may
in fact experience significant overpressure would be a situation where the
output port of the microfluidic chamber is clogged. In this case, for intuition,
10

Nanoscribe IP-S
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(A)

(B)

Glass window
O-ring
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Figure 4.6: (A) Computer rendering of the fully assembled sample holder,
including the outer frames to fit it into the commercial 3D printer. (B) Exploded
view of the inner part of the microfluidic sample holder. Adapted from [73]
(CC BY 4.0).

if an overpressure of 2 bar was applied to the chamber, a glass window with
a diameter of 15 mm would experience a force of about 35 N.
In particular, for measuring the critical overpressure up to which the
glass window is stable, an overpressure was applied to the chamber using
the electronic pressure controller and increased until the glass window
burst. This test was repeated for a number of glass windows. Typically, the
glass windows exhibited a critical overpressure of over 3 bar, with the most
stable glass windows resisting pressures of up to 4.5 bar. Consequently, for
pumping, overpressures above 2 bar are never applied, which should render
the thin glass window safe. In addition, an overpressure valve is connected
to the input flow path of the microfluidic chamber, which consists of a back
pressure regulator11 connected to a T-piece12 (as displayed also in Figure 4.2).
This part protects the microfluidic chamber from overpressures exceeding
1.4 bar, which could potentially occur if the output flow path of the chamber
was blocked.

11
12

P-791, IDEX Health & Science
P-612, IDEX Health & Science
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Figure 4.7: Computer rendering of the home-built 10-to-1 selection valve assembly (cross-sectional view). It consists of commercial solenoid valves mounted
on a custom-made manifold piece. Using this arrangement, liquid input flows
from ten different flow paths can be switched on and off individually. The flow
paths are eventually combined into one and then guided into the microfluidic
sample holder. The swept volume of this part is 49 µL. Adapted from [73] (CC
BY 4.0).

4.2.4 The Selection Valve
In the microfluidic system, liquids are pumped from the respective containers
by applying a pneumatic nitrogen pressure to them. Since the system makes
use of only one electronic pressure controller, it is only possible to pressurize
all liquid containers present in the system at the same time, as discussed in
section 4.2.1 and as indicated in Figure 4.2. Pumping of an individual liquid
is only possible by blocking all the output ports of the liquid containers
except one. This functionality is provided by the selection valve, which
connects to all the outlets of the different liquid containers and combines the
flow paths into one output. From there, the liquid flow is eventually guided
into the microfluidic sample holder.
Originally, throughout this work, a commercial liquid chromatography
selection valve13 was employed for this purpose. After a short time of usage,
this selection valve was irreparably damaged by polymerized photoresist in
between the rotor seals, causing the sealing surfaces to develop scratches.
Hereby, the valve started to leak.
13

MXX778-605, IDEX Health & Science
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(A)

(B)

(C)

Figure 4.8: Photographs showing the experimental setup. (A) Overview of the
injection system. On the left-hand side, the liquid containers connected to the
star-shaped selection valve via thin microfluidic tubing are visible. On the righthand side, the electronic pressure controller (black box) is shown, connected
to the liquid containers via the nitrogen-carrying blue hoses. The gray box
is for electronic control of the selection valve. (B) Photograph of the sample
holder, with the microfluidic chamber in its center. (C) Opened microfluidic
chamber. The part on the bottom left hosts the small round coverslip, into
which structures are printed. Adapted from [73] (CC BY 4.0).

Hence, as a more robust approach, a star-shaped selection valve providing
the very same functionality was built by attaching ten commercial solenoid
valves14 onto a home-built aluminum 10-to-1 manifold, which additionally
guides each input flow path through an individual solenoid valve. This assembly is displayed schematically in Figure 4.7. Photographs of the complete
microfluidic system are displayed in Figure 4.8. Herein, the star-shaped selection valve which is connected to the different liquid containers is depicted
in panel (A), while panels (B) and (C) show the microfluidic sample holder
which has already been discussed in the previous section.
For controlling the valve assembly from the computer, a microcontroller
board (Arduino Uno) is used. The home-built valve assembly has proven to
be reliable so far and none of the solenoid valves has failed in the course of
carrying out the experiments shown in this work.
14

LVM09R3Y1-5C-6-Q, SMC Corporation
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4.2.5 Flow Considerations
The viscosity of the photoresists and the high resulting pumping pressures
are a major concern for the layout of the microfluidic injection system.
Another challenge arises from the high differences in viscosity between the
photoresists and the solvents to be used. Hence, in this section, I will give a
brief summary over the fluid dynamics in the microfluidic system.
For the flow resistance of the entire microfluidic system, the major contribution to this quantity is expected to stem from the microfluidic tubing
connecting all the different fluidic components. Hence, in the following
considerations, the flow resistance of the selection valve and the microfluidic
chamber itself will be neglected. Instead, only the flow resistance stemming
from the microfluidic tubing will be considered.
4.2.5.1 Validity of the Hagen-Poiseuille Equation
In microfluidic systems, liquid flow typically exhibits laminar flow characteristics. Hence, as described in section 2.3, it can be described by the
Hagen-Poiseuille equation, which connects the flow rate dV/ dt to the applied overpressure ∆p. For a circular pipe with radius r and length l filled
with a liquid of dynamic viscosity µ, it is given as
∆p =

8µl dV
.
π · r4 dt

(4.1)

The validity of this description holds true as long as the flow is laminar. This
assumption can be tested by calculating the Reynolds number, which weighs
inertial against viscous forces in the flow and is typically used as a figure of
merit for testing if a flow is laminar.
For a circular pipe, the Reynolds number can be calculated from
Re =

ρ · vm · d
,
µ

(4.2)

where vm denotes the average fluid velocity, d the pipe’s inner diameter
and µ the dynamic viscosity. For Reynolds numbers below a certain value
Recrit , viscous forces dominate and hence the flow is laminar. For Reynolds
numbers above Recrit , inertial forces become significant and hence the flow
is typically turbulent. From experimental analysis of the transition from

62

4.2 experimental realization

Table 4.1: Reynolds numbers for a flow with vm = 5 cm s−1 through microfluidic
tubing with an inner diameter of 1 mm, calculated for different chemicals to be
used in the microfluidic system. In all cases, the Reynolds numbers stay well
below the critical Reynolds number Rcrit ≈ 2320.

Chemical

µ in Pa s

Acetone
0.38 · 10−3
Isopropyl alcohol 2.37 · 10−3
PETA
1

ρ in kg m−3

Reynolds Number Re

784
786
1180

103
17
0.06

laminar to turbulent flow, the critical Reynolds number has been determined
to assume a value of Recrit ≈ 2320 [41].
In the microfluidic injection system, microfluidic tubing with an inner
diameter of d = 1 mm or smaller is to be employed. Hence, to estimate an
upper bound of the Reynolds numbers to be expected, a rather high average
flow velocity of 5 cm s−1 and an inner tubing diameter of d = 1 mm are
assumed. Table 4.1 lists the resulting Reynolds numbers calculated for two
exemplary solvents to be used, and for PETA, which is the basis for many
photoresists for 3D laser microprinting. All resulting Reynolds numbers stay
well below the critical Reynolds number Rcrit ≈ 2320 and hence the flow
of all different chemicals can always be assumed to be laminar within the
microfluidic tubing.
4.2.5.2 Swept Volume versus Required Pumping Pressure
Minimization of the swept volume of the whole system is of interest, as
it determines the photoresist consumption per exchange step. The swept
volume of the different parts of the microfluidic system realized in this thesis
is illustrated in Figure 4.9. Herein, it immediately becomes clear that the
dominant contribution stems from the microfluidic tubing. Hence, reducing
the inner diameter as well as the length of the microfluidic tubing employed
is important. However, according to Hagen-Poiseuille’s equation, reducing
the inner diameter d strongly increases the required pumping pressure
proportional to d4 . Hence, the chosen inner diameters result from a trade-off
between swept volume and flow resistance. In contrast, reducing the lengths
of the tubing is favorable in any case, since this reduces both swept volume
and flow resistance. Thus, tubing lengths are generally chosen as short as
possible.
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Figure 4.9: Swept volume of different components of the microfluidic system.
The major contribution stems from the microfluidic tubing (length l = 1 m,
diameter d = 762 µm.) The plotted swept volume for the tubing is for the
flow path of a photoresist, and accounts for the tubing length from the liquid
container to the sample holder. Fluidic components in the flow path after
the microfluidic sample holder do not contribute to the swept volume, and
hence their inner diameters are chosen bigger to not unnecessarily increase
flow resistance. Due to the swept volume of the different parts, the photoresist
consumption per injection step sums up to approximately 0.5 mL per injection
step for the system realized in this thesis.

As a sideline, the internal volume of the microfluidic tubing connecting
the output port of the microfluidic chamber to the waste container does
not increase the swept volume of the system. Hence, for this part, there
is no trade-off between swept volume and flow resistance. Consequently,
large diameters of tubing should be deployed here, and the resulting flow
resistance can be neglected.
In the experimental setup built throughout this thesis, the length of the
microfluidic tubing from the liquid container to the microfluidic chamber
sums up to 1 m, and an inner diameter of 0.76 mm is employed for the
photoresists. This implies that if the entire flow path was filled with the
rather viscous PETA (µ = 1 Pa s), a maximum pumping pressure ∆p = 2 bar
would lead to a volumetric flow rate of V̇ = 100 µL min−1 . The maximum
pumping pressure is chosen for safety reasons (see section 4.2.3), and the
calculation is carried out for PETA since it is the most viscous liquid to be
used in the microfluidic system throughout this thesis. Since the summed-up
swept volume of the entire system accounts to roughly 0.5 mL, it would
take about 5 min for a full exchange of PETA with PETA. However, when
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Figure 4.10: A flow resistor in the flow path of acetone is used to reduce
differences in flow resistance during the exchange of viscous photoresist with
low-viscosity acetone: Schematics of a microfluidic channel with diameter
d = 1 mm and length L = 1 m. One half is filled with acetone, whereas the
other half is filled with PETA. Acetone is injected into the channel from the left,
and a pumping pressure of 1.5 bar is applied. (A) In the situation where no flow
resistor is present, during injection of the acetone, the flow rate would shoot
up by a factor of ≈ 1307, rendering damage to the already printed structures
likely. (B) On the contrary, if a flow resistor is installed into the flow path of
acetone (capillary with inner diameter 65 µm and length 5 cm), the flow rate
only increases moderately by a factor of 2.4 during the injection.

using the microfluidic system for photoresist exchange during printing,
photoresists are typically exchanged with low-viscosity solvents, which
reduces the times necessary for a single liquid exchange. As we will see
later, an entire exchange step (including washing with organic solvents and
injecting a new photoresists) will take less than 5 min for the structures to be
printed in this work.
4.2.5.3 Implementation of a Flow Resistor
In a typical fabrication routine employing the microfluidic system, after
having printed into one photoresist, it is necessary to replace the photoresist present in the system with an organic solvent for development. This
situation is particularly problematic, since the flow resistance, due to the
different viscosities of the liquids involved, changes dramatically during
this exchange step. An example for such an exchange step is illustrated in
Figure 4.10(A). Herein, a microfluidic channel with an inner diameter of

65

4 integrated multi-material 3d laser microprinting
1 mm and a length of 1 m is filled with PETA in one half and with acetone
in the other. This setting corresponds to the situation in the microfluidic
system where the flow path between the selection valve and the microfluidic
sample holder is filled with PETA, and acetone is injected by opening the
corresponding input in the solenoid valve. Acetone is pumped by applying
a pressure of 1.5 bar. The dynamic viscosities of the involved liquids differ
by a factor of µPETA /µAcetone = 2600. Hence, following Hagen-Poiseuille’s
equation, during the exchange step, the flow rate would shoot up by a
factor of µPETA /(2 · µAcetone ) = 1300 (i.e., if the entire channel was filled with
PETA, the flow rate would even increase by µPETA /µAcetone = 2600). In an
experiment, this would obviously not be acceptable, as the already printed
microstructures would likely be damaged.
Obviously, this problem could be resolved by additionally introducing
a flow sensor, combined with a fast control loop adjusting the pumping
pressure continuously. However, in this work, a passive, more simple solution
to this problem is employed: as depicted in Figure 4.10(B), a flow resistor
is installed into the flow path of acetone. This part consists of a capillary
(diameter d = 65 µm, length L = 5 cm) and artificially increases the flow
resistance in the acetone flow path. It is chosen such that the left half of the
microfluidic channel depicted in (B) introduces a flow resistance on the same
order as the right half. As a consequence, during pumping of the acetone at
constant pressure, the flow rate only increases by a moderate factor of 2.4,
which is acceptable for the experiments presented in the following sections.

4.3 Fluorescent Security Features as Benchmark Structures
After having discussed the design principles and the detailed practical
implementation of a microfluidic injection system for multi-material 3D laser
microprinting in greater detail in the previous section 4.2, I will present
the printing of benchmark structures in the following. In particular, 3D
fluorescent security features similar to the ones discussed in chapter 3 are
printed. However, due to the fully integrated fabrication procedure, it is
easily possible to scale up the number of different fluorescent photoresists
printed into one single structure. In addition, alignment between the single
printing steps is vastly faciliated. Consequently, security features employing
five different photoresists (using four fluorescent colors instead of two) are
presented, printed at a four-fold density of markers per area.
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(A)
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Figure 4.11: Design for the 3D fluorescent security features printed for demonstrating the capabilities of the microfluidic injection system. (A) Like in chapter 3, the structures consist of a non-fluorescent 3D cross-grid surrounded by
walls as a support structure (depicted in gray). A three-dimensional arrangement of markers with four different colors of fluorescence are printed into the
non-fluorescent grid in five different layers. (B) Test patterns of the different
layers of fluorescent markers stored in the microstructure. Each layer features
26 × 26 possible marker locations. Adapted from [73] (CC BY 4.0).

4.3.1 Microstructure Layout
The layout for the benchmarking microstructures to be printed is depicted in
Figure 4.11(A). Like the 3D security features presented in chapter 3, they are
composed of a 3D nonfluorescent support grid surrounded by walls, with
fluorescent markers printed into this support structure in five different layers.
In particular, the support structures are identical to those from chapter 3:
the lateral diameter of the rods in the 3D support grid is approximately
0.75 µm, and the thickness of the walls is 5 µm. Moreover, the walls feature
holes for drainage of unpolymerized photoresist. The lattice constants are
a x = ay = 7.5 µm and az = 9 µm, respectively. The fluorescent test patterns
to be printed into the support structures are depicted in Figure 4.11(B).
In each layer, there are 26 × 26 marker positions at which markers can be
printed into the support structure. Each of the markers has a lateral extent
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of about 3 µm. As compared to the structure presented in chapter 3.4.2, the
density of information that can be stored in the structure hereby increases
from around 3.1 Gbit/cm3 to 18 Gbit/cm3 . In total, the structure could store
around 7.8 kbit of data.
For benchmarking the microfluidic system, these fluorescent security features are a particularly good choice for demonstrating the capabilities of the
microfluidic injection system. Specifically, the fabrication of these structures
requires the printing of many different photoresists into a single structure
at relatively high resolution. In the printing steps, the capability of 3D laser
microprinting to print through already polymerized material has to be exploited, which is not possible for many other 3D printing methods. Moreover,
in between, unpolymerized photoresist has to be removed efficiently not
only from the microfluidic chamber, but also from the interior of the already
printed support structure. Finally, printing a structure employing materials
with different fluorescence properties, laser scanning microscopy (LSM) can
be employed for characterization. This enables the detailed analysis of the
entirety of the 3D printed structure, and the structure can be checked for
defects. In doing so, an incomplete exchange of photoresist in the fabrication would be visible in the printed structure due to missing parts or due
to “wrong” fluorescence properties. However, as we will see, using the
microfluidic injection system, reasonably clean structures can be obtained
without the need for further processing steps.
4.3.2 Fabrication Routine
Conceptually, printing of the benchmarking microstructures is carried out
in the same sequence as described in chapter 3. However, due to the microfluidic injection system, the sample does not leave the 3D printer during
fabrication. Figure 4.12 visualizes the printing sequence of the different parts
of the multi-material 3D benchmark microstructure. In particular, computer
renderings, as well as in-situ optical microscope images are shown, recorded
during printing using the 3D printer’s built-in camera. Herein, imaging
is carried out through the same microscope objective that is also used for
printing. For clarity, in these microscope images, the fluorescent parts of the
microstructure have been overlaid with the corresponding colors of fluorescence. For all images, only the structure’s uppermost marker layer is visible,
as indicated in the corresponding computer renderings.
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In-situ optical
micrograph

Step 4

Step 3

Step 2

Step 1

Computer
rendering

30 µm
Figure 4.12: The test samples are printed in several consecutive steps from the
different photoresists, exhibiting different fluorescence colors. Widefield optical
microscope images, taken using the 3D printer’s built-in camera, are depicted
on the right-hand side. Corresponding computer renderings of the 3D structure
are displayed on the left-hand side. For the optical microscopy images, only
the sample’s top layer is visible. Parts printed from fluorescent photoresists
have been artificially overlaid with the corresponding color. Adapted from [73]
(CC BY 4.0).
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Table 4.2: Process parameters and injection routine for the different liquids
during microstructure fabrication. The routine is repeated identically for all
fluorescent photoresists. The numbers given are for the initial state where all
tubings in the microfluidic system are “clean” and thus filled with air.

Liquid
PETA photoresist (#1)
0th

Pressure p/mbar

Time t/s

2000

120

Printing Step: Support Structure

Acetone
1500
mr-Dev 600
150
Fluorescent photoresist (#2)
500
1st Printing Step: Fluorescent Markers

60
60
45

Acetone
mr-Dev 600
Fluorescent photoresist (#3)

60
60
45

1500
150
500

2nd Printing Step: Fluorescent Markers
...

In the fabrication routine, first, the microfluidic sample holder is prepared
by inserting a substrate into it, which is glued by UV-curing a tiny droplet of
photoresist.15 In particular, to improve adhesion of the printed structures
to the substrate, a silanized substrate is used (see section A.2.5). The fully
assembled sample holder is then inserted into the 3D printer and connected
to the microfluidic system.
Subsequently, the first photoresist is injected into the sample holder and
printing of the non-fluorescent support structure is started. For printing the
support structure, typically, an exposure power of 34.5 mW and a writing
velocity of 1.5 cm s−1 are used. A long-working-distance objective with a correction ring for the refractive index of the immersion medium is employed.16
After finishing the first printing step, unexposed photoresist is removed
from the sample holder and thereby from the printed support structures by
flushing with acetone and mr-Dev 600 (micro resist technology GmbH).
15
16

Nanoscribe IP-S
LD LCI Plan-Apochromat 63×/1.2 Imm Korr DIC, Carl Zeiss
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(A)

(B)

200 µm

100 µm

Figure 4.13: Optical microscopy images of a sample printed using the microfluidic system, captured using a digital microscope (Zeiss Smartzoom 5,
reflection-mode ring illumination). (A) Oblique view of an array of security
features printed from five different photoresists (extended depth of field image).
(B) Top view of the printed structures. The uppermost marker layer is visible.

Hence, thereafter, the first fluorescent photoresist is injected and fluorescent markers are printed into the support structure. For printing the
fluorescent markers, a scanning speed of 1 cm s−1 is used. The exposure
power increases linearly from 34.5 mW for the topmost layer to 42.5 mW for
the bottom layer.
These steps—flushing with acetone and mr-Dev 600, injecting fluorescent photoresists and printing markers—are then repeated until all different
elements of the structure have been printed from the different fluorescent
photoresists. The detailed injection sequence, as well as the pumping pressures and times are summarized in table 4.2. In particular, for washing away
unexposed photoresist, both acetone as well as mr-Dev 600 are used, as this
procedure efficiently washes away quantum dots sticking to the polymer
surfaces of the printed structures, important for producing “clean” structures. After printing the last resist and flushing with the organic solvents,
the microfluidic sample holder is taken out of the 3D printer, opened, and
the sample is dried under a gentle flow of nitrogen. Widefield optical microscope images of a sample, as it is obtained after printing, are depicted
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Table 4.3: Photoresists used for printing of multi-material benchmark structures.
All photoresists additionally contain 2 % Irgacure 819 with respect to the
monomer mass. More detailed photoresist recipes can be found in the appendix
in section A.1.1. The fluorescent additives have been selected such that spectral
overlap in their fluorescence emission is minimal, such spectral separation is
possible for fluorescence microscopy.

Color
#1
#2
#3
#4
#5

Monomer

—
100 % PETA
Blue
50 % PETA, 50 % TDDDA
Green 50 % PETA, 50 % TDDDA
Yellow 50 % PETA, 50 % TDDDA
Red
50 % PETA, 50 % TDDDA

Fluorescent Additive
none
QDs, λem = 450 nm
QDs, λem = 525 nm
Atto 565 alkyne
Atto 647N alkyne

in Figure 4.13. Herein, an array of multi-material test structures are shown.
While panel (A) displays an oblique view of the sample, panel (B) shows a
view from the top. Herein, the uppermost layer of markers is visible (i.e., the
“E”).
The main components of the photoresists employed for the printing of the
multi-material test structures are summarized in table 4.3. In regard to the
fluorescent photoresists, two photoresists make use of colloidal quantum
dots as fluorescent additives. The other two contain organic dyes, which
are functionalized with an alkyne group. Thus, they can undergo a radical
polymerization and can hereby be integrated into the polymer network.
The detailed recipes for these photoresists can be found in the appendix in
section A.1.1.
4.3.3 Fluorescence Microscopy on Fabricated Structures
In order to investigate the printed multi-material benchmark structures in
detail, fluorescence laser scanning microscopy (LSM) is employed in analogy
to chapter 3 (see section 3.4). Hereby, imaging of the full 3D structure is
possible and thus the quality of the multi-material print can be examined.
A commercial LSM17 is employed for this purpose. For imaging, a droplet
of immersion oil is applied on top of the printed structures and a 63×/1.4
17

LSM 510 Meta, Carl Zeiss
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Design

(A)

Experiment

(B)

30 µm

z = 11.5 µm

z = 19.4 µm

10 µm

z = 26.8 µm

z = 34.6 µm

z = 41.7 µm

10 µm

Figure 4.14: Images recorded by Fluorescence Laser Scanning Microscopy
(LSM). (A) Computer design of fluorescent marker patterns printed in five
different z-layers into the multi-material 3D fluorescent microstructure. (B)
Recorded fluorescence images. The computer-test patterns are reproduced
with high accuracy in the 3D printed multi-material structure. Insets show the
high resolution at which many different photoresists (i.e., materials) can be
reliably printed using the microfluidic injection systen. Adapted from [73] (CC
BY 4.0).

objective18 is used. Since this microscope features two independent detection
channels with spectral filters and a photomultiplier tube, two different color
channels can be recorded simultaneously. Hence, for recording four different
fluorescence colors present in the printed structures, each z-section has to be
scanned twice (with different filter settings in the detection beam paths for
each scan) in order to record all fluorescence emission colors present in the
three-dimensional microstructure. The experimental details can be found in
the appendix (section A.2.2).
Fluorescence images recorded in this fashion are depicted in Figure 4.14.
Herein, the computer-generated test patterns as depicted in panel (A) can be
compared directly to the fluorescence images in (B). It is easily visible that
the actual printed test patterns reproduce the computer-designed patterns in
18

Plan-Apochromat 63×/1.40, Carl Zeiss
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z = 0 µm

z = 14.2 µm

z = 22.7 µm

z = 30.9 µm

z = 39.1 µm

z = 47.7 µm

30 µm

Figure 4.15: Fluorescence microscopy images recorded from another 3D multimaterial test structure. This 3D fluorescent security feature incorporates fluorescent test patterns that are similar to those presented in chapter 3, however
extended to four different fluorescent colors. In contrast to the sample shown in
Figure 4.14, all photoresists contain colloidal quantum dots as fluorescent additives. Different image sections for different z values are shown, displaying the
five different patterns of fluorescent markers printed into the microstructure,
and the plane of the glass substrate located at z = 0 µm.

great detail. The insets in panel (B) display the resolution at which multiple different photoresist materials can be printed at using the microfluidic
injection system: Here, up to five different photoresists are 3D printed on
a micrometer scale into one single microstructure. In addition, using the
microfluidic injection system, increasing the number of different photoresists
is straightforward.
A different test sample, printed using the same printing sequence as used
for the sample shown in Figure 4.14, is displayed in Figure 4.15. However,
this sample features a more simple test pattern of fluorescent markers, similar
to the test patterns presented in chapter 3. Since these patterns feature a
four-fold lower density of markers than the one shown in Figure 4.14, these
samples constitute a less challenging test structure. In this case, all of
the fluorescent photoresists used in the fabrication of this structure contain
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colloidal quantum dots as fluorescent additives in the different photoresists19 .
From the confocal fluorescence images shown, one can similarly deduce that
also these structures are manufactured at high accuracy.

4.4 Conclusion
In this chapter, I have presented a custom-tailored microfluidic injection
system that can be combined with 3D laser microprinting setups. Hereby,
the fabrication of multi-material structures, composed of many different
photoresist materials, is enabled. In particular, the microfluidic injection
system is capable of injecting different chemicals, i.e., photoresists and
organic solvents, into a tailor-made sample holder hosting a microfluidic
chamber. 3D printing is carried out inside this microfluidic chamber, and
therefore easy switching between different photoresists during 3D printing
is possible. To the best of my knowledge, this setup represents the first
experimental implementation of a fully integrated multi-material printer
based on 3D laser microprinting with the capability of fabricating almost
arbitrary multi-material 3D structures.
It is well conceivable that the concept presented here—or similar combinations of microfluidics with 3D laser microprinting—may become a common
experimental method for the fabrication of three-dimensional multi-material microstructures. In the future, to make the concept more versatile,
one important limitation should be addressed however: the microfluidic
sample holder presented in this work inherently limits the build height of
printed microstructures. This maximum build height is ultimately limited
by the fixed working distance of the objective lens used for 3D printing.
Hence, to circumvent this problem, future designs could for example feature
microfluidic chambers with adaptive height.

19

Trilite Fluorescent Nanocrystals (Cytodiagnostics), with central emission wavelengths
of λ1 = 450 nm, λ2 = 525 nm, λ3 = 575 nm, and λ4 = 665 nm. See section A.1.1 for
photoresist preparation.
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Part II

combining 3d printing and
self-assembly

5

Chapter 5

3D Laser Microprinting
of Nanoporous Polymers

Within the first part of this thesis, the realization of multi-material 3D microstructures was demonstrated by the sequential
3D printing of different photoresist into one
single structure. In doing so, three-dimensional structuring of the printed object was
only determined by the top-down approach
of 3D printing. Owing to the great freedom
of design and the increasingly fast speed at
which almost arbitrary three-dimensional
structures can be manufactured by these
techniques, they have become increasingly
popular over the last years [24, 95, 96]. How- Figure 5.1: The photoresist preever, 3D printing is usually limited to min- sented in this chapter enables the
imal printing resolutions in the regime of printing of porous polymers, with
hundreds of nanometers [31], and is gener- pore sizes below 100 nm.
ally limited in fabrication speed [24].
In contrast, 3D structuring can also be introduced by the mechanism of
self-assembly [97]. Here, interactions between disordered building blocks
(for example, molecules) lead to the formation of ordered 2D films or 3D
structures. Hence, complex 2D and 3D functional assemblies can be realized,
which often exhibit a structuring on the nanoscale. Examples include 2D
self-assembled monolayers, micelles, protein structures, as well as three-dimensional nanostructures [98–101]. In contrast to 3D printing, self-assembly
inherently is a parallel process—and therefore, fabrication times do typically
not increase drastically when processing larger areas or volumes. Conse-
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quently, due to this scalability, large quantities of such nanostructures can be
realized in a short amount of time.
Consequently, combining the two approaches of self-assembly and 3D
printing, and thereby combining the advantages of 3D printing with those of
self-assembly, appears promising. Ideally, this would allow for the manufacturing of arbitrary three-dimensional hierarchical microstructures, with
a 3D structuring on both the microscale (by 3D printing) as well as on the
nanoscale (by self-assembly).
Along these lines, I will present a photoresist for 3D laser microprinting
that allows for the 3D printing of inherently porous polymers in this chapter.
In particular, the porosity of the material printed from the photoresist is
achieved by a so-called polymerization-induced phase separation (PIPS).
Thereby, the photoresist itself introduces a porosity on the scale of tens of
nanometers, and arbitrary three-dimensional microstructures can be printed
from it by 3D laser microprinting. Therefore, besides multi-material printing using multiple different photoresists, this method constitutes another
approach for the printing of highly complex microstructures. As we will
see, the porosity of the printed material can be tuned during printing—and
in this sense, multiple materials can be printed from one single photoresist.
Furthermore, this photoresist could also be printed in combination with the
microfluidic injection system presented in the previous chapter. The hierarchical micro-/nanostructures obtained by printing this photoresist could
not have been realized using other techniques: in particular, due to limited
printing resolution, 3D printing the same structures from a conventional
photoresist would have previously not been possible by the means of 3D
laser microprinting.
For characterization of the printed material, scanning electron micrographs
are recorded from ultramicrotome sections. Subsequently, for further characterization, image analysis is carried out on those images. In addition, the
light-scattering properties of the material are investigated. It is found that
the porosity (and thereby the light-scattering coefficient) of the printed material can be tuned during printing, such that porous as well as non-porous
material can be printed from the same photoresist. Finally, as an application
example, a 3D printed Ulbricht integrating sphere is demonstrated.
Unless indicated otherwise, all experiments in this chapter have been
carried out by me, including photoresist development, process optimization
and 3D printing of all microstructures presented. Notably, ultramicrotomy
of samples and subsequent imaging by scanning electron microscopy was
carried out by the group of Prof. Rasmus Schröder (Heidelberg University).
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5.1 Porous Materials
Porous materials are ubiquitously found in nature, as well as in technological
applications. In nature, prominent examples include porous stones, wood
and bone. Owing to their multifaceted properties, there is also a wide range
of applications in technology.
One important property of porous materials is their unusually large surface area. This property is commonly exploited in chemistry, for example
as porous catalysts in reactions, for filtration techniques, or when using
activated carbon for the adsorption of particles [102]. In batteries or fuel cells,
porous separators and electrodes are employed, since they are permeable for
liquids and allow ion transport throughout their volume.
In optics, porous polymers can exhibit strong light scattering due to the
difference in refractive indices of the constituent materials. This property
can for example be observed on eggshells or on paper. Hence, they can
for example be used for the creation of materials with very high diffuse
reflectivities, which are yet free from scattering particles such as titanium
dioxide [103].
In mechanics, porous materials offer the ability to create lightweight yet
mechanically strong architectures. Examples for this property can be found
in nature (such as bone or wood), but also increasing research effort is put
into such materials being created by additive manufacturing in terms of 3D
printed microlattices [104, 105].
In this context, rendering 3D laser microprinting able to 3D print inherently porous materials appears like a promising avenue towards materials
with interesting properties for chemical, biological, mechanical or optical
applications. Furthermore, a range of volume material properties that are
poorly attainable within a printable photoresist—like optical absorption or
electrical conductivity—might be realizable by means of post-processing,
where another material is deposited into the pores of the porous polymer.

5.2 Photoresist Development
In this section, I will give a short overview of methods that can in principle
be used for the development of inherently porous 3D printing inks. Also, I
will briefly review publications that report on research work into a similar
direction. Subsequently, I will explain polymerization-induced phase separation (PIPS), which is the porogenic mechanism that I will use to develop
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a printing ink for 3D laser microprinting. During 3D printing of this resist,
spatial inhomogeneities resulting from oxygen concentration gradients in the
photoresist droplet occur: I will therefore discuss strategies on how to cope
with these difficulties. These strategies enable the fabrication of structures
with a very homogeneous porosity throughout the volume.
5.2.1 Introduction
The manufacturing of porous polymers can be accomplished by a number
of different techniques. Typically, when producing a porous polymer from
a polymerization mixture, pores are introduced into the material during
the reaction by so-called templates. Alternatively, templates can also be
introduced into molten polymers. In particular, templates are chemically
inert substances that occupy space in a liquid mixture which is then solidified,
such that solidification of polymer cannot take place in the space occupied by
the template. Hence, after the solidification (i.e., polymerization or freezing)
is finished, polymer is only present at points in space that were not occupied
by a template. Substances in gaseous, liquid or solid state can be used as
templates, and often have to be removed from the then porous polymer
using a solvent.
In terms of printing inks for 3D printing, first steps towards the printing of
inherently porous materials have been made. In extrusion-based 3D printing,
salt particles (i.e., solid templates) have been introduced into the 3D printing
filament. After washing out the template from printed structures, a porous
material remains, with pore sizes in the range of 20 to 70 µm, which is
determined by the size of the salt particles [106]. Similarly, in the context
of stereolithography, photopolymerizable resins loaded with salt particles
have previously been published [107]. In stereolithography, porous materials
have also already been printed from photoresists that form a high internal
phase emulsion with a liquid porogen emulsified in the photoresist [108].
Emulsion- and foam-based inks (i.e., using liquid and gaseous templates)
have also already been developed for 3D direct ink writing, from which
porous ceramics can be obtained by sintering the 3D printed parts [109, 110].
Notably, porous 3D printed polymers with pore sizes on the scale of tens
of micrometers have also been realized by adding foaming agents to the
photoresist. Heating of the 3D printed parts then causes the foaming agent
to degas, leading to an expansion of the material and due to pores generated
throughout the material [111].
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When discussing optical 3D printing methods, one problem persists for
all template-based approaches: a photoresist developed along these lines
is typically spatially inhomogeneous in the sense that particles or droplets
are distributed in a monomer matrix. Since the refractive indices of the
different phases of such a photoresist typically differ, light scattering occurs.
With respect to 3D laser microprinting, pronounced light scattering would
lead to a strong decrease of the quality of the writing focus, and hence
to a decreased printing resolution and increased required laser powers.
Hence, when following the approach of a template-based method for the
development of a new photoresist, one would have to spend particular
attention to index-matching the different phases of the photoresist. Strategies
into this direction have also been deployed in the development of sol-gel
based photoresists for the printing of glass structures [112].
In contrast to the previous discussion, when employing polymerization-induced phase separation, templates are not required for the manufacturing of
porous polymers [113]. It is hence typically referred to as a “template-free”
method.
With respect to porous polymers produced in the bulk by the means of
polymerization-induced phase separation, typical applications include membranes and monolithic columns for filtration and separation techniques [113–
116]. Furthermore, it has been employed for the realization of superhydrophobic surfaces, making use of the exceptionally large surface area due
to a roughness on the micro- and nanoscale [117].
5.2.2 Polymerization-Induced Phase Separation (PIPS)
The underlying mechanism, polymerization-induced phase separation (PIPS)
is illustrated schematically in Figure 5.2. In particular, the polymerization
mixture (i.e., the photoresist) contains so-called porogens, and monomers.
Porogens are substances, usually organic solvents, that are miscible with the
monomer. Hence, this mixture is spatially homogeneous, and light-scattering
is nonexistent in this state.
However, if a polymerization reaction is triggered in this mixture, polymer
chains start to grow. In the case of 3D laser microprinting, this polymerization
reaction is triggered via nonlinear excitation only in the focal region of the
laser focus. As the polymer chains increasingly grow longer, at a certain
point they become immiscible in the porogen, and hence, a phase separation
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Unpolymerized
Components Miscible

Photoresist

Washing
with Solvents

Phase Separation
upon Polymerization

Polymer

Porogens
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Figure 5.2: The photoresist contains monomers and porogens (i.e., organic
solvents), which are miscible in the unpolymerized state. Polymerization is
triggered optically by nonlinear excitation and subsequent radical generation
in a laser focus. During polymerization, polymer chains start to grow, which
then become immiscible with the porogens. Hereby, a phase separation occurs,
and the polymer structure is “frozen” at a certain degree of polymerization.
Subsequently, a porous polymer structure is obtained, with the pores being
filled with a porogen-rich phase. By washing the polymerized structure with
organic solvents, a porous polymer structure is obtained, with the pores being
filled with air. Adapted from [118] (CC BY 4.0).

occurs and they start to agglomerate. This eventually results in a porous
polymer, inside which the pores are filled with a polymer-lean phase (i.e.,
with porogen).
After the polymerization, i.e., after 3D printing has been finished, unpolymerized material is removed from the pores of the printed structures by
washing with organic solvents. In particular, in this work, washing is carried
out in acetone for 30 min. Supercritical drying of the printed structures is
performed subsequently to reduce structural distortions or shrinkage during
drying (see section A.2.4).
Two important properties to describe porous structures are the porosity Φ
and the pore size distribution. In particular, the porosity is defined as the
volume fraction of the pores in the porous structure. In polymerization-induced phase separation, for reactions in the bulk, this quantity is largely
determined by the volume fraction of the porogen. In contrast, the choice of
the porogen determines the grain size during polymerization, and therefore
the mean pore size [113].
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In more detail, for PIPS in the bulk, it has been found that porogens
that are “poor” solvents (with respect to the monomer) lead to smaller
particle sizes in the resulting polymer, and vice versa. This relation can be
qualitatively explained as follows: after the polymerization has been initiated,
polymer chains start to grow in the polymerization mixture, and hereby, the
degree of polymerization increases with time. At a certain point in time, there
is an onset in phase separation upon which the polymer chains precipitate.
Hence, polymer particles start to grow larger and coalesce. This process is
eventually halted as soon as a certain degree of polymerization is reached.
Depending on the choice of the porogen, the onset of phase separation
occurs at different times in the polymerization reaction: for “poor” solvents,
phase separation occurs at earlier times, leading to bigger polymer particles.
On the contrary, for “good” solvents, phase separation occurs at later times,
leading to smaller particles [119, 120]. Since the porosity is determined by the
volume of the porogen in the polymerization mixture, different particles sizes
are directly correlated with different pore sizes. In addition, the obtained
pore sizes have also been found to strongly depend on quantities like the
surrounding temperature and the rate of polymerization [113].
In the field of stereolithography, photoresists that can be seen in analogy
to the resist presented within this work have already been developed [121].
In these resists, during polymerization, a phase separation between growing polymer chains and glass precursor molecules occurs. After printing,
structures are thermally sintered to obtain porous and non-porous glass
structures. These photoresists are similar in the sense that they also make
use of a polymerization-induced phase separation; however, they enable the
printing of porous glass instead of porous polymer structures. Furthermore,
in this work, 3D laser microprinting instead of stereolithography is employed,
offering an improved spatial 3D printing resolution. Lastly, in-situ control of
the porosity during 3D printing is demonstrated in this work, which to the
best of my knowledge has not yet been achieved before.
5.2.3 A Photoresist Based on PIPS
The substances contained in the phase-separating resist presented in this
work are depicted in Figure 5.3. In particular, we start from the very common
monomer pentaerythritol triacrylate (PETA), combined with the common
radical-generating photoinitiator Irgacure 819. These two substances have
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Figure 5.3: Composition of the phase-separating photoresist. For monomer
and photoinitiator, the common substances pentaerythritol triacrylate (PETA)
and Irgacure 819 are used, respectively. Dodecyl acetate and octadecyl acetate
are contained as porogens. Additionally, 2,2,6,6-tetramethylpiperidinyloxyl
(TEMPO) is added as a radical quencher. Adapted from [118] (CC BY 4.0).

already been used in the photoresists presented in the previous chapters.
However, in addition, dodecyl acetate and octadecyl acetate are added as
porogens into the photoresist (mass fraction 22 % each). Lastly, 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) is added as a radical quencher, which will be
discussed in the following section. The detailed photoresist composition is
listed in the appendix, section A.1.2.
Example structures printed from the phase-separating photoresist are depicted in Figure 5.4. Conventionally, the vast majority of photoresists for 3D
laser microprinting yield 3D printed structures that exhibit a transparent,
glass-like appearance. The nanoporous structures, however, exhibit a fundamentally different optical appearance: for illustration, panel (A) displays a
reflection-mode oblique-view optical micrograph1 of a cylinder (diameter
d = 350 µm, height h = 100 µm) 3D printed from a common commercial
photoresist (Nanoscribe IP-S) for 3D laser microprinting. In contrast, the
same cylinder printed from the phase-separating photoresist exhibits a white
appearance, which results from strong light-scattering within the volume
of the nanoporous polymer. In order to show that arbitrary 3D structures
can be fabricated from this resist, panel (B) depicts a nanoporous woodpile
structure (rod spacing 30 µm, beam width 15 µm).
To gain further insights into the properties and the self-assembled nanostructure of the 3D printed material, panel (C) shows an overview electron
micrograph of a printed flat cylinder, and a zoom-in into the same cylinder
on the right-hand side. From these pictures, one can presume that the the
1

Taken using a ZEISS Smartzoom 5 digital microscope and off-axis ring illumination
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Figure 5.4: Nanoporous example structures printed from the phase-separating
photoresist. (A) Cylinders (diameter d = 350 nm, height h = 100 µm) printed
from a conventional (Nanoscribe IP-S, left-hand side) and from the phaseseparating resist. Due to strong light-scattering, the nanoporous cylinder
appears white, whereas the non-porous cylinder has a glass-like transparent
appearance. (B) Nanoporous 3D woodpile structure. The rod spacing is 30 µm,
and the width of the rods 15 µm. Panels (C) and (D) show scanning electron
micrographs of a nanoporous cylinder (h = 16 µm) and an array of nanoporous
pillars, respectively. These samples have been sputtered with 10 nm of gold for
SEM imaging. Adapted from [118] (CC BY 4.0).
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pore size at the surface of the material lies in the range of tens of nanometers.
However, conventional scanning electron microscopy does not allow for the
imaging of the volume of such structures. Hence, the volume of such a structure could potentially be non-porous, while exhbiting a rough or thin porous
layer at the surface. Hence, in section 5.3, methods that enable the evaluation
of the volume properties and that were employed in this work will be discussed. Panel (D) shows more electron micrographs of example structures
3D printed from the phase-separating resist. In particular, microstructures
with feature sizes down to a couple of microns can be fabricated using the
phase-separating resist.
However, as will be discussed in the next section, the so-called proximity
effect is more prominent than in conventional photoresists—resulting in
a slightly decreased spatial resolution as compared to conventional (for
example, purely PETA-based) photoresists.
5.2.4 Oxygen Depletion During Printing
In the previous sections, I have described the porogenic mechanism and
the photoresist composition that was used throughout this work. As it
turned out, however, adopting a custom-tailored writing strategy is crucial
to not only obtain structures with a porosity at the surface, but structures
with a very homogeneous porosity throughout the entire volume, as well as
reproducible results. Detailed investigations on this matter finally led to the
adoption of a writing strategy where 1) the oxygen concentration is depleted
in the photoresist droplet and 2) a radical quencher, TEMPO, is added to
the photoresist to counteract the loss in resolution due to oxygen depletion.
Reproducibility Problems
Initially, structures were printed under ambient atmosphere. The photoresist
was identical to the one described previously, except that it did not contain an
additional quencher (i.e., no TEMPO). Under these writing conditions, strong
reproducability problems and inhomogeneous porosity were observed.
A sample for highlighting these problems is depicted in Figure 5.5(A).
In particular, it shows a transmitted-light optical micrograph (view from
top) of a series of nominally identical 3D cylinders2 printed next to each
2

Printing parameters for all cylinders: diameter d = 350 µm, height h = 100 µm, hatching
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Figure 5.5: Sequences of nominally identical cylinders 3D printed under ambient atmosphere for testing the reproducability of the porosity in one 3D printing
job (view from top). The images are taken using transmission-mode optical
microscopy. The brown color of the structures is linked to increased lightscattering and hence less transmission towards blue wavelengths. (A) Prominently, with progressing printing time, the central region of newly printed
cylinders becomes increasingly transparent. This transparency is caused by
reduced porosity and hence less light-scattering towards the center of the
cylinders. In turn, the reduction in porosity is linked to a location-dependent
depletion of the oxygen concentration in the photoresist during writing. (B) If
printing is paused in between cylinders for a waiting time of ∆t = 30 min,
the oxygen concentration has sufficient time equilibrate. Hence, the resulting
3D printed cylinders exhibit an identical but still spatially inhomogeneous
appearance. The planar structures above and below the cylinders are for determination of the photoresist’s threshold power before and after printing the
individual cylinders, as will be discussed in Figure 5.6. The samples shown in
panels (A) and (B) in this Figure correspond to the data presented in panels
(D) and (C) of Figure 5.6.
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other onto the same substrate. In these images, dark regions in the cylinders
correspond to less light transmission, linked to strong light scattering due to
a pronounced porosity. In turn, brighter regions in the cylinders transmit
more light because of a lack in porosity. Two major aspects are to be observed:
first, some cylinders look inhomogeneous in the sense that they exhibit a
brighter region in their center, linked to a locally reduced porosity. Second,
nominally identical cylinders printed at different times have a different
appearance: while the first printed cylinder is homogeneously dark (i.e.,
porous), a bright region appears in the center of the following cylinders at
later printing times.
Both of these problems could be traced back to a local depletion of oxygen
in the photoresist: in particular, when printing the same testing sample, but
introducing pauses of 30 min, cylinders with a reproducably identical but
still spatially inhomogeneous appearance could be printed, as depicted in
Figure 5.6(B). Based on this finding, one can assume a process in the photoresist that is reversible by the means of diffusion, which is oxygen depletion
and diffusion. Oxygen is known as a quencher for excited photoinitiator
molecules [122] and as an inhibitor for radical polymerizations. The role of
the complex interplay between oxygen depletion and reaction kinetics has
been addressed in various works [35, 36, 39].
5.2.4.1 Spatial Polymerization Threshold Gradients
To further investigate this matter, the polymerization threshold value was
determined by printing corresponding testing structures before and after
each cylinder. Such tests are also visible above (before) and below (after) each
cylinder in Figure 5.5. The polymerization threshold power is influenced
strongly by the oxygen concentration in the photoresist [37]. Hence, if the
oxygen-depleted region extends over a larger region around the printed
cylinder, the difference in threshold power caused by the printing of such a
cylinder may be measurable.
Results from such investigations are displayed in Figure 5.6. In particular,
panel (A) shows a transmitted-light optical micrograph of the test-pattern.
Here, the test structure for determination of the polymerization threshold
power Pth,1 is printed first (left-hand side). For this purpose, single lines are
printed with increasing power of the writing laser in positive y-direction
distance 0.5 µm, slicing distance 1 µm, laser power P = 50 mW, scanning velocity v =
5 cm s−1 . Unless indicated otherwise, these parameters are used in all structures.
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Figure 5.6: Measurements of polymerization threshold power before (Pth,1 )
and after (Pth,2 ) 3D printing a solid cylinder. Due to depletion of the local
oxygen concentration during printing, lower polymerization threshold values
are measured after printing a bigger volume than before. (A) Transmittedlight optical micrograph of test pattern that is printed repeatedly (photoresist:
Nanoscribe IP-L). In each pattern, first, a test structure for determination of Pth,1
is printed. Subsequently, a solid cylinder (d = 350 µm, h = 100 µm) is printed,
followed by a second test structure in close proximity for determination of Pth,2 .
(B) Threshold powers Pth,1 and Pth,2 plotted over the number of repetitions
for the commercial photoresist Nanoscribe IP-L. A significant difference in
threshold power is observed before and after printing the big cylinder. After
waiting for ∆t = 30 min for the system to equilibrate, the test is repeated to
ensure consistency of this behavior. (C) Same, but for the phase-separating
resist (PS PR, without TEMPO added). (D) Same as (C), but for ∆t = 0 min.
The writing order of the test patterns onto the glass substrate is indicated by
the small sketch in the top left. The jumps in threshold power can be explained
by large spatial gradients in oxygen concentration in the photoresist droplet
as compared to (C) (due to ∆t = 0 min). Maxima in Pth,1 occur when printing
on a position that is comparatively far away from the previous position on the
substrate. Printing parameters for all panels are the same as for the sample in
Figure 5.5.
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(and for different z positions at different x positions). Then, a bigger cylinder
(d = 350 µm, h = 100 µm) is printed with the same printing parameters as
described previously for the sample shown in Figure 5.5. Finally, a second
threshold power test for determination of Pth,2 is printed. Printing of one
test pattern takes ≈ 10 min. This procedure is repeated for a number of
times to ensure consistency of the observed behavior. In between each
repetition, printing is paused for a time span of ∆t = 30 min in order to
allow diffusive processes in the photoresist to proceed (i.e., to let oxygen
diffuse into depleted regions).
For comparison of the results, this test is carried out in an “ordinary” commercial photoresist as well as in the phase-separating photoresist. Panel (B)
in Figure 5.6 displays the results obtained in the conventional photoresist
(Nanoscribe IP-L). Notably, Pth,1 is consistently smaller than Pth,2 . Following
the interpretation that changes in the threshold value are predominantly
linked to changes in the oxygen concentration, this implies that oxygen is
not only depleted in the polymerized volume, but also in the vicinity of the
printed structure, i.e., in a region of tens to hundreds of microns away from
the structure.
Panel (C) displays the results obtained for the phase-separating photoresist,
written under ambient atmosphere and without any additional quencher
added (i.e., not containing TEMPO). Also in this case, a significant difference
between Pth,1 and Pth,2 is observed reproducably.
In Panel (D), behaviour of the phase-separating photoresist is depicted,
for the case where the waiting step in between the printed test patterns (i.e.,
∆t = 0 min) is left out. In this case, pronounced peaks occur in Pth,1 . These
peaks stem from the fact that due to ∆t = 0 min, the oxygen concentration
is not allowed to equilibrate throughout the resist, and hence, larger spatial
gradients remain in the photoresist when printing the subsequent test pattern.
The patterns are printed column-wise in an array of 5 × 6 patterns, as
indicated in the small sketch in panel (D). Maxima in Pth,1 occur when
moving to the next column, i.e., when moving over a large distance of
≈ 2.5 mm, as opposed to moving only 500 µm when printing within one
column. Hence, the peaks in Pth,1 can be seen as a direct result from the
spatial gradients in oxygen concentration in the photoresist.
In summary, these results can be seen as strong indications that both irreproducibilities as well as spatial porosity gradients observed in nanoporous
structures (see Figure 5.5) may well stem from spatial differences in oxygen
concentration. These differences build up during printing, and are overlaid
by continuous in-diffusion of oxygen from the surrounding. Notably, the
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Figure 5.7: Transmitted-light microgaph of cylinders (d = 350 µm, h = 100 µm)
printed under nitrogen atmosphere (i.e., under the absence of oxygen) and
with the polymerization quencher TEMPO added to the photoresist. The
appearance of these cylinders can be directly compared to those shown in
Figure 5.5. In particular, they appear homogeneously dark, and reproducably
the same. This is an indication for homogeneous porosity throughout the
volume, which will be examined in more detail in the later sections of this
chapter.

results furthermore indicate that spatial gradients in oxygen concentration
can also build up in conventional commercial photoresists (Nanoscribe IP-L).
It is well conceivable that this in turn results in spatially slightly inhomogeneous material properties of printed structures also for such photoresists (for
example, regarding the refractive index or the Young’s modulus). However,
the implications from this effect appear to be less severe and hence only of
minor interest in this case.
5.2.4.2 Photoresist and Writing Strategy Modifications
In regard to the process that leads to the depletion of the oxygen concentration in a distance of tens of microns away from the polymerized
material, one has to assume that this process is diffusion-dominated: in
particular, following the reasoning from above, oxygen molecules from the
surrounding diffuse into the direction of the exposed volume due to the
concentration gradient. Hence, reducing the diffusion constant of the radical
quencher could potentially help. Thus, another radical quencher, 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO), is introduced into the photoresist at a
concentration of 0.07 %(mass) with respect to the monomer. TEMPO is, just
like oxygen, known to be an efficient radical quencher also in the context
of 3D laser microprinting [37]. However, TEMPO is a substantially larger
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molecule than oxygen and thus exhibits a smaller diffusion constant. In turn,
oxygen was removed from the photoresist prior to printing by bubbling it
with nitrogen gas for 5 min. Additionally, before starting the actual printing
job, printing is started by writing a row of 5 to 10 cylinders in advance to further deplete residual oxygen in the photoresist droplet (printing parameters
as before, exposure power 50 mW). Transmitted-light microscopy images of
cylinders printed after these preparations have been met are depicted in Figure 5.7, that can be directly compared to those shown in Figure 5.5. Indeed,
it turns out that these structures appear homogeneously dark, indicating a
homogeneous porosity throughout their volume. Furthermore, the printed
structures look reproducably the same in these micrographs. Seemingly
having found a promising method for printing homogeneously porous structures, these results are a starting point for more in-depth characterizations in
the following chapters. As we will see, this method in fact yields structures
with very homogeneous porosities throughout their volume.

5.3 Methods for Detailed Material Characterization
In this section, I will elaborate on the methods employed throughout this
work for a detailed characterization of the volume properties of the 3D
printed nanoporous polymer. Two distinct approaches are followed: on
the one hand, scanning electron microscopy is combined with sectioning
techniques. In particular, ultramicrotome sections are cut from the samples
and imaged. This allows for the imaging of cuts through the porous structures. On the other hand, the structures are characterized by light-scattering
experiments, i.e., by measuring the light-scattering coefficient µs , which is
a volume property of the material, and hence can also give insights into the
internal porosity.

5.3.1 Scanning Electron Microscopy
Scanning electron microscopy on sections prepared by ultramicrotomy was
carried out in Prof. Rasmus Schröder’s group (Heidelberg University). I prepared the porous polymer structures by 3D printing, and further preparation
of the samples, ultramicrotomy and SEM imaging was carried out by Prof.
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Rasmus Schröder’s group.3 Subsequent image analysis for the extraction of
porosity and pore size distributions was carried out by me.
5.3.1.1 Preparation of Sections by Ultramicrotomy
Ultramicrotomy is a common technique for the preparation of ultrathin
sections, and is often used on biological samples. However, ultramicrotomy
can be used in combination with a large variety of materials, including
polymer samples [123]. In particular, it relies on mechanical cutting of
the sample using a diamond knife. Commonly, the obtained sections are
subsequently imaged by light or electron microscopy methods.
The preparation sequence that was carried out on the porous polymer
structures is displayed in Figure 5.8. In particular, panel (A) shows the
preparations prior to ultramicrotomy. The starting point is a glass substrate
with the porous polymer structures printed onto it. This sample has been
dried by supercritical drying (see section A.2.4), and hence, the pores of the
porous polymer structures are filled with air. Next, the 3D printed porous
polymer structures are taken off of the substrate. To facilitate this step, the
glass substrate was not silanized prior to 3D printing (see section A.2.5).
Thereafter, the polymer structures are stained by immersing them into a
solution of 2 % osmium tetroxide in acetone for 24 h. Hence, in this step, the
nanoporous microstructures are wetted again—and the following steps are
tailored such that the samples do not fall dry again, which could result in
damaging the porous substructure. Consequently, the sample is embedded
in Epon resin.4 In the procedure, first, the samples are infiltrated for 3 h with
a mixture of 50 % Epon in acetone. Finally, the samples are embedded into
pure Epon. Hereby, also all the pores are filled with the resin, faciliating
subsequent ultramicrotomy. Polymerization is carried out at 60 °C for 2 days.
Subsequently, the Epon blocks are trimmed, and ultrathin (thickness
80 nm) sections are cut using a diamond knife attached to a water-filled
boat, as depicted in Figure 5.8(B). After cutting, sections float on the surface
of the water in the cutting boat and can be captured and directly placed
onto a silicon substrate. A intuitive and detailed explanation of a similar
experimental technique can be found in [124].
3

4

People involved were Daniel Ryklin, Ronald Curticaen, Dr. Irene Wacker, and Prof.
Rasmus Schröder.
Epon resin composition: 42.4 g glycid ether 100, 29.6 g 2-dodecenylsuccinic acid anhydride
(DDSA), 18.4 g methylnadic anhydride (MNA), and 2.4 g dimethylbenzylamine (BDMA).
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Figure 5.8: Preparation sequence of ultrathin sections cut from nanoporous
structures. (A) The 3D printed nanoporous test structures are detached mechanically from the substrate. Subsequently, they are stained using osmium
tetroxide in acetone solution. This improves contrast in later SEM imaging
when detecting back-scattered electrons. The samples are then embedded into
an epoxy resin. Thereby, all pores are filled with the resin as well. (B) Then,
ultrathin (80 nm) sections are cut by the means of ultramicrotomy using a
diamond knife attached to a water-filled boat. After cutting, the slices float on
the water film and are subsequently placed onto a silicon substrate.

The result of this procedure are sections of the porous polymer samples,
embedded into Epon resin. Importantly, also all the pores are filled with the
Epon resin. Naturally, one would not expect large contrasts between those
two material phases when using electron microscopy methods, since both
Epon and the porous material are polymers [123]. However, the polymer
of the porous material was previously stained with osmium tetroxide, and
hence, there is adequate contrast in images taken by SEM, detecting the
back-scattered electrons.
Finally, SEM images are recorded from the ultramicrotome sections. A
primary electron energy of 1.5 keV is employed, using a field-emission scanning electron microscope (Ultra 55, Carl Zeiss). Electrons are detected using
the ESB detector. Typically, in the images, pixel sizes between 3 and 20 nm
are chosen.
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5.3.1.2 Image Analysis
Besides the experimental techniques that allow for scanning electron microscopy of sections of the porous structures, image analysis routines are
important for the extraction of different properties of the porous materials.
Thereby, the quantification of these properties allows for a comparison between different samples. In this section, I will summarize the image analysis
methods that are employed throughout this work for characterization of
different 3D printed nanoporous microstructures. Similar routines have been
used before in comparable contexts [125–127].
Two different quantities are extracted by image analysis. These are
1. the porosity Φ, which is defined as the volume filling fraction of the
pores in a porous structure.
2. the distribution of pore sizes in the porous microstructure.
The image analysis routine is depicted in Figure 5.9. Panel (A) shows
an exemplary raw SEM image recorded from an ultramicrotome section.5
Herein, regions in light grey correspond to the osmium-stained polymer
of the nanoporous polymer structures. On the contrary, regions in dark
gray correspond to the Epon-filled pores. Ideally, this image would contain
only two different gray values, that can simply be matched to the two
different phases visible in the image (i.e., polymer and pore/Epon). However,
resulting from the finite (non-zero) penetration depth of the electron beam,
regions with intermediate gray values correspond to polymer particles in
the Epon matrix that lie close to the surface. Hence, these regions should be
interpreted as pores in later steps.
Porosity
As a first step in image analysis, the SEM image is normalized, cropped, and
global intensity gradients within the image are removed. Then, a median
filter is applied to reduce pixel noise.6
5

6

In this context, it should be noted that throughout this work, for clarity, usually only
sections of the entire SEM images are depicted. Image analysis is carried out for larger
areas than shown.
All SEM images obtained on ultramicrotome sections and on which image analysis is
carried out have a pixel size of 3 nm. Median filtering is performed using the medfilt2()
MATLAB function within a 5 × 5 neighborhood.
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Figure 5.9: Image analysis routine for extraction of porosity and pore size
distribution from electron micrographs recorded from ultramicrotome sections.
(A) Raw image. Light gray corresponds to polymer, whereas dark gray corresponds to pores. Due to finite penetration depth of SEM imaging, gray values
in between correspond to polymer below the surface of the EPON matrix of the
ultramicrotome section. (B) Binarized image, calculated by setting a threshold
via Otsu’s method. The porosity is the fraction of black pixels. (C) Raw image,
with an overlay of the binarized image from (B). (D) Euclidean distance map
calculated from (B). (E) By searching positions and values of local maxima in
(D), spheres can be fitted into the pores of the binarized image. (F) Same as (E),
but with (A) as background. Adapted from [118] (CC BY 4.0).

Subsequently, image segmentation is carried out. For that purpose, an
intensity threshold value Ith is calculated by applying Otsu’s method [128] to
the image shown in (A), and thresholding of the image using this threshold
value is performed. The result of this procedure, a binarized image, is
depicted in panel (B). In particular, we assume that the intensity values in
the SEM image range between 0 and 1. The binary image is then generated
by setting pixels with intensity I < Ith to 0, and those with I >= Ith to 1.
This means that in the binary image, pores are represented as black, and
polymer as white regions.
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Figure 5.10: Euclidean distance transform (EDT). The EDT is calculated by, for
each pixel, computing the euclidean distance to the next white pixel in the
binarized image.

From the binarized image in (B), the porosity Φ can then be obtained via
Φ = 1−

∑iN=1 Ii
N

(5.1)

where Ii ∈ {0, 1} is the intensity value of pixel i in the binarized image. N is
the total number of pixels in the binarized image.
As an intuitive representation, panel (C) shows the binarized image in
light red, overlaid onto the raw SEM image from (A). Note that regions with
an intermediate gray value in the raw SEM image are not overlaid with the
reddish color, and are hence interpreted as pores. This behavior is consistent
with the interpretation that those regions correspond to particles that are
below the surface of the Epon matrix. However, it should be noted that
shifts in the threshold value Ith directly affect the extracted porosity (and
later also the pore size distribution), and hence, a good image segmentation
is of importance for later processing steps. A detailed examination on the
systematic error of different thresholding approaches (for the very 3D printed
nanoporous polymer samples presented in this work) can be found in [129].
Pore Size Distribution
The further processing steps aim towards the extraction of a pore size
distribution: subsequently, the euclidean distance transform (EDT) of the
binarized image in panel (B) is calculated. The result is depicted in (D). In
particular, the value of each pixel in the EDT is determined by the euclidean
distance to the next white pixel in the binarized image. An illustrated

99

5 3d laser microprinting of nanoporous polymers

explanation of the EDT is also depicted in Figure 5.10. By computing the
positions and values of local maxima of the EDT in Figure 5.9(D), circles can
be fitted into the pores: in particular, the binarized image with an overlay
of such circles is shown in panel (E), and the original SEM image with an
overlay of the same circles in panel (F).
Finally, by binning the diameters of the circles from above, the pore size
distribution is extracted. In particular, the pore size distribution extracted
from the example in Figure 5.9 is shown in Figure 5.11(A). In more detail, it
should be noted that the pore size distribution obtained by this procedure is
to be taken with caution for a number of reasons:
1. First, this method would only yield ideal results for a porous structure
inside which the pores have a spherical shape as well.
2. Second, the analysis is carried out on two-dimensional images only
throughout this work. Due to stereological reasons, this results into
a systematic error of the extracted pore size distributions. This issue
does not affect the extracted porosity. Ideally, one could perform this
analysis on three-dimensional image stacks with an isotropic pixel resolution. SEM imaging combined with ultramicrotomy can provide for
three-dimensional image stacks; however, not with an axial resolution
as good as the lateral resolution (the axial resolution is determined by
the thickness of the ultramicrotome sections, i.e., 80 nm in our case).
3. Lastly, longer ridges in the EDT can result in local maxima occur at a
high density along the ridge, such that circles fitted into the porous
structure overlap. In some works, this issue was treated by setting a
minimum distance between adjacent circles, and filtering the result
accordingly [127]. This procedure had a negligible effect onto the
extracted pore size distribution for the samples examined in this work
(not shown). Hence, such filtering is not carried out.
Despite these points, the method presented above is a viable tool for the
extraction of pore size distributions, and can be used to compare pore sizes
in different polymer samples.
5.3.2 Optical Characterization via Ballistic Transmission
As already discussed in section 5.2.3, the 3D printed nanoporous material
exhibits strong light-scattering due to the index mismatch between the
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Figure 5.11: (A) Number distribution of apparent pore sizes extracted from
the 2D image shown in Figure 5.9, but for a larger field of view. (B) Pixel
intensity histogram extracted from Figure 5.9(A). The two peaks correspond to
the two phases, i.e., osmium-stained polymer and pores/Epon. The threshold
for binarization of the image obtained by Otsu’s method is indicated. Adapted
from [118] (CC BY 4.0).

polymer material (refractive index n ≈ 1.5) and the pores, which are filled
with air (i.e., n = 1). This property has already been demonstrated in
Figure 5.4(A), and leads to a white appearance and hence a high diffuse
reflectivity due to pronounced back-scattering of light from the volume of
the material. Besides the electron microscopy methods described in detail in
the previous sections, the experimental determination of the light-scattering
properties hereby offers an alternative venue for the characterization of
volume properties. This section will hence introduce the reader into the
experimental details. All of such measurements shown were performed by
me.
In the following, we will assume a beam of light with an initial intensity
I0 that travels through a turbid (i.e., light-scattering) medium in z-direction.
Along its path, light can be scattered away from the beam, such that the
beam’s intensity decreases. Furthermore, absorption of light may occur. The
decay in intensity after a certain distance z can be described by Beer-Lambert’s law


I (z) = I0 exp −

Zz

µex (z0 )dz0  .

(5.2)

0

Here, µex (z) denotes the so-called extinction coefficient that includes the
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Figure 5.12: Setup for measuring the ballistic transmission through the
nanoporous structures. A laser beam is focused onto the sample, and the
transmitted light is measured using a silicon photodiode PD. In particular, the
Ñ
signal is restricted to small lateral values of the wave vector k using an aperture
Ap1, such that only ballistically transmitted light is measured. Another aperture
in a conjugated image plane Ap2 is for further spatial filtering in the sample
plane. The laser is modulated electronically at a frequency of f = 1 kHz, and
the signal from the photodiode is measured using a lock-in amplifier (via a
transimpedance amplifier).

contributions from light-scattering and from absorption via
µex = µs + µa ,

[µex ] = µm−1 .

(5.3)

The quantities µs and µa denote the light-scattering and the absorption
coefficient, respectively. In the following, the portion of light I (z) that has
not been scattered away from the initial propagation direction and that has
not been absorbed will also be referred to as ballistically transmitted light.
In the following, we will neglect the absorption coefficient, µa = 0 µm−1 ,
since both monomer (PETA) as well as photoinitiator (Irgacure 819) contained in the nanoporous polymer structures do not exhibit significant absorption in the visible range. Absorption of the photoinitiator only becomes
significant below a wavelength of ≈ 450 nm. If we furthermore assume the
light-scattering coefficient to be spatially homogeneous, Beer-Lambert’s law
simplifies to
I (z) = I0 exp (−µs · z) .
(5.4)
Hence, in this case, the light-scattering coefficient can be determined by
measuring the relative intensity I (z)/I0 of the ballistically transmitted light
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through a medium with thickness z:
1
µs = − ln
z



I (z)
I0


.

(5.5)

The experimental setup for measuring the ballistically transmitted intensity
of light through the 3D printed nanoporous polymer samples is illustrated
schematically in Figure 5.12. Transmission measurements are carried out on
sweeps of nanoporous cylinders (diameter 350 µm) with different heights,
3D printed onto a glass substrate. As light source, a continuous-wave laser
light source emitting at a wavelength of 561 nm is used. Light is focused
onto the individual nanoporous cylinders on the glass substrate, and the
transmitted light is eventually detected using a silicon photodiode. In the
detection beampath, an aperture Ap1 restricts detected light to small lateral
Ñ
values of the wave vector k . Furthermore, spatial filtering is carried out by
another aperture Ap2 in a conjugated image plane. This spatial filtering
serves for suppression of stray light, such that only light transmitted through
the 3D printed nanoporous polymer samples is detected. Furthermore, for
reduced noise and for suppressing external light, the laser is electronically
modulated at f = 1 kHz and a lock-in amplifier is used for measurement.

5.4 Material Characterization
In the previous sections, I have introduced the photoresist, as well as the
underlying mechanism that leads to a porosity within the material 3D
printed from this resist. In more detail, I have elaborated on the writing
strategy that is employed in combination with this photoresist. Furthermore,
I have introduced the methods that are used to characterize the 3D printed
nanoporous material. In this section, I will subsequently present a more
detailed characterization of the material, which is based on scanning electron
microscopy images recorded on ultramicrotome sections, as well as on optical
measurements of the ballistic transmission. Within this characterization, I
will demonstrate that porous as well as non-porous material can be 3D
printed from the same photoresist. This is achieved by carefully controlling
the printing parameters—enabling multi-material printing from one single
photoresist.
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5.4.1 Characterization of Single-Exposed Structures
For examination of the porous material’s properties in dependence of the
exposure dose, test structures are printed using different exposure power
levels P, of the writing laser. The scanning speed v = 5 cm s−1 is kept
constant for all structures. The other printing parameters are the same as
before (see A.2.3). Subsequently, SEM imaging on ultramicrotome sections
prepared from these test structures is carried out according to the routine
described in section 5.3.1.1.
Figure 5.13 displays SEM images taken on such ultramicrotome sections.
The power of the writing laser P and the porosity Φ (extracted according to
the routine from section 5.3.1.2) are indicated in the images. Notably, with
increasing P, a decrease in porosity is observed. As a consequence thereof,
also the pore size distribution extracted from those images (bottom row)
shifts to smaller values. This is a promising result, since it potentially could
enable in-situ tuning of the porosity during printing—effectively enabling
the printing of multiple different materials with different volume porosity
from one single photoresist.
In particular, the observed decrease in porosity from 43 %(vol) to 22 %(vol)
is not to be expected for PIPS in the bulk, where large volumes are polymerized at once. Naively, as explained in section 5.2.2, in this case, one expects
the porosity to be defined by the volume fraction of porogen in the photoresist. Hence, since this quantity is ΦPorogen = 54 %(vol) for the photoresist
presented in this work, also a similar porosity was to be expected. In case
of phase-separating photoresists for stereolithography, this has consistently
been observed: here, changing the exposure intensity leads to varying pore
sizes at constant porosity, which is consistent with PIPS in the bulk [121].
With respect to 3D laser microprinting, a probable cause for the observation of porosities Φ < ΦPorogen is that in this case, polymerization is only
triggered in small, spatially confined volumes simultaneously (i.e., voxels).
Subsequently, one has to assume that Φ < ΦPorogen is enabled by monomer
diffusion into the volume of the printed voxel and subsequent polymerization. In more detail, each layer of the structure shown above is printed
by a set of parallel lines spaced by a lateral hatching distance of 0.5 µm
(unidirectional scanning). These layers are furthermore spaced in z-direction
by a slicing distance of 1 µm. In particular, when doing so, there is an overlap
between the individual exposures of the lines written. Hence, when printing
a line, a post-polymerization may occur in neighboring lines. Consequently,
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Figure 5.13: Nanoporous polymer 3D printed with varying exposure power
P. Top row: Scanning electron micrographs recorded from ultramicrotome
sections. Regions in light gray correspond to polymer, and dark regions to
pores. With increasing exposure power, the porosity decreases. Bottom row:
distributions of apparent pore sizes, corresponding to the SEM images above.
With increasing exposure power, the center of the pore size distribution shifts
to smaller values. Adapted from [118] (CC BY 4.0).

this means that the relevant timescale for diffusion to occur is defined by the
time required for scanning one line, ∆tline ≈ 10 ms, or alternatively by the
time required for printing one z-layer of the structure, ∆tlayer = 3.5 s. Within
√
this explanation, the diffusion length lD = D · ∆t would then have to lie
on the same order as the hatching or the slicing distance, respectively. Here,
D defines the diffusion coefficient for monomer in the porous material.
In summary, the printed material’s porosity can be tuned by a factor of
approximately 2 by adjusting the exposure power accordingly. However,
having control over a wider range of porosity values would be desirable,
which can be achieved by a clever printing strategy, as we will see in the
following section.
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5.4.2 Characterization of Double-Exposed Structures
Within the explanation for the tuning of the porosity Φ discussed in the last
section, it should be possible to decrease the porosity even further. One
approach for doing so would be to increase the exposure dose deposited per
volume in the photoresist further, while letting the monomer sufficient time
for diffusion. However, the experimentally available laser power is limited
and increasing it further therefore not possible.
Along these lines, instead, a double-exposure strategy is employed for
printing further test structures. Experimental results obtained on such structures are depicted in Figure 5.14. As an example, a block (with dimensions
250 × 250 × 50 µm3 ) is shown in panel (A), where only one half is written
by the double-exposure strategy: in particular, each layer of the structure is
first exposed with an exposure power P1 , followed by an exposure with laser
power P2 . For the second exposure, the hatching direction is rotated by 90°.
The other half is written by conventional single-exposure, as employed in
the last section. On the right-hand side of panel (A), an oblique-view optical
reflection-mode microscope image of a block manufactured in this fashion
is depicted.7 Strikingly, in this optical image, one can immediately see that
the double-exposed half of the block has a darker, transparent appearance.
Intuitively, this appearance would be expected for the case of small porosity
in the volume. In contrast, due to pronounced light-scattering, the left half
still appears white (i.e., is porous in the volume). However, notably, the
structure still features a thin white (i.e., porous) layer on top, even on the
double-exposed part.
It is worth noting that it was also possible to obtain optically transparent
structures by decreasing the scanning speed considerably while keeping the
exposure power on a similar level (not shown). For the case of two-photon
absorption, decreasing the scanning speed by a factor of 4 (i.e., to 1.25 cm s−1 )
at constant laser power leads to a two-fold deposited exposure dose per
volume. However, this is not an attractive option, as a double exposure
printing strategy equally doubles the exposure dose per volume, but only
increases the required printing time by a factor of 2.
As the optical inspection of the double-exposed structures shown in
panel (A) looks promising, further characterization of such structures is
7

Image obtained using a digital microscope (Zeiss Smartzoom 5), with reflection-mode
ring-illumination and the extended-depth-of-view functionality.
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Figure 5.14: A double-exposure printing scheme allows for in-situ tuning
of the porosity during printing. Hereby, materials with different porosities
can be printed into structures within one single fabrication step. Here, each
layer of the structure to be printed is exposed twice (with exposure powers
P1 and P2 , respectively.) (A) Solid block where the left half is exposed once,
whereas the other half is exposed twice. For the second exposure, the hatching
direction is rotated by 90° as indicated. Due to reduced porosity in the right
half, the material appears transparent. (B) For more detailed investigation,
the second exposure power is tuned throughout a test structure as indicated.
The sectioning plane for ultramicrotomy is indicated. (C) Scanning electron
micrographs obtained on a ultramicrotome section from the structure shown
in (B). From right to left, the exposure power P2 is increased. Hereby, the
porosity decreases, which enables in-situ control of the porosity of the printed
material. (D) Transition between two regions with different P2 . A sudden
change in porosity is observed. The transition is remarkably sharp. (E) All
printed structures feature a region with increased porosity on top. Adapted
from [118] (CC BY 4.0).
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carried out. A schematic of a more complex testing structure that was
prepared for subsequent ultramicrotomy and SEM imaging is depicted in
panel (B). In particular, it consists of a block of the same size as before, but
is split into different regions. These regions are printed with the very same
exposure power of the first exposure P1 = 35 mW, but with different second
exposure powers P2 . The sectioning plane in parallel to which cutting was
carried out by ultramicrotomy is indicated. In doing so, the different material
properties resulting from different writing parameters can be characterized
within one single structure.
In panel (C), SEM images recorded from a ultramicrotome section of the
test structure from panel (B) are presented. In particular, an overview image
is shown, with insets magnifying different details of the structure. As can be
easily seen from those images, the porosity Φ decreases when increasing P2 ,
with the leftmost region of the structure approaching almost solid polymer
material, with a porosity below 5 %. Hence, this finding is qualitatively
consistent with the observation presented in (A), since light-scattering is
expected to vanish for the limit of Φ = 0 %. The observation of decreased
porosity for the double exposure writing strategy is also in agreement with
the interpretation of monomer diffusion into the pores and subsequent
polymerization in the second exposure step.
As a side note, it should be mentioned that for the extraction of the
porosity as described in section 5.3.1.2, all images were normalized and
then binarized using the very same threshold value. This single threshold
value was calculated from the image in the middle using Otsu’s method.
This procedure was chosen since Otsu’s method does not yield reasonable
threshold values for the two images showing regions with low porosity. In
more detail, Otsu’s method fails because it is a histogram-based method, and
there is no significant contribution of the pores to the intensity histogram of
the image for small porosities. For the higher-porosity regions this procedure
does not alter the extracted threshold value significantly, as compared to the
porosities extracted when using individual threshold values per image.
An inset highlighting the transition region within regions printed with
different porosities is depicted in panel (D). The transition region is remarkably sharp, and the change in porosity takes place on a length scale below
1 µm.
Finally, panel (E) displays a zoom-in into the top region of the polymer
structure. In panel (A), we have already seen that this region has a white
appearance (even for regions with low porosity). In accordance with this
observation, in the SEM image, a high porosity is observed in this region.
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Figure 5.15: Transmitted-light optical microscopy image of solid blocks similar
to the ones shown in Figure 5.14(A). The upper halves are printed by a single
exposure with exposure power P1 and can be seen as a reference. The lower
halves of the blocks are printed using the double-exposure strategy, and P2 is
varied, while keeping P1 = 35 mW constant. For higher exposure powers P2 ,
a brighter appearance of the double-exposed parts is observed, which results
from an increased optical transmission due to reduced porosity. This result is
in consistency with the observations from electron microscopy, and is another
demonstration of the tunability of the porosity during 3D printing.

5.4.3 Optical Characterization
In the last sections, we have seen that the porosity of the 3D printed
nanoporous material is significantly influenced by the writing parameters.
This allows to realize also materials exhibiting very low porosities. The
changes in porosity should be accompanied by changes in the light-scattering coefficient µs . In consistency with the expectation that also small
light-scattering coefficients can be realized, reflected-light optical microscope
images (see Figure 5.14)(A) show that the volume of the material appears
transparent, although still exhibiting a thin white (i.e., light-scattering and
hence porous) region on top of the structures. Likewise, in transmitted-light
optical microscopy images as depicted in Figure 5.15, double-exposed structures exhibit a higher optical transmission for increased exposure doses. The
observation of a thin porous region on top of the structures can also be made
in SEM images taken on ultramicrotomy sections (see Figure 5.14(E)).
Measurements of the light-scattering coefficient for the nanoporous polymer printed by single- and double-exposure writing will be presented in
the following. These measurements are carried out as already described
in section 5.3.2. In detail, the ballistic transmission is measured through
cylinders with a diameter of 350 µm and heights ranging from 2 µm to 30 µm.
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Figure 5.16: Measurements of the ballistic transmission, and extracted lightscattering coefficients µs for porous material written by single (top) and double
(bottom) exposure, respectively. The measured transmission is plotted on
the left side, and light-scattering coefficients are extracted by fitting a model
as described in the main text. The slope of the fitted curves on the right
corresponds to the volume light-scattering coefficient µs,2 . On the right-hand
side, µs,2 is plotted, respectively. The shaded regions correspond to 95 %
confidence intervals. Adapted from [118] (CC BY 4.0).

Furthermore, to account for the thin light-scattering layer on top of the
structures, the model presented in section 5.3.2 is extended as follows:
assuming that the cylinders consist of a bimaterial stack of two slabs made
from different materials with light-scattering coefficients µs,1 and µs,2 , the
ballistic transmission I (z)/I0 can be formulated as


I ( z = z1 + z2 )
ln
= −µs,1 z1 − µs,2 z2 .
(5.6)
I0
Here, z1 and z2 denote the thicknesses of the individual slabs, and these two
quantities add up to the total height z of the 3D printed cylinders that are
examined.
Measurements of the ballistic transmission are depicted in Figure 5.16.
In particular, measurements taken on structures 3D printed by a conventional single- and the double-exposure writing strategy are displayed. For
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extraction of the light-scattering coefficient in the volume µs,2 , the model
from above is fitted to the data (left-hand side). In these curves, the slope
on the right-hand side corresponds to µs,2 . This quantity is also plotted
in dependence of the exposure power on the right-hand side. The shaded
regions correspond to 95 % confidence intervals.
For a better intuition, it can also be instructive to think in terms of the scattering mean free path ls = 1/µs . A typically occuring scattering coefficient
of 0.15 µm−1 corresponds to a scattering mean free path of ls ≈ 7 µm.
For the structures printed by conventional single exposure, a moderate decrease of the volume light-scattering coefficient µs,2 is observed with
increasing exposure power P. For the structures printed by the double-exposure printing strategy, the decrease of the light-scattering coefficient with
increasing second exposure power P2 is significantly more pronounced. For
high P2 the µs,2 even approaches zero within the uncertainty of the measurement. Hence, it can be concluded that the light-scattering coefficient within
the volume of the material can be tuned across a wide range, and both the
regime of ballistic light propagation and the regime of multiple scattering
are attainable within this tuning range.
These observations are furthermore in qualitative agreement with the
observed decrease in porosity that could be also seen in the SEM images
obtained on ultramicrotome sections for single exposure (Figure 5.13) and
for double exposure (Figure 5.14).

5.5 A Miniaturized Ulbricht Sphere
In the previous sections, I have discussed details on the photoresist, focused
on the strategies employed for printing the resist and have characterized the
nanoporous 3D printed polymer in terms of porosity and light-scattering.
However, I have not yet explored possible applications of the nanoporous
material. In this section, I present a concept of a possible application: An
Ulbricht sphere that is 3D printed from the phase-separating resist. 3D
printing of Ulbricht spheres has been demonstrated before [130], however,
the charm in the approach presented in this section is that the nanoporous
printed material exhibits a high reflectivity by itself, such that additional
coating steps are not required. Furthermore, realizations on small size scales
are possible.
Generally, Ulbricht spheres are widely used in radiometry for measuring
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Figure 5.17: Demonstration of a 3D printed Ulbricht sphere. (A) Obliqueview optical microscope image of the hollow Ulbricht sphere printed from the
phase-separating photoresist. The sphere features a hole at the top and a hole
at the side for light in- and outcoupling. (B) Design of the Ulbricht sphere,
cross-sectional view. The outer diameter do = 800 µm, the inner diameter
di = 400 µm and the hole diameter dh = 80 µm are indicated. (C) For testing
the functionality, a laser (wavelength λ = 532 nm) is focused through the
opening at the side, and the sphere is observed from the top. Switching off
white-light illumination, light predominantly emerges from the hole at the
top at the sphere. Due to their high reflectivity, the walls transmit few light
and hence appear dark. Consequently, the realization and calibration of fully
functional Ulbricht spheres printed from the phase-separating photoresist is a
plausible application. Adapted from [118] (CC BY 4.0).

the total power of light emerging from a light source, or for measuring the
total optical transmission or reflectance of an object. For this purpose, they
consist of a hollow sphere that has a coating on the inside with a very high
(≥ 90 %) diffuse reflectivity across a wide wavelength regime. Commonly,
materials such as porous polytetrafluoroethylene (PTFE) are used for this
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purpose. For practical reasons, additionally, Ulbricht spheres also feature
openings for the insertion of measurement samples and detectors.
Suppose the case where a light source with an arbitrary angular emission
pattern is placed into the Ulbricht sphere. Herein, light rays emerging from
the source are therefore reflected from the walls and are “trapped” in the
sphere, until they are absorbed or transmitted through the walls. Hence, due
to multiple reflections, the irradiance (the light power per surface area) is
distributed isotropically across the inside of the sphere. Consequently, one
single measurement of the irradiance at one spot on the inside is sufficient to
retrieve the total power that is emitted from the light source in all directions
in space. The same result could be obtained by scanning a detector around
the light source across the whole solid angle and performing an integration
(i.e., using a goniophotometer). However, employing an Ulbricht sphere is
by far more simple and hence widely done. As Ulbricht spheres perform
the integration step automatically, they are also often called “integrating
spheres”.
An Ulbricht integrating sphere printed from the phase-separating resist is
depicted in Figure 5.17. Panel (A) shows an oblique-view reflection-mode
microscope image of the printed sphere. It features a hole at the top, and a
hole at one side for light in- and outcoupling.
A cross-sectional computer rendering of the sphere is shown in panel (B).
The outer diameter of the hollow sphere is do = 800 µm, the inner diameter
is dI = 400 µm, and the holes have a diameter of dh = 80 µm. Consequently,
the walls of the sphere have a thickness of 100 µm. The sphere was printed
with a single-exposure writing strategy at a relatively low exposure power
of 35 mW, and the standard printing parameters described in the appendix
(section A.2.3).
In particular, the thickness of the walls (100 µm) should be much larger
than the scattering mean free path ls ≈ 7 µm, which is fulfilled for the given
values. In this case, back-scattering of light impinging onto them becomes
prominent, and hence, they exhibit sufficient reflectivity. Based on this
reasoning, it also becomes clear that scaling down the Ulbricht sphere and
hereby also reducing the thickness of the walls is not a promising avenue,
because this would also reduce the reflectivity of the walls.
For testing the printed sphere, a green (λ = 532 nm) laser is focused into
the hole at the side, while observing the hole at the top. Optical microscope
images taken in these experiments are depicted in panel (C). For clarity,
an image is shown on the left side, where the laser is switched off, but
white-light illumination is switched on. When switching on the laser (shown
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in the middle image) light emerging from the hole at the top can be observed.
When switching off the white light (right image), it can be seen that the walls
of the Ulbricht sphere appear dark, as they exhibit a high diffuse reflectivity
and few light is transmitted through them.
In summary, this first test is a plausible indication that the phase-separating photoresist can in fact be used to 3D print functional miniaturized
Ulbricht-style integrating spheres. However, towards this goal, more detailed
characterizations and calibrations would be essential.

5.6 Conclusion
In this chapter I have presented a photoresist that combines the concepts
of 3D printing and self-assembly. Hereby, advantages from both fields are
combined into one fabrication method, which enables the printing of 3D
microstructures from a material that exhibits a nanoporosity on the scale
of tens of nanometers throughout the volume. Specifically, the size scale of
this nanoporosity is not accessible by 3D printing methods, and hence, the
realization of the same nanoporous structures would not have been possible
before.
In particular, I have explained the photoresist’s underlying mechanism,
which is polymerization-induced phase separation. Herein, the photoresist
contains polymerizable as well as non-polymerizable components. Upon
polymerization of the photoresist (i.e., 3D printing it), a phase separating
into a polymer-rich and a polymer-lean phase occurs. After washing out the
polymer-lean phase using organic solvents, a nanoporous polymer remains.
With respect to optical 3D printing methods, this concept is charming because
the unpolymerized photoresist inherently does not show light-scattering, as
it exhibits a spatially homogeneous refractive index.
Moreover, I have presented an optimization of the printing conditions
that was required to achieve the 3D printing of spatially homogeneous
material properties. In this context, I have furthermore demonstrated that
the material’s porosity can be tuned during 3D printing by precisely adjusting
the printing parameters and employing adequate printing strategies. Hence,
materials with different porosity can be printed from one single photoresist.
In addition, the phase-separating photoresist could also be printed into
multi-material structures using the microfluidic injection system described
in chapter 4.
For characterization of the 3D printed material, SEM images were recorded
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from ultrathin sections, and image analysis was carried out. Hereby, porosity
and pore size distribution could be examined in the volume of the printed
material. In addition, the optical light-scattering properties were examined.
Finally, I have presented a possible application of the nanoporous material
that makes use of its high reflectivity resulting from strong light-scattering
that occurs in the volume: a 3D printed miniaturized Ulbricht integrating
sphere. First experimental tests indicate that fully functional miniaturized
measurement devices could be manufactured and calibrated. Further applications of the 3D printed nanoporous polymer could lie in, for example, the
realization of ultrahydrophobic structures, the printing of cages for biological single-cell experiments or in the realization tailored light-scattering 3D
structures such as diffuse-light invisibility cloaks [63].
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6

Conclusions and Outlook

In the present thesis, I have explored various aspects of multi-material
3D laser microprinting. The first part of this thesis covered the printing
of multi-material 3D microstructures by multi-step lithography. On the
contrary, the second part treated a photoresist system that combines 3D
printing with self-assembly and hereby enables the fabrication of nanoporous
3D microstructures. In this chapter, I will briefly summarize the contents of
this thesis, and will give an outlook.
In chapter 2, I have described the underlying principles that are important
for a detailed understanding of the present thesis. In section 2.1, I have
started by explaining the fundamental concepts of 3D laser microprinting. In
this context, I have elaborated on the threshold model, which is commonly
used to describe the photoresist’s response to exposure to light. Subsequently,
I have investigated the 3D printing resolution in 3D laser microprinting.
Then, in section 2.3, I have given a short introduction into selected aspects
of fluid mechanics that are of major interest for the design of microfluidic
systems. In particular, I have introduced the definition of the viscosity and
have discussed fluid dynamics in the regime of laminar flow.
Part I of this thesis dealt with the fabrication of multi-material microstructures by 3D printing different photoresists sequentially. I have started
discussing multi-step 3D laser microprinting by an application example: in
chapter 3, I have presented a novel type of security feature that consists of
a three-dimensional microstructure printed from various photoresists with
different fluorescence properties. In the photoresists, colloidal CdSeS/ZnS
quantum dots are used as a fluorescent additive. These 3D fluorescent security features consist of a non-fluorescent 3D cross-grid as a support structure,
with fluorescent markers (with different emission colors) distributed into
it. I have described the fabrication of those structures by multiple 3D print-
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ing steps: the different photoresists are printed sequentially, with manual
processing steps in between. For 3D imaging and hence for readout of
the structures, I have employed confocal laser scanning microscopy. The
structures have shown good stability towards photobleaching.
With increasing number of materials (i.e., photoresists) to be printed into a
single microstructure, its fabrication becomes increasingly time-consuming,
effortful, and prone to errors. In this context, the experimental challenges
faced in chapter 3 have served as a motivation for developing a integrated
multi-material printing system which I have presented in chapter 4. To
the best of my knowledge this work represents the first implementation
of a fully integrated multi-material 3D laser microprinting system that is
capable to fabricate complex multi-material 3D microstructures. After briefly
reviewing other research work, I have started by explaining the boundary
conditions for the implementation of such a system into a commercial 3D
laser microprinting setup, and by giving an overview of the experimental
implementation that was eventually realized within this thesis. I have then
commenced by discussing different fluidic components in detail. The central
part of the integrated microfluidic injection system is a home-built sample
holder. It hosts a chamber into which 3D microstructures can be directly
printed through a thin glass window which enables the use in combination
with high-NA oil-immersion objective lenses. Furthermore, up to ten different liquids (photoresists and solvents) can be injected into the chamber, such
that photoresists can be exchanged automatically in the printing procedure.
As a demonstration example, I have fabricated multi-material 3D fluorescent
security features that are similar to the ones shown in chapter 3, but are
printed from four fluorescent materials (instead of two) at a four-fold density
of the fluorescent parts. By performing confocal laser scanning microscopy
on those structures, I have shown that the integrated microfluidic printing
system enables the 3D printing of a large number of different materials into
single structures at micrometer precision.
Part II of this thesis dealt with the development of new printable
materials for 3D laser microprinting. In particular, in chapter 5, I have
combined the two distinct approaches of 3D printing and self-assembly to
create a novel photoresist system from which, for the first time, inherently
nanoporous 3D hierarchical microstructures can be directly fabricated by 3D
laser microprinting. In doing so, materials with physical properties that are
very different from “conventional” non-porous photoresists can be realized.
Herein, 3D structuring on the microscale is achieved by 3D printing, whereas
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the porous substructure on the scale of tens of nanometers is introduced by
the mechanism of polymerization-induced phase separation. This mechanism leads to a phase separation between solvents and the newly formed
polymer in the photoresist upon 3D printing it. Due to the nanoporosity, the
structures exhibit strong light scattering and hence appear white. This is in
contrast to photoresists available so far, which commonly yield polymeric
solid materials which exhibit a glass-like appearance. Notably, the unpolymerized photoresist exhibits a homogeneous refractive index distribution
and hence does not show light scattering prior to polymerization. This
property only enables 3D printing of a strongly light scattering material
by the optical method of 3D laser microprinting, which would otherwise
be perturbed by light scattering. For characterization of the 3D printed
nanoporous materials, I have analyzed SEM images that were taken on thin
ultramicrotome sections prepared from 3D printed samples. Furthermore,
I have characterized the light scattering properties of the material. In this
context, I have shown that the porosity can be tuned during 3D printing,
such that porous as well as non-porous material can be 3D printed. Hence,
this constitutes a form of multi-material printing from a single photoresist.
Finally, as an application example, I have 3D printed and tested an Ulbricht
integrating sphere, which makes use of the high reflectivity resulting from
the strong light scattering properties of the nanoporous polymer material.

Outlook
It appears safe to assume that functional 3D microstructures printed from
several different materials by 3D laser microprinting will be seen more
frequently in the future. This trend can be expected to be amplified by the
increasingly large number of different photoresist materials available for 3D
laser microprinting.
In the course of the considerable progress in the field of 3D fabrication
technologies, it also appears probable that more forgery-proof security features based on this progress will come into use in the future. In this context,
the use of the 3D fluorescent multi-material microstructures I have presented
within this thesis as security features is well conceivable. In particular, since
these structures are printed from multiple different photoresists, it would
be possible to extend on the different material properties printed within the
microstructures, hereby increasing the level of counterfeiting security even
further. Besides different colors of fluorescence, it would be conceivable to,
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for example, realize different refractive indicies, employ fluorophores with
characteristic spectral fingerprints, or employ light scattering materials.
With respect to the microfluidic injection system presented in chapter 4,
a number of research groups have already started adapting the same or
a similar system for their own research goals. While the injection system
presented in this thesis has a number of limitations—most importantly, the
limited maximum print height—it can already be employed for the efficient
manufacturing of many different types of multi-material structures, beyond
those presented within this thesis. Future applications could for example
include achromatic micro optical systems and cage-like environments for
biological single-cell studies. Furthermore, in order to circumvent the limitation of maximum print height, improved versions as well as alternative
concepts of systems for the integrated 3D laser microprinting of multiple
photoresists might pop up in the future. Ideally, such systems would be
integrated into readily available commercial 3D laser microprinters, such
that the 3D printing of multi-material microstructures eventually becomes
accessible for a large number of users.
In the context of multi-material printing, the phase-separating photoresist
presented in chapter 5 in a broader sense expands on the number of photoresist materials that can be printed by 3D laser microprinting, and could
be also printed using the microfluidic injection system. Applications of this
photoresist material might include realizations of diffuse-light invisibility
cloaks, environments for experiments on biological cells, microfluidic filter
elements, and superhydrophobic surfaces. Future work on similar photoresists could, for example, involve a wider variety of different porogens that
allow for custom-tailored pore size distributions in the 3D printed polymer.
Furthermore, it would be desirable to reduce the vulnerability of the printing
process to atmospheric oxygen, hereby lifting the necessity of 3D printing
under a nitrogen atmosphere if spatially homogeneous porosities are to be
printed. Along this line, the development of phase-separating photoresists
based on chemistries other than the oxygen-prone radical polymerization of
(meth)acrylates (such as thiol-ene photo-polymerizations) appears promising.
In the introduction of this thesis, I have argued that in addition to the 3D
structuring abilities of 3D printing, it would be at the same time of utter
interest to exert free control over the 3D printed material. Within the present
thesis, I have contributed towards reaching this vision within the scope
of 3D laser microprinting. In particular, I have presented new fabrication
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strategies and an integrated system for printing multi-material structures
from multiple different photoresists, as well as a novel photoresist material.
I am convinced that further progress into these directions will eventually enable the realization of more and more complex three-dimensional functional
microstructures, and I am full of curiosity to see the further development.
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A.1 Photoresist Formulations

In what follows, the preparation of the photoresists employed throughout
this thesis is described.
A.1.1 Photoresists for 3D Fluorescent Security Features (chapters 3 and 4)
A.1.1.1 Non-Fluorescent Photoresist
For preparation of the non-fluorescent photoresist, 1 %(wt) (chapter 3) or
2 %(wt) (chapter 4) of Irgacure 819 were dissolved in pentaerythritol triacrylate (PETA; technical grade; Sigma-Aldrich) and ultrasonicated for 30 min
until a clear mixture was obtained.
A.1.1.2 Fluorescent Photoresists Containing Quantum Dots
The photoresists containing quantum dots (Trilite Fluorescent Nanocrystals
in toluene solution 1 mg mL−1 , Cytodiagnostics) with emission wavelengths
450 nm, 525 nm, 575 nm, or 665 nm were prepared by the following routine:
1. Mix A: 2 %(wt) (chapter 3) or 4 %(wt) (chapter 4) of Irgacure 819 (Ciba
Inc.) were added to PETA and ultrasonicated for 30 min until a clear
solution was obtained.
2. Mix B: Mix A was blended with Tricyclo[5.2.1.02,6 ]decanedimethanol
diacrylate (TDDDA; technical grade; Sigma-Aldrich) and toluene (99.8 %;
Sigma-Aldrich) in a volume ratio of 1:1:2.
3. Adding of quantum dots: While stirring on a magnetic stirrer, 10 %(wt)
of quantum dot solution was slowly added to Mix B (one of the different
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emission wavelengths).
4. Evaporation: Finally, while continously stirring, toluene was evaporated
from the photoresist at an elevated temperature of 35 °C for 20 h.
The prepared photoresists still contained about 10 %(vol) of toluene.
A.1.1.3 Fluorescent Photoresists Containing Organic Dyes
The photoresists containing organic dyes (i.e., Atto 647N or Atto 565) were
prepared by the following routine:
1. Mix A: 4 %(wt) of Irgacure 819 (Ciba Inc.) were added to PETA and
ultrasonicated for 30 min until a clear solution was obtained.
2. Mix B: TDDDA was added in a volume ratio of 50 % to Mix A.
3. Mix C1: Atto 647N (AttoTEC GmbH, alkyne functionalized) was dissolved in dimethyl sulfoxide (DMSO; 99 %; Merck) in a concentration of
0.1 mg mL−1 .
4. Mix C2: Alternatively, Atto 565 (AttoTEC GmbH, alkyne functionalized)
was dissolved in dimethyl sulfoxide (DMSO; 99 %; Merck) in a concentration of 0.1 mg mL−1 .
5. Photoresist 1: 391 µL of Mix C1 were added to 5 mL of Mix B and stirred
for 5 min. The final photoresist contains about 7 %(vol) DMSO and dye
molecules in a concentration of 9.3 µM.
6. Photoresist 2: Alternatively, 324 µL of Mix C2 were added to 5 mL of Mix
B and stirred for 5 min. The final photoresist contains about 6 %(vol)
DMSO and dye molecules in a concentration of 9.4 µM.
A.1.2 Phase-Separating Photoresist (chapter 5)
The photoresist was obtained by adding the following components into a
glass bottle.
• 52.94 %(wt) PETA
• 22.43 %(wt) dodecyl acetate (Sigma-Aldrich)
• 22.43 %(wt) octadecyl acetate (TCI Chemicals)
• 2.12 %(wt) Irgacure 819 (Ciba)
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• 0.07 % 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO; Sigma-Aldrich)
A clear mixture was obtained by treatment in an ultrasonic bath for 30 min.
Prior to printing, the oxygen concentration was depleted in the photoresist
by bubbling it with nitrogen gas for 5 min. Furthermore, printing was carried
out under a nitrogen atmosphere. More details on the printing process are
found in section A.2.3 of this chapter.

A.2 Further Experimental Details
A.2.1 Security Feature Samples
Further experimental details for the printing and the fluorescence microscopy
on the security feature structures discussed in chapter 3 and 4 are listed in
this section.
A.2.1.1 3D Laser Microprinting
For printing the non-fluorescent backbone of the security feature structures
using the Nanoscribe Photonic Professional GT 3D printer, the following
printing parameters were employed that are not mentioned specifically in
the main text:
• Objective lens: Plan-Apochromat 63×/1.40, Carl Zeiss (chapter 3) or
LD LCI Plan-Apochromat 63×/1.2 Imm Korr DIC, Carl Zeiss (chapter 4).
• Slicing distance: 0.4 µm
• Hatching distance: 0.3 µm
• Each rod of the 3D cross-grid consists of 3 to 4 lines being printed (both
axially and laterally). For rods that are oriented perpendicular to the
optical axis, individual lines are always printed along the rod direction.
• Focus velocity: 1.5 cm s−1
• Typical writing powers: 100 % (chapter 3), 66 % (chapter 4)
Further parameters of cylindrical fluorescent markers shown in chapter 3:
• Objective lens: Plan-Apochromat 63×/1.40, Carl Zeiss
• Slicing distance: 0.4 µm
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•
•
•
•
•

Hatching distance: 0.3 µm
Focus velocity: 1 cm s−1
The fluorescent markers consisted of 5 slices along the axial direction
They have a nominal outer diameter of 5 µm
The laser power was increased linearly from the uppermost to the
lowermost layer of fluorescent markers printed, typically from ≈ 90 %
to ≈ 100 %

Printing parameters for rectangular markers shown in chapter 4 (section 4.3.3):
• Objective lens: LD LCI Plan-Apochromat 63×/1.2 Imm Korr DIC, Carl
Zeiss
• Slicing distance: 0.2 µm
• Hatching distance: 0.2 µm
• Focus velocity: 1 cm s−1
• The fluorescent markers consisted of 6 slices in axial direction
• The rectangular fluorescent markers have a nominal lateral extent of
3 µm × 3 µm
• The laser power is increased linearly from the uppermost to the lowermost layer of fluorescent markers printed, typically from ≈ 70 % to
≈ 85 %
Alignment in between the consecutive printing steps was carried out by
aligning to markers that were printed in the first step from the non-fluorescent photoresists.
A.2.2 Laser Scanning Fluorescence Microscopy
All fluorescence images shown throughout this thesis have been recorded
using a commercial confocal laser scanning fluorescence microscope (LSM
510 Meta, Carl Zeiss). This microscope is equipped with a number of laser
lines for excitation, a set of filters for discrimination of fluorescence signals,
a set of different objective lenses, and different detectors. In particular, it
features two photomultiplier tubes, such that two different fluorescence
signals can be recorded simultaneously. Furthermore, all images have been
taken using the objective lens Plan-Apochromat 63×/1.40, Carl Zeiss. For
imaging, a droplet of immersion oil (Immersol 518F) was applied directly
on top of the samples (i.e., the samples were not imaged through the glass
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substrate). The objective lens was immersed into this oil droplet (i.e., imaging
was not carried out through the glass substrate). All images were recorded
at a image resolution of 1024 × 1024 pixels. Typically, image stacks of
≈ 150 images with a spacing along the z-axis of 0.37 µm were taken. Other
parameters were as follows:
• One emission color (section 3.4.1): Excitation at λ = 405 nm with a power
of P405 = 155 µW. For discrimination of the fluorescence signal which
is centered around λfl = 525 nm, a bandpass filter transmitting light
between 505 to 550 nm was employed. The pinhole diameter was set to
1 Airy unit. The pixel dwell time was 1.6 µs.
• Two emission colors (section 3.4.2): Same as for one emission color, but
simultaneous detection of two fluorescence channels (for the quantum
dots emitting at λfl,1 = 450 nm and λfl,2 = 525 nm). For this purpose,
a chromatic beam splitter at 490 nm was employed, combined with
an additional band pass filter transparent between 420 to 480 nm. The
pixel dwell time was 3.2 µs.
• Four emission colors (section 4.3.3): For recording all four fluorescence
channels, it was necessary to image each image section twice with
different filter settings. In doing so, the red and the green fluorescence
channels were obtained simultaneously, using a chromatic beam splitter
at λc,1 = 565 nm and band-pass filters transparent between 505 nm <
λBP,1 < 550 nm and a long-pass filter with λLP > 650 nm in the beam
paths of the photomultiplier tubes, respectively. Likewise, the blue
and the orange channel are captured simultaneously using a chromatic
beam splitter at λc,2 = 490 nm, and two band-pass filters with 420 nm <
λBP,2 < 480 nm and 575 nm < λBP,3 < 615 nm. For excitation, two
lasers with wavelengths λ1 = 405 nm and λ2 = 488 nm were used. The
excitation powers were P1 = 236 µW and P2 = 109 µW, respectively,
measured in the back focal plane of the objective lens. The pixel dwell
time was 1.28 µs. Hence, a single image section of the microstructure
containing 1024 px × 1024 px was obtained in 6.3 s.
A.2.3 3D Printing of Porous Samples
The phase-separating photoresist was printed using a 25× objective lens
(LCI Plan-Neofluar 25×/0.8 Imm Korr DIC, Carl Zeiss) in the dip-in configuration (refractive index correction ring in standard setting for IP-S resist).
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Furthermore, printing was carried out under nitrogen atmosphere (unless indicated otherwise in the main text). This was realized by a nitrogen-flooded
chamber, which is depicted in the photograph in Figure A.1. A continuous
flow of nitrogen was flushed into this chamber during printing using the
same electronic gas pressure controller that was also used in the microfluidic
setup (Elveflow OB1 MK3).
Furthermore, prior to printing, the phase-separating photoresist was bubbled with nitrogen gas for 5 min to deplete the oxygen concentration in the
photoresist. Printing was typically started by printing dummy structures
to further deplete residual oxygen. Parameters for those cylinders were:
Diameter 350 µm, height 100 µm. In total, an array of 2 × 5 of such cylinders
was printed, with a distance of 500 µm between individual structures. Only
then, printing of the actual structures was carried out.

Silicone Funnel

Objective
Lens

N2 Gas

Figure A.1: The sample is kept under nitrogen atmosphere in a chamber that is
made up of a silicone funnel, which is pulled over the objective lens. The 3D
printer’s sample holder seals the chamber towards the top. Adapted from [118]
(published under CC BY 4.0 license).

Furthermore, unless otherwise noted, the standard printing parameters
for all structures shown in this chapter are: slicing distance 1 µm, hatching
distance 0.5 µm, unidirectional hatching, laser power 50 mW. All structures
were printed with the objective lens LCI Plan-Neofluar 25×/0.8 Imm Korr
DIC, Carl Zeiss.

128

a.2 further experimental details
A.2.4 Supercritical Drying
Supercritical drying was employed only for the nanoporous polymer structures presented in chapter 5. For this purpose, a commercial device (Leica
EM CPD300) was used. In particular, after printing, the samples were immersed in acetone for 30 min for development. The sample was then placed
in the acetone-filled drying chamber. In the drying process, the chamber
was cooled down to 14 °C, and the acetone in the chamber was replaced
by liquid CO2 . The chamber was subsequently heated above the critical
point of CO2 to 40 °C while slowly releasing CO2 to keep the pressure below
100 bar. After slowly releasing all carbon dioxide from the chamber, drying
was finished. The entire process took about 60 min.
A.2.5 Adhesion Improvement by Silanization
In 3D laser microprinting, commonly, a silanization treatment is applied on
the glass substrate to improve attachment of 3D-printed structures, such that
the structures do not fall off during or after development. In particular, in
this work, silanization was carried out by
1. Cleaning of the glass substrates using an plasma oven for 15 min, such
that hydroxy groups stick out of the surface.
2. Immersion of the substrates in a solution of 3-(trimethoxysilyl)propyl
methacrylate in toluene at a concentration of 1 mM for 30 min. During
this step, the silane molecules attach to the hydroxy groups at the
surface of the glass substrates. Acrylate- or methacrylate-based photoresists can react to the these silane molecule, which is the reason for
the improved adhesion in later 3D printing steps.
3. Washing of the substrates in toluene and isopropyl alcohol.
4. Blow-drying of the substrates with a nitrogen gun.
Except for the nanoporous polymer samples on which ultramicrotomy
was carried out, this silanization procedure was carried out for all samples
presented throughout this work.
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A.3 Resolution Loss under Oxygen-Depleted Conditions
In section 5.2.4, I have discussed homogeneity and reproducability issues
that occurred when printing the phase-separating photoresist under atmospheric conditions. These issues were traced back to gradients in the oxygen
concentration in the phase-separating photoresist. For treating these issues,
printing was carried out under nitrogen atmosphere and, furthermore, the
polymerization quencher TEMPO was added to the photoresist. In addition
to this discussion, results for the printing under oxygen-depleted conditions
without any additional polymerization quencher added (i.e., no TEMPO)
will be presented in the following.
Conceptually, in this case, the number of possible termination reactions
in the radical polymerization is reduced (see also section 2.2). Scanning
electron micrographs taken on different samples that have been printed
under nitrogen atmosphere are depicted in Figure A.2. In particular, the
photoresist was not bubbled with nitrogen prior to printing, such that the
oxygen concentration in the photoresist starts from the equilibrium value
under normal conditions, and is then depleted successively as printing
time progresses. Panel (A) shows nominally identical cylinders (diameter
d = 350 µm, nominal height h = 100 µm, exposure power 50 mW). The
printing order of the cylinders is from the top right to the bottom left.
Panel (B) shows similar cylinders (h = 16 µm) printed at later times on the
same sample. Notably, in both cases, spatially uncontrolled polymerization
is observed in regions that have only seen low exposure doses. Specifically,
the “threads” connecting the cylinders in panel (B) stem from the movement
of the objective lens through the photoresist during printing.
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(A)

250 µm

(B)

100 µm

Figure A.2: Oblique-view SEM images of cylinders (diameter d = 350 µm,
nominal height 100 µm) printed into the phase-separating photoresist under
nitrogen atmosphere. The photoresist did not contain the polymerization
quencher TEMPO (see also section 5.2.4). (A) Sequence (printing order from
top right to bottom left) of nominally identical cylinders. Prior to printing,
the photoresist was not bubbled with N2 gas, such that during 3D printing,
the concentration of oxygen is successively depleted in the photoresist. As a
result, spatially undefined polymerization is observed. (B) Another example of
spatially undefined polymerization in the case of oxygen depletion: polymer
filaments connecting different cylinders (nominal height 16 µm).
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